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Thesis Summary

Recent genetic evidence has identified theEphAlgeneas asusceptibility locus in

O0al 1l bOIl U yith aif@dd beFudricing identifying a nonsynonymous variant (P 469L)
within intron 1 (Vardarajan et al., 2QL5). EphAlencodesthe type-I transmembrane protein
EphAl, a member of the Eph family of receptor tyrosine kinases. Eph receptors and their
surface associated ligands, ephrins play a role in immunity and inflammation, with
inflammatory mechanisms a central component of AD neuropathology . This study aimed to
characterise the WT EphAl molecule as a means to understand the pathological potential of

P+ EphAL.

WT EphA1l was shown to be proteolytically processed at the ectodomain following ligand
engagement,resulting in C -terminal internalisation and degradation , which is not mediated
Eaw, , / Usediethsewmctivity. However, a degree of constitutive proteolysis was apparent
which may be partially mediated by MMPs. WT EphAl C-terminal fragments may be trans-
endocytosed within endosomes. Comparatively, N-terminal expression of EphAl P49 is
reduced in comparison to WT in the absence of ligand, which is increased with the addition
of ephrinA 1-Fc. MMP inhibition was shown to partially prevent the degradation of
potentially trans-endocytosed N-terminal fragments . EphAl P49 ligand -induced

degradation of C-terminal Ul UOD OE Qwi U E Is€aietésd tiepebdanu O O U ww

Expedited proteolysis of P49 EphA1l could result in an increase in the amount of circulating
ECD in the bloodstream as EphAl is expressed on leucocytes. Using a microfluidic assay, it
was determined that soluble EphAl is capable of priming a brain endothelial cell line
(hCMEC/D3s) for Molt 3 T cell recruitment, potentially offering a n AD patho mechanism.
This thesis provides an insight to the regulatory mechanisms of WT EphA1l, which was
previously not eluci dated. Moreover, for the first time, it offers a potential pathomechanism

of the EphA1AD SNP, P9,
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Chapter One
Introduction
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comprised of hyperphosphorylated tau protein. Macrosc opically , AD manifests as cortical
atrophy resulting from myelin reduction, degeneration of axons and dendrites and
subsequent neuronal death (Sjoébeck et al., 2005)The aetiological basis of AD has not been
fully ascertained with several putative pathomechanisms. Early -onset AD (EOAD), which
accounts for approximately 5-6% of all AD cases(Zhu et al., 2015a) presents clinically before
the age d 65, has a direct autosomal dominant transmission, high polygenic risk , with the
x EUDI OU0 Uz wE Gdn Geiehoating Eapidiy(Wattmddnd Wallin, 2017). Late-onset
AD (LOAD) is the most common cause of dementia with age considered the biggest risk

factor (Sloane et al., 2002)There is a plethora of LOAD associated risk factors, including

epidemiological, genetic and environmental .
1.1.3Prevalence

Due to an increase in both population growth and life expectancy, the number of people
living globally with dementia has increased by 117% since 1990, estimated at approximately
43.8 million in 2016 (GBD 2016 Dementia Collaborators et al., 2019)Approximately 70% of
these dementia cases can be attributed to dementia due to AD. The number of individuals
living with AD in the UK stands at ~816,000costing the government approximately £26.3
billion per annum (Prince et al., 2014)Prevalencerates of AD increases exponentially with
age, with approximately 7% of people suffering from dementia at 65, rising to ~17% at the
age of 80(Qiu et al., 2009) Sex is another sociodemographic contributing factor, with
females more likely to develop AD when compared to their male counterparts (Prince et al.,

2014) Although, whether this is related to a longer life expectan cy in females is unclear.



1.1.4Clinical presentation and diagnoses

3T 1T we OUOEwW' 1 EOQUT w. UT EOPAEUDPOOw®6' . Awi EVWEIT I BOI Eu
capability of such severity as to interfere with the social or occupational functioning .
communication, language and learning, attention, memory, comprehension, motor
functioning and the ability to orient both spatially and temporally  (Guarino et al., 2018)
Emotional and social functioning is also impaired (Kipps et al., 2009)causing much distress
to both patients and their families. Initial manifestations of the disease (the pre-dementia
phase of AD) begins with episodic memory loss with the ability for patients to recall their
most recent memories and experiences impaired first (Forstl and Kurz, 1999; McKhann et al.,
2011) Executive functioning, such as problem solving, multitasking an d planning are also
considered to be impaired in the pre-dementia phase (e.g.Bondi et al., 2002) fundamentally
due to degeneration of the prefrontal cortex (Salat et al., 2001)Development to the dementia
phase involves deteriorating memory, with patients los ing the abilit y to recall their earliest
memories, with communication and orienting impairments also becom ing evident (Hodges

et al., 2006)

Definitiv e diagnosis of AD is confirmed at post mortem analyses of brain tissue,

nevertheless, revised clinical criteria building upon the National Institute of Neurological

EOQEw" OOOUOPEEUDPYI w#PDUOUET UUWEOEwW20UOO01I WESEwWUT 1 w
Disorders Association (NIN CDS-ADRDA; McKhann et al., 1984)supports diagnoses in

living patients. These revised guidelines, devised by the National Institute on Aging ¢

AOCA4AT 1 POl Uz Uw UBA ElRrEdiHR Oriedagor ifoth mild cognitive impairment

(MCI) and the various stages of dementia due to AD (Albert et al., 2011; McKhann & al.,

2011b; Sperling et al., 2011)The NIA-AA guidelines include tiers of probability, described as

?PxY0O0w #2 Ow?xUOEEEOI w #72 WEOEW?xOUUDPEOI w #2 wEOE w
outlined in Table 1.1 Recent advancements in noninvasive techniques, suchas ¢ WE OE wUOE U
positron emission tomography (PET), genotyping and an increasing understanding of

potential AD biomarkers (e.g.through cerebrospinal fluid (CSF) testing) can support current

clinical diagnostic tool s, allowing a more precise diagnosis. However, these are infrequently



used (Sabbagh et al., 2017)Future work mu st focus on including clinical criteria with

identified pathophysiology so that diagnoses can be made earlier and more precisely.

Table1.1# DET OOUUPEwWI UPEI OPOI Uwi OUw OaT itdewh Uz UWEBDUI E L
AgingtAlzheimeU z Uw U U.@Q@aptéd Bré@drO @ cKhann et al., 2011b)and (Sabbagh et al.,

2017)

Disease D efinition
state

Dementia Cognitive or behavioural symptoms interfering with ability to function at
core criteria | work or at usual activities, represent a decline from previous levels of
functioning, and not explained by delirium or major psychiatric disorder

The cognitive or behavioural impairment involves a minimum of two of the
following domains: impaired ability to acquire and remember new
information, impaired reasoning and handling of complex tasks, impaired
visuospatial abilities, impaired language funct ions, and changes in
personality or behaviour or comportment .

Probable Meets criteria for dementia, in addition to insidious gradual onset, history
O4a 1 1 b| of worsening cognition by report or observation, or initial and most
dementia prominent cognit ive deficits in either amnestic (impaired learning or recent

recall) or non-amnestic (language, visuospatial, or executive dysfunction).

Possible Above criteria with:
0al il b _ o o . o
dementia Atypical course (sudden onset, insufficient historical detail, or o bjective
progressive decline) or etiologically mixed presentation (meets all core
clinical criteria, but has evidence of cerebrovascular disease, features of
dementia with Lewy bodie s, or evidence of another neurologic or non-
neurologic disease or medication that could affect cognition) .
Proven Patient meets the clinical and cognitive criteria for AD dementia, and the
Oal | b| neuropathologic examination demonstrates the presence of the AD
dementia pathology .

1.1.5Non genetic risk and protective fact ors

As alluded to, there are a number of hon-genetic risk and protective factors for AD. These
non-genetic risk factors include cerebrovascular changes such as hamorrhagic infarction,
ischemic stroke and vasculopathies. An association has also been disovered between mid-
life incidence of hypertension and subsequent impaired cognitive functioning (Whitmer et
al., 2005) potentially due to the effect hypertension has on the integrity of the blood -brain

barrier (BBB) (Kalaria, 2010)which is an additional hallmark of AD. Type 2 diabetes (T2D) is

4



a well-documented non-genetic risk factor for AD, believed to almost double the risk of AD
(Leibson et al., 1997) Lifestyle choice such as alcohol intake,body weight (both low and
high) and smoking are both considered risk factors for AD. Protective non -genetic risk
factors on the other hand show that a diet high in antioxidants and polyunsaturated fatty
acids (PUFASs) reduce risk of AD. Moreover, high physical activity and intellectual activity

are also associated with reduced AD risk.
1.1.6Diagnostic neuropathology of AD

Whilst identification of clinical features associated with AD can aid in the diagnosis of AD,
definitive diagnosis can only be confirmed after the death of a patient with clinical
manifestations of the disease These confirmatory diagnostic lesions consist of the cardinal
pathologic features of AD, i.e. neuritic plaques and NFTs, as described in sectionl.1 (seeFig
1.1 for post-mortem analyses of the temporal cortex of a patient with confirmed AD
diagnosis, highlighting both neuritic plagues and NFT s). Diagnosis is also based on the
density and morphology of the lesions, as well as their topographic distribution (DeTure
and Dickson, 2019) Unfortunately, brain regions which are prone to AD patho logical
changes are also vulnerable to other dseases of the central nervous system (CNS) with
mixed pathology, along with co -morbidities, a common problem. This may highlight the

need to expand the diagnostic hallmarks in AD, with the help from clinical o bservations.

o

Figure 1.1 Neuropathological hallmarks in AD patients. Photomicrographs from the temporal
cortex of an AD patient (using a modified Bielschowski stain; a silver staining method used
to demonstrate neuritic plagues (black arrows) and NFT s (red arrows)). A) 40x magnification

B) 100x magnification. From; Fig 1 & 2 (Perl, 2010)



1.1.6.1Neuritic Plaques

The molecular composition of neuritic plaques consists primarily of A ¢ @ualipoprotein E

(ApoE; Yamaguchi et al., 1994 w-ahtichymotrypsin, sulphated glycosaminoglycans, and

complement factors (Vergaetal., 1989% w3 1T 1 w ¢ wxi x UPET wEOEwWDPUUWEOa OOF
been recognised as the pathological instigator of AD since the inception of the amyloid

cascade hypothesis (ACH) almost 30 years agqHardy and Higgins, 1992b), driving all other

pathological changes in AD. This hypot hesis remains pervasive in the area of AD research,

whilst undergoing numerous refinements as the understanding of AD pathogenesis grows.

3T T w owxl xUPET wbUwi OUOT EwUT UOUT T wUT 1T wUl @aU1 OUPEOU
(APP), a glycosylated integral type | transmembrane protein, expressed highly in the

synapses of neurons.The precise biological function of APP is unclear, which has provide d

one of the most vexing problems in the AD field . 7! UPIT OQwE OEARPGOT OQwl Y huhuk
processel via two alternative pathways, namely the nonamyloidgenic and amyloidgenic

pathways. Processing via the nonamyloidgenic pathway begins with Y-secretase cleavage

resulting in the release of SAPPY from the cell surface and a membrane tethered 83 amino

acid Y-C terminal fragment (" W+ % ¥ %A 83FwD U wWUUEU] gUI| SddrétaseyE Ol EY 1 E wl
liberating the P3 peptide (Kahle and De Strooper, 2003) These cleaved proteins are largely

considered benign in the pathology of AD and this signalling pathway has been identified a s

a potential therapeutic target in AD.

APP amyloidogenic processing begins with ¢-secretase (BACEL) cleavage at the Nerminus,

resulting in a 99 amino acid CTF (CO9% CTHEOE wUT 1 wUIl OI¢ETRisuOl wU [/ / ¢
subsequently internalised, undergoing addition al processing by trsecretase at various sites

through endopeptidase/carboxypeptidase cleavage resulting in products of 43-51 amino

acids. These fragments undergo final processing to become the main Ap isoforms, namely

Ad K Y waHKHQ@IssoN et al., 2014; Takami et al., 2009)ocalized to endocytic

compartments. Whilst A¢ KY wuPUwUT 1 wOOUUBMERUGEEOWa&bUOWHBDOOUDI E
aggregation prone and is thus, the main constituent of neuritic plaques. Studies suggest that

load (Duering et al., 2005; Kim et al., 2007; KumarSingh et al., 2006) Unfortunately, in trials

PT 1T Ul w ¢wEUUE] Owl EVwWET 1 OWUUEET UUI UOOGawUl EVUET EOQuwC



cognitive decline (Cummings et al., 2019) wsecretase cleavage of C99 also results in the

release of an APP intracellular domain (AICD) where, upon translocation to the n ucleus, is

capable of inducing differential gene expression of targets that result in a cell death signal,

such as glycogen synthase kinaset ¢ wp& @ KOwx k+ OwWE OE uMifievet &.U1 Uwt wEOE U
2008) A neurotoxic peptide, known as C31, is also produced following caspase cleavage of

C99(Lu etal., 2000p w# Ul wOOwWUT 1 wEPUExxOPOUDPOT wOUUEOOT woOi wi
Ul EUI UEUI OwOEOQa wPOwUT T wi DI OEwWwOOP wEMAEmd® El Uw # wlOu

disease.
APP
a-secretase B-secretase
sAPPa Cc83 sAPPB C99
y-secretase y-secretase
il 1 E= =
p3 AICD AB4os2 AICD
Nonamyloidogenic pathway Amyloidogenic pathway

Figure122 ET 1 OEUDPE wEI UE b Gidaddh tihe gequéntiabdedvage & ARP. APP is

processed via 2 alternative pathways, the nonamyloidogenic pathway (left) and the
ECAaOOPEOT I OPE wx E U regiva al4RP B indicadtéddnuwe! | Nbnamyfoidogenic

x UOET UUDPOT wEsedrened QIPOBYE wiYwpDUT DOwWUT TliGuw @ wUi Y udE@HWw
"Wt YY" 3% w" W v VY" 3%wb U wULderethsetd fonlPQ,2and Ba Gnierib¥aheE w E & w @
bound AICD. In amyloidogenicpUOET UUDPOT Ow / /-UUPBJWIEWE EIYO EUWERWGU D O
EOE W -NPN%P W CRNGWOT | Owi UUOT | -Searetaséxd 10WDIwEa s Bcypten

from Figure 1. (Teich and Arancio, 2012)



1.1.6.2Neurofibrillary Tangles

It was Alois Alzheimer himself whom identified the presence of degenerating neurons with
the inclusion of bundles of intracellular fibrils (or NFTs). With the aid of electron
microscopy, these NFTs were found to consist of abnormal filaments (Kidd, 1963; Terry,
1963)appearing to be wound helically ar ound one another and thus became known as
paired helical filaments (PHF). NFTs were also shown to include straight filament (SF), but
these werepresent at much lower levels. The structural and molecular composition of the se
NFTs was not elucidated for several years due to their insolubility in denaturing agents. In
1985, tau(tubulin -associated unit) protein was found to be the main constituent of NFTs,
both in crude extracts and histologically (Brion et al., 1985)and these aggregates wee
eventually found to be due to the hyperphosphorylation of the tau pro tein (pTau). Tau, as a
major microtubule -associated protein, plays a crudal role in stabilising microtubules and
promoting their assembly (Ma et al., 2017) Increased tau phosphorylation results from
imbalanced regulation of various kinases and phosphatases.GSK+ ¢ WEOQE wx UOUIT PO w
phosphatase 2A (PP2A) are amongst those most implicated in the hyperphosphorylation of
tau (Ma et al., 2017) Tau exists in six isoforms, of which all are found hyperphosphorylated
and aggregated into NFTs in AD patients (Igbal et al., 2010). In healthy patients, almost all
tau is in a soluble state, however in AD brains it also recovered in a oligomeric and

fibrillized form (Bancher et al., 1989) The precise molecular basis of pTau mediated toxicity
is not completely understood, and whether oligomeri ¢ or highly polymerized PHFs cause
more toxicity is also highly debated. The ACH holds that the hyperphosphorylation of tau is
EwUlI EOOEEUawWEOOUI U1 OET woOi w ¢wEI xOUDPUDPOOG w



1.2.1Additional neuropathological hallmarks of AD

1.2.1.1Neuroinflammation

AsalluEl EwUOOwWUT T w "' wUUxxOUIT UwO0T EVw ¢ wogyafBbD I wOED O
and the disease is viewed as primarily neural-centric. However, that basic tenet that AD is
initiated by one pathological agent alone is being progressively challenged as the disease is
becoming increasingly understood. For instance, other well-documented insults in AD
include altered BBBintegrity and neuroinflammation (Heneka et al., 2015) Indeed, some
hold the view that neuroinflammation may be capable of instigating the onset of AD (Zhang
et al., 201), initiated by brain resident macrophages, or via the infiltration of peripheral
immune cells, either throug h a jeopardized BBBor via alterations in the interactions between
peripheral immune cells and the endothelial cells which line the BBB. This is further
supported by the recent findings that immune receptor genes, such astriggering receptors
expressed onmyeloid cells (TREM2) (Guerreiro et al., 2013a)and CD33 (Bradshaw et al.,
2013; Giciuc et al., 2013)have been identified as AD risk loci. By definition , inflammation is
avital response to arange of harmful factors, including infection, disease and trauma. Non -
pathogenic immune responses are initiated via pro-inflammatory pathways to the area
where the insult occurred. Recruitment of these immune cells results in the initiation of a
range of mechanisms, aimed at removing injurious stimuli and promote healing, such as
phagocytosis of pathogens and debris and increased vascularization (Newcombe et al.,
2018) Whilst the exact inflammatory response depends on the nature of the injurious stimuli

and its precise location within the body, they in fact share common mechanisms
1.2.1.2Brain resident contributors to neuroinflammation

1.2.1.3Microglia

Microglia are the resident innate immune cells within the CNS and are maintained
independently of peripheral im mune cells. Alios Alzheimer noted that microglial cells had
2EI YI OOx1 E wOU Ois thesficst doseribedl Edsd bf)AD. However, it was not known
whether this alteration was helpful, deleterious or inconsequential in the progression of AD.
Now, it is g enerally accepted that unbridled microglial activation can be detrimental by

directly mediating synaptic loss through phagocytosis (Spangenberg and Green, 20173hus



disrupting normal cognitive function. Moreover, microglia are capable of releasing

inflammatory mediators in response to synaptic injury and aggregating proteins such as
neuritic plagues and NFTs. For instance, studies have shown that the NLR family pyrin

in vivo, (Heneka et al., 2013)causing the release ofthe inflammatory cytokine interleukin -ru¢ w
(IL-hud A8 w%U U NIRP3¢O) @ldd carving familial AD (fAD) mutations were protected
from AD -associated seqelae (Heneka et al., 2013)XfAD mutations are described in section

1.3). There is also evidence that somatic mutations in erythromyeloid progenitor cells, from
which microglia are derived, are capable of driving heurodegenerative processes in mouse
OOGEI OUOwWhPPUT wOPEUOT OPEWE EUDY E GméplruossMassietta OT wET x ¢
2017)

1.2.1.4 Astrocytes

The most abundant glial cells within the CNS are astrocytes and they play a pivotal role in

the regulation of neuroinflammation (Colombo and Farina, 2016) Early work showed that

astrocytes associate with neuritic plaques in AD patients and more recently that astrogliosis

is a pertinent feature of AD -like pathology in mice (Matsuoka et al., 2001)and AD pathology

in patients (Nagele et al., 2003) These reactive astrocytes will phagocytosedegenerated

El OEUPUIl UWEOGEwWUAOEXxUI UWEUWEWEOOUI gUI1 OEIl wOi weaUuol

co-localised with neuritic plaques. Exacerbation of the neurodegenerative process will also

occur via the release of inflammatory cytokines such as interleukin-1 (IL-1), interleukin -6

(IL-6) and tumour necrosis factor (TNF)-Y wY PEwWEUUUOEaA Ul wEEUDYEUDPOOwWmOE
¢ wO U wE E OE I(Jajja &tall, 20517 hefrecise mechanisms be® O E windudced

astrogliosis remains incompletely understood, but astrocytes are known to express a range

Of wUI ET xUOUUwPkT B EI racEppOié advancedwlythfion emd pradutis 1 w

(RAGE) and lipoprotein receptor related proteins (LRPs) (Ries and Sastre, 2016; Wys€oray

and Rogers, 2012)AggregatiO Q wOil w ¢ wi EVUWEOUOWET 1 OQwUT OpbOwUOwx U

chemotactic molecules such as monocyte chemoattractant proteinl (MCP-1), initiating the

UUEI | PEODPOT wOI wEUUUOEAUI UwU qentitd)eE dll,2002; Wys | O1 U1 UDOL

Coray etal., 2003% w' OPIT YI UOwpkhT T UT 1 UwUTl PUw ¢ wlOl EPEUI EWEUUOU

detrimental remains an active area of debate. There are some which suggest that activated
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thought to be promoted by astrocytic release of the metzincin group of proteases such as

matrix metalloproteinase (MMP) -2 and MMP-9 (Yin et al., 2006) However, others have

UUTTITUUI EwOT EQWEUUUOEAUI UwEwdussne@ddrionsafUT 1 wx UOE UE
inflammation; for instance interferon -w wpE{@%R-wWD OWE OOET U U wpk Bhownwe3 - %Y wi EUu
xUOOOUI w ¢wxUOEUEUDPOOwWEaA wI O EIO&@DO] a&BOBOERBEDE WDE
(Zhao et al., 2011). Ultimately, whether astrogliosis is detrimental or beneficial is entirely

context dependant and future work must focus on this duality in order to develop effective

therapeutic options.

1.2.2Infiltration of peripheral immune cells in AD

1.2.2.10verview

As suggested, neuroinflammation can also occur via the infiltration of peripheral immune
cells into the parenchyma of the CNS. To understand this process, it is important to
understand the inflammatory response in other organs and tissue. Ultimately, the resolution
of infection, disease or any injurious stimuli, requires peripheral immune cells to migr ate to
the site of damage. Initiation of inducible leucocyte migration can be triggered in a number
of ways, for instance, in innate immunity, pattern re cognition receptor (PRR)-bearing cells
recognise pathogenassociated molecular pattern molecules (PAMPS derived from invading
microorganisms. Damage-associated molecular patterns (DAMPS), celkderived signals,
induce and perpetuate an inflammatory respons e to non-infections stimuli, such as tissue
injury and cellular stress (M edzhitov, 2008). Antigen experienced T cells, or memory T cells,
activated by cognate antigens can initiate the recruitment of immune cells through the
secretion of a number of primary inflammatory cytokines (Noursh argh and Alon, 2014).
Leucocyte migration is subsequently promoted by the detection of these cytokines by mast

cells, macrophages and dendritic cells through the release of proinflammatory mediators.

The prerequisite of leucocyte transmigration into in flamed tissue is a sequential but
overlapping series of events which involve margination, capture or tethering, rolling, slow
rolling, arrest, adhesion strengthening and spreading, intravascular crawling and eventual

transmigration, which ¢ an be achieved loth paracellularly and/or transcellularly (Ley et al.,
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2007) This phenomenon, termed the leucocyte adhesion cascade, is accomplished through
the combined effort of chemoattractants and various leucocyte and endothelium expressed
adhesion receptor families and their respective ligands (Ley et al., 2007) Broadly speaking,
the lectin-like adhesion molecules, known as selectins, mediate the rolling of leucocytes
along the endothelium, whereas the subsequent steps of adhesion and transmigration is
mediated by leucocyte expressed integrins (the lymphocyte function -associated antigen-4
(LFA-4), and very late antigen-4 (VLA -4) and their interaction with EC expressed
immunoglobulin -like adhesion molecules (e.g.,intercellular adhesion molecule -1 (ICAM -1),
vascular cell adhesion protein 1 (VCAM -1)) (Medzhitov, 2008). See Figl.3for an overview of

the leucocyte adhesion cascade
1.2.2.2The leucocyte adhesion cascade
1.2.2.2. 1Initiation of the inflammatory response

Initiation of the inflammatory cascade begins with recognition of PAMP/DAMP signals by
cells of the innate immune system. These signals are recognised by both surface expresse
and cytoplasmic PRRs, such as toltlike receptors (TLRs), Gtype lectin receptors (CLRS),
NOD -like receptors (NLRs) and RIG-I-like receptors (RLRS)(lwasaki and Medzhitov, 2010;
Takeuchi and Akira, 2010). PRR activation results in the transcriptional expression of pro-
inflammatory genes, (via the translocation of transcription factors, such as NF-f E A w
(Medzhitov, 2008). Translational regulation of pro -inflammatory genes results in the release
Ol wYEUDOUUWET T OOODOI UWEOGEWEAUOODOI Uwaml lathgd w3 - %Y A C
leucocytes.

