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Abstract

Title: A study investigating the blood-brain barrier penetration, distribution and
elimination of retro-inverso peptides as candidate treatments for Alzheimer’s

disease.

Author: Maria Michael, November 2017.

Alzheimer’s disease (AD) is an age-related neurodegenerative disease that mainly
affects elderly individuals. The disease is characterised clinically by cognitive decline
and neuropsychiatric symptoms, while its pathological features are the accumulation
of senile plagues and neurofibrillary tangles in the brain. AR pathology is a central
component of the disease. Early aggregated forms of AP known as “soluble
oligomers” are believed to be a potent neurotoxic agent responsible for nerve cell
damage and loss of synapses, so contributing to memory and learning deficits.
Therefore, inhibiting the formation of these early aggregates could provide a novel

approach to the treatment of AD.

A retro-inverso peptide, RI-OR2-TAT, has been developed previously in Lancaster,
and this demonstrated good inhibition of early-stage AB aggregation, but only at high
concentrations of inhibitor relative to AB. An improved peptide system was
subsequently developed involving attachment of RI-OR2-TAT onto the surface of a
lipid nanoparticle scaffold (nanoliposome). The resulting “Peptide inhibitor
nanoparticles” (PINPs) demonstrated much more potent inhibition of aggregation,
and could penetrate through an artificial BBB. In this project, RI-OR2-TAT, PINPs and
a novel retro-inverso peptide, RI-OR2-NAG, were examined for their ability to cross
the intact and functional blood-brain barrier (BBB) of WT mice. Their accumulation in
the brain, distribution in peripheral tissues, and possible modes of excretion, were

examined in WT mice, 1 h following peripheral administration.



In fluorescent imaging studies, fluorescein-labelled versions of RI-OR2-TAT, RI-OR2-
NAG and PINPs all demonstrated effective penetration across an integral BBB and
accumulation in the cortex, hippocampus, and dentate gyrus of the brain, where they
were mainly co-localised with glial cells. Luminex technology was used to study the
distribution of the first two peptides in the brain, heart, lungs, stomach, liver, spleen,
kidneys and small intestine. The results of this study confirmed that these peptides
accumulate in small amounts in the brain, but they are mainly found in the small
intestine, suggesting a possible elimination route through bile secretions into the
duodenum, followed by excretion through the faeces or reabsorption back into the
general circulation, for possible excretion through the urine. Finally, as part of the
project, the anti-aggregatory properties of the RI-OR2-NAG peptide were
investigated, and this proved to be a more effective inhibitor of AP aggregation than

RI-OR2-TAT.

In conclusion, the use of liposomes as an effective carrier nanosystem for targeted
delivery could be extended to the RI-OR2-NAG peptide. The results of this PhD thesis
project are encouraging and it is hoped that a version of these peptides can progress

into clinical trials.
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Chapter 1: Introduction

1.1. Alzheimer’s disease

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder delineated
mainly by cognitive impairment, and neuropsychiatric symptoms, as well as
restriction in daily independence of living activities. AD is the leading and most
common cause of dementia as it accounts for about two-thirds of all dementia cases
(WWW, Alzheimer’s Research UK), and affects mainly elderly individuals. Dementia is
a general term used to describe a broad set of symptoms as a result of the damage
present in the human brain caused by various degenerative diseases. Generally,
dementia is a slow progressive condition, denoting that the symptoms will gradually
become worse and more severe over time, resulting eventually in incapacitation. In
particular, dementia symptoms comprise memory loss, confusion, mood changes,
and difficulties with thinking, expression, language and problem-solving (WWW,

Alzheimer’s Society).

1.1.1. Alzheimer’s first case

AD was first identified more than 100 years ago by a German psychiatrist and
neuropathologist, Alois Alzheimer (1864 — 1915) (Alzheimer, 1907). In his first report
published in 1907, Alzheimer described the symptoms of a 51-year-old female
patient, Auguste Deter, who suffered from progressive memory impairment, reduced
cognitive function, distorted and aggressive behaviour, language problems,
hallucinations and disorientation (Alzheimer, 1907). Histological samples taken from
the brain of the patient post-mortem showed widespread thinning of
cerebrocortical grey matter, along with the presence of ‘miliary bodies’ between
nerve cells and ‘dense bundles of fibrils’ inside nerve cells which today are known as
the principal neuropathological and pathognomic hallmarks of AD (Blennow et al.,
2006). These distinguishing focal lesions of the disease are respectively termed as
senile or neuritic plaques which form as extracellular deposits of amyloid-B peptide

(AB) in the grey matter of the brain, and neurofibrillary tangles (NFTs) that are



present intracellularly as aggregates of hyperphosphorylated tau protein (Figure

1.1.).

Figure 1.1. The neuropathological hallmarks of Alzheimer's disease.
Microscopic image of AD neuropathology showing a senile or neuritic plaque (lower left-hand
corner) and a NFT (upper right-hand corner), which are known to be the pathognomic

hallmarks of the disease (Bird, 2008).

1.1.2. Global prevalence and incidence rate

Currently, there are about 10 million people globally that suffer from
neurodegenerative diseases each year, a figure that is expected to rise by 20% over
the following decade due to the increased life expectancy of the population (OECD,
2010). What is more, neurodegenerative diseases are currently the fourth leading
cause of death following the diseases of the heart, cancer and stroke (WWW,
Organisation for Economic Co-operation and Development). With reference to AD,
currently there are 46.8 million people worldwide who are believed to be living with
the disease or related dementias; a number that is anticipated to increase to 74.7
million by 2030 and 131.5 million by 2050 (WWW, BrightFocus Foundation).
Naturally due to the aging of the world population, AD is reaching an epidemic
magnitude. It afflicts at least 6% of individuals over the age of 65, rising to 20% for

those over the age of 80 (WWW, United Nations Population Division).



1.2. Pathological aspects and clinical features of Alzheimer’s disease

AD is considered as one of the most debilitating conditions of the current century.
Analogous to dementia, AD is considered as a progressive disorder with numerous
pathological, structural and functional alterations ensuing and becoming gradually

and irreversibly advanced over time.

1.2.1. Pathophysiological changes

The two main pathological hallmarks of the disease are the senile plaques composed
of amyloid deposits and NFTs that are formed by intracellular deposits of
hyperphosphorylated tau protein (Figure 1.1.). These characteristic lesions are
predominantly found in the frontal and temporal lobes, including the hippocampus,

and other cortical areas of the brain at autopsy (Morgan, 2011).

1.2.1.1. Senile plaques

The amyloid deposits are arranged in aggregated and accumulated forms of AP fibrils
and are primarily found at the core of the senile plaques, in association with metals
such as copper, iron and zinc (Selkoe, 2004; Zatta et al., 2009), and surrounded by
activated microglia cells, reactive astrocytes and dystrophic dendrites and axons. As a
result, the entire complex forms a spherical structure with a diameter of
approximately 200 um which can inflame the surrounding area of the brain by

initiating many downstream events (Blessed et al., 1968).

1.2.1.2. Neurofibrillary tangles

The NFTs on the other hand are composed of intracellular deposits of tau, a
microtubule-associated protein, which aggregates to form paired helical filaments
(PHFs) that consist of two 10 nm filaments twisted around each other to form a
double helix (Kidd, 1963). These filaments are abundant inside the nerve cells and
occupy most of the cytoplasm (Puglielli, 2008). Hyperphosphorylation of tau protein
results in its disassembling from the microtubule and instead forming the NFTs. As
hyperphosphorylated tau protein is present inside the nerve cells, the efficacy of

axonal transport is impaired jeopardising the function of neurons and synapses (Igbal



et al., 2005) resulting in many synaptic defects and memory impairments (Cowan et

al., 2010).

The brain of an AD patient exhibits global structural atrophy particularly in the
hippocampus and temporal lobes (Figure 1.2.). Neuropathological changes of the
disease include the loss of brain weight, dysfunction and degeneration of neurons
and synapses, enlargement of ventricles, and widespread oxidative damage
(Markesbery, 1997) and death of cholinergic neurons resulting in many downstream
inflammatory responses (Rozemuller et al., 1986; Wyss-Coray, 2006; McGeer et al.,

2006).

Figure 1.2. Comparison of a normal versus an Alzheimer brain.

Contrast image of a normal adult brain (left) with an Alzheimer’s brain (right). During the
progression of the disease, the structure of the brain becomes more damaged, showing

marked diffuse cortical atrophy and enlargement of ventricles (Bird, 2008).

1.2.2. Neurological characterisation

The disease is clinically characterised by an insidious and vague onset along with
progressive deterioration of selective cognitive domains, in particular short-term
memory (primary/active memory). Specifically, memory decline initially establishes

as a loss of episodic memory, which is considered as a subtype of declarative



(explicit) memory (LaFerla et al., 2007). Explicit memory with procedural (implicit)
memory form the long term memory, which is severely affected during the late stage

of AD.

Due to the progressive nature of the disease, typical signs that characterise the
disease include agnosia, the lack of recognition of objects; apraxia, the inability to
make voluntary movements; and aphasia, the loss of the capability to speak and poor
word recognition. Alzheimer’s patients often experience a plethora of cognitive
symptoms due to the loss of cognitive function (the aptitude to think and reason
clearly). These symptoms include disorientation, heighted aggression, agitation,
impaired judgment, mood swings, sleep disturbances and hallucinations (Blennow et

al., 2006).

1.2.3. Clinical determination for disease progression

The progression of AD and other dementias is commonly divided into three stages as
defined by the mini-mental state examination (MMSE) score and include early, mild-
moderate and late-severe stages. Nevertheless, neurodegeneration in AD is thought
to start 20 — 30 years before the clinical onset and the appearance of overt clinical
symptoms (Davies et al., 1988). The symptoms only appear after the plaque and NFT
deposition reaches a certain critical threshold. Conversely, during the preclinical
stage termed as mild cognitive impairment (MCI) (Eckerstrom et al., 2013),
individuals show greater than expected memory deficits, yet not severe enough to be
diagnosed with dementia. This presymptomatic stage is a transitional stage between
normal ageing and AD where individuals can either be stable or go on to develop the
disease with a conversion rate of 10 — 15% per year (Petersen, 2004). Ultimately,
during the early stage of the disease, minor changes are detectable in behaviour due
to the limited loss of cognitive function. On the contrary, as the disease advances to
the moderate and severe stages, the changes become more discernible due to the
loss of functional independence and increased behavioural problems. In
consequence of these facts, the estimated life expectancy following initial diagnosis

is around 8 years, depending on the individual’s age.



1.3. Alzheimer’s disease as amyloidosis

Numerous diseases, including AD, are characterised by the misfolding of one or more
proteins which contribute, over a period of time, to extensive degeneration in
specific brain regions, leading to the corresponding clinical and pathognomic features
of each disease. These neurodegenerative diseases belong to a wider group of
diseases termed as amyloidoses in which the central pathological characteristic is the
deposition and accumulation of insoluble fibrillary proteins. Once formed, amyloid
deposits remain resistant to proteolytic degradation; a process that normally allows
the effective clearance of proteins from the organism and subsequently result in cell

damage, organ dysfunction and ultimately death (Ghiso and Frangione, 2002).

Characterised by the presence of localised amyloid deposits and aggregates in the
brain and the central nervous system (CNS), AD is actually the most frequent type of
amyloidosis in humans (Wisniewski et al., 1997; Selkoe, 2001). The deposition of the
insoluble and mature amyloid fibrils in AD is a consequence of misfolding from native
a-helix/random coil soluble peptides to B-sheet structure, 7 — 10 nm in width (Figure
1.3.), with low molecular weight and ability to bind to dyes Congo red and ThT
(Thioflavin T) (Gosal et al., 2006; Soto, 2003). Both AP and tau proteins are
aggregated in AD composing parenchymal amyloid deposits in the form of

amyloid/senile plaques and intraneuronal cytoplasmic deposits of NFTs, respectively.



Figure 1.3. A8 fils aa senile plquomaion o
A. The AB peptide can be detected by in-vivo immunostaining at the core (centre) of the senile
plaque. B. The in-vitro assembly of A8 into 10 nm (in diameter) fibrils as detected by electron
microscopy with rotary metal shadowing (courtesy of Dr. David Howlett — King’s College,

London, U.K.) (Allsop, D., and Mayes, J., 2014).

1.3.1. AB and Amyloid precursor protein

The AB which is involved in AD as the main component of the amyloid plaques, is a
36 — 43 amino acid residue peptide and is produced by the internal proteolytic
cleavage of both N- and C- terminal domains of a larger type | integral membrane
glycoprotein called amyloid precursor protein (APP). The gene encoding the APP
protein is located on chromosome 21 (Kang et al., 1987; Goldgaber et al., 1987
Robakis et al., 1987). The AB peptide sequence arises from fragments of exons 16
and 17 and contains a C-terminal hydrophobic tail composed of 12 — 14 residues that
are derived from the intramembranous portion of APP, while the remaining resides

are located outside of the membrane (Blennow et al., 2006; Barnham et al., 2003).

AB is produced constitutively during normal cell metabolism (Haass et al., 1992).
Proteolytic cleavage of APP by a-secretase between residues 16 — 17 of the AB region
prevents the formation of AB peptide; however initial cleavage by B-secretase and
sequential processing of the resulting peptide by y-secretase leads to the generation
of AB (Figure 1.4.) Normally, APP in 90% of the neuronal cells undergoes the non-
proteolytic pathway, denoting that the a-secretase pathway is predominant in APP

processing (Selkoe, 2001; Blennow et al., 2006).



Non-Amyloidogenic Amyloidogenic
Pathway Pathway

sAPPa SAPPB

AB

p3

«— o — e i
y-secretase a-secretase B-secretase y-secretase

AICD CTFa APP CTFB AICD

Figure 1.4. Proteolytic processing of APP.
In the non-amyloidogenic pathway (left-hand side) the APP is cleaved by a-secretase
generating a large soluble sequence (sAPPa) and the C-terminal fragment (CTF) a (CTFa).
Further processing of the CTFa sequence and cleavage by y-secretase generates the p3
fragment and the amyloid precursor protein intracellular domain (AICD); neither of which are
involved in amyloid plaque formation. However, in the amyloidogenic pathway (right-hand
side), initial cleavage of APP by B-secretase results in the SAPP8 and CTFB fragments, while
further cleavage of CTF8 by y-secretase provokes the production of AICD and A8 which is
implicated in the senile plaque formation. Imbalanced cleavage of APP through the
amyloidogenic pathway, and inadequate AB8 degradation and clearance result in the

formation of amyloid plaques (adapted from La Ferla et al., 2007).

Under physiological conditions, the AP peptide produced through the amyloidogenic
pathway is cleared from the brain through degradarion by several peptidases
including the insulin-degrading enzyme (IDE), neprilysin, and the endothelin-
converting enzyme 1 (ECE1) (Carson and Turner, 2002). Additionally, the low-density

lipoprotein (LDL) and the receptor for advanced glycation endproducts (RAGE)



mediate the balanced efflux and influx, respectively, of AB across the BBB in order to
remove the excess peptide from the brain (Tanzi et al., 2004). Therefore, AD can also

be described as an imbalanced between AB productin and clearance.

1.3.2. Amyloid cascade hypothesis

AB is produced from APP processing as a monomer, yet it can rapidly aggregate and
assemble into multimeric protein complexes with various molecular weights, ranging
from dimers or trimers to higher order assemblies including protofibrils and mature
fibrils (Figure 1.5.). Two forms of AP peptide are mainly produced, AB40 (amino acid
residues 1 — 40) and AB42 (amino acid residues 1 — 42). Cumulative evidence
suggests that AB42 is more inclined to aggregation as it undergoes more accelerated
formation of AB oligomers, larger intermediate assemblies such as the protofibrils,

and more insoluble mature amyloid fibrils (Jarrett et al., 1993; Iwatsubo et al., 1994).

® e .
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Protofibril Amyloid Fibril

Figure 1.5. A8 assembly and aggregation.
AB exists in multiple states. Monomeric molecules can aggregate into oligomeric and
protofibrilar complexes, that further form the mature amyloid fibrils present at the core of
the senile plaques. The early soluble oligomeric forms of A8 are considered as potent

neurotoxic agents that result in the pathogenicity of AD (adapted from LaFerla et al., 2007).

The “amyloid cascade hypothesis” initially proposed that imbalanced production
and/or clearance of AP insoluble mature fibrils are central to AD pathology.

According to the hypothesis, AB mature fibrils are responsible for the initiation of a



cascade of events in AD brain leading to a number of downstream consequences
including neuronal cell death, NFT formation, and its aggregation and accumulation
in senile plagues (Hardy and Allsop, 1991). Even though this hypothesis offers a
broad description of AD pathogenesis, it was thought that it is lacking in detail and

was more recently revised (Hardy and Selkoe, 2002).

1.3.2.1. The “Oligomer hypothesis”

Hardy and Selkoe (Hardy and Selkoe, 2002) reviewed the amyloid cascade hypothesis
and shifted the emphasis away from the mature amyloid fibrils. They presented
evidence that smaller and more soluble aggregates that embody a diversity of
molecules, referred to as oligomers, ADDLs (amyloid B-derived diffusible ligands) or
protofibrils, are the neurotoxic species of AB. The “oligomer hypothesis” (Figure 1.6.)
thus suggests that intermediate AB oligomers are more potent brain toxins than the
larger mature fibrils (Klein et al., 2001; Hardy and Selkoe, 2002; Varvel et al., 2008),
resulting in synaptic dysfunction in AD brains, potent memory and learning deficits
(Chromy et al., 2003; Bitan et al., 2003), and play a critical role in the progression of
cognitive impairment in AD (Tomic et al., 2009) and its pathogenicity (Kayed et al.,
2003; Kayed et al., 2004).

1.3.2.2. Oligomers and Reactive Oxygen Species generation

Further evidence that the early oligomeric structures are the neurotoxic components
in AD has included the fact that these molecules are able to generate reactive oxygen
species (ROS). Elevated levels of redox-active transition metal ions, lipid
peroxidation, DNA and protein oxidation and the introduction of carboxyl groups into
proteins have been reported in a wide range of neurodegenerative diseases (Allsop
et al., 2008; Riederer et al., 2013), including AD. With reference to AD, the oxidative
brain damage has been reported to be predominantly an early event in the time
course of the disease (Nunomura et al., 2001; Markesbery et al., 2005), and ROS have
been reported to be generated at the initial stages of AB aggregation (Tabner et al.,
2005). Particularly, biometal ions have been found at enriched levels in the amyloid
cores of the senile plaques in AD patients (Lovell et al., 1998; Huang et al., 2004;

Smith et al., 1997). The soluble non-fibrillar oligomers have also been reported to

10



generate hydrogen peroxide (H,0;) from molecular oxygen through electron transfer
interactions that involve strongly bound redox-active metal ions such as copper, iron

and zinc (Huang et al., 1999; Huang et al., 1999; Curtain et al., 2001; Opazo et al.,
2003).
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Missense mutations in APP, PS1, or PS2 genes

l

Increased AP production and accumulation

l

AB oligomerisation and deposition as diffuse plaques

l

Subtle effects of AB oligomers on synapses

l

Microglial and astrocytic activation
(complement factors, cytokines, etc.)

l

Progressive synaptic and neuritic injury

l

Altered neuronal ionic homeostasis;
oxidative injury

l

Altered kinase/phosphatase activities =» Tangles

l

Widespread neuronal/neuritic dysfunction and cell
death with transmitter deficits

l

Dementia

Figure 1.6. Oligomer cascade hypothesis.
Proposed sequence of the pathognomic events leading to Alzheimer’s disease through the
“oligomer hypothesis” cascade. The curved arrow indicates that the soluble oligomers of A8
may not only activate the microglia and astrocytes, but also directly damage the synapses

and neurites of neuronal cells (adapted from Hardy and Selkoe, 2002).
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1.4. Sporadic and familial Alzheimer’s disease

As the disease is strongly correlated with age, it is primarily characterised by two
types; late-onset AD, which is the most common form of the disease and is defined
by age at disease onset later than 65 years, and early-onset AD, which accounts for
about 1 — 6% of all cases and the age at onset ranges from 30 to 65 years. From a
genetic point of view though, the disease is mainly differentiated into familial cases
that follow Mendelian inheritance and are predominantly linked with the early-onset
disease, and sporadic cases which mainly appear as late-onset AD (Bekris et al.,

2010), yet these two forms of the disease are clinically indistinguishable.

1.4.1. Familial Alzheimer’s

The familial form of AD is a rare autosomal dominant disorder and is usually due to
mutations in one of three principal genes; APP on chromosome 21, presenilin 1 (PS1)

on chromosome 14 and presenilin 2 (PS2) on chromosome 1 (Bertram et al., 2010).

1.4.1.1. APP mutations

Currently, 25 pathogenic APP mutations have been associated with the familial form
of the disease, yet they only account for less than 1% of AD cases (Lambert and
Amouyel, 2007). These mutations either affect residues within the AR amino acid
sequence that are important for its self-association and aggregation, or cluster
around the B- and y-secretase cleavage sites, where in both cases they result in
increased levels of AP release, or promote its aggregation. More specifically, disease-
causing mutations clustered around the B-cleavage site generate a better substrate
for the production of AB40 (Mullan et al., 1992), while mutations around the y-
cleavage site, favour the production of the more toxic AB42 (Ghiso and Frangione,

2002).

Importantly, a coding mutation (A673T) in the APP gene was found to protect against
the disease and the cognitive decline in non-AD elderly individuals. This mutation is a
result of an amino acid substitution next to the site where B-secretase cleaves the

APP protein. Data obtained by Jonsson and colleagues demonstrate that the resulted

13



mutation decreases the in vitro formation of AB by 40%, suggesting that inhibition of

B-secretase APP cleavage site may protect against AD (Jonsson et al., 2012).

1.4.1.2. Presenilin mutations

Mutations in the highly homologous genes PS1 and PS2 account for the majority of
familial AD cases (Rogaev et al., 1995; Sherrington et al., 1995; Sorbi et al., 1995). The
proteins encoded by these genes determine y-secretase action as they compromise
the active site of the enzyme (Gandy, 2005). Subsequently, mutations on PS1 and PS2
genes can alter APP proteolysis and processing, increasing the levels of AR peptide
generated and altering the ratio of AB42 to AB40 (Blennow et al., 2006; Schellenberg
and Montine, 2012).

1.4.2. Sporadic Alzheimer’s

On the other hand, the majority of all AD cases, about 95%, are considered to be
sporadic and are strongly associated (about 35% of sporadic cases) with the
apolipoprotein E (APOE) €4 allele (Corder et al.,, 1993; Poirier et al., 1993) which
accounts for much of the genetic risk and pathology in this form of the disease
(Raber et al., 2004). Interestingly though, over 60% of all sporadic cases are not
associated with the APOE €4 allele, suggesting that other genetic and environmental
factors can contribute to the determination of the disease. It has been identified that
a rare variant of the TREMZ2 gene is associated with late-onset sporadic AD
(Guerreiro et al., 2013; Jonsson et al., 2013) and increases susceptibility to the
disease with an odds ratio similar to that of the APOE €4 allele (Jones, 2012; Niemitz,

2012; Neumann and Daly, 2013; Guerreiro et al., 2013; Jonsson et al., 2013).

1.4.2.1. Apolipoprotein E €4 allele mutation

APOE is the major apolipoprotein expressed in the brain and exists in a polymorphic
form; it is a constituent of lipoproteins which are involved in cholesterol
homeostasis. In connection with AD, the APOE €4 allele, located on chromosome 19,
increases the risk of the disease by 3-fold in the heterozygote form and by 15-fold in
homozygotes (Farrer et al., 1997), and also modifies the age of onset (Meyer et al.,

1998) with each allele copy lowering the age of onset by approximately 10 years
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(Corder et al.,, 1993). Even though the role of APOE in the predisposition of the
disease is entrenched; the mechanism by which the protein is involved in the
pathogenesis of AD is still unclear (Verghese et al., 2011). One possible mechanism
suggested by Martins and colleagues (2006) proposes that the differences in the
amino acid sequences of the three APOE isoforms (€2, €3 and €4) induce a protein
structure with altered functional properties resulting in abnormal cholesterol
metabolism and defective redistribution of lipids, which would affect neuronal
plasticity (Martins et al., 2006). Another potential mechanism of action described by
Castano and colleagues (1995) suggests that based on the evidenced presence of
APOE in both senile plaques and NFTs, APOE is associated with the conversion of
monomeric AB to oligomeric and fibrillar forms that are deposited into plaques
(Castano et al., 1995; Holtzman et al., 2000). In fact, the €4 allele of the APOE gene
plays a crucial role in AD as it is less effective in breaking down AB, thus increasing
the risk of amyloid plaque formation and density (Corder et al., 1993) compared to

the €2 allele which has been linked with decreased risk for AD (Verghese et al., 2011).

1.4.2.2. TREMZ2 mutation

Encoding the triggering receptor expressed on myeloid cells (TREM) 2 protein, the
TREM?2 gene is expressed throughout the CNS and particularly in white matter, as
well as the hippocampus and neocortex, while the encoded protein is present on
macrophages, dendritic cells, osteoclasts and microglia (Colonna, 2003; Bouchon et
al., 2000). The TREM2 protein has two normal functions; it is involved in the
regulation of phagocytic pathways responsible for the removal of neuronal debris
and also suppresses various inflammatory responses through the repression of
microglia-mediated cytokine production and secretion (Takahashi et al., 2007; Frank
et al., 2008; Piccio et al., 2007). It has been demonstrated that a rare missense
mutation in TREM2 significantly increases the risk of AD by 3-fold. Considering the
normal anti-inflammatory role of TREM2 protein in the brain, it is suspected that the
mutated variant interferes with brain’s ability to prevent the build-up of amyloid

plaques (Guerreiro et al., 2013, Jonsson et al., 2013).
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1.5. Risk factors

As a heterogeneous disorder, AD is associated with various risk factors that increase
the frequency of its occurrence. Aside from ageing which is the most apparent risk
factor, the disease is also linked with previous family history, even though only about
5% of cases have clear genetic linkage. As mentioned previously, the APOE €4 and
TREM2 genotypes have been described as major risk factors for the development of

sporadic AD.

1.5.1. Low brain reserve capacity

An alternative risk factor for the disease is the decreased reserve capacity of the
brain which is determined by the number of neurons and their synaptic
communications (Mayeux, 2003) and is described as the brain’s resilience to
pathological damage and changes. A low reserve capacity of the brain correlates with
reduced brain size, low educational achievement, and low mental and physical
activity later in life, along with other lifestyle-related strategies (Mayeux, 2003;
Mortimer et al.,, 2003). Evidence provided by Jellinger in 2004, shows that head
injuries can result in reduced brain reserve capacity, and thus are considered as a
hazardous factor for the occurrence of AD (Jellinger, 2004). Additionally,
epidemiological studies by Roberts and colleagues have also shown that multiple and

repeated head trauma can lead to plague and tangle formation (Roberts et al., 1990).

1.5.2. Type 2 Diabetes Mellitus

It has also been reported that impairments in insulin signalling and Type 2 Diabetes
Mellitus (T2DM) are important risk factors associated with early-onset sporadic AD
(Strachan, 2005; Haan, 2006; Luchsinger et al., 2004; Ristow, 2004; Biessels et al.,
2006). Evidence suggests that hyperinsulinemia and insulin resistance, the hallmarks
of T2DM, can lead to memory impairment (Ott et al., 1999; Kroner, 2009; Jiang et al.,
2008), thus T2DM patients are predisposed to AD (Akter et al., 2011).

Other risk factors associated with AD include vascular diseases such as
hypercholesterolaemia, hypertension, atherosclerosis, coronary heart disease and
obesity (Mayeux, 2003).
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1.6. Diagnosis of Alzheimer’s disease

One of the main problems associated with AD is the limited availability of diagnostic
methods and tools. The clinical diagnostic accuracy of the disease is around 80 —
90%. Diagnosis is performed based on the known clinical history of the individuals
along with clinical, neurological and psychiatric examinations in order to exclude any
other possible causes of dementia such as alcohol problems, head trauma or
cerebrovascular dementia. Additionally, confirmation of genuine cognitive
impairment is available through memory tests and rating scales such as the MMSE

score.

Brain imaging (neuroimaging), computed tomography (CT) and magnetic resonance
imaging (MRI) scans are sometimes used in the diagnosis of AD and can help with the
exclusion of other causes of dementia such as brain tumours and strokes. The scans
can also indicate neurodegeneration in the form of cerebral atrophy. It has also been
identified that Pittsburgh Compound-B (PiB) can be used for imaging senile plaques
in AD brains (Klunk et al., 2004). PiB is a radioactive analog of ThT which, when used
in Positron Emission Tomography (PET) scans, can image amyloid plaques in the

brain. Thus, PiB can potentially aid diagnosis of AD or be useful in clinical trials.

Still, a definitive diagnosis can only be made by examination of the brain post-

mortem for the presence of senile plaques and NFTs (Blennow et al., 2006).

1.7. Therapy and treatment of Alzheimer’s disease

AD is becoming gradually more common as the global population ages, yet
development of drugs that prevent, delay the onset, slow the progression, or
improve the symptoms of the disease has proven to be difficult. A study conducted
by Cummings and colleagues examining data from a public website that records
ongoing clinical trials, during the period between 2002 and 2012, identified 244
compounds in 413 AD clinical trials, of which; 151 (36.6%) were cognitive enhancers

targeting the symptoms of the disease, 145 (35.1%) were small molecules with
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disease-modifying potential, and 76 trials (18%) with immunotherapies; and an
overall success rate of 0.4% (Cummings et al., 2014). Currently, four drugs are
approved for AD treatment, which temporarily alleviate the symptoms of the disease
and do not have a major impact on its progression, delineating the disease as an

unmet medical and clinical need.

1.7.1. Acetylcholinesterase inhibitors

One approach implemented in symptomatic and palliative treatments for AD
involves the acetylcholinesterase inhibitors which restore cholinergic activity through
the inhibition of acetylcholinesterase. AD is associated with the loss of cholinergic
neurons in the brain affecting the levels of the acetylcholine neurotransmitter (Lane
et al., 2006). According to the cholinergic hypothesis in AD, degeneration of the
cholinergic neurons, which are present in the basal forebrain nuclei, results in the
disruption of the presynaptic cholinergic terminals, located in the hippocampus and
neocortex, affecting the memory and consequently contributing to the cognitive
decline present in AD (Terry and Buccafusco, 2003). Currently available
acetylcholinesterase inhibitors approved for clinical use in AD, Doneperzil,
Rivastigmine and Galantamine, act by restoring both the levels and duration of action
of acetylcholine, thus improving synaptic communication between nerve cells, and
showing modest benefits in cognition and behaviour (Colovic et al., 2013). The
acetylcholinesterase inhibitors are used to treat mild to moderate AD, however,
these drugs show various adverse effects mainly with gastrointestinal symptoms,

such as nausea, vomiting, diarrhoea, abdominal pain and dizziness (Inglis, 2002).

1.7.2. NMDA receptor antagonist

Another medication used for AD patients is Memantine, a NMDA (N-methyl-D-
aspartate) receptor antagonist, which has demonstrated a modest effect on
moderate-to-severe AD (Reisberg et al., 2003). More specifically, Memantine is
administered to patients with moderate AD who have a contraindication to or are
intolerant of acetylcholinesterase inhibitors, or those with severe AD. Memantine
demonstrates a moderate decrease in clinical deterioration with minor effects on

cognition, behaviour and mood of AD patients (Areosa et al., 2006). Despite years of
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research on this drug, there is only slight evidence of any effect on mild AD

(Schneider et al., 2011).

1.7.3. B- and y-secretase inhibitors and modulators

Increasing knowledge regarding the molecular pathogenesis of AD has led to the
development of drugs that interfere with the secretase activity in APP processing.
These drug candidates can either inhibit AR production and consequently the
aggregation of the peptide in the brain or increase AB clearance from the brain. The
secretase modulators would either target the inhibition of B-secretase or y-
secretase; or stimulate the production of a-secretase. However, development of
these inhibitors was proven difficult, especially for B-secretase or y-secretase, as
these secretases are involved in the clearance of multiple cell surface proteins — in

addition to APP — thus resulting in various adverse side effects (Gandy, 2005).

More precisely, initial therapeutic approaches that targeted the inhibition of total AB
peptide production by directly inhibiting the action of y-secretase equivalently
blocked the formation of all major AB variants (Anderson et al.,, 2005) — not only
AB42 — and also the formation of the APP intracellular domain and Notch-1 receptor
that plays a key role in the differentiation of multiple cell types (De Strooper et al.,
1999). Semagacestat, a y-secretase inhibitor that was tested in two Phase 3 clinical
trials failed to show any effect on disease progression, compromised even more the
performance of the patients on their daily activities as it induced further cognitive
impairment (WWW, Lilly), and was also linked with an increased risk of skin cancer
(Wagner et al., 2012). Further studies on drug candidates, called nonsteroidal anti-
inflammatory drug (NSAID)-like compounds that modulate the levels of the enzyme
activity instead of inhibiting its action, showed no potency and poor brain
penetration (Weggen et al.,, 2001; Green et al, 2009). Regardless of the minimal
properties of y-secretase modulators, R-flurbiprofen (Tarenflurbil) was tested in

three large phase clinical trials demonstrating no effect (Green et al., 2009).

On the other hand, inhibitors of B-secretase (BACE1) have been proven difficult to

develop due to the large binding site of the enzyme. Additionally, because of the
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numerous substrates that are cleaved by BACE1, inhibition of the enzyme may result
in various side effects including impaired motor coordination (Cheret et al., 2013)

and retinal pathology (Cai et al., 2012).

1.7.4. Immunotherapy and vaccine development

Studies associated with AD treatment using active and passive immunisation resulted
in the development of various potential vaccine candidates for the disease. The idea
of active AR immunisation was first proposed by Solomon and colleagues (Solomon
et al., 1996; Solomon et al., 1997) suggesting that anti-AB antibodies can be used to
prevent the mature fibril formation while also disaggregating any pre-existing fibrils.
Schenk and colleagues then demonstrated that active immunisation against the full
length of the peptide resulted in reduced load of amyloid plaques in vivo using AD
transgenic mice (Schenk et al., 1999). Consequent studies proved that active AB
immunisation promotes the generation of anti-AB antibodies able to bind on the
amyloid plaques and reduce the cerebral AB load improving also cognition. The first
active vaccine that was tested in clinical trials, AN1792, demonstrated reduction of
AB deposition following autopsy of the responders’ brains after several years,
however, the drug itself failed to pass the trials as it resulted in the development of

meningoencephalitis (Gilman et al., 2005).

The first approach of using passive immunisation was performed by Bard and
colleagues (Bard et al., 2000) using an AB monoclonal antibody, 3D6 mAb, specific for
the AB N-terminus. Systemic injection of the antibody in AD transgenic mice resulted
in binding of the antibody onto amyloid plagues and induction of a Fc-receptor-
mediated microglial phagocytosis of AB deposits following distribution and uptake of
the antibody into the brain (Bard et al., 2000). The same antibody was then used to
develop a humanised mAb, Bapineuzumab, that was tested in Phase 1, 2 and 3
clinical trials showing reduced AR load in PET scanning yet no other significant clinical
benefits leading to the termination of the trials (Rinne et al., 2010). Further studies
on Bapineuzumab demonstrated association with transient vasogenic oedema and
microhaemorrhage with higher risk in AD patients with one or two APOE €4 alleles

(Sperling et al., 2012).
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Another antibody reported for passive immunisation, m266, demonstrated low brain
AB burden and increased levels of the protein in plasma suggesting that the antibody
promotes AR clearance from the brain to blood (DeMattos et al., 2001). This
antibody was used as a precursor for Solanezumab, an antibody tested in Phase 3
clinical trials showing no association with vasogenic oedema or microhaemorrhages
but indeed increasing plasma AP (Farlow et al., 2012). However, in January 2017, Lilly
terminated the study on Solanezumab failing to show positive results (WWW,

ClinicalTrials.gov).

Currently on-going clinical trials on Gantenerumab and Crenezumab, show promising
results (WWW, ClinicalTrials.gov). Gantenerumab, a fully humanised monoclonal
antibody used in clinical studies (Bohrmann et al., 2012), binds to the fibrillar forms
of AB and demonstrated 30% decrease of brain AB load in an antibody-dependent
manner, using PET scanning (Ostrowitzki et al., 2012). Crenezumab demonstrated
low possibility of causing inflammatory immune responses and reduced risk for brain

microhaemorrhage and vasogenic oedema (Adolfsson et al., 2012; Garber, 2012).

However, one major confine of all clinical trial results is the placebo effect in which
the placebo recipient demonstrates condition-related improvements due to
psychological expectations rather than the treatment itself. This response, along with
the long duration of clinical trials which promotes the deterioration of the

conditions, result in the failure of many clinical studies (Ito et al., 2013).

1.8. The approach to an effective amyloid aggregation inhibitor

Many aggregation inhibitors have failed to progress in clinical studies. Tramiprosate
(Alzhemed), an aggregation inhibitor that interferes with the binding of
proteoglycans to AP, has failed in clinical trials as it did not demonstrate any
beneficial effects (Anand, 2014). However, inhibition of the AB oligomerisation
process is an attractive therapeutic approach for AD, as the early soluble oligomers
are believed to be the neurotoxic agents that drive neurodegeneration and neuronal
cell death. One of the strategies employed in order to develop novel drug candidates
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was the use of peptide-based inhibitors that target the oligomeric state of AP

aggregation process rather than the late fibrillar forms (Sciarretta et al., 2006).

1.8.1. The KLVFF region of AB

The central region of the AB peptide composed of amino acids 16 — 20, KLVFF, is
crucial for the self-association and aggregation of the protein (Hilbich et al., 1992;
Tjernberg et al., 1996). As a result, this pentapeptide sequence has been used as the
lead compound to develop inhibitory agents of the AB aggregation process (Lowe et
al., 2001; Zhang et al., 2003). Modified synthetic peptides based on this central
sequence have been reported to prevent the conversion of monomeric AR to B-
sheet-rich aggregated assemblies by binding to the homologous sequence in AP
(Soto et al.,, 1996; Findeis et al., 1999; Ghanta et al., 1996; Gordon et al., 2001;
Kokkoni et al., 2006; Watanabe et al., 2002). However, the design of these inhibitors
was formulated on the inhibition of the late fibrillar mature aggregates rather than
the early oligomeric assemblies and therefore they were only able to partially

reverse the toxicity of AP.

1.8.2. OR1 and OR2 peptides

Austen and colleagues (Austen et al., 2008) designed peptide inhibitors of the
oligomerisation assembly based on the corresponding KLVFF region of the A
peptide. Two synthetic inhibitors (Figure 1.7.) were initially developed, named OR1
(RGKLVFFGR) and OR2 (RGKLVFFGR-NH,). Both modified peptides contained arginine
(R) and glycine (G) amino acid residues (RG-/-GR) as a solubilising component (El-
Agnaf et al., 2004) added to the N- and C- terminal ends of the peptides. The cationic
arginine was added to the peptide through the glycine spacer to aid the solubility of
the inhibitor and also to prevent it from self-aggregating. The glycine residues
between the arginine molecule and the pentapeptide were added to facilitate the
interaction between the inhibitor peptides and native AB. The two peptides were
only differentiated by the replacement of the carboxyl terminus of the OR1 with an
amide group at the C-terminus of the OR2 inhibitor to render it less charged. As the
peptide sequence arose from an internal part of AB, it was thought best to introduce

the amide group at the end of the OR2 inhibitor to design a peptide that would be
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more likely to be recognised as if it was a part of the whole protein from which the

sequence was chosen (Austen et al., 2008).

