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Abstract

Alzheimer’s Disease (AD) is the most prevalent neurodegenerative disease. The candidate
aetiological agent for this disease is the 4kDa amyloid beta (AB) peptide which is derived
from the proteolytic cleavage of the amyloid precursor protein (APP) by the [B- and y-
secretase, respectively. As cellular prion proteins (PrP®) both regulate the cleavage of APP
and mediate A induced neurotoxicity, a study was undertaken to establish whether the
cellular receptor for PrP¢, namely the 37kDa/67kDa laminin receptor (LRP/LR) also played a
role in AD pathology. Anti LRP/LR specific antibody (IgG1-iS18) blocking LRP/LR resulted
in a significant reduction of both A3 and sAPPf3 levels (the cleavage products of [-secretase),
while APP, [3- and y-secretase cell surface levels remained unaltered. LRP/LR was found to
co-localise with APP, (- and y-secrctase both on the cell surface and intracellularly.
Furthermore, FRET demonstrated that an interaction existed between presenilin 1 (PS1) of
the y-secretase and LRP/LR, while co-immunoprecipitation confirmed that LRP/LR
interacted with both [3-secretase and PS1. These results indicate that LRP/LR is implicated in
the amyloidogenic processing of APP, through an indirect interaction with the [3-secretase and
a direct interaction with the y-secretase. These findings also suggest the possibility of utilising

IgG1-1S18 as a possible therapeutic for the treatment of AD.
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1. Introduction

1.1 Alzheimer's Disease

Alzheimer’s disease (AD) is notably the most prevalent form of dementia to affect the aging
population. First described in 1906 by the German scientist Alois Alzheimer, the disease is
also referred to as Morbus Alzheimer’s, Alzheimer’s Dementia or simply Alzheimer’s (for
reviews see[6]. In 2006, over 25 million people were reported to suffer from AD and due to
the doubling time of this neurodegenerative disease, it is estimated that by 2040 around 81
million people will be affected [7]; [8]. AD accounts for 50 — 70% of all cases of dementia
and its incidence increases significantly with age; 7 in 1000 people are diagnosed while aged

60 — 65, this increases to 70 in 1000 in people aged over 90 [9].

There are difficulties with diagnosing AD as many symptoms appear to be age- or stress-
related. It is also difficult to differentiate between AD and other forms of neurodegenerative
disorders due to disease progression patterns. For accurate diagnosis, various cognitive and
physical examinations as well as behavioural and psychological tests have to be taken into
account [10]. Cerebro-spinal fluid biomarkers are fast becoming popular tools for diagnosis
and tracking disease progression [11,12]. There are numerous criteria including the Mini
Mental State Examination (MMSE) [13] and NINCDS-ADRDA[14] which assess the level of
cognitive impairment and assist with diagnosis and prescription of medication. During the
initial stage of AD, termed cognitive dysfunction, patients begin to exhibit loss of memory,
planning skills and intellectual co-ordination. This stage is also associated with language and
speech difficulties. The second stage involves the onset of non-cognitive symptoms, such as
behavioural and psychiatric disturbances including aggression, depression, paranoia,
hallucinations and delusions. During the final stage, patients experience difficulties in
performing complex tasks (such as driving or shopping) and eventually even basic tasks
(such as eating and dressing) become problematic. This is followed by loss in bodily
functions (due to the degeneration of the brain tissue), whereby patients begin to display
ataxia and apraxia, incontinence, loss of co-ordination and extrapyramidal motor disorders.

The progressive loss of bodily functions eventually leads to death [15,16].

The aetiology of AD is still not fully understood, however global research efforts have shed
some light onto both the causes and molecular mechanisms underlying this

neurodegenerative disorder. Numerous factors, both environmental and genetic have been
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implicated in contributing to the onset of AD, and it has thus been difficult to find an
effective therapy for the treatment of AD. Current therapies are all palliative, alleviating the
symptoms of AD but not targeting the actual disease causing mechanism. These include
acetylcholine esterase inhibitors such as donepezil, galantamine or rivastigmine [17], non-
steroidal anti-inflammatory (NSAIDs) and non-steroidal anti-rheumatics (NSARs) such as
Ibuprofen [18], drugs targeting the N-Methyl-D-Aspartate (NMDA) receptor such as
memantine [19,20,21]. Often patients are prescribed up to 2 of these drugs and upon
displaying behavioural symptoms such as aggression, depression and anxiety additional

pharmacological drugs are recommended.

1.2 Epidemiology of Alzheimer's Disease

1.2.1 Genetic Epidemiology

AD is classified according to age of onset, the early onset variant accounts for <5%, with the
age of onset being +40 years of age. The more common variant, accounting for >95% of all
AD cases is termed late onset AD (LOAD) whereby patients begin to exhibit symptoms at the
age of 60 years [22]. These two variants are clinically identical in terms of symptoms;
however, early onset AD is associated with a faster rate of progression and is thought to be
the more severe of the two. These two variants exhibit differences in genetic epidemiology.
The early-onset AD is inherited as an autosomal dominantly inherited disease and three genes
have been implicated. The genes for APP (coding for the Amyloid Precursor Protein) [23,24],
PS1 and PS2 (presenilin 1 and 2 - both of which form part of the y-secretase complex)[25,26]
are all involved in amyloid beta production (this will be discussed in detail in section 1.5.2).
The late onset variant is linked to mutations in genes related to the lipid transport molecule
apolipoprotein €4 (APOE €4) [27,28]. The APOE gene is a susceptibility and risk gene
predisposing the carrier to AD. Genome wide association studies have also revealed a
correlation between the clusterin (CLU), phosphotidylinositol-binding clathrin assembly
protein (PICALM) and complement receptor type 1 (CR/) and AD; however no functional
effect of the protein products has been found in AD cases [29]. Late onset AD has a
heritability of +60 — 80%.

1.2.2 Environmental Epidemiology
Many environmental factors have been implicated in contributing to the onset or development

of AD; however, none have as yet been confirmed as the cause of the disease. Age is the most
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obvious factor, while race, gender, economic and social status correlate poorly. It has been
found that factors such as bad diet, lack of exercise, excessive alcohol consumption as well as
poor brain stimulation and lack of education all increase the risk of developing AD. Other
physiological factors which increase the risk AD include obesity and diabetes, strokes and
previous head injury. Conversely, it has been found that early education, continuous brain
stimulation even in old age, moderate alcohol intake, a healthy balanced diet and exercise

seem to decrease the risk of developing this disease [29,30].

1.3 Alzheimer's Disease pathology

The symptoms of AD result from the underlying neurodegeneration which occurs in the
regions of the brain affected by the disease. AD results from the loss of synaptic plasticity,
neuronal death, dystrophy and apoptosis in the cerebral cortex, hippocampus and subcortical
nuclei as well as other regions of the brain [31]. The basis of Alzheimer’s disease was first
determined from autopsied brain sections of individuals who suffered from the disease. This
resulted in the discovery of two abnormalities in the brain tissue that were symptomatic of
AD. The first was the formation of extracellular plaques on the neuronal tissue [32,33]. These
plaques were composed of a 4kDa protein, which was later identified as Amyloid Beta (Af).
The second abnormality was the formation of paired helical filaments that form
neurofibrillary tangles (NFTs) within neuritic cell bodies [34,35]. These paired helical
fragments were formed by the hyperphosphorylation of the cytoskeletal microtubule-

associated protein, tau [36,37].

NFTs

'Amwom
~ ¢ plaque

Figure 1.1 Brain section showing neurofibrillary tangles (NFTs) and an amyloid plaque. This brain section
was stained with the Gallyas silver impregnation method with visualises the neurofibrillary tangles (4 - 5 stained
in black), as well as the dystrophic neurites which form a halo around the amyloid plaque. This method is thus
an indirect method of visualising amyloid plaques. [4].



Together, these two features, i.e. AB and NFTs are thought to bring about the symptoms
associated with the neurodegeneration. Their presence in the brain triggers processes such as
inflammation, cytokine release, microgliosis and astrocytosis which are all thought to play a
role in a cascade of events leading to the neurodegeneration and dementia associated with AD

[2,29].

1.4 Molecular basis of Alzheimer's Disease

The two hallmark features of AD are the formation of amyloid plaques composed of the 4kDa
protein named amyloid beta (AB), and neurofibrillary tangles composed of the
hyperphosphorylated microtubule associated protein tau. In order to better understand the

molecular basis of AD, both will be examined further.

1.4.1 Neurofibrillary tangles

Neurofibrillary tangles are formed by the hyperphosphorylation of the microtubule associated
protein tau[35]. Due to the hyperphosphorylation of this protein, it is thought that tau can no
longer bind to microtubules and thus self-assembles into paired helical filaments (PHFs)
which form the major subunit of the NFTs [38]. The tangles are formed within the cell
bodies and apical dendrites of neurons and can also occur as neuropil threads in distal
dendrites, as well as in association with amyloid plaques. NFTs are associated with many
neurodegenerative side-effects and dementia. There is much debate as to whether the NFTs
are the causative agents of degeneration in AD or whether they occur as a result of other
processes which are central to the etiopathenogenesis of AD [39,40]. Several observations
suggest that the latter may be the more correct assumption. Firstly, mutations in the gene
encoding for tau result in the onset of fronto-temporal dementia and are not associated with
AD[41]. Secondly, NFTs only form after the deposition of amyloid plaques leading to the
third argument, where it has been found that amyloid plaques can induce the formation of
NFTs, while the reciprocal induction has not been observed. Due to these reasons, the
formation and presence of AP peptides and plaques are generally accepted as the central

disease causing agents in AD.

1.4.2 Amyloid plaques
Amyloid plaques are composed of the 4kDa A3 peptide. This peptide can aggregate to form

dimers, oligomers and fibrils. The oligomers have been implicated as the pathenogenic



species [42] which elicit their neurotoxic effects, such as inhibition of long term potentiation
[43], loss of synapses [44] and cytotoxicity via interacting with specific receptors (such as the
NMDA receptors [45]) and cellular proteins such as prion proteins [46,47] and possibly the
aforementioned tau [48]. Amyloid plaques cause minimal memory loss [49], while
sequestering A oligomers and other AB-derived diffusible ligands [50]. It has been shown
that an imbalance between the production and clearing of the neurotoxic AP} peptide (termed
AR dyshomeostatis [51]) leads to AD progression [1,52,53]. This imbalance is caused by
changes in the metabolism of A, whether by an increase in A3 generation, a shift to the
production of the more hydrophobic forms (such as AB42) or by a decrease in AR degradation
and removal. This leads to the amyloid cascade that ultimately results in changes within the
intracellular environment and the degenerative damage of neurons, whether direct or indirect
(Figure 1.2)[1]. Transgenic mouse models have confirmed these findings by showing that
transgenic mice overexpressing A3 showed correlative memory loss and AD symptoms with

age [53,54,55].

Increase in AB42 production and accumulation ‘

Aggregation and deposition of AB42 as diffuse plagques ‘

Subtle effects of AR proteins on synapses ‘

Inflammatory response:
*Microglial activation & cytokine release
*Astrocytosis

| Progressive neuritic and synaptic injury

Oxidative injury due to alterations in ionic and neu ronal
metabolic homeostasis

‘ Altered kinase/phosphatase activities

Hyperphosphorylated tau ‘

PHF and NFT formation ‘

Widespread neuronal & neuritic dysfunction leading to cell
death and transmitter deficits

Dementia

Figure 1.2. Simplified hypothetical sequence of events in the amyloid cascade. An increased level of
the hydrophobic variant of A (AB42) leads to the formation of amyloid plaques. These plaques affect
neuritic and neuronal cells and their intracellular milieu, leading to disturbances such as synaptic injury,
neuritic/neuronal dysfunction and ultimately cell death. This cascade of degenerative events results in
dementia. Adopted and modified from [1,2]



1.5 The Amyloid Precursor Protein and Amyloid Beta

As AP is thought to be the candidate aetiological agent in AD, it is important to understand
the underlying processes which lead to its formation. A is proteolytically cleaved from the
Amyloid Precursor Protein (APP) and as such, the mechanism of its production and

processing will be examined in detail.

1.5.1 Structure and function of the Amyloid Precursor Protein

The gene for the Amyloid Precursor Protein (APP) is localized on chromosome 21, spanning
over 3600 base pairs and containing 19 exons [56,57]. Being located on chromosome 21, it
presents an elegant explanation for the almost universal appearance of AD-like symptoms in
middle-aged Down’s Syndrome (trisomy 21) patients [33,58,59]. The APP gene undergoes
alternative splicing to release three variants of APP, namely the 695 amino acid (APP695),
751 aa (APP751) or 770 aa (APP770) variants [60]. Neuronal tissue predominantly express
the APP695 isoform while non-neuronal cells such as endothelial cells, smooth muscle cells

and kidney cells express the other two variants [61].

APP is a type-I transmembrane protein with the majority of the protein, including the N-
terminal domain, located extracellularly (Figure 1.3). Part of the protein is located
transmembraneously and the relatively small C-terminal is located in the cytosol. Following
expression, APP is translocated into the Endoplasmic Reticulum (ER) co-translationally by its
signal peptide and thereafter undergoes posttranslational modification (glycosylation,
tyrosine sulphation and phosphorylation) and matures via the central secretory pathway [62].
APP achieves intramembranous anchorage (i.e. in the plasmalemma) and intracellular
attachment (i.e. to Golgi bodies, ER and endosomes) via a 23 amino acid hydrophobic
domain found in its C-terminal [60,62]. The majority of APP resides within the Golgi
apparatus and well as the trans-Golgi network (TGN), while a small fraction reaches the cell
surface where it either undergoes proteolytic cleavage or is internalised. Internalisation
occurs via raft mediated endocytosis or clathrin coated pits, whereby the APP is sorted into

the early endosomes and undergoes amyloidogenic processing [63,64].

The amyloid Beta (Af3) peptide is shed after APP has been cleaved with a subset of secretases

(section 1.5.2). The N terminal of the AP sequence extends 28 residues into the extracellular
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matrix and 11 — 15 residues into the transmembrane domain of APP, depending on the length
of the AP peptide to be released [60]. 90% of all cleavage of AP results in the 40-residue
form of the peptide (AP4o), while the other 10% are composed of the 42-residue form (AB42),
which is more hydrophobic and prone to aggregation resulting in the formation of amyloid
fibrils due to the additional isoleucine and alanine residues at the C terminus [65,66,67].
Alternative proteolytic processing can result in a 38 residue variant of AR (ABss), however,

this shorter form is not implicated in AD pathology[68].

Cell membrane

Extracellular Matrix
E95

a) APP

N-terminal

-

1 16 38 40 42

b)AR  |SEVKM-DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA-TVIVITLVML

T T > i

B a

Figure 1.3 Schematic representation of the Amyloid Precursor Protein (APP). The 695 amino
acid protein is shown in relation to the cell membrane. The amino acid sequence of A3 peptide is
shown in one letter code. Cleavage sites for the a-, - and y-secretase are shown within the Ap
sequence. Adopted from [5].

The function of APP still remains elusive though some theories have been put forward. Notch
is a transmembrane protein that is also cleaved proteolytically by y-secretase and is involved
in signal transduction involving the regulation of gene transcription. As notch and APP share
structural similarities and both undergo proteolytic processing with the same enzyme (Y-
secretase), it is thought that they might have functional similarities [69]. Recent findings have
confirmed this hypothesis, as it was found that the post y-secretase cleavage C-terminal
domain of APP, the Amyloid Intracellular Domain (AICD), plays a role in regulating the
expression of the cell cycle regulator p53 [70] (see section 1.6.1).



Other reports suggest that APP and the secreted SAPPa (see section 1.2.2) interact and have
differential effects on the outgrowth and branching of neurites [71]. sAPPa seems to play a
regulatory role in the growth of fibroblasts; this would explain why the APP molecule is so
widespread within tissues of the body [60,72]. APP also plays a role in synaptogenesis in
early development [73] and is seen to be associated with a loss in synaptic function in AD
patients [44,74], which directly correlates with impairment in cognitive function - a major
factor contributing to the disease profile of AD [31,75]. Other studies on animal models
suggest that it is possible that APP and sAPPa may play a role in enhancing memory [76,77].
Thus, APP appears to be involved in several aspects of neurodevelopment and cognitive
functioning; this explains why problems with the processing of this protein result in the

neurodegenerative symptoms associated with AD.

1.5.2 The Proteolytic Processing of APP

There are two different pathways by which APP is processed (Figure 1.4). Both pathways
occur constitutively in bodily tissues throughout a person’s lifetime [2]. The predominant
pathway for the processing of APP is the non-amyloidogenic pathway, whereby A is not
generated. This pathway involves the cleavage of the extracellular N-terminal of APP
between amino acids 105 and 125 (depending on the variant of APP). This cleavage site
corresponds to Lys'® of the AP sequence, thus effectively precluding the formation of AP
[78,79]. This cleavage is performed by the proteolytic enzyme termed O-secretase, which
belongs to the ADAM (a disintegrin and metalloprotease) family and is thought to be
composed of ADAM10 and TACE (TNF-a converting enzyme) [80,81]. a-secretase cleavage
occurs at the plasma membrane where O-secretase is located. The peptide released from this
cleavage is sAPPa, which has been noted to have neuroprotective roles and functions in
neuritic outgrowth, as mentioned in section 1.5.1. The remaining 83 residue C-terminal
fragment (named 0-CTF or C83) is then cleaved by the y-secretase enzyme to release a 3kDa
peptide called p3 (sometimes referred to as AB17.42) [78]. The function of this 3kDa peptide
was previously not well understood [67,82]; however, recent research has shown that these
peptides are present in amyloid plaques and can even induce neuronal toxicity; however, the

exact mechanism of their pathogenicity still requires elucidation [83].
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Figure 1.4 Overview of APP cleavage pathways. A) The non-amyloidogenic pathway features the a-
secretase which cleaves within the A} sequence to release sAPPa into the extracellular space. The
remaining C-terminal fragment of APP (C83) is subsequently cleaved intramembraneously by y-
secretase to release the 3kDa peptide, p3. B) The amyloidogenic pathway involves the cleavage of
APP by the (-secretase to release sAPP[. y-secretase subsequently cleaves C99 and the AP peptide is
released. The remaining APP C-terminals of both the amyloidogenic and non-amyloidogenic pathways
are released into the cytoplasm as the AICD (amyloid intracellular domain) where it plays a role in
nuclear signalling [3]. Adopted from [4].

In the amyloidogenic pathway, whereby AP peptides are produced, cleavage is initiated by

the [-secretase instead of the O-secretase. [3-secretase (also referred to as BACEL: beta-site

APP cleaving enzyme) is a membrane-bound enzyme displaying high homology to the pepsin

family of transmembrane aspartyl proteases [84]. [-secretase is distributed throughout

various cellular locations, but is most notably present in the Golgi apparatus, TGN,

endosomes and on the cell surface [85]. The slightly acidic pH of endosomes provides the

optimal environment for B-secretase cleavage thus amyloidogenic processing is higher at this

site compared to the cell surface [84]. [-secretase cleaves APP at the N-terminal of the A3

peptide, to release sAPP[3 and leaves the 99 residue C-terminal fragment of APP (named [3-

CTF or C99) [86]. This membrane bound protein subsequently forms the substrate for y-

secretase, which cleaves C99 at residue 38, 40 or 42 to release APss, AP or AR,

respectively [79,86]. y-secretase cleavage results in the release of the remaining C-terminal of
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APP (C59), termed the AICD (amyloid intracellular domain), into the cytoplasm where it
plays a role in nuclear signalling and gene transcription [3]. The y-secretase is membrane
bound and is unusual as it performs intramembranous proteolysis of its substrate [87]. y-
secretase is an aspartyl protease composed of four subunits, of which the enzymatically active
subunit is either presenilin 1 or 2 (PS1 or PS2), which result in familial Alzheimer’s disease if
the gene for presenilin is mutated [26,87]. The remaining three subunits essential for
functional y-secretase activity are presenilin enhancer 2 (PEN-2), nicastrin and anterior
pharynx defective 1 (APH-1) [87,88]. A ‘spatial paradox’ has been described with regard to
the cellular locations of y-secretase as it is seen to function at numerous cellular sites
including cholesterol- and sphingolipid-rich lipid raft microdomains of the plasma

membrane, endosomes and TGN [89].

APP is expressed in highest levels in neuronal tissue, although it is also found in most other
tissues. The concomitant overexpression of the otherwise ubiquitously expressed [-secretase
in the brain makes this site the principal tissue for elevated AP production and explains why

AD pathology is localised to the brain as opposed to other tissues.

1.6 Prion Proteins

Prion proteins (PrP) are infectious proteins that occur naturally in the body as the cellular
prion proteins, PrP°, and are found predominantly in the brain tissue [90,91,92,93]. PrP° is
encoded by the PRNP gene found on chromosome 20, and the gene is found within a single
open reading frame [94]. Prion proteins function predominantly in the brain, and it is
speculated that PrP® has a neuroprotective function against oxidative and apoptotic stress as
well as in the generation and maintenance of synapses, transmembrane signalling and
extracellular matrix adhesion [95]. However, if PrP° undergoes a conformational alteration to
become PrP™, it can become an infectious agent that leads to the onset of neurodegenerative
diseases [96]. In humans, PrP*° is responsible for Creutzfeldt-Jakob disease (CID) as well as
Familial Fatal Insomnia (FFI), Gerstmann-Straussler-Sheinker disease (GSS) and Kuru.
Infectious PrP* also affects a wide range of species, causing Transmissible Spongiform
Encephalopathies (TSEs) such as Bovine Spongiform Encephalopathies (BSE) in cattle,
Scrapie in sheep and Chronic Wasting disease in ungulates [97,98,99].
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PrP is translated in the endoplasmic reticulum and undergoes modification at the Golgi
apparatus, whereby it is transported via secretory vesicles to the cell surface and coupled to a
glycosylphosphatidyl inositol (GPI) anchor. PrP® is predominantly localised to the cell
membrane, although it has been found that it also can undergo cleavage by phosphatidyl
inositol-specific phospholipase C, thus being released from the membrane [100,101]. The
cleavage pathways to which PrP° can be subjected are outlined a recent article by
Ostapchenko et al[102]. PrP¢ is internalised via clathrin coated pits [103] or alternatively by
caveolae-like domains [104] and recently it has been found that the ADP Ribosylation factor
6 (ARF6) (a GTPase) is involved in clathrin independent internalisation of PrP°[105].
Interestingly, ARF6 is also responsible for endosomal sorting of the (-secretase[106]. The
37kDa/67kDa laminin receptor precursor/ laminin receptor (LRP/LR) is the cellular receptor
for both cellular and infectious prion proteins and thus also plays an important role in their
internalisation [93]. The conversion of PrP° into PrP* is thought to occur in the endosomes
during the endocytic pathway, however, recent studies have also showed that the phenomena
occurs on the cell membrane and within vesicles, and that the presence of certain RNA and
lipids are required for the conversion to occur in vitro [107,108,109,110]. The conformational
changes involve the conversion of a-helices (found in PrP®) into [-sheets, which are
predominantly found in PrP% [111] . There are now many therapeutic approaches targeting
both PrP% and its receptor, LRP/LR, for the treatment of prion diseases
[4,5,92,96,112,113,114,115]

1.6.1 The Role of Prion Proteins in Alzheimer’s disease

Several factors have led to the belief that cellular prion proteins play a role in AD pathology.
As mentioned in section 1.6, they are believed to have neuroprotective properties against
oxidative stress [116,117], and play a controversial role in the prevention of apoptosis
[118,119]. Initial reports suggested that PrP° may play a role in preventing or delaying the
onset of Alzheimer’s disease [120,121]. The link between prion proteins and AD was
confirmed by in vitro assays, as; when the human neuroblastoma cell line (SH-SYS5Y) over-
expressed PrP° a significant decrease in AP shedding was observed [122]. The converse was
also confirmed whereby the downregulation of PrP¢ expression with the use of siRNA
resulted in a significant increase in AP shedding [122]. This implies that the prion protein is
directly involved in the regulation of APP processing and the production of AB. Co-

immunoprecipitation studies revealed that this was due to a direct interaction between the [3-
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secretase (BACE1) and PrP°[122,123].

A feedback model was proposed between AP processing and PrP° (Figure 1.5) [124]. As
mentioned, PrP° regulates B-secretase activity thus reducing the amount of A3 produced by
the proteolytic processing of APP [122]. In 2009, a study revealed that the remaining C59
fragment of APP, the AICD (that is formed by Yy-secretase cleavage) is translocated to the
nucleus (in association with Tip60 and Fe65) where it behaves like a transcription factor and
regulates the expression of p53, which in turn acts as a promoter for the PRNP gene for the
expression of PrP® [70]. PrP® then downregulates AP shedding and thus production of the
AICD is also reduced, hence reducing the expression of prion proteins. Another study showed
that prion proteins can also act as receptors for AP oligomers and thereby mediate the
neuronal toxicity of the AP fibres [125]. Any disruption in this feedback loop, as would be
expected in Alzheimer’s Disease patients, would result in the excessive production of A3
peptides which would in turn bind to prion proteins and effectively prevent the prion proteins
from regulating [3-secretase cleavage [124]. Thus increased levels of A would also result in
an increase in AICD production which would in turn upregulate PrP¢ production, allowing for

the attachment of more A3 peptides. This would in turn accelerate neurotoxicity.

Recent reports have highlighted the role of PrP° in regulating AP induced neurotoxicity and
contributing to neurodegeneration. PrP® has been implicated in mediating toxic signalling of
not only A3 oligomers but also other [3-sheet rich proteins [46]. It has also been found to play
an important physiological role in inhibiting the NMDA receptor from excessive activity that
may lead to the onset of neuronal injury [45]. AB mediates neuronal and synaptic injury by
disrupting the normal PrP® dependent regulation of NMDAR activity [45]. PrP® was also
shown to be essential for neuronal death induced by AB as Prup”” mice were completely
resistant to the effects of AR oligomers [126,127]. Furthermore, PrP° is responsible for
regulating AB-induced inhibition of long term potentiation (LTP) — a feature associated with
AD [128]. The interaction between PrP® and AR also recruits Fyn kinase which has been

shown to impair neurons [47,129].
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These findings all suggest that PrP® plays a significant role in not only regulating the

processes responsible for the production of A3, but also the neurotoxic effects thereof.

APP

|
>
-
o

s%(’%

P
PrPc mRNA

p53

Fig 1.5 Proposed feedback mechanism for regulation of PrP° expression, B-secretase
activity and AB production. On the left, AR is produced and the remaining C-terminus becomes
the Amyloid Intracellular Domain (AICD). This AICD forms a complex with Fe65 and Tip60 and is
translocated to the nucleus where it interacts with the p53 promoter to regulate expression of this
gene. The p53 protein then acts a regulator of the PRNP gene for the expression of PrP® which is
subsequently transported to lipid rafts in the cell membrane where it can mitigate the action of the
[B-secretase, BACE1. This results in less AB being produced, resulting in less AICD which thus
downregulates the production of PrP°. Adopted and modified from [5]
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1.7 The 37kDa/67kDa Laminin Receptor Precursor/Laminin Receptor

The 37kDa/67kDa Laminin receptor precursor/Laminin receptor (LRP/LR) was first isolated
from tumour cells in 1983 [130]. This type II membrane receptor has an intracellular N-
terminal and its C-terminal is located extracellularly (Figure 1.6). Two main isoforms exist,
namely the 37kDa laminin receptor precursor (LRP) and the 67kDa laminin receptor (LR);
both are found in plasma membrane fractions. It has been found that the 67kDa LR is formed
from the 37kDa LRP, however the exact mechanism whereby the 37kDa LRP forms the
67kDa LR remains elusive [4,96,113].

The significance of LRP/LR in cancer was based on its ability to bind laminin. It is also a
receptor for various viruses such as Venezuelan Equine Encephalitis virus (VEE) [131],
Sindbis virus [132], Dengue virus [133] and Adeno-Associated Viruses (AAV). In 2001, it
was confirmed that LRP/LR was the cellular receptor for both cellular prion proteins (PrP®)
and infectious prions (PrP*%) (section 1.6) [93]. It has important functions in not only the life
cycle and propagation of PrP°[134,135] but also in the endocytosis of PrP after which both
PrP® and LRP/LR are found to co-localise within the endosomes[136]. Subsequent studies
have also described the role of LRP/LR within the cytosol where it functions as part of the
translation machinery [137] and is also found to be a one of the p40 ribosome associated
proteins [138]. LRP/LR is also found in the nucleus where it is tightly associated with DNA
through interactions with the histone proteins [139,140]. This multifunctional protein has
became a target for many therapeutic strategies because of its important role in the metastasis

of cancers as well as its receptor function for prions and viruses [4,5,92,96,113,114]

1.7.1. LRP/LR as a therapeutic target

Therapies targeting LRP/LR have focused on the use of antibodies that prevent the action of
LRP/LR as a receptor. Initially the W3 antibody was used to cure Scrapie infected neuronal
N2a cells [135] and was also found to reduce the binding between infectious prions and
mammalian cells [141]. Employing W3 also showed that internalisation of the BSE prion

BSE

protein (PrP™>") in human intestinal cells was impeded [136]. The antibody might also

BSE
P

interfere with the binding of Pr to cervid and ovine intestinal cells [99,142]. Further

studies on LRP/LR blocking strategies led to the discovery of the scFv S18 antibody by
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phage display [112]; after which, another variant of the antibody, scFv iS18 was created by
chain shuffling [113,143]. scFv iS18 was found to be more efficient than scFv S18 as not
only did it have a 10 fold higher binding affinity, but it also has a longer half life (21 days)
[113,143].

i Transmembrane domain {aa 86 = 101) C-terminus (aa 295)

. Laminin/ PrP binding damain (aa 181 — 180)
F oG

b Heparin/ Laminin binding domain (aa 205 - 229)

‘ scFwl IgG1 antibody binding domain (aa 272 - 280)

Heparin _.___|_[
PP 1

Laminin

Extracellular

Lipid bilayer

Intracellular

N-terminus (aa 1)

Figure 1.6 Schematic representation of the 37kDa/67kDa LRP/LR. LRP/LR is 295aa long and has 4
functional domains, as shown above interacting with their ligands. PrP° binds at the Laminin/PrP binding
domain between aa 161 — 180. This receptor also binds antibodies, heparin and laminin. Adopted from
[41.

The interaction between laminin and LRP/LR stimulates collagenase type IV which has the
ability to break down the basement membrane, allowing cells to metastasise. Blockage of
LRP/LR using the IgG1-1S18 antibody resulted in a significant decrease in both adhesion and

invasion of various neoplastic cell lines [143,144,145]. Furthermore, when the W3 antibody
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was applied to human umbelical vein endothelial cells (HUVECs), angiogenesis was
significantly reduced [146]. Downregulation of LRP/LR with anti-LRP siRNA resulted in a
significant reduction in cell viability in malignant cell lines suggesting that LRP/LR is

involved in apoptosis evasion — one of the key features of cancer [147].

The findings show that antibodies directed against LRP/LR can be used in the treatment of
not only prion infections but metastatic cancers too [143]. The full-length humanised anti-
LRP/LR antibody, IgG1-iS18, is now the antibody of choice for investigations into prion and

cancer therapies.

1.7.2 Implications of LRP/LR in Alzheimer’s disease

Since LRP/LR is the receptor for both infectious and non-infectious prion proteins, it plays a
key role in the internalisation of prions [141] and also functions in the life cycle[148].
LRP/LR has also been implicated in the propagation of prions in neuronal cells [135]. As
was discussed in section 1.6.1, prion proteins play an important regulatory role in both the
processing of APP and AP induced neurotoxicity. Thus, PrP® plays a pivotal role in
Alzheimer’s disease onset and progression. It is thus plausible to consider that LRP/LR as the
cellular receptor for the prion protein may indeed also play a role in the processes involved

in the etiopathenogenesis of AD.
This PhD project was an investigation into whether LRP/LR played a role in the molecular

mechanisms of Alzheimer’s disease and to investigate whether the IgG1-iS18 antibody could

potentially be used as a therapeutic for the treatment of AD in the future.
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2. Hypothesis

LRP/LR plays a significant role in Alzheimer’s disease through an effect on the

amyloidogenic processing of the Amyloid Precursor Protein.
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3. Aim

The aim of this research is (i) to determine the role of the 37kDa/67kDa laminin receptor in
the proteolytic processing of the Amyloid Precursor Protein and the shedding of the amyloid
beta peptide; (i1) to determine whether the LRP/LR specific antibody IgG1-iS18 is a possible
therapeutic antibody for the treatment of AD.

3.1 Objectives

1. To determine cell surface levels of LRP/LR, APP B- and y-secretases via Flow cytometric
analysis.

2. To determine the effects of the LRP/LR specific antibody IgG1-1S18 on the shedding of
AP by means of an AR ELISA.

3. To perform dose-dependency assays for the [gG1-1S18 treatment of cells to determine the
effects on AP shedding by quantifying AP levels using an AP specific ELISA

4. To determine the molecular mechanisms underlying this reaction, that is, the interaction
of LRP/LR with APP and the B- and y-secretases. This will be done via detection of
sAPPp (the result of B-secretase cleavage) after the cells have been treated with the anti-
LRP/LR antibody IgG1-iS18.

5. To determine the levels of APP, - and y-secretase present on the cell surface after IgG1-
1S18 treatment.

6. To perform co-localisation studies between LRP/LR and the AD relevant proteins using
Immunofluorescence Microscopy for cell surface co-localisation and confocal
microscopy for intracellular co-localisation.

7. To determine whether LRP/LR interacts with APP, B- or y-secretase by means of pull
down assays.

8. To obtain, (using a confocal microscope) Z-stacks of images of the co-localisation
between LRP/LR and APP, B- and y-secretase in order to determine the sub-cellular
location of the interactions between these proteins.

9. To perform FRET (Forsters Resonance Energy Transfer) in order to further ascertain

whether interactions exist between LRP/LR and APP, - and y-secretase.
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4. Review Articles

During the course of this PhD project, numerous review articles have been published, in
collaboration with other members of Prof. S.F.T Weiss research group. Some of these articles
focus on LRP/LR and its role in Prion and neurodegenerative disorders as well as cancers.

Others are more specific to Alzheimer’s disease and prion disorders.

Articles are arranged according to date of publication:

1. Interactions between PrP® and other ligands with the 37-kDa/67-kDa laminin receptor
(2010)

2. Patented biological approaches for the therapeutic modulation of the 37 kDa/67 kDa
laminin receptor (2010)

3. Alimentary Prion Infections: Touchdown in the intestine (2011)

4. Structural and mechanistic commonalities of amyloid-3 and the prion protein (2011)

5. Global Alzheimer Research Summit: Basic and clinical research; Present and future

Alzheimer research (2012)
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Interactions between PrP and other ligands with the 37-kDa/67-kDa
laminin receptor

V. Mbazima¥*, B. Da Costa Dias*, A. Omar, K. Jovanovic, S.F.T. Weiss

Frontiers in Bioscience 15 (2010) 1150-1163.

*These authors contributed equally to the work

In this review article, both the physiological and pathological roles of LRP/LR are discussed
in detail. Insights are given into the various diseases and disorders in which LRP/LR plays a
fundamental role and therapeutic options for the treatment thereof are explored. These

options include antibodies and siRNA targeting LRP/LR as well as pentosan polysulfate and
truncated forms of LRP/LR (LRP 102 — 295) as decoy mutants.
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[Frontiers in Bioscience 15, 1150-1163, June 1, 2010]

Interactions between PrP° and other ligands with the 37-kDa/67-kDa laminin receptor

Vusi Mbazima, Bianca Da Costa Dias, Aadilah Omar, Katarina Jovanovic, Stefan F T Weiss

School of Molecular and Cell Biology, University of the Witwatersrand, Private Bag 3, Wits 2050, Johannesburg, Republic of

South Africa (RSA)
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1. ABSTRACT

The 37-kDa/67 kDa laminin receptor (LRP/LR)
represents a multifunctional protein. It is a receptor for
viruses such as Dengue Viruses, Alphaviruses and Adeno-
associated-Viruses (AAV), as well as the cellular prion
protein (PrP) and infectious prions (PrP%%). The 37-
kDa/67-kDa LRP/LR plays furthermore fundamental roles
in basic cell biological processes such as cell adhesion and
cell growth and acts as a key player in metastatic cancer,
affecting invasion, adhesion and apoptotic processes. This
review gives fundamental insights into basic cellular
processes affected by LRP/LR including signal
transduction and cell cycle progression and focuses on
pathophysiological implications of the interaction of prion
proteins, laminin, viruses and other ligands with LRP/LR
affecting the development of highly-prevalent diseases such
as cancer, neurodegenerative diseases such as prion
disorders and Alzheimer’s Disease as well as viral
infections. Molecular tools such as LRP/LR specific
antibodies and siRNAs targeting LRP expression as
possible alternative therapeutics for the treatment of
neurodegenerative diseases, metastatic cancer and viral
infections are emphasized.
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2. THE 37-kDa/67-kDa LRP/LR REVEALS A
MULTIFUNCTIONAL PROTEIN

The 67-kDa laminin receptor (LR) is a non-
integrin cell surface receptor with high affinity binding for
its corresponding ligand, laminin, an extracellular matrix
glycoprotein involved in cell growth, movement,
attachment and differentiation (for review: (1-4)). Laminin
interacts with the 67-kDa LR via two binding domains; the
first domain is known as the peptide G sequence which is
located between amino acids 161-180 and the second
laminin binding domain is located between amino acids
205-229 at the C-terminal of the 37-kDa LRP (5). Besides
having high affinity for laminin, 67-kDa LR also acts as a
receptor for other extracellular matrix molecules such as
elastin and carbohydrates (1). Furthermore, 67-kDa LR is
reported to mediate laminin-induced tumor cell growth,
migration, invasiveness and metastasis (6, 7) . This is due
to the high laminin receptor levels found in a number of
cancer types which correlates with an increase in the
invasiveness and metastasis of tumor cells (8, 9). The
relationship between the 67 kDa high affinity receptor (LR)
and the 37-kDa laminin receptor precursor (LRP), is
poorly understood. Several reports suggest that 67-kDa LR
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might be formed through homo/heterodimerization
reactions involving 37 kDa LRP and fatty acid acylation
(10, 11). The fact that recombinant LRP is monomeric and
fails to interact with itself in yeast two hybrid system (12),
however, strongly suggests that 67 kDa LR is not the dimer
of 37 kDa LRP. It is reported that both the 37-kDa LRP and
the 67-kDa LR forms of the protein are found on the cell
surface and also function as receptors for cellular prion
proteins (PrP) (13) and infectious prions (14). The
interaction between the 37-kDa/67-kDa LRP/LR and the
prion proteins (PrP) was demonstrated by using several cell
culture models as well as the yeast two-hybrid system.
Furthermore, data from yeast two-hybrid system
demonstrated the presence of two binding domains for 37-
kDa/67-kDa LRP/LR on PrP that are of importance in the
PrP-37-kDa/67-kDa LRP/LR interaction. These include a
direct (PrPLRPbdl, aal44-179) and an indirect
(PrPLRPbd2, aa53-93) binding domains. The interaction
between PrP and 37-kDa/67-kDa LRP/LR through the
indirect binding domain is reported to be dependent on
heparan sulfate proteoglycans (HSPGs) that function as co-
factors or co-receptors for the binding of PrP° to the 37-
kDa/67-kDa LRP/LR (12). HSPGs are multifunctional
macromolecules comprising of a core polypeptide
covalently bound to glycosaminoglycans (GAGs) which act
as initial attachment receptors for several extracellular
molecules (15, 16) Additionally, HSPGs are known to be
associated with Amyloid-beta (A-beta) deposits in
Alzheimer’s  disease  (AD)  (17).  Experimental
investigations using the yeast two-hybrid system
demonstrated that the direct PrP-binding domain on 37-
kDa/67-kDa LRP/LR is located between amino acid
residues 161 and 180 (12) (Figure 1). On the other hand, a
HSPG-dependent binding site has so far not been identified
on LRP/LR but it is presumed to be located between amino
acid 180 and 285 (17). The 37-kDa/67-kDa LRP/LR has
also been shown to function as a receptor for a number of
viruses such as Dengue virus (18), Sindbis virus (19),
Venezuelan equine encephalitis (20), Adeno-associated
viruses serotypes 2, 3, 8 and 9 (21). Recently, 37-kDa/67-
kDa LRP/LR has been demonstrated to play a role as a
receptor and mediator of epigallocatechin-3-gallate
(EGCQG)-induced anti-cancer and anti-allergic activity in
human colon cancer Caco2 cells (22). In another study, the
down-regulation of 37-kDa LRP expression using siRNAs
in Hep3B cells was shown to lead to the induction of
apoptosis suggesting a role of 37-kDa LRP in tumor cell
viability (23).