Circulating immune cells are swept passively along in the bloodstream, through the centre
of the vessel under laminar flow. The initial capture of circulating leucocytes signifies the
first contact between immune cells with the activate d endothelial wall following the radial
migration of randomly distributed immune cells towards the venular walls in a process
known as margination. The physical process of leucocyte margination is determined by
simple flow dynamics , augmented by the interactions with erythrocytes in post capillary
venules (where the low shear rates promote the axial aggregation of erythrocytes and thus

the radial migrati on of leucocytes towards the EC layer). The activation of ECsin post-
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capillary venules is a crucial stepin the leucocyte adhesion cascade. Endothelial cell
activation at the site of inflammation can occur rapidly (i.e. within minutes) and is induced
by inflammatory stimuli such as histamine , resulting in the cell-surface expression of
specialised adhesion molecules (e.g. P-selectin). EC activation can also be initiated more
induces the transcriptional activity of leucocyte -trafficking molecule s. The rapid and slow
modes of EC activation are termed type | and type |l activation, respectively (Pober and
Sessa, 2007 Ultimately, EC activation results in the expression of adhesion molecules and
chemokines where marginalised leucocytes sanpling the EC layer are subsequently co-
ordinated from these positional cues. These induced adhesion molecules form transient
bonds wit h their leucocyte expressed counter ligands and are responsible for the tethering of
leucocytesfrom flowing blood and include a member of the immunoglobulin super -family

(IgSF), VCAM-1 and E- and P-selectin.
1.22.2.2Rolling and Selectins

As described above, the type-I transmembrane Ca?*-dependant lectins of the selectin family
of cell adhesion molecules mediate the first adhesive step in the leucocyte adhesion cascade.
Under flow conditions, the rapid association and dissociation of interactions between
selectins and their ligands supports a dynamic and characteristic type of adhesion, termed
rolling (Alon et al., 1995)which is not dependant on leucocyte activation . These transient
interactions allow sufficient reduction in the velocity at which leucocytes roll on endothelial
cells for the subsequent step ofthe cascade P-selectin is expressed byboth, ECs; in
preformed pools in Weibel -Palade bodies and in the membranesO i -grihules of platelets
(McEver, 2015) Rapid mobilisation of P -selectin to the plasma membranes of ECs requires
stimulation by the mediator s histamine or thrombin (Geng et al., 1990; Hattori et al., 1989)
and can also be initiated by reactive oxygen species (ROS)Cucullo et al., 2011)

Transcription dependant increase in P-selectin mRNA can be achieved in most mammals by
Ul O1 EUPOOWEODBOUT T Uws$" wi RxUI UUI EOOQUEDBOUORUDOEGDDAE
humans (Vestweber and Blanks, 1999) although it has been shown to be constitutively

expressed on venular EC cells of bone marrow and skin. Another member of the selectin

13



family, L-selectin, is a leucocyte expressed adhesion molecule and is constitutively present
on the tips of microvillus cell surface protrusions (Smith et al., 1991) fadlitating the
presentation of L-selectin on circulating leucocytes to their counter ligands expressed on
ECs. L-selectin binds a range of distinct EC expressedmucins, including glycosylation -
dependent cell adhesion molecule-1 (GlyCAM -1) and mucosal addressin cell adhesion
molecule 1 (MAdCAM -1) which contain the typically O -linked Sialyl Lewis X (sLeX): the
minimal structural determinant for L-selectin ligands (lvetic et al., 2019) Leucocyte
activation through L -selectin binding result s in the proteolytic cleavage of the molecule. The
transmembrane homodimeric mucin, P-selectin glycoprotein-1 (PSGL:-1) is primarily a
leucocyte expressed counter receptor for the EC selectins Eand P-selectin and the co
expressed L-selectin during secondary capture by adhered leucocytes. However, it has also
been shown to be present on certain ECs(da Costa Martins et al., 2007; RiveraNieveset al.,
2006) As well as PSGL-1, E-selectin has been shown to bind Eselectin ligand 1 (ESL-1) and
CD44 (Hidalgo et al., 2007). The subsequentslowing of leucocytes as a reslt of these
interactions is eventually sufficient for the cells to receive additional signals from mediators,
such as plateletactivating factor (PAF) and leukotriene -B4 (LTB4)(Bélanger et al., 2008pr
immobiliz ed chemokines expressed on the apical surface of the EC$Luu et al., 2000;
Rainger et al., 1997)Upon receipt of these activating stimuli, the integrin adhesion

molecules become activated resulting in slower rolling and event ual arrest (Ley et al., 2007)
1.2.22.3Integrins

Integrins are a family of heterodimeric adhesion molecules consisting of OO T- 89 E wG Ol wé
unit (Hogg et al., 2011)which upon activation (e.g. via chemokines or PSGL-1 ligation)

mediates the cell adhesion event in the leucocyte adhesim cascade. Classically, integrins

were considered to participate in this event alone, but growing evidence indicates that they

cell lines will roll, under laminar flow conditions, on immobilized recombinant mucosal

vascular addressin cell adhesion molecule 1 (MAdCAM -1) and the leucocyte expressed

VLA -4 can engage immobilized VCAM -1 to support rolling in the absence of selectin

contribution (Berlin et al., 1995) Within the venules of the CNS, VLA -4 can also support

leucocyte rolling in concert w ith P-selectin (Kerfoot and Kubes, 2002)or firm adhesion in
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absence of Pselectin (Vajkoczy et al., 2001) Specifically, it appears integrins mediate slow
rolling events in the cascade:in vivo, slow rolling requires both E -selectin (Kunkel and Ley,

1996)E OE wUT 1T wé | whbidthatrapiageledeptorsd (MAC-1) (Dunne et al., 2002)

Leucocyte firm adhesion has beenshown, both in vivo and in vitro, to require integrin
activation. Initiation of t his event begins with the expression of adhesion molecules and the
release and synthesis of various chemoattractants and chemokines by inflammatory
cytokine -activated ECs. Chanoattractants can also be deposited on ECs by some activated
immune cells through proteolytic cleavage. For instance, platelets have been shown to
release both CGchemokine ligand 5 (CCL5) and CXC-chemokine ligand 4 and 5 (CXCL4
and CXCL5) onto activated ECs, leading to the monocyte arrest(von Hundelshausen et al.,
2001; Huo et al., 2003)Arrest is mediated by the activation of G protein coupled receptors
(GPCRs) in response to chemokine depositionintegrins dynamically regulate their

by GPCR activation shifts its conformation from a bent -closed (inactive) state to an
extended-open state (Nishida et al., 2006), exposing their ligand binding site and su bsequent
interaction with their respective ligands, such as ICAM -1 or VCAM -1 (Mitroulis et al., 2015).
The conformational state of the integrin subunits regulates the strength of the bond between
an individual integrin and its corresponding ligand, described as integrin affinity. Integrin
valency is governed by receptor-ligand clustering or density. Affinity and valency, taken
together, describes overall integrin avidity, thus determining the overall strength of cellular

adhesiveness(Carman and Springer, 2003)
1.2.2.2.4Transendothelial cell migration

The final event in the leucocyte adhesion cascade is termed transendothelial migration
(TEM) and defines the method by which immune cells emigrate into inflamed tissues. T his
can occur both paracellularly (i.e. between the junctions of ECs) or transcellularly (i.e.
through the body of an individual EC). The precise route taken by immune cells may be
determined by the tightness of the EC junction, with the cells taking the route that will
provide the least resistanceln both cases, plling immune cells will firstly identify regions
within the EC where they can preferentially extravasateand is termed intraluminal crawling

or "locomotion 7. The directionality of this process is guaranteed by the presentation of a
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chemotactic gradient formed at the EC surface and also relies on interactions between MAC-
1 and ICAM -1. This chemotactic gradientis created by localised chemokine release and
attracts crawling immune cells to preferred regions for TEM . These cells then overcome the
ECs themselves, the basement membrane, and eventually the pericytes. However, it is worth
noting that not all leucocytes that roll will eventually adhere and not all firmly adhered cells
will eventuall y emigrate (Muller, 2015), adding an extra layer of complexity to the TEM
process. Immune cells will traverse in an amoeboid fashion (Marchesi, 1961; Marchesiand

Florey, 1960) to maintain the integrity of the EC barrier (Winger et al., 2014)

The TEM of leucocytes will occur predominantly between endothelial cells (i.e.
paracellularly) and is largely irreversible (Muller, 2013). Whilst the alternative path (i.e.
transcellular migration ) is less understood, the two routes share some common mechanisms.
In contrast to the heterophilic interactions of the preceding steps of the adhesion cascade,
TEM interactions are largely homophilic (Muller, 2013). Several molecules, such as VCAM1,
ICAM -1 and JAMs are involved in the preceding steps of TEM (i.e. firm adhesion) which is a
fundamental prerequisite for migration. Th us, during both paracellular and transcellular
transmigration, VCAM -1 and ICAM -1 binding to their r espective integrins is the leading
event (Williams et al., 2011) for effective TEM, with VCAM -1 and ICAM -1 becoming
enriched on microvilli -like projections which surround emigrating leucocytes on the apical
side of the endothelium, causing leucocyte expressed integrins to redistribute in a linear
fashion, parallel to the direction of TEM (Carman and Springer, 2004) Both JAM-A and
JAM-C molecules are concentrated at EC borders and are ordinarily involved homophilic
interactions. During inflammation, how ever, JAM-A can bind the leucocyte expressedLFA-1
(Ostermann et al., 2002)and JAM-C can adhere toboth JAM-B and CD11b/CD18(Muller,
2013) The aforementioned interaction is thought to be involved in paracellular TEM in vivo

(Chavakis et al., 2004) and in vitro (JohnsonLéger et al., 2002)

The first molecule shown to exclusively mediate paracellular TEM both in vivo (Bogen et al.,
1994; Vaporciyan etal., 1993) and in vitro (Muller et al., 1993) was PECAM-1. PECAM-1 is
condensed at the EC borders and diffusely expressed on the surface of leucocytes. CD99
shares a similar expression pattern and has also been shown to support the TEM of immune

cells both in vivo, (Bixel et al., 2010)and in vitro (Schenkel et al., 2002) Vascular permeability
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is maintained by leucocyte encapsulation in endothelial domes (Phillipson et al., 2008).
Engagement of ICAM -1 can also lead to the disassembly of VECadherin in mice (Schnoor et
al., 2011)with VE -Cadherin an important molecule in the maintenance of tight junction
between ECs.Once immune cells have overcome the EC layer, studies have shown that they
will conti nue to crawl between the abluminal layer of the EC and pericytes in a MA C-1 and
LFA-1 dependant fashion (Proebstl et al., 2012) The final stage, emigrating past the
basement membrane (BM) requires immune cells to detach their tails from the basolateral
side of the BM; how this is achieved is unclear, but recently, a role for very late antigen-3

(VLA-3) has been suggestedHyun et al., 2012).

As discussed, direct, in vivo observations support the notion that immune cel Is will
preferentially transmigra te via a paracellular route; however, increasing evidence indicates
that leucocytes can also pass directly through an individual EC (transcellularly). Moreover,
leucocytes may prefer this route in regions of tight EC juncti ons, such as those found at the
BBB. Whilst transcellular TEM is less understood, it requires, at a minimum, displacement of
cytoplasmic organelles within the EC and merging of both the apical and basal plasma
membranes. Moreover, transcellular TEM could b e instigated by immune cells, the ECs, or
through a combinatory effort of both. The displacement of EC organelles by the leucocytes
themselves may be achieved through actinrdependant protrusive structures such as

OEOI OOPbx OEPEOwi B OO x O&DEDUH®EDUAOOBIcaB® it BEOW-WHE D E w
2004; Linder and Aepfelbacher, 2003; Ridley et al., 2003; Yamaguchi et al., 2009} vidence
for this supposition has been demonstrated by Carman and colleagues(2007)both in vivo
and in vitro, where immune cells inserted podosomes, whilst extending invasive podosomes,
similar to invadopodia, into the EC surface. Moreover, in vitro, studies have shown that
ICAM -1 redistributes and becomesconcentrated at the site of transmigration and enriched

in the channel surrounding the extr avasating immune cell (Carman et al., 2007; Mamdouh et
al., 2009) Similarly to paracellular TEM, molecules previously considered to be restricted to
EC borders, such as PECAM1, JAM-A and CD99, surround immune cells extravasating
transcellularly (Muller, 2013) and appear functional. Blocking of PECAM -1 and CD99

inhibits the transcellular TEM of immune cells (Mamdouh et al., 2009).
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Figure 1.3 Schematicdelineating the multistep adhesion cascade and molecular contributors
of leucocyte recruitment. Following chemokine mediated endothelial cell activ ation,
expression of molecules such as Eand P-selectin increase, resulting in low affinity adhesive
interactions (capture and rolling). This in turn leads to the activation of leucocytes, firm
adhesion and transendothelial migration. Each step in the inflammatory cascade is mediated
by specific leucocyte expressed molecules interacting with their counter-receptors on ECs.
Interacting molecules at each step are depicted in the same colour. Parentheses indicate that
these molecules have not been verified in vivo. Please note, the full range of molecules
mediating the leucocyte adhesion cascade is not depicted hee, but is reviewed elsewhere(Ley
et al., 2007)

1.2.2.3The BBB and the leucocyte adhesion cascade

1.2.2.3.10verview

The BBB is a highly selective, semipermeable membrane which grants the brain immune
privilege by separating the circulatory system from the brain. The integrity of the BBB
barrier can be jeopardized as a result of extrinsic pathological agents such as bacterial
meningitis or in diseases such as amyotrophic lateral sclerosis (Rosenberg, 2011) and can
result in infiltration of neurotoxic plasma derived proteins, pathogens and leucocytes. This
invasion can cause neuroinflammation and further damage to the brain parenchyma.
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Increased BBBpermeability and immune activation, as described, are welldocumented,
deleterious insults within the CNS of AD patients. Both CD2 -associated potein (CD2AP)
and phosphatidylinositol clathrin assembly protein (PICALM) genes are leading
susceptibility loci for the development of LOAD and both CD2AP (Cochran et al., 2015) and
PICALM (Zhao et al., 2015) have been suggested to assert their risk throgh influencing the

integrity of the BBB - potentially providing a de factaoute for therapeutic intervention.

1.2.2.3.2The blood brain barrier

The non-fenestrated vessels of the CNS contain unique properties which allow them to
regulate the transport of various ions, molecules and cells between the periphery and the
CNS, thus supporting CNS homeostasis. Two main cell types comprise blood vessels,
namely ECs which comprise the blood vessel walls, and pericytes which cover capillaries on
the abluminal surface of the endothelial layer. Additionally, immune cells and astrocyte foot
projections provide additional cellular support to the BBB. The BM , a non-cellular
component of the BBB, is involved in cell anchoring, structural support and signal
transduction, although recent evidence may point to a role in maintaining BBB integrity (Xu
et al., 2019) Between the BM and neuronal cells is an area referred to as the VirchowRobin
space wheremicroglia reside. Together, these structures are referred to as the neurovascular

unit (NVU , Fig 1.4 (Serlin et al., 2015)
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Figure 1.4 Schematic depicting the cellular and non -cellular constituents of the BBB. BM,
basement membrane. From Fig. 1(Xu et al., 2019)

1.2.2.4Junctional complexes

1.2.2.4.1Tight Junctions

BBBcapillaries are comprised of a single layer of mesoderm derived squamous ECs. To
selectively restrict paracellular diffusion of material from the CNS, ECs are sealed by tight
junctions (TJs), forming continuous intercellular contact (Van Itallie and Anderson, 2006).
The TJ represent the most apical intercellular junctional complex in endothelia and are
dynamic structures containing both transmembrane and membran e-associated cytoplasmic
proteins. The primary biological roles of TJs consist of: maintaining cell polari sation by
occluding the lateral diffusion of integral membrane proteins and lipids (Cereijido et al.,
1998) restricting the paracellular diffusion of unwanted polarised bloodborne substances

(Tsukita et al., 2001)and provide a means for intercellular signalling (Luissint et al., 2012)

The transmembrane proteins which comprise the TJ include claudins, occludin and
junctional adhesion molecules (JAM)-A, B and C (Redzic, 2011) Occludin, a 65kDa integral
membrane protein, is considered essential for correct barrier functioning of TJs. Structurally,
it contains two extracellular loops, with the second loop purported to determine the

transendothelial electrical resistance (TEER) of the BBEFeldman et al., 2005) The TEER at
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(Crone and Christensen, 1981) providing the vital high electrical resistance essential for the
correct barrier functioning of the BBB. The 150 aa Gterminal region of occludin, binds the
scaffold proteins zona occludens (ZO) 1, ZO-2 and ZO-3 (which provide cytoskeletal
anchorage for TJ proteins), with the 27 aa coiled stretch of the Gterminus shown to interact
with regulatory proteins such as the p85 subunit of phosphoinositide 3-kinase (PI-3K),
protein kinase C (PKC), and connexin 26, a gap juncton component (Feldman et al., 2005)
Claudins, tetraspan transmembrane proteins, provide structural barrier formation. This is
carried out by neighbouring claudins from opposing ECs providing TJ strand formation via
homophil ic interactions (Piontek et al., 2008) The most enriched claudin at the BBB is
claudin -5, more highly expressed at hundreds of times the order of other BBB expressed
claudins (namely claudin -1, 3 and-12) (Krause et al., 2008) JAM-A, B and C are present at
the intracellular junctions of brain ECs (BECs) and studies have shown that they are able to
control cell permeability and increase the BBBs resistance to macromolecules; for instance,
monoclonal antibodies to the ECD of JAM-A increases vascular endothelial permeability in
the T84 epithelial cell line (Liu et al., 2000) It has been shown that the loss of BBB integrity

through tight junction alterations is a risk factor in AD.
1.2.2.4.2Adherens Junctions

Adherens junctions (AdJs) contain Ca?* dependant transmembrane proteins known as

cadherins. Cadherins mediate homophilic adhesion and can organize multimeric complexes

at cellular borders (Bazzoni and Dejana, 2004)with VE -cadherin the most abundantly

expressed cadherin in brain endothelial cells, followed by low expression of the N - and E

cadherins (Abbruscato and Davis, 1999; Luo and Radice, 2005)Part of the AdJ also

compUDPUI UWEaAaUOx OEUOPEwWxUOUI POUwkT b EH BWH UJ Bud ufBAH ukmu E
catenin/plak OT O O E b O-E& W Edda Ul ¢O b G atedib, @rGhoithg the complex to actin
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the membrane proximal tail of VE -Cadherin and supports the stabilization of AdJs.
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1.2.2.4.3Gap Junctions

Cx37,Cx40 and Cx43 are brain endothelial expressed members of the connexin (Cx) family
of proteins that form the gap junctions (GJs) in the BBB (Stamatovic et al., 2016) These
connexins are oligomerized in the endoplasmic reticulum (ER)/Golgi an d before their
eventual plasma membrane localisation to form GJs. Opposing hexamers on neighbouring
cells come together to form proper GJ function, functions which include intercellular
communication (Stamatovic et al., 2016) cX43 in particular has also besn shown to be
important in migration by interfering with cytoskeletal remodelling, tubulin dynamics and

receptor signalling, (Kameritsch et al., 2012)and cellular proliferation (lonta et al., 2009)
1.2.2.5Leucocyte adhesion cascade at the BBB

Historically, leucocyte migration into the CNS has been investigate d in the context of stroke
and multiple sclerosis (MS). The transmigration of peripheral immune cells into the brain
parenchyma can occur through several routes from peripheral blood: via t he choroid plexus;
to the subarachnoid space via meningeal vesselsand lastly via the parenchymal perivascular
spaces(Ransohoff et al., 2003) Immune cells trafficking through the BBB follows the
paradigm of the leucocyte adhesion cascade as describeth section 1.2.2.2 However, as
described, the endothelial layer and the astrocytic end feet, which form the glia limitans
represent barriers to cellular entry into the CNS allowing strictly controlled inflammatory
responses Thus, the mechanisms by which emigration is achieved will alter slightly from

the classical view of the adhesion cascade. The specialized structure means that eventual
migration into the brain parenchyma requires migration across the BBB and then
overcoming the glia limitans, requiring the expression of glycosidases and proteases to

allow degradation of BM molecules.

Immune responses in the CNS can be driven by endogenous (i.e. glialactivation), as
described, and/or via exogenous (i.e. peripheral immune cells) factors. In AD,
neuroinflammation has generally focussed on explaining brain resident macrophage
instigation of the disease. However recent work has described the potential AD initiation in
terms of a break down in the integrity of the BBB; wi th accelerated degeneration seen in

patients with MCI (Montagne et al., 2015)and Y EUEUOEUOUUI wET xOUPUPOOwWOI w
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changes in BBB integrity through pro -inflammatory and cytotoxic events (Erickson and
Banks, 2013) Vascular dysfunction can also result from peripheral immune infiltration into
the brain parenchyma. It has beenshown that inhibition of neutrophil trafficking through
blockade of the leucocyte expressed integrin LFA-1 can reduce AD-like pathology and
cognitive dysfunction in mice (Zenaro et al., 2015a)with adhered leucocytes releasing
inflammatory media tors and neutrophil extracellular traps (NETs). NETs are believed to
damaging the integrity of the BBB and neuron al cells (Pietronigro et al., 2017) exacerkating

neuroinflammatory processes.

Upon initiation of the inflammatory events, ECs of the leptomeningeal brain mi crovessels

upregulate a range of signals to initiate leucocyte rolling along the endothelium . The initial

tethering and rolling is mediated by leucocyte expressed PSGLL and T-cell immunoglobulin

and mucin domain 1 (TIM -1) and its EC expressed ligand Rselectin and E-selectin

respectively (Engelhardt and Ransohoff, 2012) Integrins associated with CNS TEM include

VLA -4, LFA-1 and MAC1, which bind VCAM -1, ICAM-1 and ICAM -2 respectively (Zenaro

et al., 2017) Unfortunately, the role of peripheral immune cells in AD pathogenesis is poorly

understood and predominantly investigates this phenomenon as a secondary consequence

Ol w wEI xOUPUDPOOOWUT OPPOT WUT ECwWUT T w "' wbhUwUUDPOOU

endothelial expressed platelet and endothelial cell adhesion molecule-1 (PECAM-1) (Fiala et

al., 1998; Giri et al., 200Q)In addition, both neutrophils and T cells acc umulate in the brains

of AD patients; although the mechanisms behind this infiltration is still unclear. AD patients

have been shown to overexpress macrophage inflammatory protein (MIP)-uY Owx UOOOUD OT w3
cell extravasation through EC TJs, by binding CCR5(Man et al., 2007)on ECs; and also

overexpress C-X-C chemokine receptor type 2 (CXCR2) potentially promoting TEM (Liu et

al., 2010a) Ultimately, research must focus on whether the infiltration of immune cells into

the CNS is an epiphenomenon in the pathogenesis of AD. Whatever the mechanism, the

infiltration of these immune cells can be cytotoxic to neurons and either initiate or

exacerbate the neuropathological manifestation of AD. In fact, recent genetic findings have
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suggested a direct role in some variants associated with AD which might directly instigate

the onset of AD neuroinflammation, for instance, TREM2 and CD11
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1.3The genetics of AD

This chapter has so far described he traditional manner in which AD has been
characterised, namely delineating EOAD and LOAD primarily by the age -of-onset. From a
genetic perspective, AD is categorised by their mode of inheritance, falling into either
Mendlian/familial AD (fAD) or sporadic AD (SAD). EOAD accounts for approximately 5.5%
of all AD cases(Zhu et al., 2015a)of which only around 5 -10% of these follow the autosomal
dominant inheritance or fAD (Jarmolowicz et al., 2015) which represents just 1% of all AD
cases. Earlyonset fAD has been linked to highly penetrant variants in APP, Presenilin 1
(PSENJ) and Presenilin 2 (PSENZ2 Dai et al., 2018) However, the genetic background of the
majority of Mendel ian EOAD and sporadic EOAD (accounting for ~5% of all early onset
cases) remains unexplained(Janssen et al., 2003; Jarmolowicz et al., 2015; Wallon et al., 2012)
Accounting for the vast majority o f AD cases (~95%), sporadic AD is pedominantly
associated with late-onest AD, although familial forms have been identified (Abbate et al.,
2016) With the advent of powerful genome wide -association studies (GWAS), knowledge of

the genetic risk factors of sporadic LOAD has advanced greatly .