Data were obtained from ThT assay analysis and Transmission Electron Microscopy
(TEM), showing that both OR1 and OR2 inhibitors were able to block the formation
of AB mature aggregates. However, results from the enzyme-linked immunosorbent
assay (ELISA) demonstrated that the OR2 inhibitor had a better inhibitory effect on
A soluble immature oligomer formation than the OR1 peptide. OR1 only had a slight
blocking effect on oligomer formation at high concentrations signifying that it may
act at a later point in the aggregation pathway than OR2 (Austen et al., 2008). As a
control for their studies, the group also synthesised a modified KLVFF peptide alone
containing an amide group at the C-terminus (KLVFF-NH,) which showed no effect on
the aggregation, possibly due to the absence of the flanking residues (RG- and -GR) in
the amino acid sequence and thus affecting the peptide’s tendency to self-aggregate
(Austen et al., 2008). According to these results, blocking the C-terminus with an
amide group was beneficial since OR2 is overall a more effective inhibitor of AR

oligomer formation than OR1 (Austen et al., 2008).

Further investigation in cytotoxicity studies revealed that only the OR2 inhibitor was
able to protect cultured human neuroblastoma (SH-SY5Y) cells from AR toxicity
(Austen et al., 2008). Consistent with previous research (Lambert et al., 1998; Kim et
al., 2003; Kayed et al., 2003; Clearly et al., 2005; El-Agnaf et al., 2000; El-Agnaf et al.,
2001; El-Agnaf et al., 2003; El-Agnaf et al., 2006, ; Bucciantini et al., 2006; De Felice et
al., 2004) the reported results provided clear evidence that the early non-fibrillar
oligomers are the toxic species as the neuroprotective effects demonstrated by OR2
were due to the inhibition of the oligomeric assemblies rather than the late mature

aggregates (Austen et al., 2008).

1.8.3. The retro-inverso OR2 peptide

Even though the OR2 peptide inhibitor was proven to be an effective inhibitor
against the formation of early soluble oligomers, it was unlikely itself to be a viable

drug candidate as it contains many sites for proteolytic attack in its peptide sequence
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(Taylor et al., 2010). In order to overcome this flaw, yet retain the anti-aggregational
properties of the inhibitor, Taylor and colleagues designed a retro-inverso version of
the OR2 inhibitor (Figure 1.7.), named RI-OR2 (Ac-rGffvlkGr-NH,) to transform it into
a peptidomimetic (Taylor et al., 2010). Previous studies have demonstrated that
retro-inverso peptides are able to maintain a topology, potency and selectivity
similar to those of their “parent” molecule, and also have an improved bioavailability
profile due to their enhanced stability to proteolysis (Chorev and Goodman, 1993;
Chorev and Goodman, 1995). Additional studies suggest that retro-inverso peptide
exhibit good blood-brain barrier (BBB) permeability (Taylor et al., 2000) and

membrane translocation properties (Nickla et al., 2010).

The approach to develop a proteolytically stable retro-inverso peptide was achieved
by replacing the natural L-amino acids with D-enantiomers (Poduslo et al., 1999;
Findeis et al., 1999), and also by reversing the peptide bonds (Chorev and Goodman,
1993; Chorev and Goodman, 1995). Taylor and colleagues also retained the
positioning of the two solubilising flanking residues, rG- and -Gr, and replaced the C-
terminal amide group of OR2 with an N-terminal acetyl group in RI-OR2. This N-
terminal acetyl group, CH3CONH, has close chemical properties with CONH,, as both
are uncharged and unreactive, thus mimicking the original C-terminus of the OR2
inhibitor. As a result, the three-dimensional shape of the new inhibitor was
maintained similar to the native molecule enabling the effective interaction between
the retro inverted “ffvlk” in RI-OR2 peptide and the KLVFF sequence in AB (Taylor et
al., 2010).

Stability experiments using individual proteolytic enzymes, and also exposure to
human brain extract and blood plasma, confirmed that the RI-OR2 peptide is more
stable to proteolysis than the OR2 inhibitor (Taylor et al., 2010). Additional studies on
the RI-OR2 inhibitor demonstrated that the peptide is able to block the formation of
AB oligomers and fibrils as verified by ThT assays, sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis (PAGE) [SDS-PAGE] separation of stable
oligomers, and atomic force microscopy (AFM). RI-OR2 was also assessed for cell

toxicity in cultured SH-SY5Y cells using the MTT and lactate dehydrogenase (LDH)
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assays, confirming its neuroprotective action against the toxic effects of pre-
aggregated AP (Taylor et al., 2010). According to the data obtained by Taylor and
colleagues (Taylor et al., 2010), the RI-OR2 inhibitor represented a suitable drug-like
molecule for future development and testing in bioavailability studies and BBB

penetration experiments.

1.8.4. The RI-OR2-TAT peptide inhibitor

Further development of the inhibitor was performed by the attachment of a retro-
inverted version of the HIV protein transduction domain ‘TAT’ (Green and
Loewenstein, 1988) to the RI-OR2 peptide to develop a cell-permeable and brain
penetrant inhibitor, named RI-OR2-TAT (Ac-rGffvlkGrrrrqrrkkrGy-NH,) (Figure 1.7.)
(Parthsarathy et al., 2013). The incorporated sequence was attached on the RI-OR2
inhibitor in such a way as to maintain the protease resistance of the whole molecule,
yet also to increase its bioavailability in vivo. Initial studies on the RI-OR2-TAT peptide
determined that the inhibitor is able to interrupt the aggregation pathway at a very
early point (Parthsarathy et al., 2013) by employing ThT assays, SDS-
PAGE experiments and AFM (Taylor et al.,, 2010). However, RI-OR2-TAT showed
inhibition of AB aggregation when present at a relatively high concentration of about

1:5 molar ratio of inhibitor to AB.

Moreover, a fluorescent version of RI-OR2-TAT, named Flu-RI-OR2-TAT, was tested
for penetration in cultured neuroblastoma cells and demonstrated rapid entry —
within minutes — into the cells. In contrast, Flu-RI-OR2 stayed mainly in the culture
medium, indicating that the inverted TAT sequence attached on the RI-OR2 inhibitor
is an effective transit peptide (Parthsarathy et al., 2013). Similar to previous studies
that employ TAT as a targeting method into the brain (Dietz and Bahr, 2004; Repici et
al., 2007; Ramanathan et al., 2001), Flu-RI-OR2-TAT was also able to penetrate across
the BBB following its peripheral (i.p.) administration in APP/PS1 (APPswe/PS1AE9)
transgenic mice. More specifically, the peptide demonstrated attachment to amyloid
plagues — with high affinity — and to activated microglial cells. It also reduced PB-
amyloid oligomer formation, amyloid plaque load, oxidation and inflammation in the

brain, and stimulated neurogenesis in the dentate gyrus (DG) of the hippocampus
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when administrated at 100 nmol / kg / once per day over a period of 21 days

(Parthsarathy et al., 2013).

To further develop the RI-OR2-TAT peptide inhibitor, Parthsarathy and colleagues
(Parthsarathy et al., 2013) suggested that the effect of the RI-OR2-TAT inhibitor on
the level of AB oligomerisation might be improved by the optimisation of the peptide

sequence and/or by the use of an alternative dosing regimen.

OR1 H:N-R-» G K- L V- F» F- G- R-COOH

OR2 H:N-R-» G K= L2 V= F F» G R-NH:

RI-OR2 HiN-ré G ké 1€ vé f& f6& G r-Ac

RI-OR2-TAT H:N-y € GE& ré kE ké rere qeréréreré GE ké 1€ ve f& f& GE r-Ac

Figure 1.7. The structures of OR1, OR2, RI-OR2 and RI-OR2-TAT peptide inhibitors.
Demonstration of the amino acid sequences of the four peptide inhibitors. Uppercase letters
represent L-amino acids while D-amino acids are in lowercase. There is no separate
enantiomer of glycine (G) amino acid which is shown in uppercase. The direction of peptide

bonds is indicated by the arrows (adapted from Taylor et al., 2010).

1.8.5. Peptide Inhibitor Nanoparticles

More recent studies have indicated a growing interest in the use of liposomes as
carriers of therapeutic agents. The use of nanoliposome devices is an attractive
strategy for drug delivery due to their remarkable characteristics such as their
chemical and physical stability - they display good blood circulation times and are
resistant to hydrolysis (Webb et al., 1995). They also show compatibility with living
systems, and are biodegradable, since they are readily decomposed by biological
agents (Torchilin, 2005). More importantly, liposomes can be multi-functionalised on
their surface and are more efficient at recognising their molecular targets by

decorating their surface with multi-ligand-nanosystems (Stukel et al., 2010).

Gregori, Taylor and colleagues (Gregori et al., 2017) have attached the RI-OR2-TAT
peptide inhibitor onto the surface of synthetic nanoparticle scaffolds to form peptide

inhibitor nanoparticles (PINPs) (Figure 1.8.). The liposomes were composed of a 1:1
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ratio of sphingomyelin to cholesterol and the RI-OR2-TAT peptide was covalently
attached to the surface of the liposome through a PEGylated lipid tail (Gregori et al.,
2017). PINPs demonstrated high potency on the inhibition of AP aggregation at
remarkably low concentrations with 50% inhibition at a molar ratio of about 1:2000
of liposome-bound peptide to AR, and they also rescued cultured human
neuroblastoma cells from AP toxicity. Moreover, PINPS were efficient at crossing an
in vitro BBB model, and also entered the brains of healthy mice with the C57/BL6
background, and protected against memory loss in the APPswe (Tg2576) transgenic

mice model using the novel object recognition task (Gregori et al., 2017).

]
S —Cys-RI-OR2-TAT
PEG-N + H5 - RI-OR2-TAT-Cys — PEG-N
H
O O

Figure 1.8. Preparation of PINPs.
PINPs are constructed through ‘click’ chemistry through a C-terminal cysteine residue added
on the amino acid sequence of the RI-OR2-TAT peptide. The lipids are synthesised using equal
molar ratio of sphingomyelin and cholesterol. The RI-OR2-TAT peptide is attached on the
surface of the lipid nanoparticle through a lipid tail composed of DSPE, PEG (polyethylene
glycol) and MAL (maleimide) (adapted from Gregori et al., 2017).

1.9. Scope of the thesis

A new version of the RI-OR2 peptide was developed by attaching N-
acetylglucosamine (NAG), a stable analogue of glucose, to the RI-OR2 inhibitor,
developing RI-OR2-NAG inhibitor. NAG, a monosaccharide derived from glucose, will
be used as a transit molecule of the inhibitor by utilising the glucose transporters
that are located at the BBB (GLUT1) and on the membranes of neurons (GLUT3) (Bell
et al., 1990) and the NAG transporter (SLC35A3) expressed at the Golgi apparatus of
the cells (Abeijon et al., 1996). The resulted peptide inhibitor, named RI-OR2-NAG

will be tested for inhibition of AB aggregation using the ThT assay and for potential
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toxic effects on cultured SH-SY5Y neuroblastoma cells using the MTS cell

proliferation assay.

The overarching aim of this project is to compare the anti-aggregational properties
and potency of the RI-OR2-NAG inhibitor relative to the previously developed RI-
OR2-TAT inhibitor (Parthsarathy et al., 2013). The anti-aggregational properties of
the two free peptides will be examined using the ThT assay, while the MTS assay will
be employed to determine the effects of the peptides on the viability of cultured SH-
SY5Y neuroblastoma cells. The two peptides will also be compared for their cell-

penetrating properties using their fluorescent versions.

The hypothesis of this thesis project is that the RI-OR2-TAT, RI-OR2-NAG, and PINPs
can penetrate a dynamic and intact BBB, and co-localise with major neuronal and
glial cells following their peripheral administration in WT mice with the C57/BL6
background. This property of the peptides will be examined using confocal

microscopy, visualising the cortex, hippocampus and DG of the mouse brains.

The three peptides will also be used in an attempt to study their bio-distribution and
possible elimination routes in healthy mice. Luminex technology and ELISA systems
are going to be applied in order to study the accumulation of the peptides in the
brain, heart, lungs, stomach, liver, spleen, kidneys and small intestines of the mice

following 1 h of peptide treatment, prior to tissue collection.
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Chapter 2: Experimental Procedures

Unless otherwise stated, chemicals were purchased from Sigma-Aldrich/Sigma® Life
Science (Dorset, UK) and antibodies were purchased from Abcam® (Cambridge, UK)

and stored according to manufacturer’s recommendations.

2.1. Preparation of peptides

2.1.1. Peptides and their fluorescent derivatives

The peptide inhibitors RI-OR2-TAT (Ac-rGffvlkGrrrrqrrkkrGy-NH;), RI-OR2-TAT-Cys
(Ac-rGffvlkrrrrgrrkkGyc-NH;), RI-OR2-NAG (Ac-rGffvlkGrS(GIcNAc)-NH,), and their
fluorescent versions, Flu-RI-OR2-TAT (Flu-rGffvlkGrrrrqrrkkrGy-NH;) and Flu-RI-OR2-
NAG (5Flu-rGffvikGrS(GIcNAc)-NH,) used for the study were custom-made by
Cambridge Peptides (Birmingham, UK). The purity of these peptides was determined
as >95 % by HPLC — MS (high performance liquid chromatography — mass

spectrometry).

2.1.2. Liposomes, peptide-liposomes (PINPs), and their fluorescent derivatives

2.1.2.1. Preparation of the lipid film

The PEGylated control liposomes (CL) and PINPs used in the study were custom-
synthesized. The liposomes were composed of a matrix of sphingomyelin (egg,
chicken)/cholesterol (plant derived) (Avanti® Polar Lipids, Inc., Alabama, USA), at a
1:1 molar ratio (47.5 molar % each) and mixed with 5 molar % of DSPE-PEG—MAL (1,
2-distearoyl-sn-glycero-3-phosphoethanolamine-N-poly(ethylene glycol)-maleimide
(Laysan BIO, Inc., Alabama, USA). Following resuspension of the lipids in chloroform
(VWR Chemicals, Leighton Buzzard, UK) to the required final volume, the chloroform
solvent was first removed by evaporation under a gentle stream of nitrogen (N,),
followed by complete evaporation in vacuo using a round-bottomed flask attached to
a rotary evaporator (SOGEVAC®, Leybold Vacuum, Valence, France) for about 1 h.
The resulting lipid film was resuspended in PBS (phosphate buffered saline), pH 7.4,

vortexed and sonicated until mixed completely. The lipid mixture was then subjected
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to rapid changes of temperature by performing 5 cycles of freezing in liquid nitrogen
for 15 sec and thawing at 42°C for 3 min, followed by sonication (U300H ultrasonic
bath, Ultrawave, Cardiff, UK) for 5 min at 45°C. The lipid nanoparticle mixture was
then extruded 10 times using a mini extruder (Figure 2.1.) (Avanti® Polar Lipids, Inc.
from Stratech Scientific Ltd., Suffolk, UK) through a 100 nm nucleopore membrane

(Whatman®, Little Chalfont, UK) and stored at 4°C for up to two weeks.

A. Teflon Bearing
Retainer Nut O-rings Extruder Outer Casing
h.——— = " . = 3 =*
7 K
Internal Membrane Support

E L ]

Hamilton Syringes iml

Figure 2.1.Mini extruder assembly.

For assembly of the mini extruder, two pre-wet filter supports were placed on the top of each
of the internal membrane supports (with the O-rings facing up) and the 100 nm nucleopore
membrane was secured in between them. The whole set up was inserted into the extruder
outer casing and tightened with the retainer nut which already contains the teflon bearing.
Once the sealed extruder outer casing was placed on the mini extruder base, the Hamilton

syringes were attached.

The BODIPY-bound liposomes were designed using the same method, with the

exception that BODIPY-cholesterol [23-(dipyrrometheneboron difluoride)-24-
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norcholesterol] (Avanti® Polar Lipids, Inc., Alabama, USA) was added at 1 molar % of

the total cholesterol present in the initial liposome mixture.

2.1.2.2. Attachment of RI-OR2-TAT onto the surface of the nanoliposomes

In order to covalently link the RI-OR2-TAT peptide to the liposomes by ‘click
chemistry’, a cysteine residue was incorporated at the C-terminal end of the amino
acid sequence of the peptide inhibitor, resulting in RI-OR2-TAT-Cys. The peptide was
added at about 50 % molar ratio of the DSPE-PEG-MAL (in excess) in PBS, and
incubated for 2 h at 37°C and then overnight (O/N) at RT (room temperature), on an
end-over-end mixer (Stuart® equipment, Bibby Scientific Ltd., Stone, UK). Any
unbound peptide was removed through centrifugation on an OptimawI L-100 XP
Ultracentrifuge for 1 h at ~257 xg and 4°C [50k RPM (revolutions per minute) using
the 70.1 Ti rotor] (Beckman Coulter, Inc., High Wycombe, UK). The supernatant was
removed and the pellet of concentrated PINPs was resuspended in PBS, sonicated
and vortexed until completely mixed. The final PINPs were stored at 4°C for up to

two weeks.

The elution of the liposomes was assessed by dynamic light scattering (DLS), while
the amount of peptide bound to the liposomes was quantified by BCA (bicinchoninic
acid) assay (Smith et al., 1985). Determination of phospholipid recovery after
extrusion and centrifugation was performed using the Wako LabAssay™
Phospholipid (Choline Oxidase—DAOS) method (Wako Pure Chemical Industries, Ltd.
from Alpha Laboratories, Eastleigh, UK) (Takayama et al., 1977).

The concentrations of liposomes or peptide liposomes tested in this thesis refer to

the total lipid content.

2.1.3. BCA assay for protein determination of peptide bound to liposomes

To determine the concentration of peptide bound to nanolipids, the BCA assay was
performed using BSA (bovine serum albumin) as a standard. The working solution
was prepared by mixing 50 parts of BCA solution with 1 part of copper (Il) sulphate

solution. The BSA standards - prepared in PBS - and the PINPs were added in
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triplicate (5 pl/well) to a 96-well plate (ThermoFisher Scientific Nunc A/S from Life
Technologies Ltd., Paisley, UK) along with 100 pl/well of working solution. The plate
was left to stand for 30 min at 37°C, and then read at 562 nm (1.0 s) on a Wallac

1420 multilabel counter Victor? plate reader (PerkinEImer®, Massachusetts, USA).

2.1.4. Choline Oxidase — DAOS method for phospholipid determination

To determine the amount of phospholipid (sphingomyelin) present in PINPs following
extrusion and centrifugation, the Wako LabAssay™ Phospholipid Assay (Wako Pure
Chemical Industries, Ltd. from Alpha Laboratories, Eastleigh, UK) was performed. The
standards were prepared using the ‘Standard Solution’ provided in the kit. The
‘Colour Reagent’ was prepared by dissolving 1 vial of Chromogen substrate to 50 ml
Buffer, both provided in the kit. To the plate, 2 pl/well of each standard and test
peptide solution were added in triplicate, along with 300 ul/well of Colour Reagent.
The plate was then incubated for 5 min in 37°C and then read at 562 nm (1.0 s) on a
Wallac 1420 multilabel counter Victor? plate reader (PerkinElImer®, Massachusetts,

USA).

2.2. Preliminary studies on RI-OR2-NAG peptide

2.2.1. AB deseeding

Recombinant AP42 was purchased from rPeptide (Stratech Scientific Ltd, Suffolk,
UK). The freeze-dried peptide was dissolved at 1 mg/ml in 0.1 % (v/v) ammonium
hydroxide (NH;OH) and split into two aliquots in fresh glass vials. Following a 15 min
incubation at RT, the solution was vortexed at high speed and sonicated at 12
microns peak to peak for four bursts of 30 sec. The solvent was then evaporated in
vacuo by centrifugal concentration (Savant 1SS110, SpeedVac Concentrator,
ThermoFisher Scientific from Life Technologies Ltd., Paisley, UK) and the two aliquots
were stored at -20°C for future use. Prior to use of the peptide in in vitro aggregation
experiments, each AB42 aliquot was resuspended in 0.5 mg/ml trifluoroacetic acid
(TFA) containing 5 % (v/v) thioanisole; vortexed at low speed and sonicated for 30
sec in glass vials with a chemically resistant Eppendorf lid (Eppendorf UK Ltd.,
Stevenage, UK). The solvent was then evaporated under a stream of oxygen-free
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nitrogen (N gas and the resulting film was treated with 100 pl of 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP), vortexed at high speed and sonicated for four bursts of
30 sec. The solvent was again evaporated in vacuo using the SpeedVac concentrator.
Following the HFIP treatment, the peptide film was dissolved in 0.5 ml NH4OH,
vortexed at high speed and sonicated for four bursts of 30 sec and split into 100 ug
aliquots which were dried in the centrifugal concentrator and stored at -20°C for

future use.

2.2.2. ThT aggregation assay

2.2.2.1. Preparation of PB, PBS, and PB-2S solutions

To prepare and maintain the solutions at pH 7.4, the buffers were prepared in 0.81 %
(v/v) of 1 M K,HPO, (dipotassium phosphate monobasic acid) and 0.19 % (v/v) of 1 M
KH,PO,; (monopotassium phosphate bibasic acid). To PBS and PB-2S (Phosphate
buffered 2x saline) solutions, 0.15 M and 0.3 M NaCl (sodium chloride) were added

respectively. The volume of the solutions was made to 100 ml with dH,0.

2.2.2.2. Preparation of ThT dye
ThT powder was dissolved in PB (phosphate buffer) at a concentration of 15 mM and
stored in 4°C in dark for a week. This stock solution was further diluted in PB-2S at a

concentration of 60 uM for the purposes of the experiment.

2.2.2.3. A8 and peptide treatment preparation

AB42 aliquots (100 pg each) were dissolved in 222 ul PB to yield a concentration of
100 uM. The peptide inhibitors RI-OR2-TAT and RI-OR2-NAG were prepared in PBS at
1:1, 1:2, 1:5 and 1:10 final molar ratios of peptide inhibitor to AP.

2.2.2.4. Preparation of ThT assay plate

The assays were conducted in 384-well black with clear-bottom microtiter plates
(ThermoFisher Scientific Nunc A/S from Life Technologies Ltd., Paisley, UK). Controls
(100 uM AB42, ThT and 50 uM of each peptide inhibitor) and sample conditions were
added to the plates in triplicate to a final volume of 60 pl/well (Table 2.1.). The ThT

fluorescence was monitored and read at Aex = 442 nm and Aem = 483 nm every 10
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min for 48 h at 37°C following shaking of the plate using a BioTek Synergy 2 plate
reader (BioTek UK, Swindon, UK).

CONDITIONS 100 uhM AB42 ThT Peptide inhibitors PB PBS

AB42 control 15 ul 15 ul - - 30 pl

ThT control - 15 ul - 15ul 30ul
Peptide inhibitor controls - 15 pl 30 i 15 pl -
Sample conditions 15 ul 15 pl 30 pl - -

Table 2.1. Indication of the volumes added for each sample condition to the 384-well plate

for the aggregation assay.

2.2.2.5. Analysis and statistics of ThT aggregation assay

The analysis of the aggregation experiment was performed using PRISM GraphPad
software (GraphPad Software Inc., California, USA). Data collected at 24 h and 48 h
from three independent experiments were averaged and analysed by applying one-
way analysis of variance (ANOVA) using the post hoc Bonferroni’'s multiple
comparisons test in the case of the control AB versus peptide treatment; and
unpaired t-tests with Welch’s correction [assuming different SDs (standard
deviations)] for comparison between same concentrations of the RI-OR2-TAT and RI-
OR2-NAG peptides. Outliers were checked using the GraphPad QuickCalcs: outlier
calculator software (GraphPad Software Inc., California, USA). The analysis of the ThT
assay is presented in Chapter 3, Sections 3.3.1. as mean + SEM (standard error of

mean) and a p value of < 0.05 was considered as statistically significant.

2.2.3. Cell culture and maintenance of SH-SY5Y Human Neuroblastoma cell line

SH-SY5Y neuroblastoma cells (European Collection of Cell Cultures, Salisbury, UK)
were habitually cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 4.5
g/L glucose and L-glutamine (BioWhittaker® Lonza by Scientific Laboratory Supplies,
Nottingham, UK) containing 0.1 % (v/v) FBS (Foetal Bovine Serum), and 0.01 % (v/v)
PEN — STREP (Penicillin — Streptavidin). The cell cultures were maintained in T-75 flat

flasks (ThermoFisher Scientific Nunc A/S from Life Technologies Ltd., Paisley, UK) at
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37°C in a humidified incubator with 5 % CO, — 95 % room air and the medium was

changed every other day. The cells were used for a maximum of 20 passages.

To maintain the cells in a viable state, a subculture/splitting process was performed
twice per week. Following removal of the present growth medium, 5 ml of Trypsin
EDTA (ethylenediaminetetraacetic acid) (BioWhittaker® Lonza by Scientific
Laboratory Supplies, Nottingham, UK) were added to the T-75 flask of cells and
incubated at 37°C for about 3 min until the cells were detached from the bottom of
the flask. To the trypsinised cells, 10 ml of DMEM medium were added, and the
solution was collected in a fresh tube and spun at 200 RCF for 3 min (Allegra X-30R
Centrifuge with the SN 15D rotor, Beckman Coulter, Inc., High Wycombe, UK). The
supernatant was removed and the pellet of cells was resuspended in 5 ml DMEM
medium. 0.5 ml of this suspension was transferred to a new T-75 flask with 10 ml of

fresh DMEM medium and incubated at 37°C in a humidified incubator for future use.

2.2.4. MTS cell proliferation assay

The MTS proliferation assays were conducted in 96-well plates (Costar®, Corning Inc.
from Fisher Scientific, Loughborough, UK). Following subculture of SH-SY5Y cells,
approximately 20,000 cells/well were transferred in a final volume of 100 pl of
DMEM Medium. The cells were allowed to adhere to the bottom of the wells O/N at
37°C in a humidified incubator. Following incubation, the medium was replaced by
either 100 ul of fresh DMEM in the control (untreated) samples, or 100 ul of DMEM
containing 0.1 uM, 1 uM or 10 uM of RI-OR2-NAG, RI-OR2-TAT, PINPs or CL peptides;
and the plate was incubated O/N at 37°C in a humidified incubator. To each well 100
ul of CellTiter96 Aqueous One Solution Cell Proliferation (MTS) assay (Promega,
Southampton, UK) was added and left to stand for 3 h at 37°C in a humidified
incubator. The proliferation of the cells was assessed on a Wallac 1420 multilabel

counter Victor? plate reader (PerkinElmer®, Massachusetts, USA) at 490 nm (0.1 s).

2.2.4.1. Analysis and statistics of MTS proliferation assay results
Data collected from three independent experiments were averaged and assessed

applying one-way ANOVA hypothesis followed by post hoc Bonferroni’s multiple
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comparison test. Outliers were calculated using the GraphPad QuickCalcs: outlier
calculator software; and analysis was performed using the PRISM GraphPad software
(GraphPad Software Inc., California, USA). The results are presented in Chapter 3,
Section 3.3.2. as mean * SEM and a p value of < 0.05 was considered as statistically

significant.

2.2.5. Cell penetration experiments

The experiments were conducted in 6-well plates (Costar®, Corning Inc. from Fisher
Scientific, Loughborough, UK) containing autoclaved 22 x 22 mm coverslips
(SuperFrost®, Menzel-Glaser from Life Technologies Ltd., Paisley, UK) at the bottom
of each well. Following maintenance of SH-SY5Y cells under standard mammalian cell
culture conditions and subculture of the cells, approximately 40,000 cells/well were
added to a final volume of 1.5 ml of DMEM medium. The cells were incubated for 48
h at 37°C in a humidified incubator to allow their adherence on the coverslips.
Following incubation, the medium was replaced with either 15 ul PBS in 1.5 ml
DMEM medium for the control (untreated) cells, or 15 pl of PBS containing the
tested peptide inhibitor in 1.5 ml DMEM for the treated cells; and incubated for 1 h
at 37°C in a humidified incubator. The peptide inhibitors tested were fluorescently-
tagged peptides, Flu-RI-OR2-TAT and Flu-RI-OR2-NAG, at 1 uM final concentration in
DMEM growth medium. The coverslips were then placed onto the surface of
autoclaved microscopy slides (SuperFrost®, Menzel-Glaser from Life Technologies
Ltd., Paisley, UK) with a drop of Fluoroshield™ with DAPI histology mounting
medium, and allowed to dry. The coverslips were then sealed and the penetration of
the fluorescently labelled peptides was assessed on Zeiss LSM 510 confocal
microscope (Carl Zeiss Ltd., Cambridge, UK), using multichannel filters and the 63x
objective. The merged images of each condition are presented in Chapter 3, Section

3.3.3.
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2.3. In vivo studies — C57/BL6 mice

2.3.1. Ethics statement

All animal regulated procedures were performed as part of authorised personal and
project licenses; approved by the UK Home Office in accordance with the UK Animals

(Scientific Procedures) Act 1986.

2.3.2. Animals

Wild type (WT) mice from APPswe/PS1AE9 breeding with C57BL/6 background were
single housed a week prior to treatment injection in a temperature-controlled
holding room (21.5°C £ 1) with 12:12 h light and dark cycle. Food and water were

available ad libitum.

2.3.3. Drug treatment

A pilot study was performed using 25 female WT animals of age between 31 — 32
weeks old. The animals were organised in groups of five for study purposes. The
groups included a control group — injected with 0.9 % NaCl (vehicle control), and four
treatment groups injected with Flu-RI-OR2-TAT, Flu-RI-OR2-NAG, BODIPY-PINPs, and
BODIPY-CL respectively. All animals were injected intraperitoneally (i.p.) at a dose of
100 nmol/kg for the free peptides and 4 umol/kg in the case of the liposome-based
peptides; with administration volume of 10 ml/kg. The dose, administration volume
and duration of treatment were decided based on a previous study investigating the
effects of FIu-RI-OR2-TAT on amyloid plaque load and other markers of brain

pathology using the APP/PS1 transgenic mouse model (Parthsarathy et al., 2013).

2.3.4. Tissue collection

At the time of injection, 0 h, the animals were housed in a dark room. After 1 h, the
animals were anaesthetised with 0.107 g/ml urethane at a dose of 0.7 ml/30 g, and
transcardially perfused using PBS with heparin (20 units/ml). To determine if the
peptides penetrate the BBB, to measure their intensities in the brain, and determine
whether they co-localise with specific cells, the brains were recovered, sectioned
through the sagittal plane and the left hemisphere (LH) was fixed in 4 % (w/v) ice-
cold formaldehyde. Following fixation for 3 days, the formaldehyde-preserved LH
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was transferred to 30 % (w/v) sucrose in PBS with 0.02 % (w/v) sodium azide (NaN3),
at 4°C for storage. To determine the distribution and elimination of the peptides, the
right cerebral hemisphere (RH), along with the heart, lungs, liver, stomach, spleen,
right and left kidneys, and small intestine were collected and snap-frozen in liquid

nitrogen, and then stored at -80°C for future use.

2.4. Distribution of the peptides

2.4.1. Tissue homogenisation

Each tissue collected following the perfusion of the C57/BL6 mice (-80°C storage) was
weighed and then incubated for 20 min in ice-cold homogenisation buffer (HB) [RIPA
(Radioimmunoprecipitation assay) buffer with 10 pl/ml protease and phosphatase
inhibitor cocktail (100x) and 10 ul/ml 0.5 M EDTA solution (100X)] (Halt™ Protease
and Phospatatase inhibitor cocktail, Thermo Scientific from Fisher Scientific,
Loughborough, UK) at a concentration of 3 pl/mg of tissue. Each sample tissue was
then homogenised on ice using the LabGEN 7 series homogenizer (Cole-Parmer®
Instrument Co. Ltd., London, UK). Following complete homogenization, the blade was
rinsed with extra 2 pl/mg of tissue HB to a total final concentration of 5 pl/mg of
tissue. The samples were then sonicated (U300H ultrasonic bath, Ultrawave, Cardiff,
UK) for 5 min with 30 sec incubation intervals on ice and then maintained at constant
agitation for 2 h at 4°C. Following incubation, the lysate samples were first
centrifuged at 4750 RPM for 15 min (Allegra® X-15R Centrifuge with SX4750A
ARIES™ rotor, Beckman Coulter, Inc., High Wycombe, UK) and the supernatant was
centrifuged again at 14,000 RPM for further 15 mins (Heraeus Fresco 21 Centrifuge
with 75003424 ClickSeal™ biocontainment rotor, Thermo Scientific from Fisher
Scientific, Loughborough, UK). The lysate (supernatant) was collected, aliquoted and

stored at -80°C for future use and the cell debris (pellet) was discarded.

2.4.2. BCA assay for total protein content quantification in tissue

To determine the total protein content of each tissue lysate, the BCA assay was
performed (explained in Section 2.1.3.). The BSA standards prepared in HB and tissue
lysate samples in HB were added at 5 pl/well in triplicate on the 96-well plate.
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2.4.3. Concentration of antibodies

Antibodies used in Luminex experiments of concentration lower than 1 mg/ml were
concentrated to 1 mg/ml using the Pierce® Concentrator, PES, 3K MWCO, 0.5 ml
(Thermo Scientific from Fisher Scientific, Loughborough, UK). The concentration
sample chamber was pre-rinsed with 500 ul dH,O and centrifuged at 15,000 xg
(Eppendorf centrifuge 5424 with FA-452411 rotor, Eppendorf UK Ltd., Stevenage, UK)
until more than 400 pl of filtrate was produced. Any rinsing solution remaining in the
collection tube and concentration chamber was discarded and the sample antibody
was added to the concentration chamber. The sample was centrifuged 15,000 xg
(Eppendorf centrifuge 5424 with FA-452411 rotor, Eppendorf UK Ltd., Stevenage, UK)
until the desired concentration factor relative to the volume in concentration

chamber was achieved.

2.4.4. Antibody biotinylation and conjugate purification

Detection antibodies used in Luminex experiments were biotinylated using the
Biotin-XX Microscale protein labelling kit (Invitrogen by ThermoFisher Scientific from
Life Technologies Ltd., Paisley, UK). A 1 M sodium bicarbonate solution was prepared
by adding 1 ml of dH,0 to the vial of sodium bicarbonate provided in the kit; and
vortexed until the reagent was fully dissolved. This reagent was stored at 3°C for up
to two weeks, or to -20°C for longer storage. The required volume of antibody at 1
mg/ml was transferred to a reaction tube along with 1/10 volume of 1 M sodium
bicarbonate and mixed by pipetting up and down numerous times. To a separate vial
of biotin-XX (reactive biotin) provided in the kit, 10 ul of dH,O were added and
completely dissolved by pipetting up and down several times, vyielding a
concentration of 14.93 nmol/ul. The reagent was prepared immediately before use
and any leftover was discarded. According to the equation (Equation 2.1.) that was
presented in the kit’s product information, the appropriate volume of reactive biotin
was added to the reaction tube containing the pH-adjusted antibody and mixed
thoroughly by pipetting up and down. The reaction mixture was incubated for 15 min

at RT.
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[(%) x1,000| xMR

14.93

Equation 2.1. Equation used to calculate the volume of biotin solution.

= ul reactive biotin — XX to add to sample

The equation was used to calculate the amount of reactive biotin to be added to the reaction
tube; where ug protein is the mass of protein to be labelled, protein MW is the molecular
weight of protein in Da (150,000 in the case of antibodies), MR is the biotin to protein molar
ratio (MR=18 for antibodies — information provided in the kit), and 14.93 is the concentration
of reactive biotin stock (adapted from Biotin-XX Microscale protein labelling kit Product

information).

To remove any unbound biotin from the mixture, protein desalting spin columns
(ThermoFisher Scientific from Life Technologies Ltd., Paisley, UK) were used. The
column was inverted to suspend the slurry and the bottom closure was twisted
initially and removed once the cap was loosened. The column was placed in 1.5 ml
microcentrifuge collection tube and centrifuged at 1,500 xg (Eppendorf centrifuge
5424 with FA-452411 rotor, Eppendorf UK Ltd., Stevenage, UK) for 1 min to remove
excess liquid. To the tube, 400 ul of PBS-T [PBS with 0.05 % (v/v) Tween® 20] were
added to the top of the column and centrifuged at 1,500 xg for 1 min. The process of
buffer exchange was repeated three times. Following exchange of buffer, the column
was placed in a fresh 1.5 microcentrifuge tube and the biotinylated antibody was
added to the centre of the compacted resin bed and centrifuged at 1,500 xg for 2
min and the eluted purified biotinylated antibody was aliquoted and stored

according to the manufacturer’s recommendations.

2.4.5. BODIPY-PINPs peptide treatment with bee venom

To break down the phospholipids of the liposome, the PINPs solution was treated
with 1 mg/ml Phospholipase A, from honey bee venom (Apis mellifera) at 10 % (v/v)
of the lipid molarity. The reaction mixture was incubated for 20 min at 37°C and then

stored at 3°C for up to two weeks.
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2.4.6. Luminex-bead Immunoassay for tissue-specific peptide distribution

2.4.6.1. Primary antibody coupling to Luminex beads

Following vortexing and sonication of 1 vial of Luminex beads (COOH Beads 023 — 5.6
um COOH microspheres, 1 ml at 1.25x10° beads/ml) (Biol-Plex®, BIO-RAD
Laboratories Ltd., Hertfordshire, UK), 33 ul of beads were transferred to a fresh
coupling tube (Fisherbrand™ premium microcentrifuge tubes, Fisher Scientific,
Loughborough, UK) with 50 pl of triton/activation buffer (Table 2.2.), and centrifuged
at 10,000 RPM for 1 min (Eppendorf centrifuge 5424 with FA-452411 rotor,
Eppendorf UK Ltd., Stevenage, UK). The supernatant was removed and the pellet of
beads was washed using the Triton/activation buffer. To the pellet, 80 ul of
activation buffer (Table 2.2.) were added and the bead mixture was vortexed and
sonicated. To the tube, 10 pl of freshly prepared NHS (N-hydroxysuccinimide) buffer
(Sulfo-NHS, Thermo Scientific from Fisher Scientific, Loughborough, UK) were added
at 50 mg/ml in dH,O along with 10 pl of fresh EDC [1-ethyl-3-(3-
dimethylamino)propyl carbodiimide, hydrochloride] buffer (Pierce™ Premium-Grade
EDC, Thermo Scientific from Fisher Scientific, Loughborough, UK) at 50 mg/ml in
dH,0, and the mixture was incubated for 30 min at RT in the dark on an end-over-
end mixer (Stuart® equipment, Bibby Scientific Ltd., Stone, UK). After incubation, 100
ul of triton/coupling buffer (Table 2.2.) were added and centrifuged for an extra
minute at 10,000 RPM. The supernatant was then removed and the pellet was
washed twice with the Triton/coupling buffer as above. The pellet of beads was then
resuspended in 500 pl of the primary antibody in coupling buffer (Table 2.2.) at final
concentrations of 1 pg/ml in the case of anti-HIV1 tat [N3] (mouse monoclonal)
antibody used in the Flu-RI-OR2-TAT peptide detection, and 3 pug/ml in the case of
anti-O-GIcNAc CTD110.6 (mouse monoclonal) antibody (BiolLegend, London, UK)
used in the Flu-RI-OR2-NAG detection. The solution was then incubated for 2 h at RT
in the dark in an end-over-end mixer. Following incubation, 100 ul of wash buffer
(Table 2.2.) were added to the tube and the mixture was centrifuged for 1 min at
10,000 RPM. The supernatant was removed and the pellet was washed twice with
the same buffer. The pellet of beads coupled to the primary antibody was then
resuspended in 150 pl of blocking/storage buffer (Table 2.2.), and stored at 4°C until

further use.
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BUFFERS COMPOSITION

Activation Buffer | 0.1 M Sodium Phosphate monobasic pH 6.1

Triton/Activation | 0.1 M Sodium Phosphate monobasic pH 6.1 with 0.025 %
Buffer (v/v) Triton X-100

Coupling Buffer 50 mM MES hydrate of pH 5.0

Triton/Coupling 50 mM MES solution [2-(N-morpholino)ethanesulfonic acid)]
Buffer of pH 5.0 with 0.025 % (v/v) Triton X-100

Wash Buffer PBS with 0.025 % (v/v) Triton X-100
Blocking/Storage | PBS, 0.1 % (w/v) BSA, 0.02 % (v/v) Tween® 20 with 0.02 %

Buffer (w/v) sodium azide

Table 2.2. The composition of Luminex bead coupling buffers.