In addition to its role as a cell surface receptor,
the 37-kDa LRP is also reported to be present in the
cytoplasm where it exists as p40 ribosome-associated
protein and is involved in the maturation of the 40S subunit
of the ribosomes (24, 25). Moreover, the 37-kDa LRP is
localized in the perinuclear compartment and nucleus
where it interacts with PrP and histones, respectively. (24,
26, 27). The presence of the 37-kDa LRP in various parts
of the cell suggests that it is a multifunctional protein that
plays an important role in a variety of cellular processes
including proliferation, viability and protein synthesis and
could be a potential target for the treatment of various
human diseases.
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3. THE 37-kDa\67-kDa LRP\LR AND ITS
INFLUENCE ON PRION AND ZOONOTIC
DISEASES

The transmission of prions amongst individuals
of different species (interspecies) is characterized by
prolonged incubation and survival periods, a phenomenon
termed the “species barrier” (28). Factors influencing this
phenomenon are numerous and may include: variations in
the prion protein (29) and laminin receptor sequences in the
donor and recipient species; the strain of PrPS employed for
experimentation and the route of infection. Although
intraspecies transmission efficiencies vary (high amongst
captive deer suffering from Chronic Wasting Disease (CWD)
and low in cattle and sheep infected with Bovine Spongiform
Encephalopathy (BSE) and Scrapie respectively, (Figure 2)
(30, 31), interspecies transmissibility is still lower and may fail
completely. BSE is the only TSE that has been transmitted
from animals to humans and thereby caused the zoonotic
disease variant Creutzfeldt-Jakob disease (vCID) (32). The
consumption of infected meat is the most common mode of
infection and thus further investigations to study the mode
of oral prion uptake were undertaken (33). The 37-kDa/67-
kDa LRP/LR is expressed on the surface of enterocytes (the
major cell population of the intestinal epithelium) as well
as in the apical brush border of the small intestine and
Paneth cell secretory granules (34). Thus, it was
hypothesized that the 37-kDa/67-kDa LRP/LR may
influence the susceptibility to oral prion infection and the
transmissibility of Transmissible Spongiform
Encephalopathies (TSEs) across the species barrier. Recent
research suggests that the transmissibility of TSEs is
dependent on the strain of the infectious PrP as PrP®SF
(Cattle strain of the infectious prion) agents were
internalized via 37-kDa/67-kDa LRP/LR receptors on
human enterocytes (Caco-2/TC7 cells) whereas PrP>
(Sheep strain of the infectious prion) failed to do so (34).
The mode of transmission is a further factor that must be
taken into consideration. Sheep, Goats (35), minks and
mice (36) are susceptible to oral infection with PrP®SE in
contrast to pigs which are only successfully infected upon
parenteral inoculation (37). To investigate whether other
prion diseases in livestock and game, such as sheep scrapie
and CWD in deer, may cause zoonotic diseases further
binding studies investigating the interactions between
bovine, ovine, cervid and porcine prions and human
enterocytes, and possibly the 37-kDa/67-kDa LRP\LR
receptor, are being undertaken.

4. THE ROLE OF PRION PROTEINS AND THE 37-
kDa\67-kDa LRP\LR IN SIGNAL TRANSDUCTION
AND CELL CYCLE

Data from studies performed by (38)
demonstrated that the activation, via phosphorylation, of
Fyn (a tyrosine kinase) is PrP° dependent. This activation is
supposedly related to neuronal cell maturation, morphology
and functions associated with neurotransmitters (38). Fyn is
an intracellular protein and PrP® is bound to the cell
membrane via a glycosylphosphatidylinositol (GPI) anchor
thereby suggesting that intermediate proteins function in
the signaling cascade. Caveolin has been identified as one
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Figure 1. Schematic representation of the 37-kDa laminin receptor precursor (LRP). The 37-kDa LRP is 295 amino acids in
length located on the cell surface encompassing four functional domains. A transmembrane domain located between amino acids
86-101 which docks the receptor to the cell membrane. Two laminin binding domains localized between amino 161-180 and 205-
229 which also serves as attachment sites for PrP and heparin, respectively. The third binding domain is localized towards the C-
terminus of the receptor between amino acids 272-280 and serves as an attachment site for IgG antibodies. Figure modified from

4.

such intermediary protein (38). The C-terminus of the GPI
anchor and the dimer formation by the PrP®‘s hydrophobic
domain confer stress-protection to the cell. The infectious
prion protein (PrP%) is suggested to induce apoptosis by
promoting the phosphorylation of the mitogen-activated
protein kinase (MAPK) termed Jun-N-terminal kinase
(JNK) (39). However, this PrP%° activation of JNK is
dependent on the presence of the GPI-anchored PrP° (39).

The 37-kDa/67-kDa LRP/LR is suggested to have an
influence on cell signaling. The is attributed to its
involvement in the progression of the cell cycle, namely
from Gap phase (G1) to synthesis phase (S phase) and the
suppression of the receptor results in transient cell cycle
arrest (24). It has been illustrated that the receptor may
suppress the expression of cyclin dependent kinase
inhibitors such as p21, tumor suppressors and Survivin (an
anti-apoptotic protein) (24). Thus, the receptor may
function in anti-apoptotic signaling. Furthermore, evidence
showed that 37-kDa/67-kDa LRP\LR induces MMP-2 and
enhances the expression of the enzyme MKP-1 which
promotes the dephosphorylation of MAKs (40). The 37-
kDa/67-kDa LRP\LR inhibits the granulocyte macrophage
colony stimulating factor (GM-CSF) receptor (GMR) by
interacting with the beta-subunit of the receptor complex
(41). GM-CSF is a cytokine and functions in inducing the
phosphorylation of MAPK (Erk-1 and Erk-2) and Stat5
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(signal transducer and activator of transcription) and
promotes tumor necrosis factor-alpha (TNF-alpha)
synthesis by neutrophils (41). Therefore, since the 37-
kDa/67-kDa LRP\LR inhibits GM-CSF signaling, the
aforementioned processes will be hindered.

S. EMPLOYING ANTIBODIES DIRECTED
AGAINST 37-kDa/67-kDa LRP/LR AS
THERAPEUTIC TOOLS FOR THE TREATMENT
OF PRION DISEASES

Antibodies are becoming increasingly favourable
as potential therapeutic tools in the treatment of multiple
human diseases. This is evident as numerous antibodies, in
particular monoclonal antibodies, are being used in clinical
trials and have obtained U.S. food and Drug Administration
(FDA) approval for therapeutic applications (for example
Herceptin™, Avastin ™, Erbitux ™ and Vectibix ™
targeting receptor tyrosine kinases for cancer therapy).

Prion diseases, fatal neurodegenerative diseases, are caused
by the modification of the cellular prion protein (PrP¢) that
results in increased beta-sheet content thereby forming the
infectious prion protein (PrP%). The 37-kDa/67-kDa
laminin receptor has been identified as the receptor for both
the aforementioned proteins (13, 14). Thus, antibodies
directed against the receptor have been developed as
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Efficiency of Intra-species TSE transmission

approx.10% (matemal)

approx. 25-40%

approx. 90%

Figure 2. The efficiency of intraspecies transmision of transmissible spongiform encephalopathies (TSEs). Studies in cattle
demonstrated that the maternal transmission of BSE to offspring, although at the rate of 10 %, is of statistical significance. The
calculated rate of scrapie transmission 25-40% (32) amongst sheep, although greater than that amongst cattle, is still 50-65%

lower than those reported in captive deer suffering from CWD (101).

potential therapeutic and prophylactic tools against prion
infections and diseases (42-44). W3, a limited polyclonal
antibody, represents such an antibody (Figure 3). This
antibody has reduced PrP> propagation in cell culture (45)
and hampered the binding of PrP"SF and PrP27-30 to
enterocytes (34). Furthermore, upon passive immune-
transfer of the antibodies into PrP5- infected mice, a 66%
reduction in peripheral propagation of the infectious protein
and a 1.8 fold enhancement in the survival of the mice were
observed (46).

Single chain anti-LRP antibodies (scFv), referred
to as S18, have also been employed in this regard. The size
of the antibody, a mere 30-kDa, renders it more effective in
tissue penetration and enhances the probability of the
antibody passing the Blood Brain barrier (BBB). Upon
passive immunotransfer of these antibodies into PrP%-
infected mice, a 40% reduction of peripheral PrP%
propagation in the spleen was observed (47). However, the
antibodies failed to extend incubation times or survival and
this may be attributed to their instability and short half-life
(approximately 12 hours). For permanent expression of the
single chain antibodies, recombinant Adeno-associated-
viruses encoding scFvs directed against LRP/LR were
constructed and delivered to the brain of Scrapie infected
mice by microinjection (48). Surprisingly, a significant
reduction of peripheral PrPS° propagation was observed in
the spleen, which was due to the presence of recombinant
AAV in the spleen. This was the first proof for trafficking
of recombinant AAVs from the brain to the spleen (48)
Unfortunately, also here no significant prolongation of
incubation times and survival was recorded, which might
be due to the short half-life times of scFvs in blood. As a
result thereof, an improved full-length antibody termed
IgG1-iS18 was engineered (5). Due to the nature of full-
length antibodies with regard to enhanced stability and an
approximately 21-day half-life, we proposed that the
antibody might be more successful in the survival
prolongation of scrapie infected mice.
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Epitope mapping has demonstrated that the
LRP/LR antibody-binding site (scFvS18) is located at the
C-terminus of the receptor (aa 272-280) (47), and not at the
direct PrP/LRP-LR binding site located between aal61-180
of LRP (12). This suggests that the antibody prevents the
PrP-37-kDa/67-kDa LRP/LR interaction through sterical
hindrance as opposed to direct competition.

6. PENTOSAN POLYSULFATE
TREATMENT OF PRION DISEASES

IN THE

Pentosan polysulfates (PPS), sulfated polyanions
(49) which imitate the physiological roles of heparans (50),
are amongst the most widely tested and effective drugs
used in the treatment of prion diseases. These compounds
have been demonstrated to hinder PrP%° propagation in cell
culture (51); significantly prolong incubation times and
survival of infected mice (49, 52-55) as well as reduce
infectious prion protein deposition and the associated
neurodegenerative cerebral alterations (53). It is suggested
that PPS compete with endogenous heparan sulphate
proteoglycans (HSPGs) (co-receptors for the prion
proteins) (12). They thereby inhibit the binding of PrP*° to
37-kDa/67-kDa LRP/LR (14) (Figure 3) by binding to the
receptor’s heparan binding site and thus potentially alter the
physiological activities of 37-kDa/67-kDa LRP/LR (50).
The combined treatment of PPS and Fe (III) meso-tetra (4-
sulfonatophenyl)porphine has been shown to further
enhance the survival of infected mice (56). However, the
efficacy of an oral or intra-peritoneal administration of PPS
in the treatment of TSEs is questionable as the compound is
unstable and unable to penetrate the blood-brain barrier
(54). PPS has been administered via chronic
intraventricular infusion in patients diagnosed with vCJD
(50, 57) with no clinical improvement. However, recent
findings indicate that PPS therapy over a period of 6
months may significantly prolong the mean survival of
humans but further in vivo animal experiments are required
to assess the efficacy of this treatment.
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Drugs which:-*Chaperone levels (e.g. Geldanamycin)
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Figure 3. Therapeutic strategies for prion disorders. LRP/LR has been identfied as the receptor for both the cellular (PrP°) and
the infectious prion protein (PrP%°). Several therapeutic strategies have been developed to inhibit (i) the binding of the PrP*° to
LRP/LR, (ii) conversion of PrP°to PrPS° and (iii) the expression LRP/LR mRNA. Antisense RNA and short hairpin RNA have
been employed to down-regulate LRP/LR expression and thereby inhibit PrP® propagation in scrapie infected cells (45).
Lentiviral vector delivery of siRNAs downregulating LRP expression, resulted in a prolonged pre-clinical phase in Scrapie
infected mice (61). Blocking the 37-kDa/67-kDa LRP/LR receptor serves as an alternative strategy. Anti-LRP/LR antibodies (full
length such as W3 and IgG-is18 and single chain scFv s18) as well as the drug pentosan polysulfate (PPS) have been used in this
regard (14, 45-47). Experiments with neuroblastoma cells infected with scrapie illustrate that the LPR/LR mutant (LRP102-
295::FLAG) sequesters PrPS thus reducing PrP5® accumulation (62, 63). Curcumin (65) and Polyene antibiotics (66) are
compounds that hamper the conversion of PrP® to PrPS°. Furthermore, compounds that enhance chaperone activities or the
proteosomal degradation of the misfolded protein as well as interfere with the misfolding pathway (67) may be employed as
potential tools in prion therapy.

7. THERAPEUTIC INTERVENTIONS UTILIZING and small interfering RNAs (siRNAs) directed against the
RNA INTERFERENCE FOR PRION DISEASE LRP mRNA (45). In addition, transgenic mice
TREATMENT (tgN(NSEasLRP) with reduced 37-kDa/67-kDa LRP\LR
levels in the hippocampal and cerebellar brain regions did
The presence of cellular prion proteins, PrP¢, is not exhibit abnormal behaviour (60).
imperative for the propagation of infectious, prion disease
causing, PrP%. It is a known fact that transgenic mice in Lentiviral siRNA delivery allows down-
which the Prnp gene has been knocked out (PrpO/ 0 mice) are regulation of disease associated genes in dividing and
resistant to prion diseases (28) and those in which the embryonic stem cells (58). Lentivector-mediated RNAi1 was
protein’s expression is reduced exhibit slowed disease employed to generate chimeric mice expressing lower
progression (58). RNA interference (RNA1) strategies, such levels of PrP. In highly chimeric Scrapie infected mice,
as those employing lentiviral PrP specific short hairpin survival was significantly prolonged (58). Microinjection
RNAs (shRNAs) have been successful in suppressing the of lentiviral vectors expressing small interfering RNAs
prion protein expression and thus presents an approach for directed against LRP mRNA significantly prolonged the
prion disease treatment (58, 59). Similarly, suppression of pre-clinical phase in Scrapie infected mice (61). Both
37-kDa/67-kDa LRP\LR expression in scrapie infected reports confirm the cellular prion protein and its 37-
neuronal cells (ScN2a and ScGTI) (45) inhibits PrP* kDa/67-kDa laminin receptor as important players in prion
accumulation and has been achieved upon the transfection pathogenesis and recommend the lentiviral mediated gene
of the aforementioned cell lines with antisense LRP mRNA transfer system for RNAi expression.
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8. LRP102-295 MUTANT AS A DECOY RECEPTOR
FOR THE TREATMENT OF PRION DISORDERS

Investigations employing Baby Hamster Kidney
(BHK) cells which express and secrete an LRP-mutant
which contains merely the extracellular domain of 37-
kDa/67-kDa LRP/LR (LRP102-295::FLAG) demonstrate
that these cells exhibit reduced PrP27-30 binding (62). The
mutant receptor lacks the transmembrane binding domain
(aa86-101) and is thereby secreted into the extracellular
matrix. However, the mutant still contains the direct PrP
binding domain (aal61-180) (12) and is therefore still able
to bind to infectious prion proteins (62). The transdominant
negative decoy mutant traps PrP%° molecules and reduces
PrP5° propagation in Scrapie infected neuronal cells (62).
Due to the promising results in cell culture, hemizygous
transgenic mice were generated expressing the LRP102-
295::FLAG mutant in the brain. After Scrapie infection the
transgenic mice revealed a significant prolongation of the
incubation time compared to wild-type mice (63).
Interestingly, at the terminal stage of disease the transgenic
mice revealed significantly reduced PrPres levels compared
to wild-type mice (63). The results recommend the laminin
receptor decoy mutant as an alternative therapeutic vehicle
for treatment of prion disorders.

9. OTHER STRATEGIES
THERAPY

FOR PRION DISEASE

Numerous substances have been investigated as
potential tools in prion therapy, and yet despite promising
results in vivo commercial therapeutics is non-existent (for
review (1-4). Many such substances share a common
strategy: hamper the conversion of PrP® to PrP*° (64). These
include: Curcumin, a non-toxic component of turmeric
which has the ability to penetrate the BBB (65), polyene
antibiotics such as Amphotericin B which indirectly hinder
the conversion process by altering the properties of
membrane micro-domains (66), Porphyrins, polyamines
and anthracyclines (64). Drugs such as geldanamycin,
which augments chaperone activity and may thereby reduce
levels of the misfolded PrP% and Congo Red, binds to -
sheets and interferes with the misfolding pathway, have
also been investigated in this regard (67). However, the
efficacy of these compounds is low or questionable.

Researchers have also tried to stimulate innate
immunity in their attempts to develop effective therapeutics
for prion diseases. (68) employed cytidyl guanosyl
oligodeoxynucleotides (CpG-ODNs) to stimulate innate
immunity. This treatment was effective in prolonging
incubation times but the side effects were severe and may
have resulted in the destruction of Follicular dendritic cells
(FDCs) (64).

10. THE ROLE OF THE PRION PROTEIN AND ITS
RECEPTOR IN OTHER NEURODENERATIVE
DISEASES

Alzheimer’s disease (AD) is the most prevalent
type of dementia to affect the aging population. In 2006
this neurodegenerative disease affected more than 25
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million people worldwide and it is thought that this number
will quadruple within the next 40 years (69). The incidence
of AD increases with age, hence, the majority of patients
are over 65 years old when disease onset begins. Initial
symptoms include memory loss (especially short term) and
within a number of years, disease progression leads to
dementia that involves both behavioural and cognitive
spheres of the brain. This leads to extrapyramidal
symptoms, slowed and involuntary = movements,
uncontrollable speech and loss of bodily functions
ultimately leading to death (70).

The molecular mechanisms underlying this
neurodegenerative disease involve the formation of
neurofibrillary tangles and amyloid plaques (also referred
to as senile plaques) on neuronal tissue in the brain, which
leads to the degeneration of this tissue. Two main factors
have been associated with AD, namely the amyloid beta
(A-beta) peptide and tau proteins. Tau is a phospho-protein
that functions in the stabilization of microtubules.
However, hyperphosphorylation of tau proteins leads to
neurofibrillary tangles within neurons and these tangles are
implicated in the onset of AD (Figure 4) (71). The amyloid
plaques associated with this neurodegeneration are
composed of the A-beta peptide that is released during the
cleavage of the amyloid precursor protein (APP). There are
two different cleavage pathways for membrane bound APP,
namely; the non-amyloidogenic and amyloidogenic
pathways. In the non-amyloidogenic pathway, the N-
terminal of APP is cleaved by alpha-secretase to release
sAPP-alpha into the extracellular matrix. The remaining
membrane bound C-terminal is subsequently cleaved by
gamma-secretase and the cleaved fragment, the soluble p3
peptide, is shed into the extracellular matrix. In the
amyloidogenic pathway, the beta-secretase acts instead of
the alpha-secretase to cleave the N-terminal of the APP ata
different site. The fragment released is thus sAPP-beta.
Once the remaining c-terminal is cleaved by the gamma-
secretase, a 4-kDa insoluble peptide, A-beta, is released
into the extracellular matrix instead of p3 (Figure 5) (72).
These A-beta peptides then aggregate to form the amyloid
plaques on neuronal tissue that are characteristic of
Alzheimer’s disease.

Prion proteins (PrP) are proteins that are found in
the brain. Though their function is not completely
understood, misfolded forms of cellular prion proteins
(PrP°) lead to TSEs such as scrapie in sheep, BSE (mad
cow disease) in cattle and Creutzfeldt-Jacob disease among
others in humans (14, 34). A connection has also been
established between prion proteins and AD. Several factors
suggest that prions have a protective role against AD.
Firstly, it has been found that mutations within the gene for
PrP¢, such as the Y125%°" and Q160%°" mutations, result in
early onset AD, suggesting the PrP° has a role in preventing
or delaying the onset of this disease (73, 74). Subsequent in
vitro studies further confirmed this, as, when PrP® was over
expressed in neuronal cell lines, the amount of A-beta
released by neuronal cells was significantly reduced.
Conversely when PrP° was down-regulated with the use of
siRNA, the levels of A-beta increased significantly (75).
Co-immunoprecipitation studies revealed that this is due to
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Figure 4. Paired helical fragments (PHF)-tau containing
dystrophic neurites (black) and between 8 and 10
neurofibrillary tangles (NFTs; black). The Alzheimer brain
is characterized by two types of lesions, amyloid-beta-
containing plaques and neurofibrillary tangles (NFTs). The
Gallyas silver impregnation method visualizes the flame-
shaped NFTs. In addition it picks up the dystrophic neurites
which form a halo around the amyloid plaques. Hence, this
method is an indirect means to visualize an amyloid plaque
such as the one shown in the center of the micrograph. The
micrograph is the courtesy of Prof Juergen Goetz, Sydney,
Australia.

an interaction between the beta-secretase and PrP¢,
whereby the beta-secretase is in some way inhibited by the
presence of PrP°. The exact mechanism of this inhibition
remains elusive as the catalytic ability of the beta-secretase
is not reduced and the amount of this enzyme expressed on
the surface of the cell remains the same. It is thus probable
that PrP® somehow interferes with the initial steps in the
proteolytic processing of APP. This inhibition was found to
be most successful when PrP¢ is localized in cholesterol-
rich lipid rafts and interacting with glycosaminoglycans
(75).

The receptor for both infectious and non-
infectious prion proteins is 37-kDa/67-kDa LRP/LR. This
receptor interacts with PrP° directly and indirectly via
heparan sulfate proteoglycans (12). Since PrP° plays an
important role in the regulation of A-beta secretion, it is
possible that the receptor for PrP® (37-kDa/67-kDa
LRP/LR) may also be involved in regulating the pathways
involved in the development of Alzheimer's disease.

11. 37-kDa/67-kDa LRP/LR AND CANCER

Cancer is one of the leading causes of mortality
worldwide and was found to be responsible for
approximately 13% of all deaths worldwide in 2007
(http://www.who.int/cancer/en). Predictions have shown an
increased mortality rate resulting from this disease with an
estimated 12 million deaths by 2030
(http://www.who.int/cancer/en). The most striking feature
of this disease is that it affects people of all ages, races,
genders and economic status. Several types of cancer have
been identified with the most common in the Western
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World being lung, breast, prostate and colon cancers
(http://info.cancerresearchuk.org). However, this differs to
developing countries where the prominent cancer types
include cervix and stomach cancer (Figure 6). This
variance is due to progress in diagnostic techniques, which
is often unaffordable to those in poorer regions. Early
diagnosis is possible with the help of magnetic resonance
imaging (MRI) and leads to an overall decrease in
mortality. Another aspect that plays an influential role in
reducing the number of fatalities includes the discovery and
consequently the spread of awareness regarding risk factors
for cancer. Currently several modes of treatment are
available such as surgery, chemotherapy, radiation therapy,
immunotherapy and monoclonal antibody therapy. In cases
when the tumor becomes metastatic, treatment becomes
challenging since various tissues are affected.

Cancer is a disease whereby mutations result in
uncontrolled cell growth by either unregulated cell
proliferation or the lack of apoptosis. These cells then
continue to grow and mutate with the aid of oncogenes or
tumor suppressor genes that act by altering cell cycle
checkpoint regulators and the DNA repair system (76). It
has been shown that changes in the general apoptotic
process could have a significant effect on the progression
of tumors, suggesting the inactivation of apoptosis at the
time of tumor progression (76). The acquired capability of
evading apoptosis can be attained through various
strategies, with the most common being that of mutations
caused by the p53 tumor-suppressing gene (76). Loss of
pro-apoptotic regulators occurs as a result of this mutation.
It is suspected that most cancer types are able to induce
changes that allow for the evasion of apoptosis (Figure 7).
A report has hinted that with the use of small interfering
RNAs 37-kDa/67-kDa LRP/LR can be inhibited and
consequently result in the induction of apoptosis in various
cells (23). It was shown that silencing of 37-kDa/67-kDa
LRP/LR induces apoptosis in Hep3B cells (23). Thus
LRP/LR supports cancer by inhibiting apoptosis.

The degree of metastasis of neoplastic cells is
highly dependent on the interaction with 37-kDa/67-kDa
LRP/LR, this in turn affects the general laminin mediated
basement attachment and consequently local degradation
and cell movement. Expression of the mature 67-kDa form
of the receptor is found on most normal cells, the immature
37-kDa form had been noted as being an oncofetal antigen.
A direct link between the over-expression of this form and
an increased invasiveness has been identified (23).

This trend was found particularly in gastric
cancer (77), colon carcinoma (78), colorectal carcinoma
(79), cervical (80), breast (81), lung (82), ovary (83),
pancreatic (84) and prostate cancer (85). This discovery has
lead to the suggestion that the expression level of 67-kDa
laminin receptors could be a reliable method of prognosis
for metastatic tumors (84, 85). Furthermore the over-
expression of this receptor could provide an opportunity for
cancer therapy directed at this site.

Human fibrosarcoma cells that were pre-treated
with an anti-LRP antibody showed significantly reduced
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a) Non-amyloidogenic pathway b) Amyloidogenic pathway
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Figure 5. Overview of APP cleavage pathways. (a) The non-amyloidogenic pathway is shown. This pathway makes use of the
alpha-secretase enzyme belonging to the ADAM (a disintegrin and metalloprotease) family. Alpha-secretase proteolytically
cleaves the APP (amyloid precursor protein) to release sSAPP-alpha, which is shed into the extracellular matrix. The remaining
fragment of the APP (the C-terminal) remains membrane bound and is subsequently cleaved by the gamma-secretase. The
gamma-secretase is composed of four sub-units: the catalytic domain is composed of the presenilins (aspartyl proteases) and the
remaining subunits are composed of anterior-pharynx defective 1 (APH1), nicastrin and presenilin enhancer (PEN-2). The
cleavage of C-terminal of APP by gamma-secretase results in the shedding of p3, a soluble 3-kDa peptide. (b) The
amyloidogenic pathway is shown, where beta-secretase cleaves APP to release sAPP-beta. Beta-secretase (beta-site APP
cleaving enzyme, BACEL1) cleaves at a different site to alpha-secretase, so that when the gamma-secretase cleaves the remaining
C-terminal, the fragment that is shed is the insoluble A-beta peptide. The A-beta fragment is 4-kDa in size and accumulates to
form amyloid plaques on neuronal tissue which causes the neurodegeneration associated with Alzheimer’s disease.

lung metastases compared to untreated cells in a murine inhibits apoptotic processes (23) indicates that the receptor
model (86). In vivo studies demonstrated that suppression plays a critical role in the progression of cancer and the
of 37-kDa LRP expression lead to a reduction in the development of metastatic tumors.

proliferation and tumor formation of lung cancer cells (6).
12. 37-kDa/67-kDa LRP/LR AND VIRAL DISEASES
Most forms of prion disease therapy directed at

37-kDa/67-kDa LRP/LR have the potential to be utilized in Viral entry into host’s cells is dependent on its
tumor intervening therapy. Studies done using human interaction cell surface receptors. Indeed, various distinct
fibrosarcoma cells (HT1080) have illustrated that the protein receptors have been identified as initial virus
blocking or down-regulation of the 37-kDa/67-kDa attachment sites for several viruses. For example, the CD4
LRP/LR receptor minimized the invasive potential of these receptor together with its chemokine co-receptors, CCRS
cells (5). Interference of the laminin-37-kDa LRP and CXCR4, have been shown to act as attachment sites for
interaction results in a hindered invasion. Ways in which the human immunodeficiency virus (HIV) (87). This AIDS
this can be achieved include anti-37-kDa/67-kDa LRP/LR causing retrovirus plays a major role in the worldwide and
scFv antibodies, full length format IgG, as well as heparan in South Africa and the virus host cell interaction
mimetics and pentosan polysulfate (5). The success of this represents a promising target for therapeutic interventions
brings forward the possibility of developing alternative (88) and might supplement conservative targets such as
methods capable of reducing the metastatic nature of reverse transcriptase (89-91) (for review: (92)), integrase
cancer. Interestingly, current research has shown a definite (93), protease (94) and the budding event (95) (for review:
link between 37-kDa/67-kDa LRP/LR and the maintenance (96, 97)). The complement receptor CR2 acts as a receptor
of cell viability (23). An increased level of 37-kDa/67-kDa for the Epstein-Barr virus that is associated with infectious
LRP/LR found on the neoplastic cell line HT1080 (5) in mononucleosis and the development of cancer (98). Wang
conjunction with the fact that 37-kDa/67-kDa LRP/LR et al. (19) demonstrated that Hamster cells with up-
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Figure 6. Estimated cancer deaths per 100,000 people by cause, and member state, 2004, Republic of South Africa (RSA)
(http://www.who.int/cancer/en/).
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Figure 7. Comparison of normal (lower panel) and tumor (upper panel) cell division/proliferation. Healthy cells are displayed in
grey and mutated cells in yellow. With the activation of oncogenes apoptosis is evaded and the tumor progresses. Non-oncogenic
mutations induce apoptosis and allow for the continued proliferation of healthy cells.

regulated levels of the laminin receptor were more prone to
infection by the Sindbis virus as compared to cells that
were expressing lower amounts of the receptor. This led to
the identification of the laminin receptor as a receptor for
the Sindbis virus. The 37-kDa/67-kDa LRP/LR was also
identified as a receptor for (i) dengue virus, which is the
causative agent of dengue fever and dengue hemorrhagic
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fever, in human liver cells (18), porcine kidney cells (99)
and mosquito cells (100), respectively, and (ii) for several
AAYV subtypes (21). The ability of 37-kDa/67-kDa LRP/LR
to act as a receptor for various viruses and other pathogens
suggests that LRP might also be involved in the attachment
and internalization of other viruses as a receptor or co-
receptor. Thus, it is imperative to investigate the potential
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interaction of the 37-kDa/67-kDa LRP/LR with other
viruses that cause fatal human diseases.

13. PERSPECTIVE

The 37-kDa/67-kDa LRP/LR is a key player in
major cellular processes and is involved in a many diseases
such as metastatic cancer, neurodegenerative diseases and
viral infections. Recent findings describing a major role of
the receptor in signal transduction processes, apoptosis and
cell cycle progression together with the proven finding that
37-kDa/67-kDa LRP/LR plays critical roles in invasion and
cell adhesion, two key components in metastatic tumors
recommends the receptor as an alternative target for
therapeutic intervention in many important metastatic cancer
types worldwide. The 37-kDa/67-kDa LRP/LR functions
moreover as a receptor for prions and recent research indicates
that blocking or down-regulating the receptor results in
prolonged incubation times (pre-clinical phases) and/or
survival. Since 37-kDa/67-kDa LRP/LR interacts with the
misfolded prion protein, which has a proposed protective effect
in Alzheimer’s disease, a possible role of the receptor in other
neurodegenerative protein misfolding diseases such as Morbus
Alzheimer might be conceivable. Since the receptor acts as a
cell surface receptor for a series of different viruses (e.g.
Sindbis, Dengue and Adeno-associated virus), targeting the
receptor might represent an alternative therapeutic
intervention for the treatment of viral diseases. Especially
antibodies targeting 37-kDa/67-kDa LRP/LR might
become effective alternative tools for the treatment of all
kind of diseases associated with or caused by the non-
integrin laminin receptor 37-kDa/67-kDa LRP/LR.
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Patented biological approaches for the therapeutic modulation of the 37
kDa/67 kDa laminin receptor
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This article reviewed some of patents focused on targeting LRP/LR for therapeutic
intervention in diseases such cancer, prion disorders, Alzheimer’s disease as well as viral,
bacterial and yeast infections. Patents for anti-LRP/LR antibodies as well as a vaccine
formulated to target immature LRP are discussed in the context of cancer treatments. Patents
for anti-LRP siRNA, LRP mutant receptor decoys, polysulfated polyanions and antibodies
targeting LRP/LR are all reviewed as treatments for Prion disorders. Patents for the treatment
of Alzheimer’s disease include vaccines with laminin and AP binding fragments of laminin
since this extracellular matrix protein exhibits an Af3 binding site and inhibits A3 fibrillation.
Alternate therapies for the treatment of bacterial diseases such as meningitis (where bacteria
use LRP/LR as a receptor) and viral infection (caused by Sindbis and Dengue viruses which
also use LRP/LR as a receptor) are also briefly examined. Overall, this paper provides an
easily accessible overview of the current patented therapeutic options targeting LRP/LR in

various diseases.
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Importance of the field: The 37/67 kDa laminin receptor precursor/laminin
receptor (LRP/LR) represents a multifunctional protein located on the cell sur-
face, in the cytosol and the nucleus. The receptor acts as a mediator for cell
adhesion, cell proliferation and cell differentiation. It is a key player in inva-
sion and adhesion, major functions of several important metastatic cancer
types. The receptor hampers apoptosis thereby favoring cancer progression.
LRP/LR plays a major role as a cell surface receptor in prion disorders and
may be of considerable importance for other neurodegenerative diseases
such as Alzheimer’s disease. A series of viruses including Sindbis virus, Dengue
virus and Adeno-associated virus use LRP/LR as attachment receptors. Bacteria
and Candida albicans use the receptor for pathogenesis.

Areas covered in  this review: Background and patented biological
approaches for therapeutic modulation of LRP/LR in neurodegenerative
diseases, cancer, viral disorders, bacterial and yeast infections.

What the reader will gain: A comprehensive review of the role of LRP/LR in
infectious and non-infectious diseases and an insightful assessment of pub-
lished or patented biological approaches for the therapeutic modulation of
LRP/LR.

Take home message: Molecular tools such as antibodies directed against LRP/
LR have the potential to act as promising alternative therapeutics for the
treatment of various diseases.

Keywords: Alzheimer’s disease, antibody, apoptosis, cancer, dengue virus, laminin receptor,

LRP/LR, metastasis, prion, therapy

Expert Opin. Ther. Patents (2011) 21(1):35-53

1. Introduction

Laminin, an extracellular matrix (ECM) glycoprotein, is a main component of the
basement membrane which plays a role in several cellular processes, namely cell
growth, movement, adhesion, migration and differentiation (1. The above-
mentioned laminin influenced cellular processes are mediated by several integrin
and non-integrin cell surface laminin receptors (for review: [2]), including the
37/67 kDa laminin receptor precursor/laminin receptor (37/67 kDa LRP/LR)
(for review: [3]). The 37/67 kDa LRP/LR is a non-integrin cell surface receptor
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Article highlights.

« A total of 24 patents and 125 articles covering

laminin receptor precursor/laminin receptor (LRP/LR)

and cancer, neurodegenerative diseases, viral diseases,
bacterial and yeast infections for therapeutic
approaches.

Role of LRP/LR and laminin in metastatic cancer and
apoptosis and possibilities for a targeted therapeutic
intervention focusing on therapeutic LRP/LR antibodies.
Molecular mechanism of prion disorders and the prion
receptor LRP/LR as a target for therapeutic intervention
using antibodies, siRNAs, heparan mimetics and receptor
decoy mutants.

Molecular biology of Alzheimer’s disease and possibilities
for a therapeutic intervention targeting key players such
as laminin and amyloid B.

Function of LRP/LR in viral diseases including dengue
virus, Sindbis Virus and adeno-associated virus infections
and possibilities for a therapeutic intervention targeting
the receptor.

Role of LRP/LR in bacterial and yeast infections
presenting possibilities for alternative therapies.

This box summarizes key points contained in the article.

exhibiting a high affinity for laminin [4]. The 37 kDa LRP is
thought to be a precursor of the 67 kDa LR [5.6]; however,
the mechanism(s) regarding the formation of the 67 kDa
LR isoform from the 37 kDa LRP precursor remains elu-
sive [7]. The 37 kDa LRP is not only localized on the cell
surface but also in the cytoplasm, perinuclear compartment
and nucleus (for review: [3]). In the cytoplasm, the 37 kDa
LRP (in the form of p40 ribosome-associated protein) is
reported to function in the maturation of the 40S ribo-
somal subunit as well as protein synthesis. The 37 kDa
LRP is reported to interact with prion proteins (PrPs) in
the perinuclear compartment and to associate with histones
in the nucleus (for review: 13]). The 37/67 kDa LRP/LR has
also been reported to bind and mediate physiological
responses induced by other ECM components such as elas-
tin, cellular PrPs and carbohydrates (for review: [3]). Recent
evidence has indicated that the 37/67 kDa LRP/LR is also
involved in cell survival [s].

In addition to its roles as a receptor and mediator of ECM
molecules, LRP/LR also plays a role in several pathological
conditions. This receptor has been shown to serve as a recep-
tor for infectious PrPs, several viruses (Figure 1) (for
review: [3]) and respiratory tract pathogens [9]. Furthermore,
the overexpression of LRP/LR, evident in several cancer
types, has been demonstrated to enhance the invasiveness
of cancer cells which ultimately leads to cancer metasta-
sis [4,10]. Although LRP/LR is mainly known for its role
in promoting cancer invasiveness, there is evidence that
the 37/67 kDa LRP/LR may further be involved in
apoptosis [11-13]. Thus, the 37/67 kDa LRP/LR could be a

potential rtarget for the development of anticancer

therapeutics capable of impeding tumor invasiveness and
inducing tumor cell apoptosis.

2. Patented biological approaches for
therapeutic modification of LRP/LR in prion
disorders

Prion disorders, also termed transmissible spongiform
encephalopathies (TSEs), are an assembly of neurodegenera-
tive diseases (for review: [3,14-19]) whose unique biology,
prolonged incubation times and debilitating symptoms
have created mounting public interest and served as cata-
lysts to scientific research. These diseases manifest in
both humans and animals. Animals may suffer from the
following TSEs: scrapie in sheep and goats, bovine
spongiform encephalopathy (BSE) in cattle, chronic wasting
disease (CWD) in elk and deer as well as other forms of
the disease in exotic zoo animals and ungulates [20) (for
review: [15.21]). Human neurodegenerative disorders caused
by prion aggregation include: Creutzfeldt-Jakob disease
(CJD), Gerstmann-Straussler-Scheinker syndrome and
Kuru (a historical prion disorder indigenous to the Fore tribe
of New Guinea which was propagated through cannibalism
(for review: [21])). The symptoms associated with the afore-
mentioned disorders may involve: truncal or appendicular
ataxia, myoclonous as well as tremor, chorea, seizures and
cognitive difficulties.

It must be emphasized that prion disorders may be spo-
radic, familial (genetic) or infectious in nature (for review: [3]).
The last is of the greatest concern in light of recent findings
that infectious PrPs, in scrapie infected sheep and elk/
deer suffering from CWD, colocalize with LRP/LR on human
enterocytes [22] and the discovery that prions are secreted
into the oral cavity of infected sheep [23.24]. These results
suggest that prion disorders may be orally transmitted
between individuals and contracted from the consumption
of contaminated animal products which may exacerbate
disease spread.

The pathogenic agent of prion disorders is composed solely
of a particular type of protein (termed infectious PrP and
given the designation (PrP%9) and in all probability lacks a
nucleic acid component, as was proposed by Prusiner in the
1980s [25]. This infectious PrP is a pathogenic isoform of
the normal host encoded glycoprotein PrP¢ which is bound
to the cell membrane via a glycosylphosphatidyl-inositol
anchor [26). While both isoforms of the PrP share an identical
amino-acid sequence [27], they differ substantially with regard
to conformation: the non-pathogenic PrP° exhibits a greater o
helix content than its infectious (PrP>°) counterpart. In
addition to their structural disparities, the isoforms may be
distinguished on the basis of susceptibility to proteinase K
degradation. PrP° is sensitive to this enzymatic digestion
whilst PrP%¢ is resistant (for review: [28]).

The 37/67 kDa LRP/LR is fundamental for PrP¢ and PrP*

internalization as was demonstrated in [29] in which the
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Figure 1. Schematic representation of the 37 kDa LRP. The 37 kDa LRP is 295 amino acids (aa) in length and consists of four
functional domains with its C terminus exposed to the extracellular space. The transmembrane domain is located between
amino acids 86 and 101, while a laminin/PrP-binding domain has been found to be positioned between amino acids 161 and
180. Further, a heparin/laminin-binding domain and a scFv/IgG1 antibody-binding domain have been shown to be located at
amino-acid positions 205 - 229 and 272 - 280, respectively. Four viruses are known to bind to LRP/LR, namely VEE virus, AAV,
Dengue virus and Sindbis virus. However, the binding domains of these aforementioned viruses to LRP/LR as of this time
remain unclear and as such viral-LRP binding has been arbitrarily depicted within this diagram (for review: [3]).

AAV: Adeno-associated virus; LRP: Laminin receptor precursor; PrP: Prion protein; VEE: Venezuelan equine encephalitis.

enterocyte internalization of PrP®*" was dependent on the
presence of the aforementioned receptor. The endocytosis of
both PrP isoforms is considered to occur through clathrin
coated pits (Figure 2) [30] or caveolae [31] and the subsequent
PrP%¢ accumulation ultimately leads to (neuronal) cell death
and spongiosis, vacuolization and astrogliosis [32] evident in
the brains of animals/humans suffering from the aforemen-
tioned diseases. It is noteworthy to add that LRP/LR exists
in different isoforms [33], the most important of which are
the 37 and 67 kDa isoforms referred to above and throughout
the review.

We have demonstrated that the non-integrin 37/67 kDa
receptor LRP/LR serves as a principal cell surface receptor
for the host encoded PrP° [34], as was originally proposed
in (351, and may thereby function directly (as a mediator/
intermediate between PrP¢ and PrP%) or indirectly (as a facil-
itator of the endocytic process) in the uptake of PrP* and
consequent disease establishment. The 37/67 kDa LRP/LR
has been reported to have a fundamental role in the prion
life cycle (for review: [3,15.36,371). The receptor has a binding
affinity for numerous biological molecules namely elastin (8],
carbohydrates and of particular importance here, laminin [39)
and heparan sulfate proteoglycans [7]. It is the laminin binding

domain of the receptor that has a dual role as the PrP¢
binding site.

Most therapeutics developed for either prophylaxis or
treatment of prion disorders (for review: [3,1536,40])) have
been designed to either downregulate PrP° expression, block
the interaction between PrP® and PrP*, prevent PrP¢ misfold-
ing (polyene antibiotics, enhancement of chaperone levels and
proteosomal activity [41,42]) or convert misfolded pathogenic
PrP*¢ to its non-pathogenic form. As PrP¢ is imperative for
prion disease development, the silencing or knocking out of
the PrP¢ encoding gene (Prn-p) has been shown to prevent
infection in mice [43] and in neuronal cells of cattle [44]. Fur-
thermore, transgenic mice in which the gene has been
knocked out (PrP”°) seemed to exhibit normal development,
behavior, anatomy and reproductive potential [43]. However,
the cellular PrP may have fundamental roles in signal trans-
duction, normal sleep patterns and synaptic functions (for
review: [14]). The inhibition thereof may result in reduced
memory, learning difficulties and abnormalities of the hippo-
campus. Thus, as the physiological roles of PrP° have not
yet been adequately elucidated, its interruption may have
multiple consequences. The 37/67 kDa LRP/LR may be an

alternative therapeutic target. It is postulated that as this
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Figure 2. Model of infectious prion (PrP%¢) internalization and replication through a PrP*-LRP/LR-HSPG-dependent pathway.
The normal cellular prion protein (PrP‘-green square) is encoded by Prn-p gene and its biosynthesis and post-
translational modification (glycosylation) occur in the rER and Golgi apparatus, respectively. The proteins are then
transported via secretory vesicles to the plasma membrane into which the proteins are anchored by glycosylphosphatidyl-
inositol [26]. PrP¢ binds to its specific receptor 37/67 kDa LRP-LR either directly or indirectly, through its octarepeat-
binding domain, via HSPG co-receptors [7]. PrP*¢ binds specifically to PrP¢ and this prion-LRP/LR-HSPG complex is internalized
by clathrin-mediated endocytosis [30] or calveolae (not shown) into endosomes. Fusion of the heterodimeric complex-
containing endosomes to lysosomes forms endolysosomes in which the PrP® undergoes structural rearrangement and converts
to the pathogenic PrP> isoform which aggregates and ultimately leads to cell death. The sporadic forms of prion disorders
may be the result of spontaneous conversion/misfolding of the prion protein PrP¢ [14].