1.3.1%EOPOPEOwW O0ai 1l POl Uz UwEDBUI EUI

1.3.1.1Amyloid Precursor Protein

The APPT 1 O1 wi OEOGET UwlOT 1 w ¢ wxfalowmngy U U 6 9 wwBEEamOOwpb T DEI
x UOET UUDOT wi PYI UideUibwad thisitdlwgthat ficat inpplicatdd x APP in the

aetiology of AD, with recent knowledge suggesting that APP mutations account for 13 -16%

of all fAD cases (Janssen et al., 2003; Raux et al., 2008)PP is located on chromosome

21921.3, consisting of 19 exons. fie precise biological function of APP is not fully

understood, however studies have pointed to a role in synaptic development (Priller et al.,

2006) neuronal migratio n (Young-Pearse et al., 2007and controversially, acting as a cell

surface receptor (Thinakaran and Koo, 2008). To date, there have beerover 30identified risk
variants, with mutation s identified predominantly within or adjacenttothe A ¢ WE OOED O w
APP duplications are sufficient to cause fAD, due to increased production and aggregation

Of w pEUVwPI OOWE U w# Onhédepattieriisal€élop Am-type pathology) (Hooli

et al., 2012; Sleegers et al., 2006%ee ection 1.1.6.1for an overview of the potential impact of
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amyloidogenic processing that can occur from aberrant processing of APP due to APP

mutations.
1.3.1.2The presenilins

The presenilin genes,PSEN1and PSENZ2are highly homologous genes which, importa ntly,
encode vital catalytic components of the APP cleavagecomplex, trsecretase. The structural
homology is estimated at 67%, both containing 12 exons and ~450 agRademakers et al.,
2003) The greatest percentage of fAD cases cabe attributed to mutations in the PSEN1
gene (Kelleher et al., 2017) with estimates in the range of ~2050% (Ridge et al., 2013a)
PSEN1mutations are known to cause the most severe manifestatons of AD, with disease
occurring as early as 25 years of age, in some casd€ruts et al., 2012)but have a wide age-
of-onset variability (25-65 years). This is most likely due to the vast number of PSEN1
mutations which have been identified, approximately 220 in total. PSENL1is located on
chromosome 14 (14g14.3) and has at least Boforms. The precise mechanisms by which
PSEN1results in fAD is not completely understood. However, some early studies reported a
potential gain -of-function mechanism resulting in increased levels of the aggregate prone
A$42 in the plasma of fAD patients, as well as transgenic mice andPSEN1transfected cells,
presumably the result of enhanced proteolysis of APP. Revision of the ACH which proposed
Ul EOwPUOWPEUwWPOwWI EEQwUT T wUl OEUDYI uslightly (S@KoeuOT w ¢ K1
and Hardy, 2016), with the supposition being that mutations in PSEN1lincreased the
dKI ¥ ¢KYWUEUDOwI b UIi-dedietaskisaddeiribl cleagage-of Ida@ O wuw
x1 xUPEI UwEOwWUT UUwPOEUI PNbEedi0adyoiy deEréaging @vel of OU wOil w ¢
UT 1 w ¢ KY @Bmieval) 20E7; Xia et al., 20158epending on the mutation present.
PSEN2 located on chromosome 1 (1g42.13) and similarly toPSENL1is alternatively spliced
into 2 isoforms, Mutations in PSENZ2are thought to assert their AD risk via a similar
mechanism as that of PSENIZY EUDEQUUOQWEUT wOOwUT | B U wUsbdketattwd OwWE OC
(Cai et al., 2015)
1.3.2Sporadic O&al 1 POl Uz UwEDUI EUI
Accounting for over 95% of all AD cases, sAD cases are known to predominantly result in a

late-onset form of AD (Zhu et al., 2015b) Until 2009, only one susceptibility locus was
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identified for SAD, namely apolipoprotein E ( ApoE) with the remaining g enetic risk factors

undetermined. However, the genetic epidiomiology of sAD has advanced rapidly over the

last decade with the help of high-powered GWAS. To date, >20 susceptibility loci have now

been identified (Lambertetal., 2013D WET O OUDPOT wlT 1 wshisessmivatElyw O&al | f
polygenic disorder. It is with this discovery that gene -based therapeutics may become a

possibility in the future an d also begs the question of whether all these genetic variants can

have one detrimental outcome, i.e. the depositionof ¢ wx OE@UI Ud w
1.3.2.1Apolipoprotein E

Human ApoE, a ~34kDa, 299 aa protein encoded by the ApoE gene, binds and transports
cholesterol and other lipids through the lymphatic and circulatory systems and is
predominantly expressed in the liver, brain as well as in macrophages and monocytes. There
are three major allelic variants of ApoEat a single gene locus in humans,2, (8 and @4 (Das
et al., 1985) with differential expression related to two nonsynonymous single nucleotide
polymorphisms (SNPs), rs429358 and rs7412 withh exon 4 of the ApoEgene, corresponding
to the N-terminal domain of the encoded protein. This differential expression results in three
heterozygous (@/CB, @/t and (B/Q1) and three homozygous Q@/C2, (B/(B, QH/Q4) phenotypes
causing three possible protein isoforms (E2, E3 and E4). The rs429358 SNP, associated with
the ApoEQ! allele, has shown to be strongly associated with the risk of developing sAD in
dose dependant manner (Corder et al., 1993) Heterozygous Q! carriers increases AD risk by
up to 3-times, whereas homozygotes /(1) have a risk almost 812 times compared to that
of @ carriers (Verghese et al., 2011)with the Q2 allele considered protective (West et al.,
1994) Whilst ApoEallelic frequencies can vary by demographics, the most frequent allele is
the (B with estimates in the range of 30-:90%, andQ} and (2 frequencies in the range of 535%
to 1-5%, respectively (Mahley and Rall, 2000). Associated risk of ApoE alleles is G>(Bg D)

with @ homozygosity present in 50% of all AD patients (Farrer et al., 1995)

Post mortem analysis of AD brain tis sue found a positive correlation between ApoE Q% allele

~

dose and A¢ plaque burden (Rebeck et al., 1993), OUIT OYI UOw ¢ wx OE@UI wEUUET &

~ o N o~ oA

Pittsburgh Compound B (PiB) (Reiman et al., 2009) ApoE has also been implicated in
EOI EUEQET woOi wOWwaDud | x&méis® mpdelaehibit higher levels and slower
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clearance of Ad in their interstitial fluid (ISF) when ¢ ompared to ApoE (B mice (Castellano et

al., 2011) Even with evidence of association between ApoE and Ap OwUT T wx Ul EBDUT wol EI
by which it exerts AD risk is unclear but will likely remain a complex area of investigation.

Beyond the relationship between ApoE @t and A¢ deposition and clearance, recent studies

have highlighted roles in tau phosphorylation (El Haj et al., 2016) neuronal maintenance

and repair (Kim etal., 2014)EOE wOl UUODPOI O B aéirtedEp@nmendit wQ

lymphatic drainage of the brain (Weller et al., 2015)and thus it is likely that ApoEQt

contributes to all AD -associated neuropathology (Tzioras etal., 2019) It is clear that ApoE

has a complex role in AD pathogenesis and devdoping effective therapies may require a

shift in focus to additional neuropathological hallmarks.

A oA

1.33" OO0OOOWYEUPEOUUWEUUOGEDPEUI EwbDUT w Oail ol
The genetic underpinnings of SAD have been significantly advanced through the work of

large-scaleE OOOEEOQUEUDYI| w&6 2wWEOEwWUT I wOEOEOEUOwW( OUI UOE
Project (IFGAP) meta-analysis. 11 new susceptibility loci for sAD were identified through

GWAS meta-analysis and genotyping; stage 1 consisted of 17,008 sAD cases and 37,154

controls. This was later replicated in an independent sample of 8,572 sAD cases and 11,312

controls (Lambert et al., 2013) This landmark paper paved the way for functional studies on

newly ident ified AD risk loci.

Until 2009, ApoE was the only confirmed risk gene associated with sAD. Through the work
of 2 large GWAS studies, 3 additional susceptibility loci were identified. Variants were

found in or near the CLU, CR1and PICALM genes(Harold et al., 2009; Lambert et al, 2009)
In the intervening 5 years, additional susceptibility loci were identified: BIN1 (Seshadri et al.,
2010) EphA1, CD2AP, ABCA7, MS4A/MS4AGE (Hollingwort h et al., 2011; Naj et al., 2011)
PTK2B, HLA-DRB5/HLA-DRB1, CELF1 SORL1, ZCWPW1, RIN3, FERMT2, CASS4 INPP5D,
NMES8 and SLC24A4Lambert et al., 2013) More recently, genome wide gene wide analyses
using the 1-GAP dataset, have identified an additional genome -wide significant loci in AD,
TP53INP1, IGHV1-67 (Escott-Price et al., 2014)PPARGC1A RORA and ZNF423 (Baker et al.,
2019) Building further o n the IGAP dataset, further genome wide susceptibility loci have
been identified, TRIP4 (Ruiz et al., 2014) ECHDC3 (Jun et al., 2017; Kunkle et al., 2019)
IQCK, ACE, ADAM10 and ADAMTSL1 (Kunkle et al., 2019). Despite GWAS studies
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advancing our understanding of the genetic underpinnings of AD; much of it remains
unexplained, with estimates in the range of 60% not accounted for by ApoEor common
susceptibility loci (Ridge etal., 2013b w31 1 wUI OEPOPOT w?0PUUDPOT wi 1 UPUE

the difficulty in the detection of rare variants with larger effect sizes than common variants.
1.3.4Rare variants associated with AD

Rare variant identification is u sually achieved through whole genome sequencing (WGS);
which will identify all variants, whether they be pathogenic, structural or non -coding
(Grozeva et al., 2019) However, given the inherent rarity of these variants, achieving
suffici ent statistical power will require enormous data sets, making WGS economically
infeasible in some instances. An alternative method is whole exome sequencing (WES)
which allows identification of variants within the protein coding regions, meaning these

identified variants will likel y have a functional impact.

Through a combination of WES, WGS and Sanger sequencing, a SNP (RH) in TREM2 has

been independently identified as a sSAD risk variant (Guerreiro et al., 2013b; Jonsson et al.,

2013) TREMZ2 encodes a B0 aa transmembrane glycoprotein, TREMZ2, expressed in the

myeloid lineage of cells that mediates the inflammatory response, particularly macrophages,

monocytes, dendritic cells and microglia (Gratuze et al., 2018) The protein expression of the

TREM2 receptor is low in resting microglia, but found to be greatly upregulated in microglia

EENEEIT OU wU O ujrarénpld let@dlw®disysSighalling through TREM2 results in

complexing to the adaptor protein DNAX -activation prote in 12 (DAP12), with the TREM2-

DAP12 complex recruiting the tyrosine-protein kinase Syk and the ultimate phosphorylation

of downstream mediators such as PI-3K and VAV2/3 (Gussago et al., 2019)Activation

regulates proliferation, phagocytosis and migration/chemotaxis (Kober and Brett, 2017;
Takahashi et al., 2005E OE w07 UUw31%$, | wEEOwbOUOwWUOwWI EEPOPUEUIT u
Indeed, defectsin cytokine production , phagocytosis and cell survival have been detailed in

situations of impaired TREM2 signalling (Gussago et al., 2019)ith the R*H variant

associated with a loss of receptor expression anda loss of its function (Guerreiro et al.,

2013¢c)3 T PUwbPPDOOwWPOXxEPUWUT | wEEPODPUA wOi wOhEddeé OPE WU O
exacerbation of AD related pathogenesis.Whilst TREMZ is exclusively expressed by

microglia in the brain, it is unclear whether TRE M2 is expressed by a subset or is present on
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all microglia (Schmid et al., 2002) TREM2 expression varies between regions of the CNS
(Chertoff et al., 2013; Sessa et al., 2004)ith higher expression evident in the spinal cord,
white matter and m ore importantly, the hippocampus (Forabosco et al., 2013)To date, 66

variants have been identified in TREM2 (https://www.alzforum.org/mutations/trem2 ) with

only one additional SNP (R¢%2H) achieving significant genome wide association with AD,
independently of R4™H (Sims et al., 2017) This study also identified two new sus ceptibility
loci, PLCG2and AB13, which encode proteins expressed in microglia; further implicating

immunity in the pathogenesis of AD (Sims et al., 2017)

Interestingly, a coding variantin APP (A®7°T) was also identified as a SAD association gene,
offering a protective effect in an Icelandic cohort (Jonsson et al., 2012)The mutation is
EENEEI O UsedtetseBAGEiugeavage site in APP and resulted in a 40% reduction in
amyloid peptide formation, in vitro. This protective effect provides proo f of principle for the
UOTTTUUDPOOWUIT E Gestetasd/BACEIEclaRGE OUARFOay provide a

therapeutic approach in AD.
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1.4The LOAD risk gene, EphAl

EphAlwas first identified as a potential susceptibility locus for SAD in a three -stage GWAS

Combining data from The European Alzheimer Disease Initiative Investigators (EADI1), 38

variants in ten loci were identified at p <105, including the EphAL1SNP, rs11771145. This

2-/ WPEUWOOEEUI EwOOWET UOOOUOOT wA wbOwUiof HpkAz wUx UUUI

With the addition of data from Genetic and Environmental Risk fOUw O&ai 1 DOI Uz Uw# D UI

(GERAD1) consortium, rs11771145 fdied to reach genome wide associaton during this

phase (i.e.p A5.0 x 168; rs11771145eached p = 1.7 x 10°). Strengthened evidence for EphAl-
#WEUUOEDPEUDPOOWEEOD! wi UOOWEwW&6 2wxl Ui OUOI EwEa wUI 1

Consortium (ADGC) where the rs11767557SNP, again located in the promoter region of

EphA1, reached genome wide significance (p =6.0 X 10%) with the minor allele of this

variant protective (minor allele frequency, MAF, = 0.19; Naj et al., 2011). rs11771145 and

rs11767557 were found to be in low linkage disequilibrium (LD) with conditional analysis

confirming independent association signals (FA Y 6 | WO w# at dayéykeds, HauGHRAD+

consortium independently confirmed AD risk association f or rs11767557Hollingworth et

al., 2011) In the largest power AD GWAS to date, the IGAP consortium found evidence for

EphAlrs11771145ssociation with SAD, obtaining an overall meta -p value of 1.1x10%3, a new

SNP corresponding to the top conditional analysis hit was also identified rs10808026 § =

1.4x10%).

Recently, a nonsynonymous variant (rs202178565; MAF 0.001) has been identified in a
Caribbean Hispanic sample (p =2.6x103); reaching only nominal significance in a Caucasian
sample (p =3.07x1®) (Vardarajan et al., 2015) potentially due to a lack of statistical power .
This nonsynonymous variant is proline to leucine substitution at position 460 with P 460 being
highly conserved across species, thus uncovering the impact of this protein-coding mutation
is vital and may reveal a novel mode of action in SAD. As this P49 mutation is in a protein
coding region of EphA1l, it makes it an attractive target for functional characterisation. The

P469 mutation is located within the second FNIII repeat within the E CD of EphAL.
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Table 1.2 Key GWAS identifying EphA1l as a sAD susceptibility gene

ID Type Minor Major Risk Genetic
allele allele allele evidence
frequency | frequency
rs11771145| ncRNA, intron of A (0.35) G (0.65) G Top IGAP meta-
(A/G) EphAl-antisense analysis hit
RNA 1
p=11x101
rs11767557| ncRNA, intron of C (0.21) T (0.79) T p=6.0 X 10w
(CIT) EphAl-antisense
RNA 1
rs10808026| ncRNA, intron of A (0.21) C (0.79) A IGAP meta-
(A/C) EphAl-antisense analysis
RNA 1
p=2.11x16"
Top conditional
analysis hit
p=2.09x10(°
rs202178565 Missense, exon 1 of | A (0.001) | G (0.999) A N/A
(A/G) EphAl
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1.4.1EphAl Overview

EphA1l, the 108kDa encoded protein of the EphAlgene,was the first of the transmembrane
erythropoietin -producing hepatocellular (Eph) family of receptor tyrosine kinases (RTKs) to
be discovered and isolated in an erythropoietin -producing human hepatocellular carcinoma
cell line (ETL-1) following a screen for gene sequences with homology to the viral oncogene,
v-fps(Hirai et al., 1987). Despite this, EphAl remains the most incompletely characterised
Eph family member and most of what is known about EphA1 has been inferred from its
closest homolog, EphA2. The Eph receptors areconsidered the largest of the RTK families in
the mammalian genome (Kullander and Klein, 2002) and are vital for normal cellular
processes during development and mediate tissue homeostasis in adults(Darling and Lamb,
2019). Cell signalling is initiated through activa tion of their kinase domain following
interaction with membrane -anchored proteins, known as ephrins (Eph receptor|
interacting). Both Eph receptors and their surface-associated ligands belong to one of two
major subclasses based on their binding affinities for their cognate proteins and on the
homology of their extracellula r domain sequence; the human genome contains 14 Eph RTK
receptors, 9 belonging to the A-subclass and five to the Bsubclass. Similarly, there are six
glycosylphosphatidylinositol (GPI) lin ked ephrin-A ligands and three transmembrane
ephrin-B ligands. Eph/ephrin interactions are characterised by promiscuity and - uniquely to
the RTK family ¢ contact-dependant bi-directional signalling which a ffects both the Eph-

EIl EUPOT wps i OU rkd@ghantEn 1 EOBPAQN0 tufipszUA Y1 UUT wUDT OEOODOIT ¢

33



1.4.2Eph receptors and ligands
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binding
domain
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Figure 1.5 Schematic delineating the structural composition of the Eph Al receptor. EphAl
comprises an ephrin-binding extracellular N -terminal domain, with an adjacent cysteine rich
region and a pair of fibronectintype -( ( ( wUT x1 EOUwm%- ( ( ( heli¥spdonity O E w%-
the membrane domain and an intracellular C -terminal region which includes a regulatory
juxtamembrane region, an uninterrupted dual lobe kinase domain and an Eph -specific SAM
domain. B) Structural composition of EphrinAl ligand. EphrinAl comprises a receptor
binding domain and a GPI anchor which tethers it to the membrane C) Signalling dynamics
of the Eph/Ephrin system. The prototypical forward -signalling of the Eph/Eph rin system
typically results in cellular disengagement, repulsion and the withdrawal of processes
(Flanagan and Vanderhaeghen, 1998) Conversely, the distinctive reversesignalling of the
Eph/ephrin system is thought to largely promote adhesion (Pasquale, 2010) Receptor
activation requires the formation of multimeric Eph/ephrin clusters
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The overall structure of members of both the A and B ¢ class of Eph receptors is highly
conserved, with EphA and E phB receptors sharing the same domains and structural
features. The main sequence differences reside within the ligand binding domain (LBD ) and
thus likely to determine binding specificity to ephrin subclasses (Himanen et al., 1998) This
sequence similarity necessitates different spatial and temporal patterns of expression by
activated Eph receptors in order to determine the correct functional outcome. A
distinguishing aspect of Eph activation is that dimerization is inadequate in eliciti ng
phosphorylation and a subsequent biological response with the formation of multimeric
Eph/ephrin signalling clusters also required (Vea ring and Lackmann, 2005). Interestingly, it
is purported that the magnitude of the multimerization is indicative of th e strength of the
response and also on the type of response elicited (Stein et al., 1998R\ctivation of Eph

receptors can also occurin cis, and or in trans.

Similarly to other RTKSs, the structural composition of the Eph receptors comprises an
ephrin-binding extracellular N -terminal domain with an adjacent cysteine rich region and a
pair of fibronectin type -l repeats, an Y-helix spanning the membrane domain and an
intracellular C -terminal region which includes a regulatory juxta membrane region, an

unintil UUUx Ul EWEUEOQWOOET wOMmait (BAMu&n® OFDR BirdingEmatd U1 UDOT wY
(Pasquale, 2005)Heterocomplex formation required for signalling is mediated by receptor
dimerization and are assembled through the PDZ -binding motifs which also functions a s
scaffold proteins (Ye and Zhang, 2013) EphA1l lacks a PDZ-binding domain (Coulthard et
al., 2001a) suggesting that EphALl interacts with divergent effector molecules and that
receptor aggregation is elicited by alternative means. The SAM domain, a unique
characteristic of Eph RTKs, are increasingly being recognised as an important modulator of
receptor oligomerisation, either supporting unliganded dimerization for EphA3 (Singh etal.,
2015)or reducing the propensity for aggregation and thus inhibiting the kinase activity of
EphA2 (Shi et al., 2017). Consequently, the SAM domain of EphAl may represent the
mechanism by which EphA1l molecules aggregate. EphAl also includes a nonconserved
membrane-embedded ionogenic residue within its TMD Glu 54”. The ionization state of Glu54”
has been shown to alter the structural-dynamic properties of the EphAl1 TMD suggesting

that the dimerization and formation of lateral clusters of EphAl can be regulated by exter nal
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and local factors such as pH and plasma membrane lipid composition (Bocharov et al.,

2008)

As mentioned, the ephrinA subclass of ligands consist of six GPI-tethered members; whilst
these ligands lack a cytoplasmic tail, they are able to elicit phosphorylation of certain kinases
in downstream pathways (such as the phosphoinositide 3-kinase or PI3K pathway; Holen et
al., 2008), possibly via a coreceptor such as a neurotrophin receptorl{im et al., 2008) or
through microdomain clustering (Pitulescu and Adams, 2010). The GPIl-anchored ephrinAl
represents the cognate ligand of EphAl. There is a growing body of evidence which also
suggests that some ephrinA ligands can be liberated from the cell surface whilst remaining
functionally active (Wykosky et al., 2008) and thus may represent a mechanism of signalling
which does not necessitate cell contact. The Bephrins, conversely, contain a cytoplasmic
domain and signalling is considered receptor -like in its nature (Pitulescu and Adams, 2010).
Given the promiscuity of Eph -ephrin interactions, their temporal and sp atial patterns of
expression dictating outcome and their ability for bi -directional signalling makes the Eph -

ephrin system a unique and challenging prospect.

Delineation of the functional role of the Eph/ephrin system has unveiled its biological
significance. The prototypical forward -signalling of the Eph/ephrin system typically results

in cellular disengagement, repulsion and the withdraw al of processes (Flanagan and
Vanderhaeghen, 1998). Conversely, the distinctive reverse signalling of the Eph/ephrin
system is thought to largely promote adhesion. The largely contact-dependent system is also
responsible for de-adhesion and migration and t hus considered to be particularly important
during developmental morphogenesis, organogenesis, pattern formation and cell fate
determination (Klein, 2012). Throughout maturation, Eph/ephrin interactions are thought to
regulate synaptic remodelling, differe ntiation of epithelial cells, angiogenesis/vascular

network remodelling and have been shown to harbour immunoregulatory properties.
1.4.3Eph/Ephrin family in disease

Given the range of indispensable roles performed by Eph receptors and their ligands, it is
unsurprising that the dysregulation of this system has been implicated in a number of
disorders. (Pasquale, 2008). Brhaps most notable is their association with oncogenesis and

metastatic disease (Pasquale, 2010) as well as atherosclerosis (Sakamoto et al., 2008), a
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chronic inflammatory disease of the vessel wall and the leading cause of cardiovascular

disease in the developed world.

Atherosclerosis causes the deposition of fibrous material wit hin the arteries and gene
expression profiling of these atherosclerotic plagues has uncovered altered expression in
ephrinB1, EphB2, EphA2, ephrinA3, ephrinA4, ephrinA5 and ephri nB2 (Sakamoto et al.,
2008). During atherogenesis,EC activation can be initiated in response to pro-inflammatory

factors, such as circulating TNFY OWE OE WEEU Ul wx1 1 OOUaxPEWET EOQT 1 UwbE
this activation can alter the permeability of th e endothelium and drive the activation of cell

adhesion molecules such as VCAM-1 and ICAM -1. As described, increased expression of

ICAM -1 and VCAM -1 leads to the recruitment of leucocytes and thus is capable of

mediating their subsequent extravasation thro ugh endothelial monolayers and proliferation

of the inflammatory response. Imp ortantly, the expression patterns of Ephs and ephrins are

significantly altered during endothelial cell activation and it has been purported that EphA2

transduction initiated thr ough endothelial cell activation can exacerbate the expression of
pro-inflamma tory genes (Funk et al., 2012a)and contribute to the permeability of the

endothelial layer (Funk and Orr, 2013). These findings have alluded to the fact that Eph

receptors and their ligands may play an important role in immunity and the inflammatory

response.
1.4.4Eph-ephrin roles in immunity

The expression ofboth Eph receptors and ephrins play a role in the cell fate of hematopoietic
progenitors. EphB receptors have been shown to be the important determinants in the
hematopoiesis of both erythrocytes and leucocytes. Erythropoiesis is mediated by EphB2
positive hematopoietic progenitors and ephrinB2 expressing bone marrow stromal cells,
where upon co-culture, the hematopoietic progenitor s detached and differentiated into
mature erythroid cells (Suenobu et al., 2002)In vitro, the early introduction of EphB4 into
hematopoietic cells using a retroviral vector promotes the differen tiation into the

erythroid/megakaryocyte lineage (Wang et al., 2002)

One of the preliminary processes in initiation o f an immune response, as previously
described, is leucocyte activation. Whilst the data is in its infancy, there is some evidence

that Eph receptors and their ligands are capable of mediating the activation of leucocytes.
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For instance, the response of dendlitic cells to TLR-PAMP ligation has been shown to be
mediated by EphB2 (Mimche et al., 2015) Human B-cells are also known to express various
Eph receptors and their ligands (Aasheim et al., 2000; AlonsaC et al., 2009; Nakanishi et al.,
2007) Diff erential expression of Ephs and ephrins has also been identified in naive and
activated B cells suggesting facilitation of B cell activation (Alonso-C et al., 2009) EphB6 is
also expres®d by 10-12% of CD4 and CD8* human peripheral T cells (Luo et al., 2002)
Additional stu dies have identified the three ephrinB ligands to be expressed by T cells(Yu et
al., 2003a, 2008, 2004) The expression of Eph receptors and ligands on antigen presenting
cells indicates that their expression on T cells may play a part in their activation and
differentiation (Darling and Lamb, 2019). Taken together, this highlights the role of the Eph-
ephrin system in cell stem fate and leucocyte activation. Growing evidence has also pointed
to a role in controlling immune cells trafficking which could highlight potential

pathologically relevant processes in AD and EphA1SNPs.
1.4.5Eph-ephrin r ole in immune ce Il traffi cking

Systemic migration of leucocytes is controlled by the interaction of various chemokines,
cytokines, selectins and integrins. Interestingly, however, the Eph-ephrin system is also
believed to be important in controlling steps in the leucocyte adhesion cascade. For instance,
stimulation of human umbilical vein ECs (HUVECS) with soluble ephrinAl increases the
adhesion of both primary human monocytes and the monocyte -like THP -1 cell line through
activation of EphA4 on HUVECs (Jellinghaus et al., 2013) The mRNA expression of both
VCAM -1 and ICAM -1 remain unaltered after short term exposure (30 min) to ephrinAl
treatment and adhesion was suggested to occur through RhoA dependant cytoskeletal
remodelling downstream of the EphA4 receptor. Moreover, interactions between endothelial
expressed ephrinB2 and EphB4 expressing monocytes has beeshown to support both
adhesion and TEM of the monocytes (Pfaff et al., 2008) It is possible that signalling events
which occur downstream of Eph -ephrin activation interact with the molecular pathways

supporting integrin mediated cellular adhesion (Darling and Lamb, 2019).