2.4.6.2. Bead-based Luminex Assay Development

The assay was performed on a 96-well filter plate (MultiScreenyrs BV 1.2 um filter
plates, Merck Millipore from Life Technologies Ltd., Paisley, UK). The filter plate was
initially pre-washed using 100 pl/well PBS-T and the solution was aspirated using a
vacuum manifold (Dymax 5, Charles Austen Pumps Ltd., Surrey, UK). The primary
antibody-coupled microspheres were diluted in 1:20 ratio in PBS-T, vortexed to
remove any doublets and added at 25 pl/well to the plate. The plate was then
agitated on a microplate shaker (Grant-bio, Grant Instruments Ltd., Cambridge, UK)
for 5 min in dark and aspirated using the vacuum pump. To each well, 50 ul of
peptide inhibitor standards were added in triplicate at concentrations ranging from
0.95 pM to 1 uM (and Blank control) in HB in the case of FIu-RI-OR2-TAT detection,
and 0.24 nM to 1 uM (and Blank control) in HB in the case of Flu-RI-OR2-NAG
detection, along with 50 pl of tissue lysates in triplicate at 1:5 volume ratio in HB; and
the plate was agitated O/N at 3°C in the dark on a rocking shaker (Stuart®, gyro-
rocker SSL3, Bibby Scientific Ltd., Stone, UK). Following incubation, the plate was
aspirated, washed twice with 150 pl/well PBS-T, and aspirated again using the
vacuum manifold. To each well, 50 pl of biotinylated secondary antibody, anti-
fluorescein (biotin) (goat polyclonal) antibody, was added at 2 pg/ml in the Flu-RI-
OR2-TAT assay and 0.125 pg/ml in the Flu-RI-OR2-NAG assay, diluted in PBS-T. The

42



plate was then agitated for 1 h at RT in the dark and then 50 pl/well of 4 pg/ml
Streptavidin-RPE (R-phycoerythrin conjugate) (Molecular probes®, Life Technologies,
Paisley, UK) was added, and the plate was agitated for further 30 min at RT in the
dark. After incubation, the plate was aspirated, washed twice with 150 ul/well PBS-T,
and aspirated again. The beads were then resuspended in 100 pl/well PBS-T, and
agitated on a shaker for 1 min, at high speed, at RT in the dark. Finally, the plate was
read in a Luminex® 200 xMAP™ Technology plate reader (Luminex Co., Texas, USA)
using the xPONENT® 3.1 software. A schematic representation of the Luminex assay

(sandwich reaction in each well) is shown in Figure 2.2.

Streptavidin-RPE

Biotinylated
Detection Antibody

Analyte

Capture Antibody

Bead / Microsphere

Figure 2.2. Luminex Sandwich Immunoassay.
Schematic representing the Luminex sandwich assay format. The capture and biotinylated
detection antibodies are specific for each analyte of interest; streptavidin-RPE acts as a

reporter molecule.

2.4.7. Luminex peptide-specific assay optimisation

Prior to the analysis of tissue lysates in Luminex-bead immunoassays, a variety of
antibody combinations and antibody concentrations were used with fluorescent-
tagged peptide inhibitor standards to optimise each peptide assay following the

same protocol as presented in Section 2.4.6. The tables below show the antibodies
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and antibody concentrations used for Flu-RI-OR2-TAT optimisation assays (Table 2.3),

Flu-RI-OR2-NAG optimisation assays (Table 2.4) and PINPs optimisation assays (Table

2.5).

Flu-RI-OR2-TAT optimisation assay

ANTIBODY

anti-HIV1 tat [N3] (mouse

monoclonal) antibody

anti-Fluorescein (Biotin)

(goat polyclonal) antibody

Coupling concentrations Detection concentrations

tested (pug/ml) tested (pug/ml)

1,23

05,1,2

Table 2.3. Table representing the concentrations (ug/ml) tested for detection and coupling

antibodies for the Flu-RI-OR2-TAT assay optimisation.

Flu-RI-OR2-NAG optimisation assay

ANTIBODY

anti-O-GIcNAc CTD110.6 (mouse
monoclonal) antibody (BioLegend,

London, UK)

anti-Fluorescein (Biotin) (goat

polyclonal) antibody

anti-O-Linked N-Acetylglucosamine

[RL2] (mouse monoclonal) antibody

Anti-O-GIcNAc RL2 (mouse
monoclonal) antibody (BiolLegend,

London, UK)

Coupling Detection
concentrations tested concentrations tested

(ng/ml) (ng/ml)

1,23

0.125,0.25,0.5, 1, 2

1,2,3

1,2,3

Table 2.4. Table representing the concentrations (ug/ml) tested for detection and coupling

antibodies for the Flu-RI-OR2-NAG assay optimisation.

The same detection antibody was used for all the coupling antibodies tested.
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BODIPY-PINPs optimisation assay

Coupling Detection
ANTIBODY concentrations tested  concentrations tested
(ng/ml) (ng/ml)
anti-HIV1 tat [N3] (mouse
1,2,3
monoclonal) antibody
anti-Polyethylene glycol [PEG-2-
128] (rabbit monoclonal) 05,1,2
antibody
anti-Polyethylene glycol [PEG-B-
47b] (Biotin) (rabbit monoclonal) 05,1,2
antibody

Table 2.5. Table representing the concentrations (ug/ml) tested for detection and coupling
antibodies for the BODIPY-PINPs assay optimisation.

The same coupling antibody was used for all the detection antibodies tested.

2.4.8. Luminex assay analysis

Data obtained from the assay optimisation experiments were analysed according to
the signal to noise ratio (S/N) of each assay to determine the antibody
concentrations to be used in the peptide detection; and are presented in Chapter 4.
Analysis of each tissue-specific peptide detection was performed using one-way
ANOVA hypothesis test followed by post hoc Bonferroni’s multiple comparison test.
The outliers were calculated using the GraphPad QuickCalcs: outlier calculator
software (GraphPad Software Inc., California, USA). Data are presented in Chapter 5
as mean = SEM of the total amount (moles) of peptide per tissue-specific protein

content (mg) and a p value of < 0.05 was considered as statistically significant.

2.4.9. Sandwich ELISA immunoassay for tissue-specific BODIPY-PINPs detection

96-well plates (ThermoFisher Scientific Nunc A/S from Life Technologies Ltd., Paisley,
UK) were coated with 100 pl/well of diluted anti-HIV1 tat [N3] (mouse monoclonal)
primary antibody in carbonate-bicarbonate buffer at a concentration of 3 pg/ml and

left to incubate O/N at 3°C on a rocking shaker (Stuart®, gyro-rocker SSL3, Bibby
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Scientific Ltd., Stone, UK). The coating solution was then removed and the plate was
washed three times with 100 ul/well PBS-T. To the plate, 100 pl/well of blocking
buffer [5 % (w/v) dry-milk in PBS-T] were added and incubated for 1 h at RT on a
microplate shaker (Grant-bio, Grant Instruments Ltd., Cambridge, UK) in the dark.
The blocking buffer was then removed, and 100 pl of BODIPY-PINPs standards
(treated with bee venom) ranging from 7.81 nM to 1 uM (and blank control) in HB
were added in triplicate to the plate along with tissue lysates prepared at a 1:5
volume ratio in HB. The plate was then agitated O/N at 3°C in the dark on a rocking
shaker. Following incubation, the samples and controls were removed and the plate
was washed three times with 100 pl/well PBS-T. In each well, 100 pl of diluted anti-
polyethylene glycol [PEG-2-128] (rabbit monoclonal) secondary antibody were added
to the plate at a concentration of 1 pg/ml, and the plate was incubated for 1 h at RT
in the dark on a microplate shaker. To each well, 100 ul of Streptavidin-RPE
(Molecular probes®, Life Technologies, Paisley, UK) was added to the plate and left to
incubate for 30 min at RT in the dark. The detection solution was then removed and
the wells were washed three times with 200 pl PBS-T. After washes, the wells were
filled with 100 pl PBS-T, and the plate was read at Aex = 546 Aem = 578 nm using an
average 25 reads/per well on a TECAN infinite M200 pro (Tecan Trading AG,
Switzerland) plate reader, using Magellan V 7.0 software. A schematic representation

of the ELISA assay (sandwich reaction in each well) is shown in Figure 2.3.

46
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Figure 2.3. ELISA Sandwich Immunoassay.
Schematic representing the ELISA sandwich assay format. The primary and biotinylated
secondary antibodies are specific for each analyte of interest; streptavidin-RPE acts as a
reporter molecule with three excitation maxima at 496, 546, and 565 nm, and one emission

maximum at 578 nm.

2.4.10. ELISA peptide-specific assay optimisation

The following table (Table 2.6) represents the antibodies, and antibody
concentrations used for the optimisation of the BODIPY-PINPs assay, using only
peptide standards with and without bee venom treatment, following the same

protocol as described in Section 2.4.9.
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BODIPY-PINPs optimisation assay

Primary antibody Secondary antibody
ANTIBODY concentrations tested concentrations tested
(ng/ml) (ng/ml)
anti-HIV1 tat [N3] (mouse
1,2,3
monoclonal) antibody
anti-Polyethylene glycol [PEG-
2-128] (rabbit monoclonal) 05,1,2,5
antibody
anti-Polyethylene glycol [PEG-
B-47b] (Biotin) (rabbit 05,1,2
monoclonal) antibody

Table 2.6. Table representing the concentrations (ug/ml) tested for primary and secondary
antibodies for the BODIPY-PINPs assay optimisation.

The same primary antibody was used for all the secondary antibodies tested.

2.4.11. Sandwich ELISA assay analysis

Data obtained from the BODIPY-PINPs assay optimisation are presented in Chapter 4,
while analysis of each tissue-specific peptide detection are presented in Chapter 5.
The analysis of both optimisation assays and tissue-specific peptide detection assays

was performed as described in Section 2.4.8.

2.5. BBB penetration, intensity and co-localisation study

2.5.1. Brain sectioning

Following storage, the brains were transferred to 30 % (w/v) sucrose in PBS O/N, and
then were snap-frozen with Shandon ENVI-RO-TECH™ freezing spray (ThermoFisher
Scientific from Life Technologies Ltd., Paisley, UK). Using the Bright model OTF
cryostat with 5040 microtome (Bright Instruments, Luton, UK), 25 micron (um) thick
coronal sections of the brains were cut at anatomical regions of 1.10 mm to -4.04
mm Bregma (Franklin and Paxinos, 2008) with the first section taken at random and

then every 12" section afterwards. The brain sections were preserved in cryoprotect
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solution [30 % (v/v) Ethylene Glycol, 25 % (v/v) Glycerin, and 45 % (v/v) PBS] in a 24-
well plate (Costar®, Corning Inc. from Fisher Scientific, Loughborough, UK) and stored

at -20°C in the dark until further use.

2.5.2. Microscopy Slides Silanization

The silanizing reagent for coating of microscopy slides (SuperFrost®, Menzel-Glaser
from Life Technologies Ltd., Paisley, UK) was prepared using 2 % (v/v) 3-amino-
propylthieoxysilane in acetone. The staining rack holding slides was immersed in
freshly prepared silanizing solution for 1 min. Following coating, the rack was
transferred to a tank of water for an extra minute. The slides were then removed and

allowed to air-dry.

2.5.3. Immunostaining of floating brain tissue sections

The immunostaining procedure was performed in a fresh 24-well plate (Costar®,
Corning Inc. from Fisher Scientific, Loughborough, UK) and all solutions were added
at 1 ml/well. The brain sections stored in cryoprotect solution were initially washed 3
times in TBS (Tris-buffered saline) of pH 8 for 5 min and then incubated in 1X citrate
buffer at 90°C for 30 min to retrieve the antigens. Following 3 x 5 min washes, the
sections were permeabilised for 15 min at RT in 0.3 % (v/v) Triton X-100 in TBS and
then blocked in 5 % (v/v) goat serum with 1 % (w/v) BSA for 1 h at RT. The primary
antibodies of interest were then added at 1:500 dilution and incubated O/N in a cold
room (3°C) and dark on a rocking shaker (Stuart®, gyro-rocker SSL3, Bibby Scientific
Ltd., Stone, UK). For the co-localisation study the sections were examined using cell-
specific markers for neurons using anti-NeuN (Rabbit polyclonal) antibody, astrocytes
using anti-GFAP (Rabbit polyclonal) antibody, or activated microglia using anti-lba-1

(Rabbit polyclonal) antibody.

The brain sections were then washed 3 times in TBS for 10 min and then stained with
goat anti-rabbit Alexa Fluor 594 conjugate secondary antibody (AlexaFluor®,
ThermoFisher Scientific from Life Technologies Ltd., Paisley, UK) at 1:1,000 dilution,
for 1 h in dark at RT. Following 3 x 10 min washes, the tissue sections were placed on

silanized slides and allowed to air-dry. The slides were then mounted using
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Fluoroshield™ with DAPI histology mounting medium and sealed with a coverslip

(SuperFrost®, Menzel-Glaser from Life Technologies Ltd., Paisley, UK).

All sections were visualised on a Zeiss LSM 880 confocal microscope (Carl Zeiss Ltd.,
Cambridge, UK), using multichannel filters, and the images were merged using the
Zen lite Blue 2012 software (Carl Zeiss Ltd., Cambridge, UK). For quantification, 3
digital photographic images per section were taken from the cortex (area close to the
hippocampal formation), DG and cornus ammonis (CA) region 1 (CA1) (referred to as
hippocampus) areas with a 40X objective, with a minimum of 15 sections visualised
per animal. For the cell-specific co-localisation study, images were also taken with a
63X objective. Image analysis for the BBB penetration and intensity study was
performed using 8-bit converted images in Imagel) [National Institutes of Health
(NIH), USA]. Images analysis for the co-localisation study was performed using 8-bit

separated-channels images in Fiji (Fiji is just Imagel) (NIH, USA).

2.5.4. Statistics of Immunohistochemical Study

Collected data obtained from Imagel for the BBB penetration and intensity study
were analysed as mean Normalised Intensities (Equation 2.2.) applying one-way
ANOVA hypothesis test in the case of control versus peptide treatment; and two-way
ANOVA in case of peptide versus brain region and conditions using the PRISM
GraphPad software (GraphPad Software Inc., California, USA). Outliers were detected
using the GraphPad QuickCalcs: outlier calculator software (GraphPad Software Inc.,
California, USA). The tests were then further analysed by post hoc Bonferroni’s
multiple comparison test and are presented in Chapter 6 as mean £ SEM and a p

value of < 0.05 was considered as statistically significant.
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Intensity of sample — Black intensity

Normalised Intensity =
y White intensity — Black intensity

Equation 2.2. Normalised Intensity equation.
Equation applied to normalise the averaged mean values of the intensities for each peptide.
The “black intensity” was calculated from an image acquired with a shutter in front of the
camera (i.e. black image — no light). The “white intensity” was calculated from an image
acquired with the shutter open but no sample present. The two images were acquired using
the same conditions as for data acquisition. The two values are most commonly represented
as O for black intensity and 255 for white intensity demonstrating the maximum pixel value in

an 8-bit image (adapted from Vojnovic and Barber, 2005).

2.5.5. Analysis of the Co-localisation study

8-bit images of separated channels from the images taken by the 63X objective were
analysed by built-in plugins provided in Fiji (NIH, USA). The images were first
compared using the “Colocalization Test” plugin to obtain the PSF (Point Spread
Function) of the image and the Costes’ p-value, where a p-value of 20.95 was
considered statistically significant for colocalization between the two channel
intensities. The colocalization of the images was also expressed using scatterplots of
colocalized pixel maps using the “Colocalization Threshold” plugin. Finally, for each
image, the Pearson’s correlation coefficient (Rr), Manders’ overlap coefficient (R),
Manders’ colocalization coefficients (M1 and M2), and Manders’ thresholded
colocalization coefficients (tM1 and tM2) were calculated using the “Coloc2” plugin.
The qualitative - image based - approaches; and quantitative, including threshold-

based and intensity-based, approaches are presented in Chapter 7.
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Chapter 3: RI-OR2-NAG as a potential peptide inhibitor

of APB aggregation process

3.1. Introduction

3.1.1. Amyloid aggregation as a target for novel treatments for AD

Cumulative evidence supports the hypothesis that AP oligomerisation and
fibrillogenesis are the primary and crucial pathogenic events in AD (Hardy and
Selkoe, 2002). Early nonfibrillar intermediate aggregates, known as soluble
oligomers, are likely to be the pathogenic components that are at least partly
responsible for neurodegeneration and neuronal cell death in the brains of affected
individuals (Klein et al., 2001; Hardy and Selkoe, 2002; Chromy et al., 2003; Bitan et
al., 2003; Kayed et al., 2003; Kayed et al., 2004; Varvel et al., 2008; Tomic et al.,
2009). Thus, the development of drugs that directly inhibit the very early stages of
the AP aggregation process, rather than the late stages of amyloid fibril formation, is
now considered to be a viable therapeutic approach for slowing the progression of

the disease, or even halting the pathogenic events of AD.

3.1.2. Different versions of RI-OR2 peptide as potential inhibitors

Taylor and colleagues developed a proteolytically stable retro-inverso peptide, RI-
OR2, which demonstrated inhibition of AP aggregation and rescued SH-SY5Y
neuroblastoma cells from AB-induced toxicity (Taylor et al., 2010). Parthsarathy and
colleagues improved the RI-OR2 peptide by attaching a ‘TAT’ transit sequence onto
its carboxyl terminus, to give RI-OR2-TAT (Parthsarathy et al., 2013). The
incorporation of the retro-inverted version of the HIV-1 TAT sequence onto the
peptide was aimed at targeting it into cells and into the brain (Parthsarathy et al.,
2013). The TAT sequence has previously been shown to enable a variety of different
molecules to cross the BBB (Dietz and Bahr, 2004; Repici et al., 2007); an activity that
was retained in the retro-inverso version of the TAT sequence (Ramanathan et al.,
2001; Zhang et al., 2009). In our inhibitor, the retro-inverso TAT sequence was
incorporated so that the protease resistance of RI-OR2 is maintained, which should
result in good in vivo bioavailability (Parthsarathy et al., 2013).
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The effects of RI-OR2-TAT on the extent of AP aggregation and other associated
components of AD brain pathology could be improved by using a more brain-
selective delivery mechanism, ideally in combination with a more potent inhibitor.
An approach that was suggested by Parthsarathy and colleagues to increase the
potency of RI-OR2-TAT against AB aggregation, was to attach the peptide onto the
surface of lipid nanoparticles, to produce a multivalent inhibitor (Parthsarathy et al.,
2013). The resulting peptide inhibitor nanoparticles (PINPs) (Gregori et al., 2017)
have been studied as part of this project. Another approach taken here is to use NAG
as an alternative targeting mechanism to TAT, to develop a new version of the RI-
OR2 aggregation inhibitor. This new peptide inhibitor, RI-OR2-NAG, could potentially
have an enhanced ability to penetrate across the BBB more selectively than TAT by
utilising the glucose transporters located at the BBB and nerve cell membranes (Bell
et al., 1990), and the NAG transporters found at the Golgi complex of cells (Abeijon
et al., 1996).

In this Chapter, the effect of the RI-OR2-NAG peptide on AR aggregation and cell
proliferation and its ability to penetrate into cells, was examined. The data obtained
were compared with the RI-OR2-TAT peptide, which has already demonstrated anti-
aggregational properties, no effect on the survival of SH-SY5Y cells, and penetration
into cultured SH-SY5Y neuroblastoma cells. In the case of the cell proliferation

experiments, PINPs and CL were also examined.

3.1.3. N-acetylglucosamine

NAG is a monosaccharide and a derivative of glucose and is abundant at the surface
of mammalian cells, but is also present in the extracellular matrix, where it is
involved in insulin signalling, cell cycle control and many other essential processes
(reviewed by Konopka, 2012). Glucose transporters (GLUT) are structurally
characterised by twelve membrane-spanning helices with their amino- and carboxy-
terminals exposed on the cytoplasmic side of the biological cell membrane (Oka et
al.,, 1990; Hebert and Carruthers, 1992; Cloherty et al., 1995). The glucose
transporters are expressed in a variety of cell membranes, including barrier tissues

such as the BBB (GLUT1), and in neurons (GLUT3) (Bell et al., 1990). The NAG
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transporter (SLC35A3), belongs to the solute carrier (SLC) family 35 nucleotide sugar
transporters and is characterised by ten transmembrane helices with their C- and N-
terminals exposed to the cytosol (reviewed by Ishida and Kawakita, 2004). SLC35A3 is
ubiquitously distributed in tissues as it is found in the Golgi apparatus of mammalian

cells (Abeijon et al., 1996).

3.1.4. Introduction to the ThT spectroscopic assay

ThT (Figure 3.1.) is a benzothiazole salt which is used regularly in experimental
procedures for visualisation and quantification of fibrillization of AR and other
amyloid aggregates. Upon binding to amyloid fibrils, ThT exhibits a shift in its
excitation maximum (from 385 nm to 450 nm) and emission maximum (from 445 nm
to 482 nm) (Naiki et al., 1989; LeVine, 1993). ThT is only able to bind to the end-
product of the aggregation process, the mature fibrils, due to the cross-B-structure

that they display (Naiki et al., 1989; LeVine, 1995).

CHs
N* ; CHs
A N‘
HaC S CHs;
Cl

Figure 3.1. The structure of Thioflavin T.
(Adapted from LeVine, 1993)

The ThT assay measures changes in fluorescence intensity of ThT upon binding to the
mature fibrils. It can be used to monitor the assembly over time of AP into fibrils,
with this process typically exhibiting sigmoidal growth kinetics (Ferrone et al., 1985;
Ferrone et al., 1985; Ferrone, 1999). The initial state of this growth is characterised
as a flat region referred as the lag phase which is followed by a steep transition zone
known as the growth or elongation phase. Following the latter phase, there is
another flat region called the plateau phase (Arosio et al.,, 2015). The lag phase
corresponds to the early nucleation steps involved in AB assembly which occur
before fibril formation as displayed in the rapid growth phase. In the final plateau
phase, the monomer concentration is thought to reach an equilibrium where no
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more assemblies are being formed. It is, however, worth noting that the process of
AB aggregation is ongoing through these phases (Ferrone et al., 1985; Ferrone et al.,
1985; Ferrone, 1999; Cohen et al., 2012). For the assay, synthetic AP42 was
‘deseeded’ so that the starting point for aggregation was as close to monomeric

peptide as possible in these types of experiments.

3.1.5. Introduction to the cell proliferation assay

3.1.5.1. SH-SY5Y human neuroblastoma cell line

The SH-SY5Y cell line that was used for these experiments is a widely used in vitro
cell model in neuroscience research as it possesses many functional and biochemical
properties of normal neurons (Biedler et al., 1978; Ross et al., 1983). SH-SY5Y is a
human-derived cell line that was originally subcloned from the SK-N-SH cell line that
was isolated from a bone marrow biopsy of a four-year-old female with
neuroblastoma cancer (Biedler et al., 1973). The homogenous neuroblast-like SH-
SY5Y cell line exhibits proliferative properties for long-term periods thus it can be
used as a model for neurodegenerative disorders for a variety of studies that can

include neuronal differentiation, neurotoxicity and neuroprotection.

3.1.5.2. The MTS proliferation and viability assay

The MTS assay is a colorimetric method that is widely used in proliferation or
cytotoxicity experiments to determine the number of viable cells. Using a
colorimetric reaction, the assay measures the potential of cells to bio-reduce the
MTS tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] into a formazan product
(Figure 3.2.) which is soluble in the medium solution (Barltrop et al., 1991). The
reaction occurs through NADPH or NADH which is produced by dehydrogenase
enzymes present in metabolically active cells (Berridge and Tan, 1993). Thus, the

resulted formazan product is directly proportional to the number of viable cells.
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Figure 3.2. Structures of MTS tetrazolium and its coloured formazan product.

(WWW, Promega)

3.1.6. Determination of cell penetration

As the initial steps of AB aggregation may start inside cells (Friedrich et al., 2010), it is
of primary importance for the new candidate peptide inhibitors to enter neuronal
cell and block the very early stages of aggregation. The ‘TAT’ sequence of the RI-OR2-
TAT peptide has previously been shown to be an effective transit peptide, as a
fluorescent version of this inhibitor, Flu-RI-OR2-TAT, demonstrated rapid entry into
cultured SH-SY5Y human neuroblastoma cells, within 10 min of incubation, in
contrast to the fluorescent version of the original RI-OR2 peptide (Taylor et al.,
2010), Flu-RI-OR2, that was not able to enter cells and remained in the culture

medium (Parthsarathy et al., 2013).

3.2. Methods

3.2.1. Thioflavin-T assay

The ThT assays were employed to examine the effects of the RI-OR2-NAG peptide
inhibitor on AP aggregation and fibril formation. The aggregation of AP into ThT-
positive amyloid fibrils was monitored by the incubation of the deseeded AR peptide
with inhibitor, in the continuous presence of ThT dye. The fluorescent absorbance of
ThT-bound fibrils (Aex = 442 nm and Aem = 483 nm) was recorded every 10 min for a
period of 48 h on a BioTek Synergy 2 plate reader (BioTek UK, Swindon, UK) at 37°C.
The results presented are compared with those obtained with the RI-OR2-TAT

peptide inhibitor.
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Data obtained from the ThT aggregation assays for control AB versus peptide
treatment were analysed, using one-way ANOVA and post hoc Bonferroni’s multiple
comparisons test, whereas unpaired t-tests with Welch’s correction (assuming
different SDs) were used for comparison between the levels of AP aggregation
obtained at the same concentrations of RI-OR2-TAT and RI-OR2-NAG. Assay data are
presented as mean + SEM (n = 3) for 24 h and 48 h incubation periods, and a p-value

of £0.05 was considered to be statistically significant.

3.2.2. MTS cell proliferation assay

Cultured SH-SY5Y human neuroblastoma cells were treated with 0.1, 1, and 10 uM of
RI-OR2-TAT, RI-OR2-NAG, PINPs and CL for 24 h to determine their effect on cell
proliferation. In the case of PINPs and CL, the concentrations refer to total lipid
content. Cell proliferation was assessed using the CellTiter96 Aqueous One Solution
Cell Proliferation (MTS) assay (Promega, Southampton, UK). Following a 3 h
incubation, the plate was read at 490 nm (0.1 s) on a Wallac 1420 multilabel counter

Victor? plate reader (PerkinEImer®, Massachusetts, USA).
Cell proliferation results were analysed using one-way ANOVA followed by post hoc
Bonferroni’s multiple comparison test. The results are presented as mean + SEM (n =

3) and a p-value of £ 0.05 was considered to be statistically significant.

3.2.3. Cell penetration experiment

Assessment of peptide penetration was performed followed a 1 h incubation of 1 uM
fluorescently-tagged peptides, Flu-RI-OR2-TAT and Flu-RI-OR2-NAG, with SH-SY5Y
cultured cells. The cells were visualised on Zeiss LSM 510 confocal microscope (Carl

Zeiss Ltd., Cambridge, UK), using multichannel filters and the 63x objective.
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3.3. Results

3.3.1. RI-OR2-NAG peptide inhibits the formation of AB fibrils in vitro
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Figure 3.3. Macroscopic aggregation curve of A8 with RI-OR2-TAT.
Graph demonstrating the lag phase (0 — 5 h), growth phase (6 — 23 h), plateau phase (24 — 48
h) of RI-OR2-TAT alone and synthetic AB42 alone or in the presence of RI-OR2-TAT peptide at

different molar ratios.
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Figure 3.4. Macroscopic aggregation curve of A8 with RI-OR2-NAG.
Graph demonstrating the lag phase (0 — 5 h), growth phase (6 — 23 h), plateau phase (24 — 48
h) of RI-OR2-NAG alone and synthetic AB42 alone or in the presence of RI-OR2-NAG peptide

at different molar ratios.
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Both peptides, RI-OR2-TAT and RI-OR2-NAG, when incubated alone, show no
tendency to self-aggregate. When AP was incubated in the presence of each of these
peptides, there was a decrease in the ThT fluorescence signal, indicating inhibition of
AB aggregation. The maximum ThT fluorescence signal, representing the point where
most of the monomeric peptide has been converted into mature fibrils, was

observed at around 24 h of co-incubation between AB and each peptide.
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Figure 3.5. Inhibition of A8 fibrils at 24 h by RI-OR2-TAT and RI-OR2-NAG peptides.
Graph representing the data obtained from the ThT assay at 24 h of incubation of A8 in the
presence of RI-OR2-TAT and RI-OR2-NAG peptide inhibitors as percentage of aggregation
(fluorescence signal of ThT-bound A8 fibrils). The results are presented as mean + SEM. *

indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001.
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Figure 3.6. Inhibition of AB8 fibrils at 48 h by RI-OR2-TAT and RI-OR2-NAG peptides.
Data obtained from the ThT assay at 48 h of incubation of AB in the presence of RI-OR2-TAT
and RI-OR2-NAG peptide inhibitors are represented as percentage of aggregation
(fluorescence signal of ThT-bound A8 fibrils). The results are presented as mean + SEM. *

denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001, **** denotes p < 0.0001.

The ThT assay results clearly show inhibition of mature AP fibril formation by the RI-
OR2-NAG peptide. In the presence of RI-OR2-NAG at 1:1, 1:2, 1:5 and 1:10 molar
ratios (inhibitor: AB), the aggregation of AR was significantly decreased at both 24 h
and 48 h of co-incubation. More importantly, the novel RI-OR2-NAG peptide
demonstrated a better inhibitory effect than the RI-OR2-TAT peptide, which has
previously demonstrated inhibition of AB fibrilization at 1:1, 1:2, 1:4, and 1:10 molar
ratios (Parthsarathy et al., 2013). This was further supported by comparing equimolar
concentrations of the two inhibitory peptides. RI-OR2-NAG demonstrated better
inhibition than RI-OR2-TAT at 1:2 and 1:5 molar ratios after 24 h of incubation, and at

1:2 molar ratio after 48 h of incubation.
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3.3.2. RI-OR2-NAG peptide demonstrates no toxic effect on cells
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Figure 3.7. The effects of RI-OR2-TAT, RI-OR2-NAG, PINPs and CL on cell proliferation.
Graph presenting the effect of the test peptides on the proliferation of SH-SY5Y cells following
24 h incubation, expressed as a percentage relative to control (untreated) cells. Cell
proliferation was assessed using the MTS assay. The results are expressed as mean + SEM. *

indicates p < 0.05.

Exposure to RI-OR2-TAT, RI-OR2-NAG, PINPs and CL alone for 24 h showed no toxic
effect on SH-SY5Y cells. On the contrary, cells co-incubated with 10 uM CL
demonstrated a significant increase in proliferation. Even though the rest of the data
do not show any significant effect, they do suggest a concentration-dependent
increase in cell proliferation, especially for CL, signifying a possible effect on

stimulation of neurogenesis.
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3.3.3. Flu-RI-OR2-NAG penetration into cultured SH-SY5Y neuroblastoma cells

Figure 3.8. Flu-RI-OR2-TAT and Flu-RI-OR2-NAG cell penetration.

Demonstration of cell penetration of the fluorescent peptides Flu-RI-OR2-TAT and Flu-RI-OR2-
NAG into cultured SH-SY5Y neuroblastoma cells. Image 1 demonstrates penetration of Flu-RI-
OR2-TAT, whereas image 2 represents penetration of Flu-RI-OR2-NAG. A, Fluorescein
(peptide) detection (488 nm); B, DAPI (cell nucleus) detection (405 nm); C, merged image of A

and B. Scale bars =20 um.

Image acquisition of fluorescently labelled RI-OR2-TAT demonstrated penetration of
the peptide inside the cultured cells at 1 h of incubation. Flu-RI-OR2-NAG, at 1 h of
incubation, also penetrates inside the cells but not in their nuclei. The fluorescence is

detected close to the cells’ nuclei possibly in the cytoplasm.

3.4. Discussion

This Chapter presents preliminary studies on the development of a new AB
aggregation inhibitor peptide as a potential treatment for AD, alongside previously
studied peptides and PINPs (Gregori et al., 2017). These same inhibitors are

examined further in the subsequent Chapters of this thesis.

3.4.1. Anti-aggregational properties of RI-OR2-NAG

Data obtained from the ThT aggregation assays demonstrate inhibition of AP
fibrillization by both RI-OR2-TAT and RI-OR2-NAG (Figures 3.3., 3.4.). RI-OR2-TAT was
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shown previously to be an effective inhibitor of AR aggregation at 1:1, 1:2, 1:4, and
1:10 molar ratios of peptide inhibitor to AR, after 48 h of co-incubation (Parthsarathy
et al., 2013). In the experiments presented here, the results were analysed at 24 h
and 48 h incubation when the elongation of AB into fibrils reached a maximum (end
of growth phase and entrance to the plateau phase). At both 24 h and 48 h of co-
incubation (Figures 3.5., 3.6.), RI-OR2-TAT inhibited AB aggregation when present at
a 1:1 molar ratio, while RI-OR2-NAG inhibited aggregation at all ratios tested (i.e. at
1:1, 1:2, 1:5, 1:10 molar ratios). The difference between the results presented by
Parthsarathy and colleagues and those presented here may be attributed to the use
of different batches of AR peptide, and possibly variability resulting from slight
differences in the preparation and de-seeding of the peptides. The AB peptide is
notoriously variable and extremely sensitive, for example, to temperature, which

influences its aggregation rate.

At 24 h of co-incubation (Figure 3.5.), the presence of RI-OR2-NAG resulted in a
decrease of around 90% in fibril formation when incubated at 1:1 and 1:2 molar
ratios of inhibitor to AB, and around 62% when incubated at 1:5 and 1:10 molar
ratios. At 48 h of co-incubation (Figure 3.6.), the presence of RI-OR2-NAG resulted in
85% inhibition of fibril formation at 1:1 molar ratio, and 75% inhibition at 1:2 molar
ratio. At 1:5 and 1:10 molar ratios, these values were deceased to 42% and 54%
inhibition, respectively. Statistical comparison between equal concentrations of RI-
OR2-TAT and RI-OR2-NAG showed that the RI-OR2-NAG peptide exhibits a better
inhibitory effect than RI-OR2-TAT at 1:2 and 1:5 molar ratios of inhibitor to AB at 24 h

incubation, and at 1:2 molar ratio at 48 h incubation.

In future studies, the effects of RI-OR2-NAG on early AB oligomer formation should
also be examined. Examples of previously employed techniques for oligomer
detection include the “double-antibody” approach using 6E10 — 6E10 (Yang et al.,
2005; Ward et al., 2000), 4G8 — 4G8 (LeVine, 2004), and 3D6 — 3D6 (82E1 — 82E1) (Xia
et a., 2009), based on the multiple epitopes available for these antibodies on
multimeric/oligomeric AB. Parthsarathy and colleagues tested the RI-OR2-TAT

peptide in a 6E10-6E10 sandwich immunoassay (Taylor et al., 2010), for its ability to
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inhibit oligomeric forms of AB. RI-OR2-TAT induced a reduction in immunoassay
signal at 2:1 and 1:1 molar ratios of inhibitor relative to AB42, at 4 h and 8 h of
incubation, indicating inhibition of oligomer formation (Parthsarathy et al., 2013). A

similar type of study could be employed in the case of RI-OR2-NAG.

3.4.2. The effect of RI-OR2-NAG on cultured neuroblastoma cells

Data from the MTS cytotoxicity assay indicate no toxic effect on SH-SY5Y
neuroblastoma cells of any of the peptides (RI-OR2-TAT and RI-OR2-NAG) or
nanoliposomes (PINPs and CL) under the conditions tested (Figure 3.7.). Similarly, the
RI-OR2-TAT peptide has previously shown no toxic effect on cultured SH-SY5Y cells,
as demonstrated by MTS and LDH assays, except when incubated at a higher
concentration of 200 uM (Taylor et al., 2010).

Interestingly, the presence of 10 uM CL resulted in a significant 18% increase in cell
viability (Figure 3.7.), which can be attributed to the control liposomes added to the
cell culture medium. The presence of cholesterol and sphingomyelin in CL may have
supplemented the lipid content of the medium, favouring the growth of the cells
(Savonniere et al., 1996). Even though the other conditions did not demonstrate any
significant effect, the data do show an increase in the viability of the cells when
incubated with the peptides, including the RI-OR2-NAG peptide with its glucose
derivative. This is an interesting observation because previous studies on APP/PS1
transgenic mice have shown that RI-OR2-TAT administration, at 100 nmoles/kg/once
per day over 21 days, results in a substantially increased number of young nerve cells
in the dentate gyrus (DG) of the hippocampus (Parthsarathy et al., 2013). It is
possible that this peptide rescues the neuronal stem cells present in this region of
the brain from the toxic effects of AB, but a directly stimulatory effect on the viability
of these cells is also possible. One of the aims of this present study is to determine
whether the peptide inhibitors can be detected in vivo in the DG of the mouse brain

(Chapter 6).
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3.4.3. Penetration of RI-OR2-NAG into cultured neuroblastoma cells

RI-OR2-TAT was previously assessed using cultured SH-SY5Y cells for its penetration
properties. The fluorescence signal of the fluorescein-tagged peptide, Flu-RI-OR2-
TAT, was detected inside cells following a 10 min incubation with 1 uM concentration
of the peptide, in contrast with fluorescently-labelled RI-OR2 peptide which
remained in the culture medium (Parthsarathy et al., 2013). Confocal imaging of cells
exposed to Flu-RI-OR2-TAT and Flu-RI-OR2-NAG revealed a build up of fluorescence
inside the cells following 1 h incubation with 1 uM of these peptides (Figure 3.8.).
The RI-OR2-TAT fluorescence was observed throughout all cell compartments,
whereas fluorescence from the RI-OR2-NAG peptide was detected in the cytoplasm,
close to the nucleus of the cells. This is possibly explained by the location of the NAG

transporters in the Golgi apparatus of the cells.

There was, however, a definite difference between the intracellular fluorescence
intensity levels of the two peptides, with Flu-RI-OR2-TAT being more intense that Flu-
RI-OR2-NAG. This could be due to different levels of fluorescence output from the
peptides themselves or to slower diffusion of the RI-OR2-NAG peptide into the cells,
via the glucose transporters located in the cell membrane. Further experiments
would be required to investigate these possibilities, including staining of the Golgi
apparatus inside the cells (Terasaki et al., 2001) to evaluate co-localisation of the RI-
OR2-NAG peptide in this region of the cell, and time-course experiments to assess

how the build up of fluorescence intensity varies with cell incubation time.