HSPG: Heparan sulfate proteoglycan; LRP/LR: Laminin receptor precursor/laminin receptor; rER: Rough endoplasmic reticulum.

receptor is directly/indirectly implicated in the PrP*-PrP*
interaction, infectious agent internalization and propagation,
therapies directed against the receptor may serve in treating
prion disorders (for review: [3,15,18,19,36]).

2.1 LRP/LR mutant receptor decoys

The PrP® and laminin binding domain, palindromic sequence
LMWWML on LRP/LR, are located between amino acids
161 and 180 and this region [7,35] is located on the extracellu-
lar domain of this transmembrane protein. In lieu of this fact,
Vana and Weiss developed an LRP mutant consisting solely

of the extracellular domain, termed LRP 102 - 295:
FLAG [45]. As this mutant thereby lacks the transmembrane
domain it is secreted into the ECM as opposed to being
inserted into the plasma membrane. However, as the lami-
nin-PrP° binding domain is still present, the mutant may
bind to the infectious PrP* isoforms in the ECM and thereby
act as a decoy by preventing the interaction of PrP*-PrP*¢ via
the membrane-bound LRP/LR (45] (for review: [15]). In addi-
tion, a fragment or functional derivative (i.e., polyethylene
glycol side chains to extend the biological activity of the
soluble LRP/LR decoy in bodily fluids) of the receptor may
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exert their effect via a similar mechanism. The administration
of the decoy receptor into scrapie infected cells has proven
successful in significantly reducing PrP%¢ accumulation [45]
and scrapie-infected transgenic hemizygous mice, expressing
the decoy mutant LRP102 - 295:FLAG displayed signifi-
cantly increased incubation times/preclinical phases in com-
parison to the scrapie-infected wild-type mice [46] thus
providing further evidence for the recommendation of this
mutant as a therapeutic tool. The transgenic mice expressing
the decoy mutant revealed no side effects.

2.2 RNAi-siRNAs as therapeutic agents

siRNAs (double-stranded RNA molecules) have been
successfully used to inhibit the expression, by stimulating
Prn-p gene silencing, of PrP® as a means of reducing the quan-
tity of PrP® which may be converted to PrP* and thereby
hamper PrP* accumulation (471. Thus, siRNAs directed
against the Prn-p mRNA may be exploited as both a preven-
tative measure and therapy against prion diseases, as is pro-
posed by a patent filed by Sakaguchi and Taira [48]. Viral
vectors, particularly adenovirus, herpesvirus, retrovirus and
lentivirus expression vectors, are the most preferable regards
siRNA expression. Lentiviral packaged PrPspecific short
hairpin RNAs have been shown to silence Prnp gene expres-
sion and thereby suppress PrP> accumulation [49). The use
of siRNAs in this respect was documented in [50] and the
use of antisense RNA or ribozymes to hinder the expression
of LRP was originally described in a patent by Weiss [51].
Furthermore, Weiss and colleagues (521 used a lentiviral
delivery system to introduce three different siRNAs
directed against the LRP/LR into scrapie-infected neuronal
cells (N2aSc"), and demonstrated that this therapeutic
approach is able to reduce LRP and PrP* levels by 36 and
41%, respectively, and significantly prolong the preclinical
phase. The treatment turned out not to induce any side effects
in mice.

2.3 Polysulfated polyanions

2.3.1 Heparan mimetics

Heparan sulfate proteoglycans (HSPG) are molecules con-
sisting of a protein core and glycosaminoglycan (GAG)
side chains. These molecules function as co-receptors for
the PrP-LRP interaction [7] as the octarepeat region of PrP
acts an indirect binding domain for LRP via the HSPGs
(Figure 2). Heparan sulfate mimetics (HMs) which have
been developed through structural modification of HSPG
sulfated GAGs (substitution of dextran with carboxymethyl,
sulfate and hydrophobic groups) are able to interfere with
the pathogenic PrP-LRP/LR interaction by out-competing
the cellular HSPGs, impair prion endocytosis and thwart
PrpS¢ synthesis [53]. Two such molecules HM2602 and
HM5004 were effective in inhibiting infectious prion accu-
mulation by inhibiting prion endocytosis and the structural
conversion of PrP¢ into PrP (53). The former compound
has been demonstrated to not only inhibit infectious prion

accumulation but also increase the survival time of scrapie
infected mice by ~ 14% in witro [20. In contrast,
HM5004 failed to exert an effect in vivo. Such discrepancies
may be attributed to the prion strain used. Moreover, it has
been proposed by Safar ez al. [54] that the exposure of PrP¢
hydrophobic residues results in the structural rearrange-
ments associated with the conversion of PrP€ to PrP>° and
thus the higher the hydrophobicity of the HM (here
HM2602) the stronger the interaction between the thera-
peutic and the PrP and thus the more effective the inhibition
of PrP-LRP binding. Both heparan mimetics detailed above
contain a potentially mutagenic benzylamide group and to
avoid problems which may arise as a result hereof, HM
derivatives such as CR36 which lack this functional group
are being developed [55].

2.3.2 Pentosane polysulfate (SP54)

Pentosane polysulfates (PPS: poly-b-xylose-2,3-disulfonate)
are polyglycoside molecules (for review: [15]) which have
been reported to be effective in delaying the onslaught of
prion disorders in rodents by prolonging incubation
time [55] and inhibiting infectious PrP formation (s6]. This
therapeutic agent selectively binds to heparan binding sites
on proteins and with regard to prion disorders out-
competes the normal cellular HSPGs for interaction with
PrP and LRP/LR. In so doing, these compounds interfere
with the interaction of PrP> with the LRP/LR-HSPG
cell-surface complex (53] and thus infectious prion internali-
zation and life cycle. An alternative hypothesis is that
SP54 alters the cellular location of the PrP® precursor and
this consequently serves as a deterrent to infectious prion
internalization (53]. Furthermore, Microsens Biophage Ltd
filed a patent proposing a set of certain conditions under
which PPS binds to the pathological PrP> but not to PrPS,
may thereby capture the infectious isoform and consequently
reduce infection [57). Results from 77 vivo studies have dem-
onstrated that PPS was able to cure two mouse strains (VM
and CBA) from two prion strains (22A and ME7) and
reduce the binding of infectious prion by ~ 40% Is8]. It is
noteworthy to add that PPS prevents the de novo accumula-
tion of PrP% but does not destabilize pre-existing PrPS¢ [59]
and may, therefore, be better suited as a prophylactic agent
rather than as a therapeutic agent in prion disorders.
A patent [60] covers PPS administered either alone or as a
constituent of a composition comprising quinines, an agent
having an affinity for lysosome or a reactive dye as a
prophylactic tool.

2.4 Antibodies

Antibodies are gaining increasing favorability in the field of
human therapeutics. Prion-strain specific antibodies may
crossreact with both prion isoforms (mAb6H4) whilst others,
such as mAb3F4 (61], are only able to bind specifically to PrP*
under native conditions. As a result thereof, such antibodies
have had limited success with respect to inhibiting prion
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infection and cell-to-cell propagation [61,621. A monoclonal
IgG antibody termed ICSM18, raised against PrP91 - 231,
may react with both PrP® and PrP*° and prevent prion infec-
tion and subsequent replication as was described in a patent
filed by the Medical Research Council of London (Great
Britain) [63].

Antibodies directed against infectious PrPs (typically
prion strain specific) are highly sensitive tools which
enable researchers to distinguish between the different
isoforms of the PrP. Such antibodies include: 15B3 which
specifically recognizes the infectious PrP in cattle by
western blotting whilst not binding to the cellular counter-
part in each of the aforementioned experimental animals [61]
and 8G8, used in both western blotting and immunofluo-
rescence microscopy, as it binds to infectious PrPPSE
but not PrP° on human enterocytes [29]. A patent has been
filed covering antibodies which bind specifically to the
amino acids 106 - 126 of the aggregated protein and
thereby allow researchers to distinguish between the two
PrPs [64].

Anti-PrP specific antibodies were reported to cure scrapie
infected cells from Scrapie, namely the Fab D18 [65] and the
before mentioned monoclonal 6H4 [s6]. Scrapie pathogenesis
in vivo has been prevented by transgenic expression of an anti-
PrP antibody in mice [67) and by passive immunotransfer of
monoclonal anti-PrP antibodies termed ICSM:s into mice [68].

Recently, peptide (2 - 100aa) combinations, of which one
of the composite peptides is a PrP peptide or fragment
thereof, have been constructed to mimic the tertiary structure
of PrP*° and exploited as immunogens for the production of
infectious PrP specific antibodies as is described by a patent
filed by Copenhagen Biotech Assets Aps [69].

Furthermore, a patent was filed on the following finding:
the gene encoding for the anti-prion antibody, which is
introduced via viral vectors, may be transferred into stem
cells and thereby serve as an active ingredient in the treat-
ment of prion disorders, as a means of ensuring the contin-
ued production of the antibody iz vive and thus may have
prophylactic potential and perhaps assist in the regaining
of nerve function [70].

As LRP/LR has been proposed to fulfill an essential role
in the pathogenesis of prion disorders, a patent has been
filed covering antibodies directed against the receptor, or
fragments thereof, for prion disease therapy as a means of
disrupting the prion life cycle (Figure 2) and in general for
the use in medicine [51]. Polyclonal antibodies (W3) which
target the receptor were the first to be generated [35].
W3 on passive immunotransfer into PrP* infected mice sig-
nificantly reduced PrP>® accumulation and prolonged sur-
vival [71] and cured neuroblastoma cells from scrapie [50].
W3 turned out to reveal no side effects on passive immuni-
zation into mice [71]. However, W3 has a limited accessibil-
ity (amount) and their large size (150 kDa) hampers the
ability of these immunoglobulins to traverse the BBB (72].
These factors thereby reduce their applicability as potential

prion therapeutics. To circumvent these drawbacks, single
chain antibodies (scFv), given the designations S18 and
N3, were developed (by phage-display) (721 and described
in a patent [73] in which the antibody-encoding cDNA is
conveyed in an adeno-associated virus (AAV) expression
vector. scFvs are composed of short segments of both the
light and heavy chains of the full-length antibodies which
are joined by a YOL linker and exhibit a molecular mass
of ~ 30 kDa. These antibodies are thus more effective in
penetrating the BBB and may thereby enter neural tissue
in which prion-associated damage occurs. Zuber ez al. [72]
have demonstrated that scFvs are effective at reducing
peripheral PrP*¢ propagation by ~ 40% when administered
by passive immunotransfer but were unable to significantly
prolong incubation and survival times. Similar results were
observed when a recombinant AAV vector system was estab-
lished for the 77 vitro delivery of the single chain antibodies
(scFv-S18 and scFv-N3); a significant reduction (60 and
32%, respectively) of peripheral PrP>® was reported but
incubation and survival times remained largely undimin-
ished [74]. These results may be attributed to the lower sta-
bility of single chain antibodies in comparison to their
full-length counterparts and their short half-life in blood
(~ 12 h). As reported for W3 [71], the single chain antibodies
directed against LRP/LR turned out also not to have any
side effects in mice [72].

The mechanism by which the aforementioned anti-
bodies interfere with PrP*-LRP/LR binding remains ambi-
guous, although steric hindrance is likely to be crucial
aspect of this disruption as the antibody and PrP° do not
bind the same domain thereby refuting the possibility of
direct competition.

3. Patented therapeutic approaches targeting
LRP/LR and laminin for the treatment of
Alzheimer’s disease

Affecting > 25 million people worldwide, Alzheimer’s disease
(AD) is the most prevalent neurodegenerative disorder affect-
ing the aging population. It has been proposed that this figure
will increase to 81 million within the next 30 years (75]. The
incidence of AD increases significantly with age, and the
onslaught of symptoms begins at age 65 for most patients.
Initial symptoms of AD include memory loss and mild cogni-
tive impairment, followed by difficulties in speech and per-
forming tasks. At this latter stage, behavioral and cognitive
dysfunctions develop and are characterized by aggression,
depression and paranoia. Furthermore, patients begin to
experience difficulties with movement (ataxia) and exhibit
extrapyramidal symptoms [76].

Brain sections from AD patients revealed amyloid plaques
composed of the 4 kDa amyloid beta (AB) peptide. In order
to further understand AD, the mechanism of AP generation
was examined and illustrated that AP is generated from the
proteolytic processing of the amyloid precursor protein
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(APP). This transmembrane protein, 695 amino acid in
length, is proteolytically cleaved by three enzymes, designated
O-, B- and 7Y-secretase, thereby releasing various peptides
(Figure 3). The non-amyloidogenic pathway involves cleavage
of the APP within the AB sequence by Oi-secretase to release
sAPPo. The remaining C-terminal fragment is subsequently
cleaved by y-secretase to release a 3 kDa peptide called p3,
which is readily degraded. However, the amyloidogenic path-
way results in the release of the AP peptide (Figure 3). During
this pathological pathway, APP is cleaved by [3-secretase at the
start of the AP sequence to release sSAPPP and following
Y-secretase cleavage of the remaining C-terminal fragment,
AP is released (Figure 3) [771. Owing to their hydrophobic
nature, these AP peptides aggregate to form amyloid plaques
and amyloid fibrils which are established on neuronal tissue
and in the blood vessels of the brain, respectively. These
protein aggregates are the causative agents leading to the neu-
rodegeneration associated with AD. The afore-highlighted
mechanism by which AP is generated and AP itself represent
promising targets for AD therapy and as such are the focus
of mounting research.

3.1 Therapeutic approaches for Alzheimer’'s disease
targeting laminin

As has been previously stated, laminin is a 900 kDa ECM
protein associated with cellular processes of growth, organi-
zation, differentiation and communication [78]. Studies have
demonstrated that an interaction between laminin and A
promotes neurite outgrowth [79]. Further investigations
have revealed that the A chain of the laminin protein exhib-
its an AP binding site and the association of laminin and A}
proteins through this site inhibits fibrillogenisis: a process
required for the formation of amyloid plaques [s0.81].
Moreover, the addition of laminin results in the dissolution
of preformed amyloid plaques. These findings have fuelled
the investigation into laminin and laminin-derived proteins
for the possible diagnosis and treatment of AD. The addi-
tion of AP binding laminin and specific laminin fragments
in therapies has been patented [82] and these patents propose
the production of pharmaceutical compositions of AP spe-
cific laminin-derived peptides as tools in AD diagnosis,
through the peptide’s ability to prevent fibril formation, as
well as in AD therapy [83,84].

3.2 The roles of PrP and LRP/LR in the treatment of
Alzheimer’s disease

Infectious prions (PrP) are responsible for TSEs in a wide
range of species. In humans, the infectious prion isoform
leads to neurodegenerative diseases such as CJD amongst
others. The cellular prion protein (PrP%), however, has
been suggested to a serve a neuroprotective role in the brain
by protecting against various factors (such as oxidative and
apoptotic stress) and promoting synapse generation, trans-
membrane signaling and ECM adhesion (for review: [s5]).
Due to its role in neuroprotection, the influence of PrP¢ in

AD was examined and the relationship between PrP° and
AP found to be inversely proportional such that PrP® upre-
gulation significantly reduces AP shedding whilst siRNA-
mediated downregulation of the cellular prion protein results
in an augmentation in A levels (86]. This finding strongly
suggests a protective role of PrP° in AD by hampering
AP shedding.

PrP¢ not only reduces AP shedding but may also act as a
receptor for the amyloid AP oligomers [87]. AB binding to
PrP¢ has been impeded by PrP-specific antibodies which
also rescued synaptic plasticity in hippocampal slices from
oligomeric AP, suggesting that PrP° is a mediator of
AB-oligomer-induced synaptic dysfunction (7). In contrast
to these findings, another report by Kessels ¢z al. (s8] indi-
cates that AB-induced synaptic depression as well as loss of
dendritic spines and blockage of long-term-synaptic poten-
tiation occurs in hippocampal slices prepared from PrP®-
deficient animals [88]. Although this report confirms that
oligomeric AP can interact with PrP¢, it intends that PrP°
is not the receptor responsible for synaptic perturbations
caused by AP oligomers [88]. Lauren e a/. hypothesized in
their response to this article that the differences observed
might be due differences in the AP oligomerization stati
and/or different AP concentrations (discussion in [8s]).
A further report by Balducci ez al. [89] confirms that AP
oligomers interact with PrP° but supports the finding of
Kessels et al. [88], claiming that the AP oligomers are
responsible for cognitive impairment in AD such as
impairment of long-term memory and synaptic plasticity
and not PrP“.

The presence of amyloid plaques in patients suffering from
CJD 0] supports the association between AP and prions.
This may be attributed to the fact that a patient suffering
from CJD would possess the infectious prion (PrP>) and
would thus have reduced concentrations of PrP° to regulate
AR shedding. Thus, it can be assumed that any therapy
against PrP>° may further aid in prevention of AD by enhanc-
ing PrP¢ availability for downregulation of AP shedding.
Therefore, it may be valuable to examine whether therapies
against prion disorders, such as those previously mentioned
(section 1), may in addition function in preventing or
delaying the onset of AD.

Gauczynski et al. reported that the 37/67 kDa LRP/LR
acted as the receptor for both infectious prions (PrPSC) [53]
and non-infectious PrP€ [34). In light of the fact that PrP®
inhibits AP shedding (86}, PrP acts as an interaction partner
for AB oligomers [87-89] and may act as a receptor for A}
oligomers [87], a finding which is controversially dis-
cussed [88,89], a possible contribution of the prion receptor
LRP/LR in cell biology of Morbus Alzheimer cannot
be excluded.

Therefore, it can be assumed/proposed that a pos-
sible relationship may exist between LRP/LR (the receptor
for PrP% and PrP9) and AP, whose production is
regulated by PrP°.
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Figure 3. Schematic representation of the APP. (a) The location of APP, 695 amino acids in length, on the cell membrane is
shown. (b) The AB sequence (one letter code) is shown in relation to APP. The cleavage sites for a-, B- and y-secretase are
shown within the APP protein, whereby it is evident that a-secretase cleavage precludes the production of AB peptide, while
the B- and y-secretase cleavage is necessary for shedding of the 4 kDa AP peptide.

AB: Amyloid B; APP: Amyloid precursor protein.

4. Patented biological approaches for
therapeutic modification of LRP/LR in cancer

4.1 Current cancer therapies

In 2008, 12.7 million new cancer cases were reported world-
wide [91]. Cancer remains the major cause of deaths globally
with 7.6 million deaths attributed to the disease in
2008 [91]. Despite significant advances in cancer therapy
over the last 2 decades. The relatively poor success of these
therapies may be attributed to multiple factors including late
diagnosis and the therapeutic
approaches. Currently, many patients suffering from the dis-

limitations of current
ease make use of a multi-disciplinary approach consisting of
surgery, radiation therapy and chemotherapy in varying com-
binations. However, as the aforementioned strategies aim to
kill cancer cells whilst exerting minimal adverse effects on nor-
mal cells, they are administered such that they do not exceed a
specific limit without causing further harm to the patient (for
review: [92]). Furthermore, if the tumor is metastatic in nature
and thus multiple tissues are affected, the aforementioned
treatment strategies are largely limited in their success and
alternative approaches are required.

4.2 Targeted therapy

One alternative approach for cancer treatment represents tar-
geted therapy which is a general term encompassing any form
of medication or drug directed against a specific pathway
(often via the blockage of essential molecules or receptors) sus-
pected to play a significant role in cancer establishment and
progression and thereby inhibits tumor growth or spread
(for review: [93]). Immunotherapy is one class of targeted

therapy and these drugs are usually a collection of monoclonal
antibodies (mAbs) that bind specifically to antigens on the
surface of the cells. mAbs are one of the most rapidly advanc-
ing forms of therapy and have been produced for the treat-
ment of several cancer types. An example for such an
antibody is the patented anti-CD20 antibody rituximab (Rit-
uxan) produced by IDEC Pharmaceuticals Corp. [94] to form
part of the management of relapsed low-grade non-Hodgkin’s
lymphoma (for review: [95]). Other novel approaches include
gene therapy (for review: [96]), non-pathogenic bacteria and
telomerase therapy [97].

4.3 37/67 kDa LRP/LR role in cancer

The 37/67 kDa LRP/LR has been reported to play a signifi-
cant role in metastasis of various cancer types (for
review: [3,36]). LRP/LR is a non-integrin LR that is involved
in several tumorigenic processes, such as cell proliferation,
cell viability, cell movement, cell adhesion and cell attach-
ment [98]. One of the most significant molecular events
involved in initating metastasis involves the interaction
between LRP/LR and laminin-1 which influences general
laminin-mediated basement attachment [99] and, conse-
quently, stimulates the local degradation of the basement
membrane and movement of cells (Figure 4) [100]. Further-
more, a direct relationship between the overexpression of the
67 kDa form of the receptor and the increased degree of can-
cer cell invasiveness has been observed [99,101]. LR/laminin-
induced metastasis has been observed in gastric cancer [102],
colon carcinoma [103], colorectal carcinoma [104], cervical [105],
breast [106], lung [107), ovarian [108], pancreatic [109] and
prostate cancers [110]. A study using murine models
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Figure 4. lllustration of the process of tumor metastasis. 1. Cells from original tumor attach to basement membrane of blood
vessel via LRP/LR-laminin interaction. 2. The basal lamina is then digested by type IV collagenase allowing for tumor cell entry
into the blood stream and migration. 3. Metastatic (secondary) tumor is then established by attachment of migrating cells to

the blood vessel.
LRP/LR: Laminin receptor precursor/laminin receptor.

demonstrated that human fibrosarcoma (HT-1080) cells
which were exposed to the anti-LRP antibody induced signif-
icantly reduced lung cancer metastasis compared to non-
treated cells [111]. These findings suggest that the suppression
of LRP expression hampers lung cancer cell proliferation
and tumor formation [112]. Furthermore, application of the
anti-LRP/LR antibody P4G resulted in a significant reduction
of metastatic lung cancer in murine models [113].

A patent describing a soluble LRP, a mutein, fused protein,
salt, functional derivative or fragment thereof that can bind to
PrP5¢, PrP€ or fragments thereof, an antibody or a fragment
thereof that binds GST:LRP or fragments thereof, or an anti-
sense RNA or ribozyme which reduces or inhibits the expres-
sion of LRP for use in medicine was granted for Germany and
the UK [511. Other patented therapies include the virus-
based vectors that are able to target tumor cells particularly
due to their attraction to high affinity LRs [114]. This therapy
is, therefore, effective in the treatment of cancer as the tumor
cells undergo necrosis following attachment to the LRs.

4.4 Anti-LRP/LR antibodies for the treatment of
metastatic cancer

A significant reduction in the invasive potentdal of tumori-
genic human fibrosarcoma cells (HT-1080) by the anti-
LRP/LR specific antibodies scFv iS18, IgG1 iS18 as well as
anti-LRP/LR tools such as siRNAs directed against LRP
mRNA, and polysulfated glycanes such as heparan mimetics
and pentosan polysulfate has been observed [4].

A patent describing antibodies directed against LRP for use
in medicine has been granted for the UK and Germany [51).
A further patent was filed protecting specifically the
single-chain antbody for the diagnosis and treatment of
prion diseases and cancer [73]. Another patent was filed
protecting these antibodies specifically for the treatment of
several cancer types including B-cell chronic lymphocytic
leukemia, non-Hodgkin’s lymphoma, Hodgkin’s lymphoma,
lung cancer, colon carcinoma, mammary carcinoma,
pancreatic carcinoma, prostate and metastasizing cancers [115].

A patented cancer vaccine containing epitopes of onco-
fetal antigens (OFAs) is able to target immature LRP [116].
Another filed patent includes a method for preparing an
immunotherapeutic composition for the use in humans com-
prising: i) a plurality of OFA/LRP which stimulates
T-helper lymphocytes in humans and ii) formulating two or
more of the epitopes identified in i) with a carrier, thus
forming the immunotherapeutic composition [117].

5LAC-23 represents a patented mAb which is effective
in the diagnosis and treatment of cancerous diseases [118].
This particular antibody, or antigenic-binding fragments
derived thereof, is able to bind to the LRP protein 37 kDa
LRP. Specific antigenic moieties that can be targeted with
5LAC-23 are overexpressed in hepatocellular carcinoma cells
and represent promising alternative antigens for the treatment
of liver cancer [118]. SLAC-23 treatment opportunities created
by this discovery might also assist in cancer differentiation
and diagnosis.
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4.5 Improving antibody production and efficacy for
the treatment of cancer
Despite the many discoveries and extensive ground-breaking
research, mAbs are still unable to completely cure cancer; how-
ever, several innovative approaches could lead to drastic improve-
ments in the efficacy of antibody-based therapies. The FDA has
already approved six mAbs for the treatment of cancer [119]
including: rituximab (non-Hodgkin’s lymphoma), trastuzumab
(breast cancer), bevacizumab (colorectal cancer), alemtuzumab
(chronic lymphocytic leukemia), cetuximab (colorectal cancer)
and panitumumab (colorectal cancer) [119]. Edrecolomab
(Panorex), another mAb, which was approved in Germany in
1995 (for review: [951), has been developed for the treatment of
colorectal cancer. Furthermore, an immunoconjugate, gemtuzu-
mab ozogamicin (Mylotarg) has also been approved and pat-
ented [120]. Metastatic cancer appears to be the main focus in
the development of such antibodies as metastasis is a major con-
tributing factor in the morbidity as well as mortality associated
with cancer [99]. Although several methods by which antibodies
may be produced exist, few are capable of producing mAbs as
opposed to polyclonal antibodies. A polyclonal serum contains
merely 5 — 10% of the required antibody (directed against the
antigen used for immunization [71]). To address the problems
associated with conventional antibody production methods,
the hybridoma technique is used and involves the fusion of a
short-living antibody producing cell with an immortal myeloma
cell, resulting in the production of a single type of antibody [121].
Recent patient tumor response data gives an indication of
the low success rate and further emphasizes the need to
enhance the efficacy of the anti-cancer antibodies currently
available. The previously mentioned anti-CD20 antibody
rituxan, targeting non-Hodgkin’s lymphoma, was shown
to elicit a positive response in only 50% of the patients dur-
ing a Phase II study (for review: [95]). Herceptin, a patented
therapeutic antibody for the treatment of metastatic breast
cancer, triggered only a 15% overall response rate during a
Phase III clinical study (for review: [951). Thus, these studies
clearly indicate the potential of these therapies and with the
application of novel strategies such as enhancing effector
functions the efficacy of these antibodies could be improved.

4.6 Cancer and apoptosis

Cancer represents a disease characterized by uncontrolled cell
growth as a result of unregulated cell proliferation or the lack
of apoptosis or both (for review: [122]). Continuous cell
growth is due to mutations in oncogenes (e.g., Ras) and
tumor suppressor genes (e.g., p53 and Rb) that may thereby
act by altering cell cycle checkpoint regulators and the DNA
repair system (for review: [122]).

Apoptosis or programmed cell death is a physiological form
of cell death that is well regulated in the cell (for
review: [123,124]). This process is characterized by the disrup-
tion of the cytoskeletal elements of the cell as well as cell
shrinkage, membrane blebbing, nuclear condensation and
internucleosomal DNA fragmentation (for review: [124]).

Apoptosis takes place in the cell via two major pathways,
namely, the extrinsic and the intrinsic pathways (Figure 5).
The blockage of the apoptotic process gives rise to numerous
diseases, including cancer.

It has been demonstrated that alterations in the general
apoptotic process may significantly affect tumor progression,
and may thus be suggested that the inactivation of apoptosis
may occur concurrently with tumor progression (for
review: [122]) and may thereby be proposed that multiple can-
cer types induce such alterations as to allow for the evasion of
apoptosis. Such an alteration may include mutations in
p53 which could lead to loss of pro-apoptotic (e.g., Bax)
gene regulation and consequently result in uncontrolled cell
proliferation (for review: [122]). Moreover, LRP/LR has been
implicated in the blockage of the apoptotic process [13]. The
upregulation of LRP/LR has been reported in various cancer-
ous cell lines [4102-110]. SiRNA-mediated downregulation
of LRP/LR stimulated the induction of apoptosis in
Hep3B (transformed liver) cells as was detected by Annexin
V/propidium iodide staining as well as by double staining
with Annexin V and an antibody directed against the
37/67 kDa high affinity LR [13]. These results suggest that
the 37/67 kDa LRP/LR receptor is fundamental in the main-
tenance of cell viability and could thus be a potential target for
the treatment of cancers which display high expression of
LRP/LR. A series of patents (section 4.3) have been filed
encompassing antibodies for the treatment and vaccination
of cancer [51,73,115,116,118].

The inhibition of carcinogenesis via the action of tea and
tea polyphenols has been demonstrated in various animal
models [125]. One such polyphenol of considerable interest
in cancer treatment is (-)-epigallocatechin-3-gallate (EGCG).
EGCG has been shown to bind to the 67 kDa LR in
MCEF-7 cells (126, and NMR spectroscopy was used to
illustrate that EGCG binds to the BH3 pocket of anti-
apoptotic function of Bcl-2 proteins [127). However, the
exact mechanism by which this compound exerts cancer
preventative activity has not been completely elucidated.

Previous studies have established that the 05 B4 integrin is a
receptor for the family of laminins [128-130]. RKO is a rectal
carcinoma cell line that has been shown to lack expression
of the B4 integrin subunit of the oxB4 LR. This cell line has
also been shown to have a decreased interaction with
laminin-1 when compared to similar cell lines that express
0sP4. Expression of full length B4 cDNA and exogenous 0,
in the RKO cell line resulted in partial G1 arrest and the
induction of apoptosis at a basal rate [131]. A correlation
between apoptosis and LRP/LR has been suggested as the
decreased LRP/LR expression resulted in the induction of
apoptosis in HelLa (cervix carcinoma) cells [12).

Sindbis viral vectors are being researched as a mode of
inducing apoptosis in cancerous cells. LRP/LR acts as one of
the surface receptors in mammalian cells for the Sindbis virus
and as LRP/LR is upregulated in cancer cells, Sindbis viruses
are able to infect these cells at a higher rate. Sindbis virus
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Figure 5. The two main apoptotic pathways in mammalian cells. The death receptor (extrinsic) apoptotic pathway is initiated
by the binding of a ligand to a death receptor, e.g., FAS which results in the activation of caspase-8. The mitochondrial-
dependent (intrinsic) apoptotic pathway is activated by intracellular signals such as oxidative stress or damaged DNA. These
signals cause changes in the mitochondrial membrane, which in turn lead to the activation of caspase-9. The activation of
caspase-8 and/or -9 leads to the activation of caspase-3 which initiates apoptosis by cleaving cytoskeletal proteins and
activating enzymes which are involved in DNA fragmentation [123]. It is known that LRP/LR is present in the cell membrane,
the cytosol and the nucleus [3] and is suggested that LRP/LR plays a role in the blockage of the apoptotic process [13]; however,

the exact mechanism of this blockage is currently unknown.

LRP/LR: Laminin receptor precursor/laminin receptor.

infections have been shown to be highly apoptotic in mam-
malian cells. A patent has been filed for Sindbis viral vectors
which exhibit apoptosis-inducing potential by binding to
LRP/LR [132].

5. Patented biological approaches for the
modulation of LRP/LR in viral diseases

The event that characterizes the initiation of viral infection
involves the interaction between a virus and the host cell.
The process of viral entry, which begins with viral-host
attachment and eventually results in the entry of the viral
genome within the cell, is dependent on the presence of spe-
cific receptors expressed on the surface of the host cell. It is
the presence of these receptors that determines both host
and tissue tropism (for review: [133]). HIV cell entry, for

example, is initated via the sequential interaction of the viral
envelope glycoproteins with the CD4 receptor followed by
one of the following chemokine receptors, CCR5 or
CXCR4 [134]. Therapeutic targeting of this viral-host interac-
tion continues to remain a promising strategy in the manage-
ment of HIV/AIDS (for review: [135]). Numerous types of
novel laminin polypeptides have been patented for the poten-
tial treatment of not only HIV infection, but a variety of other
diseases including developmental and inflammatory disor-
ders [136]. Therapeutic targeting of the HIV-host cell interac-
tion when supplemented with other conservative techniques
that target reverse transcriptase, for example [137-139], holds
potential for the effective management of the infection (for
review: [140,141]).

While CD4 and CCR5/CXCR4 were identified as binding
partners of HIV, the high affinity LR was first identified by
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Wang et al. [142] to act as a receptor for the Sindbis virus in
mammalian cells. Within this study, hamster cells induced
to overexpress the LR at the cellular surface were found to
bind several-fold more Sindbis virus compared to those cells
expressing lower levels of the receptor (Figure 1). Moreover,
the 67 kDa LR has been described as a Sindbis virus receptor
within mosquitoes [142]. Additionally, a laminin binding pro-
tein has been identified as a mediator of the Venezuelan
equine encephalitis (VEE) virus attachment within mosquito
cell culture (Figure 1) 1143]. Two dimensional VOPBA has
also revealed the interaction between the 37/67 kDa LRP/
LR and Dengue virus serotypes 1, 2 and 3 [144]; while in a dif-
ferent study, the 37/67 kDa LRP/LR was shown to act as a
receptor for AAV serotypes 2, 3, 8 and 9 (Figure 1) [145].
The identification of the 37/67 kDa LRP/LR as a receptor
for the aforementioned mosquito-borne diseases has helped
explain the unusually wide tropism of AAV, VEE virus,
Dengue virus and Sindbis virus, and subsequently led to the
development of gene therapy-based viral vectors targeting
the LR [146].

Given the ability of LRP/LR to act as a receptor for the
aforementioned viruses, the possible role that LRP/LR might
play as a binding partner for other viruses and pathogens can-
not be excluded. It is thus imperative that possible interac-
tions of the 37/67 kDa LRP/LR with other disease-causing
viruses be investigated.

6. Therapeutic approaches targeting LRP/LR
for the treatment of other diseases

In addition to the multiple aforementioned roles which LRP/
LR plays in the onset of various disorders and diseases, it has
also been implicated in assisting certain bacteria cross the
BBB [9]. Most bacteria can replicate in the bloodstream; how-
ever, only the three bacterial species (Streptococcus pneuwmo-
niae, Neisseria meningitides and Haemophilius influenzae)
that are predominantly responsible for meningitis infections,
can traverse the BBB [9). This allows them to gain access to
the cerebrospinal fluid where the immune defenses are ini-
tially restricted. However, in order to access the BBB, the
pathogenic bacteria have to traverse the vascular epithelium.
All three of these bacterial species utilize LRP/LR as a media-
tor for their entry into the BBB across the vascular epithe-
lium (9. Streptococcus pneumoniae encoded choline binding
protein A (CbpA) binds to the BBB epithelium via the
LRP/LR of the host via its R, domain which serves as a medi-
ator for this attachment as described in a patent [147). Neisseria
meningitides and H. influenzae make use of similar strategies,
except that they use PilQ or PorA and OmpP2, respectively,
for the interaction with LRP/LR (9. It is proposed that a com-
mon adhesion recognition site is present for these expressed
proteins on the C terminus of LRP/LR ).

A patent has been filed for a vaccine created to block these
interactions by administering polypeptides mimicking the
binding proteins expressed on the surface of these pathogenic

bacterial cells. Furthermore, this vaccine consisted of antibod-
ies directed against the polypeptides [148]. Another patented
therapy focused on mimicking the R, domain to prevent
CbpA binding to LRP/LR, thus blocking S. pneumoniae entry
into the BBB [147]. It may also be assumed that strategies
targeting and blocking LRP/LR would additionally impede
the interactions with these binding proteins. Such a strategy
could involve the use of antibodies directed against LRP/LR,
as is observed in the treatment of prion disorders and
cancer [36,115].

Candida albicans is an opportunistic pathogen able to par-
asitize various tissues of the human body. It has been demon-
strated that the germ tubes of this pathogenic yeast facilitate
attachment to host basement membranes by binding to lami-
nin via a 68 kDa LR and this interaction thereby contributes
to the establishment and progression of candidiasis [149].
Various approaches exist for blocking LRP/LR and it is possi-
ble that similar approaches may be undertaken to prevent
C. albicans attachment by blocking the 68 kDa LR located
on the yeast’s germ tubes.

The LR is so widespread amongst living organisms that it is
even present in the Archae Domain [150]. Its presence in archae
bacteria such as the extreme halophile Haloarcula marismortui
denotes an important conserved role for LRP/LR throughout
evolution. However, most of the roles which LRP/LR assumes
appear to be associated with disease; thus, it is valuable to keep
examining the role of this receptor both in different species
and diseases.

7. Conclusion

Heparan mimetics, siRNAs directed against LRP mRNA, a
LRP decoy mutant and anti-LRP/LR specific antibodies have
been proven to either downregulate or block the prion receptor
LRP/LR. All tools either significantly increased the incubation
time/preclinical phase (siRNAs 46], LRP decoy mutant [52]) or
the survival (heparan mimetics such as HM 2602 [20] and anti-
LRP specific antibody W3 [71]). PPS, proven to interfere with
the prion-LRP/LR interaction on the cell surface [s3], represents
a drug for prion disorder treatment which has successfully
cured Scrapie infected mice from prions [58].

Laminin was reported to dissolve amyloid plaques in
AD [79], resulting in the production of laminin-derived
peptides specific for the AP peptide for therapy and diagnosis
of AD (8384. A possible role of LRP/LR in AD
remains speculative.

LRP/LR plays a major role in metastatic cancer. Antibodies
directed against LRP/LR, siRNAs downregulation of the
receptor and polysulfated glycans significantly reduce the met-
astatic potential of fibrosarcoma cells (4. LRP/LR hampers
apoptosis (13] and, therefore, supports cancer progression by
inhibiting programmed cell death. Thus, the receptor serves
a fundamental role maintaining and stimulating cell viability.

Several viruses such as VEE virus, Sindbis virus, dengue
virus and AAV use LRP/LR as initial attachment receptors.
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The bacteria S. pneumoniae, N. meningitis and H. influenzae
use LRP/LR as their mediator to pass the BBB to access the
cerebrospinal fluid. Candida albicans germ tubes reveal that
LRP/LR assist in attachment to host basement membranes.

Tools either blocking LRP/LR such as antibodies or tools
which downregulate the LRP/LR level such as siRNAs might
act as powerful tools for prophylaxis and therapy of metastatic
cancer, neurodegenerative diseases as well as viral, bacterial
and yeast infections.

8. Expert opinion

Prion diseases such as CJD which affect humans, BSE in cattle
and CWD in elk and deer are exceptional disorders thought
to be caused by misfolded protein aggregations. The dramatic
reduction in BSE cases has lowered the risk of humans devel-
oping variant (v)CJD from the consumption of BSE-
contaminated food, and consequently diminished the pressure
for the development of effective prion disease therapeutics.
No therapeutic for treatment of prion disorders is available,
although a series of therapeutic approaches have been under-
taken (for review: [15]). LRP/LR serving as a receptor for
prions represents one of the novel targets for a therapeutic
intervention in prion disorders. Although a significant pro-
longation of the incubation time/preclinical phase in
Scrapie-infected mice has been achieved with siRNAs [52]
and a LRP decoy mutant [46], we consider antibodies directed
against the receptor as one of the most promising therapeutic
LRP/LR tools for treatment of prion disorders. A series of pat-
ents cover LRP/LR specific antibodies, but only two cover
their use in the treatment of prion disorders [51,73]. One of
the most innovative therapeutic approaches involves the deliv-
ery of siRNAs directed against LRP mRNA by lentiviral vec-
tors via microinjection [52]. A similar approach targeting PrP°
was reported earlier [49]. The low incidence rate for CJD
(1/1 million inhabitants), concomitant with a negligible risk
for humans achieving a vCJD infection by consumption of
BSE-contaminated material may similarly result in reduced
activities for the development of effective prion therapeutics
or prophylaxis. However, as some CWD strains might indeed
be transmissible to humans as was recently suggested [22], anti-
LRP specific antibodies delivered by either passive immuno-
transfer or gene delivery systems such as AAV [74] might
gain interest for further development.

AD represents a major problem for public health world-
wide as the incidence rate is ~ 1/68 people. No therapeutic
is as yet available and novel targets for AD treatment and pro-
phylaxis are desired. One of the most promising targets is
laminin due to its ability to resolve preformed amyloid pla-
ques. A series of patents have been filed which encompass
laminin and laminin-derived peptides for AD treatment.

LRP/LR acts as one of the key players in various metastatic
cancer types by inducing cell adhesion and invasion though its
interaction with the ECM component laminin-1 (for
review: [336]). In addition, LRP/LR blocks apoptosis and

thereby enhances cell viability [(13. LRP/LR represents an
interesting molecule for targeted therapy in cancer for the rea-
son that many different cancer types may be treated by knock-
ing down or blocking LRP/LR. A series of therapeutic
antibodies are on the market (for review: [3,95]); however,
each antibody has only been approved for the treatment of
select cancer types. Conversely, antibodies directed against
LRP/LR do have the potential for the global treatment of
many if not all metastatic cancer types. Patents have been filed
encompassing epitopes of the OFA for cancer vaccination and
a plurality of OFA/LRP as an immunotherapeutic composi-
tion for the use in humans [116117]. A further patent has
been filed encompassing the mAb 5LAC-23 for the diagnosis
and treatment of cancer [118]. Moreover, a broader patent cov-
ers soluble LRP, ribozymes, antisense RNA and antibodies
directed against LRP for the use in medicine (51]. Another
set of patents has been filed covering LRP-specific antibodies
for use in cancer therapy [73.115. We consider antibodies
directed against LRP/LR as the most important and siRNAs
for LRP/LR downregulation as the most innovative tools for
therapeutic intervention in various metastatic cancer types.
Antibodies may be delivered by the oral route and encapsu-
lated with ligands to target them to corresponding receptors
expressed on the target cancer tissues. siRNAs and antibodies
might be delivered by gene delivery systems such as lentiviral,
adeno-associated or other viral vectors for targeted application
to affected tissues or organs. We trust that anti-LRP specific
antibodies possess huge potential to be further developed as
therapeutic antibodies for treatment of many important can-
cer types worldwide. However, some years of development
might be needed to attain approval for the use of LRP/LR
specific antibodies as cancer therapeutics.