The A-class of Eph receptors and ephrins have been implicated in the trafficking of B and T
cells. EphA2 is expressed on the high endothelial venules (HEVS) of human lymph nodes

(Trinidad et al., 2010). In vivo, activation of ephrinA ligand s on T cells initiates reverse
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signalling causing T cell to enter the lymph nodes (Sharfe et al., 2008a)T lymphocytes also

express EphAl and EphA4 receptors with their ephrinAl ligand expressed on HEV ECs.

EphrinAl binding t 0 EphAl and EphA4 expressed on CD4 T cells stimulates stromal cell-
derived factor 1 (SDFrUA WE OE WOEEUOxT ET 1T wbOi OEOOEUOUawxUOUI DO
chemotaxis of the CD4+ T cells(Aasheim et al., 2005) This chemotactic effect was thought to

be controll ed by the effect EphA-ephrinAl inter actions on actin polymerization. The exact

relationship between Eph-ephrin communication and chemokines is not clear but both SDF-

RNWEOEwW, (/t+ ¢wbUwOI EPEUI EwOOUwWOOO0a Hharfeudt . 200R)0 wODT E
pointing to a role of both subsets of ligands in T cell migration into chemokine concentration

gradients (Darling and Lamb, 2019). A range of dgnalling molecules have been implic ated in

T cell EphA-ephrinA mediated migration including Lck, a member of the Src kinase family,

the focal adhesion like kinase, proline-rich tyrosine kinase 2 (Pyk2) and the guanidine

exchange factor (Vavl) aswell as Rho GTPasegHjorthaug and Aasheim, 2007).

The precise expression patterns of EphAl on leucocytes and ECs and its exact role in
immune cell trafficking is unclear. However, upregulati on of EphALl in hepatocellular
carcinoma (HCC) cells promoted the chemotaxis of endothelial progenitor cells (EPCs) to
tumour cells (Wang et al., 2016) EPC migration to tumour tissue is detrimental as EPCs
promotes angiogenesis of HCC. Moreover, this increased expression led to increase in SDA
concentrations in the tumour microenvironment, enhancing EPC recruitment to HCC which
was shown to be partly mediated by the PI3K and mTOR pathways. This highlights not only
the role of EphAL in cellular migratio n but also on the pathological potential of EphAl
mediated migration of cells. How this relates to AD -associatedEphA1SNPs isunclear but
considering th e clear role of Eph-ephrins in immunity and inflammation and the AD related
neuropathology of BBB dysfu nction and neuroinflammation, one might suppose that EphAl
AD SNPs might alter the interactions of peripheral immune cells and the BBB. In order to
appreciate the potential pathological processes of the EphAl molecule, itis first vital to

understand the regulatory mechanisms associated with the molecule.
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1.5Eph-ephrin regulation

Typically, activation of RTKs by ligand binding at the cell surface results in the
internalisation of the receptor through clathrin -mediated (CME) and/or clathrin -
independent endocytosis (CIE) (Goh and Sorkin, 2013a). Signalling from endocytosed RTKs
persists from intracellular compartments prior to ta rgeting for dephosphorylation,
degradation by endosomes and lysosomes or recycling to the cell surface by
retroendocytosis. The surface association of efirins means activation of the Eph receptor
through ligand binding ha s unique endocytic features. The prototypical RTK signalling
OOEEOPUAwmDdl Bwsi OUPEUEwWUDT OEOCODOT Awdi w$ xT UwEOE U
macromolecular complexes (Vearing and Lackmann, 2005) The mechanism of intact
receptor-ligand complex internalisation ¢ known as trans-endocytosis - is not completely
understood. However, the termination of these adhesive contact sites is thought to require
actin polymerisation and activity of Ras relate d C3 botulinum toxin substrate 1 (Racl),
which is part of the Rho family of GTPases (Marston et al., 2003) Cbl, an E3 ubiquitin -
protein ligase, can dso promote Eph receptor internalisation and degradation (Fasen et al.,
2008; Walker-Daniels et al., 2002a) Complex internalisation can occur in either the Eph or
ephrin-bearing cell, mediated by the direction of signal transduction (Marston et al., 2003;

Zimmer et al., 2003).

Trans-endocytosis is not the only mechanism by which Eph/ephrin complexes are disrupted
and internalised. There is an emerging role of proteases in the regulation of both Eph and
ephrin shedding, internalisation and signalling (Atapattu et al., 2014a) Proteases are
enzymes which primarily hydrolyse peptide bonds within both proteins and polypeptides.
Mammalian proteases belong to one of 5 major groups, cysteine, serine, metallo, aspartic
and threonine, classified based on their mechanism of catalysis(L6pez-Otin and Bond, 2008)
Many transmemb rane proteins are cleaved at the etodomain, with the extracellular region
then released into the extracellular space. Autocrine and paracrine sgnalling is generally
facilitated by proteolysis of receptor ligands at a distance, this is true for many receptor
families, including RTKs. Juxtacrine signalling, which defines Eph/ephrin interactions, does
not intuitively appear to necessitate proteolyt ic regulation. However, as mentioned, the

tethering of Eph- and ephrin-bearing cells regulated by large receptor-ligand complexes
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results in either cellular spreading and adhesion or withdrawal of processes and repulsion.
Consequently, dynamic interference of these complexes, via a range of mechanisms, is
required to convert the high -affinity interaction into a repu Isive outcome. It is now widely
reported that Eph-ephrin functions are mediated by a range of proteases, including A
Disintegrin And Metalloprot eases (ADAMSs), matrix metalloproteases (MMPSs), rsecretase

and a number of serine proteases, such as Neurospin(Atapattu et al., 2014a)
1.5.2A disintegrin matrix metallo proteinases (ADAMS)

ADAMs are transmembrane and cleaved proteins which belong to the Metzincins
superfamily of m etalloproteases. 17 of the 23 knownmammalian ADAM genes encode a
functional protease. The primary purpose of these functional ADAMs is to shed the
ectodomain of growth factors, cytokines, receptors and adhesion molecules. ADAM -
10/Kuzbanian is considered pivotal in the regulation of Eph/eph rin signalling. Seminal work
concluded that Eph-induced cellular retraction between EphA3 -ephrin A2 complexes
necessitated the cleavage of ephrinA2, by ADAM-10 (Hattori et al ., 2000) The ephrinA2
recognition motif by ADAM10 is not found in ephrinAl suggesting an alternative protea se
may be responsible for cleavage of ephrinAl. Cleavage of Eph-bound ephrin has also been
shown in trans;formation of EphA3 -ephrinA5 complexes presents a new recognition motif
for ADAM10 , allowing binding via the substrate recognition pocket in the cys -rich domain
causes ADAM10 to position the adjacent N-terminal metalloproteinase domain for effective
non cell autonomous cleavage of its target, ephrinA5 (Janes et al., 2005)-ollowing
disruption of the complex, EphA3 complexed to cleaved ephrinA5 is internalised into the

Eph bearing cell.

There are a numbe of other ADAMs which regulate Eph /ephrin signalling. ADAM12 is
thought to contribute to EphAl-ephrin A1 complex interference (leguchi et al., 2014)
Interestingly, this study concluded that EphAl-ephrinAl complexes do not become
internalised within the cell and rather remain bound at the cell membranes (after 12h) where
ephrinAl is expressed in its natural GPI anchored form. ADAM12 cleaved ephrin Al can
become deleterious by disrupting th ese cellular contacts and increasing endothelial lung
permeability. Moreover, adherence was not reliant on the activity of the EphA1l kinase

domain, suggesting the primary purpose of EphAl -ephrin A1 complexes is to mediate cell
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adherence and that these proténs are both necessary and sufficient to control this event as it

occurred even in the absence of Ecadherin (leguchi et al., 2014)
1.5.3Matrix metalloproteases

The 25 members of MMPs, similarly to ADAMs belong to the superfamily, metzincin and
exist in either a membrane bound or secreted form. Consequently, MMPs are capable of
cleaving membrane bound proteins, proteins in the secretory pathway or those within the
extracellular space (PageMcCaw et al., 2007) They have also been identified in the
regulation of both Ephs and ephrins. EphrinAl proteolysis has been shown to be blocked by
MMP inhibitors ; particularly MMP1, 2, 9 and 13 in cancer studies (Beauchamp et al., 2012)

EphA2, the closest homolog to EphALl is known to recruit MT1 -MMP when ephrinAl is
bound, promoting in ciscleavage of EphA2 at the fibronectin type Il domain 1 (see
supplement | for the cleavage site). Constitutive shedding was present without added ligand
but was enhanced by the addition of ephrin A1-Fc. This subsequently caused Src/Rho
mediated invasion and internalisati on of C-terminal EphA2 and the release of N-terminal
fragments in the media (Sugiyama et al., 2013) The EphA1 P49 mutation, as described in
section 1.4and Table 1.2.resides within the second fibronectin type -l repeat and
subsequently may interfere with or promote proteolytic processes mediated by MT1-MPP.
Secondly, it may provide the closest insight to the mechanism by which EphAl may be
processed in the presence of clustered ephrinAXFc due to the described similarity between

EphA1l and EphA2.
1.5.4Regulated intramembrane proteolysis (RIP)

Ectodomain shedding mediated by ADAMs or MMPs is a pre -requisite for regulated
intramembrane proteolysis (RIP) and is conducted by proteases known asintramembrane
cleaving proteases (iCLiPs). RP represents the second cleavage of ectodomain proteins and
generally results in the secretion of a small peptide into the vesicle lumen or extracellular
region and internalisation of the intracellular region of the protein into the cytosol (Brown et
al., 20M®). iCLiPs are represented by 3 protease families, S2Pmetalloproteases, rhomboid
serine proteases and the GxGDtype aspartyl proteases. 2 types of RIP control sequential

cleavage of integral membrane proteins; type Il processes proteins whose N-terminus is
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within the cytosol and is carried out by S2P -metalloproteases. Relevantly, type | RIP
regulates proteins whose C-terminus is within the cytoplasm, as with Ephs, and employs the
EUxEUUaOwx U€eoréaBe)) 1 Uwpl 81T ww

1.5.5Y-secretase
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its role in APP processing. The complex is membrane bound and topologically consists of a

number of subunits, namely: Pen-1, Pen2 Nicastrin and Aphl. Eph-ephrin RIP, where the
membrane-bound C-terminal fragments (CTFs) are processed bywsecretase has been

reported for a number of Ephs and ephrins. It has been shown that endogenous EphA4

intermediate CTF accumulates in rat hippocampal neur ons treated with compound E, a @

secretase inhibitor, following primary processing by MMP s (Inoue et al., 2009) EphB2 has

also been shownto UOET Ul OwbOPUPEOwW # , huy wx ktsérkeiadeUD OT wE OE wU
regulation producing C -terminal peptides EphB2/CFT1 and EphB2/CTF2(Xu et al., 2009a)
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1.6 Summary

It is clear from the literature that EphAl remains the least characterised of the Eph receptors,
making hypotheses of the potential pathomechanisms of AD -related EphA1 SNPs difficult.
This is further compounded by th e inherent complexity of the Eph -ephrin system. However,
building on the literature of Eph family members, their identified regulatory processes and
roles in vascular biology and immune cell trafficking allows an insight into how EphAl

SNPs might contribut e to the neuropathology of AD.

From analysis of post-mortem brains, it is clear that infiltration of peripheral immune cells

into the brain parenchyma is a characteristic of AD neuropathology (Hultman et al., 2013;

Zenaro et al., 2015b) Most evidence points to this infiltration as a by -product of jeopardised

BBB integrity. This loss of BBBintegrity is primarily considered to occur through age -related

x UOEI UUl UwOUWEUwWEwWUI EOOEEVUaAWEOOUI gUI OET wOi w ¢ wEl
including EphA1, can directly regulate immune cell trafficking. As a result, it is plausible

that EphAlmutations could alter peripheral immune cell trafficking to the BBB eventually

supporting their eventual extravasation into the CNS causing cytotoxicity to neuronal cells.

How the mutations could promote this effect is unclear.

It is known that Eph-receptors and their ligands are proteolytically processed, but there is
little data on EphA1l cleavage mechanisms. As the P9 mutation occurs in the second
fibronectin tyepe Ill repeat, it could be hypothesized that this induces an MT1-MMP
cleavage site,as this enzyme is known to cleave the homologue EphA2 in this region
(Sugiyama et al., 2013) EphAl is expressed by a range of leucocytes, so if the oL mutation
introduces an additional cleavage site, this could cause aberrant proteolysis of the molecule
resulting in an increase in the amount of circulating soluble P EphAl ECD. Itis
hypothesised that this increase in circulating soluble EphAl is capable of priming ECs for
leucocyte recruitment, as the Eph-ephrin sy stem is important in immune cell trafficking.
Indeed, preliminary work has shown that activation of the human brain microvessel
endothelial (hCMEC/D3) cell line using soluble EphA1l, corresponding to the ECD,
stimulates leucocyte adhesion independently of changesin ICAM1 -1 or VCAM -1,
suggesting a novel EphAl-dependant pathway may control leucocyte extravasation across

the BBB(Ager, unpublished) .
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1.7 Hypothesis

With this in mind, it is hypothesized that that the EphAl P49 AD SNP alters membrane
turnover of EphAL, resulting in an increase in circulating soluble EphA1 within the
vasculature which ultimately primes bra in ECs for leucocyte recruitment and their eventual
extravasation. Elucidation of this hypothesis would provide a potential pathomechanism for

AD initiated by EphAl and provide a potential therapeutic target.
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1.8 Aims

The overall aim of this thesis is to characterise theWT EphA1l molecule, including regulatory
processes with a goal to decipherthe potential role of P4% EphAl in AD pathoge nesis. To

assesghe hypothesis, the following aims will need to be achieved:

- Generation of cell lines stably expressing WT EphAl and P49 EphAl using the
human embryonic kidney (HEK) -293 Flp-In expression system.

- Characterisation and comparison of WT EphAl and P*%® EphAl membrane
expression using western blotting (WB) and immunocytochemistry (ICC) in the
absence of ligand.

- Characterisation and comparison of WT EphAl and P49 EphAl membrane
expression using WB and ICC in the presence of ligand,

- If WT EphA1l and P*% EphAl appear to be proteolytically processed, determine
which proteases are responsible for this effect.

- Generation and purification of soluble ectodomains WT EphAl and P49 EphAl using
the HEK-293 Flp in system.

- Assessing the effect of solible WT EphAl and P49 EphAl on recruitment of
leucocytes to both HUVECs and the human brain microvessel endothelial

(hCMEC/D3) cell line under shear flow.
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Chapter Two

General Materials and Methods
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2.1 Materials and methods

ddH 20 or PBS was used to prepare ®ck solutions/buffers as described in Appendix I. All
experiments used analytical grade chemicals from either Sigma (St. Louis, Missouri, USA) or

ThermoFisher Scientific (Waltham, Massachusetts, USA) unless otherwise stated.
2.1.1 Cell culture materials

Reconstituted complete media for all cell lines used in this thesis is detailed in Table 2.1.

#UOEI EEOzUw, OEPI Pl EwWS$ET Ol w, 1 EPEwp#, $, AWEOE W1/, (u
from Gibco, Endothelial Cell Growth Basal Media (E BM-2) and EBM-2 reconstruction

reagents were all obtained from Lonza (Basel, Switxerland). Trypsin/EDTA and Hygromycin

B were obtained from Sigma-Aldrich. All culturing plastic ware were obtained from Sarstedt

Ltd.

The Flp-In expression system (Invitrogen) was used to create stably exressing EphALl cell
lines using HEK -293 cells delivered with the target site vector integrated and is discussed in

more detail in chapter 3.
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Table 2.1 Culture conditions for al | cell lines

Cell line Origin Culture Medium Freezing
Medium

HEK-293 Flp- | Human 90% DMEM, 10% fetal bovine serum Complete DMEM

In embryonic (FBS) with 10%
kidney dimethyl

sulfoxide (DMSO)

HEK-293 WT | Human 90% DMEM, 10% FBSLOOug/ml Complete DMEM

EphA1-V5 embryonic hygromycin B with 10% DMSO
kidney

HEK-293 Human 90% DMEM, 10% FBS 100ug/ml Complete DMEM

P4 EphAl- | embryonic hygromycin B with 10% DMSO

V5 kidney

HEK-293 X2 | Human 90% DMEM, 10% FBS 100ug/ml Complete DMEM

EphA1-V5 embryonic hygromycin B with 10% DMSO
kidney

hCMEC/D3 Temporal EBM-2,5 % FBS.1 % GA-1000, 0.01 %| Complete EBM-2
lobe of the hydrocortisone, 0.1 % Human with 1 0% DMSO
human fibroblast growth factor -¢ w ol -§6& @bl
brain 0.025 % Vascular endothelial growth

factor (VEGF), 0.025 %R3-insulin -like
growth factor -1 (R3IGF-1), 0.025 %
Human epidermal growth factor
(hEGF)

HUVECs Vein of the | M199, 20% FBS and P/S Complete M199

(immortalized | human with 10% DMSO

with a umbilical

lentiviral cord

hTERT

construct)

Molt3Tcells | T RPMI 1640, 10 % BS, 2mM L- Complete RPMI
lymphoblast | Glutamine, 100 IU penicillin, 1640 with 10%
from ) DMSO

: 100 pg/mL streptomycin and 1 mM
peripheral _
blood sodium pyruvat e
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2.1.2 Cell passaging of adherent cells

Cells were maintained at 37¢C in a humidified incubator with 5% CO 2. Cells were passaged

during the log phase of growth at approximately 70 -80 % confluency. Spent media was

removed from the culturing vessels and the cells washed in 10 ml of sterile 1 x PBS. Cells

were subsequently trypsinized in 3-5 mls of pre-warmed trypsin/EDTA (depending on

vessel sizg and incubated att A Wot 2 mins. The efficacy of trypsinization was assessed

using phase contrast microscopy with adherent cells encouraged to disassociate using

mechanical agitation of the flask and/or further POEUEEUDOOWE U wt A V" w3 UaxUb(
was quenched using 5 ml of media and harvested cells were collected in sterile tubes prior to
centrifugation at 250x gfor 5 minutes. The supernatant was removed, and the cell pellet was
re-suspended in an appropriate volume of fresh media and dispensed into culturing vessels
ataratioor 1:50r 1:1@ w" 1 OOUwPkI Ul wWOEDOUEDOI EwE Quith fresh " wE OE wi |

media.
2.1.3 Cell passaging of suspension cells

Molt 3 T cells were brought into a single cell suspension before centrifugation at 250x g and
re-suspension in 10 ml of fresh media. Molt 3 T cells were then counted (as described in
section 2.1.4), maintaining a density of 15 x 10 cells/ml. Molt 3 T cells were passaged gery

2-3 days.
2.1.4Cell counting and plating

An accurate live cell count of the re-suspended cell pellets was achieved using the Trypan
Blue exclusion test (Strober, 2001) A haemocytometer was moistened with exhaled breath
and a coverslip affixed to create a cavity within which cells would be counted. The presence
of Nl PUOOZz UwUI 1 U HifndtBedOtBewde& i hdsalhéréd via suction to the
haemocytometer. The cell suspension was mixed and combined with an equal volume of 0.4
% trypan blue. 10 pl of the cell:trypan blue solution was dispensed at the chamber, near the
edge of the coverslip, allowing the solution to flow into the cavity through capillary action.
The haemocytometer was then visualised under a phase contrast microscope and live,
refractile cells were counted in each large corner square (1 mnm) with a tally counter (trypan

blue stains dead, nonrefractile cells and were excluded from the subsequent calculation).
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Calculation of the cell concentration of the suspension, per ml, was achieved as follows:
Average number of cells in the corner squares x dlution factor (1:1) x 104 Cells were then
seeded at the required density after diluting the cell suspension with an appropriate volume

of media.
2.1.5 Thawing and freezing of cell lines

Cellswere cryopreserved in liquid nitrogen for long -term storage. In order to resuscitate
cells for culturing, they were rapidly thawed ina t+ A Waterbath, resuspended in fresh
media in a dropwise fashion and centrifuged at 250x g for 5 mins. They were then cultured
according to their culturing conditions. A complete med ia change was conducted the

following day to remove all residual traces of cryoprotectant.

In order to prepare cells for long -term storage, they were cultured in a T-75 flask until
reaching confluency. The cells were washed once in prewarmed PBS, trypsinized and re-
suspended in 2 ml their respective freezing media (as indicated in Table 2.1). Cells were then
distributed between 2 cryovials and retained at -80WL in a freezing container for 24 hours

before being moved to liquid nitrogen.
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2.2SDS-PAGE

2.2.1Cell lysis

Media was removed and retained and cells were washed in 1x icecold PBS and lysed for 30
mins in 35-50ul of lysis buffer containing 25 mM HEPES, 150 mM NacCl, 10 mM MgCl2, 1
mM EDTA, 2% glycerol, 1% Triton -X and supplemented with proteinase inhibitor and
orthophenanthroline prior to use. Lysates were then centrifuged 250x gfor 5 mins to pellet

cellular debris and the supernatant retained.
2.2.2 Deermining protein concentration of lysates (BCA assay)

Protein concentrations were determined UUD OT wUOT T w! " wxUOUI POWEUUE a wop/
OEOUI EEUUUI Uz UwbPOUUUUEUDPOOUGwW! UPT I OaOw!'2 wUUEOEE
mg/ml (diluent ¢ 1:25lysis buffer) were used to create a standard curve. 5ul of each BCA

standard and sample were plated in duplicates in a 96-well plate. The BCA working reagent

was prepared with a 50:1 ratio reagent A:reagent B with 200 pl added to each well.

Following a 30 min incubation at 37UL, the absorbance was read on a microplate reader

(Omega Plate Reader, BAG Labtech) at 570 rm. Protein concentrations were determined

from the gradient of the standard curve.

Briefly, this assay relies upon the protein induced Biuret reaction, whereby cupric ions
(Cu?¥) are reduced to cuprous cations (Qut*) under alkaline condition with the reduction
proportional to the protein composition of a solution. This reaction results in the formation
of a light blue coloured chelate complex which displays a str ong linear absorbance at 550

nm.
2.2.3 Immunoblotting

Proteins concentrations were equalised prior to SDS-PAGE by mixing with an appropriate
volume of 3 x Laemmli sample buffer (660 mM Tris-HCI (pH 6.8), 26 % glycerol (v/v), 4 %
SDS (w/v), 0.01 % bromophed O O WE O U 1 w gpmarcapiodthakaluii/vw érid denatured at
95LL for 5 minutes on a heat block. 1030 ug of protein was loaded into pre -cast 410%
gradient gels (Bio-Rad) with 4 pl of Geneflow protein ladder and electrophoresed at 120V

for 1 h or until t he dye reached the bottom of the gel.
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Polyvinylidene difluoride (PVDF) me mbranes (Immobion-PsQ) were activated for 30s in

methanol followed by equilibration in transfer buffer. Wet transfer of proteins was

conducted at 75V for 1h at room temperature (RT) or 20V overnight (O/N)E0U wK V" wb OwE w! B

Rad transfer cell containing transfer buffer and a cooling block. To prevent non-specific

antibody binding, the blots were blocked in 5% milk (in PBS -T) for 1h at RT prior to O/N

DPOEUVUEEUDPOOwWPPUT wx UDOEUAa wE OU b Bl Ix fdd 5uniins prirido"

incubation in species-specific horseradish peroxidase (HRP)-conjugated secondary

antibodies diluted in 5% milk (in PBS -T). Secondary antibodies were detected using ECL

reagent (Pierce) for 1 minute with an X-ray film and develo per. GAPDH was used as a

loading control to adjust f or sample-to-sample variability . Primary and secondary antibodies

used for Western blotting are listed in Table 22.