3.5. Conclusions

Understanding the pathological and molecular events that lead to the initiation of AR
aggregation and its accumulation, is crucial for the development of effective
treatments for AD. This Chapter presented three anti-aggregation peptides, with
more focus on a novel peptide, RI-OR2-NAG, as possible treatments for the disease.
Taking everything into consideration, the RI-OR2-NAG peptide appears to be a better
inhibitor of AP aggregation than the RI-OR2-TAT peptide, as it induced better
inhibitory properties at lower concentrations in the presence of AB. It also showed
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no toxic effects on cultured cells. The data presented in this Chapter show
encouraging results for future development of RI-OR2-NAG as a potential therapeutic

agent for AD.
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Chapter 4: Peptides Detection - Assay Development

4.1. Introduction

4.1.1. The importance of assay development

Determination of analyte concentration and distribution is a core and fundamental
practice in the process of drug discovery and development. Various measurement
systems and analytical methods can be designed to evaluate the effects of a target
substance on processes of interest, including those at cellular, biochemical and
molecular levels. These procedures allow the qualitative assessment or quantitative

measurement of the investigative molecule in biological samples.

In this Chapter, the development and optimisation of peptide-specific assays is
explored using both Luminex technology and conventional ELISA systems. The
optimised assays were subsequently used for the quantitative estimation of Flu-RI-
OR2-TAT, Flu-RI-OR2-NAG and BODIPY-PINPs in tissues collected from WT mice with
C57/BL6 background. Data from the actual tissue-specific peptide detection are

presented in Chapter 5.

4.1.2. Luminex Technology

The Luminex analyser utilises a combination of technologies, including flow
cytometry, bead microspheres, lasers, avalanche photodiodes (APDs) and a
photomultiplier tube, to deliver a multilateral platform for developing and

performing sensitive and specific immunoassays.

Based on uniquely identifiable microsphere bead sets, the Luminex system allows
detection of target analytes in samples. Currently there are 100 bead sets available,
with each set being internally dyed with red and infrared fluorophores of varying
intensities. This precise colour code system provides a unique characteristic or
‘spectral signature’ for each bead set, for its specific identification. Thus, monoplex
and multiplex assays can be performed using the Luminex system, which offers

simultaneous detection of up to 100 analytes in a single well or reaction.
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There are two inbuilt lasers in the Luminex analyser; a red laser which excites the
internal classification dyes of the beads at a wavelength of 635 nm, and a green laser
which excites a reporter molecule attached on the surface of the beads, via the
biological molecule, at a wavelength of 532 nm. The fluorescent intensity emitted by
the coded beads is then measured by the APDs, which identify and classify the bead
set. The emission intensity of the reporter molecule is measured by the
photomultiplier tube, determining the level of analyte captured onto the
microspheres and generating a quantifiable measurement. In these assays,
biotinylated detection antibodies and 4 pg/ml of STREP-RPE were used as the

detection - reporter system (refer to Figure 2.2.).

4.1.3. The reporter system

STREP is a bacterial-derived protein with extremely high affinity for binding to biotin
(Green, 1975). The crystal structure of the two bound molecules was first reported in
1989 by Hendrickson and colleagues (Hendrickson et al., 1989) and Weber and
colleagues (Weber et al.,, 1989). Due to the remarkably strong non-covalent
interaction of these two molecules, this complex is extensively used in science. RPE,
on the other hand, is an intensely bright phycobiliprotein derived from red algae
(Ficner and Huber, 1993), with absorption maxima at 496, 546 and 565 nm, and

fluorescence emission maximum at 578 nm.
By applying a biotinylated antibody as detection, RPE and other labelled streptavidin
complexes have been widely used as a detection - reporter system to localise

antigens on cells and tissues, and to detect biomolecules in immunoassays.

4.1.4. Luminex-bead sandwich immunoassay

For the purposes of this project, Luminex-bead sandwich immunoassays were
developed for each peptide. The analytes of interest, in this case the fluorescently-
labelled peptides, were captured using analyte-specific antibodies conjugated on a
particular bead set. The captured analytes were then detected by employing

biotinylated antibodies specific to each peptide. STREP-RPE (reporter molecule) was
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added to the mixture to determine the level of analyte bound to the bead-antibody

reaction.

4.2. Methods

4.2.1. Flu-RI-OR2-TAT peptide Luminex assay development

A Luminex assay for detection of the RI-OR2-TAT peptide was developed by utilising
the ‘TAT sequence of the peptide and the fluorescein molecule attached to the
peptide as epitope recognition sites. For the optimisation of the Flu-RI-OR2-TAT
detection assay, 1, 2, and 3 pg/ml of anti-HIV1 tat [N3] primary antibody were
coupled to the beads. For detection, 0.5, 1 and 2 pg/ml of anti-fluorescein (biotin)
secondary antibody were used. STREP-RPE at 4 pg/ml was added as the reporter
molecule. A range of peptide concentrations (244 pM to 1 uM, and a blank control)
diluted in HB were tested and the intensities and signal to noise ratios for each

capture and detection combination were compared.

4.2.2. Flu-RI-OR2-NAG peptide Luminex assay development

Similar to the development of the Flu-RI-OR2-TAT Luminex assay, the Flu-RI-OR2-
NAG assay was generated by exploiting the ‘NAG’ sequence on the peptide and the
fluorescein molecule attached. In order to develop an assay for detection of the Flu-
RI-OR2-NAG peptide, three different primary antibodies were coupled to the surface
of the Luminex beads, at concentrations of 1, 2, 3 ug/ml. The captured peptide was
detected using anti-fluorescein (biotin) secondary antibody concentrations of 0.125,
0.25, 0.5, 1, 2 pg/ml, followed by the 4 pg/ml STREP-RPE reporter system. Flu-RI-
OR2-NAG peptide concentrations diluted in HB ranging from 1.95 nM to 1 uM, and a
blank control, were tested in the antibody titration experiments, and the signal to

noise ratios of each antibody combination were compared.

4.2.3. BODIPY-PINPs peptide ELISA assay development

An ELISA assay was developed for detection of PINPs. Two biotinylated antibodies
were tested as candidate detection components: anti-polyethylene glycol [PEG-B-
47b] (biotin) (rabbit monoclonal) antibody at concentrations of 0.5, 1, and 2 ug/mi;
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and anti-polyethylene glycol [PEG-2-128] (rabbit monoclonal) antibody at 0.5, 1, 2,
and 5 pg/ml. In each case, anti-HIV1 tat [N3] antibody was employed as the capture
antibody, at concentrations of 1, 2, and 3 pg/ml (similar to those employed for the
Flu-RI-OR2-TAT Luminex assay). Bee venom-treated BODIPY-PINPs were added at a

concentration range of 15.63 nM to 1 uM, diluted in HB, along with blank controls.

4.2.4. Signal to noise ratio

The developed assays for the three peptides were analysed based on the S/N ratio
which is defined as the ratio of MFI (Median Fluorescent Intensity) signal power to
the background signal. The data obtained from the S/N ratio are plotted against each
peptide concentration examined, and are also presented in tables in this Chapter’s

Results Section (Section 4.3.).
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4.3. Results

4.3.1. Flu-RI-OR2-TAT peptide Luminex assay development
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Figure 4.1. Flu-RI-OR2-TAT Luminex assay optimisation — Coupling 1 ug/mil.
Luminex beads coupled with 1 ug/ml anti-HIV1 tat [N3] antibody were reacted with HB blank
controls and Flu-RI-OR2-TAT concentration ranges: (A) 244 pM to 1 uM, (B) 244 pM to
15.63 nM, and (C) 244 pM to 1953 pM. Biotinylated detection anti-fluorescein (biotin)

antibody of 0.5, 1, and 2 ug/ml and 4 ug/ml STREP-RPE were used as the detection — reporter
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system for the assay. The figure presents the mean * SEM (n = 3) of median fluorescent

intensity (MFI) signal.
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Figure 4.2. Signal to noise ratios of Flu-RI-OR2-TAT assay optimisation — Coupling 1 ug/mil.
The figure presents the signal to noise ratios of the MFI values obtained from the
antibody titrations for development of the Flu-RI-OR2-TAT Luminex assay. Luminex
beads coupled with 1 pg/ml anti-HIV1 tat [N3] antibody were reacted with HB blank
controls and Flu-RI-OR2-TAT peptide (244 pM to 1 uM). Biotinylated detection anti-
fluorescein (biotin) antibody at 0.5, 1, and 2 ug/ml and 4 pug/ml STREP-RPE were used
as detection — reporter system for the assay. The figure represents the mean + SEM

(n = 3) of MFI signals obtained for the antibody concentrations.
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Flu-RI-OR2-TAT
(nMv)
1000
250
62.5
15.63
7.81
3.91
1.95
0.98
0.49
0.24
0

Detection antibody (pug/ml)

0.5 1 2
75.39 131.35 156.16
53.99 143.33 157.42
47.89 118.23 85.33
39.59 49.31 41.07
36.80 33.46 27.32
20.85 20.04 13.95
11.79 9.19 8.22
7.59 7.40 7.14
4.63 491 4.05
2.92 3.12 2.89

1 1 1

Table 4.1. Flu-RI-OR2-TAT signal to noise raw MFI values — Coupling 1 ug/ml.

Table presenting the raw MFI values of the signal to noise ratio results of 1 ug/ml anti-HIV1

tat [N3] antibody coupled to Luminex microspheres and detected with 0.5, 1, and 2 ug/ml of

anti-fluorescein (biotin) antibody, as demonstrated in Figure 4.2.
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Figure 4.3. Flu-RI-OR2-TAT Luminex assay optimisation — Coupling 2 ug/mil.
Luminex beads coupled with 2 ug/ml anti-HIV1 tat [N3] antibody were reacted with HB blank
controls and Flu-RI-OR2-TAT concentration ranges: (A) 244 pM to 1 uM, (B) 244 pM to
15.63 nM, and (C) 244 pM to 1953 pM. Biotinylated detection anti-fluorescein (biotin)

antibody of 0.5, 1, and 2 ug/ml! and 4 ug/ml STREP-RPE were used as the detection — reporter
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system for the assay. The figure presents the mean + SEM (n = 3) of median fluorescent

intensity (MFI) signal.
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Figure 4.4. Signal to noise ratios of Flu-RI-OR2-TAT assay optimisation — Coupling 2 ug/mil.

The figure presents the signal to noise ratios of the MFI values obtained from the antibodies
titration for the development of the Flu-RI-OR2-TAT Luminex assay. Luminex beads coupled
with 2 ug/ml anti-HIV1 tat [N3] antibody were reacted with HB Blank controls and Flu-RI-
OR2-TAT peptide (244 pM to 1 uM). Biotinylated detection anti-Fluorescein (Biotin) antibody
of 0.5, 1, and 2 ug/ml and 4 ug/ml STREP-RPE were used as detection — reporter system for

the assay. The figure represents the mean + SEM (n = 3) of MFl signals.
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Flu-RI-OR2-TAT
(nMv)
1000

250
62.5
15.63
7.81
3.91
1.95
0.98
0.49
0.24
0

Detection antibody (pug/ml)

0.5 1 2
81.38 129.18 143.45
79.73 96.95 119.93
32.82 72.08 62.18
35.03 34.52 27.24
31.53 30.64 19.20
15.87 10.79 10.30
10.22 7.73 7.01
7.29 7.09 7.41
5.04 5.22 4.81
3.18 2.84 2.74

1 1 1

Table 4.2. Flu-RI-OR2-TAT signal to noise raw MFI values — Coupling 2 ug/ml.

Table representing the raw MFI values of the signal to noise ratio results of 2 ug/ml anti-HIV1

tat [N3] antibody coupled to Luminex beads and detected with 05, 1, and 2 ug/ml of anti-

Fluorescein (Biotin) antibody as demonstrated in Figure 4.4.
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Figure 4.5. Flu-RI-OR2-TAT Luminex assay optimisation — Coupling 3 ug/mil.
Luminex beads coupled with 3 ug/ml anti-HIV1 tat [N3] antibody were reacted with HB blank
controls and Flu-RI-OR2-TAT concentration ranges: (A) 244 pM to 1 uM, (B) 244 pM to
15.63 nM, and (C) 244 pM to 1953 pM. Biotinylated detection anti-fluorescein (biotin)
antibody of 0.5, 1, and 2 ug/ml and 4 ug/ml STREP-RPE were used as the detection — reporter
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system for the assay. The figure presents the mean + SEM (n = 3) of median fluorescent

intensity (MFI) signal.
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Figure 4.6. Signal to noise ratios of Flu-RI-OR2-TAT assay optimisation — Coupling 3 ug/mil.

The figure represents the signal to noise ratios of the MFI values obtained from the
antibodies titration for the development of the Flu-RI-OR2-TAT Luminex assay. Luminex beads
coupled with 3 ug/ml anti-HIV1 tat [N3] antibody were reacted with HB Blank controls and
Flu-RI-OR2-TAT peptide (244 pM to 1 uM). Biotinylated detection anti-Fluorescein (Biotin)
antibody of 0.5, 1, and 2 ug/ml and 4 ug/ml STREP-RPE were used as detection — reporter

system for the assay. The figure represents the mean + SEM (n = 3) of MFI signals.
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Flu-RI-OR2-TAT
(nM)
1000
250
62.5
15.63
7.81
3.91
1.95
0.98
0.49
0.24
0

Detection antibody (pug/ml)

0.5 1 2
80.97 96.18 111.05
60.88 91.97 134.66
39.63 63.65 65.66
30.67 31.53 29.63
28.73 20.39 16.34
17.97 11.72 9.00
9.32 8.04 7.19
8.61 8.41 6.56
7.80 5.02 4.90
5.65 2.84 2.78

1 1 1

Table 4.3. Flu-RI-OR2-TAT signal to noise raw MFI values — Coupling 3 ug/ml.

Table showing the raw MFI values of the signal to noise ratio results of 3 ug/ml anti-HIV1 tat

[N3] antibody coupled to Luminex microspheres and detected with 0.5, 1 and 2 ug/ml of anti-

fluorescein antibody, as demonstrated in Figure 4.6.

Analysis of the measured MFI signals of the Flu-RI-OR2-TAT antibody titration

experiments involving nine different combinations of capture (anti-HIV1 tat [N3]) and

detection (anti-fluorescein (biotin)) antibodies, revealed that Luminex beads coated

with 1 pg/ml of capture antibody and detected using 2 pg/ml of biotinylated

secondary antibody (Figure 4.1.) gave the best signal to noise ratios (Figure 4.2.,

Table 4.1.) and sensitivity of peptide detection. This antibody combination was used

to investigate the distribution of the Flu-RI-OR2-TAT peptide in various mouse

tissues, following acute i.p. dosing of the WT mice in Chapter 5, Section 5.3.1.
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4.3.2. Flu-RI-OR2-NAG peptide Luminex assay development

4.3.2.1. Bead coupling using the anti-O-linked N-acetylglucosamine [RL2] antibody
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Figure 4.7. Anti-O-linked N-acetylglucosamine [RL2] antibody titration.
Luminex microspheres coupled with (A) 1 ug/ml, (B) 2 ug/ml and (C) 3 ug/ml of anti-O-linked
N-acetylglucosamine [RL2] antibody were reacted with HB blank controls and Flu-RI-OR2-
NAG peptide concentrations ranging from 15.63 nM to 1 uM. Biotinylated detection using the

anti-fluorescein (biotin) antibody at 0.5, 1, and 2 ug/ml and 4 ug/ml STREP-RPE reporter were
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used as the detection — reporter system for the assay. The figure represents the mean + SEM

(n = 3) of MFl signals obtained at these antibody concentrations.

The MFI signals detected using the anti-O-linked N-acetyglucosamine [RL2] antibody
as coupling molecule and the anti-Fluorescein (Biotin) antibody as detection
molecule did not generate very high MFI signals in any of the combinations tested
compared to the Flu-RI-OR2-TAT assay. Thus, alternative coupling antibodies were

considered.
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4.3.2.2. Bead coupling using the anti-O-GIcNAc RL2 (mouse monoclonal) antibody
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Figure 4.8. Anti-O-GIcNAc RL2 (mouse monoclonal) antibody titration.
Luminex beads coupled with (A) 1 ug/ml, (B) 2 ug/ml and (C) 3 ug/ml of anti-O-GIcNAc RL2
(mouse monoclonal) antibody were reacted with HB blank controls and Flu-RI-OR2-NAG
peptide concentrations ranging from 15.63 nM to 1 uM. Biotinylated detection using the anti-

fluorescein (biotin) antibody at 0.5, 1, and 2 ug/ml and 4 ug/ml STREP-RPE reporter molecule
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were used as the detection — reporter system for the assay. The figure represents the mean +

SEM (n = 3) of MFI signals obtained for these antibody combinations.

The MFI signals detected using the anti-O-GIcNAc RL2 (mouse monoclonal) antibody
as coupling molecule were improved compared to the signals observed using the
anti-O-Linked N-Acetylglucosamine [RL2] antibody. However, the MFI signals
generated in this assay are not as high as in the assay developed for detection of the

Flu-RI-OR2-TAT assay.

4.3.2.3. Bead coupling using the anti-O-GIcNAc CTD110.6 (mouse monoclonal)
antibody
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Figure 4.9. Anti-O-GIcNAc CTD110.6 (mouse monoclonal) antibody — Coupling 1 ug/ml.
Luminex beads coupled with 1 ug/ml of anti-O-GIcNAc CTD110.6 (mouse monoclonal)
antibody were reacted with HB blank controls and Flu-RI-OR2-NAG concentration ranges (A)
1.95nM to 1 uM and (B) 1.95 nM to 15.63 nM. Biotinylated detection anti-fluorescein (biotin)
antibody of 0.125, 0.25, 0.5, 1, and 2 ug/ml and 4 ug/ml STREP-RPE were used as detection —
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reporter system for the assay. The figure represents the mean + SEM (n = 3) of MFI signals

obtained for these antibody concentrations.
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Figure 4.10. Signal to noise ratios of Flu-RI-OR2-NAG assay optimisation — Coupling 1
ug/mil.
The figure represents the signal to noise ratios of the MFI values obtained from the
antibodies titration for the development of the Flu-RI-OR2-NAG Luminex assay. Luminex
beads coupled with 1 ug/ml anti-O-GIcNAc CTD110.6 (mouse monoclonal) antibody were
reacted with HB Blank controls and Flu-RI-OR2-NAG peptide (1.95 nM to 1 uM). Biotinylated
detection anti-Fluorescein (Biotin) antibody of 0.125, 0.25, 0.5, 1, and 2 ug/ml and 4 ug/ml
STREP-RPE reporter molecule were used as detection — reporter system for the assay. The

figure represents the mean + SEM (n = 3) of MFl signals.
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Flu-RI-OR2-
NAG (nM)
1000
250
62.5
15.63
7.81
3.91
1.95
0

Detection antibody (pug/ml)

0.125 0.25 0.5 1 2
55.70 63.08 13.01 15.59 13.99
49.74 56.53 11.78 8.86 7.13
30.26 17.40 4.57 4.47 3.87
5.87 3.28 2.01 1.63 1.32
2.09 1.70 0.85 0.65 0.87
1.65 1.35 0.70 0.58 0.76
1.30 1.13 0.62 0.48 0.82
1 1 1 1 1

Table 4.4. Flu-RI-OR2-NAG signal to noise raw MFI values — Coupling 1 ug/ml.

Table showing the raw MFI values of the signal to noise ratio results for 1 ug/ml anti-O-

GIcNAc CTD110.6 (mouse monoclonal) antibody coupled to Luminex bead and detected by

0.125, 0.25, 0.5, 1 and 2 ug/ml of anti-fluorescein (biotin) antibody, as demonstrated in

Figure 4.10.
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Figure 4.11. Anti-O-GIcNAc CTD110.6 (mouse monoclonal) antibody — Coupling 2 ug/mi.
Luminex beads coupled with 2 ug/ml of anti-O-GIcNAc CTD110.6 (mouse monoclonal)
antibody were reacted with HB blank controls and Flu-RI-OR2-NAG concentration ranges (A)
1.95 nM to 1 uM and (B) 1.95 nM to 15.63 nM. Biotinylated anti-fluorescein antibody at
0.125, 0.25, 0.5, 1, and 2 ug/ml and 4 ug/ml STREP-RPE were used as detection — reporter

system for the assay. The figure represents the mean + SEM (n = 3) of the MFI signals.
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Figure 4.12. Signal to noise ratios of Flu-RI-OR2-NAG assay optimisation — Coupling 2
ng/ml.
The figure shows the signal to noise ratios of the MFI values obtained from the antibodies
titration for the development of the Flu-RI-OR2-NAG Luminex assay. Luminex beads coupled
with 2 ug/ml anti-O-GIcNAc CTD110.6 (mouse monoclonal) antibody were reacted with HB
Blank controls and Flu-RI-OR2-NAG peptide (1.95 nM to 1 uM). Detection with biotinylated
anti-Fluorescein antibody of 0.125, 0.25, 0.5, 1, and 2 ug/ml, and 4 ug/ml STREP-RPE reporter
molecule were used as detection — reporter system for the assay. The figure represents the

mean * SEM (n = 3) of MFI signals.
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Flu-RI-OR2-
NAG (nM)
1000
250
62.5
15.63
7.81
3.91
1.95
0

Detection antibody (pug/ml)

0.125 0.25 0.5 1 2
82.70 101.82 18.43 21.38 16.25
85.96 90.98 16.51 16.65 11.76
45.48 43.50 7.05 5.44 3.70
4.78 2.48 2.21 191 1.60
2.26 1.59 1.16 0.79 0.89
1.83 1.27 0.76 0.56 0.85
1.30 1.20 0.65 0.50 0.90

1 1 1 1 1

Table 4.5. Flu-RI-OR2-NAG signal to noise raw MFI values — Coupling 2 ug/ml.

Table representing the raw MFI values of the signal to noise ratio results of 2 ug/ml anti-O-

GIcNAc CTD110.6 (mouse monoclonal) antibody coupled to Luminex microspheres and

detected by 0.125, 0.25, 0.5, 1 and 2 ug/ml of anti-Fluorescein (Biotin) antibody as

demonstrated in Figure 4.12.
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Figure 4.13. Anti-O-GIcNAc CTD110.6 (mouse monoclonal) antibody — Coupling 3 ug/mi.
Luminex beads coupled with 3 ug/ml of anti-O-GIcNAc CTD110.6 (mouse monoclonal)
antibody were reacted with HB Blank controls and Flu-RI-OR2-NAG concentrations ranges (A)
1.95 nM to 1 uM and (B) 1.95 nM to 15.63 nM. Biotinylated anti-Fluorescein antibody of
0.125, 0.25, 0.5, 1, and 2 ug/ml and 4 ug/ml STREP-RPE were used as detection — reporter

system for the assay. The figure represents the mean + SEM (n = 3) of MFI signals.
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Figure 4.14. Signal to noise ratios of Flu-RI-OR2-NAG assay optimisation — Coupling 3
ng/ml.
The figure demonstrated the signal to noise ratios of the MFI values obtained from the
antibodies titration for the development of the Flu-RI-OR2-NAG Luminex assay. Luminex
beads coupled with 3 ug/ml anti-O-GIcNAc CTD110.6 (mouse monoclonal) antibody were
reacted with HB Blank controls and Flu-RI-OR2-NAG peptide (1 uM to 1.95 nM). Biotinylated
anti-fluorescein antibody of 0.125, 0.25, 0.5, 1, and 2 ug/ml, and 4 ug/ml STREP-RPE reporter
molecule were used as detection — reporter system for the assay. The figure represents the

mean * SEM (n = 3) of MFI signals of the antibody combinations.
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Flu-RI-OR2- Detection antibody (pug/ml)

NAG (nM) 0.125 0.25 0.5 1 2
1000 141.60 134.35 21.59 18.09 12.73
250 110.40 120.43 18.05 10.71 9.01
62.5 67.95 44.18 7.19 4.55 3.38
15.63 4.70 4.60 2.64 1.87 1.43
7.81 2.80 2.00 1.31 0.96 1.05
3.91 2.10 1.45 0.89 0.62 0.95
1.95 1.40 1.15 0.70 0.51 1.05

0 1 1 1 1 1

Table 4.6. Flu-RI-OR2-NAG signal to noise raw MFI values — Coupling 3 ug/ml.
Table representing the raw MFI values of the signal to noise ratio results at 3 ug/ml anti-O-
GIcNAc CTD110.6 (mouse monoclonal) antibody coupled to Luminex beads and detected by
0.125, 0.25, 0.5, 1, and 2 ug/ml anti-fluorescein (biotin) antibody, as demonstrated in Figure
4.14.

The anti-O-GIcNAc CTD110.6 (mouse monoclonal) antibody to the Flu-RI-OR2-NAG
peptide gave much higher signals than the two previous antibodies tested, and so
this was the capture system chosen for the study of this peptide in mouse tissues
(Chapter 5, Section 5.3.2.). In order to decide on the best combination of anti-O-
GlcNAc CTD110.6 capture and anti-Fluorescein detection antibody concentrations,
the signal to noise ratio of each antibody combination was examined. The best signal
was obtained using the capture antibody at 3 pg/ml and the detection antibody at
0.125 pg/ml (Figures 4.13., 4.14., Table 4.6.).

4.3.3. BODIPY-PINPs peptide ELISA assay development

The original idea was to develop and optimise a Luminex-bead immunoassay for
detection of the BODIPY-PINPs peptide by utilising the ‘TAT’ sequence of the peptide
attached to the liposome and the ‘PEG’ molecule of the lipid tail as possible epitope
detection sites. Administration of the peptide into live organisms will presumably
result at some stage in the breakdown of the liposome and release of the free

peptide, possibly following its delivery to the brain. The BODIPY-PINPs were treated
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with bee venom to break up the nanoliposome membrane so that the peptide
molecule, still attached covalently to lipid, would be released and could be detected
and measured. This system might also allow detection of the peptide-lipid

combination that would be present in the mouse tissues examined in Chapter 5.

Unfortunately, development of a Luminex assay for detection of the peptide-lipid
component of the BODIPY-PINPs was not feasible as the tested antibody system was
not generating any signal at all. Thus, an attempt was made to develop an ELISA

assay to be used in the investigation of this peptide in the mouse tissues.
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4.3.3.1. System detection using the anti-polyethylene glycol [PEG-B-47b] (biotin)

antibody
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Figure 4.15. Anti-polyethylene glycol [PEG-B-47b] (biotin) antibody titration.

Microtiter ELISA plates coated with (A) 1 ug/ml, (B) 2 ug/ml and (C) 3 ug/ml of anti-HIV1 tat

[N3] antibody were reacted with HB blank controls and BODIPY-PINPs concentrations over

the range of 15.63 nM to 1 uM, with biotinylated detection using anti-polyethylene glycol

[PEG-B-47b] (biotin) antibody at 0.5, 1, and 2 ug/ml, and 4 ug/ml STREP-RPE as the detection
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— reporter system. The figure shows mean + SEM (n = 3) of fluorescent intensity (Fl) signals

for these antibody combinations.

The mean Fl data observed from using the anti-polyethylene glycol [PEG-B-47b]
(biotin) antibody as the detection molecule for this assay showed poor sensitivity, in
great contrast to the large dose-dependent MFI signals obtained for the optimised
Flu-RI-OR2-TAT and Flu-RI-OR2-NAG peptide assays. An alternative detection
antibody, anti-polyethylene glycol [PEG-2-128] (rabbit monoclonal) antibody, was
therefore tested in an effort to generate an improved assay for detection of the

BODIPY-PINPs peptide.
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4.3.3.2. System detection using the anti-polyethylene glycol [PEG-2-128] antibody
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Figure 4.16. Anti-polyethylene glycol [PEG-2-128] antibody titration.
Microtiter ELISA plates coated with (A) 1 ug/ml, (B) 2 ug/ml and (C) 3 ug/ml of anti-HIV1 tat
[N3] antibody were reacted with HB blank controls and BODIPY-PINPs concentrations over
the range of 15.63 nM to 1 uM, with biotinylated detection using anti-polyethylene glycol
[PEG-2-128] (biotin) antibody at 0.5, 1, 2 and 5 ug/ml, and 4 ug/ml STREP-RPE as the
detection — reporter system. The figure shows mean + SEM (n = 3) of fluorescent intensity (Fl)

signals for these antibody combinations.
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Figure 4.17. Signal to noise ratios of PINPs assay optimisation.

The figure demonstrated the signal to noise ratios of the mean Fl values obtained from the

antibodies titration for the development of the PINPs ELISA assay. Microtiter ELISA plates
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coated with (A) 1 ug/ml, (B) 2 ug/ml and (C) 3 ug/ml of anti-HIV1 tat [N3] antibody were
reacted with HB blank controls and BODIPY-PINPs concentrations over the range of 15.63 nM
to 1 uM, with biotinylated detection using anti-polyethylene glycol [PEG-2-128] (biotin)
antibody at 0.5, 1, 2 and 5 ug/ml, and 4 ug/ml STREP-RPE as the detection — reporter system.
The figure shows mean + SEM (n = 3) of fluorescent intensity (Fl) signal to noise ratios for

these antibody combinations.

Comparing the two antibodies used as detection molecules in the process of
developing an assay for the BODIPY-PINPs, the anti-polyethylene glycol [PEG-2-128]
antibody demonstrated higher mean FI values. Even though this assay did not
generate very high signals compared to the assay developed for detection of the Flu-
RI-OR2-TAT, an attempt was made to use the combination of 3 pg/ml anti-HIV1 tat
[N3] antibody as the capture reagent and 1 pg/ml of anti-polyethylene glycol [PEG-2-
128] antibody as the detection molecule (Figure 4.16. — C), in the effort to investigate
the bio-distribution of BODIPY-PINPs in the mouse tissues collected (Chapter 5,
Section 5.3.3.). Even though the raw mean Fl signals demonstrate higher readings
using alternative combinations, this system shows a better ratio of the signal’s
strength relative to background, even at the lowest concentration of peptide tested

(Figure 4.17. - C).

4.4, Discussion

This Chapter has explored the development and optimisation of Luminex assays for
detection of the Flu-RI-OR2-TAT and Flu-RI-OR2-NAG peptides; and an ELISA assay for
detection of the BODIPY-PINPs peptide. These assays were used in the following
Chapter (Chapter 5) to examine the bioavailability and distribution of these peptides
in several different mouse tissues, 1 h after their peripheral administration, although

it was realised that the ELISA assay for BODIPY-PINPs may not be fit for this purpose.

4.4.1. Luminex versus ELISA assays

Immunoassays have allowed major advances in laboratory research and diagnostics,

and have been widely employed in the process of drug development. They permit
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specific and sensitive detection of numerous different analytes in biological samples,
and have become a routine part of clinical and pharmaceutical investigations. ELISA
assays have been long used as the main tool to detect and quantify analytes in
biological samples. However, as discussed by Baker and colleagues (Baker et al.,
2012), they have multiple limitations that are mostly associated with the technical
application of the method. Examples of these limitations include the relatively large
amounts of sample required for binding to the available antibody sites; and the non-
specific binding and increased background effects seen due to the large surface area
of the plate wells, and the hydrophobic binding of capture antibody to the solid
phase of the wells (Baker et al., 2012).

The new and emerging Luminex technology has overcome some of the limitations
mentioned above by increasing the flexibility of the assays, allowing reduced
amounts of antibody and sample volumes to be employed, and delivering a lower
cost system (Baker et al., 2012). Most importantly, the Luminex platform has enabled
multiplexing applications from a single sample, in contrast to ELISA assays that are

limited to detection of one analyte in each reaction.

4.4.2. Luminex assays detecting the Flu-RI-OR2-TAT and Flu-RI-OR2-NAG peptides

The development of a Luminex assay for the quantification of Flu-RI-OR2-TAT was
effectively performed using a combination of antibodies that bind to the available
‘TAT’ and fluorescein antigen sites of the peptide. The developed Flu-RI-OR2-TAT
assay demonstrated efficient and sensitive detection of this peptide, down to

picomolar concentration levels.

The Flu-RI-OR2-NAG assay was developed by utilising the ‘NAG’ site of the peptide
and, in a similar way to the Flu-RI-OR2-TAT assay, the fluorescein molecule attached
to the peptide. This Luminex assay was optimised to detect nanomolar
concentrations of the free peptide in HB. Even though this range would be
considered sensitive enough for most applications, it may not be sufficient for
qguantifying the Flu-RI-OR2-NAG peptide in mouse tissue samples where peptide

penetration is particularly low. However, this was examined in detail in the following
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Chapter (Chapter 5). Further optimisation and validation of this assay, including the
use of alternative antibodies for the NAG site, or different antibodies that target

fluorescein, may improve the sensitivity of the Flu-RI-OR2-NAG assay.

4.4.3. ELISA assay for detection of BODIPY-PINPs

The original idea was to develop and optimise a Luminex assay for quantification of
the BODIPY-PINPs peptide by employing the ‘TAT’ sequence of the free peptide and
the PEG molecule of the lipid tail. Unfortunately, this was not possible, and an

alternative ELISA assay was developed.

There are a few possible reasons that can be offered as to why the BODIPY-PINPs
Luminex assay did not work, although it should be noted that none of these
explanations was proven experimentally:

1. The phospholipase A, from honey bee venom may not have broken down the
cholesterol and sphingomyelin lipid membranes of the BODIPY-PINPs very
effectively. If the liposomes remained largely intact, this would obstruct the
interaction of the antibodies with their corresponding antigen binding sites.

2. Even if the phospholipase A, was effective at breaking down the lipid
membranes, the disintegrated free lipids would be viscous and so could
readily adhere to the filters present at the bottom of the assay plate wells, so
interfering with the Luminex reaction.

3. Monoclonal or polyclonal antibodies can be used for developing an
immunoassay system. However, polyclonal antibodies are more commonly
used as the capture component because they bind through multiple antigenic
sites and so can effectively capture more of the analyte molecule than
monoclonal antibodies which only recognise one single epitope of the analyte
molecule. In the BODIPY-PINPs assay, both of the antibodies used for capture
and detection were monoclonal, and the use of polyclonal antibodies was not
explored.

4. Tween® 20 was used at 0.05 % (v/v) concentration in the wash buffer of the
assays. However, Tween® 20 and other polyoxyethylene detergents can

interfere with immunoassays when used with anti-PEG products as the
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detergent itself contains PEG polymers which may interfere with binding of
the antibodies to their correct antigen sites (Saifer et al., 2014).

When designing a sandwich immunoassay it is important to consider that the
capture and detection antibodies must recognize two different non-
overlapping epitopes. More specifically, the epitope recognised by the
detection secondary antibody should not be altered or interfered with by
binding of the antigen to the capture antibody. In the case of the BODIPY-
PINPs assay, both epitope sites are located on the C-terminal end of the
peptide which, considering also the viscous properties and the size of the
lipids, may have affected the binding of the anti-PEG antibodies to their
epitope sites.

Poor biotinylation of the anti-polyethylene glycol [PEG-2-128] (rabbit
monoclonal) antibody may offer an explanation. This antibody was supplied
at a concentration of 0.593 mg/ml preserved in 0.01 % sodium azide, and
constituted in 40 % Glycerol, 0.05 % BSA, and 59 % PBS. For optimal
biotinylation, it is suggested to use 1 mg/ml of antibody in a buffer that does
not contain primary amines or carriers such as BSA. The BSA and glycerol
present as antibody constituents may have interfered with biotinylation of
the antibody. Additionally, the anti-polyethylene glycol [PEG-2-128] antibody
initially underwent a buffer exchange step and was then concentrated to
1 mg/ml prior to biotin-labelling. It is possible that some of the interfering
components were not completely removed from the mixture during this
buffer exchange step, and also that some of the antibody was lost. Equally
important, the purification process that follows biotinylation of the antibody
usually yields 60 — 90 % of purified labelled protein, thus, there is the
possibility that some of the labelled antibody was lost through this process

also.

These limitations would apply to both the Luminex-bead and ELISA immunoassays

for the BODIPY-PINPs and can reasonably explain the failure to develop a suitable

Luminex assay for this system. However, a low sensitivity ELISA was developed for

detecting the peptide-lipid component of the BODIPY-PINPs and it was decided to
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attempt to employ this assay for examination of the bioavailability and distribution

of this molecule in subsequent experimental investigations (Chapter 5).

4.5. Conclusions

The development of diagnostic methods is extremely important in research and
especially in the process of discovering candidate drugs for the treatment of various
diseases. This Chapter has presented the development, optimisation and suggestions
for improvement, of immunoassays for detection of three possible drug-related
peptides. Equally important, as we are hoping that these drugs will be able to enter
human clinical trials for treatment of AD, | suggest that further modifications of these
assays could enable the detection of these peptides in human biological samples (e.g.
in blood plasma) for investigation of and correlation with various indicators of

disease.

In this project, these assays were applied in order to investigate the bioavailability
and distribution of the peptides concerned in the brain, heart, lungs, stomach, liver,
spleen, right and left kidneys and small intestine in the following Chapter (Chapter 5).
These tissues were collected from WT mice with C57/BL6 background, one hour after

peripheral administration of the peptides.
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Chapter 5: A pilot study to investigate the distribution

of the peptides

5.1. Introduction

5.1.1. Pharmacokinetics and pharmacodynamics in drug design and development

The study of pharmacokinetics and pharmacodynamics in drug design and
development is crucial. The fields of clinical pharmacology, pharmacokinetics and
pharmacodynamics are focused on predicting the effects of chemical substances,
including potential pharmaceutical drugs, in living organisms (Csajka and Verotta,
2006). Pharmacokinetic studies analyse the effect of the organisms on the drug’s fate
by examining the route of the drug through the body, whereas pharmacodynamics
examine the biochemical and physiological effects of drugs on the living organism

(Meibohm and Derendorf, 1997).

This Chapter is focused on preliminary studies on the pharmacokinetics of the three
peptide-based inhibitors, RI-OR2-TAT, RI-OR2-NAG, and PINPs. Fluorescent versions
of these inhibitors were injected intra-peritoneally at a dose of 100 nmol/kg in the
case of free peptides and 4 umol/kg (total lipids) for the peptide-decorated
nanoliposomes, with an administration volume of 10 ml/kg in WT mice with C57/BL6

background. Tissue samples were removed for analysis after 1 h.

5.1.2. Introduction on pharmacodynamics

Pharmacodynamics explain the effects of the drug on cellular and molecular
processes. Tissues differentiate chemical messenger signals through receptors
located on cell membranes or in the intracellular fluid. Upon binding of an exogenous
compound to each receptor, a chemical signal is transduced to the cells which
initiates a downstream response of biological events. The affinity and efficacy of a
drug is dependent on the chemical structure of the compound relative to the
receptor, whereas the pharmacologic effect of the drug is associated with the
duration of binding between the compound (ligand) and receptor (WWW, MSD
Manual: Professional/Clinical Pharmacology/Pharmacodynamics). Ideally drugs
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should bind with high affinity on specific receptors to minimize undesirable side-

effects.

5.1.3. Introduction on pharmacokinetics

Pharmacokinetic studies of a chemical substance involve the analysis of the chemical
metabolism of a drug in an attempt to determine the journey of the drug in the body
following its administration up to the time that it is completely eliminated from the
organism (Csajka and Verotta, 2006). The pharmacokinetic properties of a substance
are therefore associated with the mechanisms of absorption, bioavailability,
distribution, metabolism and excretion of the drug, and are greatly affected by the
route of administration and the dose of the administered drug (Bryant and Knights,

2014).