LRP/LR plays a further role as initial attachment
receptors for viruses such as dengue virus, Sindbis virus,
VEE virus and AAV. Dengue viruses infect ~ 50 million
people worldwide a year and dengue viral infections are
endemic in > 100 countries (http://www.who.int/en). As
only supportive therapy is available for these viral infections,
molecular tools targeting LRP/LR such as antibodies might,
therefore, be promising candidates for a targeted therapeutic
invention, especially for treatment of dengue virus infections.
As Sindbis virus infections are highly apoptotic in mammalian
cells, a patent encompassing Sindbis viral vectors with the
potential to induce apoptosis in tumorigenic cells due to the
binding and thereby blocking LRP/LR has been filed [132].
Sindbis virus vectors have in our opinion a high impact for
cancer therapy.

Bacteria such as S. pneumoniae, the causative agent of men-
ingitis, use LRP/LR to gain entry into cerebrospinal fluid via
the BBB and the yeast Saccharomyces cerevisiae germ tubes
express the receptor to facilitate attachment to basement
membranes. Saccharomyces cerevisiae infections are very
abundant in humans leading to candidiasis. Although we
consider anti-LRP/LR tools, especially antibodies, as very
suitable for a therapy of meningitis and S. cerevisiae fungal
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infections, the high costs for this targeted antibody treatment
may not be competitive with the more economical current
conservative treatments such as the administration of anti-
biotics and fungicides for bacterial and fungal infections,
respectively.

Regarding pharmaceutical developments, we estimate that
antibodies directed against LRP/LR for the treatment of vari-
ous metastatic cancer types might have the highest chances to
receive approval from the authorities after successful animal
trials and clinical studies and might reach the pharmaceutical
market in a couple of years. The siRNA technology silencing
LRP gene expression is promising; however, delivery systems
such as recombinant lentiviral or adeno-associated viral vec-
tors might struggle to receive approval even for clinical studies
for the treatment of patients suffering from various metastatic
cancer types. Antibodies directed against LRP have also the
potential to reach the pharmaceutical market for the treat-
ment of viral infections such as dengue or Sindbis virus infec-
tions. For both viral diseases only palliative therapies are
available right now. Although LRP specific antibodies are

promising alternative tools for the treatment of prion disor-
ders, the low incident rates for CJD and related disorders
worldwide might interfere with the approval of clinical studies
on CJD patients.

Morbus Alzheimer has a high incidence rate worldwide and
lacks any type of therapy. Laminin-derived peptides reported
to dissolve amyloid plaques might have the greatest potential
to reach the pharmaceutical market for the treatment of AD.
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Alimentary Prion Infections: Touchdown in the intestine

B. Da Costa Dias, K. Jovanovic, S.F.T. Weiss

Prion 5 (2011) 6-9

This brief review article discussed the modes of transmission of infectious prion proteins in
prion disorders. This includes peroral and perenteral transmission as well proposed routes by
which prion proteins are taken up by the gastrointestinal system. The presence of LRP/LR on
the surface of enterocytes is thought to play a major role in the uptake and spread of
infectious prion proteins. The transmission of infectious PrP is of general interest as this
protein is known to readily cross the species barrier and cause Transmissible Spongiform
Encephalopathies (TSEs). This is of particular importance as it poses a risk to human beings
exposed to infected livestock, whereby transmission can occur and result in
neurodegenerative diseases such as Creutzfeldt-Jakob Disease (CJD), Kuru and Fatal
Familial Insomnia (FFI). The possibility of transmission in other neurodegenerative diseases

such as Alzheimer’s and Parkinson’s diseases is also explored.
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Neurodegenerative diseases  are
caused by proteinaceous aggregates,
usually consisting of misfolded proteins
which are often typified by a high propor-
tion of B-sheets that accumulate in the
central nervous system. These diseases,
including Morbus Alzheimer, Parkinson
disease and Transmissible Spongiform
Encephalopathies (TSEs)—also termed
prion- disorders—afflict a substantial
proportion of the human population
and, as such, the etiology and patho-
genesis of these diseases has been the
focus of mounting research. Although
many of these diseases arise from genetic
mutations or are sporadic in nature,
the possible horizontal transmissibility
of neurodegenerative diseases poses a
great threat to population health. In this
article we discuss recent studies that sug-
gest that the “non-transmissible” status
bestowed upon Alzheimer and Parkinson
diseases may need to be revised as these
diseases have been successfully induced
through tissue transplants. Furthermore,
we highlight the importance of inves-
tigating the “natural” mechanism of
prion transmission including peroral and
perenteral transmission, proposed routes
of gastrointestinal uptake and neuroinva-
sion of ingested infectious prion proteins.
We examine the multitude of factors
which may influence oral transmissi-
bility and discuss the zoonotic threats
that Chronic Wasting disease (CWD),
Bovine Spongiform Encephalopathy
(BSE) and Scrapie may pose resulting
in vCJD or related disorders. In addi-
tion, we suggest that the 37 kDa/67 kDa
laminin receptor on the cell surface of
enterocytes, a major cell population in

Prion

the intestine, may play an important role
in the intestinal pathophysiology of ali-
mentary prion infections.

Many different mechanisms exist which
underlie the etiology of the numerous
neurodegenerative diseases affecting the
human population. Amongst the most
prominent are Morbus Alzheimer, prion
Chorea

Huntington, frontotemporal dementia and

disorders,- Parkinson disease,
amylotrophic lateral sclerosis. The molec-
ular mechanisms underlying these dis-
eases vary; however, all neurodegenerative
diseases share a common feature: they are
caused by protein aggregation. The only
neurodegenerative diseases proven to be
transmissible are prion disorders. In con-
trast to frontotemporal dementia, recent
evidence suggests that Alzheimer and
Parkinson diseases may also be transmis-
sible. Pre-symptomatic Alzheimer disease
(APP23) mice exhibited an increase in the
Alzheimer phenotype when brain homo-
genate of autopsied human Alzheimer
disease patients and older, amyloid beta-
(AB-) laden APP23 mice was injected into
their hippocampi.' These findings suggest
that the AB-abundant brain homogenate
of Alzheimer disease patients may possess
the ability to induce or supplement the
overproduction of A, possibly leading to
the onset of Alzheimer disease.

The pathological feature associated
with Parkinson disease is the formation
of Lewy bodies in cell bodies and neu-
ronal processes in the brain.? The main
component of these protein aggregates is
a-synuclein (reviewed in ref. 2). Autopsies
of Parkinson disease patients revealed

that Lewy bodies had formed on healthy
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Figure 1. Proposed routes of gastrointestinal entry of ingested infectious prions (PrP*) as well as possible pathways of amplification and transport to

embryonic neurons that had been grafted
onto the brain tissue of the patients
several years before (prior to said exami-
nation).>” It may thus be proposed that
a-synuclein transmission is possible from
diseased to healthy neurons, suggesting
that Parkinson disease may be transmis-
sible from a Parkinson disease patient to a
healthy individual. These findings imply
that Alzheimer and Parkinson diseases
may be transmissible through tissue trans-
plants and the use of contaminated surgi-
cal tools.

disorders,  also  termed
Transmissible Spongiform Encephalo-
pathies (TSEs), are fatal neurodegener-
ative diseases that affect the central
nervous system (CNS) of multiple animal
species. In lieu of the social, economic and
political ramifications of such infections,
as well as the possible intra- and inter-
species transmissibility of such disorders,
various routes of experimental transmis-
sion have been investigated including

Prion
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intracerebral, intraperitoneal, intraventri-
cular, intraocular, intraspinal and subcu-
taneous injections (reviewed in ref. 7-9).
However, such routes of transmission are
not representative of the “natural” mecha-
nism as the majority of prion disorders are
contracted through ingestion of infectious
prion (PrP%) containing material. Thus,
the peroral and perenteral prion transmis-
sion is of greatest consequence with respect
to TSE disease establishment. Moreover,
the presence of PrP% in the buccal cavity
of scrapie-infected sheep' (reviewed in
ref. 11) and the possible horizontal trans-
fer as a result hereof, as may be similarly
proposed for animals suffering from other
TSEs, may further contribute to the oral
transmissibility of TSEs.

A number of model systems have been
employed to study TSE transmissibility.
Owing to ethical constraints, TSE trans-
missibility to humans via the oral route
may not be directly investigated and as
a result hereof, alternative model systems

Prion

are needed. These may include the use
of transgenic mice, cell lines which are
permissive to infection'? and experimen-
tal animals such as sheep, calves, goats,
minks, ferrets and non-human primates
(reviewed in ref. 9).

Intestinal entry of PrP* has been pro-
posed to occur via two pathways, the
membranous (M) cell-dependent and
M cell-independent pathways (Fig. 1).1'
The former endocytic M
(microfold)-cells, which cover the intes-
tinal lymphoid follicles (Peyer’s patches)
and may take up prions and thereby facili-
tate the translocation of these proteins
across the intestinal epithelium into the
lymphoid tissues (reviewed in ref. 9) as has
been demonstrated in a cellular model.”?
Following such uptake by the M cells, the
prions may subsequently pass to the den-
dritic cells and follicular dendritic cells
(FDCs) (Fig. 1), which allow for prion
transport to the mesenteric lymph nodes
and replication, respectively.” The prion

involves



proteins may subsequently gain access
to the enteric nervous system (ENS) and
ultimately the central nervous system
(CNS).5

However, prion intestinal transloca-
tion has been observed in the absence
of M cells and has been demonstrated
to be as a result of the action of polar,
37 kDa/67 kDa LRP/LR (non-integrin
laminin receptor; reviewed in ref. 16-18)
expressing enterocytes. Enterocytes are
the major cell population of the intesti-
nal epithelium and due to their ability
to endocytose pathogens, nutrients and
macromolecules,” it has been proposed
that these cells may represent a major
entry site for alimentary prions (Fig. 1).

Since enterocyte prion uptake has
been demonstrated to be dependent on
the presence of LRP/LR on the apical
brush border of the cells,'*?* the interac-
tion between varying prion protein strains
and the receptor’?* may be employed as a
model system to study possible oral trans-
missibility of prion disorders-across species
as well as the intestinal pathophysiology of
alimentary prion infections.”* Moreover,
the blockage of such interactions through
the use of anti-LRP/LR specific anti-
bodies has been reported to reduce PrP*
endocytosis” and thus these antibodies
may serve as potential therapeutics to pre-
vent infectious prion internalization and
thereby prevent prion infections. It must
be emphasized that the adhesion of prion
proteins to cells is not solely dependent
on the LRP/LR-PrP* interactions;* how-
ever, this interaction is of importance with
regards to internalization and subsequent
pathogenesis.

We applied the aforementioned cell
model to study the possible oral transmis-
sion of PrPP¥, PrPC¥P and ovine PrP* to
cervids, cattle, swine and humans.?* The
direct transmission of the aforementioned
animal prion disorders to humans as a
result of dietary exposure and the pos-
sible establishment of zoonotic diseases is
of great public concern. It must however
be emphasized that the study investigated
the co-localization of LRP/LR and various
prion strains and not the actual internal-
ization process.

PrP®E was shown to co-localize with
LRP/LR on human enterocytes*, thereby

PBSE is transmissible to

suggesting that Pr

humans via the oral route which is widely
accepted as the manner by which vari-
ant CJD originated. This suspicion was
previously investigated using a macaque
model, which was successfully perorally
infected by BSE-contaminated material
and subsequently lead to the develop-
ment of a prion disorder that resembles
vCJD.? These results, due to the evolu-
tionary relatedness between macaques
and humans, allowed researchers to con-
firm the oral transmissibility of PrPBSE
to humans. PrP®E may also potentially
lead to prion disorder establishment in
swine,?* livestock of great economic and
social importance.

The prion disorder affecting elk, mule
deer and white-tailed deer is termed
Chronic Wasting disease (CWD). Cases
of the disease are most prevalent in the
United States but are also evident in
Canada and South Korea.?®” As the infec-
tious prion isoform is reported to be pres-
ent in the blood?® and skeletal muscle,?
hunting, consumptionof wild venison
and contact with other animal products
derived from CWD-infected elk and deer
may thereby pose a public health risk.

Our studies demonstrate that PrP¢VP

co-
localizes with LRP/LR on human entero-
cytes* thereby suggesting a possible oral
transmissibilty of this TSE to humans.
This is, however, inconsistent with results
obtained during intra-cerebral inoculation
of the brains and spinal cords of transgenic
mice overexpressing the human cellular
prion protein (PrP<),*¢%
for TSE disease establishment and pro-
gression. Further, discrepancies have also
been reported with respect to non-human
primates, as squirrel monkeys have been
successfully intracerebrally inoculated
with mule-deer prion homogenates,*
while cynolmolgus macaques were resis-
tant to infection.’’ CWD has been trans-
mitted to ferrets, minks and goats®® and as
these animals may serve as domestic ani-
mals or livestock, secondary transmission
from such animals to humans, through
direct contact or ingestion of infected
material, may be an additional risk factor
that merits further scientific investigation.

Ovine PrP* co-localization with LRP/

LR on human and bovine enterocytes

which is essential

may be indicative of the infectious agents’
ability to effect cross-species infections.

Prion

The oral transmissibility of Scrapie has
been confirmed in hamsters fed with
sheep-scrapie-infected material.*

The discrepancies with regards to the
transmissibility of certain infectious prion
proteins when assessed by different model
systems may be due to the experimental
transmission route employed. Oral expo-
sure often results in significantly pro-
longed incubation times when compared
to intracerebral inoculation techniques
and thus failure of transgenic mice and
normal experimental animals to develop
disease phenotypes after being fed TSE-
contaminated material may not neces-
sarily indicate that the infection process
failed." Apart from the route of infection,
numerous other factors may influence
transmission between species, including
dose, PrP polymorphisms and genetic
factors, the prion strain employed as well
as the efficacy of prion transport to the
CNS.* The degree of homology between
the PrP* protein in the animals serving as
the infectious-prion source and recipient
has also been described as a feature limit-
ing cross-species transmission.*® The neg-
ative results, as referred to above, obtained
upon prion-protein inoculation of animal
models may have resulted due to the slow
rate at which the infectious prion induces
conformational conversion of the endog-
enous PrP¢ in the animal cells and this in
turn results in low levels of infectious prion
replication and symptom development.”

Furthermore, even in the event that
certain prion disorders are not directly
transmissible to humans, most are trans-
missible to at least a single species of
domestic animal or livestock. The infec-
tious agents properties may be altered in
the secondary host such that it becomes
transmissible to humans (reviewed in
ref. 35). Thus, interspecies transmission
between animals may indirectly influence
human health.

It is noteworthy to add that although
the oral route of PrP% transmission may
result in prolonged incubation times,
it may broaden the range of susceptible
hosts. A common constituent of food is
ferritin, a protein that is resistant to
digestive enzyme hydrolysis and, due to
its homology across species, it may serve
as co-transporter of PrP* and facili-

tate enterocyte internalization of the
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infectious prion.*® It may thus be proposed
that prion internalization may occur via a
ferritin-PrP% complex even in the absence
of co-localization between the infectious
agent and LRP/LR such that many more
cross-species infections (provided that
the other infection factors are favorable)
may be probable.”” In addition, digestive
enzymes in the gastrointestinal tract facili-
tate PrP% binding to the intestinal epithe-
lium and subsequent intestinal uptake®
and thus depending on the individuals’
digestive processes, the susceptibility to
infection and the rate of disease develop-
ment may vary accordingly. As a result
hereof, though laboratory experiments in
cell-culture and animal models may ren-
der a particular prion disorder non-infec-
tious to humans, this may not be true for
all individuals.

In lieu of the above statements, with
particular reference to inconsistencies
in reported results and the multiple fac-
tors influencing oral transmissibility of
TSEs, further transmission studies are
required to evaluate the'zoonotic threat
which CWD, BSE and Scrapie may pose

through ingestion.
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Structural and mechanistic commonalities of amyloid-f3 and the prion
protein

B. Da Costa Dias, K. Jovanovic, D. Gonsalves, S.F. Weiss

Prion 5 (2011) 126 — 137

This review article discussed the structural and functional similarities of the AP peptide and
PrP® and the similarities between the diseases these proteins cause (namely prion disorders
and Alzheimer’s disease). The several binding partners that these proteins have in common
are also discussed. This leads to the proposal of a possible interaction between LRP/LR and
AP due to the structural similarities between PrP® and A. Moreover, an interaction between
LRP/LR and A peptides is further corroborated by the fact that they share many of the same

interaction partners (PrP°, laminin and HSPGs).
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Abbreviations: AP, amyloid beta/beta amyloid peptide; AD, Alzheimer disease; AICD, amyloid intracellular domain; APP, amyloid
precursor protein; BACE, B-site APP cleaving enzyme; HSPGs, heparan sulphate proteoglycans; LRP/LR, non-integrin laminin
receptor precursor; LT, long-term potentiation; mGluR5, metabotrophic glutamate receptor; NMDA, N-methyl-D-aspartate
receptor; p75N'™®, p75 neurotrophin receptor; PrP:, cellular prion protein isoform; PrP*, infectious prion protein isoform;

RAGE, receptor for advanced glycosylation end products; TSE, transmissible spongiform encephalopathies

Amyloid beta (AB) is a major causative agent of Alzheimer
disease (AD). This neurotoxic peptide is generated as a result
of the cleavage of the Amyloid-Precursor-Protein (APP) by the
action of B-secretase and +y-secretase. The neurotoxicity was
previously thought to be the result of aggregation. However,
recent studies suggest that the interaction of AR with
numerous cell surface receptors such as N-methyl-D-aspartate
(NMDA), receptor for advanced glycosylation end products
(RAGE), P75 neurotrophin receptor (P75"®) as well as cell
surface proteins such as the cellular prion protein (PrP) and
heparan sulfate proteoglycans (HSPG) strongly enhances AR
induced apoptosis and thereby contributes to neurotoxicity.
This review focuses on the molecular mechanism resulting
in AB-shedding as well as AB-induced apoptotic processes,
genetic risk factors for familial AD and interactions of AR with
cell surface receptors and proteins, with particular emphasis
on the cellular prion protein. Furthermore, comparisons are
drawn between AD and prion disorders and the role of laminin,
an extracellular matrix protein, glycosaminoglycans and the 37
kDa/67 kDa laminin receptor (LRP/LR) have been highlighted
with regards to both neurodegenerative diseases.

Alzheimer disease (AD), primarily defined by psychiatrist Alois
Alzheimer in 1906, is a neurodegenerative disorder and currently
exhibits a prevalence that “doubles approximately every five years
from 0.5% at the common age of onset-65 years old.” This dis-
ease is the most common form of dementia afflicting the elderly
and at present affects in excess of 37 million people globally? and
it is predicted that 100 million people will be living with the
disease by 2050.°

AD has received mounting scientific interest and has stimu-
lated tireless research endeavours not only due to the complex
mechanism by which it is caused; the multitude of contributing
factors and contradictions which have arisen between hypotheses
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and acquired results, but also due to the rise in life expectan-
cies* owing to the advent of modern medicine, which has socio-
economic implications particularly in terms of strain placed upon
national health systems.

Clinical Symptoms of Alzheimer Disease

AD related symptoms have been reported to occur in three stages.
The initial symptoms include cognitive dysfunction, impaired
short-term memory as well as language impairment and behav-
ioural disturbances including paranoia, confusion, hallucinations
and aggression.*> Ultimately, AD patients exhibit motoric dis-
turbances and a loss in co-ordination and encounter difficulties
in performing simple daily tasks. Disease progression, although
variable in the chronology of symptom development and severity,
is proposed to occur over a decade.?

Neuropathology

Neuritic plaques are comprised primarily of amyloid B (AB)
peptides, predominantly the 42 amino acid isoform designated
AB,, as it exhibits a greater propensity for aggregation® owing
to an increased number of non-polar hydrophobic amino acid
residues—isoleucine and alanine. These slow forming extracellu-
lar protein aggregates are localized around the synaptic terminals
and axons of neurons in the limbic and associated cortices of the
brain,” occurring first in the fronto cortex and progressing to the
cortical regions.®

Neurofibrillary tangles are intracellular clusters of straight
filaments of approximately 10 nm which appear helical when
viewed under the electron microscope.’ The filaments are com-
posed of hyperphosporylated T protein (a microtubule associated
protein), which is also associated with the onset of frontotempo-
ral dementia.’ The abnormal phosphorylation of 7, which results
in pathological consequences, may in turn be dependent on the
presence of AP oligomers. It has been proposed that AR trig-
gers p35 gene activation; the protein product is auto-catalytically
cleaved to yield a p25 fragment which functions both as a tran-
scription activator of the gene encoding for cyclin-dependent
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Figure 1. Schematic representation of the APP and the enzymatic cleavage sites located within the amyloid B sequence. (A) This transmembrane pro-
tein may be present in multiple isoforms APP695, APP751 and APP770, the latter is represented here. The regions of interest depicted in the diagram
are: A signal peptide (yellow box) comprising 17 amino acid residues which ensures the protein is correctly transported to the cell surface; a 56 amino
acid Kunitz-type serine protease inhibitor domain (KPI-green box) and the AB sequence.* In addition, the sites of post-translational modifications
such as N- and O-linked sugars (NCH,O and OCH,0), phosphate (PO,) and sulphate (SO,) groups are shown. (B) The 40-42 amino acid AB sequence is
highlighted above-the first 28 amino acid residues are polar and located on the extracellular domain of APP whilst the remaining residues are located
within the 23 aa APP transmembrane domain and are non-polar. The enzymatic cleavage sites of 3 secretase, a secretase and y secretase are depicted
(Adapted from reference 112).

kinase 5 (Cdk5)—a 7 phosphorylating kinase.'*!" In addition,
p25 forms a cytoplasmic complex with the cdk5 protein.
7 neurofibrillary tangles have been reported to occur prior to
AR plaque deposition and the tangle load has been shown to cor-
relate more closely to the severity of the dementia than the plaque
level.'””" However, these tangles are not solely associated with AD
and are instead characteristic pathological features of an array of
neurodegenerative diseases and other disorders such as subacute
sclerosing panencephalitis.* AB neuritic plaques, despite being
present in healthy and AD diseased brains as well as patients
suffering from dementia with Lewy bodies (DLB), are not the
major pathological traits of any other disease.” Furthermore,
mutations in the T gene cause frontotemporal dementia as
opposed to AD" whereas mutations which result in an overpro-
duction of AB,, (as shall be detailed below) cause familial AD.

www.landesbioscience.com Prion

As a result hereof, it has been hypothesized that AR peptides are
the central causative agents in AD.

The Molecular Basis of Alzheimer Disease

The amyloid precursor protein (APP) (Fig. 1) is a ubiquitous single
transmembrane protein expressed in the cells of interest in neu-
rodegenerative diseases namely neurons and astrocytes. The pro-
tein is encoded by an APP gene located on chromosome 21'¢ and
owing to alternative m-RNA splicing is present in three isoforms:
APPG695, APP751 and APP770," the former being expressed in
higher levels in neuronal tissues.”® APP is post-translationally
modified through the addition of N and O-linked sugar moi-
eties. APD, largely through the action of sAPPa (a cleavage prod-
uct of the non-amyloidogenic pathway), is vital for normal brain
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Figure 2. The proteolytic processing of the APP and its cleavage products. The amyloid precursor protein may be metabolized through two pathways.
The first, depicted on the left, is termed the non-amyloidogenic pathways. This pathway involves the enzymatic cleavage by an a-secretase (pre-
sumably a member of the ADAM family) after residue 687, followed by y-secretase mediated cleavage of the remaining carboxyl terminal fragment
(CTF83), generating sAPPq, p3 and AICD (not shown), respectively. The amyloidogenic pathway (right) entails B-secretase mediated cleavage after resi-
due 671, thereby releasing sAPP and the resultant CTF99 is cleaved by y-secretase which results in AR shedding. The miscellaneous receptor, which
may influence the process or serve as a receptor for either AR cleavage products, is hypothesized to be the 37 kDa/67 kDa Laminin Receptor Precursor/

development, long-term potentiation (LTP) and learning.'” APP
is rapidly metabolized within 45-60 min of expression via two
pathways namely: a non-pathogenic non-amyloidogenic pathway
and a AP synthesizing amyloidogenic pathway (Fig. 2). It must
be emphasized that both pathways are present in normal healthy
individuals and AD is caused either through the disproportionate
favoring of the amyloidogenic cleavage or the retardation of the

AR turnover rate.'?°

Amyloid Precursor Protein Processing

The non-amyloidogenic pathway is initiated by the a-secretase
mediated cleavage of APP between residues APP687 and
APP688,%" which resides in the AP sequence thereby preclud-
ing AP formation and shedding. The released amino terminal
ectodomain fragment is termed sAPPa (Fig. 2). The remaining
83aa carboxyl terminal fragment (CTF,,) is subsequently cleaved

128 Prion

by +y-secretase thereby generating a soluble 3 kDa p3 fragment
and a 57-59 aa amyloid intracellular domain (AICD) (Fig. 2)
which exhibits transcriptional regulatory abilities as shall be dis-
cussed below (Fig. 3).

In contrast to the mechanism detailed above, the amy-
loidogenic pathway is initiated by B-secretase cleavage of APP
(Fig. 2). This cleavage occurs 16 aa residues toward the amino
terminal of the o-secretase cleavage site, between residues
APP671 and APP672,'® generating sAPP. The resultant CTF,
is also subjected to y-secretase cleavage which produces a 4 kDa
soluble AR monomer and AICD (Fig. 2). It is noteworthy to add
that y-secretase cleavage at positions APP712 and APP713 gen-
erate AR, while cleavage at APP714 results in AB,, (Fig. 1).*
Furthermore, as has been mentioned above, A generation is a
normal physiological process and AR levels in the cerebrospinal
fluid and plasma of healthy individuals are in the 3-8 nM range®
and 500 pM respectively.*
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Figure 3. Feedback loop for the prion protein (PrP<) mediated regulation of APP. The amyloid intracellular domain (AICD) amyloidogenic APP cleavage
product, indirectly upregulates prion protein (PrP<) expression through p53 gene activation. PrP< consequently hampers B-secretase (BACE1) activity
thereby reducing APP amyloidogenic processing and AB synthesis. In the presence of AB-oligomers, which preferentially bind to PrP<, PrP<is unable to
inhibit B-secretase (BACE1) activity. This reduces the degree of regulatory control exerted on the amyloidogenic process resulting in increased levels

of potentially toxic A oligomers (adapted from reference 81).

Associated Enzymes

a-Secretase. The proteolytic abilities of this plasma membrane
protein are attributable to the activities of multiple disintegrin
and metalloproteinases (ADAMs) and ADAM 10, 17 and 19 are
suggested to be of particular importance.”?

B-Secretase. The predominant -secretase in neural tissue is
the B-site APP cleaving enzyme 1 (BACEI), although BACE2
isoforms are also present to a lesser extent.”® The expression of
these enzymes is upregulated in response to cellular stress in the
form of oxidative stress, ischemia and the depletion of utilisable
energy””® and thus in AD patients as such stresses are augmented
in diseased tissues. It must be noted that B-secretase is located
in lipid raft domains of the plasma membrane and requires gly-
cosaminoglycans to mediate effective cleavage,' characteristics
analogous to those of the 37 kDa/67 kDa Laminin Receptor
Precursor/Laminin Receptor (LRP/LR).*"**
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-Secretase. y-Secretase is a protein complex consisting of
at least four proteins namely: presenilin 1 or 2 (aspartyl prote-
ases which perform the catalytic function), nicastin (Nct), ante-
rior pharynx defective-1 (Aph-1)/A and presenilin enhancer 2
(Pen 2).%* Nct and Aph-1 are required for substrate recognition™
which allow the enzyme to cleave in the order of 50 substrates.®
The enzymatic components of this complex, the presenilins are
transmembrane proteins with 6-9 transmembrane domains and
both the amino and carboxy termini are cytoplasmic. Mutations
in the PSEN genes encoding these proteins result in familial AD
which is characterized by the early onset of typical symptoms, as

shall be detailed below.
Familial Alzheimer Disease

AD may be inherited as an autosomal dominant disease, with
the disease following Mendelian inheritance patterns in merely
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5% of AD cases.? Familial AD is characterized by the onset of
pathological symptoms before the age of 65°° and is the result of
mutations in three genetic loci (genes) namely: APP on chromo-
some 21 and the presenilin encoding genes (PSENI and PSEN2)
on chromosomes 14 and 1, respectively.””

APP gene. Twenty three missense mutations and two reces-
sive mutations (a duplication and a trinucleotide deletion) have
been reported in references 36 and 38 at various locations. The
common consequence of all APP mutations is enhanced AP gen-
eration (be it AR, , AB,, or both)—the mechanism by which this
is achieved, be it through the upregulation of APP expression,
a-secretase inhibition or B-secretase stimulation, varies with each
mutation.”

PSEN 1 gene. Within this gene 178 mutations, largely mis-
sense, have been identified and these are the most prevalent
AD-related mutations in the general public.*® The mutations are
mainly localized near the transmembrane domains and hydro-
philic loops.* B-secretase cleavage is affected by such mutations
often resulting in an increased AB,,/AB,; ratio either through
enhanced synthesis of the more hydrophobic isoform* or a
reduction in AR, generation.”!

PSEN 2 gene. Mutations within this gene are less common
as only 14 mutations have been reported to date.** However, the
consequences of such mutations are indistinguishable from those
described above with regards to PSENI mutations.

Thus, all mutations leading to familial AD share a common
modus operandi—each mutation serves to significantly augment
the concentration of AB,, isoform thereby providing additional
support for the prevailing hypothesis that AR peptides are the
causative agents of AD and consequently the central focus in the
development of AD therapeutics.

Other Genetic Risk Factors

A single risk factor, the &4 allele of the apolipoprotein E (APOE)
gene on chromosome 19q is the only susceptibility factor which
has consistently been reported to predispose people to late-onset
AD.*> However, recent genetic studies have revealed an array of
potential risk genes at specific chromosomal regions, particularly
those on chromosomes 6, 9, 10, 12 and 21.** Such novel risk
genes include CLU which encodes for clusterin and CRI encod-
ing for the complement C3b protein and PICALM encoding for
the phosphatidylinositol binding clathrin assembly protein.*®
These genes are suggested to function in AP transport (escort)
and endocytosis (CLU), AB clearance (CR1)* and APP recycling
(PICALM). Moreover, the PRNP gene encoding for the cellu-
lar prion protein (PrP*) and the possible Met129Val homozygos-
ity thereby associated have also been described as potential risk

factors.#>-4¢

Focusing on the Causative Agent—the AB Peptide

AR peptides are amphiphilic 38-43 amino acid peptides* as

the first 28 aa residues are polar and the remaining residues are
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non-polar in nature® (Fig. 1). As a result hereof, the peptides
exhibit great differences in polarity at neutral pH and thus show a
high propensity for aggregation.”* The unfolded AR monomers
may associate to form dimers, trimers and higher order oligomers
which may ultimately form insoluble fibrils and plaques—a pro-
cess termed nucleation dependent polymerization. This process
in vitro is highly sensitive to experimental conditions and in vivo,
such oligomers are predominantly dimeric as opposed to larger
insoluble oligomers which are produced synthetically.”

Revisiting the A Model

Neuritic plaques were initially regarded as the basis of AD.
However, this is no longer the prevailing thought due to poor
correlation between the degree of dementia and the anatomical
plaque load.”® The presence of said plaques in healthy individu-
als;”' the onset of cognitive impairment in mice prior to plaque
deposition®? and the presence of intracellular AR oligomers sug-
gesting that the extracellular deposits may not be the sole con-
tributors to disease establishment. Current hypotheses suggest
that enhanced levels of AB,, or elevated AB, /AR, peptide ratios
increase the probability of developing Alzheimer disease (in
line with the effects of the mutations stated above).® However,
a remarkably larger body of research provides evidence for the
latest hypothesis that neurotoxicity is mainly associated with A

oligomers, particularly dimers.>

Effects of Toxic AB Oligomers

It is suspected that AR oligomers are primarily deposited at small
blood vessels and interactions between the peptides and receptors
of the endothelial cells of the blood vessel wall activates inflam-
matory responses and cytokine release. These may ultimately lead
to the destruction of the blood vessels, consequently reducing
oxygen supply to neurons (rendering them ischemic) and finally
resulting in neuronal death.’® In the presence of AP oligomers
neural associated-cells such as astrocytes and microglia would in
addition activate the afore stated responses and the complement
cascade.’® Furthermore, AB-cell surface receptor interactions
have been reported to cause oxidative damage by enhancing the
synthesis of reactive oxygen species (ROS) such as superoxide and
hydrogen peroxide® which consequently contributes to protein
degradation and lipid (such as myelin) oxidation, thereby slow-
ing the rate of signal transmission® as well as the consolidation
of new information, retrieval of memories and motor functions.
Furthermore, these AB-receptor interactions induce the activa-
tion of apoptotic pathways and are thus an additional mechanism
through which AP mediates its neurotoxicity. Moreover, the
interaction of AP oligomers with cell-surface receptors such as
metabotrophic glutamate receptors (mGluR5)"*¢ and N-methyl-
D-aspartate receptors (NMDA),"” disrupts ion homeostasis-par-
ticularly with respect to calcium ions (Ca?*). These interactions
allow increased Ca** to enter neurons, resulting in excitotoxicity,
synaptic dysfunction and neuronal death.”
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Table 1. Membrane associated proteins to which AR may bind and
result in neurotoxic consequences®

Amyloid Precursor Protein (APP)
N-methyl-D-aspartate receptor (NMDA-R)
a7 Nicotininc Acetylcholine receptor (a7nAChR)
P75 Neurotrophin receptor (P75"T%)
Integrins (particularly o, 8,)
Receptor for advanced glycosylation end products (RAGE)
Insulin receptor
Formyl peptide receptor-like-1 (FPRL1)
Scavenger receptors-classes A, B, BI

Heparan Sulfate Proteoglycans

AB Interactions

AP oligomers may be directly incorporated into the plasma

membrane,”®

neuronal membranes and those of lysosomes,
Golgi apparatus and endoplasmic reticulum.®® In the former, AR
is located in the lipid raft domains (the same cellular location
as of 37 kDa/67 kDa LRP/LR) and disrupts membrane struc-
ture and function by forming Ca** channels which deregulates
homeostasis.

AP interacts with a variety of proteins on the surfaces of
neuronal and glial cells (Table 1). These include APP, NMDA
receptors, integrins, o7 nicotininc acetylcholine receptors
(a7nAchR), p75 neurotrophin receptors (p75N'®), collagen-like
Alzheimer amyloid plaque component precursor/collagen type
XXV (CLAC-P/ColXXYV), the receptor for advanced glycosyl-
ation end products (RAGE), serpin-enzyme complex receptor
(SEC-R), insulin receptors, scavenger receptors on microglial
cells and heparin sulphate proteoglycans (HSPGs).®* The out-
come of some of these AB-receptor/protein binding interactions
are neuroprotective while the majority are toxic.® It is, however,
noteworthy to add that the majority of these receptors—AAP,
p75NTR, CLAC-P/ColXXV, RAGE, SEC-R and integrins—are
transmembrane receptors® as is the 37 kDa/67 kDa LRP/LR.
Furthermore, T has been proposed to be central in mediating AR
toxicity.*4+®

Laminin, a 850 kDa glycoprotein component of the basal
membrane, functions in cell adhesion and basement membrane
assembly. This cross-shaped glycoprotein is composed of three
disulfide-bonded chains: a (of which there are five isoforms
ranging from 200-400 kDa), 3 (a single 220 kDa isoform) and
v (a single isoform of 210 kDa).®® The a-chain contains the AR
binding site and the protein has also been reported to bind, via its
IKAV neurite inducing site, to APP.¥” The AB-laminin interac-
tion has been demonstrated to promote neurite outgrowth® and
inhibit fibrillogenesis.®’

The Prion Protein:
A Central Factor in Alzheimer Disease

Prion proteins, encoded by the PRNP gene located on chromo-
some 20,” are cellular proteinaceous particles which have been
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implicated in pathogenesis, particularly with regards to the fatal
neurodegenerative diseases termed transmissible spongiform
encephalopathies (TSEs).?"3%!" Two forms of the protein exist:
the normal cellular prion protein (PrP*) and the infectious form
(PrP%), the latter is considered the causative agent of TSEs.”
PrP< is composed of 250 amino acids containing an N-terminal
domain and N-linked oligosaccharides, four proline and glycine-
rich octarepeat regions and a C-terminal glycosyl-phosphati-
dylinositol (GPI) anchor through which the protein is bound to
the lipid raft domains of the plasma membrane. PrP* constitu-
tively cycles between the cell membrane and intra-cellular com-
partments via the endocytic pathway—a process mediated by the
37 kDa/67 kDa Laminin Receptor Precursor,’* a high affinity
receptor for PrP7? and PrP%.>7#7¢ The prion variants share a
common amino acid sequence and differ primarily with regards
to secondary structure (PrP* exhibits greater § sheet proportion
than PrP*-consistent with its higher aggregation propensity) and
proteinase K digestion (PrP% resists degradation while PrP* does
not) 7177

PrP¢ has a multitude of physiological functions® and the
majority of these functions are dependent on the interaction of
the prion protein with an array (>70)of proteins. These include
ApoE, APP, HSPGs, RAGE, p75 NTR, amyloid 8 (proteins of
importance with regards to Alzheimer disease as discussed above)
and the 37 kDa/67 kDa laminin receptor precursor (LRP/LR).”?
The specific PrP*-protein interactions and the functions thereof
are beyond the scope of this paper but have been recently reviewed
in reference 70. Owing to the potential role of PrP< in Alzheimer
disease and the central role of the PrP< and PrP%-LRP/LR inter-
action in TSEs” it may be proposed that a link between the two
neurodegenerative diseases and more specifically the amyloid
and LRP/LR components may exist and it is plausible that PrP*
may facilitate possible AB-LRP/LR interactions.

Prion Protein’s Influence on Alzheimer Disease

The cellular prion protein (PrP¥) has been identified as a high
affinity receptor for AP oligomers’ and residues PrP23-27 and
PrP95-110 serve as AP binding sites.” The receptor specifically
binds to AP oligomers as opposed to A monomers or fibrils.””
As the oligomers are considered to be the neurotoxic species, a
PrP-Af interaction may influence synaptoxicity. However, due
to contradictory results as to whether AP oligomers induce their
toxic effects in a PrP-dependent or independent manner, the
functional role of these binding interactions has not yet been
firmly established.! Conversely PrP* has been implicated in APP
processing and has been reported to hamper -secretase cleavage
of APP thereby reducing AR generation (Fig. 3).*° Furthermore,
PrP< has been shown to protect neurons against AD-promoting
oxidative stress. Thus, PrP* may serve a neuroprotective role in
neuronal tissue.

Kellett and Hooper® have proposed a potential negative feed-
back loop which controls PrP¢ expression and A synthesis. PrP*
impedes the activity of B-secretase, thereby restraining amy-
loidogenic APP processing and reducing the concentrations of
AP and AICD.*" AICD is a transcription factor which regulates
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the expression of p53-which in turn regulates PRNP expres-
sion®-therefore, PrP* induced reduction of AICD ultimately
results in downregulation of PRNP gene expression. It may be
suggested that in AD patients, who exhibit increased levels of
AB,, oligomers, the binding of these oligomers to PrP* may ham-
per the PrP* regulation of B-secretase through steric inhibition
or through enhanced PrP* endocytosis and thereby prevent PrP<-
[3-secretase interactions.®!

Commonalities between Alzheimer Disease
and Prion Disorders

The structural commonalities between prion proteins and A
include conserved histidine metal binding domains which result
in the synthesis of ROS when the proteins bind to copper (Cu?*)
and zinc (Zn?*) ions;%%

residues within the proteins’ transmembrane regions and three
85

conserved tyrosines and methionine
GxxxG sequence repeats for transmembrane association.

Comparable Processing and Post-Translational
Modifications between APP and PrP°

PrP¢ may be released from the cell surface via two mechanisms-
cleavage of the GPI anchor or cleavage by a member of the ADAM
family (possibly ADAM10) between residues His111 and His112
which lie within the neurotoxic PrP106—-PrP126 sequence (the
region of PrP* central in initiating the conformational change
from PrP< to PrP% as well as the aggregation process).** This
is analogous to the non-amyloidogenic APP processing pathway.
However, cleavage may also occur upstream—at residue 88 (in
the event of mutations in the PRNP gene) and thereby yield a
neurotoxic product—PrP%. This is not unlike the upstream posi-
tioning of the B-secretase cleavage site which yields potentially
pathogenic AR peptides. In both TSEs and AD, non-fibril form-
ing peptides, PrP106-126,"" and AP oligomers are the neuro-
toxic agents initiating the disease. The resultant aggregates and
plaques, although not the predominant agents, play a role in the
pathogenic process.

In lieu of the above mentioned similarities in both the struc-
ture and neurotoxicity-inducing mechanisms of AR and PrP, it
may be proposed that receptors fundamental in one process may
be involved in the other. One such receptor, which is central to

TSE disease establishment is the 37 kDa/67 kDa LRP/LR.