Table 2.2 Primary and Secondary antibodi es used for Western blotting, *denotes loading

Qu

control
Primary antibodies
Antibody/ | Antigen/ Species/ Dilution | Source Catalogue
- . . number
Reactivity | Epitope Clonality
V5 V5 synthetic Mouse 1:2000 Invitrogen R96G25
peptide monoclonal
GKPIPNPLLGLDST
EphA1l EphAl Mouse 1:500 R&D systems | MAB368
monoclonal
R24-Q547
GAPDH GAPDH Mouse 1:2000 | ThermoFisher | MA5-15738
Monoclonal
Secondary Antibodies
Mouse Mouse 1:7000 Stratech 715035150JIR
IgG polyclonal
HRP-
conjugated

53



2.2.4 Densitometry

Semiquantitative densitometry analysis was performed using ImageJ or Gel EZ Doc Imager
software (Bio-Rad). Briefly, scanned blots were converted to gray-scale images and
individual bands were demarcated using the Rectangular Selectioneol. Profile plots
representing the relative density of each band is then created using thePlot Lanedool. The
Straight Lineselection tool is then used to enclose the area of individual bands and
subsequently quantified using the Wandtool. The band intensities of the protein of interest
were compared to internal loading controls to obtain normalised density ratios. For

analyses, three individual experiments were conducted (n=3).

Statistical analyses were conducted using GraphPad Prism 6 (GraphPad Software, CA,

USA).
2.25 Medium con centration

For analysis of cleaved products in the media, the supernatant was removed and centrifuged

at 250x g for 5 mins at 4L to pellet cellular debris. The supernatant was the concentrated

using the Amicon centrifugal filter unit with a nominated MW cut-off of 3kDa, according to

000Ul
2.3Immunodetection of EphA1-V5/EphAl -P*9-V5 expressing HEK -293 cells

Cells were seeded in a 24well plate at a density of 1x105 on poly-L-lysine coated glass

EOYI UUODxUBw3T 1T awbkl Ul wEUOUUUI EwOYIT UOPTT OwEUWt Ac
ephrinAl -Fc or inhibitors, as desaibed in subsequent chapters. The cells were washed in pre

warmed PBS 372C) and fixed in 3% paraformaldeh yde. Cells were washed following all

UUEUI gU1 O0wUUIT xUwi OUwt wuBwk wOBOUwhOw/ ! 28 wwUI | wEO
cells were permeabilised in 0.4% saponin for 10 mins and blocked in 1% BSA for 30 mins. The

antibody diluent contained 0.4% saponin, 2% FBS and 2% BSA. Anibodies (Abs) were diluted

to a final concentration (as described in Table2.3) and incubated for 1h at RT. The cells were

then incubated with species-specific fluorophore conjugated secondary Ab in blocking buffer

for 1h at RT. DAPI Vectashield mounting media was used as a nuclear counter stain and slides

were imaged using the ZEISS Apotome fluorescent microscope (running ZEN software) with

a 63x oil immersion objective scanning at 488 and 543 nm or the ZEISS confocal microscope,
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asdetailed. Statistical analyses were conducted usingGraphPad Prism 6 (GraphPad Software,

CA, USA). Primary and secondary antibodies used for immunocyt ochemistry are outlined in

Table 2.3.

Table 2.3 Primary and secondary antibodies used for immunocytochemistry. Antibody
name, specificity, species/clonality, dilution and source of primary antibodies used fo r
western immunocytochemistry.

Primary antibodies
Antibody/ | Antigen/ Species/ Dilution | Source Catalogue
- . , number

Reactivity | Epitope Clonality
V5 V5 synthetic Mouse 1:500 Invitrogen R96025

peptide monoclonal

GKPIPNPLLGLDST
V5 V5 synthetic Rabbit 1:500 Abcam Ab9166

peptide polyclonal

GKPIPNPLLGLDST
EphAl EphAl Mouse 1:250 R&D MAB368

monoclonal systems
R24-Q547
Secondary antibo dies

AlexaFluor | Heavy and light Mouse 1:500 Molecular A-11005
594 goat gamma polyclonal Probes by
anti- immunoglobulin Life
mouse IgG | chains (mouse) Technologies
AlexaFluor | Heavy and light Rabbit 1:500 Molecular A-11008
488 goat gamma polyclonal Probes by
anti-rabbit | immunoglobulin Life
IgG chains (rabbit) Technologies
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2.4 Microfluidic assay ¢ Bioflux 200, Fluxion Biosciences

The Bioflux 200 system (Fluxion Biosciences) uses Well Plate Microfluidic technology,

I OEI EEDOT wi OUDE b E wE mEaldriyith® whdegsidekof austardand® welh pjate.s

A control unit connects to interface unit mounted upon the well plate which con trols shear

flow, temperature and direction of flow. As is standard for studies exploiting the Bioflux

system, shear flow is expressed as dynes/cnd and as such shear flow will be expressed as
dynes/cm2(Tremblay et al., 2019. As a reference point, 1 dyne/cmz2is equal to the Sl unit 0.1

pascals (Pa)Molt 3 T cells were flowed over HUVECs and hCMEC/D 3 cells at 0.5 and 0.25
dynes/em?Qwi GUEUDOT wUOOWE wi OOPwUE U1 w(Searigulewt1dordnwE O E whuN

overview of the Bioflux 200 system.
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Figure 2.1 Overview of the Bioflux 200 system. A) The Bioflux controller connects to the

interface unit and controls all aspects of the experiment, including pneumatic pressure and

temperature. Theinterface unit is mounted securely onto the 24-well Bioflux plate which both

sit upon an inverted fluoresce nt microscope. B) Schematicshowing a vertical cross-section of

a Bioflux chamber. Pneumatic pressure delivered from the control unit to the interf ace is

pushed into the input well, and through the microfluidic channel, over the endothelial cells

and subsequently into the output well. C) Each microfluidic channelis micron-UE E Ol wE Uwt k Y w!
R wA Y DyAOBwell plate, with 2 input wells, 2 output wells, and the viewing channel

highlighted, E)and D) show this magnified.
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Chapter Three

Generation of EphAl expression
constructs and cell lines for
Investigation of EphA1l function
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3.1Introduction

The aim of this chapter was to establish cell lines stably expressing functional, V5tagged,
full -length WT EphAl and P*% EphA1l for subsequent investigation on th e function and
stability of membrane EphA 1. Characterisation of EphAl and its regulatory mechanisms is
critical if the pathological consequences of AD SNPs are to be understood. Generation of a
cell line stably expressing P49 EphA1l will allow us to deter mine whether the mutation
alters these regulatory mechanisms and thus offer a potential disease mechanism.It is
known that Eph family members are proteolytically processed (Atapattu et al., 2014) and as
the mutation is located in the second FNIII repeat, we have hypothesised that this induces
an MT1-MPP cleavage site, since thisenzyme is known to cleave its closest homolog, EphA2
in this region (Sugiyama, 2013). As the P mutation is protein coding, it makes it an

attractive target for functional chara cterisation as it may inform the mechanisms associated

with the non -coding EphA1AD SNPs.Importantly, the Flp -( Oawi R x Ul UUDPOOwUa uUu

(ThermoFisher) will be used to integrate our gene-of-interest (GOI) into our chosen cell line
using pOG44-mediated homologo us recombination (seeFig 3.1for an overview of the Flp-
( Oawl B x Ul tdmil DHxill Alkovthe generation of isogenic cell lines, permitting
direct comparisons between wild -type and P49 mutant and thus, changes in EphA1l cell

surface expression levelswould not be due to variations in gene expression.

Expression of V5 tagged EphA1-WT, P460L or P460L ECD

Expression of Hygromycin
pUCori Amp  Pcwmv Amp pUC ori
Psvao ATG W Hygromycin e a——— BGH pA W lacZ-Zeocin

Figure 3.1 Schematic representation of the integrated V5tagged EphAl WT amd P46
expression constructs. The model cell line is transfected with the target site vector,
Prft/LacZeo, with stable transfectants subsequently séected for zeodn resistance. The
introduction of an integrated FRT site allows the POG44 flp recombinase to bind and cleave.
Co-transfection of the POG44 flp recombinase and a pcDNAS5/FRT vector (holding EphAl or
EphA1 P4®L) into the model cell line media tes a homologous recombination event at the FRT
site. pcDNA integration brings the SV40 promotor and ATG start codon into frame,
inactivating LacZ -Zeocin, allowing future selection for stable transfectants using Hygromycin
B.

Since unpublished data from th e Ager lab has shown that the ECD of EphAl is capable of

priming endothelial cells for leucocyte binding in a static adhesion assay and we
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hypothesise that the P*9L mutation causes an increaseof EphALl proteolysis; EphAl and
P40l EphAL will also be expressedas soluble recombinant proteins for future analyses of the
effect of EphA1 on leucocyte recruitment using a microfluidic system , which mimics blood
flow through the vasculature,. Ultimately, generation of these cell | ineswill allow
determination of whether the EphAl AD mutation, firstly, causes aberrant proteolysis of the
molecule as hypothesised,and additionally, whether any ensuing alterations in peripheral
EphA1-ECD levels is capable of modifying leucocyte-endothelium interactions. Should this

prove to be the case, this would provide an EphAl-initiated pathomechanism for AD.

3.1.2HEK -293 as a model cell line

Human embryonic kidney (HEK) -293 cells will be used asa model cell line in this study as
they are robust, amenable to transfection and the biochemical machinery of this cell line
allows it to efficiently carry out most post -translational modifications and processing
necessary to produce functional, mature proteins. Since HEK-293 cells lack endogenous
expression of EphALl, future analyses of EphAl can be conducted without endogenous

interference.

This chapter introduces two modified recipient pcDNAS vectors ( Vera Knauper,
unpublished) containing multiple cloning sites (MCS) and C -terminal V5 -His tags which
will allow the cloning of our EphAl DNA fragments following PCR amplification from
EphA1 cDNA. The first of these vectors will carry our full -length EphAl and EphAl P46,
The V5 tag will allow us detection of EphAl in lysates using a previously validated V5 Ab
(Invitrogen). We will use a monoc lonal EphAl Ab (R&D systems), to detect the N-terminal
region of EphAl (aa 27-547). Thisallows us to track the N-terminal and C-terminal regions
of EphAl and consequently allow s the investigation of proteolytic events. The second of
these vectors, carrying human Fc-coding sequences,allows expression of EphAl and
EphA1- P49 as soluble recombinant proteins for subsequent purification using protein G

magnetic beads.
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3.1.3Aims

1. Establish cell lines stably expressing full-length WT EphAl and P9 EphA1,
containing a V5 tag.

2. Confirm that EphA1 WT and P 489 is expressed by immunoblotting and
immunocytochemistry .

3. Establish cell lines expressing soluble EphAI-ECD and P*°L-ECD.

4. Purify soluble EphA1-ECD and EphAl P49 -ECD from cell-free supernatant.
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3.2Methods

3.2.1Generating full -length EphAl and EphAl P*% expression constructs and
stably expressing HEK -293 cells

3.2.1.1Cloning of EphAl and P*% EphAl

Primers were designed as shown in Table 3.1using the Eurofins Genomics PCR primer
design tool. Lyophilised primers (Eurofins Genomics) were reconstituted in PBS to a final

concentration of 100 uM.

Table 3.1 Primer sequences for EphAl and EphAL P 469, Nucleotides diff ering from the
wild -type sequenceare given in red. The introduction of N hel pkGCTAG- 7 A w BtOyikug-
GCGGCCGCt z AwUl UUUPEUDPOOwWUPUI UneHid hol T wx UDOT UU Wl BYT (

Products Forward Primer Reverse Primer
EphAl k z GCTAGC ATGGAGCGGCG |k z GCGGCCGCCAGTCCTTGA
CTGGCCCCTGGGGCTA-t 7 ATCCCTGAATACTGCAAAG -t 7
EphAl As EphAl For kz" " GT&AGC TCTAGTTGCCTC
P4soL AGTTCTTTCTTCACCAGTCTCAG -
t
N-term <
EphAl kz"3& & " 3&&3& & As EphAl Rev
Paso_ ACTGAGGCAACTAGAGCTGAC
CTGG+t z w
C-term

3.2.1.2Full -length WT EphAl PCR

Full-length EphA1 was amplifi ed using Herculase Il Fusion DNA polymerase (Agilent) with

2 uM each of EphAl For and EphAl Rev primers (Table 3.1), 10uL 5 x Herculase reaction

EUIT 1T UwUUxxO1 O1 OUT EwbpPUT whhwOU w! ws + wEphBL OQwl k wd, wkE
template DNA (pDNOR223 -EphA1l; Addgene) and ddH 20 up to a final volume of 50 pL.

PCR cycles are shown in table 3.2
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Table 3.2 PCR cycles for full-length WT EphALl construct

Stage Temperature (3C) Time Cycles
95 5 mins
Denaturing 95 15 secs
Annealing 65 15 secs X 20
Extension 70 1 min 30 secs
70 10 mins

3.2.1.3Full -length EphA1 P 460 PCR

Full-length EphA1-P49 (herein described as EphA1-P49) was amplified using overlap
extension PCR (OEPCR; seeFigure 3.2for an overview of OE-PCR). Two separate PCR
reactions were performed to amplify the cDNA coding sequences for the Nterminal and C -
terminal regions of EphAl P4%L using EphA1l For and EphAl P49 Rev and EphAl P9 For
and EphAl Rev, respectively (seeTable 3.1for pri mer sequences). The PCR products were
subsequently gel purified from 1% agarose gels using the giaQuick gel extraction kit. A
subsequent PCR reaction in the presence of both products from the first round of PCR
amplificati on and the EphAl For and EphAl Rev primers created a full-length EphA1 P460L
cDNA fragment containing Nheland Notl restriction enzyme sites for subsequent cloning.

PCR cycles are shown in table 3.3.
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Table 3.3 Overlap extension PCR cycles for full -length P49 EphAl construct. *PCR
conditions were identical for the amplification of EphA1 -P*% N -terminus and C-terminus in

stage 1.
Stage 1* | PCR Stage Temperature (:C) Time Cycles
95 5 mins
Denaturing 95 15 secs
Annealing 65 15 secs X 20
Extension 72 1 min 30 secs
72 10 mins
Stage 2 | PCR Stage Temperature (:C) Time Repeats
Overlap 95 5 mins
Extension Denaturing 95 15 secs
Annealing 65 15 secs X 25
Extension 72 2 mins
72
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Wild-type Template DNA

EphAl (For) EphAl P460L (For)
— >
- S —
EphA1 P460L (Rev)' EphAL (Rev)
EphA1 (For) EphA1 P460L (For)
— —_—
B ek §
«— -
EphA1 P460L (Rev) EphA1 (Rev)

a Mix e
5'-CCAGGTCAGCTCTAGTTGCCTCAGTTCTTTCTTCACCAGTCTCAG -3/
3’- CTGAGACTGGTGAAGAAAGAACTGAGGCAACTAGAGCTGACCTGG - 5

Overlap
Extension

5-CCAGGTCAGCTCTAGTTGCCTCAGTTCTTTCTTCACCAGTCTCAG -3’
e 3’- CTGAGACTGGTGAAGAAAGAACTGAGGCAACTAGAGCTGACCTGG - 5%

2" PCR
EphAl (For)
E—

Full-length EphA1 (P460L) —» I
EphAl (Rev)

Figure 3.2 Overview of overlap extension PCR During the first round of PCR; the N -terminus
and C-terminus are created; both carrying the P%% mutation. During the second round of
PCR the complementary ends of the N-terminus and C-terminus are hybridised using the
outside primers (EphAl For and EphAl Rev).

3.2.1.4Cloning of EphAl1 and EphAl P 4% into pcDNA5 -V5-His vector

PCR fragments were purified using the QIAquick PCR purification kit (QIAgen,

Manchester, UK) accordingtothe manUl EEUUUIT UUz wb Qrdied prodtidisBver® UG w3 T 1 wx
eluted in 40 pL of elution buffer and cleaved with N heland Notl. In parallel, the pcDNAS5 -

V5-His vector (Invitrogen) was cleaved with the same restriction enzymes. The cleaved

fragments were run on a 1%agarose gel andbands extracted using the QIAquick gel

extraction kit (QIAgen). A subsequent ligation reaction was carried out using T4 DNA ligase

@/ UOOI T EAwi OUwhi wBliewdnpdant E Yeili(made in Oduse)ivers

UUEOQOUI OUOI EwbpbPUT wk ws + ushdek aE4Z6 D@L RIE) toolédwrEicew! 1 EUT u
for 5 minutes and subsequently grown for1hat372" wbOwl YY ws + wOi w+! wOl EDE wt

shaker. The cells were then spread over LB agar plates containing 10Qug/mL carbenicillin
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(Sigma) in order to select for bacteria that have taken up the plasmid. Plates were incubated

overnight at 37 ¢C, single colonies picked and transferred into 3 ml of LB media containing

100pg/mL carbenicillin and grown overnight at 37 2C in a shaker. Bacterial pellets were then

collected by centrifugation at 300x g for 5 mins and plasmid DNA purified using the

0( GUPEOwWODPODxUI xwOPUwpo( T1 OAWEEEOUEDPOT wOOWUT 1 u
3.2.1.5Analysis of miniprep DNA for positive clones and DNA sequencing

Miniprep DNA from various clone s were cleaved with Nheland Notl to identify EphAl and
EphA1 P49 containing clones. Positive clones, identified as those containing a 2.6Kb insert
were selectedfor maxiprep DNA production and sequenced using MWG Eurofins DNA

sequencing serviceand they were confirmed to contain the relevant sequences
3.2.1.5Generating stable cell lines containing EphAl1 WT and EphAl P 46

Following sequencing of clones, the Invitrogen Flp -In expression system and Fugené\ 6
Transfection Reagent (Promega) were used to stablish stable HEK-293 cell lines expressing
EphAl WT and EphAl P9, Briefly, 6 well plates (Startedt) were coated in 100ug/ml poly -
L-lysine for 1h at 37 2C, washed once with serum-free media and allowed to air -dry in a
class| safety cabinet. 1 x 10HEK-293 Flp-In cells were seeded per well and grown
overnight. The medium was then replaced with antibiotic -free DMEM containing 10% FBS.
0.2 pg of the plasmids containing EphA1 WT or EphA1 P9 was mixed with 6 pL of
FugeneN 6 Transfection Reagent (Promega) and 1.8 pug of the pOG44 recombinase
expression vector. Following a 30 min incubation at RT, the mixture was added to the cells
in a drop -wise fashion. Control cells were transfected with pOG44 only. Media was replaced
after 48 h with DMEM containing 10% FBS and 100 pg/ml of hygromycin -B to select for
stable transfectants. Cells were grown to confluency in the presence of hygromycin-B, prior

to testing for EphAL expression by immunoblotting and immu nocytochemistry .
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3.3Generating soluble EphAl and EphAl -P#9%L-ECD IgG expression constructs
and stably expressing HEK -293 cells

3.3.1Cloning of EphAl1 -ECD and EphA1l-P*9_-ECD

Primers were designed as shown in Tabe 3.4 using the PCR primer design tool by Eurofins
Genomics. Lyophilised primers (Eurofins Genomics) were reconstituted in EB to a final
concentration of 100 uM.

Table 3.4 Primer sequences for EphAI-ECD and EphAl P460L-ECD. Nucleotides differing

from the wild -type sequence are given inred. The introduction of N hel(pkGCTAG-t z A wE O E w
Xholpk'z3" & &+ Z AwUI UUUPEUDPOOwWUPUI UwEabodl T wxUDOI UUWE

Forward Primer Reverse Primer
EphAl 5z kz
ECD AAA GCTAG CATGGAGCG GCGCT | TATCTCGAG CTCTCCTCCAGTCA
GGCCCCTGGGGCTA+ 7 GGCCCCT GGACAC + 7
EphAl As EphAl ECD For kz
6
L ECD CCAGGTCAGCTCTAGTTGCCTCA
N-term GTTCTTTCTTCACCAGTCTCAG -+ 7
EphAl k- As EphAl ECD Rev
6
PPLECD | 1GAGACTGGTGAAGAAAGAA C
C-term TGAGGCAACTAGAGCTGACCTG
G-t 7

EphA1 P49 N-terminus and C-terminus fragments were hybridised in the final stage
using EphAl ECD For and Rev primers

3.3.2EphA1-ECD PCR

EphA1-ECD was amplified using Herculase 1l Fusion DNA polymerase (Agilent) with 2 pM
each of EphA1 ECD For and EphAl Rev primers (Table 34), 10 pL 5 x Herculase reaction
EUI T T UwUUxxOI1 O OUT EwbpPUT whhwdUw! ws +w#, 2. Owl kwO, wkE
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template DNA (pDNOR223 -EphA1l; Addgene) and ddH 20 up to a final volume of 50 L.

PCR cycles are show in table 3.5

Table 3.5 PCR cycles for EphAL-ECD

Stage Temperature (:C) Time Cycles
Initialization 95 5 mins

Denaturing 95 15 secs

Annealing 70 15 secs X 20
Extension 72 1 min 15 secs

Final Elongation 72 10 mins

3.3.3EphAl- P#*9L-ECD PCR

EphA1l- P49 -ECD was amplified using Herculase Il Fusion DNA polymerase (Agilent)

with 2 uM each of the primers, 10 uL 5 x Herculase reaction buffer supplemented with 1 or

| we +w#, 2. Owl kK wd, wkE); 0R/ug HpAdterdptuiua DNARS bpddiied) and

ddH 20 up to a final volume of 50 uL. The wild -type EphA1-ECD was used as a DNA

template for the P4L mutant. PCR cycles are shown in table 3.6.
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Table 3.6 Overlap extension PCR cycles for EphAl- P460L-ECD construct. *PCR conditions
were identical for the amplification of EphAl -P*%L N-terminus and C-terminus and the
subsequent hybridisation using the outside primers

Stage Temperature (:C) Time Cycles
Initial ization 95 5 mins

Denaturing 95 15 secs

Annealing 65 15 secs X 20
Extension 72 1 min 15 secs

Final Elongation 72 10 mins
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3.3.4Cloning of EphAl1 ECD and EphAl P 49L-ECD into pcDNA5 -V5-His-Fc

vector

The EphA1-P49-ECD PCR fragment was purified using the QIAquick PCR purification kit

@0( T1O0O0Ow, ECETIT UUI UOw4* AKWEEEOUEDOT wUOwWUT T wOEOUI E
products were eluted in 40 pL of elution buffer and cleaved with N heland Xhol. A modified

pcDNAS pl asmid carrying human Fc-coding sequences (Vera Knauper, unpublished) was

cleaved with the same restriction enzymes. Following gel extraction, subsequent ligation of

the 1.6 kb EphA1-P4% -ECD and cleaved pcDNA5-Fc was performed using T4 DNA

polymerase and transformed into XL1 blue co mpetent E.colias described forfull length

EphAl and EphA1l P49, Bacterial colonies were screened for EphATECD and EphA1-P46L -

ECD using Nheland Xhol prior to analysis using 1% agarose gels.
3.3.5Generating stable cell lines expressing EphAl1 -ECD EphA 1-P*9_-ECD

The Invitrogen Flp -In expression system and Fugené\ 6 Transfection Reagent (Promega)
were used to establish stable cell lines (HEKI Nt AOWEEEOQUEDOT wOOwUT I wOEOQUI
instructions. Cells were maintained as detailed in Table 2.1 The transfecton methodology

was as described insection 3.2.1.5.
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3.3.60ptimisation of EphAl -P#9-ECD expression and purification

We first aimed to determine the optimal growth medium and incubation period for
collection of EphA1-P+9 -ECD media to determine which gave us the highest yield of
EphA1-P#9-ECD in the media (expected MW of EphA1-P4%-ECD, 75kDa).

Following optimisation, 3x10 ¢of EphA1-P*°L-ECD stably transfected HEK-293 cells were
seeded in TripleFlasks 500cn (ThermoScientific Nunc) in 250 ml SerumFree Media |l
(SFMII) (ThermoFisher) until confluent. Cond itioned media containing EphAl -P49_-ECD-Fc
was collected and centrifuged a 250xg to pellet cellular debris and the cell free supernatant

was retained, supplemented with protease inhibitor and stor ed at-8C¢C until use.