5.1.3.1. Route of administration

In pre-clinical studies, the route of administration of therapeutic substances plays a
crucial role in determining the pharmacokinetic properties of the drug of interest.
Based on the target action of the substance, the route of administration can be
classified as local or systemic. Systemic administration can also be classified as
enteral where the drug is administered through the gastrointestinal tract or
parenteral where the application of administration occurs outside of the digestive

tract (Turner et al., 2011).

Parenteral administration methods are usually preferred in pre-clinical studies
because of the ease of their application and the beneficial effects they have on the
bioavailability of the substances as they avoid the first-pass effect of hepatic
metabolism (Turner et al., 2011). Intravenous administration of substances is the
most efficient route of delivery as it avoids the absorption process that must occur
prior to distribution of the drug using alternative parenteral methods. However, as
application of this method is challenging when using small rodents, the peptides
investigated in this Chapter were administered intraperitoneally. The intraperitoneal

method involves the administration of substances into the abdominal body cavity.
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5.1.3.2. Absorption

Drugs administered non-intravenously need to be absorbed into the circulation to be
distributed into the tissues. The major factors affecting the absorption of
administered substances are their physiochemical properties, dosage and
formulation, and route of administration of the drug. Transcellular movement of
drugs is facilitated through several processes that include passive diffusion,
facilitated or active diffusion, active transport and pinocytosis (WWW, MSD Manual:

Professional/Clinical Pharmacology/Pharmacokinetics).

Absorption of substances following intraperitoneal administration occurs through
the mesenteric vessels that release blood into the hepatic portal vein and then pass
through the liver (Lukas et al., 1971). At the site of liver, exogenous substances
undergo the first pass effect of metabolism (pre-systemic metabolism) whereby the
concentration/bioavailability of the drug might be reduced in order to be absorbed
and reach the systemic circulation (Rowland, 1972; Pond and Tozer, 1984).
Therefore, a disadvantage associated with this method of administration is that
substances may undergo metabolism through the hepatic system before reaching

the circulation for distribution (Turner et al., 2011).

5.1.3.3. Bioavailability

The term bioavailability refers to the percentage fraction of dose that enters the
systemic circulation and reaches the site of action following administration of a given
dosage of a drug (Shargel and Yu, 1999). Medicines administered intravenously
exhibit 100% bioavailability as they remain unchanged and active, whereas drugs
administered by alternative routes, usually have decreased bioavailability due to
either incomplete absorption or first-pass metabolism through the hepatic system
where they are initially metabolised by the liver before entering the general

circulation (Griffin, 2009).

5.1.3.4. Distribution
Once in the circulation of the blood, drugs are distributed to the body’s tissues. Each

organ and tissue receives different amounts of the drug, and also the total time that
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the drug remains in each tissue and organ varies. These variabilities in the
distributional properties of a drug are attributed to the differences in blood flow and
perfusion of organs, tissues and blood-plasma protein binding, regional pH content
and vascular permeability of tissue and cell membranes. Drugs are more easily
distributed in highly perfused areas like liver, kidneys and heart, whereas poorly
vascularized organs such as muscle and fat exhibit slower distribution rates (WWW,
MSD Manual: Professional/Clinical Pharmacology/Pharmacokinetics). Equally
important is the degree of binding between the drug and proteins in plasma and
tissues. When in circulation, drugs can transport freely or bind to various blood
components. However, only unbound drugs in circulation are free to passively diffuse

to the site of action.

5.1.3.5. Metabolism and biotransformation

Metabolism and excretion of drugs occurs concurrently with distribution. As
mentioned earlier, the liver is the primary organ of drug metabolism. Drugs are
metabolised by various processes that include oxidation, reduction, hydrolysis and
conjugation with endogenous substances in order to excrete the substance from the
organism (WWW, MSD Manual: Professional/Clinical
Pharmacology/Pharmacokinetics). Most commonly there are two phases in the
metabolism of drugs; phase | metabolism where the exogenous substances are
oxidised by the cytochrome P-450 enzyme superfamily (Danielson, 2002), and phase
Il where the drugs are conjugated to water-soluble compounds by UPD-
glucuronosyltransferases and are secreted in bile and eliminated in urine (King et al.,

2000).

5.1.3.6. Excretion

Drugs are eliminated from the organism following their distribution and metabolism,
either in an unaltered state as the parent drug or in modified forms as metabolites.
The major route of elimination is through the urine via the kidneys, which excrete
water-soluble substances, however, other elimination pathways also exist that

include tears, saliva, perspiration, respiration, hair, milk, bile and faeces.
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Most metabolic unbound drug compounds are eliminated through renal filtration in
the glomerular endothelium and are not reabsorbed back into circulation though
tubular reabsorption like most water and metabolites (WWW, MSD Manual:
Professional/Clinical Pharmacology/Pharmacokinetics). On specific occasions, drugs
and their metabolites combine with bile juices and enter the biliary excretion
process. Through this process, drugs enter the intestines and can either be excreted
with any unabsorbed material through the faeces or be reabsorbed into the
circulation (enterohepatic cycling) though the intestinal mucosa and eventually be

eliminated though the kidneys (Roberts et al., 2002).

5.2. Methods

Brain, heart, lungs, stomach, liver, spleen, right and left kidneys, and small intestinal
tissues, were collected after 1 h from three groups of mice, each comprised of 5
animals, which were injected with 100 nmol/kg of Flu-RI-OR2-TATot Flu-RI-OR2-NAG,
or 4 umol/kg (total lipids) of BODIPY-PINPs. Tissues were homogenised in 5 pl/mg of
tissue HB. The total protein content for each lysate was determined using the BCA

assay.

The tissue-specific distribution of each peptide was then determined by applying the
developed Luminex-bead assays to investigate the levels of Flu-RI-OR2-TAT and Flu-
RI-OR2-NAG peptides, and the ELISA assay developed for detection of BODIPY-PINPs
peptide (Chapter 4). The results obtained from the tissue-specific peptide
distribution are analysed using one-way ANOVA hypothesis followed by Bonferroni’s
post hoc multiple comparison test and are presented as the total amount (moles) of

peptide per tissue-specific protein content (mg).

5.2.1. Flu-RI-OR2-TAT tissue-specific peptide distribution

A Luminex-bead sandwich immunoassay specific for detecting the Flu-RI-OR2-TAT
peptide was then applied to determine the concentration of the peptide present in
each tissue of interest. For the assay, 1 ug/ml of anti-HIV1 [N3] antibody was coupled
to Luminex beads, and bound peptide was detected using 2 pg/ml of anti-fluorescein
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(biotin) antibody, and 4 pg/ml STREP-RPE, which were applied as the recognition
element. Analysis of the assay is presented as mean + SEM (n = 5), and a p-value of <

0.05 was considered to be statistically significant.

5.2.2. Flu-RI-OR2-NAG tissue-specific distribution

Similarly to the Flu-RI-OR2-TAT peptide detection, a Luminex assay was applied to
investigate the amount of Flu-RI-OR2-NAG peptide in the tissue extracts. Luminex
beads were coupled with 3 pug/ml of anti-O-GIcNAc CTD110.6 (mouse monoclonal)
antibody and the bound peptide was detected using 0.125 pg/ml of anti-fluorescein
(biotin) antibody, with 4 ug/ml of STREP-RPE as the recognition system for the assay.
Analysis of the Flu-RI-OR2-NAG peptide (pmoles) is presented as mean + SEM (n = 5)

and a p-value of < 0.05 was considered to be statistically significant.

5.3.3. BODIPY-PINPs tissue-specific peptide distribution

In order to detect the BODIPY-PINPs peptide in the several tissues collected, an ELISA
assay was developed, although the sensitivity of this assay is poor compared to the
Luminex assays developed for the two free peptides. Microtiter plates were coated
with 3 pg/ml of primary anti-HIV1 tat [N3] antibody, and 1 pg/ml of anti-
Polyethylene glycol [PEG-2-128] (rabbit monoclonal) antibody along with 4 pg/ml
STREP-RPE were added as the detection — reporter system to measure the
fluorescence signal of RPE. Analysis of the BODIPY-PINPs peptide (nmoles) is
presented as mean + SEM (n = 5) and a p-value of < 0.05 was considered to be

statistically significant.
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5.3. Results

5.3.1. Flu-RI-OR2-TAT tissue-specific peptide distribution
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Figure 5.1. Protein concentration in tissue extracts from mice injected with Flu-RI-OR2-TAT.
The figure presents the average total protein content (mg/ml) of tissue extracts prepared
following i.p. injection of the Flu-RI-OR2-TAT peptide in five WT mice with C57/BL5
background. Each tissue was homogenised in HB at 5 ul/mg of tissue and analysis of the
protein concentration was determined with the BCA assay. The results are presented as mean

+SEM (n = 5).

The total protein content of tissue homogenates (Figure 5.1.) of mice injected with
100 nmol/kg Flu-RI-OR2-TAT peptide varies from about 6 mg/ml in lungs to about 20
mg/ml in brains. The precise protein content (mg) of each tissue extract was

determined according to the volume of lysate in HB (Table 5.1.).
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Tissue Homogenate Volume (ul)  Tissue-specific protein content (mg)
Brain 1265 25.60
Heart 900.4 7.78
Lungs 1647.9 10.26
Stomach 2492.2 17.85
Liver 5543.2 67.36
Spleen 568.8 7.40
Right Kidney 955.8 10.21
Left Kidney 803.7 8.85
Small
3672.1 34.87
Intestine

Table 5.1. Protein content in tissue extracts injected with Flu-RI-OR2-TAT.

The table presents the average tissue-specific protein content (mg) of 5 mice injected i.p. with

100 nmol/kg Flu-RI-OR2-TAT. The amount of protein in each tissue homogenate was

calculated according to the average volume of tissue extracts prepared in 5 ul/mg HB.
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Figure 5.2. Flu-RI-OR2-TAT peptide concentration in mouse tissue extracts.

The figure represents the total amount (fmoles) of Flu-RI-OR2-TAT detected in the tissue

lysate samples in relation to tissue-specific protein content (mg). Luminex-beads were
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coupled with 1 ug/ml of anti-HIV1 [N3] antibody, and the bound sample was detected using 2
ug/ml of anti-fluorescein (biotin) antibody with 4 ug/ml of STREP-RPE as the reporter
molecule. Results are presented as mean + SEM (n = 5). * indicates p < 0.05. The levels of Flu-
RI-OR2-TAT peptide were significantly higher in small intestine compared to all tissues except

stomach.

The results presented (Figure 5.2.) demonstrate that most of the Flu-RI-OR2-TAT
peptide is found in the small intestine compared to the brain, heart, lungs, liver,
spleen and kidney tissues, following peripheral administration and distribution of the
peptide for 1 h. High amounts of the peptide are also located in the stomach tissue
of the mice. The data indicate that a possible route of excretion of the Flu-RI-OR2-
TAT peptide is the faeces, supported also by the absence of the peptide in the
kidneys signifying that elimination of the peptide does not occur through the urine.
However, the assumptions relative to the excretion of the peptide cannot be
confidently concluded wuntil further investigation of other pharmacokinetic
parameters including the peptide’s half-life and excretion rate. The exact amount
(fmoles) of Flu-RI-OR2-TAT was determined by investigating the total protein content

(mg) in each tissue extract (Table 5.2.).
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Tissue-specific Flu-RI-OR2-TAT Total amount of Flu-RI-OR2-
Tissue protein content fmoles/mg TAT (fmoles) per tissue-specific
(mg) protein protein content
Brain 25.60 0.327 8.37
Heart 7.78 0.149 1.16
Lungs 10.26 0.223 2.29
Stomach 17.85 3373.253 60212.57 (60.21 pmoles)
Liver 67.36 0.637 42.91
Spleen 7.40 0.048 0.36
Right
10.21 0.009 0.09
Kidney
Left
8.85 0.005 0.04
Kidney
Small
34.87 4298.117 149875.34 (149.88 pmoles)
Intestine

Table 5.2. Total amount (fmoles) of Flu-RI-OR2-TAT in tissue extracts.

The table presents the total amount of Flu-RI-OR2-TAT (fmoles) present in each tissue

homogenate sample by taking into account the tissue-specific protein content (mg).

The total amount of drug recovered in these tissues is approximately 210 pmoles

(Table 5.2.), from the average 2624 pmoles originally administered in the 5 mice of

the group (8% recovery). The average original dose was calculated by taking into

consideration the 100 nmol/kg administered to the mice relative to their body

weight. There are a few possible reasons for the low recovery of the drug, however,

it should be noted that none of these has been proven experimentally:

1. A large amount of the drug dose is in the blood circulation of the mice and

was removed following the perfusion of the mouse body.

2. Part of the drug has already been excreted from the organisms through either

the faeces or urine.

3. The Flu-RI-OR2-TAT remains at the site of the injection and is not distributed

around the body; or its distribution is very slow.
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4. The drug is distributed in other tissues in the mouse body which were not

examined in this study.

5.3.2. Flu-RI-OR2-NAG tissue-specific distribution
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Figure 5.3. Protein concentration in tissue extracts from mice injected with Flu-RI-OR2-
NAG.
The figure presents the total protein content (mg/ml) of tissue extracts prepared following
i.p. injection of the Flu-RI-OR2-NAG peptide in five WT mice with C57/BL6 background. Each
tissue was homogenised in HB at 5 ul/mg of tissue and analysis of the protein concentration

was determined BCA assay. The results are presented as mean = SEM (n = 5).

The total protein content of tissue homogenates (Figure 5.3.) of mice injected with
100 nmol/kg Flu-RI-OR2-TAT peptide varies from about 7 mg/ml in lungs to about 22
mg/ml in brains. The exact protein content (mg) of each tissue extract was

determined according to the volume of lysate in HB (Table 5.3).
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Tissue Homogenate Volume (ul) Tissue-specific protein content (mg)
Brain 1261.8 27.97
Heart 690.1 7.68
Lungs 1456.2 9.80
Stomach 2012.1 17.56
Liver 5571.2 72.53
Spleen 462.8 4.75
Right Kidney 937.3 10.84
Left Kidney 774.9 9.10
Small
3551.1 30.16
Intestine

Table 5.3. Protein content in tissue extracts injected with Flu-RI-OR2-NAG.

The table presents the tissue-specific protein content (mg) of 5 mice injected i.p. with 100

nmol/kg Flu-RI-OR2-NAG. The amount of protein in each tissue homogenate was calculated

according to the volume of tissue extract prepared in 5 ul/mg HB.
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Figure 5.4. Flu-RI-OR2-NAG peptide concentration in mouse tissue extracts.

The figure represents the total amount (pmoles) of Flu-RI-OR2-NAG detected in the tissue

lysate inn relation to tissue-specific protein content (mg). Luminex-beads were coupled 3
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ug/ml of anti-O-GIcNAc CTD110.6 (mouse monoclonal) antibody, and the bound sample was
detected using 0.125 ug/ml of anti-fluorescein (biotin) antibody with 4 ug/ml of STREP-RPE as

the reporter molecule. Results are presented as mean + SEM (n = 5).

Even though statistical analysis of the samples shows no significant difference
between the distribution of the Flu-RI-OR2-NAG peptide in the mouse tissue extracts
(Figure 5.4.), high quantities of the peptide were apparently detected in the small
intestines of the mice, indicating a possible route of clearance, similar to that of the
Flu-RI-OR2-TAT peptide. Further examination on pharmacokinetic factors, including
the peptide’s half-life, can accurately determine the exact route of elimination of the
Flu-RI-OR2-NAG peptide. The exact amount (pmoles) of Flu-RI-OR2-NAG was

determined by investigating the total protein content (mg) in each tissue extract

(Table 5.4).
Tissue-specific Flu-RI-OR2-NAG Total amount of Flu-RI-OR2-
Tissue protein content pmoles/mg NAG (pmoles) per tissue-
(mg) protein specific protein content
Brain 27.97 28.77 804.70
Heart 7.68 7.28 55.91
Lungs 9.80 17.21 168.66
Stomach 17.56 21.96 385.62
Liver 72.53 109.73 7958.72 (7.96 nmoles)
Spleen 4.75 3.57 16.96
Right
10.84 23.08 250.19
Kidney
Left
9.10 17.17 156.25
Kidney
Small
30.16 359.08 10829.85 (10.83 nmoles)
Intestine

Table 5.4. Total amount (pmoles) of Flu-RI-OR2-NAG in tissue extracts.
The table represents the total amount of Flu-RI-OR2-NAG (pmoles) present in each

homogenate sample compared to the tissue-specific protein content (mg).
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The total amount of drug recovered in these tissues is approximately 20.63 nmoles
(Table 5.4.), whereas the original average dose administered in the 5 mice of this
group was calculated to be only 2.66 nmoles. This indicates an unacceptable over-
recovery of peptide, and suggests that the assay developed for Flu-RI-OR2-NAG
(Chapter 4, Section 4.3.2.) is not reliable enough to detect the peptide in the mouse
tissues. The false-positive data obtained from this assay can be attributed to the
incabability of the Luminex equipment to appropriately detect particular antibodies
coupled to the microspheres (personal communication with Dr. Kurimun Ismail).
Even though the pattern of peptide detection may be correct, any assumption

relative to the actual concentrations calculated, should be made with caution.

5.3.3. BODIPY-PINPs tissue-specific peptide distribution
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Figure 5.5. Protein concentration in tissue extracts from mice injected with BODIPY-PINPs.

The figure presents the total protein content (mg/ml) of tissue extracts prepared following
i.p. injection of the BODIPY-PINPs peptide in five WT mice with C57/BL6 background. Each
tissue was homogenised in HB at 5 ul/mg of tissue and analysis of the protein concentration

was determined BCA assay. The results are presented as mean + SEM (n = 5).

The total protein content of tissue homogenates (Figure 5.5.) of mice injected with

umol/kg BODIPY-PINPs varies from about 6.8 mg/ml in lungs to about 20 mg/ml in
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brains. The actual protein content (mg) of each tissue extract was determined

according to the volume of lysate in HB (Table 5.5.).

Tissue-specific protein content (mg)

Tissue Homogenate Volume (pl)
Brain 1304.5 27.20
Heart 721 7.13
Lungs 1271.1 9.44
Stomach 2555.4 17.26
Liver 6285.5 108.56
Spleen 545.9 5.97
Right Kidney 807.4 10.16
Left Kidney 898.1 10.86
Small Intestine 3141.2 28.39

Table 5.5. Protein content in tissue extracts injected with BODIPY-PINPs.

The table presents the tissue-specific protein content (mg) of 5 mice injected i.p. with 4

umol/kg BODIPY-PINPs. The amount of protein in each tissue homogenate was calculated

according to the volume of tissue extract prepared in 5 ul/mg HB.
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nmoles BODIPY-PINPs/mg protein content

Figure 5.6. BODIPY-PINPs peptide concentration in mice tissue extracts.
The figure represents the total amount (nmoles) of BODIPY-PINPs detected in the tissue lysate
samples in relation to tissue-specific protein content (mg). 3 ug/ml of primary anti-HIV1 tat
[N3] antibody were coated on the wells of the plate, and the bound peptide was detected
using 1 ug/ml of anti-Polyethylene glycol [PEG-2-128] (rabbit monoclonal) antibody. 4 ug/ml
of STREP-RPE was used as the reporter molecule. Results are presented as mean + SEM (n =
5). Significant results relative to the amount (nmoles) of BODIPY-PINPs in the brain extract
are presented as: ** denoting p < 0.01, *** denoting p < 0.001, **** denoting p < 0.0001;
while significant results relative to the amount (nmoles) of peptide in the liver extract are

presented as: ++ indicating p < 0.01, +++ indicating p < 0.001, ++++ indicating p < 0.0001.

Statistical analysis of the BODIPY-PINPs peptide distribution following 1 h incubation
(Figure 5.6.) shows that most of the peptide is apparently found in the brain and liver
extracts of the mice, demonstrating significantly higher results compared to the
heart, lungs, spleen and kidney lysates. High signals were also obtained from the
small intestine, suggesting also a possible route of peptide elimination. The exact
amount (nmoles) of Flu-RI-OR2-NAG was determined by investigating the total

protein content (mg) in each tissue extract (Table 5.6.).
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Tissue-specific BODIPY-PINPs Total amount of FBODIPY-
Tissue protein content nmoles/mg PINPs (nmoles) per tissue-
(mg) protein specific protein content
Brain 27.20 3.52 95.74
Heart 7.13 0.39 2.78
Lungs 9.44 1.23 11.61
Stomach 17.26 1.62 27.96
Liver 108.56 3.52 382.13
Spleen 5.97 0.69 4.12
Right
10.16 1.28 13.01
Kidney
Left
10.86 0.60 6.52
Kidney
Small
28.39 1.79 32.92
Intestine

Table 5.6. Total amount (nmoles) of BODIPY-PINPs in tissue extracts.
The table represents the total amount of BODIPY-PINPs (nmoles) present in each homogenate

sample compared to the tissue-specific protein content (mg).

The total amount of drug recovered in these tissues is approximately 577 nmoles
(Table 5.6.). The original average dose administered in 5 mice was calculated to be
110.8 nmoles in relation to the body weight of the mice. This means that the data
generated from the assay developed for detection of the BODIPY-PIPs peptide
(Chapter 4, Section 4.3.3.), are likely to be due to a very high level of background

interference, and should not be trusted.

5.4. Discussion

Using intravenous administration of Evans Blue, the one-pass blood circulation time
of mice was investigated, resulting in complete staining of the mouse body at 15 sec

(Debbage et al., 1998). Perfusion of mice in this study was conducted 1 h following
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i.p. administration of the peptides or peptide-liposomes, which should provide
sufficient time for them to be absorbed and enter the circulation of the mice and

then be distributed throughout the body tissues.

The dosage of the ‘free’ peptides (100 nmol/kg), with administration volume (10
ml/kg) and duration of treatment (1 h) was decided based on a previous study of Flu-
RI-OR2-TAT where the effects of this peptide on amyloid plaque load and other
markers of brain pathology were investigated using APP/PS1 transgenic mice
(Parthsarathy et al., 2013). The administration dose (4 umol total lipid/kg) of the
BODIPY-PINPs was formulated using the same administration volume and duration of
treatment. This particular dose of total lipid was chosen so that the dose expressed
as concentration of peptide available on the surface of the liposomes (i.e. 100
nmol/kg or 2.5% of total lipids) is approximately the same as in the experiments with
the ‘free’ peptides (Gregori et al.,, 2017). However, | suggest that further
investigation of the peptides administration dose and duration of treatment can
provide more in-depth details on the fate of the inibitors within the organism. More
specifically, determination of the maximum administration dose can improve the
effects of the peptides in the brain in future studies while also avoiding any side
effects; whereas investigation on the duration of treatment can provide more

detailed information on the pharmacokinetic properties of the three peptides.

Following the development of Luminex-bead assays for detection of Flu-RI-OR2-TAT
and Flu-RI-OR2-NAG peptides and an ELISA assay detecting the levels of BODIPY-
PINPs peptide (Chapter 4), this Chapter presents some preliminary studies on the

pharmacokinetics of the three peptides of interest.

5.4.1. Flu-RI-OR2-TAT peptide distribution

The assay developed for the FIu-RI-OR2-TAT peptide (Chapter 4, Section 4.3.1.),
detecting picomolar concentrations of the peptide, has effectively demonstrated the
distribution of the peptide within the different tissues collected. Following
intraperitoneal administration of 100 nmol/kg of Flu-RI-OR2-TAT for 1 h, the peptide

was mostly found in the small intestines of the mice. High levels of the peptide were
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also detected in the stomach. This highly skewed distribution and high sensitivity of
the assay suggest that the data are likely to be reliable. However, the overall
recovery of the drug is relatively low. This could be due to the majority of the drug
remaining at, or close to, the site of the injection, or due to accumulation in blood, or

other tissues not sampled here.

A possible explanation for this distribution is that the peptide is initially absorbed
though the liver as the primary lymphatic organ located in the abdomen, and
following the hepatic first-pass effect, the peptide is then distributed throughout the
mouse body, where it accumulates in the stomach. Following distribution and
metabolism, the peptide is likely to be secreted into the gastrointestinal tract
through the bile where it can be excreted though the faeces or reabsorbed back into

the systemic circulation by the gastric mucosa, resulting in enterohepatic circulation.

This interpretation is supported by the fact that drugs administered to animals that
have a molecular mass exceeding 600 g/mol (600 Da) are usually eliminated through
biliary excretion (WWW, MSD Manual: Veterinary/Pharmacology/Pharmacology
Introduction). Similarly, drugs administered to humans that exceed a molecular mass
of 300 g/mol and contain both polar and lipophilic amino acid groups in their
biochemical structure are likely to be excreted in bile into the small intestine and
then be eliminated from the organism or enter the enterohepatic cycle (WWW, MSD
Manual: Professional/Clinical Pharmacology/Pharmacokinetics). Both of these
statements support the above theory regarding the distribution and excretion of the
peptide, because the molecular mass of Flu-RI-OR2-TAT (~2979 g/mol) exceeds these

limits mentioned above.

Interestingly, as the primary target tissue of the peptide is the brain, this pilot study
also demonstrates effective accumulation of Flu-RI-OR2-TAT in the brain, and
effective penetration of the BBB of WT mice. Even though the mice were perfused
with saline prior to collection of the samples, there is a possibility that the peptide is

found within the cerebral blood vessels, rather than in the brain tissue itself. The
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penetration of the peptides through the BBB and their accumulation in the brain is

further investigated in Chapter 6.

5.4.2. Flu-RI-OR2-NAG peptide distribution

The assay developed for Flu-RI-OR2-NAG in Chapter 4, Section 4.3.2. detects
nanomolar concentrations of the peptide, and given the dose of 100 nmol/kg the
assay should be sensitive enough to detect this peptide in at least some of the mouse
tissues sampled. Signals above background were obtained from the tissue extracts,
especially in the case of the small intestine, which gave the highest signal. As there
was no observed statistical significance in tissue distribution, and a calculated over-
recovery of the peptide, these results should be interpreted with a great deal of
caution, and it can only be tentatively concluded that the majority of RI-OR2-NAG is

found in the small intestine.

Similar to Flu-RI-OR2-TAT, the detection of FIu-RI-OR2-NAG in the small intestine may
indicate a possible route of excretion. The molecular mass of the Flu-RI-OR2-NAG
peptide (~1727 g/mol) also exceeds the two limits discussed in the previous section
(Section 5.4.1.), supporting the possibility that the peptide is secreted through the
bile into the small intestine where it may undergo elimination or re-absorption into
the systemic circulation. Additionally, the Flu-RI-OR2-NAG peptide was also detected
in relatively large amounts in the liver and kidney extracts of the 5 mice examined,
indicating that it may have been re-absorbed in the circulation, and following further

distribution and metabolism, it may be partially eliminated through renal excretion.

Notably, the FIu-RI-OR2-NAG peptide may also have been detected in the brain,
which is the primary target of the peptide’s action, indicating that is able to
penetrate the BBB, possibly by utilising the glucose (Bell et al., 1990) and N-
acetylglucosamine (Abeijon et al., 1996) transporters located there. This property of

the peptide will be further examined in Chapter 6 of this thesis.

122



5.4.3. BODIPY-PINPs peptide distribution

The development of a suitable assay for sensitive detection of the BODIPY-PINPs
(Chapter 4, Section 4.3.3.) proved to be very difficult and presented many problems
and limitations, as discussed in Chapter 4, Section 4.4.3. The very high signals
obtained with the BODIPY-PINPs peptide ELISA, suggest that there may be
considerable and unacceptable background interference with this assay. The data
from this assay are, therefore, not believable. By detection of fluorescence, Chapter
6 investigates the ability of BODIPY-PINPs to cross the BBB and accumulate in brain

areas that are predominantly affected in AD.

A small pilot study was also conducted by Quotient Bioresearch (Rushden) Ltd., in
order to investigate the biodistribution of PINPs in three C57/BL6 mice. The
cholesterol component of the liposomes decorated with RI-OR2-TAT peptide was
radioactively labelled (*C), and the peptide-liposomes were administered
intravenously (tail vein) at the same dose (4 umol/kg) and volume (10 ml/kg) as the
study presented in this Chapter. The amount of radioactivity in various tissues
(brain, liver, kidneys, lungs, spleen), was assessed using quantitative whole body
autoradiography (QWBA), and the peptide’s concentration in blood was measured by
liquid scintillation counter. The results from this study demonstrated that 0.49 %/g of
the dose was found in the brain and 0.952 %/g in the blood after 15 min of
administration, supporting the fact that the lipid-peptide does penetrate through the
BBB (with approximately 50% brain: blood ratio). However, after this 15 min period,
most of the peptide (92 %/g) was detected in the lungs. At 60 min post-injection, the
concentration of peptide in several tissues was generally decreased, yet higher
amounts were still observed in the lungs (Gregori et al., 2017). This effect of the
peptide was attributed to the clearance of the peptide-liposomes by the
mononuclear phagocyte system in the lungs and other tissues (spleen, liver) where

the peptide was also found in large concentrations (Gregori et al., 2017).

The data between this previous study and the one reported here do not appear to be
compatible. Presumably due to the poor sensitivity and reliability of the BODIPY-

PINPs peptide ELISA assay, but also the difference in the detection element of the
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peptide could also be a factor. A major reason also explaining the incompatibility
between the two studies is the difference in the administration sites. In the Quotient
study the peptide was administered intravenously resulting in complete bio-
availability in the circulation of the mice, whereas in the study presented in this
Chapter, the peptides were applied i.p. where they exhibit an initial
biotransformation (metabolism) prior to their tissue distribution due to the first pass

effect in the liver.

Finally, the Quotient study was focused on the lipid component of PINPs rather than
the peptide component, and so further studies using labelled peptide will be
required to examine the detailed tissue distribution of the peptide component of the

PINPs.

5.4.4. General limitations and further considerations on the study

One of the purposes of this Chapter was to compare the distributions of the three
peptides in each of the tissues collected. However, due to the limitations of some of
the assay systems employed, particularly the ELISA system, this was not entirely

feasible.

Another major confine of the study was the inaccessibility to equipment and lack of
experience to investigate intravenous application of the peptides, which is difficult in
mice. For these reasons, a more convenient intraperitoneal administration route was
employed, where absorption of the peptides is facilitated by the large surface area
present in the abdominal cavity. Intravenous application of the peptides would have
enabled immediate administration of unchanged peptides into the circulation,
avoiding the absorption and first pass metabolism effects that could have decreased
their bioavailability (Griffin, 2009). For the same reasons, collection of blood samples
was not accomplished, which could have increased understanding of the distribution,
bioavailability and elimination of the peptides. As an alternative, the terminal bleed
procedure (collection of blood from the heart prior perfusion) can be applied in

future studies.
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As improvements to the study, investigation of alternative administration sites as
well as variable treatment durations should be undertaken. Intravenous application
of the peptides would enable comparisons of their bioavailability in tissues, as the
bioavailability of compounds administered directly in the blood circulation is 100%
(Shargel and Yu, 1999). It would be particularly interesting to study intranasal
administration as a possible delivery route for immediate absorption into the brain,
avoiding the need to penetrate the BBB, which may improve the levels of peptides
detectable in the brain. Examination of variable durations of treatment can permit
determination of half-life, elimination rate, clearance and absorption rates of the

peptides which are all important factors in drug pharmacokinetic studies.

5.5. Conclusions

This Chapter has described preliminary experiments that attempt to study the
biodistribution of Flu-RI-OR2-TAT, Flu-RI-OR2-NAG and BODIPY-PINPs peptides, and
their possible routes of elimination and excretion. As a result of limitations observed
in the sensitivity of some of the assays, accurate and reliable estimation of the
peptide concentrations in tissues was not always possible. However, in the case of
Flu-RI-OR2-TAT, the pattern of tissue distribution is likely to reflect the actual
distribution of the peptide in the tissues concerned. Further suggestions on the
improvement and optimisation of the Flu-RI-OR2-NAG and BODIPY-PINPs assays, as
well as additional considerations on the study of peptide distribution have been

proposed in Chapter 4 and in this Chapter, respectively.

To summarise, the Flu-RI-OR2-TAT peptide, 1 h post-injection, shows effective
distribution around the body of the mice, and possible secretion through the bile into
the small intestine, where it can either be excreted though the faeces or re-absorbed
into the circulation. In the case of Flu-RI-OR2-NAG, clear assumptions cannot be
made due to the over-recovery of the peptide in the assay. However, comparison of
the distribution pattern within the tissues suggests that the peptide may be excreted

through the bile secretion.
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Signals for all three peptides were detected in the brains of WT mice, suggesting an
ability to cross the BBB. Penetration across the BBB is of primary importance as
treatments for AD should be principally targeted to the brain of patients in order to
minimise or avoid unwanted side-effects. The ability of Flu-RI-OR2-TAT, Flu-RI-OR2-
NAG and BODIPY-PINPs to enter the brain, and their distribution therein, will be

examined further in Chapter 6.

126



Chapter 6: Blood-Brain Barrier penetration and

deposition of the peptides

6.1. Introduction

Previously published data by Parthsarathy and colleagues (Parthsarathy et al., 2013)
have shown that the RI-OR2-TAT peptide is able to cross the BBB and bind to amyloid
plagues and activated microglia cells in the cerebral cortex of APP/PS1 Alzheimer’s
transgenic mice, followed peripheral administration. Data from the same research
also demonstrated that the RI-OR2-TAT peptide inhibitor is able to reduce amyloid
plague deposition, oxidation and inflammation, yet also stimulate neurogenesis in

the brains of the same mouse model of AD (Parthsarathy et al., 2013).

In this study, the ability of the peptides to penetrate through the BBB of WT mice
with a C57/BL6 background following i.p. administration of 100 nmol/kg of free
peptides, and 4 pmol/kg (total lipids) of peptide-decorated liposomes and
undecorated control liposomes, was investigated. WT mice have an intact BBB,
whereas this may not be the case for Alzheimer’s transgenic mice (APP/PS1) where
the BBB is disrupted and its transport proteins are impaired (Banks, 2012; Erickson
and Banks, 2013). Thus, with a therapeutic focus, it is of high importance to
determine whether the peptide inhibitors are able to cross a functioning and integral
BBB. The accumulation of the peptides was also assessed in brain areas (cortex —
close to the hippocampal formation, CA1 of the hippocampus, and DG) that are

pathologically primarily affected in AD.

6.1.1. Introduction on hippocampus, cortex and the dentate gyrus

6.1.1.1. Cerebral cortex

The cerebral cortex is the outer layer of neuronal tissue of the brain and has a key
role in various important brain functions, including memory, thought, consciousness,
language, attention and perceptual awareness. The two main pathophysiological
features of AD, the neuritic plaques and neurofibrillary tangles, are mainly found in
the frontal and temporal lobe structures of the cortex, close to the hippocampus, as
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well as in other cortical areas of the brain (Morgan, 2011). Additionally, AD brains
exhibit marked diffused cortical atrophy and enlargement of ventricles (Bird, 2008)

which both correlate with the reduced weight of the brain in diseased individuals.

6.1.1.2. Hippocampus

The hippocampus is one of the major components of the brain in humans and
vertebrates and it is located underneath the cerebral cortex. The hippocampus
belongs to the limbic system of the brain, which supports a variety of functions and
emotions. The hippocampus specifically is involved in the stabilisation and unification
of information between short-term and long-term memory, and is also responsible
for spatial navigation (Eichenbaum, 2013; Leuner and Gould, 2010). This brain region
is one of the first sites that suffers damage in AD as it is associated with memory loss

and disorientation which are primary symptoms of the disease.

The hippocampus of the brain is composed of several compartments that include the
subiculum complex, the hippocampus proper (CA1, CA2, CA3 and CA4 areas) and the
DG. Based on the idea that some of the brain areas are more susceptible in AD and
exhibit neuronal dysfunction from the very early stages of the disease, Padurariu and
colleagues have demonstrated a significant decrease in neuronal density in the CA1
and CA3 areas of the hippocampus proper in AD brains, particularly in the CA1 area,

compared with age-matched control brains (Padurariu, 2012).

6.1.1.3. The dentate gyrus

The DG is one of the components of the hippocampal formation system along with
the hippocampus proper and subiculum (Amaral and Lavenex, 2007; Insausti and
Amaral, 2012), and is involved in the creation of new episodic memories and
promotes environmental and spatial exploration (Saab et al., 2009). The DG has been
identified as the sole site of the hippocampal formation system where a population
of stem cells is located facilitating the process of neurogenesis (Deng et al., 2010;
Aimone et al., 2010) and indicating a mechanism of plasticity (Derrick, 2007; Saabet

al., 2009). This region of stem cells was apparently stimulated, or rescued from AR
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toxicity, in the presence of RI-OR2-TAT peptide in transgenic Alzheimer’s mouse

experiments (Parthsarathy et al., 2013).

6.1.2. Overview of Blood-Brain and Blood-Cerebrospinal Fluid Barriers

The brain is the most sensitive and tightly controlled tissue in the human body. The
co-occurrence of the BBB and blood-cerebrospinal fluid barrier (B-CSFB) serves to
separate the peripheral circulation from the CNS and maintain its homeostasis. The
anatomical unit of the B-CSFB is epithelial cells of the choroid plexus (Wolburg et al.,
2001) that are responsible for control of the molecular exchange between blood and
cerebrospinal fluid, while the functional unit of the BBB is the cerebrovascular
endothelial cells of brain capillaries (Abbott et al., 2010) that control the exchange of

molecules between the blood and the brain interstitial fluid.

Tight junctions between the epithelial cells and endothelial cells in the B-CSFB and
BBB, respectively, form semi-permeable barriers that regulate the entry of blood-
borne substances into the CNS, preserving the chemical composition of the brain and
protecting its functional processes (Spuch and Navarro, 2011). There is also a third
barrier formed by the avascular arachnoid epithelium that completely encloses all of
the CNS compartments, however, it is thought that this does not have a significant

role in nutrient exchange between blood and CNS (Kandel et al., 2000).

The backbone of the tight junctions formed between the endothelial cells in BBB
consists of the transmembrane proteins occludin, claudins and junctional adhesion
molecules, and are responsible for interacting with other cytoplasmic proteins (Tietz
and Engelhardt, 2015). More precisely, occludin plays a crusial role in the function of
the BBB as it is involved in the redox regulation (Blasig et al., 2011) and stability
(Medina et al., 2000) of the tight junctions. Claudin-3 and claudin-5 are involved in
the formation of the tight junctions and the integrity of the BBB (Luissint et al.,
2012); whereas the junctional adhesion molecules facilitate the assaembly of the

tight junctions even though they are not essential in their formation (Bazzoni, 2011).
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More specifically, the BBB is comprised of a complex of capillary endothelial cells,
pericytes (Balabanov and Dore-Duffy, 1998; Armulik et al., 2010), astrocytes (Abbott,
2002) and extracellular matrix that act as a diffusion barrier for transport of
substances in and out of the brain and aid communication between the CNS and
periphery (Banks, 2012). Figure 6.1. illustrates the potential routes by which

nutrients, minerals, molecules and ions are transported across the BBB.
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Figure 6.1. Possible routes of molecular transport across the BBB.
Transport pathways “a” to “f” are used commonly used to move solute molecules across the
BBB, while pathway “g” is used to transport monocytes, macrophages and drugs (including
liposome-based drugs). The transport of molecules is requlated by the tight junctions of
endothelial cells and endogenous transporters (Chen and Liu, 2012 — adapted from Abbott et
al., 2006).