The 37 kDa/67 kDa Laminin Receptor Precursor/
Laminin Receptor

The 37 kDa/67 kDa LRP/LR is a multifunctional receptor
(Fig. 4) located at the cell surface and is soluble in the cyto-
plasm and in the nucleus. At the cell surface the protein serves
as a receptor for a variety of substrates including: ECM compo-
nents such as elastin and laminin; viruses including Sindbis*?
Dengue,” Venezuelan equine encephalitis and Adeno-associated
virus subtypes 2, 3, 8 and 9,%%? as well as cellular’® and infec-
tious prion proteins’>’*” (Fig. 5). Additionally, the receptor is
present in the cytoplasm where it functions in the maturation of
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the 40S ribosomal subunit and protein synthesis®>** and in the

nucleus in which it is associated with histones H2A, H2B and
H4.*

LRP/LR is a transmembrane (TM) receptor (TMR) which is
located at the cholesterol-rich lipid rafts and may employ HSPGs
to mediate its binding interactions.’** Af oligomers, as previ-
ously stated, have been shown to bind to an array of TM receptors
and HSPGs or are alternatively inserted to lipid raft domains of
the plasma membrane. Furthermore, the 37 kDa/67 kDa LRP/
LR binds laminin (to which A oligomers similarly bind), as well
as PrP* (a protein to which A oligomers bind with high affinity).
Thus, owing to the fact that A and 37 kDa/67 kDa LRP/LR
share a common cellular location and binding partners, as well as
the likeness between the pathogenic agents and mechanisms in
TSEs and AD, a relationship between AR and 37 kDa/67 kDa
LRP/LR cannot be excluded. Moreover, a binding interaction
between these proteins, be it direct or indirect, seems plausible
and thereby warrants investigation.

The neurotoxicity of AP oligomers, especially with regards
to the induction of oxidative stress and the deregulation of Ca**
homeostasis may further be mediated by apoptosis.

Apoptosis

Apoptosis, primarily described by Kerr et al. in 1972, is a normal
physiological process of particular importance during develop-
ment, immune responses, tissue remodeling and the maintenance
of normal cellular homeostasis.”> Apoptotic events are regulated
by multi-complex pathways which, although able to induce
apoptosis independently of one another, are integrated and “cross
talk” in the event that the apoptotic signal requires amplification
to ensure the cell is committed to apoptosis.”® These pathways
are the extrinsic (death receptor) and intrinsic (mitochondrial)
pathways (Fig. 5). An additional pathway, the granzyme/perforin
pathway has also been proposed but shall not be discussed here.

The critical components of the said pathways/cascades are the
caspases. These are highly conserved, hetero-tetrameric cysteine
proteases which cleave aspartic residues and are synthesized as
inactive zymogens (pro-caspases). Fourteen such caspases have
been identified, seven of which are involved in apoptosis and
the remaining (including caspases 1, 4 and 5) function in cyto-
kine activation and inflammatory responses. Caspases may be
subdivided into two groups-initiator caspases (caspases 2, 8, 9
and 10) which function at the beginning of the pathways and
serve to cleave and activate the effector caspases (caspases 3, 6
and 7) which in turn cleave and activate cellular target protein
and thereby induce apoptosis.

The extrinsic pathway (Fig. 5) is induced through signal
protein-receptor interactions at the cell membrane, including
FasL/FasR, tumor necrosis factor (TNF)a/TNFR1 (receptor),
Apo3L/DR3, Apo2L/DR4 and Apo2L/DR5.%% The transmem-
brane receptors exhibit cytosolic death domains which facilitates
the recruitment of adaptor proteins with the corresponding death
domains as well as death effector domains. The latter domain in
turn allows for the recruitment of multiple initiator procaspases
(procaspase 8 and/or 10) and the resultant complex is termed the
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Figure 4. Schematic representation of the the functional domains of the 37 kDa/67 kDa Laminin Receptor Precursor/Laminin Receptor. This receptor,
which is 295 amino acids in length, may be located at the cell surface, in the cytoplasm and the nucleus and displays different functional roles in each.
A cell-surface associated form of the multi-functional protein is depicted here. The transmembrane domain of the receptor is located between amino
acid residues LRP86-101. In this location the protein functions primarily as a receptor and encompasses four defined ligand-binding domains, includ-
ing a prion protein binding domain (LRP161-180) and two laminin binding domains (LRP160-180 and LRP205-229), the latter functions as a heparin
binding domain as well and an IgG-antibody binding domain (LRP272-280) (adapted from reference 32).

death inducing signaling complex (DISC). Within DISC, the
high concentration of procaspases allows for the procaspases to
auto-catalytically cleave and thereby activate each other and the
activated enzymes subsequently activate effector caspases (usu-
ally caspases 3).%¢

Intracellular death signals and extracellular survival signals
induce the intrinsic pathway in a receptor-independent manner.
The intrinsic pathway centres around alterations in the perme-
ability of the mitochondrial membrane and consequently the
release of Ca?* and cytochrome ¢ (a component of the mito-
chondrial electron transport chain). This pathway is regulated
by approximately 25 members of the Bcl-2 protein family.
These proteins may either be anti-apoptotic (by sequestering
Apaf-1 and inhibiting procaspase 9 activation) such as Bcl-2,
Bcl-x, Bal-X |, Bcl-XS, Bel-w and BAG or pro-apoptotic by pro-
moting mitochondrial permeability through the formation of
membrane channels such as Bax, Bak, Bid, Bad, Bim, Bik, Blk,
Puma and Noxa.”” Released cytochrome ¢ binds to the cyto-
solic apoptotic protease activating factor-1 (Apaf-1) forming a
heptamer termed the apoptosome, which subsequently recruits
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procaspase 9 which, upon cleavage-induced activation, activates
caspases 3.

It is noteworthy to add that the MAP kinase, JNK and p53,
activate Bim and Bax, Puma and Noxa respectively and are thus
pro-apoptotic’®??
sion of death receptors and thus promote apoptosis.

p53 has also been reported to induce the expres-
100,101

The extrinsic pathway may induce the intrinsic pathway to
amplify the apoptotic signal and does so through Bid. Activated
caspase 8 cleaves Bid and the truncated form of this protein
inhibits Bcl-2 (an anti-apoptotic protein) and thereby facilitates

Apaf-1 induced procaspase 9 activation.”

Cellular Death

Activation of caspases 3, 6 and 7 ultimately leads to the mor-
phological and biochemical alterations associated with apopto-
sis.”> Caspase 3 activation results in the cleavage of the inhibitor
of the caspases activated deoxyribonuclease (ICAD), thereby
releasing the suppression of this enzyme and thus resulting in
DNA fragmentation.”” Furthermore, the effector caspases cleave
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Figure 5. A schematic representation of the two classical apoptotic pathways in mammalian cells. The extrinsic is triggered at the cell surface by
ligand (CD95L, FASL, TNFa) binding to death receptors (CD95, FASR, TNFR) and the ultimate formation of a death inducing signaling complex (DISC).
Conversely the intrinsic pathway involves alterations in mitochondrion permeability as a result of intracellular signals such as DNA damage and oxida-
tive stress. The activation of the aforementioned pathways leads to the cleavage and activation of initiator caspases 8 and caspases 9 respectively.
These in turn activate the effector caspases 3 which facilitates DNA fragmentation and cytoskeletal protein degradation-leading to the morphological
and physical features characteristic of apoptotic cells (adapted from reference 96).

cytoskeletal and associated proteins such as actin and gelsolin.
The resultant disruption of the cytoskeleton consequently causes
cellular shrinkage, cell membrane blebbing, disintegration of the
cell into apoptotic bodies as well as defects in transport, division
and signal transduction.”

Furthermore apoptosis may, in addition to caspase-mediated
mechanisms, occur via processes independent of these cysteine
proteases. One such route of programmed cell death (PCD)
involves the nuclear translocation of the Apoptosis-inducing fac-
tor (AIF), a 57 kDa mitochondrial flavoprotein, upon stimula-
tion by death signals. In the nuclear compartment AIF induces
chromatin condensation and DNA fragmentation, the hallmarks
of apoptosis, in a caspase independent manner.'”> An homologue
of AIF, termed the AIF-homologous mitochondrion-associated
inducer of death (AMID), similarly induces caspase-independent
apoptosis.’®® In addition the mitochondrial release of endonucle-
ase G has been reported to mediate caspase-independent DNA

fragmentation.'*
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Evidence of Apoptosis in Alzheimer Disease

Alzheimer disease is characterized by enhanced oxidative stress
and intracellular Ca?* concentration-both of which may serve as
stimuli to induce the intrinsic pathway.”>!*>!% Mutations in pre-
senilins (particularly presenilin 2) may not only lead to familial
Alzheimer disease but also render neurons more vulnerable to
apoptosis. Further evidence for apoptosis in Alzheimer disease
includes the detection of elevated levels of caspases 3, p53 and
Bax in neurons of AD patients."”” AR induces apoptosis through
a number of mechanisms largely through the interaction of these
peptides with cell surface receptors. A activates microglial cells,
through interaction with the scavenger receptors present on their
surfaces (Table 1), and this interaction results in the enhanced
expression of TNFa (a ligand of the TNF death receptor) and
thereby triggers the extrinsic pathway.!'”” AP interactions with
neuronal cell surface receptors (p75™'™®, FAS, TNFR1, RAGE,
APP) (Table 1) may not only induce the production of reactive
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oxygen species but may also, through signal transduction cas-
cades, induce the expression of caspases and pro-apoptotic genes
such as p53, p35 and tumor necrosis factors'? as well as enhance
mitochondrial permeability. It must be emphasised that these pro-
apoptotic interactions need not necessarily involve death recep-
tors as receptors lacking these domains (such as APP, RAGE, 37
kDa/67 kDa LRP/LR) may indirectly lead to apoptosis through

such signaling pathways.
Apoptotic Potential of the AB-LRP/LR Interaction

The 37 kDa/67 kDa LRP/LR is a critical cell surface receptor
with regards to the maintenance of cell viability and siRNA
mediated downregulation of this receptor has been reported to
induce apoptosis in transformed liver cells (Hep3B).""! The sig-
nificance of the receptor may be proposed to be a result of recep-
tor interactions with cognate ligands and/or receptor mediated
signaling. Thus the possibility that AB-LRP/LR interactions may
inhibit these conventional interactions and thereby reduce the
receptor’s ability to promote cell viability may not be excluded.
Furthermore, strong evidence suggests that AB-cell surface
receptor interactions may be directly or indirectly apoptotic.'
Therefore, owing to structural similarity and common cellular
localization between the 37 kDa/67 kDa LRP/LR and receptors
such as RAGE, P75N™® and others, if an AB-LRP/LR interaction

is identified, further investigation of the possible apoptotic induc-
ing potential of this AB-LRP/LR interaction is warranted as it
may contribute to neurodegeneration and may be an alternative
target for Alzheimer disease therapeutics.

Conclusion

AR induced neuronal apoptosis is mediated through the interac-
tions of AR with the plasma membrane as well as cell surface
proteins and receptors. The prion protein plays a vital role in
AP aggregation and serves as a link between prion disorders and
Alzheimer disease. The similarities between these neurodegen-
erative disorders offer alternatives for the development of thera-
peutic tools to target both diseases.
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The Global Alzheimer Research Summit was held in September 2011 in Madrid, Spain. The
conference was held over 2 days where many leaders in Alzheimer’s disease research
presented their findings. This meeting report highlights and summarizes the major points of
discussion from each of the sessions namely Molecular Mechanisms, Genetics, Biomarkers,
Diagnosis and Therapeutic Advances, Translational Research and Novel Aspects of Basic
Research in AD. The importance of Biomarkers was repeatedly discussed during the course
of the conference, as were the novel therapeutic strategies undergoing clinical trials (such as
Bapineuzumab). Interesting avenues of research including effects of AD on mitochondria as

well as the neuroprotective role of Reelin in AD were also presented.
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We report here on the proceedings of the Global Alzheimer
Summit that took place September 22-23, 2011 in Madrid,
Spain. As Alzheimer disease (AD) is the leading cause of
neurodegeneration in elderly individuals and, as yet, has no
effective therapeutic option, it continues to stimulate global
research interests. At the conference, leaders in the field of
AD research provided insights into current developments
in various areas of research, namely molecular mechanisms,
genetics, novel aspects of AD research and translational
research. Emphasis was also placed on the importance of
biomarkers in the diagnosis of AD and development of current
therapeutic strategies.

Introduction

Alzheimer disease (AD) is the most prevalent form of dementia
globally, affecting an excess of 36 million people, of which 7 mil-
lion are found in Europe alone. Ten percent of individuals over
60 years of age and 50% of those over 85 years are afflicted with
the disease.! To date, there is no cure for this disease and there are
few effective palliative therapies available. Research is thus criti-
cal for the further understanding of the molecular basis of AD
and the development of therapeutic interventions.

The Global Alzheimer Research Summit was held on the
September 22-23, 2011 at the Palacio de Congresos de Madrid
in Madrid, Spain. The conference was organized by the Queen
Sofia Foundation and the Pasqual Maragall Foundation. The
aim of this conference was to bring together leading experts in
the field of AD and provide a comprehensive overview of the
molecular mechanisms and genetics underlying this disease with
the intent of providing a clear direction for future research into
early diagnosis and therapeutic interventions.

The conference was divided into two sections: Health
and Social Care Research (Learning to Live Better with
Alzheimer Disease) and Basic and Clinical Research
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(Present and Future of Alzheimer Research), the latter of which
will be the focus of this meeting report. There were five main areas
of focus examined in this conference, namely molecular mecha-
nisms, genetics, biomarkers, diagnosis and therapeutic advances,
translational research and novel aspects of basic research in AD.

Molecular Mechanisms

The causative agent of AD is thought to be the 4 kDa neurotoxic
amyloid B (AB) peptide. The proposed mechanism by which
AR is generated involves the sequential proteolytic cleavage of
the Amyloid Precursor Protein (APP) by B-secretase and the
y-secretase complex.” Sangram Sisodia (University of Chicago)
opened the conference with an elucidating overview on the func-
tion of presenilin (PS), the catalytic subunit of the y-secretase
complex, in health and disease. He presented findings aimed at
describing the y-secretase complex and its function, as well as
the importance of PS in autophagy. The differentiation and pro-
liferation of neuronal progenitor cells was shown to be impaired
in Familial AD (FAD)—linked PS1 variants suggesting a link
between PS1 and neurogenesis.

Christian Haass (Ludwig-Maximilians University Munich)
emphasized the unique role of the GxGD motif with regards to
PS1 activity, drawing a parallel between this catalytic subunit and
intramembrane cleaving aspartyl proteases. He further illustrated
functional commonalities between the two in terms of their
sequential substrate cleaving activities and the autoactivation
which is a result thereof. y-secretase modulation, as opposed to
inhibition, was suggested as a means to prevent unwanted modi-
fications of the essential Notch signaling pathway. First genera-
tion y-secretase modulators (GSMs) have failed to prove effective
in clinical trials, but second generation GSMs have been shown
to reduce AB,, production in cases exhibiting PS1 and PS2 muta-
tions. Moreover, genome-wide RNA interference (RNAI) screen-
ing is being employed to identify endogenous GSMs.

Neurofibrillary tangles (NFTs) are one of the major patho-
logical hallmarks of AD. The main constituent of these NFTs
are paired helical filaments (PHF), which are assembled from
the hyperphosphorylated microtubule associated protein, tau.’
Virginia Lee (University of Pennsylvania) hypothesized that the



amount of normal tau available for microtubule stabilization
would therefore be reduced and axonal transport compromised,
leading to the neurodegeneration associated with AD. Lee focused
her talk on targeting tau as a therapeutic tool for the treatment
of AD, specifically focusing on Paclitaxel and Epothilone D.
Animal trials employing Epothilone D have indicated its poten-
tial use in treating AD and other tauopathies.

Jesus Avila (Universidad de Autonoma de Madrid) discussed
the role of glycogen synthase kinase 3 (GSK3), the enzyme
responsible for the hyperphosphorylation of tau, in the impair-
ment of neurogenesis and memory loss associated with AD. Avila
suggested that the depletion of dentate gyrus (DG) stem cells
within the hippocampus could be a cause for the inhibition of
memory and learning associated with AD. The elevated AR levels
observed in AD are thought to possibly promote the activation of
GSK3. Adult neurogenesis was impaired in transgenic mice over-
expressing GSK3 at the DG, and this correlated with a decrease
in DG volume and hindered memory. Avila further illustrated
that these memory impairments could be reversed so long as neu-
ronal stem cells were present at the DG. It is therefore speculated
that this could be a possible molecular mechanism underlying
episodic memory loss as is noted in AD patients.

In the keynote lecture presented by the esteemed Dennis
Selkoe (Harvard Medical School), the pathological effects of
neuronal derived AP oligomers (as opposed to synthetic AR
assemblies) were highlighted. Soluble AP oligomers, at nano-
molar concentrations, were shown to not only inhibit long-term
potentiation (LTP) but also induce long-term synaptic depres-
sion (LTD) while decreasing dendritic spine density in the hippo-
campus of normal rodent models. The administration of anti-A
antibodies directed against the N-terminus of AP prevented the
aforementioned effects on LTP and LTD. Since the amyloid
plaque cores themselves did not influence LTP or LTD, it was
concluded that the soluble AR dimers and other low oligomeric
number (low-n) AR species are the synaptotoxic species. Selkoe
also discussed the ongoing phase III clinical trials of the anti-AB
vaccine, Bapineuzumab.

Genetics

The apolipoprotein E (APOE) allele was the first major risk fac-
tor identified for the sporadic form of AD. However, despite our
advances in the understanding of the genetics underlying this
disease, over 50% of AD cases have no known genetic risk factors
or components. Alison Goate (Washington University School of
Medicine) and Sandra Barral (Columbia University) elaborated
on their findings from several genome-wide association studies
(GWAS) aimed at discovering novel risk factors by comparing
AD cases to non-demented elderly controls. Nine novel risk
factors (CLU, PICALM, CRI1, BIN1, MS4A4A cluster, ABCA7,
CD2AP, CD33 and EPHAI) were identified, which increase the
risk for late onset Alzheimer disease (LOAD) by 10-15%. These
novel risk factors are believed to play roles in a number of cellular
pathways including lipid metabolism, the immune system and
endocytosis. Barral further elaborated on the risk factors associ-
ated with LOAD, hypothesizing that multiple common variants
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underlie the cause of AD. The APOE &4 allele is considered to
be the risk factor most commonly associated with LOAD and
increases risk in a dose-dependent manner, while the APOE €2
allele reduces the risk for AD. Goate also described the use of
cerebro-spinal fluid (CSF) biomarkers, i.e., CSF AR and tau, as
endophenotypes for genes which may influence the expression
levels of these CSF proteins. These analyses revealed that risk
factors associated with AD correlate to CSF AR levels, while
CSF tau levels corresponded to the rate of disease progression as
opposed to risk.

In a plenary talk given by Kenneth Kosik (University of
California), entitled “Stalking an Alzheimer’s gene in the
Colombian countryside,” an interesting case was presented
about a number of Colombian families residing in the state of
Antioquia. These families, which include over 5,000 individu-
als, have been identified as carriers of one of the deadly muta-
tions associated with early onset AD. This group of individuals
presents an interesting opportunity for researchers and clinicians,
through the use of genetic testing, to predict who will be afflicted
with the disease and the possible age of onset. This scenario is
ideal for Alzheimer “trialists” who believe that treatment of pre-
symptomatic AD will prove most beneficial in delaying the age
of onset—past the expected mean of 47 years of age, which is the
case in this Colombian population.

Biomarkers, Diagnosis and Therapeutic Advances

Bruno Dubois (University of Paris) provided insight into new
diagnostic criteria as proposed by the International Working
Group for New Research Criteria for the Diagnosis of AD
in 2007, moving away from the original criteria outlined by
the National Institute of Neurological and Communicative
Disorders and Stroke-Alzheimer Disease and Related Disorders
Association (NINCDS-ADRDA) in 1984. According to these
new criteria, a clinician can make a clinical diagnosis of AD
based on one major clinical criterion (e.g., episodic memory
test with cued recall measures) and the presence of one or more
biomarkers. This new classification system allows for the early
diagnosis of AD at the prodromal stage. In terms of biomark-
ers, structural alterations, such as atrophy of the medial temporal
lobe, can be assessed by Magnetic Resonance Imaging (MRI),
while biological changes can be recorded by CSF analyses of tau
and AB. Functional or molecular changes can be examined using
neuro-imaging patterns or amyloid ligand retention on Positron
Emission Tomography (PET) such as the Pittsburgh compound
B (PiB-PET).

Dale Schenk (Elan Pharmaceuticals and Janssen Alzheimer
Immunotherapy, LLC) and Jeffery Cummings (University of
California) both highlighted the use of biomarkers, such as low
CSF AB,, and elevated CSF tau levels, as possible endpoints for
clinical trials. The observed reduction in CSF AB,, levels or an
increase in PiB staining could be used as an indicator for demen-
tia later in life, while a decrease in CSF tau levels correlates well
with treatment efficacy. The use of such biomarkers in Phase 11
clinical trials can effectively increase the accuracy of reported
therapeutic benefits using a smaller sample size, while reducing
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the potential risk of entering into Phase III trials. As a repre-
sentative of Elan Pharmaceuticals, South San Fransisco, Schenk
also briefly spoke about Bapineuzumab and the ongoing Phase
I trials.

Kaj Blennow (University of Gothenberg) further highlighted
the use of biomarkers for monitoring the pathophysiological
mechanisms central to AD. He reported on numerous studies
that suggest that CSF biomarkers, including total tau reflect-
ing neuronal degeneration, AB,, reflecting plaque pathology
and phosphorylated tau reflecting tau phosphorylation state and
tangle pathology, have clinical use in the accurate diagnosis of
prodromal AD. Blennow further elaborated on many of the same
themes raised by Shenk and Cummings, suggesting the use of
biomarkers in clinical trials to enhance patient selection for the
trials and possibly increase the likelihood of identifying any sig-
nificant clinical effects of the drugs in question. He further raised
attention to the use of the shorter AP isoforms, namely AR
and AB

a biomarker found to be more sensitive compared with CSF AB,,

115
for the monitoring of y-secretase inhibitor treatment,

for monitoring this particular treatment option.

Mony de Leon (New York University School of Medicine)
emphasized the combined use of both imaging and biomarkers in
the pre-symptomatic diagnosis and identification of new mech-
anisms of AD. His team discovered two emergent AD related
mechanisms: first, higher amyloid plaque load in the brain and
reduced glucose metabolism was noted in pre-symptomatic
patients whose mothers had a positive AD diagnosis and, sec-
ond, higher plasma AR, levels were correlated with alterations
in CO,-linked hippocampal vasoreactivity. These findings sug-
gest inherited maternal mutations in mitochondrial DNA could
contribute to an increased AD risk and provide a vascular mecha-
nism for the basis of AB-induced neurodegeneration.

Khalid Igbal (New York State Institute for Basic Research in
Developmental Disabilities) focused on the multifactoral nature
of AD, suggesting that an inability to accurately identify various
subgroups of AD and the assignment of these groups to specific
clinical trials has hampered the development of effective AD
therapies. It is his belief that the treatment of AD should not
only target the inhibition of neurodegeneration but also stimulate
neurogenesis and neuronal plasticity, and suggests that a careful
balance between these two factors is necessary to reverse the cog-
nitive damage inflicted by AD.

Bengt Winblad (Karolinska Institutet Alzheimer Disease
Research Center) believes that we have achieved a partial degree
of success in terms of the development of palliative therapies for
the treatment of AD, but emphasizes a need for disease modi-
fying drugs. He highlighted the ongoing clinical trials, many
of which are based on the amyloid hypothesis of AD, but also
acknowledged that a single therapy for AD is improbable.
Winblad agreed with Igbal in that multiple drugs targeting vari-
ous pathways of AD will be needed to effectively manage this
disease.

Although many clinical trials for BACEI inhibitors have
failed thus far, Martin Citron (Eli Lilly and Company) provided
evidence for the fact that “BACEL is druggable.” The first orally
available non-peptidic BACEL (B-secretase) inhibitor, namely
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LY2811376, was recently generated using a fragment based chem-
istry strategy. LY2811376 was shown to significantly lower A3
production in animal models, an effect which persists in humans.
LY2811376 development was however terminated due to toxicol-
ogy findings in preclinical studies. Citron’s studies proved that
BACEL! inhibition is a plausible therapeutic approach for the
treatment of AD.

Translational Research

Oxidative and mitochondrial abnormalities were discussed in
detail by George Perry (University of Texas at San Antonio).
Impairments in mitochondrial function, fission and fusion events
develop in the early stages of AD. A decrease in the expression
levels as well as altered distribution of fission/fusion proteins
DLP1, OPA1, Mfnl and Mfn2C were reported in AD neurons,
while a significant increase in Fisl was noted. Moreover, APP and
AP were found to be responsible for these changes in expression
levels. The result thereof is a reduction in mitochondrial density,
which consequently manifests as a decrease in spine numbers.
Various structural changes are also evident in AD vulnerable
neurons and include a reduction in the number and increase in
the average size of mitochondria. However, it should be noted
that the mitochondrial changes in AD are not solely from nor
demonstrated to be the result of AB/APP alone as a similar effect
of oxidative stress independent of A is seen.

Lennart Mucke (Gladstone Institute of Neurological Diseases
and University of California) discussed the key role of tau in AR
induced changes in neuronal and cognitive function as well as
intracellular transport. A reduction in tau effectively prevents
neuronal dysfunction induced by AP oligomers in transgenic
mouse models. Furthermore A, tau and Fyn (a src family
kinase) were found to function co-dependently. The receptor
tyrosine kinase EphB2 is targeted for proteosomal degradation
upon interacting with A oligomers; this in turn affects NMDA-
type glutamate receptors and ultimately results in synaptic defi-
cits and memory and learning impairments.

Novel Aspects of Basic Research in AD

Eduardo Soriano (University of Barcelona) elucidated the
intriguing link between Reelin (an extracellular matrix protein
which functions in neuronal development) and AD. Reelin was
shown to be an important protein in the brain controlling adult
neurogenisis, glutamatergic neurotransmission and structural
and functional properties of dendritic spines. This protein was
found to regulate tau phosphorylation through GSK3 activity.
Moreover, Reelin was shown not only to delay the accumulation
of AR plaques but also to sequester the pathogenic oligomeric AR
species within these plaques, preventing cognitive impairment.
The Reelin-AB association disrupts the Reelin signaling cascade
thus impairing the essential neuroprotective function of Reelin
in the brain and leading to neurodegeneration.

The importance of side-chain oxidized oxysterol in AD
pathogenesis was discussed by Angel Cedazo-Minguez
(Karolinska Institutet Alzheimer Disease Research Center). It



was hypothesized that these oxysterol compounds were not by-
products in cholesterol metabolism but rather play an important
pathological role in the development of AD. Further he provided
evidence linking hypercholesterolemia and hypertension to AD
via disturbances in cholesterol metabolism and the overactiva-
tion of the brain rennin-angiotensin system ultimately resulting
in disruptions in long-term potentiation (LTP).

Javier DeFelipe (Universidad Politecnica de Madrid) focused
his talk on the dendritic spine alterations associated with AD.
DeFelipe’s group used powerful micro-anatomical tools to inves-
tigate the effects of tau aggregation on dendritic spines. It was
found that non-aggregated pre-tangle tau proteins did not alter
pyramidal neuron dendrites, as opposed to aggregated forms,
which result in dendritic atrophy and spinal loss.

The Future of AD Research

Since Alois Alzheimer first described the disease in 1907,° our
understanding of AD and its underlying molecular mechanisms

has come a long way; however, many hurdles still remain. The
continuing development of biomarkers and their use for not only
the preclinical diagnosis of AD but also as endpoints for clini-
cal trials will continue to change the face of AD research. It is
now a reality that AD can be diagnosed in the prodromal stages.
Numerous ongoing clinical trials offer hope to the millions of
those afflicted by this devastating disease. The continued efforts
of leading researchers in the field have offered a promising future
for AD and its sufferers.

Disclosure of Potential Conflicts of Interest

Any opinions, findings and conclusions or recommendations
expressed in this material are those of the authors and therefore
the NRF do not accept any liability in regard thereto.

Financial Support

This work is based upon research supported by the National
Research Foundation (NRF), Republic of South Africa and the
University of the Witwatersrand Travel Award.

References

www.alzheimerinternacional2011.org/disease.html
Da Costa Dias B, Jovanovic K, Gonsalves D, Weiss
SE Structural and mechanistic commonalities of amy-

4. Omar A, Jovanovic K, Da Costa Dias B, Gonsalves 6.

D, Moodley K, Caveney R, et al. Patented biological
approaches for the therapeutic modulation of the 37
kDa/67 kDa laminin receptor. Expert Opin Ther Pat
2011; 21:35-53; PMID:21110766; http://dx.doi.org/

Moller HJ, Graeber MB. The case described by Alois
Alzheimer in 1911. Historical and conceptual perspec-
tives based on the clinical record and neurohistological
sections. Eur Arch Psychiatry Clin Neurosci 1998;
248:111-22; PMID:9728729.

loid-beta and the prion protein. Prion 2011; 5:126-
37; PMID:21862871; http://dx.doi.org/10.4161/ 5.
pri.5.3.17025.

3. Mbazima V, Da Costa Dias B, Omar A, Jovanovic K,
Weiss S. Interactions between PrPc and other ligands 72;
with the 37 kDa/67 kDa laminin receptor. Front Biosci nrn2194.
2010; 15:1150-63; PMID:20515747; htep://dx.doi.
org/10.2741/3667.

10 Prion

10.1517/13543776.2011.539203.

Ballatore C, Lee VM, Trojanowski JQ. Tau-mediated
neurodegeneration  in
related disorders. Nat Rev Neurosci 2007; 8:663-
PMID:17684513; http://dx.doi.org/10.1038/

Alzheimer’s disease and

Volume 6 Issue 1



5. Research Articles

During the course of this PhD, the objectives were achieved and the results and findings

thereof have been prepared for publication in 2 separate scientific journal articles.

The first of these articles, which has been published in Scientific Reports covered the
findings obtained from objectives 1 — 6. The second article, which has been submitted to

PLOS ONE for review, reports on the results acquired for objectives 7 — 9.

These articles are:

1. Anti-LRP/LR specific antibodies and shRNAs impede amyloid beta shedding in
Alzheimer’s disease
2. High resolution imaging study of interactions between the 37kDa/67kDa Laminin

Receptor and APP, [3-secretase and y-secretase in Alzheimer’s disease

Furthermore 2 research articles have been published; however, these did not reflect results

obtained from my PhD. I was involved in the writing and editing of the manuscripts.

3. Anti-LRP/LR specific antibody IgG1-iS18 rescues cells from AP42 induced
cytotoxicity
4. Prion interaction with the 37-kDa/67-kDa laminin receptor on enterocytes as a cellular

model for intestinal uptake of prions
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Anti-LRP/LR specific antibodies and shRNAs impede amyloid beta
shedding in Alzheimer’s disease

Katarina Jovanovic, Danielle Gonsalves, Bianca Da Costa Dias, Kiashanee Moodley, Uwe

Reusch, Stefan Knackmuss, Clement Penny, Marco Weinberg, Melvyn Little & Stefan F.T.
Weiss.

Scientific Reports 3, 2699; DOI:10.1038/srep02699 (2013)

This original research article was the first report on a role for LRP/LR in Alzheimer’s disease.
Here we found that blocking LRP/LR with the anti-LRP specific antibody IgG1-iS18 or
knock down of LRP/LR using anti-LRP shRNA resulted in significant impedance in A3
shedding. Furthermore anti-LRP/LR treatments resulted in a significant reduction in SAPP[
shedding, while cell surface expression levels of APP, [3- and y-secretase were unaltered.
Immunofluorescence and confocal microscopy confirmed a high degree of co-localisation
between LRP/LR and APP, [3- and y-secretase both intracellularly and on the cell surface.
These findings suggested the possibility of an interaction between LRP/LR and APP, (3-
and/or y-secretase. Due to the effects on SAPP3 shedding, the possibility of an interaction
between LRP/LR and [3-secretase was examined by means of a FLAG® co-
immunoprecipitation assay, whereby it was found that a direct/indirect interaction existed
between the 2 proteins. Taken together, these results not only implicate LRP/LR as a role
player in AD and the amyloidogenic processing of APP, but also recommend IgG1-iS18 as a
possible therapeutic for the treatment of AD (due to its ability to decrease A3 shedding).

NB: All shRNA work in this manuscript was performed by Ms. Danielle Gonsalves as part of

her MSc project. As such these results will not be discussed.
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Anti-LRP/LR specific antibodies and
shRNAs impede amyloid beta shedding
in Alzheimer’s disease

Katarina Jovanovic!, Danielle Gonsalves', Bianca Da Costa Dias’, Kiashanee Moodley', Uwe Reusch?,
Stefan Knackmuss?, Clement Penny®, Marc S. Weinberg?, Melvyn Little? & Stefan F. T. Weiss'

'School of Molecular and Cell Biology, University of the Witwatersrand, Private Bag 3, Wits 2050, Johannesburg, Republic of South
Africa, 2Affimed Therapeutics AG, Technologiepark, Im Neuenheimer Feld 582, 69120 Heidelberg, Germany, *Department of
Infernal Medicine, University of the Witwatersrand, 7 York Rd, Johannesburg, 2193 Parktown, Republic of South Africa, “Antiviral
Gene Therapy Research Unit (AGTRU), Department of Molecular Medicine & Haematology, School of Pathology, University of the
Witwatersrand, Private Bag 3, Wits 2050, Johannesburg, Republic of South Africa.

Alzheimer’s disease (AD) is the most prevalent form of dementia. The amyloid beta (AP) peptide is the
predominant candidate aetiological agent and is generated through the sequential proteolytic cleavage of the
Amyloid Precursor Protein (APP) by beta (p) and gamma (y) secretases. Since the cellular prion protein
(PrPc) has been shown to regulate AP shedding, we investigated whether the cellular receptor for PrP<,
namely the 37 kDa/67 kDa Laminin Receptor (LRP/LR) played a role in AP shedding. Here we show that
LRP/LR co-localises with the AD relevant proteins APP, B- and y-secretase, respectively. Antibody blockage
and shRNA knock-down of LRP/LR reduces AP shedding, due to impediment of f§-secretase activity, rather
than alteration of APP, B- and y-secretase levels. These findings indicate that LRP/LR contributes to Ap
shedding and recommend anti-LRP/LR specific antibodies and shRNAs as novel therapeutic tools for AD
treatment.

lzheimer’s disease (AD) is the most prevalent form of dementia afflicting in excess of 37 million people

globally' and is associated with a multitude of genetic, environmental, epigenetic, dietary and lifestyle risk

factors>’. The neuropathological hallmarks of AD include intracellular neurofibrillary tangle formation
(aggregates of hyper-phosphorylated microtubule associated protein, tau)* and extracellular AP plaque depos-
ition. The A peptide and more specifically the 42 amino acid isoform (A,,), is largely considered the primary
disease causing agent in Alzheimer’s disease (as AP accumulation is a pre-requisite for tau hyperphosporylation,
the other AD-associated feature)®’. A is generated through the proteolytic cleavage of the amyloid precursor
protein (APP) by B-secretase (BACEL - f site APP cleavage enzyme)® and y-secretase (composed of 4 subunits of
which the catalytic domain is composed of Presenilin (PS)°). The mechanisms underlying A induction of
neuronal loss (one of the key pathophysiological features of AD) are yet to be firmly established. However, it
is proposed that AP may do so by eliciting alterations in signal transduction pathways through direct binding to
cell surface receptors, such as N-Methyl-d-Aspartate (NMDA) receptors, insulin receptors or o-7 nicotinic
receptors'®"'. Alternatively, AP may alter signal transduction pathways indirectly via incorporation into lipid
membranes of the plasma membrane and to a lesser extent cellular organelles'*'*. This is thought to induce
structural and functional alterations in lipid bound receptors and consequently results in aberrant signal trans-
duction pathways'>.

In 2007, Parkin et al. demonstrated a link between cellular prion proteins (PrP¢) and the amyloidogenic
processing of APP'*. It was shown that PrP° mediates a decrease in AP shedding by regulating 3-secretase cleavage
of APP. In addition, PrP° was suggested to be a high affinity receptor for A oligomers and vital in mediating the
neurotoxic effects of AB'. PrP<has also been reported to play an important role in synaptic and neuronal loss'” as
well as mediating toxic signalling induced by AB'*".

The extracellular matrix glycoprotein, laminin, similarly exhibits an A binding site, namely the IKAV peptide
sequence located on the alpha (o) chain of the tri-peptide'®. However, the association between laminin and AP is
reported to inhibit fibrillogenesis'® and thereby thwart AP pathogenesis.

The 37 kDa/67 kDa laminin receptor (LRP/LR) (also known as LAMR, RPSA and p40) is a multifunctional
protein located within the cholesterol-rich lipid raft domains of the plasma membrane, in the cytoplasm as well as
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in the nucleus". Associations between the receptor and a multitude
of extracellular (laminin and elastin) and intracellular (cytoskeletal
proteins, histones, heparan sulfate proteoglycans (HSPGs)) compo-
nents have been described and are of physiological significance both
in healthy and cancerous cells****. Moreover, it has been established
that LRP/LR is a high affinity receptor for laminin and both the
cellular and infectious prion protein isoforms (PrP¢ and PrP%,
respectively)*>® and plays an important role in the binding, receptor
mediated endocytosis and propagation of these proteins**°. As LRP/
LR and AP share the aforementioned mutual binding partners, we
proposed that LRP/LR is implicated in AD pathogenesis. However, a
relationship between these proteins has as yet not been investigated.

Results

LRP/LR co-localises with APP, - and y-secretase on the cell surface.
To assess whether LRP/LR and AD relevant proteins APP, - and
v-secretase share a similar cell surface localisation, indirect immuno-
fluorescence microscopy was employed. LRP/LR was shown to co-
localise with APP (Fig. 1 and Fig. S1, a-d), B-secretase (Fig. 1 and
Fig. S1, e-h), y-secretase (Fig. 1 and Fig. S1, i-1) on the surface of non-
permeabilised HEK293 (Fig. 1) and N2a cells (Fig. S1), as depicted by
the yellow merged images. 2D-cytofluorograms (Fig. 1 and Fig. S1, d,
h, 1) reveal a yellow diagonal confirming co-localisation between the
corresponding cell surface proteins. Pearson’s Correlation co-efficient
was employed to further confirm the observed results (Table 1). A
Pearson’s Correlation co-efficient of 1 is indicative of perfectly

LRP/LR

secretase

v- isecretase APP

VLAB

Table 1 | Pearson’s Correlation Co-efficient for Co-localisation
between LRP/LR and AD relevant proteins

AD relevant proteins IF Confocal
LRP/LR + APP 0.862 0.20
LRP/LR + B-secretase 0.915 0.53
LRP/LR + y-secretase 0.938 0.57
LRP/IR + VLAS 0.583 -
LRP/LR + GFP - -0.51

The Pearson’s Correlation co-efficient was employed to determine the degree of co-localisation
between proteins of interest, where 1 indicates complete co-localisation and —1 is indicative of no
co-localisation. The co-efficient was calculated for LRP/LR and AD relevant proteins APP, B-and v-
secretase respectively employing both Immunofluorescent Microscopy and Confocal Microscopy
(employing fluorescently tagged proteins of inferest).

correlated proteins®. The obtained Pearson’s correlation co-efficient
between LRP/LR and the AD relevant proteins are all approximately
within the 0.9 range (Table 1). An alternative laminin binding
receptor, Very Late Antigen 6 (VLAG6), employed as a negative
control failed to co-localise with LRP/LR (Fig. 1 and Fig. S1, m-p,
Table 1). The proximity of these proteins on the cell surface thereby
suggests that an association/interaction between the receptor and AD
relevant proteins is feasible.

LRP/LR co-localises with APP, B- and y-secretase within the cell.
To further investigate whether LRP/LR co-localises with APP, - and

Merge 2D-cytofluorogram

Figure 1| Co-localisation of LRP/LR with the AD relevant proteins APP, B- and y-secretase on the cell surace. Cell surface proteins on HEK293 cells
were indirectly immunolabelled to allow for detection using the Olympus IX71 Immunofluorescence Microscope and Analysis Get It Research Software.
(a) APP, (e) B-secretase, (i) y-secretase and (m) VLA6 were all indirectly labelled with Alexafluor 633, while an anti-human FITC conjugated antibody was
used to label IgG1-iS18 bound to LRP/LR (b, f, j, n). The merged images between LRP/LR and relevant proteins are shown (¢, g, k, 0) and the
corresponding 2D-cytofluorograms have been included to confirm the degree of co-localisation (d, h, 1, p).
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v-secretase in subcellular locations other than the cell surface,
HEK293 cells were transfected with plasmids encoding fluorescently
tagged proteins and examined using confocal microscopy. APP-GFP,
BACE1-GFP (B-secretase) and PS1-GFP (Presenilin 1 - the catalytic
subunit of the y-secretase) were respectively co-expressed with LRP-
dsRed post transfection. The results obtained suggest that LRP/LR
does not only co-localise with the AD relevant proteins on the cell
surface but also intracellularly in the cytoplasm. From Fig. 2c, a
greater degree of co-localisation is observed between APP (APP-
GFP) and LRP/LR (LRP-dsRed) in the cytoplasm, and to a lesser
extent in the nucleus of the HEK293 cells as shown by the intensity
of the yellow stain. Fig. 2g highlights that the co-localisation between
B-secretase (BACE1-GFP) and LRP/LR (LRP-dsRed) is confined to
areas of the cytoplasm, but completely lacking in the nucleus. The co-
localisation between y-secretase (PS1-GFP) and LRP/LR (LRP-dsRed)
reveals a similar relationship in the cytoplasm, however, there also
appears to be a high degree of co-localisation on the cell membrane as

LRP-DsRed

APP-GFP

BACE1-GFP

PS1-GFP

GFP only

emphasized by staining seen in Fig. 2k. The presence of any co-
localisation between LRP/LR and y-secretase is completely lacking
in the nucleus of the cells. GFP was used as a negative control and
shows very little co-localisation with LRP/LR as is evidenced by the
weak yellow signal obtained in Fig. 20. The 2D cytofluorograms
(Fig. 2d, h, 1) further confirm that co-localisation does occur
between LRP/LR and the AD relevant proteins APP, - and v-
secretase, as a distinct diagonal passing through quadrant 3 is seen.
The 2D cytofluorogram between GFP and LRP/LR (Fig. 2P) shows a
complete lack of a diagonal and does not pass through quadrant 3,
therefore no co-localisation between LRP/LR and GFP is likely to exist
other than by random chance (as is seen by the weak yellow signals in
Fig. 20). From Table 1, it is evident that a positive correlation exists
between LRP/LR and APP, - and y-secretase, as the Pearson’s co-
efficient values are all above 0. The value seen for GFP and LRP
(—0.51) is negative and indicates that there is a low level of
correlation between the cellular localisation of these 2 proteins.