3.3.7Purification of EphAl -P*9-ECD-Fc

33717 Ul xEUEUDPOOwWOI w/ Pl UET awxUOUI POw& wOET O1 U
500uL (5mg) of protein G magnetic beads were washed with repeated inversion in 10ml of

TST buffer (50 mM Tris-HCI pH 7.6, 150 mM NaCl, 0.05% Tween 20). The beads were

collected using a magnetic bead stand and the supernatant discarded. This wash step was

repeated once prior to sample incubation.
3.3.7.2Binding and elution of EphAl1 -P*9_-ECD-Fc

400ml of conditioned media containing EphA 1-P*9_-ECD-Fc was thawed overnight at 4:C
and the pH adju sted to 7.0 with 200mM HCI prior to filtration using 0.22 uM nitrocellulose
filter membranes (Millipore). The pre -washed protein G magnetic beads were added to the
filtered media, mixed thoroughly by repeated inversion and incubated over night at 43C on a
tube roller (Stuart). Bound EphAl -P*9% -ECD-Fc was collected using the magnetic stands
and washed twice in TS buffer (50 mM Tris-HCI pH 7.6, 150 mM NacCl). Unbound
solution/supernatant was retained, and bound EphAl -P+9 -ECD-Fc eluted with 0.1 M
glycine-HCI pH 2.7 with 6x5 min elutions performed to determine elution efficiency. 80uL of
1M Tris-HCI Ph 9.0 was added to 500 pL of eluted fractions to neutralise the pH. A PBS
buffer exchange was subsequently performed on the elution with highest EphA1-P49 -ECD-

protein concentrations determined using the Pierce BCA assay and Nanodrop. 5 elutions
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were performed to ensure all EphAl P49 -ECD protein was captured during the buffer

exchange procedure.
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34 Results

3.4.10ptimising PCR conditions for cloning of full length wild -type EphAl

To amplify EphA1l for cloning, PCR reactions were performed using Herculase and Phusion
DNA polymerases (either Phusion High Fid elity buffer (HF) or Phusion GC-Rich buffer).
Analysis of the PCR products using 1% agarose gel indicated that Herculase amplified a
product of ~2.6kb, the expected weight of full -length EphA1 (Fig. 3.3A) whilst both Phusion
HF and GC polymerase reactions failed to produce the expected amplicons. Subsequently,
Herculase amplified EphAl and pcDNAS -V5-His cleaved with Nheland Notl were isolated
(Fig 3.3 B) and ligated.

A B
6kb

6kb
3kb
2 5kb 3kb
2kb 2,5kb
1.5kb 1.5kb
1kb 1kb

Figure 3.3 Cloning of full -length EphAl A) Optimisation of PCR conditions; H (Herculase
buffer) Phusion HF (Phusion High -Fidelity buffer) Phusion GC (Phusion GC -Rich buffer).
Expected insert size of EphAl ~2.6kbB) Yield analysis for th e ligation reaction of pcDNA

vector and EphAl insert.

3.42 Initial EphA1 clone inserts encoding EphA1 transcript variant X2

Initial screening of 4 clones by restriction analysis showed the presence of 2 potentially
EphA1 positive clones, here denominated as clone 1 and 3 (Fig3.4 A) Sequencing of the
clones indicated that both isolated clones corresponded to the EphA1l variant X2, a splice

variant lacking the first fibronectin type Ill repeat (Fig 3. 4 B & C) here depicted as FN1. Since
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the pPDNOR223-EphA1l template plasmid encoded full -length EphA1l, it was surpri sing the
initial EphA1 clones encoded the X2 splice variant.

A B

251 PDGEWLVPVGRCHCEPGYEEGGSGEACVACPSGSYRMDMDTPHCLTCPQQ 300 EphA1 variant X2

PELLCLEEELEEEEELCEE R L E R e e
251 PDGEWLVPVGRCHCEPGYEEGGSGEACVACPSGSYRMDMDTPHCLTCPQY 300 EphAT WT

Vector 301 STAESEGATICTCESGHYRAPGEGPQVACT:=-=-=-ns-eoaooooo 330
3kb CEEELEEELE T LT
2.5kb 301 STAESEGATICTCESGHYRAPGEGPQUACTGPPSAPRNLSFSASGTQLSL 350
3 Insert
2kb
1.5kb 331 Fmmm e 330
1kb 351 RWEPPADTGGRQDVRYSVRCSQCQGTAQDGGPCQPCGVGVHFSPGARGLT 400
331 s e ESLSG 335
11
401 TPAVHVNGLEPYANYTFNVEAQNGVSGLGSSGHASTSVSISMGHAESLSG 450
336 LSLRLVKKEPRQLELTWAGSRPRSPGANLTYELHVLNQDEERYQUVLEPR 385
TECELEVENERTT FCEREREREREEETEEr e |
451 LSLRLVKKEPRQLELTWAGSRPRSPGANLTYELHVLNQDEERYQHVLEPR 500
C Extracellular domain Intracellular domain

| |

st vt TS

aa 332 - 447

Figure 3.4 Initial EphALl clone inserts encoding EphA1l transcript variant X2 A) Restriction
analysis of clones, identifying clones 1 and 3 as poentially EphAl positive. Expected insert
size following BamHI cleavage ~2.6kb B) Sequence analysis indicated theselones represented
a truncated variant of EphA1l, variant X2 which is lacking the first fibronectin type Il repeat,
highlighted here in blue . C) Schematic delineating the topological difference between the
EphAl FL WT sequence and EphAl variant X2. EphAl variant X2 lacks aa332447,
corresponding to the first fibronectin type Il repeat (FN1).

3.4.3 Further screening of EphALl ligations identif y full -length EphAl clone

The cloning was repeated, and additional clones were screened for EphAL inserts using
BarH| restriction analysis which would generate a 2.6kb fragment for WT EphAl and
~2.4kb fragment for the X2 splice variant. The analysis of 11clones is shown in Fig 35 and
demonstrates that both WT and X2 variant clones were present in our ligation mixture . Two
full -length EphA1 clones were selected for sequencing and showed the presence of full

length EphA1 coding sequences
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6kb
3kb
2.5kb
2kb
1.5kb

1kb

Figure 3.5 Further screening of EphAl ligations identify full -length EphAl clone Restriction
analysis of additional clones; cleaved with BamHI. Weights are shown in kb. Expected insert
size 2.6 kb with BamHI cleavage. Clones 3, 6 and 7 identified as potential full-length EphAl
positive; whilst clones 2, 5 and 11 are likely to represent transcript variant X2 previously
isolated (clones 1 and 3, sed-igure 3.4a)

3.5 Cloning full -length P 469

To generate a full-length P46 clone we used OE mutagenesis using mutant PCR primers to
introduce the codon changes converting proline to le ucine at aa position 460. Two separate
PCR reactions lead to the amplification of the coding sequences for N-terminal EphA1 P 469
and C-terminal EphA 1 P*%L respectively (Fig. 3.6 A). The purified fragments were overlap
extended in a third round of PCR reactions (Fig. 3.6 B) and cloned into pcDNAS -V5-His.
Two positive clones were isolated and sequenced by MWG confirming the introduction of a

proline to leucine substitution at position 460.
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kb

6kb

3kb

2.5kb
2kb

1.5kb

1kb

Figure 3.6 Cloning of full -length P460LA) Creation of the N-terminus (expected weight 1.3kb)
and C-terminus (expected molecular weight 1.7kb) of full -length EphA1 P#9 mutation; both
regions should contain the mutated sequence. The templateswere combined in a secord-
round of PCR to hybridise the complementary ends and create full -length EphAl P4L. B)
Restriction analysis of overlap extended clones; cleaved with Nhel and Notl. Clones 4 and 6
were sent for sequence analysis, as they were identified aspotentially EphAl -P4%%L +ve.
Weights are shown in kb. Expected insert size 2.6 kb with Nheland Notl cleavage. Sequencing
carried out by Eurofins Genomics confirmed t he introduction of the P 469 mutation. Clone 6
was used for subsequent transfection.
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3.6 Cloning of EphAl1 ECD

Clone

6kb

3kb
2.5kb
2kb

1.5kb
1kb

WT WT WT X2 X2

Figure 3.7 Cloning of EphAl ectodomain. A) Optimisation of PCR conditions; H (Herculase)
Phusion HF (Phusion High -Fidelity buffer) and Phusion GC (Phusion GC-Rich buffer). B)
Yield analysis of gel extracted pcDNA/V5/His vector and WT and transcript X2 of EphAl
ectodomain prior to the ligation reaction . C) Restriction analysis of clones, identifying clones
1, 3, 4 as probably representingWT and clones 5 and 6 potentially positive for the ectodomain
of EphAl X2. Clone 3 was sent for sequencing by Eurofins Genomics, confirming the
amplification of EphA1 ECD

3.7 Cloning of P 469 EphAl ECD fusion protein

To generate EphAl Pl ECD clone we used OE mutagenesis using mutant PCR primers to

introduce the codon changes converting proline to leucine at aa position 460, as described in
section 3.2.1.3 Two separate PCR reactions led to the amplification of the coding sequences

for N -terminal EphAl1 P#9 and C-terminal EphAl P 4% respectively (Fig 3.8 A). The

purified fragments were overlap extended in a third round of PCR reactions (Fig 3. 8 B) and
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cloned into pcDNAS -V5-His (Fig 3.8 C). Two positive clones were isolated and sequenced by

MWG.

kb

6kb

3kb
2.5kb

1.5kb
1kb

Clone

kb

6kb
3kb
2,5kb

1.5kb
1kb

p460r, EcD p460L gcD

Figure 3.8 Cloning of P460L EphAl ECD fusion protein A) EphAl WT ECD was used as a
template to create the P9 mutation within the ectodomain by creating an N -terminu s
(expected molecular weight 1.3 kb) and C-terminus (expected weight 300bp) using the inside
mutagenic primers. B) N-terminus and C-terminus combined in overlap extension (expected
weight 1.6kb). The overlap extension PCR product was compared to the N-terminus (1.3 kb)
to establish whether an increase in size was observed; which would suggest the
complementary ends of the N-terminus and C-terminus had hybridised. C) Restriction
analysis of clones, identifying clones 1 and 6 potentially positive EphAl -P*9 -ECD. Both
clones were sent for sequencirg by Eurofins Genomics, confirming the amplification of
EphAl-P4o -ECD.
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3.8Cell lines expressing EphAl, EphAl P 460, EphAl X2, and EphA1l P460_-
ECD-Fc

The expression plasmids encoding various EphAl constructs were cotransfected with
POG44, a Flp recombinase, into a HEK293 Flp In cell line followed by culture in
Hygromycin B containing selection medium. Cell lysates from EphAl (Fig 3. 9A), EphAl X2
(Fig 3.9B) and EphA1l P*%L (3.9 C) cell lines were analysed by both western blot and

immunocytochemistry (ICC) for anti -V5 signals.
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Figure 3.9 Analysis of cell lines expressing EphAl, EphAl P460L, EphAl X2, andEphAl
P460L-ECD-Fc A) Western blot of full -length EphA1 wil d-type, EphAl P*%% and EphAl X2
lysates using a Gterminal V5 Ab, which detects the V5 tag genetically grafted onto the C-
terminus of EphA1 during the cloning process. Expected molecular weight of WT EphAl
~108kDaB) Fold change of expression levels to WT control. C) Immunofluorescent stain of
EphAl WT, P%%L and X2 using a C-terminal V5 Ab (red). DAPI was used a nuclear counter
stain and is shown in blue. White arrows indicate membrane expression, yellow arrows
indicate internalisation. Negative controls confirmed the specificity of the V5 Ab (data not
shown, n=1.
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3.9 Optimisation of P 460 ECD expression

Western blotting determined that the optimal growth medium and incubation period for
collection of EphA1-P*9 -ECD media was SFMII media and that 3 days was likely to give a
sufficient yield of EphAl -P49-ECD once the experiment was scaled up (expected MW of
EphA1-P49 -ECD, ~75kDa). This was determined by the heaviest band size on the
immunoblot (Fig 3. 10).

DMEM
10% FBS SEM 11

Days 1 2 3 1 2 3
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Figure 3.10 Optimisation of EphAl -P460L-ECD expression. The release of the soluble PsL

ECD of stably transfected P9 ECD HEK293 cells was assessed over 3 days using DMEM
containing 10% FBS or SerumFree Il media (SFM Il). The media was immunoblotted using

an N-terminal EphAl Ab. SFM Il was deemed optimal as expression is increased using this
media.

3.9.1P#6%L -EphAl ECD protein purification

Following P #6%L-EphA1-ECD protein purification a number of elutions were performed to
determine the successof the purification procedure, besides both the starting mat erial (cell
conditioned media) and unbound material (supernatant left over after G-protein bead
application ). This showed that there was still a high proportion of P 46L-EphA1-ECD left
after protein purification likely due to overloading of the column material, however, elution
1 contained the highest amount of EphA1-ECD. A PBS buffer exchange was subsequently
performed on the elution with highest P 469 -EphA1-ECD-Fc concentration using PD
SpinTrap G-25 columns. 5 elutions were performed to ensure all EphAl P49 -ECD protein

was captured during the buffer exchange procedure, this showed that elution 1 contained
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the highest proportion of P 469 -EphA1-ECD-Fc (Fig 311! AOWEOUUI Ux OOEDOT wUOwWNY
assessed by Nanodrop (Fig 311C).
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Figure 3.11 Immunoblots showing the purification of P460L -EphAl ECD. A) Immunoblot of
the starting material and the elution yield afte r purification using G protein beads using an
N-terminal EphAl1 Ab. Elution 1 from the beads contained the highest amount of purified
P49 -EphAl ECD and was used in the subsequent buffer exchange into PBSB) Immunoblot
showing the subsequent elutions of elution 1 (Fig 3.9a) following a buffer exchange to PBS.
Elution 1(1) contained the highest yield of EphAl -P4L-ECD. C) Graph showing the protein
concentrations of the eluted buffer exchanged EphA1-P4%-ECD. Elution 1 (1) contains ~90
po/h +
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3.10Discussion

Cloning of the desired EphAl coding sequences was delayed due to the isolation of an
EphALl transcript variant . X2 from the original pDNOR223 -EphA1 cDNA clone (Addgene)
which was not immediately obvious. The expected size of EphAl wit h BamHI cleavage
would be approximately 2.6 kb; the primers used to amplify full length EphAl (EphAl (For)
EphAl (Rev); Table 3.1) on the unintended transcript variant X2 would create a product of
approximately 2.5kb ¢ indicating that amplification was spec ific and indicates why this was
not identified until sequencing had been conducted. Transcript variant X2 is missing the first
FNIII repeat; (amino acid sequence 332447, see Figure 3ic, appendix |). Similarly, the
double bands seen during the cloning of the ectodomain of EphA1 correspond to the
canonical sequence and transcript variant X2; with the predicted PCR products generated
using the primers EphAl (For) and EphAl ectodomain (Rev)/(Table 3.1 & 3.3) with the use

of these templates being 1.6kb and 1.R8b in length, respectively.
3.10.1Cell line validation

In order to validate that the genetic material was successfully introduced into the HEK -293
Flp-In cells and that the encoded protein was expressed and localised as expectedywe
performed both western blotting (WB) and immunocytochemistry (ICC), targeting the V5
epitope tag at the C-terminus of the molecule. As described, WT EphALl is a single-pass type
| transmembrane protein containing 976 amino acids, corresponding to a molecular mass of

~108kDa fttp s://www.uniprot.org/uniprot/P21709 ). The Western blot analysis indicated

that EphAl was of the predicted molecular mass (see Fig. 39a). This has been validated in a
previous study investigating EphAl function, where immunoblotted cell lysates from WT
EphA 1-green fluorescent protein (GFP) tagged HEK-293 cells show a single band at
approximately 108kDa with preserved biological functions (Yamazaki et al., 2009) To
determine whether EphAl1 was membrane | ocalized, as for other Eph family members such
as EphA2 (Wang et al., 2QL8), immunolabelling of the V5 tag was performed using a
monoclonal anti-V5 Ab and a fluorescently tagged secondary Ab (AlexFluor 594). These data
indicate that WT EphAl is predominantly membrane | ocalised with little intracellular

staining evident. There have been various other studies confirming the membrane
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localisation of the WT protein (leguchi et al., 2014; Yamazaki et al., 2009nd thus confident

that WT EphA1-V5 is appropriatel y expressed.

The X2 variant contains 861laawith a predicted MW of ~96kDa ; as Fig 39a shows, this is
what was found. There is no data on the expression or localisation of the X2 variant.
However, it is known that this variant is missing the first FNIlI r epeat (Fig 34 B and C).
FNIII are the most common and the largest of the fibronectin subdomain and is evolutionary
conserved. They are believed to perform as structural spacers, to arrange further domains.
Interestingly, the EphA2 molecule is known to be cleaved within the first FNIII domain by
MT1-MPP (Sugiyama et al., 2013) Initial data here has indicated that the overall expression
level of the X2 variant is increased in comparison to WT (Fig 3.9 A). This may indicate that
EphAl is cleaved in this region and that the deletion of this region is capable of producing a
cleavage resistant molecule. If this is the case, it may indicate that the WT EphAl molecule
undergoes some constitutive proteolysis as has been describedor other Eph receptors.
However, more work is needed to determine whether this could indeed be the case. The
immunofluorescence data of the X2 variant indicates that it is expressed at the cell surface,
similarly to that of the WT molecule. Qualitative an alysis indicates that there may be lower
levels of internalised X2, again indicating that deletion of the first FNIII domain may confer
resistance to proteolytic processes, again however, more work is required to asses this

hypothesis.

As there is no dataavailable on the outcome of the expression or membrane localisation of
EphALl as a result of the P59 mutation, initial assessment only allowed the formulation of
additional hypotheses. It was observed that EphA1-P49 was predominantly localised
intracellularly (Fig 3.9 C) with the V5 Ab recognising the C -terminus of EphAl . Moreover, it
appearsoverall expressionlevels of EphAl may be reduced as a consequence of the BL
mutation. As previously described, the P 4L is located within the second FNIII repe at of the
EphA1 molecule. Taken together with the X2 data, it may suggest that the FNIII domains of
the EphAl molecule are important in the regulation of the receptor. The data suggest the
mutation may make the molecule more prone to proteolysis and subsequent C-terminal
internalisation. It is with this in mind that future chapters will aim to determine the

mechanisms by which the mutation confers this effect.
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Data indicated that EphAl can be detected using antibodies to both the N-terminus (EphAl
aa24547 and C-terminus (V5) of the molecule. These validated antibodies can now be taken
forward to subsequent chapters for further analysis of the EphAl receptor responses to

ligand treatment.
3.10.2 Protein purification

The ECD of EphA1l contains 522 aa26-547)which corresponds to ~75kDa. By
immunoblotting the cell free supernatant of EphAl -P#9 -ECD-Fc cellsusing an N-terminal
EphAl Ab it was established that EphA1-ECD was present in the media as a band was
identified at the predicting MW of 75 kDa. | t was edablished that SFMII media was optimal
over the normal culture media of DMEM and 10% FBS This is most likely due to a reduction
of interfering immunoglobulins in serum -free media. It was confirmed that the EphAL -P49_-

ECD-Fc was purified from the media and thus can be used for subsequent experimentation.
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Chapter Four

Characterisation of EphAl
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4.1 Overview

EphA1 remains one of the least characterised Eph molecules, despite it being the first
identified (Hirai et al., 1987). Most of what is known about EphAl has been established
through studies of oncogenesis, with its overexpression identified in several malignancies
(Herath et al., 2006; Wang et al., 2015b)To understand the pathological potential of EphAl
AD SNPs, it is first necessary to determine the function of the WT molecule and its
regulatory mechanisms. As the EphA1l P49 mutation was successfully cloned and
transfected into the HEK-293 Flp-In cell line, direct comparison to the WT molecule will

allow appreciation of the pathological potential of the mutant.
4.1.2EphAl Ligands

Eph receptors, generally speaking, will interact with ephrin ligands belonging to their
respective subclasses, although promiscuity exists within classes. here are some exceptions
to interclass interactions however; for instance EphA4 will bind ephrinB ligands (Gale et al.,
1996)and EphB2 binds ephrinA5 (Himanen et al., 2004) seeFig 4.1 for a depiction of
interclass and across class binding of Eph receptors and their ligands. Binding interactions of
immobilized hEphALl in an enzyme -linked immunosorbent assay (ELISA) was assessed
using a mouse ephrinAl-Fc fusion protein, which determined that mEphrinA4 binds with
the highest affinity to hEphAL, followed by mEphrinAl (Noberini et al., 2012). Coulthard
and colleagues(2001)demonstrated that murine EphA1 (which was confirmed to occur on
the same chromosome ofhEphA1l), preferentially binds to ephrinAl, but also identified
binding to other ephrinA ligands. Other studies, however, have indicated that human
ephrin A1 binds with highest affinity to EphAl and thus likely represents it

functional/cognate ligand (Herath et al., 2012) This discrepancy is likely owing to the
complexity of the Eph/ephrin system. Nevertheless, as ephrinAl has been consistently
identified as an EphALl ligand , a recombinant human ephrinAl fusion protein linked to the

Fc region of human IgG: (R & D systems) will be used in this chapter to determine the
outcome of EphAl-ligand binding. EphrinAl -Fc fusion proteins have beenused extensively
in studies of Eph-ephrin interactions (Brantley-Sieders etal., 2006; Miao et al., 2009and
whilst these fusion proteins do not confer complete physiological functioning and topology

as ephrinAl is naturally expressed as aGPl-anchored membrane protein, it is known that
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ephrinAl is capable of being released nto the extracellular space as signalling competent
monomeric fragments and they are similar to artificially clustered ephrinAl -Fc homodimer

(Beauchamp et al., 2012; Wykosky et al., 2008)

Eph receptors .
ephrins
— GPI-linked
Epﬁié —_— — Promiscuous binding
E}};h A3 — ephr%nAl —— Exclusive binding
EphA4 | — ephr%nAZ —— Binding across classes
m—tee | ephrinA3
EphA5 ephrinA4
Epﬁﬁg — | ephrinA5
p
EphAS8
EphB1 Transmembranal
EPEBZ — ephrinBl1
Ephgi I | ephrinB2
EphB 6 ephrinB3
P

Figure 4.1 Schematic showing binding affinities of Eph receptors and their respective ephrin
ligands. EphrinA ligands will bring promiscuously to all EphA receptors and EphB receptors
to the ephrinB ligands. However, there are instances of binding across classes (blue arrows)
and exclusive binding interactions (purple arrows). EphrinB2 (highlighted in both purple and
blue) is charaderised by both binding across classes (with EphA4) and is the sole ligand of
EphB4.

4.1.3Potential EphA1 regulatory mechanisms following ephrinAl1  -Fc

engagement

Briefly, when two opposing cells come into close contact, the N-terminal domain of two Eph
receptors will recognize two cognate ephrin ligands expressed on the opposite cell resulting
in a heterotetrameric Eph-ephrin signalling complex. Studies have shown that EphA2 can
also form ligand independent clusters (Himanen et al., 2010; Seiragke et al., 2010)with
mutations in the complex interface between EphA2 LBD and the ephrin A5 receptor binding
domain (RBD) shown to alter cell-cell contact localization and proteolytic cleavage of the
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molecule (Seiradake et 4., 2010) Ligand-initiated signal transduction of most RTKs brings
about receptor dimerization and subsequent autophosphorylation of their cytoplasmic
domains or flexible rotation of monomers in preformed dimers (Fleishman et al., 2002;
Moriki et al., 2001; Schlessinger, 200Q)Eph receptors, however, require the formation of
higher order signalling clusters (Vearing and Lackmann, 2005), where Ephs form arrays
interpolated with ephrins (Himanen et al., 2010) The overall size of these signdling clusters
correlates with signal strength (Egea etal., 2005)which might go some way in clarifying the
variations in cellular responses initiated by Eph signalling. Ephrin -mediated signal

UET UU2 wb O x EdpddificyitoutHie Bignalling (Gauthier and Robbins, 2003)

As described in section 1.4.6, ligand binding of RTKs generally results in the internalisation
of the receptor through endocytosis (Goh and Sorkin, 2013b) The method of internalisation
of Eph-ephrin macromolecular complexes, termed trans-endocytosis and can occur in either
the Eph or ephrin bearing cell (Marston et al., 2003; Zimmer et al., 2003) There is also a
growing body of evidence detailing the role of proteases in the signal termination of Eph -
ephrin signalling, followed by regulated intramembrane proteolysis and C -terminal
internalisation of Eph/ephrin molecules. For instance, ephrinAl -Fc binding to EphA2 leads
to the autophosphorylation of the receptor leading to its eventual internalisation and
degradation over time (Walker-Daniels et al., 2002a; Wykosky et al., 2005, 2008EphrinAl in
complex with EphA2 was reported to be released by proteolysis which was sensitive to the
inhibition of MMPs, particularly MMP  -1,-2,-9 and -13 (Beauchamp et al., 2012)
Importantly, aa positions 175-181 of ephrinAl are vital for the proteolysis of the complex,
with the ephrinA1l fusion protein used in this chapter containing this region (Metl -Serl82).
Members of the Eph/ephrin system has been shown to maintain their cleavage potential
when expressed as fusion proteins(Lin et al., 2008a) Moreover, EphA2, the EphAl
homologue, is cleaved at the FNIII domain by MT1 -MMP, in the region where the P46
mutation is located. Consequently, it would be interesting to determine whether the

mutation affects proteoly sis of the EphAl molecule. Following primary processing by MMPs
POwUI UxOOUI wOOwODPT EOCEwI OT ETT Ol OUOwS$ xT UWEEOQwWUT 1 Ou
Ul EUI U Ed¢drdiase isthioamplex which is widely studied in are of AD research, we aim

to determine whether this complex could impact EphAl processing. Studies have also
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found that ECD shedding can also occur in the absence of ligand through ADAM/MMP
activity (modulated by NMDA signalling/Ca 2+ influx). The membrane bound CTF can then
UOEI| Usebretseintramembrane cleavage. It is with this in mind that we aim to
determine whether EphAl is regulated similarly to other Eph family members by assessing
its overall expression levels and localisation following ligand engagement, and how this is
alteredinreU x OO UT wU O wb-Eekcretds®dndMMPsu€eke Rigt.2 for the potential
regulatory mechanism of EphA1 following ligand engagement). This will also allow

determination of whether EphA1 P 489 alters the regulatory mechanisms of EphAL.