Only certain molecules with lipophilic and polar properties can diffuse to the CNS
from the blood. It has actually been reported that approximately 98% of small
molecules and almost all macromolecules do not cross the BBB (Pardridge, 2005).
Due to the highly restrictive properties of the BBB, the transport of therapeutic
molecules and neuropharmaceutical agents to the CNS has proved to be limited and

ineffective.
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6.1.3. Blood-Brain Barrier and drug delivery

One of the huge challenges in the development of effective drugs for AD is the
presence of the BBB. As a compartment of the CNS, the BBB creates a strictly
controlled and unique extracellular fluid environment by the presence of multiple
endothelium interacting cells, which function as an anatomical, metabolic and
transport barrier to the free movement of solute molecules between blood and brain
(Begley, 2004). For this reason, various potential drugs have failed to proceed to
clinical trials, despite the advances in drug discovery, as insufficient quantities were
transferred to the CNS, so having little impact on the disease even though they were
proven to be effective at their site of action in vitro (Begley, 2004; Spuch and

Navarro, 2011).

Consequently, alternative strategies have been employed including the use of
prodrugs, direct administration of drugs into the brain, and modulations of the BBB
by osmotic opening of tight junctions to overcome the limitation of BBB permeability
(Begley, 2004; Banks, 2012). Amongst these, nanotechnology-based approaches are

considered effective for significant delivery of drugs to the CNS.

6.1.4. Targeted delivery of nanoliposomes through the Blood-Brain Barrier

Nanoparticles are currently widely used in diagnostics and therapeutics as they
possess important and unique features of which the most apparent are given below
(Gelperina et al., 2005; Tassa et al., 2010).
1. Nanoparticles are developed using both biocompatible and biodegradable
materials.
2. They are characterised by high stability both in circulation and shelf life.
3. Nanoparticles can be multi-functionalised by attaching various ligands to their
surface.
4. Drugs can be incorporated on their surface or in the core of the particle to
avoid degradation, improve bioavailability, and minimise any potential side

effects by reducing the dosing frequency.
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5. The nanoparticle/drug system can be incorporated though various
administration routes and can be applied in solid dosage forms (Schmidt and

Bodmeier, 1999; Sham et al., 2004; Tsapis et al., 2002).

Among these promising delivery systems, liposomes have been developed as
nanomedical devices that, further to the above described features, are also
characterised by their unique compatibility with both hydrophobic and hydrophilic
drugs, low toxic effect, avoidance of immune system activation and targeted delivery
of drugs to the site of action (Chen et al., 2010). Their naturally occurring outer layer
increases permeability across membranes and biological barriers, while specifically
sphingomyelin and cholesterol stabilize the liposomal structure (Szoka and
Papahadjopoulos, 1980). Hydrophilic agents may be entrapped inside the aqueous
core or attached on the surface, while hydrophobic drugs can be loaded into the
phospholipid bilayer (Spuch and Navarro, 2011). Finally, the addition of PEG on the
surface of the nanoliposomes prevents vesicle aggregation, increases stability and
bioavailability, and provides “stealth properties” to the device which extend the
blood circulation time of the liposomes as it makes them invisible to the
mononuclear phagocyte system that is responsible for the rapid clearance of
liposomes from the blood stream (Gabizon et al., 1994; Drummond and Kirpotin,

2007).

6.2. Methods

Five animals were injected i.p. with either 100 nmol/kg Flu-RI-OR2-TAT or Flu-RI-OR2-
NAG; or 4 umol/kg BOIPY-PINPs or BODIPY-CL peptides. After 1 h, the LH of the
brains was collected, fixed in 4 % (w/v) formaldehyde, and coronally sliced (25
micron) at anatomical regions 1.10 mm to -4.04m bregma. The brain slices were
stained with anti-NeuN, anti-GFAP and anti-lba-1 antibodies and counterstained with
DAPI. All brain sections were visualised with confocal microscopy, and 3 digital
images per animal were taken at 40X objective from the cortex, DG and CA1 region

of the hippocampus.
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Analysis of the images’ intensities was performed using Image J software and by
applying one-way ANOVA in the case of control (injected with vehicle) versus peptide
treatment; and two-way ANOVA in the case of peptide versus brain region. The data
were further analysed using the post hoc Bonferroni’s multiple comparison test and
are presented as mean + SEM. A p value of < 0.05 was considered as statistically

significant.
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6.3. Results

6.3.1. Confocal Images of peptides and vehicle control

6.3.1.1. Flu-RI-OR2-TAT peptide

GFAP Iba-1 NeuN
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Figure 6.2. Confocal images of Flu-RI-OR2-TAT in cortex.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-

1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Ch1 refers to the green
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fluorescence of the peptide, Ch2 is DAPI nucleus staining, Ch3 is the neuronal cell marker, and

Merged refers to the merged images of Ch1, Ch2 and Ch3. Scale Bar = 20 um.
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Figure 6.3. Confocal images of Flu-RI-OR2-TAT in dorsal dentate gyrus.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-
1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Ch1 refers to the green
fluorescence of the peptide, Ch2 is DAPI nucleus staining, Ch3 is the neuronal cell marker, and

Merged refers to the merged images of Ch1, Ch2 and Ch3. Scale Bar = 20 um.

135



GFAP Iba-1 NeuN

Chl

Ch2

Ch3

Merged

Figure 6.4. Confocal images of Flu-RI-OR2-TAT in ventral dentate gyrus.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-
1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Ch1 refers to the green
fluorescence of the peptide, Ch2 is DAPI nucleus staining, Ch3 is the neuronal cell marker, and

Merged refers to the merged images of Ch1, Ch2 and Ch3. Scale Bar = 20 um.
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Figure 6.5. Confocal images of Flu-RI-OR2-TAT in CA1 region of the hippocampus.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-
1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Ch1 refers to the green
fluorescence of the peptide, Ch2 is DAPI nucleus staining, Ch3 is the neuronal cell marker, and

Merged refers to the merged images of Ch1, Ch2 and Ch3. Scale Bar = 20 um.
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6.3.1.2. Flu-RI-OR2-NAG peptide

GFAP Iba-1 NeuN

Chl

Ch2

Ch3

Merged

Figure 6.6. Confocal images of Flu-RI-OR2-NAG in cortex.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-
1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Ch1 refers to the green
fluorescence of the peptide, Ch2 is DAPI nucleus staining, Ch3 is the neuronal cell marker, and

Merged refers to the merged images of Ch1, Ch2 and Ch3. Scale Bar = 20 um.
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Figure 6.7. Confocal images of Flu-RI-OR2-NAG in dorsal dentate gyrus.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-
1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Ch1 refers to the green
fluorescence of the peptide, Ch2 is DAPI nucleus staining, Ch3 is the neuronal cell marker, and

Merged refers to the merged images of Ch1, Ch2 and Ch3. Scale Bar = 20 um.
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Figure 6.8. Confocal images of Flu-RI-OR2-NAG in ventral dentate gyrus.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-
1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Ch1 refers to the green
fluorescence of the peptide, Ch2 is DAPI nucleus staining, Ch3 is the neuronal cell marker, and

Merged refers to the merged images of Ch1, Ch2 and Ch3. Scale Bar = 20 um.
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Figure 6.9. Confocal images of Flu-RI-OR2-NAG in CA1 region of the hippocampus.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-
1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Ch1 refers to the green
fluorescence of the peptide, Ch2 is DAPI nucleus staining, Ch3 is the neuronal cell marker, and

Merged refers to the merged images of Ch1, Ch2 and Ch3. Scale Bar = 20 um.
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6.3.1.3. BODIPY-PINPs
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Figure 6.10. Confocal images of BODIPY-PINPs in cortex.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-
1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Ch1 refers to the green
fluorescence of the peptide, Ch2 is DAPI nucleus staining, Ch3 is the neuronal cell marker, and

Merged refers to the merged images of Ch1, Ch2 and Ch3. Scale Bar = 20 um.
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Figure 6.11. Confocal images of BODIPY-PINPs in dorsal dentate gyrus.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-
1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Ch1 refers to the green
fluorescence of the peptide, Ch2 is DAPI nucleus staining, Ch3 is the neuronal cell marker, and

Merged refers to the merged images of Ch1, Ch2 and Ch3. Scale Bar = 20 um.
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Figure 6.12. Confocal images of BODIPY-PINPs in ventral dentate gyrus.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-
1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Ch1 refers to the green
fluorescence of the peptide, Ch2 is DAPI nucleus staining, Ch3 is the neuronal cell marker, and

Merged refers to the merged images of Ch1, Ch2 and Ch3. Scale Bar = 20 um.
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Figure 6.13. Confocal images of BODIPY-PINPs in CA1 region of the hippocampus.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-
1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Ch1 refers to the green
fluorescence of the peptide, Ch2 is DAPI nucleus staining, Ch3 is the neuronal cell marker, and

Merged refers to the merged images of Ch1, Ch2 and Ch3. Scale Bar = 20 um.
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6.3.1.4. BODIPY-Control Liposomes
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Figure 6.14. Confocal images of BODIPY-CL in cortex.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-
1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Ch1 refers to the green
fluorescence of the peptide, Ch2 is DAPI nucleus staining, Ch3 is the neuronal cell marker, and

Merged refers to the merged images of Ch1, Ch2 and Ch3. Scale Bar = 20 um.
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Figure 6.15. Confocal images of BODIPY-CL in dorsal dentate gyrus.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-
1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Ch1 refers to the green
fluorescence of the peptide, Ch2 is DAPI nucleus staining, Ch3 is the neuronal cell marker, and

Merged refers to the merged images of Ch1, Ch2 and Ch3. Scale Bar = 20 um.
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Figure 6.16. Confocal images of BODIPY-CL in ventral dentate gyrus.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-
1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Ch1 refers to the green
fluorescence of the peptide, Ch2 is DAPI nucleus staining, Ch3 is the neuronal cell marker, and

Merged refers to the merged images of Ch1, Ch2 and Ch3. Scale Bar = 20 um.
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Figure 6.17. Confocal images of BODIPY-CL in CA1 region of the hippocampus.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-
1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Ch1 refers to the green
fluorescence of the peptide, Ch2 is DAPI nucleus staining, Ch3 is the neuronal cell marker, and

Merged refers to the merged images of Ch1, Ch2 and Ch3. Scale Bar = 20 um.
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6.3.1.5. Vehicle control
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Figure 6.18.Confocal images of vehicle control in cortex.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-
1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Chl refers to the
background fluorescence of the vehicle control peptide, Ch2 is DAPI nucleus staining, Ch3 is
the neuronal cell marker, and Merged refers to the merged images of Chl, Ch2 and Ch3.

Scale Bar = 20 um.
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Figure 6.19. Confocal images of vehicle control in dorsal dentate gyrus.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-
1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Chl refers to the
background fluorescence of the vehicle control peptide, Ch2 is DAPI nucleus staining, Ch3 is
the neuronal cell marker, and Merged refers to the merged images of Chl, Ch2 and Ch3.

Scale Bar = 20 um.
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Figure 6.20. Confocal images of vehicle control in ventral dentate gyrus.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-
1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Chl refers to the
background fluorescence of the vehicle control peptide, Ch2 is DAPI nucleus staining, Ch3 is
the neuronal cell marker, and Merged refers to the merged images of Chl, Ch2 and Ch3.

Scale Bar = 20 um.
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Figure 6.21. Confocal images of vehicle control in CA1 region of the hippocampus.
Brain sections stained with markers for astrocytes (anti-GFAP), activated microglia (anti-lba-
1), and neurons (anti-NeuN), and counterstained with DAPI (nucleus). Chl refers to the
background fluorescence of the vehicle control peptide, Ch2 is DAPI nucleus staining, Ch3 is
the neuronal cell marker, and Merged refers to the merged images of Chl, Ch2 and Ch3.

Scale Bar = 20 um.
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6.3.2. Total mean normalised intensity of the peptides
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Figure 6.22. Total mean normalised intensity of the peptides in brain.
The figure illustrates the total mean normalised intensity of the peptides in the cortex, CA1
and DG areas of the brain 1 h after peripheral administration (10 mi/kg) of 100 nmol/kg of
free peptides and 4 umol/kg of peptide-decorated and undecorated liposomes. The graph is
presented as mean + SEM (n = 5). Control mice were injected with 0.9 % NaCl (vehicle

control). * indicates p < 0.05 compared to control.

One hour after peripheral administration of the peptides or peptide-liposomes, all of
them demonstrated penetration across the BBB and deposition into the mouse
brains, compared to the control mice that were injected with vehicle control. The
BODIPY-PINPs peptide demonstrates significantly higher levels in the brain compared
to the vehicle control indicating that attachment of the peptide to the nanoliposome
device facilitates the transport of the peptides across the BBB, supported also by the
observed intensity difference between the BODIPY-PINPs and the undecorated
BODIPY-CL peptides.
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6.3.3. Mean normalised peptide intensities in each brain region
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Figure 6.23. Normalised intensities of the peptides in each brain region.
The figure represents the mean normalised intensities of (A) Flu-RI-OR2-TAT, (B) Flu-RI-OR2-
NAG, (C) BODIPY-PINPs and (D) BODIPY-CL in the cortex, DG and CA1 of the hippocampus,
compared to the vehicle control (normalised based on the brain region). The peptides were
administered at 100 nmol/kg for the free peptides and 4 umol/kg for the liposome peptides.
The figure represents the mean + SEM (n=5). *** indicates p < 0.001, **** indicates p <

0.0001 compared to control.
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All the peptides show deposition into the various brain regions compared to the
vehicle control. The BODIPY-PINPs peptide demonstrates highly significant results

compared to the control peptide for all the regions examined.

6.3.4. Mean normalised regional intensities of each peptide
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Figure 6.24. Normalised regional intensities of each peptide.
The figure represents the intensities in each brain region examined for (A) Flu-RI-OR2-TAT, (B)
Flu-RI-OR2-NAG, (C) BODIPY-PINPs, and (D) BODIPY-CL compared to the vehicle control
regional intensities (normalised based on the average of the vehicle control). The peptides
were administered at 100 nmol/kg for the free peptides and 4 umol/kg for the liposome
peptides. The figure represents the mean + SEM (n=5) and statistical analysis was performed

between control versus treatment; and region vs region for each condition. *** indicates p <

156



0.001 (control vs treatment), **** indicates p < 0.0001 (control vs treatment), + indicates p <
0.05 (region vs region), +++ indicates p < 0.001 (region vs region), ° indicates p < 0.05 (region

vs region).

The peptides demonstrate increased fluorescence compared to the vehicle control
for each brain region. Comparison between the brain regions for each peptide
treatment show significant differences for the BODIPY-PINPs peptide that exhibit
increased deposition in the cortex of the brains relevant to the dentate gyrus and the
CA1l of the hippocampus. Significant difference is also observed in the control

treatment between the cortex and the dentate gyrus regions of the brains.
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6.3.5. Comparison of the peptides in dorsal and ventral dentate gyrus
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Figure 6.25. Normalised peptide and regional intensities in dorsal and ventral dentate

gyrus.

The figure represents the normalised (A) peptide intensities (normalised based on the brain
region) and (B) regional intensities (normalised based on the average of the vehicle control)

in dorsal and ventral DG of the mice brains. The figure is presented as mean + SEM (n=5).

The first figure demonstrates the differences in the deposition of the peptides in the
dorsal and ventral DG of the mouse brains. Even though no significant difference was

observed, the free peptides were found mostly in the ventral DG whereas the
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liposome-bound peptides were found more in the dorsal DG of the brain. The second
figure shows a comparison between the peptide differences in each DG
compartment. Comparison of the peptides’ intensities in the dorsal DG demonstrates
that the BODIPY-PINPs peptide is found in increased levels compared to the other
peptides, in contrast to the ventral DG where the Flu-RI-OR2-TAT peptide seemed to

be present at higher levels than the other peptides examined.

6.3.6. Deposition of the peptides in the brains (Percentage normalised intensities)
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Figure 6.26. Percentage normalised intensities of the peptides in brain.
The figure demonstrates pie charts of the percentage total mean intensity of the (A) Flu-RI-
OR2-TAT, (B) Flu-RI-OR2-NAG, (C) BODIPY-PINPs and (D) BODIPY-CL in the cortex, dorsal and

ventral DG and CA1 of the hippocampus.

The mean normalised intensities of the four peptides were calculated as percentages
and presented as pie charts. With respect to the DG, the peptide intensities were
correlated to the longitudinal plane of the sections and are presented as dorsal and
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ventral DG. All of the peptides seem to be deposited at higher levels in the cortex of
the brains relative to the other brain regions examined. Similar intensity levels are

observed in the other brain regions for each of the peptides examined.

6.4. Discussion

One major problem associated with the treatment of various neurodegenerative
diseases, including AD, is the inability of potential drugs to penetrate across the BBB
and accumulate in the brain in sufficient amounts to achieve the desired effect
(Begley, 2004). This Chapter presents the ability of our candidate peptides to
penetrate across the BBB and accumulate in major brain areas that are primarily
involved in the pathology of AD. The Flu-RI-OR2-TAT, Flu-RI-OR2-NAG and BODIPY-
PINPs peptides all demonstrated BBB passage and were found in the cortex,

hippocampus and dentate gyrus areas of the brain.

6.4.1. Flu-RI-OR2-TAT brain deposition

The Flu-RI-OR2-TAT peptide was previously investigated in a BBB penetration study
using APP/PS1 Alzheimer’s transgenic mice (Parthsarathy et al., 2013). However, as
the BBB in AD, and in these mice, is disrupted (Banks, 2012; Erickson and Banks,
2013), it was decided to investigate whether the peptide is able to cross an integral
and functional BBB. The Flu-RI-OR2-TAT peptide indeed demonstrated penetration of

the intact BBB in WT mice when they were examined 1 h after i.p. administration.

Flu-RI-OR2-TAT was found in the cortex of the mouse brains, which is possibly the
primary region of the brain where amyloid plaques are observed. The Flu-RI-OR2-TAT
peptide was also detected in similar amounts (based on intensity quantification) in
the hippocampus and the DG of the brain. Even though the number of young
neurons present in the DG was not calculated in this project, the fact that the
peptide was detected in this brain region further supports the data observed by
Parthsarathy and colleagues where the peptide stimulated neurogenesis
demonstrating the ability to reverse the toxic effect of AB in the brain (Parthsarathy
et al.,, 2013).
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In the case of the hippocampus, there is a particular interest in the CA1 area, which
has demonstrated significant neurodegeneration in the initial stages of the disease,
as demonstrated by Padurariu and colleagues (Padurariou et al., 2012). Flu-RI-OR2-
TAT was found in both in the CA1 and DG regions of the brain, indicating that this
peptide may be able to prevent neuronal dysfunction in the CA1l region of the

hippocampus as well.

The accumulation of the peptide in cellular sites and vascular capillaries is further

investigated in Chapter 7.

6.4.2. BODIPY-PINPs brain deposition

The BODIPY-PINPs peptide demonstrates significant results in the BBB penetration
study, demonstrating that the attachment of the peptide on the liposome results in
an improved peptide inhibitor. For comparison purposes, | have also included
undecorated control liposomes, which in general show limited penetration and
deposition in the brain, indicating that the RI-OR2-TAT peptide on the liposome

facilitates the transport of the peptide across the BBB and accumulation in the brain.

A similar study on the BBB penetration properties of PINPs was performed using an
artificial BBB model composed of a hCMEC/D3 cell monolayer where the PINPs
demonstrated enhanced permeability compared to undecorated control liposomes
(Gregori et al., 2017). This study, further supports the fact that the BODIPY-PINPs are
able to cross the BBB, an ability that is maintained from the initial free RI-OR2-TAT

peptide (Parthsarathy et al., 2013).

Similar to the Flu-RI-OR2-TAT peptide, the BODIPY-PINPs were located more in the
cortex of the brain compared to the CAl area of the hippocampus and DG. As
previously explained, this supports the idea that the peptide can facilitate the
generation of young new neuronal cells in the brain, and protect against neuronal
dysfunction and amyloid plague formation in the diseased brains, so providing a

candidate peptide for the treatment of AD.
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6.4.3. Flu-RI-OR2-NAG brain deposition

The results obtained from study investigating the ability of the Flu-RI-OR2-NAG
peptide to cross the BBB demonstrate that the peptide can penetrate into the brain,
although with much lower efficacy compared to the Flu-RI-OR2-TAT and BODIPY-
PINPs peptides. These results show that the peptide potentially utilises the N-
acetylglucosamine transporters on neuronal cells and the glucose transporters at the
BBB, but the NAG moiety on the peptide is not as effective as a transport modulator
as the HIV1 virus TAT sequence that was previously incorporated onto the RI-OR2

peptide.

The Flu-RI-OR2-NAG peptide also seems to locate more into the cortex of the brains.
The localisation of the peptide in CA1 of the hippocampus, and the DG, however,
suggest that this peptide could be useful therapeutically, and possibly stimulate
neurogenesis and protect against neuronal damage in a similar way to RI-OR2-TAT

and PINPs.

The efficacy of the Flu-RI-OR2-NAG peptide, including its ability to penetrate across
the BBB, could be improved by attaching the peptide onto the surface of synthetic
nanoliposomes, in a similar way to the PINPs, to generate a more effective

multivalent peptide.

6.4.4. Comparison of the dorsal-ventral DG peptide deposition

The variety of processes controlled by the hippocampus, including not only
involvement in episodic memory and spatial navigation (Eichenbaum, 2013; Leuner
and Gould, 2010), but also implementation of emotional responses (Bannerman et
al., 2004), changes in hormonal levels (Lathe, 2001) and detection of novel stimuli
(Knight, 1996), have been related to different regions along the longitudinal axis of
the hippocampus. Several studies on the dorsal and ventral regions of the
hippocampus have demonstrated that the areas are functionally heterogeneous. The
dorsal portion of the hippocampus is involved in learning and spatial memory,
whereas the ventral region is involved in emotion, behaviour and anxiety (Amaral

and Witter, 1989; Moser and Moser, 1998; Fanselow and Dong, 2010).
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As the DG is part of the hippocampal formation it should not be considered as a
homogeneous structure, as variations in the cellular content of the DG can be
associated with the differential properties of the dorsoventral axis of the
hippocampus (Fanselow and Dong, 2010). A study by Fuster-Matanzo and colleagues
demonstrated that the functional differences between the two DG poles are linked
to the time variation of the appearance of cognitive and behavioural decline
symptoms in various neurodegenerative diseases (Fuster-Matanzo et al., 2011).
Similarly, Kheirbek and Hen suggested that the granule cells present in the DG may
contribute to different functions associated with learning and emotion (Kheirbek and

Hen, 2011).

Based on these studies | decided to investigate whether the peptides are extensively
deposited in either of the two poles of the DG. The results obtained from our study
demonstrated that the Flu-RI-OR2-TAT and Flu-RI-OR2-NAG peptides are found
mainly in the ventral DG, whereas the BODIPY-PINPs are found more in the dorsal
DG. These differences between the peptides suggest the RI-OR2-TAT and RI-OR2-
NAG peptides can improve the behavioural changes that occur in patients with AD;
while PINPs peptide can recover the cognitive deficits of the disease. However, as the
peptides are detected in both regions of the dorsoventral axis of the DG (Figure
6.25.), this outcome suggests that the peptides may affect both of these functional
processes of the hippocampus. Further investigation of the distribution of these
peptides within the DG, along with behavioural tests that involve APP/PS1 transgenic

mice, are necessary to confirm such a finding.

6.5. Conclusions

The results generated from this study demonstrate that Flu-RI-OR2-TAT, Flu-RI-OR2-
NAG and BODIPY-PINPs are able to cross an intact and functional BBB and
accumulate in the cortex and hippocampus of the brain, regions that are primarily

affected in AD, as well as in the DG which contains a neuronal stem cell population.
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A main restriction of this study is the limited number of animals used, which also
explains the large error bars in some of the graphs presented. However, the pattern
observed in the total normalised intensities of the peptides correlates with other
studies presented in this thesis, or published by our research group. Examples
include the ability of Flu-RI-OR2-TAT to penetrate across the BBB in APP/PS1
transgenic mice (Parthsarathy et al., 2013), or an artificial BBB in the case of PINPs
(Gregori et al., 2017). Additionally, the lower fluorescence intensity observed with
the Flu-RI-OR2-NAG peptide compared to the Flu-RI-OR2-TAT peptide was also

observed in the cell penetration experiments presented in Chapter 3, Section 3.3.3.

One major finding of this Chapter is that the liposome-attached RI-OR2-TAT peptide
has an enhanced ability to cross the BBB compared to the RI-OR2-TAT free peptide
and control undecorated liposomes. Moreover, focusing on the therapeutic abilities
of the peptides, their accumulation in the DG of the brain suggests that they may be
able to stimulate neurogenesis in diseased brains, or reverse the toxic effects of AB
on neuronal stem cells, as well as improving both cognition and memory. This finding
also correlates with the ability of the peptides to enhance cell viability and
proliferation, in studies presented in Chapter 3, Section 3.3.2. using cultured SH-SY5Y

neuroblastoma cells.
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Chapter 7: Co-localisation of peptides with neuronal

and glial markers

7.1. Introduction

7.1.1. The study of co-localisation

The study of co-localisation can provide basic evidence on the structural and
functional characteristics of two antigens of interest. The co-existence of a signal at a
particular pixel location when examining multichannel fluorescence microscopy
images provides an initial clue of spatial overlap between the two fluorescent

antigens (Zinchuk et al., 2007).

There are many techniques used to identify the co-localisation of two biological
phenomena, which can be divided into qualitative and quantitative methods. The
gualitative approach involves the presentation of a merged image where co-
localisation is demonstrated by the colour change on colocalised pixels between two
fluorescent channels. The quantitative approach involves the statistical analysis of
the degree of co-localisation where the frequency of coincidental objects and the

interdependence of the two different channels is calculated (Manders et al., 1993).

7.1.2. Introduction on co-localisation analysis

Qualitative analysis can provide initial insights into co-localisation estimation.
Merged fluorescent images, colocalised pixel maps and scatterplots of pixel
intensities of each channel’s image demonstrate to some degree the co-localisation
of two objects (Dunn et al.,, 2011). On the other hand, quantitative co-localisation
analysis results in the generation of multiple coefficients that describe the degree of
co-localisation between two objects (Demandolx and Davoust, 1997). These
coefficients estimate the degree of co-localisation using specially developed

algorithms that have different sensitivity and applicability (Zinchuk et al., 2007).
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7.1.2.1. Pearson’s correlation coefficient (Rr)

Pearson’s correlation coefficient is widely used in pattern recognition and
determines the covariance and correlation of signal intensities between the two
channels. Pearson’s coefficient is not sensitive to the intensity of the background nor
to the intensity of the overlapping signals. Statistical values of Pearson’s coefficient
ranges from -1 to 1, where 0 indicates no significant or random correlation, -1
indicates total negative correlation and 1 refers to total positive correlation

(Manders et al., 1992; Manders et al., 1993; Zinchuk et al., 2007; Dunn et al., 2011).

7.1.2.2. Costes’ p-value

The Costes’” method calculates the Pearson’s correlation coefficient of the two
channel images and then tests the result in trials where the channel 1 image is
compared to the channel 2 image with scrambled pixel values. This process occurs
200 times to stimulate random overlap between the two images. The Costes’ p-value
is then generated, indicating the probability of real co-localisation in the original
image. In this study, the test must be passed at 95% confidence level to proceed to

further statistical analysis using alternative methods (Costes et al., 2004).

7.1.2.3. Manders’ overlap coefficient (R)

Manders’ overlap coefficient refers to the overlap of signals between the two
channels and therefore represents the true degree of co-localisation. Manders’
overlap coefficient is sensitive to the differences in background intensities but not to
the overlapping pixel intensities. Its values range from 0 to 1, where 0 means no
overlapping pixels, and 1 indicates high co-localisation (Manders et al., 1992;

Manders et al., 1993; Zinchuk et al., 2007; Dunn et al., 2011).

7.1.2.4. Manders’ colocalization coefficients (M1 and M2)

M1 and M2 colocalization coefficients demonstrate the input of each channel’s
image to the pixels of interests. More specifically, M1 describes the number of above
background pixels in the channel 1 image that overlap with above background pixels
in the channel 2 image. Respectively, M2 refers to the number of above background

pixels in channel 2 image that overlap with above background pixels in channel 1
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image. Thus, M1 and M2 are not sensitive to overlapping pixel intensities but they
are sensitive to background intensity. The coefficients’ values range from 0 to 1 and
can be expressed as a percentage where a value of 1 in both channels indicates 100%
co-localisation (Manders et al., 1992; Manders et al., 1993; Zinchuk et al., 2007; Dunn
et al., 2011).

7.1.2.5. Manders’ thresholded colocalization coefficients (tM1 and tM2)

This method of analysis is based on Costes’ p-value. Following determination of the
p-value, the method generates a scatterplot from the two analysed images and a
regression line between the two channels pixel distribution. The Pearson’s
correlation coefficient is calculated for all colocalised pixels on the regression line;
until the Pearson’s value reaches 0 indicating the threshold values for each channel
of certain images. Following determination of the threshold, the M1 and M2 values
are calculated yet, this time the pixels below threshold are ignored (Manders et al.,

1993; Dunn et al., 2011).

7.1.2.6. Scatterplots

Two-dimensional scatterplots can also be generated by computer software upon
analysis of co-localisation and demonstrate the distribution of the pixels according to
each image examined. The pixels intensity scale for the channel 1 image is presented
on the x-axis whereas the pixels intensity of the channel 2 image is represented on
the y-axis. Each pixel’s intensity value is used as point coordinate on the graph. Thus,
the more points at a specific location on the scatterplot, the brighter the location

becomes.
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Figure 7.1. Example of a 2D scatterplot.
The figure demonstrates (A) an example of a scatterplot designed by the alignment of pixels
from two fluorescent images, and (B) the four quadrants of a scatterplot. The red quadrant
indicates channel 1 pixels below threshold and channels 2 pixels above threshold. The green
quadrant demonstrates channel 1 and channel 2 pixels below threshold. The blue quadrant
shows channel 1 pixels above threshold and channel 2 pixels below threshold. The yellow
quadrant indicates channel 1 and channel 2 pixels above threshold. The regression line
reflects the ratio of the fluorescence between the two channels’ pixels (WWW, Image J:

Colocalization analysis).

7.1.3. Introduction to neuronal cells

7.1.3.1. Neurons

Neurons are the basic component of signalling in the brain that process information
through electrical signals or action potentials by the formation of synapses between
two neuronal cells. They are composed of the cell body (soma), dendrites, and an
axon that ends at the presynaptic terminals. The cell body of the neurons is
responsible for the metabolic processes associated with the cell while the dendrites
and the axon are responsible for signal transmission. More specifically, the many
dendrites on the soma of the neuron are responsible for receiving incoming
information, whereas the axon transmits the signal to the synapse to communicate

with a postsynaptic neuronal cell (Tanapat, 2013).
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7.1.3.2. Glial cells

Macroglial and microglial cells of the brain are responsible for the structural and
metabolic support of the neurons and maintenance of CNS homeostasis (Jessen and
Mirsky, 1980). The macroglial cells are classified as astrocytes, oligodendrocytes,
ependymal cells and radial glia. Astroglial cells support the metabolic balance of
extracellular ions and are involved in the exchange of substances in the brain by
assisting the BBB endothelial cells (Abbott, 2002). On the other hand, ependymal
cells form the epithelial layer that surrounds the choroid plexus, thus maintaining the
B-CSFB. Oligodendrocytes are responsible for the production of myelin that shields
and protects the neuronal axons and the formation of action potentials. Finally,
radial glia facilitate the migration of new neurons formed in the hippocampus and
have been also identified as precursor cells of both neurons and glial cells (Campell

and Gotz, 2002; Steindler, 2012).

As specialised macrophages, microglia are associated with the immune functioning of
the CNS. They present antigens on their cell-surface and secrete cytokines (Eglitis and
Mezey, 1997), and are involved in phagocytic procedures protecting neurons in the
CNS and interfering with the progression of various diseases (Wake et al., 2013).
Adult microglial cells have been identified to regulate synaptic elimination, cell
death, neurogenesis and neuronal surveillance and plasticity (Eyo and Dailey, 2013).
Thus, microglial deficiency may result in several psychiatric but also neurological

disorders (Wake et al., 2013), including AD.

7.1.4. Neuronal and glial cells markers

7.1.4.1. anti-GFAP: Astrocytes

Antibodies specific towards glial fibrillary acidic protein (GFAP) have been used as
markers for astrocytes. GFAP is a class-lll intermediate filament that provides
support to the astroglia by the formation of a network that controls their function,

shape and movement (Eng et al., 2000).
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7.1.4.2. anti-lba-1: Activated Microglia

lonized calcium binding adaptor molecule 1 (Iba-1) mRNA is specifically expressed in
microglia (Imai et al., 1996; Ito et al., 1998), thus antibodies targeting this protein
have been used in immunocytochemical and immunohistochemical studies to
identify activated microglial cells. This macrophage-specific calcium binding protein
embodies the actin-bundling activity and is involved in the membrane disruption and

phagocytic properties of activated microglia (Ohsawa et al., 2004).

7.1.4.3. anti-NeuN: Neurons

Antibodies recognising Neuronal Nuclei (NeuN) protein have been widely used in
immunohistochemistry as a tool to identify neurons in the CNS (Mullen et al., 1992).
NeuN has been identified as Fox-3, a protein that is expressed exclusively in neurons
and is involved in the regulation of mRNA alternative splicing and neuronal cell

differentiation (Kim et al., 2009).

In this Chapter, brain sections from WT mice were stained with anti-GFAP, anti-lba-1,
and anti-NeuN antibodies and counterstained with DAPI, and visualised on a Zeiss
LSM confocal microscope and images of the sections were acquired using the 63X
objective. The analysis of co-localisation is presented, with both qualitative and

guantitative approaches.

7.2. Methods

Fluorescent images acquired using confocal microscopy were converted into 8-bit
images and analysed for co-localisation between neuronal cell markers (red —
Channel 1) and fluorescent peptides (green — Channel 2) using plugins in Image J
software. The “Colocalization Test” was used to obtain the Costes’ p-value. The
“Colocalization Threshold” was used to generate a colocalised pixel map and a
scatterplot of colocalization of the two channels. Finally, the “Coloc 2” plugin was
used to calculate the Pearson’s correlation coefficient (Rr), Manders’ overlap
coefficient (R), Manders’ colocalization coefficients (M1 and M2), and Manders’
thresholded colocalization coefficients (tM1 and tM2).
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7.3. Results

7.3.1. Co-localisation of Flu-RI-OR2-TAT with cell markers in cortex, DG and

hippocampus

7.3.1.1. Evaluation of co-localisation with astrocytes (anti-GFAP)

Figure 7.2. Co-localisation of Flu-RI-OR2-TAT with astrocytes in cortex.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.3. Scatterplot of colocalised pixel map of Flu-RI-OR2-TAT with astrocytes in cortex.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.
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The scatterplot results demonstrate that there is some co-localisation between the
fluorescent intensities of the Flu-RI-OR2-TAT peptide and the astrocytes in the cortex
as the coordinates of the two channels demonstrate a tendency to align on a straight

line.

Figure 7.4. Co-localisation of Flu-RI-OR2-TAT with astrocytes in dentate gyrus.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.5. Scatterplot of colocalised pixel map of Flu-RI-OR2-TAT with astrocytes in
dentate gyrus.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.
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Similar to the cortex of the brain, the scatterplot shows that the Flu-RI-OR2-TAT

peptide co-localises with astrocytes in the DG of the hippocampal formation.

Figure 7.6. Co-localisation of Flu-RI-OR2-TAT with astrocytes in hippocampus.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.7. Scatterplot of colocalised pixel map of Flu-RI-OR2-TAT with astrocytes in
hippocampus.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.

Even though there is some association between the peptide and astrocytes in the

hippocampus of the brain, the degree of co-localisation is not as high as in the cortex
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and DG, as the coordinates of the fluorescent intensities locate further away from

the regression line compared to the previous regions examined.

Quantitative
Cortex Dentate Gyrus Hippocampus
coefficients
Costes’ p-value 1 1 1

Pearson’s Rr value 0.505 0.535 0.357
Manders’ R value 0.599 0.586 0.347
Manders’ M1 coefficient 0.785 0.874 0.908
Manders’ M2 coefficient 0.978 0.901 0.896
Manders’ tM1 coefficient 0.413 0.544 0.548
Manders’ tM2 coefficient 0.624 0.603 0.510

Table 7.1. Co-localisation coefficients of Flu-RI-OR2-TAT with astrocytes.
The table demonstrates the Costes’ p-value obtained from “Colocalization Test”, and the
Pearson’s correlation coefficient, Manders’ overlap coefficient, Manders’ colocalization
coefficients M1 and M2, and Manders’ thresholded coefficients tM1 and tM2 obtained from

“Coloc2”.

As all of the conditions examined demonstrate a Costes’ p-value of 1 | conclude that
there is co-localisation between the Flu-RI-OR2-TAT peptide and astrocytes in the
cortex, DG and hippocampus of the brain. Examination of the thresholded Manders’
coefficients suggest that there is 41% overlap of astrocyte intensity with the peptide,
whilst 62% pixels of the peptide intensity overlap with the astrocyte intensity in the
cortex. In the DG, 54% of the red pixels (astroglia) overlap with the green pixels (Flu-
RI-OR2-TAT), whereas 60% of the peptide’s pixels overlap with the astroglial pixels.
Finally, in the hippocampus, about 55% of the astroglial pixels co-localise with the
peptide’s pixels, whereas 51% of the peptide’s pixels co-localise with the red pixels

(astroglia).
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7.3.1.2. Evaluation of co-localisation with activated microglia (anti-lba-1)

Figure 7.8. Co-localisation of Flu-RI-OR2-TAT with activated microglia in cortex.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.9. Scatterplot of colocalised pixel map of Flu-RI-OR2-TAT with activated microglia
in cortex.

The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the

green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate

whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.

Examination of the scatterplot of colocalised pixels between the activated microglia
and Flu-RI-OR2-TAT peptide in the cortex, indicates that there is co-localisation

between the two channels as the coordinates align close to the regression line.
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Figure 7.10. Co-localisation of Flu-RI-OR2-TAT with activated microglia in dentate gyrus.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.11. Scatterplot of colocalised pixel map of Flu-RI-OR2-TAT with activated microglia
in dentate gyrus.

The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the

green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate

whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.

The scatterplot of colocalised pixels between the Flu-RI-OR2-TAT peptide and

activated microglia in the DG, demonstrates a strong co-localisation between the two

channels.

176



Figure 7.12. Co-localisation of Flu-RI-OR2-TAT with activated microglia in hippocampus.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.13. Scatterplot of colocalised pixel map of Flu-RI-OR2-TAT with activated microglia
in hippocampus.

The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the

green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate

whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.
Comparison of the scatterplot showing the co-localisation between the Flu-RI-OR2-

TAT and activated microglia in the hippocampus indicates that the peptide does co-

localise with the cell marker but not as strongly as in the DG and cortex.
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Quantitative
Cortex Dentate Gyrus Hippocampus
coefficients
Costes’ p-value 1 1 1

Pearson’s Rr value 0.616 0.687 0.599
Manders’ R value 0.605 0.635 0.539
Manders’ M1 coefficient 0.848 0.896 0.948
Manders’ M2 coefficient 1 0.991 0.988
Manders’ tM1 coefficient 0.660 0.711 0.681
Manders’ tM2 coefficient 0.877 0.868 0.775

Table 7.2. Co-localisation coefficients of Flu-RI-OR2-TAT with activated microglia.
The table demonstrates the Costes’ p-value obtained from “Colocalization Test”, and the
Pearson’s correlation coefficient, Manders’ overlap coefficient, Manders’ colocalization
coefficients M1 and M2, and Manders’ thresholded coefficients tM1 and tM2 obtained from

“Coloc2”.