Merge

2D-cytofluorgram

Figure 2 | Co-localisation of LRP-dsRed with APP-GFP, BACE1-GFP and PS1-GFP inside HEK293 cells. Fluorescently tagged (a) APP-GFP,

(e) BACE1-GFP, (i) PS1-GFP and (m) GFP were co-expressed with LRP-dsRed (b, f, j, n) in HEK293 cells. Images were captured using the Zeiss LSM 780
confocal microscope and analysed using Zen 2010 software. The resulting merges between LRP-dsRed and APP-GFP (c), BACE1-GFP (g), PS1-GFP (k)
and GFP (o) are shown and the corresponding 2D cytofluorograms for each merge have also been included (d, h, 1, p) as a measure of the degree of co-

localisation.
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IgG1-iS18 and shRNA treatment targeting LRP/LR significantly
reduces AP shedding. To investigate whether LRP/LR is involved
in the amyloidogenic pathway and more specifically Ap shedding
into the extracellular space, cells were treated with the anti-LRP/
LR specific antibody IgG1-iS18* and anti-cluster of differentia-
tion (CD19) antibody IgG1-HD37%* (negative control). Cellular
incubation with IgG1-iS18 resulted in a significant reduction in
AP concentration when compared to the no antibody control

(Fig. 3a). AP levels were lowered by 47.6% in HEK293 cells
(P = 0.0008) and 28.5% in SH-SY5Y cells (P = 0.0064)
(Fig. 3a) after IgG1-iS18 treatment. To further assess the effects
of IgG1-iS18 on A shedding, a dose dependency assay was
conducted using SH-SY5Y cells. AP shedding was significantly
hampered by between 24% (for 25 pg/ml) and 43% (for 100 ng/
ml) denoting that IgG1-iS18 impedes AP shedding in a dose-
dependent fashion (Fig. 3b).

HEK293 SH-SY5Y
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Figure 3 | Effects of IgG1-iS18. (a) AP levels in HEK293 and SH-SY5Y cells after treatment with IgG1-iS18 and IgG1-HD37 as detected by an AB ELISA
after 18 hours of antibody incubation. Data shown (mean * s.e.m) representative of three independent experiments (performed in triplicate) per cell line.
*p < 0.05, ¥*p < 0.01, ***p < 0.001, NS not significant; Student’s t-test. (b) AP concentrations after SH-SY5Y cells were treated with varying doses of
IgG1-iS18 for 18 hours, as determined by an A ELISA. Data shown (Mean = s.d.) comparing A3 levels of untreated cells (0 pig/ml) and IgG1-iS18 treated
cells (25-100 pg/ml), ***p < 0.0001; n = 3; one way ANOVA. (c) Flow cytometric analysis of APP, B-secretase and y-secretase levels on the surface of
HEK293 cells post treatment with IgG1-iS18 (mean = s.d., NS not significant, n = 3, Student’s #-test). (d) (i) Western blot showing sAPPf levels from cell
culture medium after SH-SY5Y cells were treated with varying concentrations (0—100 pg/ml) of IgG1-iS18 for 18 hours. Western blot band intensities
from three independent experiments were quantified using Quantity One 4.6 software. Gels have been cropped for clarity and conciseness purposes and
have been run under the same experimental conditions. (d) (ii) Obtained band intensities were subsequently used to determine the percentage
downregulation of SAPPp. Data shown (mean =* s.d); ***p < 0.0001; One way ANOVA.
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Owing to the ability of IgG1-iS18 to decrease AP shedding, it may
be proposed that LRP/LR mediates this process. To further confirm
this role in the amyloidogenic pathway, RNA interference techno-
logy, specifically short hairpin RNA (shRNA), was employed to
downregulate LRP/LR expression. shRNA1 and shRNA7 resulted
in a significant 42.85% and 16.42% decrease in LRP/LR expression
levels, respectively, compared to the scrambled control (shRNAscr)
(Fig. 4a). This downregulation correlated to a significant 16.88% and
11.95% decrease in AP shedding in HEK293 cells (for shRNA1 and
shRNA7 respectively) (Fig. 4b). No significant difference was
observed between mock-transfected and shRNAscr control trans-
fected HEK293 cells (Fig. S3).

IgG1-iS18 and LRP/LR shRNA treatments do not alter cell surface
expression of APP, - and y-secretase. To investigate whether LRP/
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LR influences the amyloidogenic pathway through altering cell
surface protein expression levels of the aforementioned AD
relevant proteins, flow cytometric analysis of the cell surface levels
of APP, B-secretase and y-secretase was performed post-antibody
(IgG1-iS18 and IgG1-HD37) treatment in HEK293 cells (Fig. 3C
and Fig. S4a). Both antibody treatment and downregulation of
LRP/LR by shRNA1 and 7 (Fig. 4c, Fig. S4 b) did not significantly
alter HEK293 cell surface expression levels of the APP, - and -
secretase in comparison to controls.

sAPP levels are affected by LRP blockade and downregulation. In
an attempt to elucidate the mechanism whereby LRP/LR influences
the amyloidogenic pathway, sAPPP levels were assessed post-
antibody (Fig. 3d(i)) and shRNA treatment (Fig. 4d (i)). Upon a
dose dependent administration of IgG1-iS18 to SH-SY5Y cells, a
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Figure 4 | Effects of LRP/LR downregulation by shRNA. (a) HEK293 cells were transfected with LRP/LR-specific shRNA1 and shRNA?7 (as well as a
scrambled control, shRNAscr). 72 hours post-transfection, cells were lysed and LRP/LR levels assessed by Western blotting. B-actin was used as a loading
control. Western blot band intensities from three independent experiments were quantified using Quantity One 4.6 Software. (b) The A concentration
of the cell culture medium of shRNA-transfected HEK293 cells was analysed using an AB ELISA. Data shown (Mean * s.d.) comparing AP levels of
shRNAI and shRNA7 to shRNAscr, *p < 0.05, ¥*p < 0.01; n = 3; Student’s #test. (c) Flow cytometric analysis of APP, [3-secretase and y-secretase
levels on the surface of sShRNA-transfected HEK293 cells. Data shown (Mean =* s.d.); n = 3; Student’s #-test. (d)(i) SAPPP levels in shRNA-transfected
HEK293 cells were analysed by Western blotting. Gels have been cropped for clarity and conciseness purposes and have been run under the same
experimental conditions. (d)(ii) Band intensities were extracted as mentioned previously (Fig. 3 d) and used to calculate the percentage of

downregulation of sAPPf3 levels.
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significant reduction in sSAPPJ3 levels was observed across all antibody
concentrations (Fig. 3d(ii)). Similar results were obtained for shRNA1
mediated LRP/LR downregulated HEK293 cells (Fig. 4d).

LRP/LR interacts with B-secretase. A FLAG® Immunoprecipitation
assay was conducted using a FLAG-tagged variant of LRP
(LRP:FLAG) which had the ability to bind to anti-FLAG M2
beads. Any protein interacting with LRP:FLAG would thus remain
immobilised during subsequent washing steps and would be present
in the eluate of the immunoprecipitation assay. A FLAG® Immuno-
precipitation assay was thus performed to detect whether LRP/LR
shows any interaction with fB-secretase in order to further validate
the co-localisation results observed between LRP/LR and -secretase,
as well as effects seen on sAPPP shedding upon IgGl1-iS18
incubation. From Fig. 5, it is evident that a distinct band is present
in the eluate of the FLAG® Immunoprecipitation assay (Fig. 5, 1ane 4)
corresponding in size to the band detected in the BACE1-GFP
expressing cell lysate control lane (Fig. 5, lane 3). This suggests
that an interaction does exist between LRP/LR and [3-secretase, as
only proteins that interact with LRP would be present in the eluate.
CAT (chloramphenicol acetyl transferase) transfected cell lysates
were used as a negative control. CAT was not present in the
immunoprecipitation assay eluate, thus showing no interaction
with LRP (Fig. S5).

Discussion

The co-localisation observed between LRP/LR and the relevant AD
proteins (APP, B and y-secretase) on both HEK293 and N2a cells, as
assessed by immunofluorescence microscopy, indicates that a spatial
overlap occurs between the fluorescently immunolabeled proteins
(Fig. 1 and Fig. S1). Although the close cellular proximity of the
proteins on the cell surface is not explicitly indicative of an inter-
action, it does imply that an association between these proteins and
LRP/LR is possible.

Confocal microscopy was further utilized to examine whether
LRP/LR co-localised with APP, B- and y-secretase in sub-cellular
locations other than the cell surface. From Fig. 2, it is evident that
LRP/LR also shows a high degree of co-localisation with the AD
relevant proteins within the cytoplasm. LRP/LR is known to be pre-
sent in the cytoplasm™ and lipid raft regions® of the cell membrane
from where it was reported to co-localise with PrPc in the early
endosomes upon LRP/LR-dependent PrP¢ endocytosis®. With
regard to APP, it is proposed that this protein is internalized from
the lipid raft region of the plasma membrane into early endosomes
via either clathrin® or raft-mediated endocytosis™®. B-secretase is also
located in the lipid raft regions where it too is endocytosed into early
endosomes’ via the GTPase Arf6®%. All 4 subunits of the y-secretase
have been found to be present in lipid raft regions of not only the
plasma membrane®, but of the Golgi and endosomal membranes*
too. The presence of APP, B- and y-secretase in the endosomes led to

100kDa BACE1-GFP

Figure 5 | LRP:FLAG Immunoprecipitation Assay Analysis. HEK293
cell lysates containing LRP::FLAG and either BACE1-GFP or CAT (Fig. S5)
were subjected to Pull Down Assay analysis using Anti-FLAG M2 beads.
After subsequent wash steps, eluted fractions were analysed using
Immunoblotting. Lane 1 contained non-transfected (NT) cell lysate, lane 2
contained GFP transfected cell lysate, lane 3 contained BACE1-GFP
transfected cell lysate and lane 4 contained the eluate from the FLAG®
Immunoprecipitation assay between BACE1-GFP and LRP::FLAG. Gels
have been cropped for clarity and conciseness purposes and have been run
under the same experimental conditions.

the finding that APP is preferentially cleaved by B-secretase at this
site due to the lower pH within endosomes®. However, the three AD
related proteins are also found in other subcellular locations, such as
the Endopasmic reticulum, Golgi and trans-Golgi network; and
recent studies have shown that APP cleavage can also occur at these
sites*"*?. This suggests a widespread distribution of APP and its
cleavage proteins within various cellular structures and various inter-
nalization routes for each of the proteins involved. From our results,
the intracellular distribution of APP, B- and y-secretase is seen to be
fairly widespread through the cytoplasm (Fig. 2a, e and i respectively)
— due to the aforementioned cellular organelles in which they are
found. From the literature it is evident that LRP/LR and the AD
relevant proteins exist in similar cellular locations, and from the
results obtained in Fig. 2 (b, f and j), LRP/LR is indeed found to be
present in very similar intracellular regions (Fig. 2 ¢, g and k) as these
proteins. This suggests that LRP/LR could be interacting with APP,
B- and y-secretase within the cellular structures in which they are
found, or alternatively, could potentially be involved in the regu-
lation of APP processing.

LRP/LR blockage by IgG1-iS18 was seen to effectively impede A
shedding. This was further affirmed by shRNA mediated downregu-
lation of the receptor. These results taken together suggest that LRP/
LR plays a pivotal role in the amyloidogenic processing of APP.

Interestingly, LRP blockage did not result in modulation of cell
surface levels of AD relevant proteins, thereby inferring that the
influence of LRP/LR may rather be as a result of protein interactions.

sAPPB is the initial cleavage product of APP by B-secretase and is
released into the extracellular space. The administration of IgG1-iS18
atincreasing concentrations resulted in a dose dependent decrease in
sAPP levels, suggesting that blocking LRP/LR impedes B-secretase
activity. Similar results were seen when LRP/LR was downregulated,
thus further corroborating the possibility of an interaction between
these two proteins. These results implicate LRP/LR in the amyloido-
genic process, specifically via promoting B-secretase activity. Since
LRP/LR and f-secretase co-localize and sAPPf shedding is signifi-
cantly impeded by IgG1-iS18 and shRNA treatment, we proposed
that an interaction between B-secretase and LRP/LR exists. This was
verified upon performing a FLAG® Immunoprecipitation assay util-
izing cell lysates of cells expressing LRP:FLAG and BACE1-GFP
(Fig. 5). BACE1-GFP was detected in the eluate of the immunopre-
cipitation, and since only proteins binding to the LRP:FLAG protein
would be present in this fraction, this strongly suggests that an inter-
action between LRP/LR and [-secretase does exist. However, as
crude cell lysates expressing LRP:FLAG and BACE1-GFP were uti-
lised for the assay, it is also possible that any interaction that exists
between these two proteins may be an indirect one, mediated by
another protein present in the cell lysate.

Efforts to develop effective therapies for AD have to take into
consideration that targeting the secretases may cause off target
effects, such as a disruption of BACE1 processing of CHL1 which
is required for axonal guidance®’. Here we imply that the role of B-
secretase in the amyloidogenic pathway is augmented by LRP/LR, as
the blockage of LRP/LR reduces the shedding of both sAPP and A,
and LRP/LR is seen to interact with [-secretase. The effects of hin-
dering the interaction between B-secretase and LRP/LR would thus
have to be examined in detail in future studies, to test for the effects it
may have on the other physiological roles in which B-secretase is
involved. Cell viability assays, however, have been performed using
IgG1-iS18 on HEK293 cells, and no significant reduction in cell
viability was observed*, thus suggesting whatever interaction the
antibody may be blocking between [B-secretase and LRP/LR is not
detrimental to the cells.

The result of the FLAG® Immunoprecipitation assay further con-
firmed the initial findings suggested by the co-localisation (Fig. 1)
and confocal data (Fig. 2) that an interaction is likely to occur
between LRP/LR and B-secretase both due to their proximity on
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the cell surface and within the cell. Thus it further corroborates the
possibility that interactions may also occur between LRP/LR and
APP and/or y-secretase.

In conclusion, we have identified a novel role for LRP/LR in AD
and more specifically in enhancing B-secretase cleavage of APP.
Blockage and downregulation of LRP/LR resulted in a significant
reduction in AP levels suggesting that anti-LRP/LR specific antibod-
ies and shRNAs could be used as possible alternative therapeutic
tools for AD treatment.

Methods

Tissue culture. HEK293 cells were grown in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% Fetal Calf Serum (FCS) and 1% Penicillin/
Streptomycin (P/S) solution. N2a cells were grown in Optimem with 10% FCS and 1%
P/S. SH-SY5Y cells were cultured in 1:1 EMEM:F12 media supplemented with 15%
FCS, 1% Non-Essential Amino Acids, 1% L-Glutamine and 1% P/S. Cells were
incubated at 37°C in a humidified 5% CO, atmosphere.

Immunofluorescence microscopy. HEK239 and N2a cells were seeded onto sterile
microscope coverslips and incubated for 24 hours (37°C, 5% CO,) allowing the cells
to reach 50-70% confluency. The cells were fixed with 4% Paraformaldehyde (10
minutes, room temperature). The coverslips were rinsed 3 times in PBS and blocked
in 0.5%PBS-BSA solution for 5-10 minutes. Following an additional wash in PBS, the
coverslips were placed with the cells facing upwards on a microscope slide. 100 pl of
primary antibody solution (diluted in 0.5%PBS-BSA) containing 1:150 IgG1-iS18
and either anti-APP (rabbit polyclonal IgG) (Abcam), anti-BACE (M-83) (rabbit
polyclonal IgG) (Santa Cruz Biotechnology), anti-PEN-2 (FL-101) (rabbit polyclonal
IgG) (Santa Cruz Biotechnology) or anti-very late antigen-6 (VLA6) CD49-f (rabbit
monoclonal IgG) (Immunotech) was added to the cells. These slides were then
incubated overnight at 4°C in moist containers. Cover slips were then rinsed 3 times
in 0.5% PBS-BSA and placed on clean slides. The cells were treated with 100 pl of a
secondary antibody solution containing goat anti-human FITC (Cell Lab) (1:350-
1:400) (specific for IgG1-iS18) and Alexa Fluor® 633 goat anti-rabbit IgG
(Invitrogen) (specific for the anti-APP, anti-BACE, anti PEN-2 or anti-VLA6
primary antibodies). After an hour’s incubation in the dark, the coverslips were
washed twice in 0.5% PBS-BSA and once in PBS and were subsequently mounted
onto clean microscope slides using 75 pl Fluoromount (Sigma Aldrich). These slides
were incubated at room temperature in the dark for 1-2 hours to allow the mounting
medium to set.

Images were acquired at room temperature with 60X magnification using the
Olympus IX71 Immunofluorescence Microscope and Olympus XM10 greyscale
camera. analySIS Research Image Processing Software was used to capture the images
and they were subsequently analysed (and 2D cytofluorograms were constructed)
using CellSens Dimension Software.

Confocal microscopy. HEK 293 cells were transfected with plasmids encoding for
LRP-dsRed and APP-GFP, BACE1-GFP or PS1-GFP respectively. 24 hours post
transfection, coverslips were washed with PBS 3 times and then fixed with 4%
Paraformaldehyde for 15 minutes. Coverslips were subsequently washed in PBS and
mounted cell side down onto clean microscope slides using 75 pl Fluoromount
(Sigma Aldrich). These slides were incubated at room temperature for 1-2 hours in
the dark to allow the mounting medium to set.

Slides were viewed using the Zeiss LSM 780 confocal microscope and captured
using the AxioCam MRm camera. Images were subsequently analysed using Zen
2010 imaging software.

Antibody treatment. HEK293 cells were grown to 50-70% confluency. The tissue
culture medium was aspirated and replaced with media containing 50 pig/ml IgG1-
iS18%,50 pug/mlIgG1-HD37%, or no antibody. Each of the respective treatments were
performed in triplicate. The cells were subsequently incubated at 37°C, 5%CO, for 18
hours.

LRP/LR target sequences and structure of stRNA1 and shRNA7. The complete
shRNA expression cassettes were designed with the guide strand on the 3’arm, a poly
T termination signal, and to include a full H1 RNA polymerase III promoter
sequence. To prepare the sShRNA cassettes, the H1 RNA Pol III promoter was used as
a template in a nested PCR, whereby the sequences corresponding to the shRNAs
were incorporated into two reverse primers (one for the primary PCR and one for the
secondary PCR). The same forward primer, which is complementary to the start of
the H1 promoter, was used in both. The PCR products coding for the shRNA
expression constructs were sub-cloned into the pTZ57R/T vector (Fermentas). A
scrambled shRNA (shRNAscr) that does not target any gene product was used as a
negative control. See figure S2 for LRP/LR target sequence and shRNA 1 and shRNA7
structure.

Cell transfection. The construction of pCIneo-moLRP:FLAG* and pLRP-dsRed*
have been described previously, while pPEGFPN1-APP770* and pEGFPN1-BACE1*"
were generous gifts from Dr. Bradley T Hyman. pEGFP-PS1* was a kind gift from Dr.
Oskana Berezovska. pPEGFP-N1 (Clonetech) and pCDNA3/CAT (Invitrogen) were

used as control plasmids. For confocal microscopy, HEK 293 cells were seeded onto
coverslips in 6 well plates and incubated overnight. The following day, when cells were
30-50% confluent, calcium phosphate transfection was carried out using 86 plof1 X
HBS, 5.1 pg of total plasmid DNA (i.e. 2.55 pg of each plasmid was used in co-
transfections) and 5.1 pl of 2.5 M CaCl,. Cells were incubated for 24 hours and then
used for confocal microscopy. HEK293 cells were transfected with LRP/LR shRNA 1
and 7 according to the manufacturer’s instructions, using TransIT®-LT1
Transfection Reagent (Mirus). Transfected cells were incubated for 72 hours prior to
analysis. For FLAG® Immunoprecipitation assays, HEK293 cells were seeded into
60 mm tissue culture plates and grown to 30-50% confluency overnight. Calcium
phosphate transfection was carried out using 186 pl1 X HBS, 11 pg of either pCIneo-
moLRP:FLAG, pEGFPN1-BACEI or pCDNA3/CAT and 11 pl 2.5 M CaCl,. Cells
were incubated for 72 hours prior to analysis.

Amyloid beta enzyme-linked immunosorbent assay (ELISA). The amyloid beta
(AP) assay was performed using the Human Amyloid (1 — x) Assay kit (Immuno-
Biological Laboratories Co.,Ltd) — a solid phase ELISA. This assay was performed as
per manufacturer’s instructions using the tissue culture media after antibody and
shRNA treatment (see above).

Flow cytometry. Cell lines were subjected to flow cytometric analysis following
treatment with IgG1-iS18 or shRNA1 and 7. Cells were fixed using 4%
paraformaldehyde (10 minutes,4°C), centrifuged at 1500 g (10 minutes, 4°C) and
resuspended in 1 ml IsoFlow™ EPICS™ Sheath Fluid (Beckman Coulter). Half of the
volume of each sample was treated with 30 ug/ml of either anti-APP (rabbit
polyclonal IgG) (Abcam), anti-BACE (M-83) (rabbit polyclonal IgG) (Santa Cruz
Biotechnology) or anti-PEN-2 (FL-101) (rabbit polyclonal IgG) (Santa Cruz
Biotechnology) while remaining sample volume was incubated in IsoFlow™ EPICS™
Sheath Fluid (Beckman Coulter). Samples were incubated for 1 hour at room
temperature and subsequently washed three times in IsoFlow™ EPICS™ Sheath
Fluid (Beckman Coulter) (1700 g,4°C). All samples were treated with 20 ug/ml of the
corresponding goat anti-rabbit FITC coupled secondary antibody (Cell Lab) and
incubated for 1 hour at room temperature. The samples were washed a further three
times (as above) and the cell suspensions were transferred to flow cytometry tubes.
The samples were analysed using Coulter EPICS® XL-MCL (for antibody treated
samples) or the BD Accuri C6 (for shRNA treated samples) and 10 000-50 000 events
recorded.

Western blotting. LRP/LR levels were determined by immunoblotting using IgG1-
iS18 (1:10000) and goat anti-human horseradish peroxidise (HRP) (1: 10 000) (Cell
Lab). sAPPf levels were assessed by immunoblotting using sAPPB-Wild type Rabbit
IgG (1:1000) (Immuno-Biological Laboratories Co., Ltd) and goat anti-rabbit HRP
(1:10 000) (Cell Lab). FLAG® Immunoprecipitation assay eluate samples were
analysed using either anti-FLAG® (mouse monoclonal IgG) (1:5000) (Sigma-
Aldrich), anti-BACEI (rabbit polyclonal IgG fraction) (1:3000) (Abcam) or anti-
Chloramphenicol Acetyl Transferase (rabbit IgG fraction) (1 : 5000)(Sigma-Aldrich).
Anti-mouse HRP (1:5000) (Sigma-Aldrich) or anti-rabbit HRP (1:5000) (Sigma-
Aldrich) were used as secondary antibodies. Immunodetection was carried out using
SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) and X-ray
film.

FLAG® immunoprecipitation assay. HEK293 cells were lysed 72 hours post-
transfection with pCIneo-moLRP:FLAG, pEGFPN1-BACEI or pPCDNA3/CAT. Cell
lysates expressing LRP::FLAG were then mixed with those containing either BACE1-
GFP or CAT. These cell lysates were then subjected to a FLAG® Immunoprecipitation
Kit (Sigma-Aldrich) analysis according to the manufacturer’s instructions. Eluted
samples were analysed via Immunoblotting.
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Fig S1| Co-localisation of LRP/LR with the AD relevant proteins APP, B- and y-
secretase. Cell surface receptors on N2a (mouse neuroblastoma) cells were indirectly
immunolabelled to allow for detection using the Olympus 1X71 Immunofluorescence
Microscope and Analysis Get It Research Software . (a), APP (detected by anti-APP (rabbit
polyclonal 1gG) (Abcam), (e), B-secretase (detected using anti-BACE (M-83) (rabbit
polyclonal 1gG) (Santa Cruz Biotechnology)), (i), y-secretase (detected by anti-PEN-2 (FL-
101) (rabbit polyclonal IgG) (Santa Cruz Biotechnology)) and (m), VLAG6 (detected by anti-
very late antigen-6 (VLAG) CD49-f (rabbit monoclonal IgG) (Immunotech) were all
indirectly labelled with Alexaflour 633, while an anti-human FITC conjugated antibody (Cell
Lab) was used to label LRP/LR (b, f, j, n). The merges between LRP/LR and relevant
proteins are shown (c, g, k, 0) and the corresponding 2D-cytofluorograms (acquired using
CellSens Software) have been included to confirm the degree of co-localisation (d, h, I, p).
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Figure S2| LRP/LR target sequences and structure of ShRNA1 and shRNA7. shRNAs 1
and 7 were designed to target the LRP/LR sequences shown above. The hairpin structure of
the sShRNAs is also shown.
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Figure S3| AB concentration of the cell culture medium of shRNAscr-transfected and
mock-transfected HEK293 cells. HEK293 cells were either transfected with the scrambled
control (shRNAscr) or mock-transfected with no plasmid. 72 hours post transfection, the Ap
concentration of the cell culture medium was analysed using an A ELISA. Data shown
(Mean#s.d); n=3; Student’s t-test; p>0.05.
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Figure S4| Flow cytometry histogram overlay plots for B-secretase, y-secretase and APP
after antibody or shRNA treatments. (A) HEK293 cells were incubated with either 50
ug/ml 1gG1-iS18, 1gG1-HD37 or no antibody for 18 hours after which APP, B- and vy-
secretase cell surface levels were ascertained by flow cytometry (Coulter EPICS® XL-MCL).
Images shown are averages of 3 independent experiments. (B) HEK293 cells were
transfected with either sShRNA1, shRNA7 or shRNAscr. 72 hours post transfection, the cell
surface levels of APP, 3- and y-secretase were ascertained by flow cytometry (BD Accuri C6)
using the methodology described above.
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Figure S5| CAT fails to immunoprecipitate with LRP::FLAG. Cell lysates containing
CAT (chloramphenicol acetyl transferase) were mixed with LRP::FLAG positive cell lysates
and were subjected to a FLAG® Immunoprecipitation assay. CAT was only detected in the
CAT cell lysate (positive control, lane 1) and possibly in residual amounts in the wash
fractions of the assay (lane 4). It however is completely lacking in lane 7 which contains the
eluate of the assay and hence all the proteins that would be interacting the LRP::FLAG

protein.



High resolution imaging study of interactions between the 37kDa/67kDa
Laminin Receptor and APP, B-secretase and y-secretase in Alzheimer’s
disease

Katarina Jovanovic, Ben Loos, Clement Penny and Stefan F.T. Weiss

In Revision for PLOS ONE

As LRP/LR was seen to play a significant role in the shedding of AP, we sought to elucidate
the possible molecular mechanisms by which LRP/LR exerted its influence. A study was thus
undertaken to observe whether interactions existed between LRP/LR and the AD proteins
APP, - and y-secretase. For this study, fluorescently tagged proteins of interest (namely
APP-GFP, BACE1-GFP and PS1-GFP) were co-expressed with LRP-dsRed and numerous
microscopic imaging techniques were used to analyse the samples. Firstly, maximum
intensity projections obtained from z-stack images revealed a high degree of co-localisation
between LRP-dsRed and APP-GFP, BACE1-GFP and PS1-GFP at the 200nm resolution. The
co-localisation was limited to the cytoplasm and cell surface. However when super resolution
structured illumination (SR-SIM) was performed due it is ability to resolve up to 80nm, co-
localisation was only maintained between PS1-GFP and LRP-dsRed. The co-localisation
between APP-GFP and LRP-dsRed was confined to only certain cytoplasmic regions and the
cell surface, while all co-localisation was lost between LRP-dsRed and BACEI1-GFP.
Forsters Resonance Energy Transfer was used to further verify whether LRP/LR interacted
with the AD proteins as energy is only transferred when the two proteins in question are
within 1-10nm of each other, a distance which is sufficiently small enough to allow for
protein-protein interactions. Upon this analysis, an interaction was revealed between LRP/LR
and PS1 of the y-secretase, while no FRET was observed for LRP-dsRed with APP-GFP and
BACEI-GFP. Taken together, these findings suggest that a direct interaction exists between
LRP/LR and the y-secretase, while the interaction between LRP/LR and [3-secretase is most

likely an indirect one, mediated by another molecule present in the cellular environment.
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Alzheimer's disease (AD) is the most prevalent form of dementia affecting the elderly.
Neurodegeneration is caused by the amyloid beta (A-beta) peptide which is generated
from the sequential proteolytic cleavage of the Amyloid Precursor Protein (APP) by the
beta- and gamma- secretases. Previous reports revealed that the 37kDa/67kDa
laminin receptor (LRP/LR) is involved in APP processing, however the exact
mechanism by which this occurs remains largely unclear. This study sought to assess
whether LRP/LR interacted with APP, beta- or gamma-secretase. Detailed confocal
microscopy revealed that LRP/LR showed a strong co-localisation with APP, beta- and
gamma-secretase at various sub-cellular locations. Superresolution Structured
lllumination Microscopy (SR-SIM) showed that interactions were unlikely between
LRP/LR and APP and beta-secretase, while there was strong co-localisation between
LRP/LR and gamma-secretase at an 80nm resolution. FRET was further employed to
assess the possibility of protein-protein interactions and only an interaction between
LRP/LR and gamma-secretase was found. FLAG co-immunoprecipitation confirmed
these findings as LRP/LR co-immunoprecipitated with gamma-secretase but failed to
do so with APP. These findings indicate that LRP/LR exerts its influence on A-beta
shedding via a direct interaction with the gamma-secretase and possibly an indirect
interaction with the beta-secretase.

Katarina Jovanovic
Ben Loos

Clement Penny

Stefan F.T. Weiss, PhD

Juergen Goetz

The University of Queensland
j-goetz@ug.edu.au
Alzheimer's Disease expert

Jesus Avila

Universidad Autonoma de Madrid
javila@cbm.uam.es

Alzheimer's Disease Expert

David Holtzman
Washington University
holtzman@neuro.wustl.edu
Alzheimer's Disease expert

Gianluigi Forloni

Mario Negri Institute for Pharmacological Research
forloni@marionegri.it

Neurodegenerative diseases specialist

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



*Manuscript

Click here to download Manuscript: Article Jovanovic et al.docx

High resolution imaging study of interactions between the 37kDa/67kDa
Laminin Receptor and APP, B-secretase and y-secretase in Alzheimer’s disease

Katarina Jovanovic!, Ben Loos?, Clement Penny?® and Stefan F.T Weiss*

'School of Molecular and Cell Biology, University of the Witwatersrand, Private Bag 3,
Wits 2050, Johannesburg, Republic of South Africa, *Department of Physiological
Sciences, University of Stellenbosch, Stellenbosch, Republic of South Africa,
*Department of Internal Medicine, University of the Witwatersrand, 7 York Rd,
Johannesburg, 2193 Parktown, Republic of South Africa.

*Correspondence and requests for materials should be referred to Stefan F.T Weiss at
Stefan.weiss@wits.ac.za

Alzheimer’s disease (AD) is the most prevalent form of dementia affecting
the elderly. Neurodegeneration is caused by the amyloid beta (AB) peptide
which is generated from the sequential proteolytic cleavage of the Amyloid
Precursor Protein (APP) by the pB- and y- secretases. Previous reports
revealed that the 37kDa/67kDa laminin receptor (LRP/LR) is involved in APP
processing, however the exact mechanism by which this occurs remains
largely unclear. This study sought to assess whether LRP/LR interacted with
APP, B- or y-secretase. Detailed confocal microscopy revealed that LRP/LR
showed a strong co-localisation with APP, - and y-secretase at various sub-
cellular locations. Superresolution Structured Illumination Microscopy (SR-
SIM) showed that interactions were unlikely between LRP/LR and APP and B-
secretase, while there was strong co-localisation between LRP/LR and y-
secretase at an 80nm resolution. FRET was further employed to assess the
possibility of protein-protein interactions and only an interaction between
LRP/LR and y-secretase was found. FLAG co-immunoprecipitation confirmed
these findings as LRP/LR co-immunoprecipitated with y-secretase but failed
to do so with APP. These findings indicate that LRP/LR exerts its influence
on Ap shedding via a direct interaction with the y-secretase and possibly an
indirect interaction with the B-secretase.
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Alzheimer’s Disease (AD) is the most prevalent neurodegenerative disorder
affecting the elderly population worldwide. There are an estimated 37 million
people suffering from this disease[1] and due to the lack of any effective
therapies, this number continues to rise and pose more of an economic and social
burden[2]. Lack of understanding of the disease causing mechanisms have
resulted in great difficulties in the development of effective therapeutic
interventions and as yet, the only treatment strategies are merely palliative,

despite numerous ongoing clinical trials[3].

The two hallmark features of AD are the formation of extracellular amyloid beta
(AB) plagues and intracellular neurofibrillary tangles composed of
hyperphosphorylated tau protein. Oligomeric Ap is thought to be the candidate
etiological agent for AD since it has been found to mediate neurotoxicity through
interactions with many other proteins[4,5]. One such protein that has proved to

be of significance in AD, is the cellular prion protein (PrP°).

PrP¢ is thought to have a neuroprotective role with regard to apoptosis and
oxidative stress and also functions in cell signaling as well as synapse
physiology[6], however, recent reports suggest an important role for PrP¢ in
mediating the toxicity caused by the AB peptide in AD. Lauren et al. showed that
PrP® acts as a high affinity receptor for AB peptides and thus mediates the
impairment of synaptic plasticity[7]. Recently reports have further verified these
findings by showing that PrP® was required for the neurotoxicity caused by AB,
through impairment of long term potentiation (LTP)[8] as well as by regulating
the function of the N-methyl-D-aspartate receptor(NMDAR) - a function which is
hindered due to the AB - PrP® interaction and leads to excessive activity of the
receptor thereby promoting neuronal damage[9]. PrP° has also been implicated in

neurotoxic signaling upon interaction with Ap whereby Fyn kinase is activated and



leads to dendritic spine loss, lactate dehyrogenase activation and altered NMDAR

expression of the plasma membrane of neurons [10,11].

The cellular receptor for both PrP¢[12] and its infectious isoform PrP°¢[13] is the
37kDa/67KDa Laminin Receptor (LRP/LR). This multifunctional receptor has
numerous physiological roles including cell adhesion, migration, survival and
proliferation (for reviews see [14,15]). These roles are exploited by neoplastic
cells whereby the receptor is involved in tumour metastasis[16,17,18],

apoptosis[19] and angiogenesis[20].

Due to its role as the receptor for PrP¢, we examined whether LRP/LR may play
some role in AD pathways. Blockage of LRP/LR with an anti-LRP/LR antibody
(IgG1-iS18) or knock down of LRP/LR using anti-LRP shRNAs resulted in a
significant reduction was seen both in Ap levels[21] and in AP induced
cytotoxicity[22]. As expression of APP, B- and y-secretase were not affected upon
antibody or shRNA treatment, an interaction between LRP/LR and one or more of
the AD related proteins (APP, B- and y-secretase) was deemed likely[21]. Since
sAPPB shedding was also impaired upon IgG1-iS18 and shRNA treatment, an
interaction between LRP/LR and p-secretase was examined and co-
immunoprecipitation revealed the existence of a (direct or indirect) interaction
between the 2 proteins[21]. These findings revealed a novel role for LRP/LR in in
AD. We thus aimed to further investigate whether LRP/LR interacts with the
proteins which are central to AD, namely APP, B- and y-secretase using high

resolution imaging.

Materials and Methods

Cell Culture and transient transfection

HEK293 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)

(Hyclone) supplemented  with 10%  fetal calf serum and 1%

3



Penicillin/Streptomycin. Cells were incubated at 37°C with 5% CO,. This cell line
was obtained from American Tissue Culture Collection (ATCC). For transfections,
cells were seeded onto sterile coverslips within the wells of a 6 well tissue culture
dish (Corning) for all microscopy. For co-immunoprecipitation, cells were seeded
into 60mm tissue culture dishes (Corning). Once the cells were 30 - 50%
confluent, calcium phosphate transfection was performed as described
previously[21]. The procedure for the generation of the plasmids encoding LRP-
dsRed (pLRP-dsRed)[23] and LRP::FLAG (pCIneo-molLRP::FLAG)[24] has been
described previously. Plasmids for APP-GFP (pEGFPN1-APP770) and BACE1-GFP
(pEGFPN1-BACE1)[25] were a generous gift from Dr. Bradley T Hyman, while
pEGFP-PS1 (coding for PS1-GFP)[26] was a kind gift from Dr. Oskana
Berezovska. For confocal microscopy, pLRP-dsRed was co-transfected with
pEGFPN1-APP770, pEGFPN1-BACEl1 and pEGFP-PS1 respectively in a 1:1 ratio.
pEGFP-N1 (Clonetech) and pDsRed-Express N1 (Clonetech) were used as
controls. For co-immunoprecipitation, pCIneo-moLRP::FLAG, pEGFPN1-APP770
and pEGFP-PS1 were individually transfected in 60mm tissue culture dishes and

incubated for 72 hours, after which the cells were lysed for further experiments.

Slide preparation

24 hours post transfection, coverslips with transfected cells (LRP-dsRed with APP-
GFP, BACE1-GFP or PS1-GFP) were washed with PBS 3 times and then fixed with
4% Paraformaldehyde for 15 minutes. Coverslips were washed with PBS and
mounted onto clean microscope slides using 75ul Fluoromount (Sigma Aldrich).
Slides were incubated at room temperature for 1-2 hours in the dark to allow the

mounting medium to set.

Confocal Microscopy



Slides were viewed using the Zeiss LSM 780 confocal microscope equipped with a
GaAsp detector and images were acquired through z-stack acquisition, with an
increment of +0.4um (depending on sample) between image frames. The
AxioCam MRm camera was utilized to capture images. Cells expressing both LRP-
dsRed and either APP-GFP, BACE1-GFP or PS1-GFP were selected and z-stack
acquisition was performed. Images were displayed as maximum intensity
projections and subsequently analysed for co-localisation using 2D
cytofluorograms and fluorescence intensity line profiles obtained with the use of

Zen 2010 imaging software.

SR-SIM Imaging

Slides were prepared as described and superresolution structured illumination
(SR-SIM) was performed. Thin (0.1 um) z-stacks of high-resolution image frames
were collected in 5 rotations by utilizing an alpha Plan-Apochromat 100x/1.46 oil
DIC M27 ELYRA objective, using an ELYRA S.1 (Carl Zeiss Microimaging)
microscope equipped with a 488nm laser (100mW), 561nm laser (100mW) and
Andor EM-CCD camera (iXon DU 885). Images were reconstructed using ZEN
software (black edition, 2011, version 7.04.287) based on a structured
illumination algorithm[27]. Analysis was performed on reconstructed

superresolution images in ZEN.

FRET imaging

Cells were seeded onto coverslips, transfected as described above and
Fluorescence Resonance Energy Transfer (FRET) acquisition and analysis was
performed. Image frames were collected using confocal microscopy (LSM 780,
Carl Zeiss) equipped with a LSM780 GaAsP detector, using a Plan-Apochromat
63x/1.4 Oil DIC M27 objective. Samples were excited with a 488nm and 561nm

laser under utilization of a MBS 488/561 beam splitter. Emission was collected for



the donor-GFP channel at an emission window of 495nm-510nm, the FRET
channel at an emission window of 586nm-600nm and the acceptor-dsRed channel
at an emission window of 586nm-600nm, using the lamda setting. Appropriate
controls for background, donor spectral bleedthrough (DSB) and Acceptor
spectral bleedthrough (ASB) were prepared and GFP only control images as well
as dsRed only control images were acquired. Sensitized emission FRET analysis
was performed utilizing FRET_plus Version 3 for ZEN 2010. FRET (N-FRET,
normalized, Xia) data were generated, correcting for emission/excitation crosstalk

and normalizing for the concentration of donor and acceptor.

FLAG® Co-immunoprecipitation

Cells transfected with pCIneo-moLRP::FLAG, pEGFPN1-APP770 and pEGFP-PS1
were lysed 72 hours post-transfection. Cell lysates from cells expressing
LRP::FLAG were mixed with those expressing either APP-GFP or PS1-GFP. Lysates
were subjected to a FLAG® Co-immunoprecipitation assay (Sigma-Aldrich)
according to the manufacturer’s instructions and results were analysed via

immunoblotting.

Immunoblotting

Co-immunoprecipitation assay eluates were assessed using immunoblotting.
LRP::FLAG was detected using anti-FLAG® (mouse monoclonal IgG antibody)
(1:5000) (Sigma-Aldrich) and Anti-mouse HRP antibody (1:5000) (Sigma-
Aldrich). APP-GFP was detected using a rabbit monoclonal (Y188) antibody to
Amyloid beta Precursor Protein (Abcam) (1:3000) and PS1-GFP was detected
using rabbit monoclonal (EP2000Y) antibody against Presenillin 1 (Abcam)
(1:3000). An anti-rabbit HRP antibody (1:5000) (Sigma-Aldrich) was employed

for the detection of the rabbit primary antibodies. Immunodetection was



performed with SuperSignal West Pico Chemiluminescent Substrate and X-ray

film (both Thermo Scientific).