Intracellular

y-secretase

\ C-terminal

internalisation

Figure 4.2 Potential regulatory mechanisms of EphAl following ligand engagement
EphAl/ephrinAl interaction could result in sequential ectodomain proteolysis by MMPs e.g.

secretasemediated intramembrane proteolysis resulting in the internalisation of the C -
terminal fragment of EphAL1 (right).

4.1.4 Possible pathomechanisms of the P4 mutation

The P*%9 mutation is located in the se®mnd fibronectin type -1l repeat of the EphAl
molecule. A clear biological function has not been elucidated for this region, making the
pathological potential for this mutation unclear. Crystal structures of EphA members have
identified a ~903 kink at the FN1-FNZ2 linkage region (Himanen et al., 2010) with P46%L
located close to this junction. Mutations in this region could affect receptor rigidity and
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orientation at the membrane, ultimately altering receptor -ligand interactions, as this region
is esential for the formation of multimeric Eph signalling clusters. Studies have shown that
EphA2 can be cleaved within this region by MT1 -MPP (Sugiyama et al., 2013 see section
1.4.3) andthus this mutation could offer a new binding epitope for proteases, ultimately
altering the turnover of the molecule. Moreover, it has been shown that the ectodomain of
Eph receptors are an important determinant in the biological and functional ou tcome of
ligand -binding through the use of ectodomain -switched chimeric EphA2 and EphA4
(Seiradake et al., 2013) and thusnutation s in the region may alter binding responses (e.g.

adhesive to repulsive).

Given the evidence that EphALl dimerises (Vearing & L ackmann, 2005), the P¢L mutation
may influence the ability of EphALl to fold properly. The side chain of proline attaches to the
protein backbone twice which gives it conformational rigidity and consequently functions to
introduce kinks into secondary str ucture alpha helices and is thus normally found on the
surface of proteins. Leucine, conversely, is preferentially buried in hydrophobic cores. It is
known that proline does not substitute well with other amino acids. This chapter will aim to

determine wh ether EphA1 P46 alters regulatory mechanisms of EphAl WT.
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4.1.5Aims

The aim of this chapter is to establish how the EphA1 protein is regulated and the
consequences of EphAtligand interactions. This will be determined by investigating the
membrane stability and cellular localisation of EphAl WT following ligand engagement
with soluble ephrinAl -Fc. We also aim to establish what proteases are responsible for
EphA1 turnover should it be cleaved . This will be achieved by using various inhibitors. In
particular, we will use GM6001 a broad-spectrum MMP inhibitor and N-[N-(3, 5-
difluorophenacetyl -L-alanyl)]-S-phenylglycine t -butyl ester (DAPT) an inhibitor of w

secretase.

- Determine the effect of ephrin A1-Fc on the membrane stability and cellular
localisation of full -length wild -type EphALl.

- Establish what proteases are predicted to cleave EphAl usingthe protease
specificity prediction server (PROSPER) tool, awebserver for in silico prediction of
cleavage stes and protease substrates for a given protein sequence.

- Establish what proteases are responsible for EphAl regulation.

- Determine whether the P4%L mutation alters EphAl regulatory processes.

90



4.2 Metho ds

4.2.1Treatment procedure

Cells were treated with 2 pg/ml of ephrinAl -Fc (R&D systems), a control human IgG at 2
pug/m O wl k sDARTCHF 2545 M of GM6001 (Millipore) over 0-3h time-points in serum -free
DMEM as indicated. The treatment media was collected and centrifuged for 10 mins at 43C
at 250xg to pellet cellular debris and concentrated ~10-fold using Amicon Ultra -4 certrifugal
filter units (Millipore) with a nominal molecular weight (MW) limit of 3kDa. For subsequent
immunoblotting, the remaining cells were washed in PBS ard lysed as described in section
2.2. To determine the cellular localisation of EphAL1 WT and P49 following treatment with

ephrinAl -Fc, GM6001 or DAPT, cells were prepared as described in section 2.3.
4.2.2 Analysis of membrane and cytosolic staining usin g Image J

Region-of-interest (ROI) analyses was conducted using ImageJ to determine the membrane
or cytosolic membrane intensity of EphALl cells. Using the Freehand Toogn ROI was selected
(i.e. the membrane or cytosol component) followed by Analyze> Plat Profile with the overall
pixel intensity returned. The background immediately adjacent to the RO | was selected
using the same freehand drawn shape. This intensity was then subtracted from the given

ROI intensity to correct for any differences in backgrou nd staining between slides and

experiments. At least 5 cells were analysed per slide.
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4.3 Resuls

4.3.1 EphrinAl-Fc induced turnover of membrane EphAl

To determine whether ligand engagement alters the overall expression levels of WT EphA1l,

HEK -293stably expressing WT EphA1 b1 Ul wbOEUEEUI EwbPbPUI-Rojouas T * OOwOI
control IgG for 0-2h and cell lysates were immunoblotted using an anti -V5 Ab, which detects

the C-terminus of EphAl. The cellular supernatant was also immunoblotted with an N -

terminal EphAl Ab.
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Figure 4.3 The effect of ephrinAl-Fc on the overall expression levels of WT EphAl A)
Representative immunoblot indicating full -length WT EphA1 response to ligand engagement
(2 pg/ml ephrinAl -Fc) over a 2h time-course. Blots were probed with an anti-V5 Ab which
detects the Gterminus of EphAl. Human -IgG was used as a control at the same concentration
(i.e. 2ug/ml) as ephrinAl -Fc which ensures any effects are not due to the Fc portion o the
fusion protein. The buffer control contains media only. Molecular weights are indicated in
kDa B) Histogram shows fold increase compared to the buffer control based on the mean
values of three independent experiments. Bands were normalised to the loading control
GAPDH . Error bars indicate standard error of the mean (SEM). Analyses were conducted
using a one-way analysis of variance (ANOVA).

EphrinAl -Fc (2 pg/ml) incubation with full -length WT EphA 1 cells over 2h indicated that
ligand engagement caused a decrease infull -length EphAl expression as assessed by
immunoblot analysis of lysates using a V5 C-terminus Ab (Fig 4.3 A, control v 1h p=0.0392;
control v 2h p=0.0173)Experimental control cells were treated with a human -IgG to ensure
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the effects seen were not due to the Feportion of the ephrinAl fusion protein. Full -length
EphA1l expression remains unchanged after IgG treatment at 1h (p = 0.1660) and 2hf =
0.853Q Fig 4.3 A & B). These results indicate thatephrinAl -Fcis acting upon EphAl.
Collected media wereimmunoblotted , with the same anti-V5 Ab, with no staining evident,
suggesting the C-terminal portion of EphAl remains intracellular upon ligand engagement
(data not shown). The experimental supernatant was also immunoblotted prior to and
following concentration using Amicon centrifugal filter units, using an EphA1 N  -terminal
Ab with no staining evident, perhaps suggesting N-terminal EphA1l is below the detection
limit for western blot analysis , or that the N-terminus is not released following ligand

engagement.
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4.3.2 The effect of ephrinAl -Fcon the cellular localisation of WT EphAl

To determine the localisation/expression of WT EphA1 following ephrinA1-%E wgmiw s 1
ligand engagement over 3h, cells were assessed byindirect immunofluorescence using a V5

C-terminal primary Ab and an AlexaFluor 594 conjugated secondary antibody.
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Figure 4.4 The effect of ephrinAl -Fc on the cellular localisation of WT EphAl. Representative
immunofluoresce nce staining of EphAl (red) using a V5-Ab (C-terminus) treated with
ephrinAl -Fc (2 pg/ml) over a 3h time-course (n=3; images taken from at least 3 different
fields). DAPI (blue), was used as a nuclear fluorescent counter stain. White arrows indicate
membrane localisation, yellow arrows indicate internalisation of EphAl. Ai) Ephrin Al-Fc
treatment for 1h, membrane staining is evident Aii) hEphrin Al treatment for 2h, staning
appears punctate, with apparent internalisation of the C-terminus. Aiii) Ephrin Al treatment
for 3h, EphAl appears internalised. B) Mean fluorescence intensities were determined for the
membrane and cytosol using ImageJ. C) Buffer control indicating m embrane expression of
EphAl. D) Control hlgG confirms results are not due to the Fc portion of the fusion protein
as EphAl remains at the membraneat 3h E) Mean overall fluorescence levels were assessed
using ImageJ F) Supernatants (i.e. treatment media) from the experiment described herein,
were immunoblotted for soluble EphAl using an N -terminal EphAl Ab. A cleavage product
of ~75 kDa was identified at a 2 and 3h time-point in one experiment. Error bars indicate SEM.
Analyses were conducted using a two-way ANO VA.
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Following buffer control and ephrinAl -Fc treatment for 1h, EphAl expression appears
membranous as indicated by the white arrows (Fig. 4.4 C & Ai respectively); at a 2h and 3h
ephrin A1-Fc treatment timepoint, there appears to be an internalisation of the receptor with
V5-staining closer to the nuclei of the EphA1 expressing cells, suggesting that EphA1 may
undergo retrograde transport through vesicular compartments for degradation (as indicated
by the yellow arrows Fig 4.4 Aii, Aiii ). The EphAl-ve and no primary Ab control confirmed
the specificity of the V5 Ab (Ap pendix VI). ROI analysis using ImageJ established mean
EphA1 fluorescence intensities in the membrane and the cytosol (whilst subtracting the
adjacent background staining for each ROI) as described in section 4.2.2 This confirmed
gualitative immunofluores cent analysis of the ephrinAl -Fctreated cells. There is a reduction
in membrane staining at 2 and 3h time-point (p = <0.0001Fig. 4.4 B. There is an increase in
cytosolic fluorescencelevels with increasing treatment time -points (although non -
significant) and a reduction in overall fluorescence at a 2 and 3h timepoint, suggesting that
the receptor is degraded upon ligand engagement (p = <0.000). A soluble fragment of
EphAL1, roughly corre sponding to the expected MW of the ECD of EphALl (i.e.~75kDa) was
released at a 2 and 3h timepoint in one experiment using an N-terminal EphAl Ab ,
suggesting EphA1 may be proteolyzed following ligand eng agement at the ectodomain (Fig
4.4 B. As this result wa s not consistently reproducible, this could again highlight the
possible lack of sensitivity of immunoblotting to cellular supernatants , due to low protein
levels. The manner in which this experiment differed from the analyses of cellular
supernatants in the previous experiment (Fig 4.3)is that cells were plated on glass coverslips

during their treatment procedure , which could suggest plastic absorption of proteins.
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4.3.3Internalised EphALl: a full -length or cleaved species?

As apotential cleavage prod uct of EphAl (~75kDa)was identified in the media following
ephrinAl -Fc treatment at 2 and 3 hvia immunoblotting proved to be inconsistently
reproducible, the internalised product identified by fluor escence staining of the Gterminus
(Fig 4.4 Aii, Aiii) was assessedurther. To determine whether this product corresponded to a
full -length or cleaved species may give insight into whether the ECD is released into the
extracellular space. This was achieveal by dual staining of the N -terminus with a monoclo nal
EphAl Ab and the C-terminus with a V5 Ab (Rb) on EphAl WT cells following ephrinAl -Fc
treatment. Should the ECD be cleaved into the extracellular space, one would not expect to
see Nterminal staining within the cytosol of the cells. Ligand binding sho uld n ot prevent N -

terminal Ab binding as this Ab detects the whole region of the EphAl ECD.
4.3.3.10ptimisation of N -termin al and C-termin al antibodies

Prior to testing this hypothesis, it was necessaryto optimise previously unused antibodies.
The N-terminal EphAl (Ms) antibody was previously used to detect the N-terminus of
EphAl via western blotting, but not validated for use in immunofluorescence studies. An
alternative V5 Ab (Rb) was sourced as the peviously validated V5 antibody was derived
from th e same species as our Nterminal Ab (i.e Ms). These antibodies were validated

independently.

96



4.3.3.2 Optimisation of the EphAl N-terminal Ms Ab

EphA1 +ve HEK-293 cells Negative control parental HEK-293 cells

1:100
20 um
;

Figure 4.5 Optimisation of EphAl N -terminal Ms Ab Represenative immunofluorescence
staining using an EphA1 N -termin al Ab (EphAl: Arg24-Glu547; red) on EphA1 WT HEK -293
cells (left panel) or parental HEK -293 cells (right panel) as a negative control. Cells were ésted
with 1:100 and 1:250 dilutions. Imageswere taken from at least 3 different fields. DAPI (blue),
was used as a nuclear fluorescent counter stainWhite arrows indicate membrane localisation;
red arrows indicate background staining .

1:250

Data suggested tha 1:100 was an optimal dilution, as this dilution s howed strong membrane

staining with minimal background staining evident in the EphA1 negative control cells.
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4.3.3.3 Optimisation of the C -termi nal anti -V5 Rb Ab

EphA1l +ve HEK-293 cells Negative control parental HEK-293 cells

1:250

20 um

1:500

20 um

20 um

Figure 4.6 Optimisation of C -terminal anti-V5 Rb Ab Representative immunofluorescence
staining using an anti-V5 Ab on EphA1-WT HEK-293 cells (left) or parental HEK-293 cells as
a negative control (right). Cells were tested with 1:250-1:800 Ab dilutions. | mageswere taken
from at least 3 different fields. DAPI (blue), was used as a nuclear fluorescent counter stain.
White arrows indicate membrane localisation; green arrows indicate background staining .

1:800

Y

Whilst there seems to be some background shining at all dilutions (as indicated by the green
arrow s in the right -hand panel), both 1:250 and 1:500 dilutions show membrane staining for
EphAl that is clearly distinguishable from background staining. As a re sult, future studies

employed a dilution of 1:250 for the rabbit anti-V5 Ab.



A Buffer control B EphrinA1-Fc 3h C IgG 3h
3h 2ug/ml 2ug/ml
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EphA1l
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Merge

Figure 4.7 Dual staining of EphA1 WT A) Representative immunofluorescent staining of
EphAl N-terminus (EphAl: Arg24 -Glu547; red) and EphAl C-terminus (V5; green) treated
with ephrinAl -Fc (2 ug/ml) or control IgG ((2 pg/ml) for 3h (n=3; images taken from at least 3
different fields). DAPI (blue), was used as a nuclear fluorescent counter stain. Red arrows
indicate membrane localisation; green arrows indicate C-terminal Ep hAl. Qualitative analysis
suggests N-terminal expression of EphAl decreases at 3 hoursfollowing ephrinAl -Fc
treatment (B2)i.e. membrane expression is lost or reducedMoreover, there appears to be an
increasein the amount of C-terminal staining at 3 h compared to both the buffer control and
IgG (top row) . Importantly, minimal or no red staining has been identified within the cytosol
of the cells following ephrinAl -fc treatment, suggesting that ephrinAl-mediated
internalisation of EphAl is a cleaved specie. higG control shows similar membrane
expression as the buffer control after 3h. Yellow arrows indicate co-localisation of N -terminal
and C-terminal EphA1 (bottom row) , indicating very little ¢ o-localisation following ephrin A1-
Fc treatment of WT EphAL cells, again indicating that the internalised product is a cleaved
species.
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Qualitatively, it appears membrane expression of EphA1l is reduced by ephrinAl -Fcat 3h as
indicated by a reduction in red membran e staining at this time -point (Fig 4.7, B2) There
appears to be some celocalisation of N -terminal EphA1 and C-terminal EphAl as shown by
yellow staining (overlap of red and green staining) in both buffer control and 1gG treated
cells (Fig 4.7 A3, and C3 respectively). This indicates that EphAl remains full length at the
membrane in these conditions asthe predominant co -localisation is at the membrane. There
appears to be some Gterminal internalisation of EphAl following treatment with the  buffer
control indicating that EphAl may undergo constitutive proteolysis in the absence of ligand
or that this corresponds to newly synthesized EphALl in the Golgi apparatus (Fig 4.7 Al).
Following ephrinAl -Fc treatment, there is an increase in Gterminal staining (Fig 4.7 B1,
green arrow) with very little or no co -localisation with the N -terminal staining (Fig 4.7 B3).
This suggests the internalised product is a cleaved species anddoes not correspond to full -
length EphALl, providing further evidence that | igand engagement causes ectodomain
shedding and C-terminal int ernalisation at 3h. The collected media was immunoblotted with
an N-terminal Ab showing no evidence of cleaved ectodomain, but as previously described
this could be due to the lack of sensitivity of western blotting to proteolyzed proteins in
media. As these data suggest that EphAl may be proteolyzed at the ECD, the next step was
to determine whether the loss of membrane staining, and C-terminal internalisation could be
prevented using blocking a ntibodies to determine mechanisms of EphAl turnover following

ligand engagement.

4.3.4 Is the turnover of WT EphA 1, MM / +¥-secretase dependant?

4.3.4.1In Silico analysis using the PROSPER tool predicts EphAl cleavage sites

As data thus far has indicated that WT EphAl may be cleaved following ephrin Al-Fc
engagement (due to the identification of a potential cleavage produ ct in the media at 75kDa
and lack of N-terminal staining within EphA1 WT expressing cells following ephrinAl -Fc
treatment), we used the PROSPER webserver tool to predict potential proteases responsible
for the cleavage of EphAl which would give a N -terminal cleavage product of
approximately 75 kDa. Also provided are references to other Eph molecules which are

cleaved by the identified proteases.
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Table 4.1 Prediction of proteases responsible for the cleavage o f EphA1l using the Protease
specificity prediction server (PROSPER). Proteases giving an N-terminal fragment of
~75kDa are included.

Protease | Position | Segment | N-terminal C-terminal | Score | Reference
Fragment Fragment
(kDa) (kDa)
MMP-2 | 623 DPAWI | 75.29 43.06 1.02 (Beauchamp et
LMVD al., 2012; Lin et
al., 2008b)
MMP -9 600 KPYVI 72.57 45.78 1.11 As above
DLQA
MMP -9 618 FTRd 74.71 43.65 1.05 As above
LDPA
MMP -9 623 DPAWIN | 75.29 43.06 1.19 As above
LMVD

In silico analysis suggested that MMP-2 and MMP-9 are predicted to proteolyze EphALl to
give an N-terminal fragment of ~75kDa. Given that EphA2 has been shown to be cleaved by
MT1-MMP at the FNIII domain (the location of the P49 mutation in EphAl), the
appropriate next step was to determine whether EphA1 proteolysis is MMP dependant. WT
EphA1l HEK -293 cells were treated with the broad-spectrum MMP inhibitor,
GM6001/lomastat, in both the presence and absence oéphrin A1-Fc ligand. As WT EphAl
undergoes C-terminal in ternalisation upon ligand e ngagement, we also aim to determine
how this occurs. The wsecretase complexs responsible for the regulated intramembrane
proteolysis of other Eph/ephrin family members and is extensively studied in the area of AD
research due to its processing of APP. AppU O x U b E U lsé€rietase fibitay ®APT was
tested in combination with ephrinAl -Fc to assess WT EphAl @erminal internalisation i n

the first instance.
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4.3.4.1 The effect of GM6001/llomastat on the localisation of N -terminal WT

EphAl

A B c GMe6001 +
EphrinA1l-Fc EphrinAl-Fc
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Figure 4.8 The effect of GM6001/llomastat on the localisation of N-terminal WT EphAl
Representative immunofluorescence staining of WT EphAl N-terminus (EphAl: Arg24-
Glu547; red). Images taken from at least 3 differentfields of view . DAPI (blue), was used as a
nuclear fluorescent counter stain. A) WT EphA1l cells were treated with DMSO for 3 h. B)
Treatment with ephrinAl -%E w gl w4 T v GOD Eallsi werd trebted iwdhuephrin A1-Fc (2
1 vy OOAWPOWEOOEPOEUDPOOwWPDUT wUT 1T WEUOE E wU xk w40, bu O w,
for 3h. D) Cells were treated with an IgG control at the same concentration as ephrinAl -Fc
@D 61 8 wl w4 IENCOIS Werel trédibdiwith an 1gG control at the same concentration as
ephrinA1-%E w B 6 1 6 un |comkiratiord @i uthe broad spectrum MMP inhibitor,
GM6001/llomastat (I k w)far 3h. F) The mean fluorescent intensity of th e membrane staining
was determined by identifying a ROI using ImageJ and subtracting the immediate
background intensity adjacent to the membrane ROI. Analyses were conductedwith a one-
way ANOVA with Bonferroni correction, *** p <0.01, ** p<0.05

102



EphrinAl-Fc treatment of WT EphALl cells significantly reduced the membrane expression

of N-terminal EphALl as indicated by a drop in mean fluorescence intensity at the membrane
compared to the DMSO control (p =<0.01, Fig 4.8 [ Following ephrin A1-Fc treatment in
combination with the MMP inhibitor GM6001, N -terminal EphAl membrane expression was
not rescued (Fig 4.8 F).Whilst the control IgG did not significantly alter the membrane
expression of EphAL, it does appearthat IgG and GM6001 treatment in combination,
significantly increases membrane expression, compared to control IgG alone, (p =<0.01Fig 4
F) again suggesting that EphAl may undergo some constitutive proteolysis in the absence of
ligand and that MMP inhibition may prevent ligand inde pendent proteolysis. Next, it was
ET Ul UODOI E sderethst ihHibitiam aould prevent the C-terminal internalisation of

WT EphALl by assessingmembrane and cytosolic fluorescence intensities.
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4.3.42 The effect of DAPT on the localisation of C -terminal WT EphAl
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Figure 4.9 The effect of DAPT on the localisation of C-terminal WT EphAl Representative
immunofluorescen ce staining of WT EphAl C-terminus (green); images taken from atleast 3

different fields. DAPI (blue), was use d as a nuclear fluorescent counter stain.A) WT EphAl

cells were treated with DMSO for 3 h. B) Treatment with ephrinAL-%E wpl ws T * P Awi OUw
Cells were treated with ephrinAL-%E w ol ws T ¥ OO0 A w b O uwkedréi&s® dHbliob OO w b B U
DAPT (5 4M) for 3 h. D) Cells were treated with an IgG control at the same concentration as
ephrinAl-%E w b 61 6 wl wh) CallOWeskurda®dwith an IgG control at the same

concentration as ephrinAL-%E w b 6 1 dnuecdmbi® E ¥ 6 O A wér@tdse inhibitor DAPT

(5 4M) for 3 h. F) The mean fluorescence intensity of Gterminal membrane staining was

determined by identifying a membrane ROI using using ImageJ G) The mean fluorescerce

intensity of the cytosolic staining was determined by identifying a cytosolic ROl using ImageJ .

Analyses were conducted with a one-way ANOVA with Bonferroni correction, *** p <0.01, **

p<0.05
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EphrinAl-Fc treatment of WT EphAL cells significantly increased the internalisation of the
C-terminus of WT EphA1l compared to both the DMSO control ( p=<0.01) and the IgG
control (p =<0.09) as show in previous experiments (Fig 4.4), established by determining
levels of fluorescence within the cytosol. DAPT does not prevent C-terminal internalisation
of EphALl (i.e. the C-terminal fluorescence staining within th e cytosol is not blocked by
DAPT) but it does appear to reduce internal fluorescence intensities in combinati on with
ephrinAl -Fctreatment (Fig 4.9 F). This suggess U1 E-§eanetase may play a role in the
secondary processing of WT EphA1l but that there are alternative methods of C-terminal
internalisation following proteolysis of the N -terminus. Neither treatment with the control
IgG nor the control IgG along with DAP T alters the localisation of C-terminal EphA1,

compared to the DMSO control, showing that these are appropriate controls.

These data indicate that membrane staining of the Gterminus is retained upon ephrin A1-Fc
treatment (Fig 4.9 B & F)which is contradic tory to previous findings. This may indicate that
there is maintenance of full-length EphALl, that there is a membrane bound C-terminal
fragment or that the membrane is not easily discernible for manual identification using
ImageJ. During these series of egeriments, both the N-terminus and C-terminus of EphAl
were stained for and thus to investigate the above possibility, assessment of the N-terminal

and C-terminal staining was undertaken .