The Costes’ coefficient demonstrates 100% co-localisation of the Flu-RI-OR2-TAT
peptide with activated microglia in the cortex, DG and hippocampus of the brain.
Examination of the thresholded Manders’ coefficients demonstrate that 88% of the
peptide co-localises with activated microglia in the cortex, 87% in the DG, and about
78% in the hippocampus. On the other hand, in the cortex, 66% of the activated
microglia pixels co-localise with the pixels of the peptide, 71% of red pixels (activated
microglia) co-localise with green pixels (Flu-RI-OR2-TAT) in the DG, whereas in the
hippocampus, 68% of activated microglia co-localise with the Flu-RI-OR2-TAT

peptide.
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7.3.1.3. Evaluation of co-localisation with neurons (anti-NeuN)

Figure 7.14. Co-localisation of Flu-RI-OR2-TAT with neurons in cortex.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.15. Scatterplot of colocalised pixel map of Flu-RI-OR2-TAT with neurons in cortex.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.

The scatterplot of colocalised pixels of Flu-RI-OR2-TAT and neurons in the cortex of
the brain indicates that, even though there is co-localisation between the two

channels, there is no strong connection between them.
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Figure 7.16. Co-localisation of Flu-RI-OR2-TAT with neurons in dentate gyrus.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.17. Scatterplot of colocalised pixel map of Flu-RI-OR2-TAT with neurons in dentate

gyrus.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the

green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.

The scatterplot of colocalised pixels between the Flu-RI-OR2-TAT and neurons in the

DG indicates that there is low correlation between the two channels.

180



Figure 7.18. Co-localisation of Flu-RI-OR2-TAT with neurons in hippocampus.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.19. Scatterplot of colocalised pixel map of Flu-RI-OR2-TAT with neurons in
hippocampus.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.

The scatterplot of colocalised pixels demonstrates that even though there is some
co-localisation between the Flu-RI-OR2-TAT peptide and neurons in the
hippocampus, there are also a lot of neurons that do not correlate with the peptide’s

green pixels, shifting the slope of the regression line towards the x-axis.
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Quantitative
coefficients
Costes’ p-value
Pearson’s Rr value
Manders’ R value
Manders’ M1 coefficient
Manders’ M2 coefficient
Manders’ tM1 coefficient
Manders’ tM2 coefficient

Cortex Dentate Gyrus Hippocampus
1 1 1
0.262 0.247 0.325
0.374 0.595 0.595
0.811 0.838 0.788
0.975 0.992 0.985
0.171 0.166 0.222
0.239 0.130 0.236

Table 7.3. Co-localisation coefficients of Flu-RI-OR2-TAT with neurons.

The table demonstrates the Costes’ p-value obtained from “Colocalization Test”, and the

Pearson’s correlation coefficient, Manders’ overlap coefficient, Manders’ colocalization

coefficients M1 and M2, and Manders’ thresholded coefficients tM1 and tM2 obtained from

“Coloc2”.

Even though the Costes’ p-value indicates that the Flu-RI-OR2-TAT peptide co-

localises with some neurons in the cortex, DG, and hippocampus of the brain,

examination of the thresholded Manders’ coefficients indicate that the correlation of

the two channels is low. In the cortex and hippocampus, 24 % of the peptide

overlaps with neurons, whereas in the DG, only 13% of the peptide overlaps with the

red pixels. Comparing the percentages of overlap between the red pixels (neurons)

and green pixels (Flu-RI-OR2-TAT peptide), there is 17% overlap in the cortex and DG,

and 22% percent overlap in the hippocampus of the brain.
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7.3.2. Co-localisation of Flu-RI-OR2-NAG with cell markers in cortex, DG and

hippocampus

7.3.2.1. Evaluation of co-localisation with astrocytes (anti-GFAP)

Figure 7.20. Co-localisation of Flu-RI-OR2-NAG with astrocytes in cortex.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.21. Scatterplot of colocalised pixel map of Flu-RI-OR2-NAG with astrocytes in
cortex.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.
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The scatterplot comparing the Flu-RI-OR2-NAG peptide and astrocytes co-localisation
in cortex demonstrates weak co-localisation of the peptide with the cell marker as

the slope of the regression line shifts towards the red pixels of the astrocytes.

Figure 7.22. Co-localisation of Flu-RI-OR2-NAG with astrocytes in dentate gyrus.

The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.23. Scatterplot of colocalised pixel map of Flu-RI-OR2-NAG with astrocytes in
dentate gyrus.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.
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Similar to the previous scatterplot, weak correlation is observed between the Flu-RI-

OR2-NAG peptide and astrocytes in the DG of the hippocampal formation.

Figure 7.24. Co-localisation of Flu-RI-OR2-NAG with astrocytes in hippocampus.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.25. Scatterplot of colocalised pixel map of Flu-RI-OR2-NAG with astrocytes in
hippocampus.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.

Even though the slope of the regression line comparing the fluorescent intensities of
Flu-RI-OR2-NAG peptide and astrocytes in the hippocampus is higher than the grade
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of correlation in cortex and DG, there is no strong co-localisation observed between

the two channels.

Quantitative
Cortex Dentate Gyrus Hippocampus
coefficients
Costes’ p-value 1 1 1

Pearson’s Rr value 0.644 0.426 0.630
Manders’ R value 0.700 0.327 0.623
Manders’ M1 coefficient 0.584 0.626 0.901
Manders’ M2 coefficient 0.999 0.939 0.976
Manders’ tM1 coefficient 0.031 0.537 0.727
Manders’ tM2 coefficient 0.073 0.725 0.728

Table 7.4. Co-localisation coefficients of Flu-RI-OR2-NAG with astrocytes.
The table demonstrates the Costes’ p-value obtained from “Colocalization Test”, and the
Pearson’s correlation coefficient, Manders’ overlap coefficient, Manders’ colocalization
coefficients M1 and M2, and Manders’ thresholded coefficients tM1 and tM2 obtained from

“Coloc2”.

The Costes’ p-value demonstrates that all of the peptides co-localise with astrocytes
in the cortex, DG and hippocampus of the brain. The thresholded Manders’
coefficients demonstrate that 7% of the Flu-RI-OR2-NAG peptide co-localises with
astrocytes in the cortex and 73% in the DG and hippocampus. On the other hand, 3%
of astrocytes co-localise with the FIu-RI-OR2-NAG peptide in the DG, 54% in the DG

and 73% in the hippocampus.
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7.3.2.2. Evaluation of co-localisation with activated microglia (anti-lba-1)

Figure 7.26. Co-localisation of Flu-RI-OR2-NAG with activated microglia in cortex.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.27. Scatterplot of colocalised pixel map of Flu-RI-OR2-NAG with activated
microglia in cortex.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.

The scatterplot showing the correlation of Flu-RI-OR2-NAG peptide and activated
microglia in the cortex of the brain, demonstrates strong overlap between the two

examined channels.
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Figure 7.28. Co-localisation of Flu-RI-OR2-NAG with activated microglia in dentate gyrus.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.29. Scatterplot of colocalised pixel map of Flu-RI-OR2-NAG with activated
microglia in dentate gyrus.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.

Investigation of co-localisation of the Flu-RI-OR2-NAG peptide and activated
microglia in the DG demonstrates some overlap of intensities between the two

channels.
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Figure 7.30. Co-localisation of Flu-RI-OR2-NAG with activated microglia in hippocampus.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.31. Scatterplot of colocalised pixel map of Flu-RI-OR2-NAG with activated
microglia in hippocampus.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.

Examination of the scatterplot demonstrates that the Flu-RI-OR2-NAG peptide co-

localises weakly with activated microglia in the hippocampus of the brain.
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Quantitative
coefficients
Costes’ p-value
Pearson’s Rr value
Manders’ R value
Manders’ M1 coefficient
Manders’ M2 coefficient
Manders’ tM1 coefficient
Manders’ tM2 coefficient

Cortex Dentate Gyrus Hippocampus
1 1 1
0.691 0.530 0.419
0.714 0.453 0.373
0.975 0.758 0.724
0.915 0.966 0.932
0.788 0.681 0.496
0.755 0.841 0.688

Table 7.5. Co-localisation coefficients of Flu-RI-OR2-NAG with activated microglia.

The table demonstrates the Costes’ p-value obtained from “Colocalization Test”, and the

Pearson’s correlation coefficient, Manders’ overlap coefficient, Manders’ colocalization

coefficients M1 and M2, and Manders’ thresholded coefficients tM1 and tM2 obtained from

“Coloc2”.

The Costes’ p-values demonstrates true co-localisation between the Flu-RI-OR2-NAG

peptide and activated microglia in the cortex, DG and hippocampus of the brain.

Evaluation of the thresholded Manders’ values indicate the 76% of the peptide co-

localises with activated microglia in the cortex, 84% in the DG and 69% in the

hippocampus of the brain. With respect to the fluorescence of the red channel, 79%

of activated microglia co-locate with the peptide in the cortex, 68% in the DG, and

50% in the hippocampus.
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7.3.2.3. Evaluation of co-localisation with neuronal nuclei (anti-NeuN)

Figure 7.32. Co-localisation of Flu-RI-OR2-NAG with neurons in cortex.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.33. Scatterplot of colocalised pixel map of Flu-RI-OR2-NAG with neurons in cortex.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.

The scatterplot demonstrates that the fluorescent pixels of the Flu-RI-OR2-NAG
peptide weakly overlap with the fluorescent pixels of the neurons in the cortex,
however the slope of the regression line is low due to the abundance of neurons in

the cortex of the brain.
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Figure 7.34. Co-localisation of Flu-RI-OR2-NAG with neurons in dentate gyrus.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.35. Scatterplot of colocalised pixel map of Flu-RI-OR2-NAG with neurons in
dentate gyrus.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.

Examination of the scatterplot between the Flu-RI-OR2-NAG peptide and neurons in

the DG of the brain shows weak overlap of the two channels’ images.
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Figure 7.36. Co-localisation of Flu-RI-OR2-NAG with neurons in hippocampus.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.37. Scatterplot of colocalised pixel map of Flu-RI-OR2-NAG with neurons in
hippocampus.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.
The regression line of the scatterplot comparing the Flu-RI-OR2-NAG peptide and

neurons in the hippocampus demonstrates that the peptide overlaps with the cell

marker to a higher degree than the rest of the brain regions examined.
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Quantitative
coefficients
Costes’ p-value
Pearson’s Rr value
Manders’ R value
Manders’ M1 coefficient
Manders’ M2 coefficient
Manders’ tM1 coefficient
Manders’ tM2 coefficient

Cortex Dentate Gyrus Hippocampus
1 1 1
0.295 0.100 0.367
0.245 0.146 0.562
0.627 0.491 0.644
0.939 0.964 0.991
0.416 0.247 0.253
0.480 0.498 0.539

Table 7.6. Co-localisation coefficients of Flu-RI-OR2-NAG with neurons.

The table demonstrates the Costes’ p-value obtained from “Colocalization Test”, and the

Pearson’s correlation coefficient, Manders’ overlap coefficient, Manders’ colocalization

coefficients M1 and M2, and Manders’ thresholded coefficients tM1 and tM2 obtained from

“Coloc2”.

The p-values resulted from the Costes’ randomization test demonstrate that the Flu-

RI-OR2-NAG peptide co-localises with neurons in the cortex, DG and hippocampus.

The results observed from the thresholded Manders’ coefficients indicate that 48%

of the peptide co-localises with neurons in the cortex, 50% in the DG, and 54% in the

hippocampus. On the other hand, 42% of neurons co-localise with the Flu-RI-OR2-

NAG peptide in the cortex and 25% in the DG and hippocampus of the brain.
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7.3.3. Co-localisation of BODIPY-PINPs with cell markers in cortex, DG and

hippocampus

7.3.3.1. Evaluation of co-localisation with astrocytes (anti-GFAP)

Figure 7.38. Co-localisation of BODIPY-PINPs with astrocytes in cortex.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.39. Scatterplot of colocalised pixel map of BODIPY-PINPs with astrocytes in cortex.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.

Investigation of the scatterplot demonstrates weak overlap of the pixel intensities

between the BODIPY-PINPs and astrocytes in the cortex of the brain.
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Figure 7.40. Co-localisation of BODIPY-PINPs with astrocytes in dentate gyrus.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.41. Scatterplot of colocalised pixel map of BODIPY-PINPs with astrocytes in
dentate gyrus.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.
Comparing the regression line from the scatterplot of colocalised pixels of BODIPY-

PINPs and astrocytes demonstrates that the two channels co-localise better in the

dentate gyrus rather than the cortex of the brain.
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Figure 7.42. Co-localisation of BODIPY-PINPs with astrocytes in hippocampus.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.43. Scatterplot of colocalised pixel map of BODIPY-PINPs with astrocytes in
hippocampus.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.

The scatterplot of colocalised pixels between the BODIPY-PINPs peptide and
astrocytes in the hippocampus of the brain indicates weak overlap between the two

channels.
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Quantitative
coefficients
Costes’ p-value
Pearson’s Rr value
Manders’ R value
Manders’ M1 coefficient
Manders’ M2 coefficient
Manders’ tM1 coefficient
Manders’ tM2 coefficient

Cortex Dentate Gyrus Hippocampus
1 1 1
0.319 0.558 0.341
0.150 0.492 0.194
0.731 0.875 0.795
0.881 0.865 0.797
0.578 0.747 0.577
0.641 0.651 0.512

Table 7.7. Co-localisation coefficients of BODIPY-PINPs with astrocytes.

The table demonstrates the Costes’ p-value obtained from “Colocalization Test”, and the

Pearson’s correlation coefficient, Manders’ overlap coefficient, Manders’ colocalization

coefficients M1 and M2, and Manders’ thresholded coefficients tM1 and tM2 obtained from

“Coloc2”.

The p-values observed from the Costes’ randomisation test indicate that the BODIPY-

PINPs co-localise with astrocytes in the cortex, DG and hippocampus of the brain.

Evaluation of the Manders’ thresholded coefficients indicates that 64% of the

peptide co-locates with astrocytes in the cortex, 65% in the DG and 51% in the

hippocampus. Relative to the red fluorescent pixels, 58% of the astrocytes co-localise

with the BODIPY-PINPs in the cortex and hippocampus and 75% in the DG of the

brain.
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7.3.3.2. Evaluation of co-localisation with activated microglia (anti-lba-1)

Figure 7.44. Co-localisation of BODIPY-PINPs with activated microglia in cortex.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.45. Scatterplot of colocalised pixel map of BODIPY-PINPs with activated microglia
in cortex.

The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the

green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate

whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.

The scatterplot indicates strong overlap between the BODIPY-PINPs and activated

microglia in the cortex of the brain.
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Figure 7.46. Co-localisation of BODIPY-PINPs with activated microglia in dentate gyrus.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.47. Scatterplot of colocalised pixel map of BODIPY-PINPs with activated microglia
in dentate gyrus.

The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the

green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate

whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.
Evaluation of the scatterplot of colocalised pixels demonstrates really strong

correlation between BODIPY-PINPs and activated microglia in the DG of the

hippocampal formation complex.
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Figure 7.48. Co-localisation of BODIPY-PINPs with activated microglia in hippocampus.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.49. Scatterplot of colocalised pixel map of BODIPY-PINPs with activated microglia
in hippocampus.

The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the

green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate

whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.

The scatterplot indicates strong overlap between the BODIPY-PINPs peptide and

activated microglia in the hippocampus of the brain.
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Quantitative
coefficients
Costes’ p-value
Pearson’s Rr value
Manders’ R value
Manders’ M1 coefficient
Manders’ M2 coefficient
Manders’ tM1 coefficient
Manders’ tM2 coefficient

Table 7.8. Co-localisation coefficients of BODIPY-PINPs with activated microglia.

Cortex Dentate Gyrus Hippocampus
1 1 1
0.701 0.824 0.605
0.698 0.842 0.620
0.806 0.923 0.740
0.993 0.886 0.988
0.677 0.800 0.642
0.806 0.774 0.758

The table demonstrates the Costes’ p-value obtained from “Colocalization Test”, and the

Pearson’s correlation coefficient, Manders’ overlap coefficient, Manders’ colocalization

coefficients M1 and M2, and Manders’ thresholded coefficients tM1 and tM2 obtained from

“Coloc2”.

Evaluation of the p-values from the Costes’ randomization test indicates that there is

true co-localisation between the BODIPY-PINPs and activated microglia in all of the

examined regions of the brain. The values resulting from the Manders’ thresholded

test indicate that 81% of the peptide co-localises with activated microglia in the

cortex, 75% in the DG and 76% in the hippocampus. On the other hand, 68% of

activated microglia co-locate with BODIPY-PINPs in the cortex of the brain, 80% in

the DG and 64% in the hippocampus.
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7.3.3.3. Evaluation of co-localisation with neurons (anti-NeuN)

Figure 7.50. Co-localisation of BODIPY-PINPs with neurons in cortex.

The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.51. Scatterplot of colocalised pixel map of BODIPY-PINPs with neurons in cortex.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.

The scatterplot resulting from the colocalised pixels of the BODIPY-PINPs and
neurons in the cortex of the brain demonstrates very weak overlap between the two

channels.
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Figure 7.52. Co-localisation of BODIPY-PINPs with neurons in dentate gyrus.
The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

Figure 7.53. Scatterplot of colocalised pixel map of BODIPY-PINPs with neurons in dentate

gyrus.

The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.

Similarly to the cortex, comparison of the pixels intensity between the BODIPY-PINPs

and neurons in the DG of the brain show only weak overlap.
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Figure 7.54. Co-localisation of BODIPY-PINPs with neurons in hippocampus.

The figure illustrates the (A) confocal image analysed, (B) pixel map where colocalised pixels

are shown as white. SB = 10 um.

—

Figure 7.55. Scatterplot of colocalised pixel map of BODIPY-PINPs with neurons in
hippocampus.
The scatterplot illustrates the threshold of the red channel on x-axis and the threshold of the
green channel on y-axis. The intensity of a given pixel in channel 1 is used as an x-coordinate
whereas the corresponding pixel’s intensity in channel 2 is represented as the y-coordinate.

The regression line of fluorescence ratio is also presented.

Data from the scatterplot comparing the colocalised pixels of BODIPY-PINPs and
neurons in the hippocampus indicate weak and random overlap between the two

channels.
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Quantitative
Cortex Dentate Gyrus Hippocampus
coefficients
Costes’ p-value 1 1 1

Pearson’s Rr value 0.085 0.095 0.184
Manders’ R value 0.102 0.535 0.291
Manders’ M1 coefficient 0.889 0.826 0.794
Manders’ M2 coefficient 0.995 0.868 0.972
Manders’ tM1 coefficient 0.271 0.251 0.263
Manders’ tM2 coefficient 0.057 0.043 0.240

Table 7.9. Co-localisation coefficients of BODIPY-PINPs with neurons.
The table demonstrates the Costes’ p-value obtained from “Colocalization Test”, and the
Pearson’s correlation coefficient, Manders’ overlap coefficient, Manders’ colocalization
coefficients M1 and M2, and Manders’ thresholded coefficients tM1 and tM2 obtained from

“Coloc2”.

The results of the Costes’ randomization test indicates that the BODIPY-PINPs do co-
localise with neurons in the brain. However, evaluation of the Manders’ thresholded
coefficients demonstrate that 6% of the peptide co-localises with neurons in the
cortex, 4% in the DG and 24% in the hippocampus. Relative to the channel 1 pixels,
27% of neurons co-localise with the BODIPY-PINPs in the cortex, 25% in the DG and

26% in the hippocampus of the brain.

7.4. Discussion

This Chapter presents a co-localisation study of Flu-RI-OR2-TAT, Flu-RI-OR2-NAG and
BODIPY-PINPs with neuronal and glial cells in the cortex, DG and hippocampus of the
brain. Previously published data by Parthsarathy and colleagues demonstrated that
the Flu-RI-OR2-TAT peptide co-localises with activated microglial cells in the brains of

APP/PS1 transgenic mice (Parthsarathy et al., 2013).

Peripheral administration of 100 nmol/kg of Flu-RI-OR2-TAT and Flu-RI-OR2-NAG
peptides and 4 umol/kg of BODIPY-PINPs results in BBB penetration after 1 h, as
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demonstrated in the previous Chapter (Chapter 6). Here, these peptides and peptide-
nanoparticles showed some co-localisation with astrocytes, activated microglia and
neurons in the cortex, DG and hippocampus of the brain, in WT mice with C57/BL6
background. The table below (Table 7.10.) represents a summary of the

colocalization study.

Brain Region Cell type Flu-RI-OR2-TAT  Flu-RI-OR2-NAG  BODIPY-PINPs
Astrocytes High Low Low
Activated
Cortex Moderate High High
microglia
Neurons Moderate Low Low
Astrocytes High Low Moderate
Activated
DG High Moderate High
microglia
Neurons Low Low Low
Astrocytes Moderate Moderate Moderate
Hippocampus | Activated
High Moderate Moderate
(CA1) microglia
Neurons Low Low Low

Table 7.10. Summary table of colocalisation between peptides and cells.
The table represents a summary of the colocalization between the three peptides (Flu-RI-
OR2-TAT, Flu-RI-OR2-NAG and BODPY-PINPs) and the cell types (astrocytes, activated

microglia, neurons) examined in the cortex, hippocampus, and DG of WT mouse brains.

The Flu-RI-OR2-TAT peptide demonstrated some tendency to co-localise with
activated microglial cells, as indicated in the previous study by Parthsarathy and
colleagues (Parthsarathy et al.,, 2013), in all regions of the brain that were
investigated in this study. The same property was observed with BODIPY-PINPs and
Flu-RI-OR2-NAG peptides, where they were mainly found inside activated microglia,
rather than astrocytes and neurons. Activated microglial cells function as immune
macrophages in the presence of cytotoxic compounds in the brain. This ability is also

evident when increased concentrations of AR are present in the brains of AD
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patients. More specifically, activated microglial cells tend to cluster around the senile
plagues in the brain and mediate inflammation pathways by the secretion of
cytokines and activation of macrophages to aid the clearance of AB (Mandrekar and

Landreth, 2013; Lai and McLaurin, 2012; Solito and Sastre, 2012;).

Previously published work on APP/PS1 mice by Parthsarathy and colleagues
supported that the presence of the Flu-RI-OR2-TAT peptide inside activated microglia
is due to the attachment of the peptide to A fibrils, as the activated microglial cells
are responsible for the active take up of amyloid by phagocytosis resulting in the
clearance of AB from the brain (Paresce et al.,, 1997). As the Flu-RI-OR2-NAG and
BODIPY-PINPs were found colocalised with activated microglial cells, there is the
likelihood that these peptides can retain this property. However, further
ultrastructural studies and colocalisation examination with an AP marker are
required to confirm this. Additionally, as the peptides co-localise with astrocytes, this
further supports the fact that the peptides can penetrate across the BBB, since
astroglial cells are located close to the BBB (Abbott, 2002) and structurally support
the tight junctions formed by the endothelial cells, controlling the access of

substances crossing from blood to the CNS.

The mechanism by which the peptides are inserted inside the cells was not
investigated in this project. With reference to the Flu-RI-OR2-NAG, the peptide was
formulated with the NAG transit sequence so as the inhibitor can utilise the glucose
transporters that are located at the BBB (GLUT1) (Bell et al.,, 1990) to penetrate
inside the brain, and the GLUT3 transporters on the membrane of neurons (Bell et
al., 1990) and NAG transporters expressed at the Golgi complex of the cells (Abeijon
et al., 1996) to penetrate inside cells. On the other hand, the TAT sequence of the RI-
OR2-TAT inhibitor has been widely used as a transit sequence enabling a diversity of
molcules across the BBB (Dietz and Bahr, 2004; Ramanathan et al., 2001); and this
activity was also proven to be retained in the retro-inverso version of the TAT
sequence (Repici et al., 2007; Zhang et al., 2009). However, the exact mechanism by
which the TAT sequence enables the penetration of compounds inside cells remains

unclear (Zhang et al., 2009).
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7.5. Conclusions

The results from this study have demonstrated that Flu-RI-OR2-TAT, Flu-RI-OR2-NAG
and BODIPY-PINPs are found mainly inside or in association with microglial cells,
rather than astrocytes and neurons in the cerebral cortex, DG and hippocampus of
the brains of WT mice acutely injected i.p. with 100 nmol/kg of the free peptides and

4 umol/kg of the peptide-decorated liposomes, after 1 h.

One of the limitations related to this study is the absence of a vascular marker in the
brain. Endothelial cells in the brain comprise the microvasculature, which along with
the astroglial cells, form the BBB in the CNS (Abbott, 2002; Tanapat, 2013). Co-
localisation of the peptides with vascular endothelial cells would further confirm that
they are able to cross the BBB and deposit in the brain. Additionally, as the
acquisition of the images (63X objective) for this study was performed at the same
time as the images acquired for the BBB penetration study (40X objective), the
sections exhibited partial photobleaching that might have interfered with the
statistical analysis of the study, even though the majority of the colocalization tools
employed in this Chapter are independent of the channels’ and background

intensities.

With a therapeutic focus, the study further supports findings that the peptides can
cross an intact and functional BBB, as demonstrated previously in Chapter 6.
Additionally, the ability of the peptides to co-locate with activated microglia indicates
that they may be involved in the clearance mechanisms responsible for removal of

AB from the brains of diseased individuals.
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Chapter 8: Final discussion and further work

8.1. Background

AD is the most common neurodegenerative disease, affecting mainly elderly
individuals, and is characterised by the accumulation of extracellular senile plaques
containing the AB peptide, and intracellular neurofibrillary tangles composed of
hyperphosphorylated tau protein (Bird, 2008). Currently, AD is considered as an
epidemic since 46.8 million people worldwide are believed to be affected by the
disease, or by a related dementia, a number that is expected to increase to 74.7
million by 2030 and 131.5 million by 2050. It is estimated that a new case of

dementia occurs every 3.2 sec (WWW, BrightFocus Foundation).

8.1.1. Drugs targeting the AB aggregation pathway

AB pathology is a central component in AD. Accumulating research evidence has
supported the hypothesis that AB oligomerisation and fibrillogenesis are crucial and
primary pathogenic events in AD (Lansbury and Lashuel, 2006; Haass and Selkoe,
2007; Walsh and Selkoe; 2007). It was originally proposed that the mature end-
products of the AB aggregation process, the amyloid fibrils which are present in the
senile plaques of the brain, are the primary neurotoxic factors that are associated
with the progression of the disease (Hardy and Allsop, 1991). However, later studies
on AD have supported the idea that the early nonfibrillar aggregates, known as the
soluble oligomers, are the main pathogenic components that are partly responsible
for neurodegeneration and neuronal cell death in the brains of diseased individuals
(Hardy and Selkoe, 2002). Oligomeric forms of AR are now thought to be more toxic
than the mature fibrils (Klein et al., 2001; Hardy and Selkoe, 2002; Varvel et al.,
2008), consequently resulting in the potent memory and learning deficits (Chromy et
al., 2003; Bitan et al., 2003) as well as cognitive impairment (Tomic et al., 2009), that

are the main symptoms of the disease.

Therefore, the invention and development of drugs that directly inhibit the very early

stages of the aggregation process, rather than the late stages of amyloid fibril
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formation, is considered to be a viable therapeutic strategy for slowing or even
halting the progression of AD. Many studies have been performed in recent years in
order to develop new drugs that target the formation, clearance or aggregation of
AB, with all of them proven to be ineffective (Mangialasche et al., 2010). Several of
these inhibitor drugs target the B-secretase (Klaver et al., 2010) and y-secretase
(Wolfe, 2008) proteolytic enzymes that are both involved in the production of AB
from the APP protein (LaFerla et al., 2007). Both approaches have resulted in various
side effects in patients, as both enzymes have substrates other than APP (Gandy,

2005).

8.1.2. Other approaches used in drug development

Various other approaches to drug development, such as direct immunisation with
AB, or passive immunisation with anti-AB antibodies, have also failed to progress in
clinical trials, often due to adverse side effects, including activation of brain
inflammatory responses that result in microhaemorrhages (Sperling et al., 2012) and
the development of meningoencephalitis (Gilman et al., 2005). In particular, studies
based on passive immunisation with anti-AB antibodies have resulted in the
development of Bapineuzumab (Johnson and Johnson) and Solanezumab (Elli Lilly),
both of which failed in late-clinical trials, as they did not demonstrate any improved
cognition in mild-to-moderate AD (Sperling et al., 2012; WWW, ClinicalTrials.gov).
One more promising discovery, Curcumin, has demonstrated inhibition of AP
aggregation (Yang et al., 2005), but is unsuitable as a drug candidate because it

exhibits poor bioavailability and biodistribution.

Currently, four drugs are approved for use in patients with AD. However, the three
acetylcholinesterase inhibitor drugs Galantamine, Donepezil and Rivastigmine, and
the NMDA receptor antagonist drug Memantine, temporarily alleviate the symptoms
of AD but do not have a major impact on disease progression (Inglis, 2002; Areosa et
al., 2006; Schneider et al. 2011). Consequently, there is an urgent need to develop
more effective drugs that prevent, delay the onset, slow the progression, or more

effectively improve the symptoms of AD.

211



8.1.3. The RI-OR2 peptide-based aggregation inhibitors

Published data by Parthsarathy and colleagues (Parthsarathy et al., 2013)
demonstrated that the RI-OR2-TAT peptide inhibits A oligomer and fibril formation,
as well as blocking their toxic effects in vitro using cultured SH-SY5Y human
neuroblastoma cells. This peptide inhibitor was also found to cross the BBB and bind
to amyloid plaques and activated microglial cells in the cerebral cortex of APP/PS1
Alzheimer’s transgenic mice, following its peripheral administration (100 nmol/kg)
once per day for 21 days. Data from the same research also showed that the RI-OR2-
TAT peptide inhibitor was able to reduce amyloid deposition, oxidation and
inflammation, yet also stimulate neurogenesis in the DG of the same mouse model of

AD (Parthsarathy et al., 2013).

The incorporation of the retro-inverted version of the HIV-1 ‘TAT’ sequence on the
former developed peptide, RI-OR2 (Taylor et al., 2010), was aimed at targeting the
peptide into the brain. The TAT sequence has previously been shown to enable a
variety of different molecules to cross the BBB (Dietz and Bahr, 2004; Ramanathan et
al., 2001); an activity that was proven to be retained in the retro-inverso version of
the TAT sequence (Repici et al., 2007; Zhang et al., 2009). In RI-OR2-TAT, the retro-
inverso TAT sequence was integrated so that the protease resistance of the whole

molecule was maintained (Parthsarathy et al., 2013).

However, one problem associated with the use of the TAT sequence is that the
peptide is not targeted selectively to the brain, possibly resulting in various adverse
peripheral side effects. This limitation of the RI-OR2-TAT peptide as well its effect on
the level of AP aggregation could be improved by using a more brain-selective
delivery mechanism, ideally in a combination with a more potent inhibitor. An
approach that was suggested by Parthsarathy and colleagues to increase the potency
of RI-OR2-TAT against AP aggregation, was to attach the peptide onto the surface of
lipid nanoparticles, to produce a multivalent inhibitor (Parthsarathy et al., 2013). The
resulting PINPs have been studied as part of this project. Another approach taken
here is to use NAG as an alternative targeting mechanism to TAT, in an attempt to

develop a new more brain-selective version of the RI-OR2 aggregation inhibitor.
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8.2. Findings of the study

The scope of this PhD thesis project was to develop a new peptide inhibitor, RI-OR2-
NAG, as an alternative anti-aggregation peptide to RI-OR2-TAT. Additionally, this
project was aiming at determining whether RI-OR2-TAT, RI-OR2-NAG and PINPs, are
able to penetrate across an intact and functional BBB, and investigate the
accumulation of the peptides in the brain and distribution in other body tissues of

WT mice with C57/BL6 background following their peripheral administration.

8.2.1. Penetration across an intact BBB

The ability of RI-OR2-TAT and PINPs to cross the BBB have been assessed previously.
Parthsarathy and colleagues have demonstrated that the RI-OR2-TAT peptide was
able to cross the BBB of APP/PS1 transgenic mice (Parthsarathy et al., 2013). On the
other hand, PINPs can penetrate an artificial BBB composed of a hCMEC/D3 human
brain endothelial cells monolayer (Gregori et al., 2017). In this project, RI-OR2-TAT,
RI-OR2-NAG and PINPs have been shown to penetrate a dynamic and functional BBB,
1 h after peripheral administration of 100 nmol/kg of the free peptides and 4
umol/kg of the PINPs.

The PINPs demonstrated significantly improved results compared to the two free
peptides, RI-OR2-TAT and RI-OR2-NAG, indicating that the attachment of the RI-OR2-
TAT peptide onto the surface of nanoliposomes favours the penetration of the
peptide into the brain. This property of the PINPs can be partly attributed to the
“stealth” characteristics of PEGylated liposomes, and also to the naturally occurring
outer lipid membrane layer of this type of nanoliposome device that facilitates
penetration across cell membranes and biological barriers (Szoka and

Papahadjopoulos, 1980).

In the case of the RI-OR2-NAG peptide, it was believed that incorporation of the NAG
transit moiety onto the RI-OR2 could possibly target the peptide to the brain more
effectively and selectively than the TAT transit sequence of the RI-OR2-TAT peptide.
By utilising the glucose transporters located at the BBB (GLUT1) and on the
membranes of neurons (GLUT3) (Bell et al., 1990), as well as the NAG transporter
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(SLC35A3) expressed at the Golgi complex of cells (Abeijon et al., 1996), the RI-OR2-
NAG peptide should penetrate the BBB of the CNS and accumulate inside the brain.
Even though this study has demonstrated that the RI-OR2-NAG peptide is found
inside the brain, it was present at lower concentrations than RI-OR2-TAT and PINPs,
suggesting that NAG-facilitated transport across the BBB is less effective than the

TAT transit system.

8.2.2. Distribution and excretion of the peptides

Luminex technology was used to identify the distribution of the peptides in the body
of WT mice, 1 h following their peripheral administration by i.p. injection. RI-OR2-TAT
showed a a relatively high concentration in the stomach compared to other tissues of
the mice, which is possibly due to the primary absorption metabolism by the liver
and distribution through the general blood circulation. The peptide was also
detected at significantly higher concentrations in the small intestine, indicating a
possible mechanism of elimination through bile secretion. The peptide could either
then be excreted through the faeces or reabsorbed back into the systemic circulation
by the intestinal mucosa of the small intestine (Roberts et al., 2002). These findings
are also supported by the detection of the peptide in the liver, and its absence from

the kidneys.

With respect to RI-OR2-NAG, this peptide was primarily detected in the small
intestines of the mice, and also in the kidneys. This suggests that the peptide was
already subjected to bile secretion and possibly reabsorbed by the intestinal mucosa
into the blood circulation for distribution and elimination through the kidneys by
urine (Roberts et al.,, 2002). A similar distribution was observed by the PINPs.
However, these results should be interpreted with great caution due to the

limitations in effectively developing sensitive assays for detection of these peptides.

One of the most important findings of this study is, however, that the peptides were

detected at low levels in the brains of the mice, supporting the idea that they can

penetrate across the BBB from the blood circulation and enter the brain.
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8.2.3. The anti-aggregational properties of the peptides

Previously published data on RI-OR2-TAT showed that the peptide was able to inhibit
AP aggregation up to a molar ratio of 1:5 (inhibitor to AB) as demonstrated by the
ThT assay (Parthsarathy et al., 2013). On the other hand, Gregori, Taylor and
colleagues have demonstrated that the attachment of the peptide onto the surface
of the liposome induced a dramatic improvement in the ability of the peptide to
inhibit the aggregation process. As demonstrated by ThT data, the peptide inhibited
50% of the aggregation at a molar ratio of 1:50 of lipid to AB, or more specifically at a
molar ratio of 1:2,000 of RI-OR2-TAT to AB, as the surface peptide comprises 2.5% of
the total lipid (Gregori et al., 2017). More importantly, the peptide demonstrates
about 25% inhibition even at a molar ratio of 1:5,000 lipid to AB or 1:200,000 RI-OR2-
TAT to AB (Gregori et al., 2017).

The explanation for this increase in potency of the PINPs peptide relative to the free
RI-OR2-TAT peptide can be partly attributed to the presence of multiple copies of the
RI-OR2-TAT peptide on the surface of the nanoliposomes, allowing the simultaneous
interaction of the peptide with many sites on aggregated AB (Figure 8.1.) (Gregori et
al., 2017). This idea is supported by previous work with tetrameric dendrimers of the
KLVFF peptide, which are much more potent and effective than the monomer at
inhibiting AB aggregation (Chafekar et al., 2007). Thus, in the case of PINPs, multiple
copies of the KLVFF sequences should also result in a more potent inhibitor. Another
possible explanation for the high potency of PINPs could be associated with the
highly positive electric charge of the TAT region of the peptide. The RI-OR2-TAT
peptide contains several positively-charged amino acids, and multiple copies of this
peptide on the surface of the liposomes could help to attract and bind the AR

peptide by electrostatic interactions (Figue 8.1.) (Gregori et al., 2017).
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Figure 8.1. Possible mechanisms of action of PINPs.
The figure illustrates the possible mechanisms by which the PINPs peptide inhibits the
aggregation of AB. The retro-inverted “ffvik” peptide of the free RI-OR2-TAT peptide is
designed to interact with the “KLVFF” sequence(s) of the (A) oligomeric and (C) monomeric
AB. It is also possible that the A8 interacts with the positively charged TAT sequence of the
peptide (B), and once captured, the AB molecules are inserted into the lipid bilayer of the

liposomes.

With respect to RI-OR2-NAG, this peptide proved to be a more potent inhibitor of AB
aggregation than RI-OR2-TAT peptide, in the ThT experiments reported here. Even
though the main binding region (retro-inverted ffvlk) is identical between the two
free peptides, there is a possibility the the attachment of the NAG sequence to the
main RI-OR2 peptide enhances the binding affinity of the peptide to the native AB by
altering the conformation of the three-dimentional peptide structure. Consequently,
the attachment of the RI-OR2-NAG peptide onto the surface of lipid scaffolds would
possibly result in a better peptide inhibitor than the PINPs, and also exhibit the
advanced brain and cell penetration properties of the nanoliposomes (Szoka and

Papahadjopoulos, 1980). However, these hypotheses need to be further examined.
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8.3. Limitations of the study

The main limitation of the study is related to the administration of the peptides
which was performed intraperitoneally. Ideally, the study of drug distribution should
be conducted by administering the compounds intravenously. In that case, the
peptides would avoid the first pass metabolism effect and enter the circulation as
unchanged compounds where they exhibit 100% bioavailability (Shargel and Yu,
1999) allowing the accurate qualification of distribution and metabolism of the

peptides.

Another significant limitation of the project is the limited number of animals used in
the BBB penetration study (Chapter 6). The small number of animals treated with
each peptide inhibitor has resulted in large error bars during the statistical analysis of
the experiments, that do not allow the effective comparison on the deposition of the

peptides within the cortex, hippocampus and DG of the normal brain.