Results and Discussion

Interactions between y-secretase and LRP/LR

y-secretase is composed of 4 sub-units namely Presenilin 1 or 2 (PS1 or PS2),
nicastrin, anterior pharynx defective 1 and presenilin enhancer 2 [28]. The
presenilin proteins form the catalytic domain of the y-secretase complex as they
contain two aspartyl residues, within transmembrane domains 6 and 7, which are
responsible for the y-secretase cleavage of APP [29]. The 4 subunit complex is
found to function predominantly within cholesterol- and sphingolipid-rich lipid raft
microdomains of membranes, most notably those of the plasma membrane [30],
Trans Golgi Network as well as endosomes [31]. The cellular localizations of
LRP/LR are limited to these same regions and the presence of this protein has
also been noted in the Golgi apparatus [32]. The co-localisation observed from
the maximum intensity projection between PS1-GFP and LRP-dsRed supports the
notion that LRP/LR and y-secretase appear to be located in similar cellular regions
and compartments (Figure 1A). The 2D cytofluorogram accompanying the
maximum intensity projection shows a clear diagonal passing through quadrant 3
indicating a high degree of co-localization between the signal in the green and red
channels which results in the observed yellow pattern of co-localization. The line
profile obtained from the maximum intensity projection of the z-stack analysis
between PS1-GFP and LRP-dsRed (Figure S1) reveals that the spectra are well
aligned and fluorescence intensity is strongest in the cytoplasm and plasma
membrane. Due to the limited resolving power dictated by the wavelength

utilized in laser scanning confocal microscopy, co-localization does not necessitate



functional protein - protein interaction. This can in part be overcome by an SR-
SIM approach, which provides a resolution limit of approximately 80nm
(compared to the 200nm resolution limit of laser scanning microscopy). Figure 1B
reveals that even when SR-SIM is employed a high degree of co-localisation is
still maintained between these two proteins, suggesting that these proteins are
indeed in close proximity to one another. The expression of both PS1-GFP and
LRP-dsRed is even more distinctly defined within the cytoplasm and on the
plasma membrane when observed at this resolution. In order to further assess
whether this is due to protein-protein interactions Forster Resonance Energy
Transfer (FRET) was employed as in this technique, the donor and acceptor have
to be within aproximity of 1-10nm to induce FRET. A well-defined FRET signal is
observed in the normalized FRET scale panel (Figure 1C (i)), strongly suggesting
protein-protein interaction, and not only co-localisation between y-secretase and
LRP/LR. This interaction appears to take place primarily in the cytoplasm and
membrane region as revealed by the FRET signal distribution pattern, clearly
observed in Figure 1C (ii) which shows a close up of the FRET signal obtained
within an individual cell. LRP/LR and PS1 may be also interacting in the
perinuclear region of the cell shown in Figure 1C (iii). Based on these results it is
highly likely that a direct interaction does exist between LRP/LR and the PS1
subunit of the y-secretase. In order to confirm this, FLAG® co-
immunoprecipitation was performed using LRP::FLAG and PS1-GFP (Figure 1D).
PS1 is clearly detected in the FLAG® co-immunoprecipitation assay eluate,
denoting that PS1 has bound to LRP::FLAG (Figure 1D, lane 4). PS1 was detected
within all of the control lanes, thus the protein visualized is most certainly cellular
PS1 and not PS1-GFP. The band is seen at 36kDa which confirms that the
proteins detected are most likely the homo-dimer of PS1 [33,34], as the expected
band size for PS1 is 18kDa. This co-immunoprecipitation finding further
substantiates the FRET data as it confirms the interaction between LRP/LR and

PS1. These findings also suggest an explanation for the altered APP processing
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observed upon the blockage and knockdown of LRP/LR [21], as these treatments
may be interfering in or hampering the interaction between LRP/LR and y-

secretase.

Interactions between B-secretase and LRP/LR

B-secretase (also known as BACEl1 - pB-site APP cleaving enzyme) is a
transmembrane aspartic protease which is predominantly localized in the Golgi
and trans-Golgi network (TGN), as well as in endosomes where a slightly acidic
pH provides the optimal environment for APP cleavage [35]. Initial reports
suggested not only co-localisation between LRP/LR and B-secretase on the cell
surface, but also that these two proteins also interacted, as shown by co-
immunoprecipitation[21]. The findings presented in Figure 2 help to further
understand the nature of the possible interactions between pB-secretase and
LRP/LR, where the maximum intensity projection (Figure 2A) constructed from Z-
stack images (Figure S2) shows strong co-localisation between 2 proteins within
the cytoplasm of the cell - most likely in the endosomes. This is further
corroborated by the line profile in which the lines representing the intensity of
BACE1-GFP and LRP-dsRed are not only aligned but also show the highest
fluorescence intensities within the cytoplasm. However, when SR-SIM was
employed, co-localisation was lost between LRP/LR and B-secretase, implying the
proteins are situated approximately 100 - 200nm from each other. This
diminishes the likelihood of a direct interaction between these two proteins, due
to the spatial separation observed. The FRET findings further confirm this as no
FRET occurred between the BACE1-GFP donor and the LRP-dsRed acceptor
(Figure 2C). These findings imply that the interaction that was reported between
LRP/LR and p-secretase [21] is most likely an indirect interaction mediated by

another cellular protein, as cell lysates were employed for co-immunoprecipitation



10

studies. LRP/LR and B-secretase share several binding/interaction partners, the
most notable one being PrP¢ [36,37]. It is possible that since LRP/LR is the
cellular receptor for PrP° and plays an important role in regulating
endocytosis[38] and propagation[39] of PrP¢, it may indirectly influence B-
secretase activity. Another factor that may have led to the co-
immunoprecipitation between LRP::FLAG and B-secretase is heparan sulphate
proteoglycan (HSPG). Binding sites for HSPG have been located on LRP/LR and
are implicated in regulating the interaction between LRP/LR and PrP° [40].
Extensive studies have been performed on heparan sulphate, and analogues
thereof, as therapeutic options for Alzheimer’s Disease as this proteoglycan is
seen to regulate B-secretase activity and significantly reduce the shedding of AB
[41,42,43]. Thus, HSPG is another molecule which could be responsible for the
indirect interaction suggested by the co-immunoprecipitation observed between
LRP/LR and B-secretase [21] as it interacts with both of these proteins. PrP® and
HSPG could also be responsible for the decrease in sAPPB (the cleavage product
of B-secretase) levels upon anti-LRP/LR antibody and shRNA treatment[21] since
they may be directly affected by these treatments resulting in an indirect effect

on B-secretase activity which they are seen to regulate.

Interactions between APP and LRP/LR

Initially, an interaction between LRP/LR and APP seemed highly likely and would
provide an explanation for the effects seen on AB shedding upon antibody and
shRNA treatment of LRP/LR [21]. Initial findings also suggested that these two
proteins co-localize when detected on non-permeabilised cells (indicating cell
surface co-localisation) and within the cells (indicating intracellular co-
localisation) [21]. Z-stacking was performed to further verify the sub-cellular
localizations of these proposed interactions and to assess whether they were

maintained throughout the cell (Figure S3). Maximum intensity projections were
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constructed from the images obtained via Z-stacking and revealed a degree of
overlap between the LRP-dsRed with APP-GFP signal as indicated by the resulting
yellow colour when the images are merged (Figure 3A). The line profile
constructed from the maximum intensity projection of the z-stack between APP-
GFP and LRP-dsRed, shows the intensity of the red and green fluorescence along
the line pasing through the cell of interest. These findings suggest a complete
spatial overlap between the fluorescence observed in both the green and red
channels. The observed intensity of both fluorescent channels is highest in the
cytoplasm which further confirms the initial assumption that LRP/LR and APP are
located in similar cellular locations. Findings in literature further support these
data as it is known that APP is transported to the plasma membrane from where
it is endocytosed from lipid raft regions into early endosomes[44,45]. LRP/LR is
known to also be located in the lipid raft[46] as well as early endosomes[38]. Our
SR-SIM data indicates a lower degree of co-localization between APP and LRP,
which appears to be confined to the plasma membrane and certain cytoplasmic
regions, presumably the endosomes in which both APP and LRP/LR are located
(Figure 3B). This suggests the proteins are indeed in close proximity to one
another, resulting in the distinct co-localization pattern. FRET was employed to
further assess the viability of an interaction between LRP/LR and APP. This
analysis revealed that no FRET occurred between APP-GFP and LRP-dsRed, as no
signal was detected on the normalized FRET scale (Figure 3C). These findings
suggest that no interaction takes place between APP and LRP/LR at this 1- 10nm
scale. FLAG® Co-immunoprecipitation using a FLAG tagged LRP/LR variant
(LRP::FLAG) further confirmed these results as no APP was detected in the eluate
of the assay (Figure 3D, lane 6). The results obtained from figure 3 collectively
suggest that although LRP/LR and APP are found in similar cellular locations in
which they co-localize, the proximity between them is still present when SR-SIM

is employed (i.e. 80nm), but lost at the nanometer scale required for FRET to
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take place thus suggesting it is highly unlikely for any interaction to occur

between these two proteins.

Interactions between GFP and LRP/LR

GFP was used a negative control for these studies as it failed to co-localize with
LRP/LR. This is evidenced by the maximum intensity projection (Figure 4A)
obtained from z-stack analysis (Figure S4). The 2D cytofluorogram reveals a
complete absence of a diagonal passing through quadrant 3 confirming the lack of
co-localisation between GFP and LRP-dsRed. The line profile obtained shows two
distinct patterns of fluorescence with no alignment of the red and green channels
which further confirms the low degree of co-localization between these proteins.
These findings also validate the co-localization seen between LRP-dsRed and APP,
B- and y-secretase as it indicates that the observed co-localization is as a result of

the proximity of LRP/LR to the AD proteins and not just the GFP labels

Conclusion

In light of this study, we have found that LRP/LR is seen to co-localise with APP,
B- and y-secretase on the cell surface as well as intracellularly within the
cytoplasm. This co-localisation is limited to 200nm when observed for BACE1 and
LRP/LR, 80nm between APP and LRP/LR and less than 10nm for LRP/LR and PS1.
These results reveal a novel interaction between LRP/LR and the PS1 catalytic
subunit of the y-secretase complex (as confirmed by co-immunoprecipitation) and
suggest that the previously observed interaction between LRP/LR and BACEL1 is
likely an indirect interaction only. These findings further highlight the role of

LRP/LR in Alzheimer’s Disease.
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Figure Legends

Figurel. LRP/LR interacts with PS1 of the y-secretase complex. (A) Co-
localization between PS1-GFP and LRP-dsRed is shown in the maximum intensity
profile for PS1-GFP and LRP-dsRed. The 2D cytofluorogram confirms co-
localization as a diagonal is observed passing through quadrant 3. Line profile
reveals aligned spectra suggestive of high degree of co-localisation. (B) SR-SIM
reveals that PS1-GFP and LRPdsRed show a high degree of co-localisation. A
diagonal passes through quadrant 3 of the 2D cytofluorogram suggesting that
there is still a high degree of co-localisation between the 2 proteins. Scale bar:
5um. (C)(i) FRET analysis with PS1-GFP donor and LRP-dsRed acceptor. Distinct
FRET signal is detected on the normalized FRET scale. Scale bar: 20um. (ii)
Enlarged view of single cell from (i) showing that energy is transferred in the
cytoplasmic and plasma membrane regions of the cell. (iii) Enlarged veiw from
cell in (i) showing FRET signal occurs in perinuclear membrane. (D) FLAG® co-
immunoprecipitation assay was performed utilizing lysates of cells transfected
with LRP::FLAG and PS1-GFP. Immunoblot performed using rabbit monoclonal
antibody (EP2000Y) for Presenillin 1. Lane (1) Non transfected cell lysates, (2)
cell lysates expressing GFP alone, (3) cell lysates expressing PS1-GFP, (4) FLAG®
co-immunoprecipitation eluate of assay performed using cell lysates expressing
LRP::FLAG and PS1-GFP. Detected bands are 36kDa indicating PS1 dimers and

not PS1-GFP.

Figure 2. p-secretase fails to co-localize and interact with LRP/LR at high
resolutions (A) Maximum intensity profile obtained from z-stack analysis reveals
strong cytoplasmic co-localisation between BACE1-GFP and LRP-dsRed. Diagonal
in 2D cytofluorogram indicates high degree of co-localization, as is confirmed by

the line profile. (B) SR-SIM analysis of HEK293 cell expressing BACE1-GFP and
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LRP-dsRed. No co-localisation occurs between these proteins. The 2D
cytofluorogram confirms the absence of co-localisation as there is no signal
detected in quadrant 3. Scale bar: 5um (C) FRET did not occur between the donor
BACE1-GFP and the acceptor LRP-dsRed as no signal was detected on the

normalized FRET scale. Scale bar: 20um.

Figure 3. Co-localization occurs between APP and LRP/LR without the
presence of an interaction. (A) Maximum intensity profile obtained from Z-
stack analysis revealing co-localisation between APP-GFP and LRP-dsRed in the
cytoplasm of HEK293 cells. 2D cytofluorogram reveals the co-distribution of green
(APP-GFP) and red (LRP-dsRed) pixels. A diagonal is indicative of a high degree of
co-localization. Line profile displaying the fluorescence intensities of the 2 colour
channels along a line of interest and reveals co-localisation occuring specifically
within the cytoplasmic regions. (B) SR-SIM analysis reveals that APP-GFP and
LRP-dsRed co-localise to a lesser extent. Co-localisation is highest at the cell
surface and in limited cytoplasmic locations. Scale bar: 10um. (C) FRET was
performed using APP-GFP as donor and LRP-dsRed as acceptor. No FRET signal
was observed on the normalized FRET scale indicating that no energy transfer
occurred from BACE1-GFP to LRPdsRed. Scale bar: 20um. (D) FLAG® co-
immunoprecipitation analysis using lysates of cells expressing LRP::FLAG and
APPwt. Anti-APP antibody (Y188) was utilised for detection. Lane (1) cell lysates
containing with LRP::FLAG, (2) cell lysate with overexpressed APPwt (APP positive
control), (3) FLAG® co-immunoprecipitation assay eluate of assay performed
using APPwt overexpressing cell lysates but no LRP::FLAG (i.e. Anti-FLAG M2
bead binding control), (4) BAP fusion protein (positive control for FLAG® co-
immunoprecipitation assay), (5) empty lane, (6) FLAG® co-immunoprecipitation
assay eluate of sample with LRP::FLAG and APPwt, (7 - 9) Wash fractions 1 - 3 of
APPwt + LRP::FLAG FLAG® co-immunoprecipitation assay post overnight binding

step.
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Figure 4. LRP/LR fails to co-localize with GFP. (A) Maximum intensity
projection obtained from z-stack analysis of GFP and LRP-dsRed shows poor co-
localisation between the 2 proteins. This is further confirmed by the lack of a
clear diagonal passing through quadrant 3 and the line profile which shows no

alignment between the 2 colour channels
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Figure S1. LRP-dsRed and PS1-GFP co-localise in the cytoplasmic and cell
membrane surface of HEK293 cells. Z-stack analysis of images captured using
HEK293 cells expressing PS1-GFP (top row), LRP-dsRed (middle row) and merge of both
proteins (bottom row). The merge and 2D cytofluorogram both reveal a high degree of
co-localisation between LRP-dsRed and PS1-GFP particularly within the cytoplasmic and
plasma membrane region of the cells. A clear diagonal passes through quadrant 3 of the
2D cytofluorogram confirms the co-localization. Sections: 1.1um; scale bars: 10um.
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Figure S2. LRP-dsRed and BACE1-GFP co-localise in the cytoplasm of HEK293
cells. z-stack analysis revealing signal distribution of BACE1-GFP (top row), LRP-dsRed
(centre row) and the merge of both proteins (bottom row). Distinct co-localisation exists
between LRP-dsRed and BACE1-GFP within cytoplasmic regions of HEK293 cells. 2D
cytofluorogram reveals a weak diagonal through quadrant 3 suggesting that co-
localisation does occur but to a lesser degree. Sections: 0.39um; scale bars: 5um.
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Figure S3. LRP-dsRed and APP-GFP co-localise in the cytoplasm of HEK293
cells. Z-stack image analysis representing subcellular localisations of APP-GFP (top row)
and LRP-dsRed (middle row). Merged image (bottom row) shows APP-GFP and LRP-
dsRed co-localising in the cytoplasmic regions. 2D-cytofluorogram confirms this result as
is indicated by a diagonal passing through quadrant 3. Sections: 1um; scale bar: 10um.
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Figure S4. LRP-dsRed and GFP fails to co-localise. HEK293 cells were transfected
with either pEGFPN1, pLRP-dsRed or both plasmids. Z-stack analysis was then performed
to analyse whether LRP-dsRed co-localized with only GFP. Images show that the 2
proteins fail to co-localise as there is a weak yellow signal in the merge images. The 2D-
cytofluorogram shows weak co-localisation as most signals occur in quadrants 1 and 2
(representing the green and red fluorescent channels). Very little signal is detected in
quadrant 3 (the quadrant representing the yellow from the overlap of green and red
fluorescence). Sections: 1um; scale bars: 10um.




Anti-LRP/LR specific antibody IgG1-iS18 rescues cells from Ap42 induced
cytotoxicity

Bianca Da Costa Dias, Katarina Jovanovic, Danielle Gonsalves, Uwe Reusch, Stefan

Knackmuss, Clement Penny, Melvyn Little & Stefan Weiss

Scientific Reports 3, 2702; DOI:10.1038/srep02702 (2013).

A study was undertaken to examine whether an interaction existed between LRP/LR and the
AP peptide, and furthermore to understand the nature of this interaction. FLAGO co-
immunoprecipitation revealed that an interaction does exist between AP and LRP/LR.
Furthermore, the nature of this interaction was shown to be cytotoxic as exogenous addition
of AP resulted in a reduction in cell viability. Cells were rescued from cytotoxicity upon
addition of IgG1-iS18 suggesting that LRP/LR plays a role in A induced cytotoxicity. This
was confirmed by shRNA knockdown of LRP/LR where the same cell rescuing effects were
seen. These findings show that LRP/LR not only interacts with A3, but also suggest that this
interaction may be of a cytotoxic nature. The results presented herein further recommend

anti-LRP/LR antibodies and shRNA as therapeutics for AD.
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Anti-LRP/LR specific antibody IgG1-iS18
and knock-down of LRP/LR by shRNAs

rescue cells from AB42 induced
cytotoxicity

Bianca Da Costa Dias', Katarina Jovanovic!, Danielle Gonsalves', Kiashanee Moodley', Uwe Reusch?,
Stefan Knackmuss?, Clement Penny?®, Marc S. Weinberg*, Melvyn Little? & Stefan F. T. Weiss'

'School of Molecular and Cell Biology, University of the Witwatersrand, Private Bag 3, Wits 2050, Johannesburg, Republic of South
Africa, 2Affimed Therapeutics AG, Technologiepark, Im Neuenheimer Feld 582, 69120 Heidelberg, Germany, *Department of
Infernal Medicine, University of the Witwatersrand, 7 York Rd, Johannesburg, 2193 Parkiown, Republic of South Africa, “Antiviral
Gene Therapy Research Unit (AGTRU), Department of Molecular Medicine & Haematology, School of Pathology, University of the
Witwatersrand, Private Bag 3, Wits 2050, Johannesburg, Republic of South Africa.

Alzheimer’s disease (AD) is characterized by neurofibrillary tangles, senile plaques and neuronal loss.
Amyloid beta (AB) is proposed to elicit neuronal loss through cell surface receptors. As Ap shares common
binding partners with the 37 kDa/67 kDa laminin receptor (LRP/LR), we investigated whether these
proteins interact and the pathological significance of this association. An LRP/LR-Ap,, interaction was
assessed by immunofluorescence microscopy and pull down assays. The cell biological effects were
investigated by 3-(4,5-Dimethylthaizol-2-yl)-2,5-diphenyltetrazolium bromide and Bromodeoxyuridine
assays. LRP/LR and A, co-localised on the cell surface and formed immobilized complexes suggesting an
interaction. Antibody blockade by IgG1-iS18 and shRNA mediated down regulation of LRP/LR significantly
enhanced cell viability and proliferation in cells co-treated with Ap,, when compared to cells incubated with
APy, only. Results suggest that LRP/LR is implicated in A4, mediated cytotoxicity and that anti-LRP/LR
specific antibodies and shRNAs may serve as potential therapeutic tools for AD.

eurodegenerative diseases represent the fourth major cause of global mortality after ischaemic heart

disease, cerebrovascular disease and trachea, bronchus and lung cancers. Alzheimer’s Disease (AD) is the

predominant progressive dementing neurodegenerative disorder afflicting the elderly' and is character-
ized by “positive” and “negative” lesions including amyloid beta plaques, neurofibrillary tangles and neuronal,
neuropil and synaptic loss respectively>’. Many of the neuronal perturbations in AD are attributable to and
probably induced by the amyloid beta (Ap) peptide®. The AP fragment is derived from the transmembrane region
of the Amyloid Precursor Protein (APP). Although A is a normal physiological peptide, elevated concentrations
of the peptide, which consequently results in the onslaught of AD, are generated either through the misappro-
priate favouring of the amyloidogenic processing of APP or a decline in AP clearance or degradation®. The
amyloid plaques are predominantly composed of the AP, isoform which has a higher aggregation propensity’
and neural toxicity® than the 40 amino acid isoform (A o) which predominates in non-diseased brains. However,
the prevailing sentiment is that the plaques themselves are not the pathological agents but rather contribute to
neural dysfunction through the distortion of neuronal morphology (within a 50 pm radius”®) and by hampering
neurotransmission’. Rather, it is the soluble A} oligomers which are deemed neurotoxic.

The proposed mechanisms whereby AP has been reported to impair neuronal function are numerous. A
common thread in A induced cytotoxicity and neuronal dysfunction is the requirement for an interaction
between the neurotoxic peptide and cellular components, of greatest importance are the lipid membranes and
cellular receptors™.

Owing to the hydrophobic nature of the peptide, AP may readily associate with and be subsequently incorpo-
rated into plasma'"'?, nucleosomal and lysosomal membranes. This may result in membrane structure distortion
and the formation of ion-permissible (of particular concern is Ca**) channels, the resultant ion influx may induce
cytotoxicity'*'.
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Several of the factors thought to contribute to AD, namely oxid-
ative stress, protein degradation, lipid oxidation and slowed signal
transmission may be attributed to A interaction with cell surface
receptors'®™”. These include, but are not limited to, N-methyl-D-
aspartate receptors (NMDAR), integrins (particularly osp;), insulin
receptors, o-7 nicotinic acetylcholine receptors (¢7nAChR), the
receptor for advanced glycation end products (RAGE), Ephrin-type
B2 receptor (EphB2) and the cellular prion protein (PrP)"'"°. A may
thwart NMAR activation and the resultant induction of long term
potentiation (LTP) by desensitizing the receptor to synaptic glutam-
ate'®'® or by prompting receptor internalization'’. This in turn results
in aberrant signaling cascades and ultimately results in synaptic dys-
function and neuronal death.

Although the association between AP and PrP has been one of
mounting interest over the past decade, its biological influence
remains to be definitively characterized. It has been suggested that
PrPe plays a role in mediating the devastating effects of AP oligomers
particularly neuronal and synaptic toxicity and LTP impedance' as
well as stimulating pro-apoptotic signal transduction cascades®. On
the contrary a neuroprotective role for PrP° has been proposed as the
protein was reported to hinder B-secretase cleavage of APP*".

A receptor of noted physiological importance which binds to PrP¢
and is implicated in PrP¢ internalization is the 37 kDa/67 kDa lami-
nin receptor (LRP/LR)*. This multifunctional protein is located in
multiple cellular compartments namely the nucleus, cytosol and
within the lipid raft domains of the plasma membrane***. LRP/LR
exhibits binding affinities for a multitude of cellular components
including: extracellular matrix (ECM) molecules, laminin-1 being
of greatest physiological relevance with regard to cellular adhesion,
survival and migration as well as cytoskeletal, ribosomal and histone
proteins and PrP¢ ****, LRP/LR is also of pathological importance as
the receptor has been shown to be central in prion protein uptake,
propagation and progression of prion disorders* *’. Furthermore,
LRP/LR plays a central role in metastatic cancer and antibodies
targeting the receptor have been reported to significantly impede
adhesion and invasion of numerous cancer types, namely fibrosar-
coma®®, lung, cervical, colon, prostate”, breast and oesophageal can-
cer’ as well as inhibit in vitro angiogenesis®'.

As A toxicity has been posited to be mediated through its asso-
ciation with the lipid raft region of the plasma membrane and its
interactions with plasma membrane anchored proteins, and LRP/LR
shares mutual binding partners with AP (laminin** and PrP¢), we
aimed to examine whether LRP/LR and A interact on the cell sur-
face and to investigate whether LRP/LR plays a central role in Ap
induced cytotoxicity.

Results

LRP/LR co-localises with AP on the cell surface. Indirect immuno-
fluorescence is regularly employed to provide a preliminarily indica-
tion of potential interactions at the cell surface’***. Here too this
methodology was employed to investigate whether endogenous
LRP/LR and AP are located in close proximity on the cell surface,
which would thereby indicate that an association between these
proteins is conceivable. Co-localization of LRP/LR and AP was
observed on the surface of non-permeabilized HEK293 and N2a
cells (Fig. 1c and Fig. lo, respectively). 2D cytofluorograms
represent both green and red fluorescence and the resultant yellow
diagonal (Fig. 1d and Fig. 1p) reveals that the fluorescence from both
proteins is jointly distributed. These images, in addition to the highly
positive Pearson’s correlation coefficient (Table 1), verify that LRP/
LR and A co-localize on the cell surface. LRP/LR did not co-localize
with the Very Late Antigen 6 (VLA6), a laminin binding integrin,
(Fig. 1g and Fig. 1s). This was indicated by the 2D-cytofluorogram
(Fig. 1h and Fig. 1t) as well as the very low Pearson’s correlation
coefficient (Table 1).VLAG6 thereby served as the negative control™.

Therefore, owing to the cell surface proximity of LRP/LR and A, an
association between these proteins is feasible.

Interaction of AP with LRP/LR. Although co-localisation studies
between LRP/LR and AP proved the proximity of the proteins on the
cell surface, this finding merely indicates that an interaction between
these proteins is feasible. Therefore a pull down assay was performed
to investigate definitively whether a stable interaction exists.
Recombinantly expressed LRP:FLAG was immobilized on the
anti-FLAG® M2 agarose beads, as highlighted by the red arrow
(Fig. 2a and 2e) as it is present in the eluted sample. The identity
of the band was further authenticated by immunoblotting (Fig. 2b).
Co-incubation of anti-FLAG® M2 beads with LRP:FLAG containing
cell lysate to which 100 ng/ml of synthetic A4, was applied resulted
in the immobilization of both proteins. The presence of AB,, in the
eluted sample (Fig. 2a) was confirmed by equivalent polypeptide
position in Fig. 2a lane 6 containing pure, synthetic APy, (2 pg).
The presence of both proteins in eluted samples (Fig. 2a - lane 5)
implies that an association exists. The relevant controls are shown in
Fig. 2¢c-f.

IgG1-iS18 rescues cells from A mediated cytotoxicity. A MTT cell
viability assay was employed to assess the cytotoxicity of synthetic
amyloid beta (Af,,) at various concentrations on HEK293FT, N2a
and SHSY5Y cells (Fig. 3 a—c). Exogenous application of 200 nM and
500 nM Ay, significantly reduced cell viability in HEK293 cells
(Fig. 3a). Co-incubation of cells with 50 pg/ml anti-LRP/LR
specific antibody IgG1-iS18 and 500 nM APy, significantly
enhanced cell viability (Fig. 3a). Similar results, albeit at different
A4, concentrations were observed for SH-SY5Y (Fig. 3b) and
N2A (Fig. 3c) cells. The decrease in cell viability observed in N2a
cells (Fig. 3c) was shown to be as a result of hampered cellular
proliferation (Fig. 3d). Protocatechuic acid (PCA) an apoptosis
inducing agent was employed, at a concentration of 8 mM, as the
positive control. Antibody, IgG1-iS18, treatment alone in the absence
of A does not significantly enhance cellular viability in all the model
cell lines employed (Fig. S1), thereby negating the possibility that
IgG1-iS18 non-specifically enhances cellular viability.

To confirm that LRP/LR plays a role in Ap toxicity, and that the
IgG1-iS18 effects observed are not owing to the possible lack of
antibody specificity, RNA interference technology and more specif-
ically short hairpin RNAs (shRNAs) were employed to down regulate
LRP/LR. When compared to the shRNAscr control, shRNA1.1 trans-
fection resulted in a 20.52% reduction in LRP/LR expression, whilst
shRNA7.6 transfection produced a significant 67.46% reduction in
LRP/LR expression levels (Fig. 4a and 4b). LRP/LR down regulation
(mediated by the aforementioned shRNAs), in the presence of vary-
ing concentrations of exogenously administered Afy,, resulted in a
significant enhancement in cell viability (Fig. 4c) and cellular prolif-
eration (Fig. 4d). These results are analogous to those obtained
employing IgG1-iS18. No significant difference amongst untreated,
mock transfected and shRNAscr transfected cells HEK293 cells was
observed with regards to both cellular viability (Fig. S2a) and prolif-
eration (Fig. S2b).

Discussion

LRP/LR and A} were demonstrated to share close cell surface prox-
imity by indirect immunofluorescence microscopy (Fig. 1c and
Fig. 10) and these results were considered as a primary indication
of a potential interaction between these proteins on the cell surface.
However, supplementary systems are commonly required to verify
the interaction proposed by immunofluorescence data.

In an attempt to confirm the proposed interaction between LRP/
LR and the neurotoxic Ay, peptide, as revealed by co-localization
results, pull down assays were performed. The presence of both
proteins in the eluted sample suggests that an association between
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Figure 1 | Cell surface co-localisation between LRP/LR with AB. (a) Endogenous cell surface LRP/LR and A on HEK293 (upper panel) and N2a (lower
panel) cells were indirectly immunolabelled. AP was indirectly detected using anti-f-amyloid (22-35) (Sigma) and anti-rabbit Alexafluor 633 antibodies
(Fig. 1a, m). LRP/LR was detected employing anti-IgG1-iS18 (human) and anti-human-FITC (Cell lab) antibodies (Fig. 1b, f and Fig. 1n, r). Merged
images (Fig. 1¢, 0) and 2D-cytofluorograms (Fig. 1d, p) (acquired using CellSens Software) verified the co-localization. The negative control, Very Late
Antigen 6 (VLA6) was detected employing anti-VLA6 and anti-rabbit Alexaflour 633 antibodies (Fig. le, q). The merged images (Fig. 1g, s) and
2D-cytofluorograms (Fig. 1h, t) demonstrated that VLA6 and LRP/LR do not co-localize on the cell surface. Secondary antibody controls are shown in
Fig. 1i-l and Fig. 1u-x. Fluorescence was detected and resultant images acquired using the Olympus IX71 Immunofluorescence Microscope and Analysis
Get It Research Software. Scale bars are 10 pm.

LRP and APy, exists. However, the exclusivity of this interaction
could not be verified owing to the presence of contaminant bands
present within the eluted sample lane (Fig. 2a, lane 5). These poly-
peptides may represent numerous LRP ligands, possibly including
HEK293 N2a laminin, PrP<, actin, tubulin®, heparin sulphate proteoglycans as well
as ribosomal and histone components. The control shall be briefly
discussed. Anti-FLAG® M2 agarose beads were subjected to incuba-
tion in the presence of lysis buffer (Fig. 2¢c) as well as cell-lysates

‘Tob|e 1| Pearson’s Correlation Co-efficient for LRP/LR, Ap and
VLA cell surface co-localization

LRP/IR + AB 0.926 0.969
LRP/LR + VLAS 0.30 0.12
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Figure 2 | LRP/LR as a potential Af-interacting protein. Pull down assays were employed using FLAG® Immunoprecipitation kit (Sigma Aldrich), to
investigate the proteins detectable in unbound samples (lane 2), wash steps (lanes 3 and 4) and eluted samples (Fig. 2a—e: lane 5 and Fig. 2f: lane 6) and
2 pg of synthetic APy, (positive control) (Fig. 2a: lane 6 and Fig. 2f: lane 7). (a) Cell lysates containing recombinantly expressed LRP/LR::FLAG were co-
incubated with exogenous A. (b) Immunoblot employed to validate the position of LRP::FLAG (~38 kDa). Figures represent anti-FLAG® M2 beads
incubated with (c) lysis buffer, (d) non-transfected HE293 cell lysates, (e) HEK293 cell lysates of cells transfected with pCIneo::FLAG as well as (f) pure
synthetic AP, in the absence of cell lysate. Samples were resolved on 16% Tris-tricine SDS PAGE gels and stained with Coomassie Brilliant Blue. Blue and

red arrows are indicative of AP, and LRP::FLAG respectively.

lacking recombinant LRP:FLAG expression (Fig. 2d). Furthermore,
cell lysates in which LRP:FLAG was recombinantly expressed were
analysed and column immobilization was confirmed (Fig. 2E). In
addition, this control served to demonstrate the number of cellular
components which were able to bind to LRP::FLAG (Fig. 2e). Fig. 2f,
served to assess whether the “sticky” nature of A, allowed it to bind
to the affinity column in the absence of the tagged protein. Upon
analysis of 10 pg of synthetic ABy4,, the peptide was present in the
unbound soluble fraction (Fig. 2f, lane 2) thereby illustrating that the
presence of APy, in the eluted sample of the Fig. 2a, lane 5, was owing
to an immobilizing interaction with LRP.

Asan interaction between LRP/LR and APy, has been proposed an
investigation into the influence of such an interaction on AD patho-
genesis, specifically cellular survival, was justifiable. Significant
reductions in cellular viability across all three cell lines were observed
at varying concentrations of exogenously administered synthetic
APy, (Fig. 3a—c). More notably, upon co-incubation of cells with
the APy, peptide and anti-LRP/LR specific antibody IgG1-iS18, a
significant enhancement in cell viability was observed (Fig. 3a-c).
These results were further confirmed by shRNA mediated down
regulation of LRP/LR (Fig. 4c), thereby demonstrating that the cell
rescuing abilities of IgG1-iS18 are not owing to a lack of antibody
specificity. Thus, it may be suggested that LRP/LR may be implicated
in AP mediated cytotoxicity and the association between these

proteins may be pathological in nature. It is plausible that this asso-
ciation may be pathological in nature as PrP¢ has been reported to be
important in mediating the synapotoxic effects of A" and the neu-
roprotective role of PrP° may be inhibited upon its binding to Ap.
Thus both PrP¢ and its cell surface receptor LRP/LR* may be impli-
cated in mediating this pathological role.

Furthermore, to assess whether the impediment of cellular
proliferation contributed to reduced cell viability (Fig. 3a-c), the
proliferative potential of N2a cells incubated with varying A, con-
centrations was evaluated. Cellular proliferation was similarly ham-
pered in the presence of Ay, and IgG1-iS18 (Fig. 3d) rescued cells
from this effect. This result was further corroborated by enhance-
ment in cellular proliferation observed when A3 was administered to
cells in which LRP/LR was down regulated by shRNAs (Fig. 4d).
Therefore, it may be proposed that the LRP/LR-Af,, interaction
may possibly result in aberrant proliferative cell signaling pathways.
Under physiological conditions, LRP/LR promotes cellular survival,
reported through the activation of the Mitogen activated protein
(MAP) kinase signal transduction pathway™. It is plausible that an
interaction between LRP/LR and AP,, may foil the receptor
mediated initiation of proliferative pathways.

In conclusion, it has been demonstrated that an LRP/LR-Af,
interaction occurred on the cell surface and antibody blockade of
LRP/LR by IgG1-iS18 or shRNA mediated down regulation of LRP/
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Figure 3 | Cell rescuing effects of anti-LRP/LR antibody IgG1-iS18. (a) Cellular viability of HEK293 cells, as determined by (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) (1 mg/ml) assay, post exogenous treatment with synthetic AB4, and upon co-incubation with anti-LRP/LR
IgG1-iS18 or IgG1-HD37 (negative control). The cell viability was assessed 48 h post treatment and the no antibody control was set to 100%. SH-SY5Y (b)
and N2a cells (c) were exposed to similar treatments. (d) Cellular proliferation of N2a cells as determined by colorimetric 5-bromo-2’-deoxyuridine
(BrdU) non-isotopic immunoassay (Calbiochem®), allowing 4 h for BrdU incorporation into cultured cells. Error bars represent sd. **p < 0.01;

Student’s t-test.

LR rescued cells from AP, induced cytotoxicity and impedance of
proliferation. These results suggest that LRP/LR may contribute
to APy, mediated pathogenesis in AD and that anti-LRP/LR specific
antibodies and shRNAs directed against the receptor mRNA
may show promise in the quest for effective AD disease-modulating
therapeutics.

Methods

Immunofluorescence Microscopy. HEK239FT and N2a cells were seeded onto
microscope coverslips and incubated until a confluency of 50-70% was attained. The
cells were subsequently fixed with 4% Paraformaldehyde (10 minutes, room
temperature), rinsed thrice with 1xPBS and blocked in 0.5%PBS-BSA (5-10 minutes).
Post blocking, coverslips were additionally washed in PBS and placed such that the
cell-free side came into contact with the microscope slide. 100 pl of primary antibody
solution (diluted in 0.05%PBS-BSA) containing 1:150 IgG1-iS18 (human), 1:150
anti-VLAG6 or 1:100 anti--amyloid (22-35) (rabbit (Sigma) was administered to the
cells. Post an overnight incubation at 4°C in moist containers, coverslips were again
washed thrice in 0.5% PBS-BSA and placed on clean slides. A 100 pl volume of a
secondary antibody solution containing] : 300 goat anti-human FITC (Cell Lab) and
1:300 goat anti-rabbit IgG conjugated to Alexa Fluor® 633 (Invitrogen) were
administered to cells and incubated for an hour in the dark. Post incubation,
coverslips were washed twice in 0.5% PBS-BSA and once in PBS and mounted onto
clean microscope slides using 50 pl Fluoromount (Sigma Aldrich). The Olympus
1X71 Immunofluorescence Microscope and Analysis Get It Research Software were
employed to detect fluorescence and acquire images, respectively. Images were
analysed and 2D cytofluorograms were constructed using Cell Sens Software.

Pull down assay. HEK293 cells were transfected via calcium phosphate methodology
with a pCIneo-LRP:FLAG plasmid for 72 hours at 37°C, 5% CO,. Pull down
experimental samples were composed of 200 pl of HEK293 whole cell lysates in
which LRP:FLAG was recombinantly expressed and 10-20 pl of synthetic AB4,
(Sigma-Aldrich) was exogenously administered. Assays were performed using
FLAG® Immunopercipitation Kit (Sigma-Aldrich) according to manufacturer’s
instructions. Samples were subsequently electrophorectically analysed and gels were
stained with Coomassie Blue. LRP:FLAG was detected via immunoblotting using

murine anti-FLAG antibody (1:4000) (Sigma-Aldrich) and goat anti-mouse HRP
(1:10 000) (Beckman Coulter).

3-(4,5-dimethylthiazol-2-Y1)-2,5-diphenyltetrazolium bromide (MTT) cell
viability assay. HEK293, N2a and SH-SY5Y cells were seeded in a 96 well plate as to
attain 50-70% confluency within 24 hours and incubated in a 5% CO, humidified
atmosphere at 37°C. Post incubation, synthetic neurotoxic Amyloid beta (Af)
peptide (Sigma Aldrich) was administered to the cells in varying concentrations
(100 nM, 200 nM and 500 nM respectively) to determine the affect thereof on cell
viability. In addition, untreated controls (cells incubated in DMEM) as well as positive
controls (cells incubated with 8 mM protocatechuic acid(PCA)-an apoptosis
inducing agent) were included. Furthermore, cells were additionally co-incubated
with A (at the concentrations listed above) as well as either 50 pg/ml IgG1-iS18
antibody or 50 pg/ml IgG1-HD37 antibody (Affimed Therapeutics). Treated cells
were incubated (37°C, 5% C0,) for 48 hours, following which 20 pl of 1 mg/ml MTT
was added to each well and the cells subsequently incubated (37°C, 5%CO,) for 2
hours. After incubation, culture media was aspirated and 180 pl of DMSO added to
each well to lyse the cells and dissolve the formazan crystals formed within the cells.
The absorbance was recorded at 570 nm using an ELISA microtiter plate reader and
the percentage survival of the cells, relative to the non-treated controls, calculated.
Three separate experiments were performed, each in triplicate.

Bromodeoxyuridine (BrdU) proliferation assay. HEK293, N2a and SH-SY5Y cells
were seeded in a 96 well plate as to attain 50-70% confluency within 24 hours and
incubated in a 5% CO, humidified atmosphere at 37°C. Post incubation, synthetic
neurotoxic Amyloid beta (AB) peptide (Sigma Aldrich) was administered to the cells
in varying concentrations (100 nM, 200 nM and 500 nM respectively) in the
presence or absence of IgG1-iS18 or IgG1-HD37. Proliferative potential of treated
cells was assessed as per manufacturer’s instructions for BrdU Proliferation Assay Kit
(Calbiochem®). Three separate experiments were performed, each in triplicate.

Production of shRNA directed against LRP/LR mRNA. shRNAs were designed to
be expressed from the HI RNA Pol III Promoter. shRNA1.1 was designed to be
homologous to murine sequences reported in previous studies and shRNA7.6 was
designed using The RNAi Consortium. The expression cassettes comprised of a full
H1 RNA Pol III promoter sequence, a poly T termination signal and the guide strand
on the 3" arm. The shRNA expression cassettes were generated using nested PCR in
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Figure 4 | shRNA-mediated downregulation of LRP/LR and the effects thereof. (a) HEK293FT cells were transfected with shRNAscr, shRNA1.1 and
SshRNA?7.6 using the TransIT®-LT1 Transfection reagent. 72 h post transfection total LRP/LR levels were assessed by Western blotting. -actin was
employed as a loading control. Gels have been cropped for clarity and conciseness purposes and have been run under the same experimental conditions.
(b) Bar graph depicting percentage LRP/LR down regulation was generated by quantifying the Western blot band intensities of three independent
experiments employing Quantity One 4.6 Software. To assess the role of LRP/LR in A, toxicity 24 h post transfection, varying concentrations of synthetic
AP was exogenously administered to cells. 72 h post transfection (48 h post AP incubation) cellular viability was assessed by MTT assay (c) and cellular
proliferation was assessed by BrdU assay (d) Error bars represent sd. ***p < 0.001; **p < 0.01; *p < 0.05 Student’s t-test.
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which the H1 RNA Pol III promoter served as the template. The forward primer was
complementary to that of the HI RNA Pol III promoter and the shRNA sequences
were incorporated into the reverse primers. The resultant PCR products, which coded
for the shRNA expression constructs were subsequently cloned into the pTZ57R/T
vector (Fermentas).An shRNA that does not target any gene, herein termed
scrambled shRNA (shRNAscr), served as the negative control. The LRP/LR target
sequence as well as the structure of shRNA1.1 and shRNA7.6 are described in
Jovanovic et al., (2013)*.