Additionally, another restriction of this study is the likelihood of inaccurate
guantification of the distribution of some of the peptides in the tissues by the
immunoassays employed for this purpose (Chapters 4 and 5). The lack of sensitivity
of the developed assays for the Flu-RI-OR2-NAG and PINPs peptides in particular, has
probably resulted in fallacious determination of the concentrations of the peptides in
different tissues. However, the observed pattern of tissue distribution is probably
accurate for the Flu-RI-OR2-TAT, although comparison between peptides is
problematic. In general, the Luminex technology is more sensitive compared to other
assay-based techniques, particularly to the ELISA assay that was used for detection of
the PINPs peptide. However, there are various potential problems with optimisation
of an assay for detection of the PINPs peptide, including the adhesion of this lipid-
bound peptide to the Luminex plate filter, poor biotinylation of the detection

antibody, and the use of non-matched antibody pairs.
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8.4. Future work

With reference to the limitations of this study, future research should include the
administration of the peptides intravenously to study the biodistribution of the drugs
(Shargel and Yu, 1999), as well as other possible routes of administration. Of
particular interest, is the possibility of intranasal administration of the peptides or
peptide-liposomes to facilitate immediate absorption into the brain, avoiding also
the metabolism of the peptides upon absorption by barriers other than the BBB.
Additionally, examination of variable durations of treatment would provide
information on the half-life of the peptides, as well as elimination rate and other

important pharmacokinetic factors.

With respect to the detection of the peptides, alternative antibodies could be tested
for the Flu-RI-OR2-NAG and BODIPY-PINPs assays, in order to develop more sensitive
methods that would more accurately quantify the tissue-specific distribution of these

peptides.

8.5. Final conclusion

Reflecting on the hypotheses and aims of this thesis project, the RI-OR2-TAT, RI-OR2-
NAG and PINPs peptides proved that are able to cross a dynamic and intact BBB
(Chapter 6) and were found colocalised with major neuronal and glial cells in the
cortex, hippocampus and DG of the mouse brains (Chapter 7). Regarding the
properties of the two free peptides, the RI-OR2-NAG demonstrated more potent
inhibition of AP fibrillogenesis compared to RI-OR2-TAT, showed no toxic effects on
cultured neuroblastoma cells, yet displayed slower penetration inside cells (Chapter
3) in contrast to RI-OR2-TAT that has previously shown deposition in cells within 10

min of incubation (Parthsarathy et al., 2013).

On the other hand, the attempt to study the bio-distribution and possible elimination
routes of the Flu-RI-OR2-TAT, Flu-RI-OR2-NAG and BODIPY-PINPs peptides was not

achieved (Chapter 5). The main reason of failing to demonstrate these properties of
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the peptides was the inaccurate development of detection assays for Flu-RI-OR2-
NAG and BODIPY-PINPs (Chapter 4), as well as my incabability of applying an
intravenous administration of the peptides. The i.p. administration of the inhibitor
peptides resulted in their decreased bio-availability due to the “first-pass” effect

occurring prior their absorption in circulation and tissue distribution.

In conclusion, the attachment of the RI-OR2-TAT peptide onto the surface of lipid
nanoparticle scaffolds has resulted in the generation of a potent and multivalent
inhibitor of the AP aggregation process which also exhibits improved BBB
penetration properties. Since the RI-OR2-NAG peptide appears to be a better
aggregation inhibitor than RI-OR2-TAT, the attachment of RI-OR2-NAG onto
liposomes could be particularly beneficial. This would confer on the liposome-
attached RI-OR2-NAG peptide the unique features possessed by the nanoliposomes,
including targeted delivery into the brain, stealth properties to avoid the immune

system, and increased bioavailability and circulation times.

Finally, we are currently working on a collaborative project with the University of
Eastern Finland and the University of Rome “La Sapienza”. It has been demonstrated
that young APP/PS1 mice exhibit epileptic spiking due to the presence and
accumulation of AB in the brain; an effect that is not observed in WT mice
(Minkeviciene et al.,, 2009). This project involves the investigation of brain
biomarkers following i.p. administration of 100 nmol/kg of RI-OR2-TAT peptide once
per day for 21 days in 3 months old APP/PS1 transgenic mice. More importantly
though, epileptic electroencephalogram (EEG) recordings of the cortex and
hippocampus of the mice will be performed to investigate the effects of RI-OR2-TAT
on normalisation of epileptic EEG. The recordings will be performed once per week
and compared with a baseline EEG recording in treated and untreated APP/PS1

transgenic mice.

Of particular interest here, no peptide-based inhibitor targeting the AB aggregation
process has been tested yet in any advanced clinical trial (Taylor et al., 2010;

Parthsarathy et al., 2013). | believe that our peptide inhibitors, PINPs, RI-OR2-TAT
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and RI-OR2-NAG, show encouraging results; and further studies and development of
the peptides will hopefully enable them firstly to enter human clinical trials and
ultimately to be used as an early-intervention disease-modifying therapy to slow or

event prevent the clinical symptoms of AD.
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and nevrofibrllay tngles comsismg of hyperphos phoryl sed. Tau
protein. However, Al oligomens are now thought do he the most
toxic £m of this peptide, with a polenit alilily o cause memory
deficits, and inhibition of ol gomes formaton i a2 podential Sotegy
for disease maodification terpy.®™ It is dso peneally fought
that Tan aggregstin is a downsiream omsequence of AR
aggremtion ” The most advanced clinical triak aimed af disease
mach fication in AD are hased on drugs tarpeting the podudion or
c'lﬂ'm-::cf.ﬁ.llm

Pl oot e P e B e (gt WL o @], Retres A sy purpprlites il B S Ticleaa S praesr ik iee of sge gatea of B ALz s A peplite.
Nosowiclioing: NEMW 200 T;13-T23-T32, Rt dind o1 01, 001 &) s 2000 & 10LEDS
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We have published dsia on a sl pephde (OR2 = H,N-
ROGKLVFRIR-NH ) that mhibits the Hrmetion of AR oligrmes
and firils"" RIA0R2 & & much mom stabile rawm-inverisd vemsion
af this peptide.” The addition of retro-imeried TAT" HIV
od l-penetralmy; peptide ) to REOBR2 alkows 1 to ener aells and oroess
the bkod-hom hems (BER). " Tretmendt of APPawePS1AES
tramsganic mice with BI-ORZ-TAT cased reducton of ham A
huxlen (ohgomes moluded), ralucton of numbers. of activalal
mmicxrghal aells, and am 1 m the her af young m
the dentae gyree " However, REORZTAT anly mhibits A
appregstion when present ai relstively high concentrabions (e, 1:5
milar ratio of inhibior Af at best)."?

In recent yeams, there has hean & growmng inkenes m the use of
lhipemaomes a5 camas o therapeutic sants, hecause of ther
atiractiye charaders tics, such & hiocompat i iy, hiodegradainl wy,
andl chemmical and physicel stability.™ Momover, lijxsames cn
he mubi-finctionahzd on ther surface, and it has been shown
tha mult-ligpnd demmatal nexsydeams can be mone dfcent
{commpenal do single hgand sysbams ) & reagnizang ther molecular
m." In the present stdy, we have orvalently attsched
REDRZ-TAT fo manalipesomes (ML) using “chck” chemistry.
We show fhat very low concentratons. of thess peplide inhnbitor
manaoperticles (FIMPs) weare requizsd o inhibit the appregstion of
AP and i protect cubivred SHEY -5 cells from fhe toxic efisct of
pre-agrpmegded A 5. Morenver, they were efficient ai orossing an in
vitr BEB model, eniemd fhe brams of hashibny mice, and protected]
aprina memery ks m APPowy: transgemic mice.

Methodds
Maserals

Chermical reagenits and Sephamse 4B-CL. were fom Sigme-
Aldrich. Bovine brain sphingamyeln (Sm), chalestem] {Chol) and
1, 2edl i eamyyl - <l yoeron3 phosphoeth anal armme.M <[] emid

{pal yeiind ene ghyan)-2000 ] (mabPEG-PE jwane fiom Avanti Polar
Lagvicks Imc.., USAL [H S, [ *Hl-propranalal, [0 bsuaroes, Ltms
Ciokl santil stion cocldsil and sol vahle tissue solubil trer weare from
PeriinElmer {Waltham, MA, USA)L [“CHChol was provided by
Cuotien Bawesearch Lid. Pohwarhonate fliers for liposomes
extrusim ware fom Millipore Corp., Bedford, MA, LUSA and the
extnular was Fom Lipex Biomembranes, Vanaaver, Canads,
Reammbmant Af]-4Z, Liopure was fom rPeptde, Bogas,
Ceorga, USA. All obher chamcals were resgent. grade.

Froduction af NI. derorated with RIIRZ-TAT (FINPs) by
click chemistry

NL ware aympased of SmiChal {1:] molar o) mixed wih 5
maler % of malk-PECG-PE. Lipids were reaspended i chl anofonm’
meathamal 211, vov) and dried under & genile stream of mitrogen. The
resulting film was resuspended i PBE, pH 7.4, vorexed and
extruded 10 times through a 100 nm pore pol ycarbonade Alter
under ) har nirogen pressune, af room femperaiure, 1o crests
LI {umad ecorated) 15 In ander i covalenily attach the
peptile o these Iposomes, an addmional cysleme residue was
momporaied ai the C-erminus. ML were mouhated with ths
peptelefor2 h 2t 37 *Cand then ovemnight at 4 *C to ohixin PINPs.
Ty resmove unhoumd pegeti e, the Bposome suspension was passal

through a Sepharose 4 B colurm (25 % 1 cm). The ehawmn af
PINPs was mzessed by dynamic light scatering (DLE) and the
amount of peptide hoamd o hpasomes was. g uan tified by Bradfosd
amay. " Plesphalipid recovery was deemmined by the methad aof
Stewart

NI. characierzagon

Thesize md palydepearsity of N Lweare messamed at 25 *Cwmga
ZetaPlus particle sizer (Brooldeven Instrumenis Copomdion,
Haoltadlle, MY, LIEA) The particle st was msesed by DLS with
a 652 mn bmer, and pohydispenity mdex was obbrmer from the
e sty auloarmelaion fmctonofithe hight scaliersd o a fxedangle
alf 9F.

The ML were ako analysal by we of 2 Manosight machine
(NanoSight Ltd, Mmton Pak, Ameshury, UK) with ML
suspended i PBE, pH 74, and measumed ai 25 =,

AR apgrepagon amays

These were perfimmed wng desseded .|'|.|'.'||.|z.'2

THT Vs wem ducted m 3Bd-well, clearhotinmed
mmicrobiire plates, with 25 pM AR, 4o, 15 pM ThT, and a range
of concentrations. of PINPs, in 10 mM PEE, pH 7.4, with a iotal
reaction volume of 60 pl. Aggrempstion was monitoned wming a
BioTek Synergy plaie reader (k= 442 nm, b, = 453 nm)
over 45 h &t 30 *C, with the plate hemg shaken and read every
10 min The results show average data from one of two
experiments, each of which was performed m tiplicate. Contral
assays imvalving incuba tion of pre-aggregated A (moubaded st
25 uM for 24 h) with ThT in the presence ofeach inhibitor ruled
oul the possihility that the mhibitons mierfere with bindmg of
THT to fibrils. '?

For the sandwich mmmunoessxy, Al aligomens wes captumd
by monockmal antibody GE10 an«d detesterd] by abiotin ylated fom
af the same antibody.'” Briefly, Sawell plates (Maxisorh) wers
onied with GE10, dilded 1:1000 in assay buffer {Trshuffenal
=lme (THE) @H 7.4), comtaming 0,05 y-globuling and 0L005%
Tween 20). The mcouhste] samples of pephde, with or without
lipemame {12.5 uM AR and & series of dilutions of FINPs m PBS,
pH 7.4, & 25 *C), were diluted 0 1 pM AR md mouhsted, m
triplicate, in the 96ewd] plaies for 1 hat 37 °C The plaies were
washed with 10 mM PBE, contximing (.53 Tween 20 (PBS-T).
Falkmwing this, 100 pl. of TBS comtaming 1:1000 hiotn ylsted
GE 10 was adkleal and the plaes were mcubated for ] hat 37 %C and
washed Evropium-linkal streptavidin wes sdded st 1: 500 dikdion
m SirepE buffer (TBS contxinmg 20 pM DTPA, 0.5% bovine
semum albumin, and 0.05% yglobulms), moubaded for 1 h, and
washed. Enhancer salution was addead, and the plates were read an
a Wallac Vicior 2 plate reader. The results shown ane ayerage dats
from ane of two expermments, each peafirmed m tphcae.
Pro-apregsied peptide controks muled o the possiility that the
inhibtors Block bnding of 6E10 40 AR
Aromic foroe micrascopy [AFM)

Al was incubaded &t 25 uM m the presence or shsence af
1.25 uM PINPs {iota] lipik) m PBES, pH 7.4, for 24 h Samples

were diluted 1:101n PBS and a 2 plaliuot wes deposital omio a
mica surfrs aated with paly-Lelysine (PLLY™ amd allowed o
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Figure [ Prepamation and chaacterizacion of PINPR (A) Asso acof saquesace of REORZ-TAT. Black lemers sndicae @ RIOR2 peptide and rod Jemes Dhe
TAT asquence, Wit D-amieo 208 &= wer case (B) Consoraetion of PINPS Syough “Cick’ chemcsay avolvieg a Clemneal cystene reudee. (C) Soe
dirdagion of PINP: maaaxed on 4 Nanoaiglt isanament (D) AFM mage of PINPS with 00 AR present

dry. kmages ware obtained m tpping made usmg a Mulimode™
SPM NanoScope Tk microscope (Digite] Instruments, NY, USA).
The sihicon cantilever tips were 125 pm kng, 30 um wide and had
a rahius <10 mn (Budget Semsors, Bulgaria), The resanance
frequency was 300 kHz and force constants 40 Nim. All omages
were fintoxler flatenal and edital wsmg WSxM 5.0 Dewelop 43
software, (Nanotech, Madrid, Spain).

Electron mxmscopy (EM) studies of PINPs mcubated with AR

Negaivestam EM was used o examme the structure of PINPs
with and without moubation with AfS. PINPS akne, or PINPs
(25 uM i Iipids) incubated with Af o (25 uM) 2t 37 °C for
48 h, wae pipettad (4 pl) omo 300 mesh ormvar and arbon
coated] mpper gnds (Ager Scientific, UK) and lefl for 1 min. The
solvent was hlotied away and the resxlue stamed wsing 2% (wiv)
phophotmgstic sad (PTA), pH 74, Immunogokl lshdling
experuments were pafommed © identify any AR captural by
PINPs. Here, the grids wes blockal for 1 5 min m goat serunz PBS
(1:10) and incubated & room tmperature for 1 h with pramary

ant-Af antibody 6E10 (0.02 uliml). Afier washing, fhey were
incubeted with 10 nm colloxlal gokl-comugated soat mbmouse
seconxlary antihody (G7777, Sigma-Aldrich) dikuted 1/501n PBS,
for 2 h. Afler washmg, sy liqud ransinmg on the grids was
blotied away, and the sanples were strined with PTA . Grxds were
lefito dry snd exammex] by TEM.

Swrface plasmon resonance (SPR) spectrascopy

SR experments were onducted usmg a Senst Q sam-
autmatc SPR machme (ICx Nomadics). This apparatus has two
panllel flow cells; one was used © mmmobil e AR o monomers
ohgomes or fiwils, while the ofher was used as “refrence” (amty
surface) A COOHS sensor chip (1Cx Nomachos) was anployed for
this pupose and the peptide was mmmobi lzed by anme coupling
chanistry. Briefly, afer surface activation, the peptide was diluted 10
10 uM in acetate buffer(pH 4.0) md mjected for Smm ata flow ote
of 30 ulimm. Any ransiming activated gmugs weare blocked with
ethanolamme (pH §.0). The final mmmobilization level was -S000
resomance units (1 RU =1 pg of protem/mm”). The anpty
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“refereance” swrfaoe was prepamsd m peralle]l wing e sume
mmmohiliation procedure, but withowt additon of peptide.
Semmaorgrams were oblamed via imecton of four different
omcentrations af PINPs @3 pM, 006 pM, 0.2 M, 1.2 uM af
expored peptide) in soldion (PES with 0005% Tween 20}, over
the fmamohil toed ligand or antm] srface, in perallel, at the sume
time These SPR dats can be imapestal fo providean estimale for
affmity af hinding of liposomes to AR =47

MTELDE amay

Culared SHEY-5Y humen newrohlsdoms cdk were muxin
tinal m Dulbecco™s modified exgle malim (DMEM, (Gboa)
comizming 1(Fs fetal calf seum, 100 Uiml panicillin, 50 wg'ml.
srepiomycin, &t 37 °C md 536 OO, m 2 humidifed moobsior.
Cells were trans famed to sterile 96well grwth plates a1 20,000
oells per well and ur wedk per cond ihion.. For the affectof PINPs
akine an cdk, the growth mednom wa DMEM Cdk were led
i acthere for 24 h hefiore the PINPs were sdded and cell viahil ity
was smsemed wmg the Cell Tiber 96A queowsline Solution Cell
Prolifemtion (MT3) Asay kit (Promeg) afier futher 24 h
mcubation . For the ex periments lookmg at the protective effisct of
PIMNPE, the growih medivm was chan ged o/ Optimem {Imdtrogen)
anl Al g that had been pre-sggregtal (for24 hat 25 50 m PBE)
was alded 0 a conceniation aof 5 M. The plates were retumed i
the incuheinr fior 24 hand cell probi faration wes zxemed & ahove.

Liptake and ramsytasic of NI By human brain endothefial cells

Immeorta] re] BCMBCTE celk were aultured as describal
previoushy 275 % 10 edkiom® were seeded on 1 2-wel] tramswel]
mserts costal with type | callzgen and cubural with (0.5 mL and
1 mL of cultum medimm in the wpper amd ower chamber,
repectively. Cdl ware treated with LD Hposomes and PINPs
when the tramendodhelial elecincal resssnoe (TEER) value
(memared by EVOMX meter, STH2 clectrode; Workl Preciimn
Instnumments, Sarasots, FL, USA) was found o be the lighest The
fmctional properties of cell mnalayers weae exmexed by
mesmrng the endothdial pemmeshility (EP) of [MC)-sucrase
and ["Hjpropranalel (hetween 0 amd 130 min) as descrival
previmusly *' REadiolbdal NL {05 ml; 400 nmal'ml of o]
i) were ackledd iy the upper chasmirer and incubadted for 1 30 mm.
Afier thess perids of moubadion, the radioesctivity m the upper and
Tower chambers was messured by liquid scintillstion counting 4o
caloulate the EP of ML acmss the od ] monolanyers, along ascounit
of feir pemage through the filer withouw cella™ Afer 2 h,
WCMECDG cells were washed with PRS and detsched from
the tramswell imseris with inpsmEDTA Br 15 moin at 37 =
Cellassocinted radiomctivity was mesuned and the dodl hpd
vtk cal culader].

Asesoment of LIF oyeooxciry on RCMECTD cells

h{MECDS od ks were gmwn on 1 2-well plates untl confluence.
Malion was reploal md ML (400 mnolinl of el 1guds)
suspendal m od] culture mednom were moubeded at 37 *C withthe
odk for 24 b Afer trestmen, the oell vishility wss asmemal by
{134, 5 «cl ety Hihiacrl -2-371)-2 , S-chi phem yhatreeo fum. baamide )
(MTT} amay, as descrived previously. ™ Each sample was
analyred at lead in triplicate Moraover, TEER and permeatnl ity
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Figuse T PINPaas podsss isibiors of AR, . sagaremiion A T2 cmosmss toes
o PINPa sl n ML-lislied b iuncey pepriles, 0oy aillov cosipar e Witk Bee
pepilde (A ) Timsoos of A RL-43 aggeemtion by Sepor s eod o lisiosd
REORI-TAT {125 sk of isiior to AR gg) of PINPS ( 1400, 13000 sk
of MLdmied mhbheey peptile o AR o) o detsrmsesd by TRT ey
(B DRheice ewsn of PION P g e TET sgemal aflesr 48 B okt MNoas
St o e s o] 000 o T L Tl ooy pesmtas 0 AR, o 50
foeal Dl oo AR g ) pives 500G o (C) Dota Moesas

o olgpomesrse AR Sampls were taioes ot 0, 2, 4 8, 1Tasd T4 b joomssmative
B} o mouburives of A8 g aloee | o AR g Wil 140, §A00, 1000 amd
190000 ey o ML Dl i bincry ot s e AR

af [ *C)morome weare ako determined i fhe presence af NL i
amens the dled of ML on monoloyer miegrty.
Biodiveribution & healthy mice

Three €57 BLA& malemi : 1 with (14 mM il
Lpid) aof M0 labelled chalsiem] PINPs, 21 ~2.22 = 107 dpmi,
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Figane 1 AF M el EM ol o s 0 PN et o o el AU sl
 aggregnion. [A) AR e ol 25 @M W Eoukated alose B 144 B oamd
et by AFM (B) AR wil LD oo o a |70 raci of lpedad A
(O AR Wi PINPa ata 120 soo of lpela AR The pressce of T (el
amvwli &) A amad B )i scdlbvane s S 11D Diprecee s G B0 imte i wih
AR aggegtes Wiy (U ) dhows e obow abuemes of fibvla PINPa o=
madiunsd by e whie asow. (D AR Eoakaed wids PINP (40 st of
bt AR ) il svtiaie o v P TAL The PN P | velti e o) e il oy s
gl of on asgdodd el bk asow) ond o B el (B 810
vyl b Bedling o PINPijgee y o | folowing sl s wik AR,
W e v o e wlere AR W densonad The Bl seow dhommas
AR s (o0 Sl o) LibeTlad wilh gl

imio & twil van The amoant of radioscine ity that sached the bram
wim aessed by quantitative whale body anaheas LWBA), while
the concentration m hlood was messmed by hguid scmiillation
ooumer fom samples wlen poor o seaifice. This work was
performed by Quotent Bioreseanch (Rushden) L., wsmg moice
sagmhied by Chades Rivers LK Lid, Margae, Kent

Novel olject recogmition festf in Ty mice

Dirug s hehandoral et naive Z2-mamth-akl TE25 76 (AP Pay )
and WT apeamaiched hitenmedes wene ussd All expenmenis wes
omn dusied durmg the heht cycle. Anmmals (T g or WT) wene mecied
intrapertoman]ly with PINPs (100 pl, 100 mmol of paptdaTe) or
with PES (100 pl) once aday fior 21 days. The weight of the ammmals
wx maomined during restment. Two experimenta] moups wess
traded with PIMNPs (T2 576 and WT mice, n = 10 fior each], two
omntrol grouns were traed with PES (Tg2576 and WT,n = 10 for

lengry, Binkongry, omd Mrclcimat 13 (2007) 723732 7T

i)
Tim fa

Figare 4 SPRdana oo bisding of PINPS o AR fiwils PINPawere b amedar
Toag Qi men comcemmoan, B 5 mmis, o fow s of 30 @ L | oo
B i OF b, 06 p, 09 M, 17 M ol evponsd AR 4 pepade]
The momspescilic bindey obfamsd fom S neleses sodios by baes
sebomonsd Boma all duta Fissd curved o showes = Back The bisdisg
affisicy (Ks) & caloskond aq 36-50 b

each]. In the NOR test, mice are mimduced mnin an anena con b ng
two identical ohjects that they can explore freely. Twendy-fiour
haours later, mice are rantroduced mio the arena contxinmg e
farmiliar olgect and a nowel object Exploraton was reconded m a
10 min trial by an investigaior hlinded w0 the genotype and
trestiment and the time that each ohject was explored recoxded.
Resulis are expressed as pecentype time of nvestigstion on
ohjerts per 10 min, or as dsoimineton mdex {0, 12, {seconds
speni on movel = semnds spent on Fammil tar ol tme spent on
ohjeiz). Animalk with no meamory Tmpeimment spend a longer time
imvestigating the novel ohject, pvimga higher DL

All procedures imvolving animals and ther care wene
conducted sccording do ELT laws amd palices {EEC Coamcil
Darective 866049, O L 358.1; 12 Decanber 1957), the LIZDA
Amimal Wedfare Act and NIH (Bethesda, MA, LISA) palicy on
Humane Care and Use of Labomiory Ammals The procedunes
were reviewsd and approved by the Mario Megn Institute
Amimal Care and Use Cormmmities {1/08=T0.

Resulits

Freparation and characerizafion of pepride inhibior
nanaparacies (FINFx)

To attsch REORZ-TAT (Figure 1, 4) anwalenily i the NL
surface, we exploited a thiolmaleimide readion employing an
additional cy=eine residue 1o provide the nacessary thial group. ™
This thiol function at the C-taminws of REORZ-TAT reatal with
& malkimide-functiomalizal phospholipid present in the MWL
formulstion {mal-PEG-PE) (Figure 1, B). The yield of coupling
wias B9 and, consequently, PINPs cmtxmal 236-2.5 mols
of peptide. The intal lipd recovery of WL, alier the reachon with
the peptide and the punficabon siep, was ashowt 65% Fimal
preqarations of PINPS were monodispersed, with 2 mean siee of
143 + 10 mm as determneal by DLS. Theirsiahility was verifiedby
DVLE which showexd that the sire and polydis persity index remmzinesd
comtant, m PBE, for up to 7 doys Amalyss by a Nanmight
imstrument indicated an average stee for PINPs of 131 & 43 nmm
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(Figure 1, C). AFM mmapes showsd NL paticles with 2 mean
dhiammeder of =1 00 mm {Figure 1, 1), this s el y sl ler s heing
muetlikdy due do some dehydration of the sumple.

Effecrs of FINFs on AR aggrepaton

RI-DRZ-TAT alone was shown by ThT sy to mhibat A% o
appregtion up io a malar rato of 1:5 (nhbdor o AR @), m
agreament with previows dats for RREOR2 and REORE2-TAT. S
Whan BI-DBR2Z-TAT wa attwchal i lposomes there ws a
dramatic Improvement in ability to mbdhit A o Ghril fonmastion
at low mhibiior ancentrations (Figure Z, A) This Gnding is hest
il hetratal in thedilution series shown in Figure 2, 8. Here, itcn be
seen that 5(F% mhihition occurs st aroamed 1 250 mal arratio of bpad io
Af, o, as the whibitory peptide & only -2 534 of iola lipids,
=12000 of RI-ORZTAT o Al 4. In contrasd, when UD
hpesawmes. (1:1) were fesisd dor ther shility o mhibd AR o
appregtion, we fiound a shght shmo bdory effect st higher mtios of
1:1and 1:2 {lipic : A% ) It mo effecthelkow 1: 10 {dats not shown

A semmitive immmmosssry was wed bo detet AR olipomess
presemiat the earher &[5 o moubation time poms (2t aromd 4 h
under our experments] comditions). ' PINPs mhibite] the
naatin of an immunos sy gnal = alltime points ecarmmed,
a2t moker ratios down o as kw2 12100 Timd AR, o or 14000
mhihitory peptide:A B, o (Figure 2, C). The shight differences
hetween ThT sy and ELISA nesul s coukl reflact the fact that the
formmeer dedescts. mmavmly filinks, wheress the beter detects ol ignmea s,

AFM imoges showed fitwrils of A5 42 following & das of
mcuhation in PBS (Figure 3, 4) and when incubated with LD
hpemaomes {Figure 3, 8). Few or no fibnls wene detecied when
PINPs were present at a2 molar rabo of 1:10 of tota] 1imds: AR
{Figure 3, C), confinming that they mhibil appregation. However,
soimee structures. eesibly resamblng small spprepses coukl bhe
seem, suggesing thet PINPs mey not entimely inhibit g sregstion.
MNegative stam EM revealed that the surface of the PINPs ws
amh mnd therr shape was generally spherical. However, whean
the PINPs were mouhsted with Afl |, ; they appeared i heacoverel
wiith a *furry” cost ofwhat am possibly AP monome s oral igomes

(Fagure 3, 1. Intrignoingly, some PIN P were found sttsched along:
the length of A Fhals, and ad their e ends, suggesting that the
interaation afthe PIMNPs had resubed in temmination of fhril growth
{Figure 3, . Futher mvesligstion with anti-Al fmomam ookl
lahe ling showed that the surface afithe PINPs was decorsded with
okl particles, confimming capture of Af (Figure 3, E)L

Binding affinity benween FINFs and AR

PINPs were mjeded over imamin oed AR fitrils at diflerent
omaen tratons of RI-OR2-TAT (0.3, 0.6 0.9, 1.2 pM) and were
shawn o hind im a2 conoentrabion -dependent mamer (Figmre 4],
Carves were fited seporstely usmg the somplest Langmuir 1:1
mieradhion model, and the alculyied apparent affmiy (Ka) was
36550 mML. In ackelitiom, K values wes 132 nM for AR aligomes
amd 22.5 mM for memcmems {see Supplermemany Infommetion ).

Effects of FINFs on the foxicity of AR

There wa nalass in vishihity of SHEY-5Y cells, & messmreal
try MTE assay, afier 24 h incubalion i the presence of FINPs a
omnentratons 2 high & 10 pM (otal lipkd) m nomal (FCS
supplemanied DMEM) growth medum (Figum 5, 4). A similer
ressul i was alsg found wsing the LDH od] viahilily assay (deta not
shurwm). Treatment of SHEY-5Y cells with 5 pM Af for24 h gave
a 39% raluction m cell vishility, and the pesance of PINPs
rescued] e cells from AR tacaty atall doses tesied {Figure 5, 8],
LD hipewonmes woare mod tonc o neurob lesboma od ks (Figure 5, A},
andd they did nodt m=cue cells fromithe doxic effect of pre-srememster]
A (Figure 5, 8]

FPamage of FINFs acrass the hlood-hram barmier

We mexmural the ahility of PINPs i oo an astificil BEE
kel compemed of 3 hOMECDS cell manalayer.™ WCMEBCTE
od b grown on transwell membrane msarts wese monhaded wath LD
Tiposomes or PINPs on day 12, when the muocm] tramnsend othehial
electrical resistnce (TEER) value was registersd (123 &
&0} - an’). Tramgon of | “Cleusree md [*Hipopenokl wes
messsmd, with paracelhular EP valoes of 1.8 = 10 ¥ amimin and
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Figere & PINPS cas o acmos S BOMEBCTS coll moacknyer. 107 osll
e moubated wid 1T) lprasetess (ML) o PP st o i 'H-E:n_
Towr 2 B at 37 "0, 5% 00, {A) Cellolirupaaine of samopaetiz la | MF). Al
im e, D et o H-Nw e crporated e She 0ol e Stelpnisd
o] S moll o il NP calies g by See ol ool owkesd . (B Trasscymoos of
NP Syl MOMBECTE cel] somodners. R ok besbsd 1T Do (HLx)
o PINPA W ot oo e g ¢ B o o S S ] st hiryers el
imcubansd for TR oo 3T 0, 5N 00 The pemseabdliny soeees S o
Eaokne Wi ciloelosd Fack e b e st (S0 of o s S
Imdepe sty expe sty ¥ = P < QDS By Soudesr's Jest

351« W77 cmémin, respectively, in agmement with values
repotad in fhe Hastre ™ Raliolshdlesd LD hpmomes or PINPs
were alded m the upper compantment and the od hular upake and EP
were mezmred up do 2 h of moubation. The ralioectvity sahly
mmociated with cells was 11994 + (L37% and 4.19% + 0248% of
the adminigered dose (< (05), repectvely fbir LD lpoummes
and PINPs {Figum &, 4). Ao the EP aoross the aell monolayers was
higher for PINPs {108 & 013 = 10 cmémin), comparnad io LD
Tiposormes: (225 4 (L89 « 107° amimin) (7 «< 0.05) (Figere &, 5.
MT T amsays showel that all of the prepasst ons fesbal wearenamioxc.
Momover, aller WCMECTS moubation with LD hiposomes. or
PINPs, the TEER value amdl the permeshility of [{)-=mucrome
(1194 B 01 - am® and 162 % 10" cmémin, nepectively) did not
chamn g, within experimemnta] emor (3%}

Taiske 1
Tiexmes &emrivation s 5T BLAS s s exing guassingive wibnkes Boady oma Ty

(ITWHAL

e Equiabemss of 0] helsnsa PHGylos!
B iponos] P FESn of ease (M of total doostg)
Sample tie o peetion

Tewas types 5 maimaaney 15 maimae S0 maiasy
Harais 0275 (0415) CUDED (0460 OLIED (0362)
Live 673 (115) 235155 T8 (145
K sy 152 2.3) 119 313) 035 (17T}
Lisg 3214522} 49.4%(923) ped §oLE
Hpieen 109 (200) & (29.3) 15 31.3)
Bloesd 119 40 051 0FAT) 036 OUTIE)

T maboe s bjeoted win g il ves sl o alagls scies was s oeiiosd o
5, I ol 60 mis pren mjevie The mecast of el ity was sasmed
g (TWEA, dmd coemns 20 o g Spivalons P g o e | Ve ol ioeal
docas’y i Baracineng)

* Akowe T of acowsee Quascfioaee (5315 gy agahabesly) - scapohed
wihss EprEd

Biodigrnbugon of PINFs & healthy muce

(PWEA mesunaments. fior odistnbution of PINPs 2 detailed
in Tahle 1. Fftern mmues abier s mimesot on, 08952 of e total
dowe was hamd in the brain and 0.952%% in the hlood, showing
evidence i BBE penetraton. However, the mmjonty of the dose
wz found m hungs (-9294), and oher tssues asmociaied with
phapncytosis by the monomdeasr phapnoyte system (e, adipose
tsue, liver, bone mamow and spleen).

NOR (memory) desd

Figure 7 shows that, alhough PES-rested Tg2576 mice wer
umshle i dsoimmate between the fombar and the nowvel olyect
{peroenige time of imvestigation per 10 min: famiber, 535 + 1.5;
navel, #6.5 + 1.5; DL ~0.07 & L03; m = 19), affer teatmant mice
reca ving PINPs sigmihcnihy ssoovened their long-term moogmtion
ey (peremiare tme of mvestigation par 10 min:  Grmiliar,
404 & L& nowvel, 596 4 1.6, DL 019 & 003; n = 10, chse iodhe
values of PES-draded WT mice {percerniage tme af in vest gation per
10 min: Bmilia, 396 + 1.4; novel, 604 + 1.4; DI, 0.23 = 002,
n = 1) {one-way ANDVA, Tukey's post hoc tet. *F < (LO5) In
addiion, we demomemied fet tretment with PINPS had no
negtive elfed on the memory of WT moe (pecentage time af
imvesstigsation per 10 mmn: Grmbiar, 37.5 + 4.7, nowel, 62.5 + 3.4; D4,
025 & (L no= 1) and did not afiect mouse weight and meokor
sctvity {dats not showm).

Discusaion

Here, we linked RI-DRZ-TAT analently to the srface of NL
cormpased ofsphingomnyetn and cholesteral. Ths Tyid formu ebon
has hesn widely whilizmsd m vive for thermpantic uposes. and
displanys pond hlood cinoulstion tmes, good hiocompatibi lity, and
high resitance i hydmlsn™ In sdditon, the 130-140 mm
dizmaer 5 optimal Brmoving & an pprecahle rae through the
brain extrace] hlar sece * 7 'We found thet fhe presence of e carrier
appear o maease the potency of REORZ-TAT as an aggregation
imhibiter by 100-200 fivkl, where this & detenmined by the malar
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ratic of irhibitor Al requizd o hlock the apprepation of A% 1-42
umider shadax] expermmental condbions. We did not olsarve ths
phenamenm with curmin-NL™ md soitis nol complady clear
why there & this comsiklemhle jump m potency for PINPs anmmpered]
0 free peptide. Flowever, aneating mmo b valent pepitid seden drimess
has heen shown to increse the efficagy of a KLVFF peptide
.tgg:rl_-guﬁ-:m'iﬂ'lihii-:r-”mﬂﬂ:iﬁ my he a fackr m our sy, doe i
several inhibitry peptides being ahle to maact smul tmeoushy
with ol gomenic AL

Wi reposted previowsly a lagge incresse m the affimty of
RIDBEZ-TAT for Af (K, = 558125 nM) amparal o RROR2
akme (K = %12 pM), but fus is not refleaed in an equivalent
Jump in the ahility of RIDRZ-TAT o inhitit Al ageremsdion a
low ancemimtioms of inhihitr. ™ We canconchude from this that
am increese in hind mg affm ity does not necesan by resu i in & mone
podemt appregain mhibior, Here, we found tha the affnity of
PIMPs fr AR (Ky= 13.2.50 M) & slightly higher than that

bl previously br RI-DREZ-TAT, but the ahility of PINPs i
mhibit Al srgregstion & bw conmcmtratons of the minhiony
pepiile was greatly improved In addition o multivalen
miertkms hetween  BI-DRZ-TAT and AfS, another pomsible
explimation for the polengy of PFINFS 15 hesal on the fact that
EI-DRZ-TAT cmtrins mamy peositively charged amino sckl
residues and the pesence of multiple copees. of this peplide on
the ML swrface (sach PINP hes around 1600 molecules of
RLORZ-TAT ateched) would give a lghly posittively chargerd
exiermal byer ot coukl attract and caphme AR monomes, or
al igomens as they fomm. ™ I albo femible that AR i captunad by
the peptides expamed on the NL sirface and & then moorpomste]
min the ipkd component of the NL, s0 efectvely removmg AJ
fronm sodution. It & well known thet AN ol igomans. msert imo 5l
membrmes of cells and fiorm pores. or ion chammels. -

The TAT postion af RIR-TAT, with its positively charged
arrrma acid msidues, ako contas on the inhthitor an ahility io
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cross the BB and resch the brain ™ Here we show that this
ahility is maimtamead for PINPs. The PE of ML, wsing the in vitro
BBHBE mudel, was mudh higher for FINPs than i LD hposomes,
prwing the effctiveness of the fimctionalizal NLto fux acmss.
the cellulyr monolayer. Morsover, some PINPs are tramsporied
ima the brain, thmugh the BEB of healihy mice, and they show a
pratective effect on manory less m Tg25Th mice. It & ako
pussible that this is due (o the ‘sink” effect with the lTposomes.
rapidly hindmg AR in blood befiore beng removed, and this 1s
driving expaort of Al from the hrain

Dither MP-hased treatments for AD ar under imvestigation,
including antihod y-costex] NP and secretese mhibiors 2 well as
our peviously puhlshed cuorommn and lpad-hgnd hnked
NL™** " Depile momising peclinical dats, no secretse
inhibitor ha sooesded in anmy alvenosd clmca il ™ amal,
comsidermyg thesenious side dfect neporied for Tmmun sabon with
anti- % anmiodies, * anti-A feootal NP ookl beproblematic. In
commst, FINPs have “sisalih ™ propesties and so should not el
any immame response. Momsover, the aggregaton of AR ssems i
he a purely pahological phenomenon, and =0 mhibitin of this
process shouk] nod result m problemetic side-afbats.

In addbition i thess therapeutic mmpliction, PINPs ako have
potential a5 2 molecular imegmg apen.*’ The high affinity of
RIORZTAT fir AR should allow specific bbelling of amyloid
plegues, and possibly AR oligomers, through addition of a
relevant comirast apent {CTMRI) or radiokshe]l (PETSPECT) to
form a mult imctiona] NP with “theranostic” utility.

Appendiz A, Supplementary data

Supplementary dsta io this article can be foumd online at
o 101 1016 nam ac 201 & 10,006
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