Cellular transfection with shRNA directed against LRP/LR mRNA. The
TransIT®-LT1 Transfection reagent (Mirus) was employed to transfect LRP/LR
shRNA 1 and 7 into HEK293 cells as per the manufacturer’s instructions.

Western blotting. Post 72 h transfection of HEK293 cells with shRNAs, cells were
lysed and total LRP/LR levels were determined by Western blotting employing IgG1-
iS18 (1:10 000) and goat anti-human horseradish peroxidase (HRP) (1:10 000) (Cell
Lab) antibodies, respectively. Western blot band intensities were quantified using
Quantity One 4.6 Software.

Assessing cell viability and proliferation post cellular transfection with shRNA.
Synthetic AP, at varying concentrations, was exogenously administered to
transfected cells, 24 h post transfection. Thereafter cells were incubated in the
presence of AP for an additional 48 h prior to analysis by MTT and BrdU assay
respectively.

Statistical evaluation. Student’s t-tests were used to analyse the data and obtain p
values. All statistical evaluations were performed using GraphPad Prism (version
5.03) software.
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This article reports on the use of enterocytes as a model system for the intestinal uptake of

infectious prion proteins. PrP*° (infectious ovine prions for the disease called Scrapie), PrpBsE

PYP (responsible

(infectious prions causing Bovine Spongiform Encephalopathies) and Pr
for Chronic Wasting Disease in ungulates) were all applied to enterocyte cell lines derived
from human, bovine, ovine, porcine and cervid hosts. This paper showed that LRP/LR aids in
the intestinal uptake of cross-species prion proteins after oral ingestion, resulting in zoonotic

spread of prion disorders.
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Enterocytes, a major cell population of the intestinal epithelium, represent
one possible barrier to the entry of prions after oral exposure. We
established a cell culture system employing enterocytes from different
species to study alimentary prion interaction with the 37-kDa/67-kDa
laminin receptor LRP/LR. Human, bovine, porcine, ovine, and cervid
enterocytes were cocultured with brain homogenates from cervid, sheep,
and cattle suffering from chronic wasting disease (CWD), scrapie, and
bovine spongiform encephalopathy (BSE), respectively. PrPCWP, ovine
PrP%, and PrP®F all colocalized with LRP/LR on human enterocytes.
PrP“™P failed to colocalize with LRP/LR on bovine, porcine, and ovine
enterocytes. Ovine PrP°¢ colocalized with the receptor on bovine
enterocytes, but failed to colocalize with LRP/LR on cervid and porcine
enterocytes. PrP"F failed to colocalize with the receptor on cervid and
ovine enterocytes. These data suggest possible oral transmissibility of CWD
and sheep scrapie to humans and may confirm the oral transmissibility of
BSE to humans, resulting in zoonotic variant Creutzfeldt-Jakob disease.
CWD might not be transmissible to cattle, pigs, and sheep. Sheep scrapie
might have caused BSE, but may not cause transmissible spongiform
encephalopathy in cervids and pigs. BSE may not be transmissible to
cervids. Our data recommend the enterocyte model system for further
investigations of the intestinal pathophysiology of alimentary prion
infections.

© 2010 Elsevier Ltd. All rights reserved.
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Introduction

Transmissible spongiform encephalopathies
(TSEs) are a group of fatal neurodegenerative
disorders affecting both humans and animals. In
contrast to other “protein misfolding diseases” such
as morbus Alzheimer’s disease or Huntington’s
disease, prion diseases may be infectious. According
to the protein-only hypothesis,'” scrapie prion PrP>,
an abnormal form of cellular prion PrP¢, is thought to
be the major infectious constituent of these diseases
that accumulates in the central nervous system,
resulting in neuronal loss and spongiform degener-
ation in the brain.

TSEs can be transmitted within a single animal
species (intraspecies) or among different species
(interspecies). The oral transmission of prion disease
has been widely observed; for example, bovine
spongiform encephalopathy (BSE) has been sug-
gested to originate from the consumption, by cattle,
of sheep-scrapie-contaminated food.? In addition, it
has been widely accepted that ingestion of BSE-
infected meat resulted in the development of human
variant Creutzfeldt-Jakob disease,* showing the
transmissibility of BSE prions to humans. Extensive
experimental studies have been conducted on the
transmission of prions to other animal species,S’7
and the results demonstrated altered incubation
times and survival or an inability to transmit the
disease.”'! This phenomenon has been termed the
“species barrier.” In addition to the significance of
the variety of prion strains and differences in the
prion protein (PrP) structure, the route of infection is
also an important factor that must be taken into
consideration. This has been illustrated by the fact
that pigs are intracerebrally and intraperitoneally
infectable with the BSE agent, whereas oral infection
and disease transmission have failed.” Currently,
BSE and variant Creutzfeldt-Jakob disease repre-
sent orally acquired TSEs, but little is known about
the mechanisms underlying the infection process.
After ingestion of prion-contaminated food, the
TSE-causing agent has to cross the intestinal
epithelial cell barrier, where both M-cells (microfold
cells)'” and enterocytes are proposed to mediate
prion uptake and transport.!3!4 Enterocytes consti-
tute the major cell population in the intestine'®
expressing PrP® on their surface.'® A protease-
resistant PrP is transcytosed across human
enterocytes _independently of endogenous PrP¢
expression, ’ suggesting an alternative receptor-
mediated prion uptake mechanism. Furthermore,
the 37-kDa/67-kDa laminin receptor LRP/LR is
expressed on the apical brush border of entero-
cytes!® and has been shown to be responsible for the
binding of both PrP" and infectious prions.”’
Moreover, recent studies on human enterocytes
(Caco-2/TC7) revealed LRP/LR-dependent binding
and internalization of bovine prions (PrP®SE) that

have been impeded by preincubation with the
anti-LRP/LR-specific antibody W3.'* W3 has been
reported to be a therapeutic tool in a murine
scrapie model,”’ and single-chain antibodies
directed against the LRP/LR interfered with
scrapie propagation”””> and may potentially
serve as therapeutic antibodies (for review, see
Refs. 24-27).

The spread of chronic wasting disease (CWD), a
prion disease affecting free-range cervids, represents
a severe risk in some regions of North America and
parts of Canada due to hunting of this game and
consumption of infected meat. Although transmis-
sion experiments with transgenic mice propose a
species barrier to CWD prions in humans,?® oral
transmission of CWD to humans via contaminated
food cannot be excluded.

In the present study, we investigated the in-
testinal pathophysiology of alimentary prion infec-
tions by determining the prion uptake capacity of
enterocytes.

Results

Cell surface LRP/LR levels on human and animal
enterocytes

In view of the fact that LRP/LR has been identified
as a receptor for PrP°'® and PrP%,* respectively, we
examined whether the cell surface level of the
receptor potentially correlates with the PrP uptake
capacity of enterocytes. Cell surface LRP/LR levels
of five different enterocyte species have been
determined by fluorescence-activated cell scanning
(FACS) analysis (Fig. 1). A high LRP/LR level has
been observed on cervid (66.34%; Fig. 1a), human
(72.01%; Fig. 1b), and bovine (40.78%; Fig. 1d)
enterocytes, respectively, in comparison to relatively
low LRP/LR levels on porcine (16.05%; Fig. 1c) and
ovine (3.69%; Fig. 1e) enterocytes (Table 1).

PrP®YP colocalizes with LRP/LR on human
enterocytes

To investigate whether CWD prions might bind
via LRP/LR, we cultured human enterocytes (Caco-
2/TC7) in the absence or in the presence of CWD-
infected brain homogenates and stained them for
LRP/LR (polyclonal antibody W3) and PrP<"P
(anti-PrP antibody 8GS8), respectively. Immunofluo-
rescence microscopy, followed by two-dimensional
(2D) cytofluorogram analysis (Fig. 2, histograms,
bottom), revealed that CWD brain-derived PrP
colocalizes with LRP/LR on the cell surface of
Caco-2/TC7 cells (Fig. 2e-g). PrP“"'P colocalized
with LRP/LR on cervid enterocytes (Fig. 2a—c). In
contrast, no colocalization of LRP/LR and PrP“"P
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Fig. 1. Detection of cell surface LRP/LR levels on human and animal enterocytes by FACS analysis. (a) Cervid (DWM-R),
(b) human (Caco-2/TC?), (c) porcine (IPEC-J2), (d) bovine (FBJ), and (e) ovine (DOMI-1) enterocytes were analyzed for
LRP/LR surface level. LRP/LR levels were detected using the anti-LRP/LR antibody scFv S18 (blue curve). Anti-C9 scFv
antibody was employed as negative control (green curve). Twenty thousand cells were counted per experiment. One of

five representative graphs is shown for each cell line.

(Fig. 2i-k) on porcine enterocytes was observed.
Similarly, both bovine and ovine enterocytes failed
to display surface colocalization of PrP-"VP with
LRP/LR (Fig. 2m-o and g-s). In order to exclude the
possibility that the PrP fluorescence signal resulted
from any unspecific antibody recognition, we
stained cells with the 8G8 antibody in the absence
of brain homogenates (Fig. 2d, h, 1, p, t; Table 1).

Both ovine PrPS¢ and PrPBSE colocalize with
LRP/LR on human and bovine enterocytes

Human (Caco-2/TC7), cervid (DWM-R), bovine
(FBJ), porcine (IPEC-J2), and ovine (DOMI-1) enter-
ocytes were cultured in the presence of brain
homogenates from ovine-scrapie-infected animals
(ovine PrP%). Staining of LRP/LR (by anti-LRP/LR
W3) and ovine PrPS* (by 8G8), respectively, revealed
colocalization of PrP* with LRP/LR on the cell
surface of Caco-2/TC7 cells (Fig. 3e-g, 2D cyto-
fluorogram analysis, bottom). Furthermore, ovine
PrP* colocalizes with LRP/LR on bovine entero-

cytes (Fig. 3m-o0). In contrast, ovine PrP* (Fig. 3a—)
did not colocalize with LRP/LR on cervid enter-
ocytes. According to 2D cytofluorography, sheep
PrP* failed to colocalize with LRP/LR on porcine
enterocytes (Fig. 3i-k). Moreover, intraspecies bind-
ing analysis revealed that ovine PrP5 demonstrates
merely an “in-part” colocalization with LRP/LR on
ovine enterocytes (DOMI-1) (Fig. 3q—s; Table 1).
Human, cervid, bovine, ovine, and porcine
enterocytes, respectively, were incubated with
BSE-infected brain homogenate (PrP®5E) and
stained with antibodies W3 and 8GS8, respectively,
for LRP/LR and PrP®%E. Immunofluorescence stud-
ies, followed by 2D cytofluorogram analysis,
revealed colocalization of LRP/LR and PrPBSE on
Caco-2/TC7 cells (Fig. 4e-g). PrP"F colocalized
with the laminin receptor on the cell surface of
bovine enterocytes (Fig. 4m-o). In contrast, accord-
ing to 2D cytofluorogram analysis, no colocalization
of PrPBSE and LRP/LR on cervid and ovine
enterocytes (Fig. 4a—c and g-s, respectively) was
detected. PrPBSE, however, colocalized in part with

Table 1. Colocalization of infectious PrPs of different species with LRP/LR on the cell surface of human and animal

enterocytes

Cervid (DWM-R) Human (Caco-2/TC7) Porcine (IPEC-J2)  Bovine (FB])  Ovine (DOMI-1)
PrpeWP + - - -
Ovine PrP* - - + In part
PrPBSE - In part + -
Cell surface LRP/LR levels (%) 66.34 72.01 16.05 40.78 3.69
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Fig. 2. Binding and colocalization of PrP“"® with LRP/LR on human and cervid enterocytes. The 37-kDa/67-kDa
LRP/LR was detected with the anti-LRP/LR antibody W3 on (a) cerv1d (DWM-R), (e) human (Caco-2/TC?7), (i) porcine

(IPEC-]2), (m) bovine (FBJ), and (q) ovine (DOMI-1) enterocytes Prp<W

P was detected with the anti-PrP antibody 8G8 on

(b) cervid, (f) human, (j) porcine, (n) bovine, and (r) ovine enterocytes. Merging of both stainings is shown on (c) cervid, (g)
human, (k) porcine, (o) bovine, and (s) ovine enterocytes, respectively. Two-dimensional cytofluorograms showing the
joint distribution of green and red and the area of colocalization representing the intersection line are plotted for each
double-stained image (2D cytofluorogram, lower panels). For control (d, h, 1, p, t), PrP staining was carried out by
incubating cells with 8G8 in the absence of brain homogenates. All cells were incubated with a total concentration of 50 pug

of protein from corresponding homogenates.

LRP/LR on porcine enterocytes Fig. 4i- k; Table 1).
We want to highlight that PrP** and ovine PrP>
colocalize with LRP/LR on human enterocytes to a
similar extent (compare Figs. 3 and 4).

Discussion

We established a cell culture model, including
enterocytes from different species with heteroge-
neous morphology, to study the intestinal patho-
physiology of alimentary prion infections by
determining the prion uptake capacity of entero-
cytes. The laminin receptor plays an important role
in prion propagation and presents a target for
therapeutic approaches (for review, see Refs. 24-27
and 29). Brain homogenates originating from ani-
mals suffering from prion diseases were applied to
human and animal enterocytes, respectively, and
LRP/LR-dependent PrP binding was analyzed by

immunofluorescence microscopy. Enterocytes rep-
resent the model of choice, as this cell type has been
demonstrated to bind and internalize BSE prions via
the 37-kDa/67-kDa LRP/LR."*

Colocalization of BSE prions with LRP/LR on
Caco-2/TC7 cells confirmed that endocytosis of
bovine prlons by Caco-2/TC7 cells is LRP/LR
dependent,* providing evidence for the important
role of enterocytes, in conjunction with LRP/LR, in
the oral transmission of BSE to humans. The lack of
colocalization of BSE prions with LRP/LR on cervid
enterocytes possibly suggests that BSE might not be
transmissible to cervids. We could not detect a
colocalization of BSE prions with LRP/LR on ovine
enterocytes, which might suggest that BSE may not
be orally transmitted to sheep. However, some
reports 1nd1cate an oral transmission of BSE to
sheep,’®*? which might be dependent on the
genotype of the recipient.”> LRP/LR only exhibited
an “in-part” colocalization with PrP®>* on porcine
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Fig. 3. Binding and colocalization of ovine PrP> with LRP/LR on human and bovine enterocytes. The 37-kDa/67-kDa
LRP/LR was detected on (a) cervid (DWM-R), (e) human (Caco-2/TC?), (i) porcine (IPEC-]2), (m) bovine (FBJ), and (q)
ovine (DOMI-1) enterocytes by the anti-LRP/LR antibody W3. Ovine PrP* was detected by the anti-PrP antibody 8G8 on
(b) cervid, (f) human, (j) porcine, (n) bovine, and (r) ovine enterocytes. Merging of corresponding micrographs is shown
for (c) cervid, (g) human, (k) porcine, (0) bovine, and (s) ovine enterocytes. Two-dimensional cytofluorograms showing
joint distribution and colocalization are plotted (lower panels). All cells were incubated with a total concentration of 50 pg
of protein. For control (d, h, I, p, t), cells were stained with 8G8 in the absence of infected brain homogenates.

enterocytes, thereby providing a potential explana-
tion for the failure to induce porcine infection with
BSE by the oral route.’

The fact that both PrP“"P and ovine PrP%°
colocalize with LRP/LR on human enterocytes
possibly suggests that PrP“"P and ovine PrP*
may be orally transmitted to humans, potentially
giving rise to new zoonotic diseases. In contrast,
PrPCWP failed to colocalize with LRP/LR on bovine,
ovine, and porcine enterocytes, suggesting that
PrPCWP may not be transmissible to sheep, cattle,
or pigs via the oral route.

Sheep scrapie prions colocalize with LRP/LR on
bovine enterocytes, supporting the sheep origin
hypothesis stating that BSE originated from the
oral consumption, by vegetarian sheep, of meat and
bone meal from cattle suffering from BSE.” The
failure of colocalization between ovine PrP* and
LRP/LR on cervid and porcine enterocytes may
suggest that sheep scrapie might not be orally
transmissible to elk, deer, and pigs. It has been
demonstrated very recently that prions are secreted

into the oral cavity of scrapie-infected sheep.** This
finding suggests a possible oral intraspecies/inter-
species transmissibility of prions (for comment, see
Da Costa Dias and Weiss®). In light of our findings
(Table 1), we cannot exclude an oral transmission of
ovine PrP* to humans and cattle; transmission to
the former may possibly result in another zoonotic
disease, whereas transmission to the latter confirms
the sheep origin hypothesis for the development of
BSE.® It must be emphasized, however, that our
model system investigates colocalization of the
prion receptor LRP/LR with different prion species,
which does not necessarily allow for conclusions on
the oral transmissibility of prion disorders but rather
allows for inferences with regard to the intestinal
pathophysiology of prion diseases.

Observed differences in the colocalization of
prions to LRP/LR on the surface of species-specific
enterocytes might be due to the individual strain of
prion employed.

FACS analyses revealed that 72.01% of human
enterocytes, 66.34% of cervid enterocytes, 40.78% of
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Fig. 4. Binding and colocalization of BSE prions with LRP/LR on human and bovine enterocytes. (a-d) Cervid (DWM-R),
(e-h) human (Caco-2/TC?7), (i-1) porcine (IPEC-]2), (m—p) bovine (FBJ), and (q-t) ovine (DOMI-1) enterocytes were incubated
with BSE-infected brain homogenate (total protein concentration, 50 pug). LRP/LR was detected with the anti-LRP/LR-
specific antibody W3 (a, e, i, m, q), and BSE PrPs were detected with the antibody 8G8 (b, f, j, n, r). Merging of corresponding
micrographs is shown for (c) cervid, (g) human, (k) porcine, (o) bovine, and (s) ovine enterocytes. Two-dimensional
cytofluorograms displaying the area of colocalization of the laminin receptor and BSE prions on the cell surface are plotted.
For control (d, h, 1, p, t), cells were stained with 8G8 in the absence of infected brain homogenates.

bovine enterocytes, 16.05% of porcine enterocytes,
and 3.69% of ovine enterocytes, respectively, express
LRP/LR on the cell surface (Fig. 1; Table 1). Since no
convincing colocalization of PrP"P | ovine PrP%,
and PrPBSE with LRP/LR has been observed on
porcine and ovine enterocytes (revealing low LRP/
LR levels of 16.05% and 3.69%, respectively), we
speculate that a minimum level of LRP/LR on
enterocytes might be required for an efficient prion
infection by the oral route.

We cannot exclude the possibility that prions
might use alternative infection pathways, besides
the LRP/LR-mediated PrP internalization process,
to enter enterocytes such as M-cells,*® which might
also mediate prion uptake, further leading to prion
propagation in gut-associated lymphoid tissues.””
As recently demonstrated, BSE prions bind to and
become internalized by human enterocytes in an
LRP/LR-dependent manner.'* As shown in this
work, CWD and sheep scrapie prions also bind to
human enterocytes via LRP/LR. The importance of

the laminin receptor as a target for therapeutic
approaches?2233839 has already been demonstrated.
From our colocalization studies and the finding
that the anti-LRP/LR antibody W3 prevented the
binding of BSE prions to enterocytes,'* we
conclude that the laminin receptor LRP/LR may
play a vital role in the oral transmission of prion
diseases.

Our data recommend the enterocyte model system
for further studies investigating the intestinal path-
ophysiology of other alimentary prion infections.

Materials and Methods

Isolation of primary ovine enterocytes

A female Leine sheep (>18 months) was euthanized by
intravenous injection of T61® and Narcoren®. A segment
of the duodenum distal to the pylorus was taken and
rinsed with Krebs-Ringer buffer to remove food particles.



Prion—-LRP/LR Interactions on Enterocytes

299

Duodenal segments were digested in phosphate-buffered
saline (PBS) containing 0.8 U/ml collagenase, 0.8 U/ml
dispase, and 5 mM CaCl, for 30 min at 37 °C. The mucosa
was scrapped off carefully from the underlying muscula-
ture and digested additionally for 10 min at 37 °C with
0.8 U/ml dispase and 5 mM CaCl,. Mucosal enterocytes
were separated from other cells by sequential filtration
through a 1000-um sieve and a 300-um sieve. The filtrate
was centrifuged at 200g for 5 min and washed in PBS with
100 U/ml penicillin/100 pg/ml streptomycin. The pellet
was resuspended in Medium 199 with Earle’s salts, 2 mM
L-glutamine, 25 mM Hepes, 15% fetal calf serum (FCS),
and 50 pg/ml gentamicin (Gibco Invitrogen). Cell yield
and viability were determined by 0.4% trypan blue. About
4x10° to 6x10° cells/cm? were seeded on 6-cm Petri
dishes in Medium 199.

Tissue culture of enterocytes

Caco-2/TC7 cells (human enterocytes; provided by M.
Rousset) were grown in Dulbecco’s modified Eagle’s
medium (DMEM), 4500 mg/1 D-glucose, 2 mM Glutamax,
20% FCS, 1% penicillin/streptomycin (P/S), and 1%
nonessential amino acids (NEAA; Gibco Invitrogen). FBJ
cells (bovine enterocytes; provided by R. Riebe) were
maintained in DMEM/minimum essential medium with
Hank’s salts (1:1), 1000 mg/1 p-glucose, 2 mM Glutamax,
10% FCS, 1% P/S, 1% NEAA (Gibco Invitrogen), and
500 mg/l1 NaHCO;. DWM-R cells (cervid enterocytes;
provided by R. Riebe) were cultured in Iscove’s modified
Dulbecco’s medium/F12 Nutrient Mix (1:1), 2 mM Gluta-
max, and 10% FCS (Gibco Invitrogen). IPEC-]2 cells (porcine
enterocytes) were cultured in DMEM/F12 Nutrient Mix
(1:1), 1000 mg/1 b-glucose, 2 mM Glutamax, 5% FCS, 1% P/
S, 1% NEAA, 0.1% insulin—transferrin-selenium, and 5 ng/
ml epidermal growth factor (Gibco Invitrogen). After 2 days
of growth in Medium 199, adult enterocytes were cultured
in Iscove’s modified Dulbecco’s medium /F12 Nutrient Mix
(1:1), 2 mM Glutamax, and 10% FCS (Gibco Invitrogen). All
cell types were grown at 37 °C with 5% CO,.

Brain homogenate preparation

Brains samples from infected cattle (BSE), white-tailed
deer (CWD), and sheep (scrapie) were homogenized to
20% (wt/vol) in PBS at 4 °C.

Fluorescence-activated cell scanning

Cultured cells were detached with 1 mM PBS/ethyle-
nediaminetetraacetic acid, centrifuged at 1200 rpm at 4 °C,
and fixed in 4% paraformaldehyde (4 °C). The cell surface
LRP/LR levels of each cell type were stained by the single-
chain anti-LRP/LR antibody scFv 518.22 scFv (9, an
antibody against hepatitis B surface protein, was used as
negative control. Primary antibodies were diluted 1:50 in
FACS buffer (0.01% sodium azide, 20 mM ethylenedia-
minetetraacetic acid, and 2% FCS in 1x PBS) and incubated
for 1 h at 4 °C. After three washing steps, the cells were
incubated with the secondary antibody c-myc FITC (1:50;
Santa Cruz Biotechnology) and resuspended in FACS
buffer for analysis.

Immunofluorescence microscopy

Cells were fixed with 4% paraformaldehyde and
permeabilized with 0.3% Triton X-100. The primary
antibody (8G8) and the secondary antibodies [Alexa
Fluor® 488 goat anti-mouse IgG (H+L) and Alexa Fluor®
633 goat anti-rabbit IgG (H+L); Molecular Probes and
Invitrogen] were diluted in PBS/0.3% Triton X-100. Cells
were incubated overnight at 4 °C with primary antibodies
(1:150), followed by incubation with secondary antibodies
(1:300). Immunofluorescence backgrounds were estimated
by the signal obtained in cells incubated with noninfec-
tious brain homogenates or by fluorescence of infected
cells when secondary antibodies were applied alone.
Examination was performed by confocal fluorescence
microscopy (Zeiss LSM 510).
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6. Discussion

Since the first report on the AP peptide was published in 1984 [32], the molecular
mechanisms underlying the aetiology of Alzheimer’s Disease have become the focal point of
countless research efforts globally. The mounting body of work has elucidated much on not
only the genetic and environmental factors underlying this devastating disease, but also on
the numerous mechanisms by which neurodegeneration is elicited and the molecular

components thereof.

The symptomatic progressive memory loss and cognitive dysfunction of AD result from the
neurotoxicity brought about by a complex interplay of proteins within the neuronal tissue.
Processes leading to the onset of AD are thought to begin many years before the first
symptoms are observed. This is due to the accumulation of neurotoxic events and loss of
synapses as well as neuronal injury. All of these features are attributed to the accrual and
aggregation of the 4 kDa amyloid beta peptide and the subsequent cellular changes which
result in the hyperphosphorylation of the tau protein, leading to the formation of

neurofibrillary tangles.

AR is produced through the proteolytic processing of APP by the (- and y-secretases at
various cellular locations; after which A is shed or transported into the extracellular space
whereby it aggregates to form dimers, oligomers (the most neurotoxic form of Af3), fibrils
and eventually plaques which are deposited onto the neuronal tissue. The processes leading to
the production of AP are thus of great importance as the understanding of these molecular
mechanisms could give insights into how they can be targeted for future therapeutic
strategies. Thus an ever-growing number of proteins have been revealed to somehow affect
cither the production or mediation of neurotoxicity caused by the AP peptide. One such
protein of great importance to AD pathology is the cellular prion protein (PrP®). A direct
interaction exists between this protein and the B-secretase. PrP¢ has been shown to regulate
APP processing through this interaction[122,123]. Recent findings also suggest that PrP° is
required for AR induced neurotoxicity as well as synaptic and neuronal injury. Thus, PrP® is

of importance in the processes central to AD pathology.
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For this reason, an investigation was undertaken to further examine whether the cellular
receptor for PrP°, namely the 37kDa/67kDa laminin receptor (LRP/LR), might also be
implicated in AD etiopathenogenesis. LRP/LR is the cellular receptor for not only cellular
prion proteins [93], but infectious variants (PrP%°) too[141], thus many therapeutic strategies
have been developed targeting LRP/LR for the treatment of prion disorders. The current
antibody of choice for targeting LRP/LR is IgG1-iS18 which has been shown to impede

adhesion and invasion in numerous neoplastic cell lines [143,144,145].

The following discussion is based on the work published in the 2 research articles composed
of the results obtained from this PhD. In order to investigate the possibility of a role for
LRP/LR in AD, the anti-LRP/LR antibody IgG1-iS18 was used to effectively block the
receptor and thus limit its functionality by hindering interactions that it may form with its
ligands and interaction partners. On this premise, HEK293 (human embryonic kidney) and
SH-SYS5Y (human neuroblastoma) cells were treated with 50pg/ml of IgG1-iS18, IgGl-
HD37 (control antibody directed against CD19) [143] or no antibody for 18 hours. A3
shedding was then quantified by conducting an AP specific solid phase ELISA for the
determination of A3 concentration within the cell culture medium. Any disparity between the
AP levels detected in the samples treated with IgG1-iS18 compared to the controls could thus
be attributed to the impedance of LRP/LR activity upon IgG1-iS18 addition. A significant
reduction of (on average) 14pg/ml (£47%) in AP concentration was observed in HEK293
cells treated with IgG1-iS18 compared to the controls. A similar effect was observed in the
SH-SYSY cells whereby a reduction of approximately 60pg/ml (x 29%) was noted.
Furthermore, upon applying increasing concentrations of IgG1-iS18, a dose-dependent
reduction in A3 levels was observed correlating to increasing IgG1-iS18 concentration. These
findings showed that blockage of LRP/LR with IgG1-iS18 significantly obstructed the
amyloidogenic processing of APP so as to result in a significantly lowered amount of A3

being produced. These findings thus suggest a putative role for LRP/LR in AD.

An attempt was made to further understand the mode of action by which LRP/LR exerted its
effects on the amyloidogenic pathway. Firstly, cell surface expression levels of APP, 3- and —
y-secretase on HEK293 cells were determined post IgG1-iS18 and IgG1-HD37 treatment. As
no significant differences were detected in protein expression when compared to the no

antibody control samples, it was concluded that the mode of action of LRP/LR in AD was not
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that of gene-expression modulation of the proteins necessary for AP production. Furthermore,
sAPP( levels were detected after SH-SHYSY cells had been treated with varying
concentrations of IgG1-iS18. The reason for this is that SAPP[ is the product of the initial
cleavage in the amyloidogenic pathway, performed by the [(B-secretase. Thus sAPPJ can be
used as an indicator of [B-secretase activity. Immunoblot analysis revealed that sSAPPf3 levels
were reduced in a dose dependent manner corresponding to the concentration of IgG1-iS18
added. This shows that blockage of LRP/LR results in a significant inhibition of [-secretase
activity, which would suggest that LRP/LR either interacts with [-secretase (directly or

indirectly) or has the ability to influence its functionality by some other mechanism.

Immunofluorescence and confocal microscopy was employed to verify the possible of
interactions between LRP/LR and the AD proteins APP, [3- and y-secretase and FLAGLI co-
immunoprecipitation assays were used to verify the validity of these possible interactions. A
high degree of co-localisation was revealed between APP and LRP/LR when
immunofluorescence microscopy was performed on non-permeabilised HEK293 cells. This
co-localisation was maintained when confocal microscopy was performed on HEK293 cells
co-expressing APP-GFP and LRP-dsRed. Z-stack analysis (confocal microscopy which scans
though of the sample along the z-axis, take numerous sections through the cells) allows for
the study of intracellular co-localisation within various cellular locations. This showed that
the co-localisation between LRP-dsRed and APP-GFP was not only limited to the cell surface
but occurred also to a great extent within cytoplasmic regions. Analysis tools such as 2D-
cytofluorograms and line profiles were used to validate the degree of co-localisation. Super
resolution structured illumination microscopy (SR-SIM) is an advanced form of confocal
microscopy allowing for a higher resolution (80nm) between two points (confocal laser
scanning microscopy has a 200nm resolution limit). This technique was used to give further
insight into the proximity between the proteins of interest. At this resolution, the degree of
co-localisation between APP-GFP and LRP-dsRed was greatly diminished in comparison to
the co-localisation observed with confocal microscopy. Co-localisation was maintained in
certain cellular regions, most notably on the cell surface, and within certain cytoplasmic
regions. This is expected as LRP/LR and APP are both known to be found in lipid raft
microdomains on the plasma membrane [149,150]. Furthermore, APP is internalised into
endosomes via either clathrin or raft-mediated endocytosis [63], while LRP/LR has also been

detected in endosomes after the internalisation of PrP° [136]. APP processing has also been

33



studied in the trans-golgi-network (TGN) and golgi apparatus. This suggests that the sites for
the co-localisation that remains between APP and LRP/LR are likely to be the lipid raft
regions of the plasma membrane and within the endosomes. This is in line with the finding
that LRP/LR plays a role in the amyloidogenic processing of APP, as it co-localises with APP

in the subcellular locations where it is known that APP proteolytic processing occurs.

The co-localisation between LRP/LR and [-secretase showed similar results when
immunofluorescence microscopy was employed as a high degree of cell surface staining was
observed. Furthermore confocal microscopy and z-stack analysis confirmed that co-
localisation was also highly prevalent within the cytoplasmic regions of the cells. However,
when SR-SIM analysis was performed between BACE1-GFP and LRP-dsRed, co-localisation
was completely lacking. This suggests that the proximity between these 2 proteins is greater
than 80nm — a distance not likely to warrant any direct protein interactions; however, it does
not exclude the possibility of an indirect interaction mediated by another molecule. [3-
secretase is located in lipid raft regions of the cell membrane whereby it is internalised into
carly endosomes via Arf6 [106]. B-secretase cleavage of various APP isoforms has been
observed in the TGN, golgi apparatus and in the secretory pathway[123,151]. Thus the co-
localisation observed between [(-secretase and LRP-dsRed, which appears to be strongest
within cytoplasmic regions, could be as a result of the two proteins co-localising within either

one or more of the abovementioned cellular organelles.

Studies into the co-localisation between Yy-secretase and LRP/LR focused on the PS1 subunit
of the y-secretase complex as it is the catalytic subunit responsible for the proteolytic
processing of APP and release of the AP peptide. All four sub-units of the y-secretase are
required for full activity of the complex, and the correct assembly of this complex is a highly
regulated process [87]. Many quality controls are in place, often leading to recycling of the
subunits in different subcellular locations until they are correctly assembled into functional y-
secretase complexes [152]. This accounts for the ‘spatial paradox’ which has been described
for the disparity between the co-localisation of PS1 and its substrate APP [153,154]. The
majority of PS1 is localised in the endoplasmic reticulum (ER), intermediate compartment,
and cis-Golgi (the early biosynthetic compartments); however it is found to be active in post-
Golgi locations, including lipid raft regions of the plasma membrane and endosomal

membrane [89,155,156,157,158]. Co-localisation between LRP/LR was initially found on the
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cell surface of HEK293 cells by immunofluorescence microscopy and later confirmed using
confocal microscopy which revealed a high degree of intracellular co-localisation between
PS1-GFP and LRP-dsRed. Co-localisation was still maintained when SR-SIM was employed,
revealing strong localisation within cytoplasmic regions of the cell and the plasma
membrane. The cytoplasmic co-localisation between these two proteins was seen to a greater
extent than what had been observed for the samples expressing LRP-dsRed with either APP-
GFP or BACE1-GFP. This suggested that the likelihood of an interaction between LRP/LR
and the PS1 sub-unit of the y-secretase was greater than with the remaining AD proteins, APP

and [3-secretase.

While co-localisation studies provide a good indication for whether interactions between two
proteins are plausible, they do not necessarily imply that an interaction does exist as it merely
reveals the proximity between the proteins within their cellular environment. Thus in order to
overcome this, two methodologies which confirm protein-protein interactions were
employed. The first was Forster Resonance Energy Transfer (FRET), whereby if two
fluorescent proteins are within a proximity of 1 — 10nm, energy can be transferred from the
donor fluorescent protein to the acceptor. This causes the acceptor to emit light without being
directly stimulated [159]. APP-GFP, BACE1-GFP and PS1-GFP were used as donor proteins
due to their GFP tags, while the dsRed tag of LRP-dsRed was the acceptor. No energy
transfer was detected between APP-GFP and LRP-dsRed suggesting that these 2 proteins are
not within 10nm of each other. This finding greatly diminished the likelihood of an
interaction between APP and LRP/LR, and upon testing for co-immunoprecipitation between
LRP::FLAG and APPwt, no interaction was found between these proteins showing that APP

failed to co-immunoprecipitate with LRP/LR.

No FRET was observed between BACE1-GFP and LRP-dsRed, denoting that these proteins
were found at a distance greater than 10nm from each other. This is in line with the SR-SIM
findings, since no co-localisation was detected at 80nm, it is unlikely that FRET would be
detected due to the distance between the proteins. However, co-immunoprecipitation analysis,
revealed that BACE1-GFP does co-immunoprecipitate with LRP::FLAG. This finding
suggests that an interaction does take place between [-secretase and LRP/LR, a finding
which may appear to be contradictory to the FRET data. It is easily explained upon analysis

of the methodology used. A FLAGL co-immunoprecipitation assay utilises whole cell
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lysates, thus any interactions that are detected may be indirect interactions facilitated by the
presence of another protein/molecule in the cell lysates. Upon examination of the literature,
there are a few options that could apply. PrP® has been reported to interact directly with the
prodomian of Golgi-localised [B-secretase, and furthermore affects its activity and localisation
[122,123]. B-secretase has also been found to interact with heparin sulphate proteoglycans
(HSPGs), which also regulate [3-secretase activity and reduce the shedding of A thus making
them important molecules for therapeutic research [160,161,162]. Interaction domains have
been located on LRP/LR for not only PrP, but also for HSPGs, which are involved in LRP/LR
dependent internalisation of PrP [134]. Thus, it is likely that either HSPG or PrP° could be
responsible for the indirect interaction observed between LRP/LR and [3-secretase. This
would also provide an explanation for the effects observed on both Af3 and sAPP[ shedding
upon IgG1-i1S18 blockage of LRP/LR, as it is possible that this could have disrupted in the

internalisation of HSPG and PrP° or their interactions with B-secretase.

A transfer of energy was observed between PS1-GFP and LRP-dsRed upon FRET analysis.
This finding not only suggests that an interaction exists between LRP/LR and PS1 of the y-
secretase, but also reveal the cellular regions where energy FRET occurred (i.e. the location
of the interaction). Signals were clearly observed on the plasma membrane of the cells, and in
cytoplasmic regions. The FRET signals also revealed novel co-localisation in the perinuclear
region of the cell. LRP/LR is known to occur in this subcellular location [163] and as
mentioned, the majority of PS1 is localised to the early biosynthetic compartments which are
known to exist in close proximity to the nucleus, i.e. perinuclear regions. Since FRET was
detected between PS1-GFP and LRP-dsRed, these proteins must be within 1 — 10nm of each
other. This proximity strongly suggests that a direct protein-protein interaction does occur
between PS1 and LRP/LR. Co-immunoprecipitation was confirmed between LRP::FLAG and
PS1, suggesting that an interaction between LRP/LR and the PS1 subunit of the y-secretase
does exist, and due to the proximity of the two proteins within the cellular milieu, it is highly
likely that this interaction is a direct one. The blockage of LRP/LR with IgG1-iS18 may have
impeded the shedding of Af3 by disrupting the interaction between LRP/LR and PSI1. The
mode of action by which IgG1-iS18 results in reduced AP shedding could also be a

combination of hindering the interactions seen between LRP/LR and both [3- and y-secretase.
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While this project has elucidated a novel role for LRP/LR in Alzheimer’s disease, the exact
underlying mechanism remains to be elucidated. It is evident that I[gG1-1S18 clearly impeded
the production of A3, suggesting that LRP/LR is involved in the amyloidogenic processing of
APP. Examination of the binding sites on LRP/LR reveals that IgGs bind between aa 272 —
280 of LRP/LR. Due to the large size of IgG antibodies (£150 kDa) and the high affinity
binding between LRP/LR and IgG1-iS18, the binding of PrP® and HSPGs to LRP/LR could
be prevented due to steric hindrance. Alternatively, the binding of IgG1-iS18 may induce
allosteric hindrance of the interactions between PrP® and HSPGs and their receptor LRP/LR
due to conformational changes induced by the binding of the antibody. This would effectively
inhibit the interactions between LRP/LR and its ligands, possibly by prohibiting the
functionality of LRP/LR with regard to the role it plays in the internalisation and binding of
its interaction partners. Internalisation of PrP® could be encumbered in either of these ways,
effectively preventing the interaction between [-secretase and PrP°. The same could be
applied to HSPG as the binding site on LRP/LR is between aa205 — 229, which is closer to
the antibody binding site. Disrupting the LRP/LR — HSPG interaction could possibly
indirectly alter the B-secretase — HSPG interaction, resulting in altered APP cleavage. If the
integrity of PrP° and HSPGs interactions with B-secretase were affected upon LRP/LR
incubation with IgG1-iS18, it would present an explanation for the reductions seen in SAPP[3
levels. Since AP is released from the C99 B-CTF by y-secretase cleavage, it is most likely a
(steric or allosteric) disruption in the direct interaction between LRP/LR and the y-secretase

that resulted in the reduced AP levels upon IgG1-iS18 incubation.

Elucidation of the exact mechanisms underlying all these observations could be of great
benefit to AD research. The potential to reduce A3 shedding via LRP/LR blockade presents a
novel potential therapeutic option for the treatment of this devastating disease. Many of
prominent clinical trials for AD, such as the antibody bapineuzumab (directed against the free
N-terminus of AP)[164] or the V-secretase inhibitors (R)-flurbiprofen[165] and
semagacestat[ 166] have all proven unsuccessful in the past due to harmful off-target affects.
Currently an antibody directed against the mid-regions of AP, solanezumab, is showing
benefits in decreasing the rate of cognitive decline in mild AD patients, with minimal side
effects [167], however no improvements are seen in moderate cases of AD. To date, clinical
trials have highlighted many issues that need to be addressed for future therapeutic strategies,

and have also shown the importance of antibodies in disease treatment. IgG1-iS18 should
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thus be examined further in terms of its therapeutic potential. Firstly, animal trials would need
to be conducted to examine whether the decline in AP levels upon IgG1-iS18 treatment
correlates to improvements in cognitive ability, while having minimal off target effects.
Furthermore, if animal trials prove to be successful, clinical trials will have to be performed

to validate the efficacy of this treatment option in human patients.

Thus in conclusion, LRP/LR is involved in AP shedding as blockage of this cellular receptor
with the humanised IgG1-iS18 antibody resulted in a reduced production of not only Af3, but
of the cleavage product of [3-secretase, sAPP[3, as well. Interactions have been established
between LRP/LR and the secretases responsible for the proteolytic processing of APP. An
indirect interaction was found between LRP/LR and the [-secretase, while the interaction
between Y-secretase and LRP/LR was confirmed to be a direct one. These findings taken
together present LRP/LR as a novel target for AD treatment strategies, and furthermore
highlight the possibility of using the anti-LRP/LR specific antibody IgG1-iS18 as a potential

therapeutic for the treatment of Alzheimer’s disease.
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