A

N-terminal
staining

Figure 4.10 Assessement of N-terminal and C-terminal staining following ephrin Al-Fc
treatment . A) N-terminal staining of WT EphALl following ephrin Al-Fc treeatment. B) G
terminal staining of WT EphAl suggesting there may be some retention of membrane
staining. C) Merged image of N-terminal and C-terminal staining. D) Magnification of N -
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terminal and C -terminal staining indicating that C -terminal staning is not at the membrane as
there is little overlap with N -terminal staining.

These data indicate thatephrin A1-Fc treatment results in a loss of N-terminal EphAl
staining as previously described, (Fig 4.10 A). There is internalization of EphAl C-terminus
upon ligand engagement (Fig 4.10 B). However, there appears to be a retentiorof membrane
staining as described for Fig 4.9.This would be contradictory to previously obtained results.
As a result, the merged N-terminal and C -terminal images were magnified to determine
whether C-terminal staining was at the membrane or cytosol (Fig 4.10 D). This showed little
co-localisation of the N-terminus and C-terminus, suggesting that the C-terminal staining is
cytosolic. This suggests that the data indicating membrane staining of the C-terminus in Fig
4.9 B & F following ephrin Al Fc treatment s likely due to the inability to demarcate be tween
membrane staining and cytosolic staining using the method employed. However, this does
suggest that there is not a maintenance of full length EphAl or membrane-bound C-terminal
fragments following eprhnAl -Fc which is line with the previous findings. Future work

would require a more preci se method to distinguish membrane and cytosolic staining.

As there is now a degree of understanding of the WT EphA1 molecule, it was necessary to
analyse the P9 in th e same manner described to determine whether its expression or

localisation differs when compared to the WT molecule.
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4.4 Comparison of overall expression levels of WT, P460L and X2 EphAl

To determine whether the P459 and X2 variant differ in their response to ligand treatment,
they were assessedm combination with WT via WB in the first instance to determine

whether there would be any potential differences in their overall expression levels. The X2
variant may give additional insight into the WT mo lecule as it is missing the FNIII domain,
which wa s hypothesized to be an area in which EphAl is cleaved, as EphA2 is cleaved by

MT1-MMP in this region (Sugiyama et al., 2013)
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Figure 4.11 Immunoblot of EphAl WT, P460L and X2 lysates following ephrinAl -Fc

treatment. A) EphA1 WT, P44+ WEQE w7 | whkl Ul wOUI EUI E wkodtbndl ws 1T v 00
IgG for 2 h. Lysates were probed with an anti-V5 antibody (n=1) Bands were normalised to

GAPDH. B) For ease of analysis, fold chang to control was plotted in their variant groups

Preliminary data indicated that the P 4% mutation reduced the overall expression of EphAL1,
regardless of treatment procedure, suggesting thatthe mutation differs from the WT
molecule. The X2 variant conversely, appears to be resistant toephrin A1-Fc mediated
regulatory mechanisms. This is only one repeat but indicates that further analysis is

warranted.
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4.41 Does the P460L mutant alter the turnover of EphAl compared to WT?

Initial data suggested that the P*6°L mutation results in a reduction of overall expression
levels, compared to WT (Fig 4.11). It has beenhypothesised that the P49 mutation increases
the proteolysis of EphAl by offering a new binding epitope to proteases, particularly MT1 -
MMP . This possibility was investigated by assessing EphAl turnover in EphAl -P4%-HEK -

293 cells in the same manner as conducted in sectio®.31 and 4.3.2on WT EphALl cells.
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Figure 4.12 The effect of ephrinAl-Fc on the cellular localisation and expression of P46
EphAl A) Representative immunofluorescence staining of EphA1l (red) using a V5-Ab (C-
terminus 1:500) treated with ephrinAl -Fc (2 ug/ml) over a 0, 1, 2 and 3h time-course indicating

a loss of membrane saining of the receptor at a 1, 2 and 3 h timepoint (n=3; images taken from
at least 3 different fields). DAPI (blue), was used as a nuclear fluorescent counter stain.
Impo rtantly, qualitative analysis indicates no apparent internalisation of C-terminal Eph Al
after ephrin A1-Fc treatment over the 3h time-course; this is in contrast to WT EphAl where
EphAl was internalised at 2 and 3h, indicating that the receptor may be shed but not
internalised due to the P49 mutation. B) Cells were treated with buffer con trol for 3h C)
Control cells were treated with a control IgG at the same final concentration of ephrinAl -Fc.
D) Representative immunoblot showing full -length P49 EphAl response to ligand
engagement (2ug/ml ephrinAl -Fc) over a 2h time-course (n=3). Blots were probed with an

anti-vV5 Ab which detects the C-terminus of EphAl (1:2000). E) Results were normalised to
GAPDH and plotted. Error bars indicate SEM. Analyses were conducted using a student T
test.
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Immunoblot analyses indicated that EphAL -P49L full length expression isreduced with the
addition of ephrin A1-Fc compared to buffer control (buffer control v 1 h, p=0.0054, buffer
control v 2h p=0.0205). Moreover, it appears the mechanisms by which the WT molecule
and P*9 EphAl are regulated, is markedly different. The WT molecule undergoes C -
terminal internalisation following ligand engagement, whereas these data P9 EphAl does
not. Alternatively, it could suggest that the P 46%L mutation causes rapid degradation of the
C-terminus. There does, however, appear to be a degree of Gterminal internalisation in the
absence of ligand (Fig 4.2 B) or this could represent newly synthesized protein , comparable
to the WT molecule. Next, we wanted to determine whether GM6001 or DAPT were capable

of altering the localisation or expression levels of P*%L EphAl.
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4.4.2 The effect of GM6001/llomastat on the expression and localisation of N -

terminal P 460l EphAl
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Figure 4.13 The effect of GM6001/llomastat on the expression and localisation of N-terminal
P49l EphAl Representative immunofluorescence staining of P49 EphAl N -terminus
(EphA1: Arg24-Glu547; red) n=3; images taken from at least 3 different fields. DAPI (blue),
was used as a nielear fluorescent counter gain. A) P49 EphA1 cells were treated with DMSO
for 3 h. B) Treatment with ephrinAl -%E wopl ws T v © Cdlsme® theatbdwmitrdeph rinAl -
EwWpl wsT yOOAWPDOWEOOCEDPOEUPOOWPPUT wUT 1 WEUOHBEWUXx1 E
45, wi O.bugelis were treated with an IgG control at the same concentration as ephrinAl-
%E wpD 61 6 wl .EHMCels WeteAreatedwittudn ligG control at the same concentration as
ephrinA1-%E w B 6 I 6 un |comkiratiord @i uthe broad spectru m MMP inhibitor,
GM6001/llomastat (I k w % , w). B Uhetmlean fluorescence intensity of the membrane
staining was determined by identifying a ROI using ImageJ and subtracting the immediate
background intensity adjacent to the ROI. G) The mean fluorescent intensity of N -terminal
cytosalic staining was determined by identifying a cytosolic ROl using ImageJ and subtracting
the immediate background intensity adjacent to the ROI. Analyses were conducted with a
one-way ANOVA with Bonferroni correction
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These data indicated that there islittle N-terminal membrane expression of P9 EphAl in
the control or treatment conditions (Fig 4.13 F), suggesting that the turnover of P49 EphAl
alters from WT EphAl. GM6001 does not rescue Nterminal membrane staining of P4%L
following ephrinAl -Fcor IgG treatment (Fig 4.13 B & D, respectively), suggesting that if the
mutation does offer a new binding epitope for proteases, this is not MMP -mediated. Whilst
there was little or no N -terminal membrane staining, N -terminal staining was evident within
the cytosol, particularly following GM6001 treatment. Consequently, the cytosolic
fluorescence of N-terminal EphAl was assessed (Fig 4.8 G). Whilst non -significant, GM6001
treatment of P4¢%L. EphA1 cells brought cytosolic N -terminal fluorescence levels in line with
those in the DMSO control. This could suggest that GM6001 blocks the rapid degradation of
P+oL following ephrin A1-Fc and IgG treatment. The reason behind IgG mediated alterations
in N -terminal staining of P 46%L EphA1 within the cytosol is unclear .3 OwWET U1 UODO1 wbl 1 Ul
secretase inhibition has an impact on the localisation of CG-terminal P40 EphAl, P4L cells

were treated with DAPT.
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443 The effect of DAPT on the expression and localisation of C -terminal P 460L

B C
ElhrinAch DAPT + EihrinAl-Fc

D IiG E DAPT + IiG F G

Figure 4.14 The effect of DAPT on the expression and localisation of Gterminal P46%L EphAl
Representative immunofluorescence staining of P4 EphAl C-terminus (green) n=3; images

taken from at least 3 different fields. DAPI (blu e), was used as a nuclear fluorescent counter

stain. A) P49 EphALl cells were treated with DMSO for 3 h. B) Treatment with ephrinAl -Fc

ol ws T ¥ OO0 &)CEIS Werettreated with ephrinAl -%E wopl ws T Yy OOAWDOWEOOEDOE
secretase inhibitor DAPT (5% , for 3h). D) Cells were treated with an IgG control at the same

concentration as ephrinA1-%E w oD & | Fowdh uE}y Gelis @@eAtieated with an 1gG control

at the same concentration as ephrinAL%E w b 8 1 8 Bud wukyd GECEOAIkEctese PP UT w o
inhibitor DAPT ( 54 , for 3h). F) The mean fluorescent intensity of the membrane staining

was determined by identifying a ROI using ImageJ and subtracting the immediate

background intensity adjacent to the ROI. G) The mean fluorescent intensity of the cytosol

staining was determined by identifying a ROI using ImageJ Analyses were conducted with a

two -way ANOVA.
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Previous analysis indicated that the P*9L mutation in EphAl resulted in a degree of C -
terminal internalisation in the absence of ligand (Fig 4.12 B), which was confirmed in these
series of experiments (Fig4.14 A). Upon ephrinAl -Fc treatment there is a reduction in C-
terminal internalisation, perhaps suggesting that ligand engagement results in rapid
degradation of the C-terminus of EphAl P49 (Fig 4.14 B) Upon w-secretaseinhibition, there
is no rescueof C-terminal EphA1 membrane expressionfollowing ephrinAl -Fc treatment
(Fig 4.14 C & F) indicating that the loss of membrane Gterminal fragments upon ligand

1 OT ET 1 Ol OJenbdtabaud2peodert: Moreover, little or no internalisation of the C-
terminus was apparent following ephrinAl -Fc treatment (Fig 4.14 B &G), similarly to what
was previously described (Fig 4.12, Ai, Aii, Aiii). This could suggest rapid degradation of
theC-UI UOPOUU WOl w$xT hwUxOOwoODT EOEwI OTEFI 01 OUwbki PE
secretase inhibition (Fig 4.14C & G). Following 1gG treatment a nd 1gG in combination with
DAPT there is also a loss ofC-terminal internalisation compared to DMSO control , but this

was found to be non-significant.

114



45 Discussion

45.1 The regulatory mechanisms of EphA1l WT

Immunoblot analysis of ephrinAl -Fctreated EphA1-WT cells indicate that ligand
engagement causes a reduction in overall EphAl expression (Fig.4.3) as indicated by a
consistent time-dependent reduction in band intensity at increasing time -points. Whether
this effect is due to receptor degradation or proteolysis of the molecule was initially unclear,
as soluble EphA1 was not identified within the media following immunoblot analysis  of the
supernatants of treatment media. Fc fusion proteins, such as ephrinAl-Fc, compose the Fc
domain of IgG w hich is genetically linked to a protein of interest. The binding of the Fc
domain to Fc receptors expressed on the tested cell line could cause alterations in the cell
surface expression of other molecules. Consequently, it is vital to ensure that the Fc egion of
ephrinAl -Fc is not responsible for the alterationsobserved in EphA1l turnover. The control-
IgG did not significantly alter the expression of EphAl confirming that ephrinAl -Fcis
interacting via EphAl. However, the control IgG data tended to provid e inconsistent data,
especially at the 2h incubation point as indicated by the error bars in figure 4.3 B This may
suggest that EphAl undergoes constitutive, ligand -independent proteolysis. This would be
consistent with data on other Eph family members wh ich also show some level of

constitutive proteolysis (e.g. Sugiyama et al., 2013)

Analyses of the localisation of WT EphA1l following ephrinAl -Fc engagement indicated tha
C-termin al internalisation of WT EphA1 occurs over a 3h time-course (Fig 4.4 Ai, Aii, Aiii).
There is also a significant loss of membrane staining (Fig 4.4 B) at 2 and 3 hours, compared
to both the buffer control and 1h ephrinAl -Fc treatment. The IgG control did n ot causeC-
terminal internalisation of WT EphA1l, with EphAl remaining at the membrane (Fig 4.4 D).
Whilst there was an overall increase in the mean fluorescence intensity within the cytosol,
this effect was not significant (Fig 4.4 B),which suggested thatthe molecule may be
degraded following ephrinAl -Fc treatment. As a result, the overall mean intensity was
determined which indicated a significant drop in fluorescence at 2h ( p=<0.001) and 3h§=
<0.001 Fig 4.4 E) suggesting degradatiorof the receptor. This is consistent with data on
EphA2, where ligand engagement with ephrinAl -Fc has been shown mediate its

internalisation and degradation over time (Walker-Daniels et al., 2002b) Generally, upon
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ligand -induced activation, RTKs will autophosphorylate , creating sites for signalling or
adaptor proteins to dock (Carpenter, 2000) Walker-Daniels and colleagues (2002b¥ound
that the c-Cbl adaptor protein facilitated the degradation of EphA2. ¢ -Cbl is a ubiquitin
ligase, which partly targets proteins for degradation through the proteasomal pathway. To
determine whether EphA1l degradation is dependent on the c-Cbl adaptor protein, it is
necessary to establishfirstly , whether these proteins co-localise and associate upon
ephrinAl -Fc stimulation using immunofluorescence and pull -down methods respectively.
Should this be the case, inhibition of c-Cbl would det ermine whether this adaptor protein

mediates EphA1l degradation if EphAl degradation is prevented.

During analysis, a soluble fragment of EphA1l was identified in the media (Fig 4.4 F) ata 2
and 3 h timepoint in one experiment, corresponding to the predict ed MW of the ECD of WT
EphAl (i.e. ~75kDa). This suggests that ephrinALFc stimulation induced proteolysis of WT
EphALl resulting in ectodomain release. This indicated that the C-terminal fragment
identified using a C -terminal Ab following ephrinAl -Fc treatment (Fig 4.4 Aiii) most likely
corresponds to a cleaved species and was likely mediated by regulated intramembrane
proteolysis following primary processing by ADAMs/MMPs. However, as the N -terminal
fragment was not consistently identified in the media thr ough immunoblot ting, even
following concentration via ultracentrifugation, dual staining was conducted on ephrinAl -
Fc treated EphA1 WT cells such that the N-terminus and C-terminus could be assessed by
immunofluorescence. Following both buffer control and 1gG treatment, both the N-terminal
and C-terminal staining remains predominantly at the membrane (Fig 4.7), with overlap
identified in the merged images suggesting that EphA1l is full -length at the membrane.
Following ephrinAl -Fc treatment, both N-terminal staining and C-terminal staining is lost at
the membrane. C-terminal internalisation is seen within the cell, but importantly noN -
terminal staining was evident here. This supports the notion that ephrinAl -Fc activation
results in N -terminal proteolysis fo llowed by C -terminal internalisation. Whilst this N -
terminal Ab detects the whole region of the EphAl1 ECD and thus ephrin A1-Fc engagement
should not block antibody binding, future work is needed to clarify this point. There

appears to be some Gterminal in ternalisation f ollowing 3h buffer control treatment which

may indicate that there are ligand -independent regulatory mechanisms controlling this

116



POUI UOEOPUEUPOOB W2UUEDI Uwl EYI wU-bebrbtaseutd ligaddu$ x T ! | wkE
dependent and independent manner, for instance (Georgakopoulos et al., 2006)

As mentioned, the N-terminus of WT EphA1l was identified only once in the media through
immunoblotting of cell-free supernatant following e phrinAl -Fctreatment and only when
EphA1 expressing cells were plated onto glass coverslps. The initial summation was that
the amphiphatic nature of the protein was causing plastic absorption and that the glass
coverslip caused less absorption of the amphiphilic macromolecules than the plastic. Whilst
this might hold true to some respect, we repeated the experiment again on both glass
coverslips and plastic and again found no N -terminal EphAl in the media ( data not shown).
This was true even after ultracentrifugation of the supernatant. It may also be the case that
western blotting is not sensitive enough to detect our protein of interest in the media ¢ itis
known that film detection using ECL reagents is inferior over digital camera -based system,
for instance. Alternatively, it could mean that the released ECD of EphAl is rapidly
degraded. Analysis of ligand treated EphB2 showed a time-dependent decrease in full-
length expression with an accumulation of a membrane bound C-terminal fragment,
suggesting proteolytic cleavage at the ECD, however analysis of the conditioned media
failed to identify an N-terminal fragment (Litterst et al., 2007a)with the authors suggesting

that it may be due to rapid degradation of the cleaved ECD.

Alternative means to analyse N-terminal release into the media would be to add an akaline
phosphatase (AP) tag to the N-terminus EphAl and subsequently assaying the media for
AP-activity. Carl Blobel (Zheng et al., 2002)developed this method to assess the cleavage of
EGFR ligands by ADAMs and this method works by quantifying AP levels in the cellular
supernatant as measured by the increase of rate of absorption at 405nm, basedn the
catalysis of a colourless substrate into a yellow product. However, as the necessary
supernatants have been collected it was determined that assessment ofEphAl proteolysis
could be undertaken with a recently manufactured ELISA kit which detects the N-terminus
of EphAl (aa27-aa547. Initial analysis has shown that the ELISA detects EphAl in the media
even when bound to ephrinA 1-Fc (Appendix VII) and thus, detection of proteolysis

product sin the media should be possible and is due to be undertaken.
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As a means to focus the assessment of potential proteases responsible for Merminal
cleavage,in silico analysis was conducted usng the PROSPER tool. This tool predicts
potential cleavage sites in a given protein sequence. It has the benefit of also o#ring a list of
resulting peptides from the suggested protease cleavage and the subsequent molecular
weight in kDa. This allowed fu rther refinement of the model, where only those proteases
offering an N -terminal fragment of 75kDa were displayed. The predom inant proteases
offered by the tool were MMP -2 and MMP-9 (Table 4.1), with these proteases also
responsible for the cleavage of other Eph molecules in complex with their respective ligands
(Beauchamp et al., 2012; Lin et al., 2008bMoreover, as MT1-MMP has been shown to cleave
in the region of the P49 mutation, it was decided to use a broad-spectrum MMP inhi bitor,
namely GM6001/llomastat to block potential cleavage. Cells were treated with GM6001 in
combination with ephrinAl -Fc orcontrol IgG and assessed via ICC. Using an Nterminal
Ab, a loss of membrane staining was evident following ephrinAl -Fctreatment (Fig 4.8,p =
<0.0) as previously described. Following GM6001 treatment in combination with ephrinAl -
Fc treatment there appeared to be no recovery of N-terminal staining (Fig 4.8 C & F),
potentially suggesting that the N -terminal Ab does bind to its targe t in the presence of
ephrinAl -Fc. Alternatively, it could also suggest thatWT EphAl is preferentially cleaved by
alternative proteases and the prevention of MMP cleavage alone will not prevent the
processing of EphA1 by other proteases, such as ADAMs. Boh the IgG control and IgG +
GM6001 showed strong membrane staining of EphAl (Fig 4.8 D & E, respectively).
Interestingly howe ver, the treatment with both IgG and GM6001, resulted in an increased
mean fluorescence intensity at the membrane, compared to thelgG control (Fig 4.8 E & F,p=
<0.0). This could indicate that EphAl undergoes constitutive proteolysis in the absence of
ligand which is MMP -mediated. Indeed, it has been shown that other RTKSs, such as ErbB4,
are constitutively shed in the absence of igand which is metalloprotease -dependent (Vecchi
and Carpenter, 1997). An alternative means to assess MMP regulation of EphA1l could be
conducted using the calcium ionophore ionomycin, which will directly activate MMP (MMP
is activated with Caz+influx (Litterst et al., 2007b). If this results in the accumulation of an
EphA1l C-terminal fragment it may suggest EphAl is regulated by MMP in the absence of
ligand. Indeed, some initial immunaoblotting experiments indicated a 40kDa product which

may correspond to the C-terminal fragment of EphAl ( Appendix VIII). This, however, does
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not elucidate what molecules are responsible for this effect. Should GM6001 prevent any
ionomycin -mediated accumulation of EphA1l CTF then we can confirm EphAl is
constitutively cleaved by MMP. Moreover, studies have shown, for instance, whilst

ephrin A3-Fc treated EphA4 expressing hippocampal neurons, stimulated phosphorylation
of EphA4, it did not alter its regulation (2h up to 16h). Thus, it would be interesting to look
at the phosphorylation status of EphA1l following ephrinAl -Fc treatment. To look at
proteolytic processing in the absence of ligand and direct initiation of MMPs might prove
more fruitful for future experimentations. Moreover, assessnent of alternative proteases

responsible for the loss N-terminal staining is warr anted.

4 x O Gaearetase assessment of WT EphA1l regulationephrinAl -Fc treatment resulted in

significant C-terminal internalisation (Fig 4.9 B) compared to both DMSO (p =<001) and IgG

control (p =<0.0) as determined by increased fluorescence intensities within the cell. Cells

treated with DAPT in combination with ephrinAl -Fc indicated a drop in mean fluorescence

intensity within the cells UUT T 1 U-§kBr@dsaisinvolved in in the C-terminal

internalisation of EphAl (Fig 4.9 C & F) however, DAPT does not rescue membrane

expression of C-terminal EphA1l . It has been suggested that Eph receptors and their ligands

may undergo regulated intramembrane proteolysis which is generally atypical for the RTK

family of receptors (Atapattu et al., 2014b)d w%OU wD OUUEOET OQw$ xi- KwbPEUwWUT O
secretase substrate, however, primary processing by metalloprotease activity was found to

be ligand independent (Inoue et al., 2009) Another study showed that ligand engagement of

EphB2 results in proteolysis of the ECD, endocytosis of the GUT UODPOUUwWEOEwWUUEUI @UI
secretase cleavage within the endosomes resulting in receptor degradation(Litterst et al.,

2007a) The staining of the C-terminus of WT EphAl following both ephrin A1-Fc and

ephrinAl -Fc and DAPT treatment (Fig 4.9 B & C, respectively) appears punctate and may

indicate that the C-terminus of EphALl is localised to endosomes. With this in mind, an

alternaUDP Y1 wOl E OU wU O weetrdldsd kldavdsEphAl derbhinus within

endosomes would be to subject cells to subcellular fractionation to isolate endosomes

following ephrinAl -i EwOUI EUOI OUwhOwl BUT 1 U wsetrétasexinhibitorr OET wOU U
Alt ernatively, inhibition of the endocytic processes would determine whether the C -

terminus internalisation is within endosomes. IgG did not induce the internalisation of
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EphAl in neither the absence nor presence of DAPT (Fig 4.9 D & E, respectivelyjndicati ng

that the IgG control is an appropriate control .
45.2 The regulatory mechani sms of EphA1 P46

To determine whether the P49 mutation altered the membrane expression ofEphAl as
hypothesised, P9 HEK-293 cells were treated in the same manner aSV'T EphAl
expressing cells.It appears that there is a reduction in the overall expression of EphAl P460L
with arapid and robust loss (see Figure4.11 D). This reduction does not appear to be time-
dependant as with the WT molecule, suggesting expedited loss of full -length expression.
This could indicate the mutation confers expedited prot eolysis of the molecule, for instance,
the altered amino acid sequence could destabilise the threedimensional EphA1 protein
structure causing a sensitivity to cleavage. Immunoblot analysis of WT and P46 cells
treated in parallel indicated that P 459 ful I-length expression is reduced compared to WT in
both the presence of absence of ligand (Fig. 4.10 A & B). @erminal staining of the P 460L
mutation following ephrinAl -Fc treatment showed rapid loss of C-terminal staining at the
membrane, even at a 1h timepoint (Fig 4.11 Ai). This contrasts with the WT molecule which
remains membranous at this time-point. Moreover, there seems to be little or no C-terminal
internalisation of P “®L EphA1l over the 3h time-course, with an almost complete loss of
fluorescenceintensity at 3h (Fig 4.11 Aiii). This is an important finding a s C-terminal Eph
fragments can be signalling competent and could provide a potential disease related
internalisation of EphB2 was shown to phosphorylate and stimulate cell surface expression
of N-methyl -D-aspartate receptor(NMDAR) independently of Src kinases, which are usually
associated with this function (Xu et al., 2009b) NMDAR receptors play a pivotal role in
synaptic plasticityand UT OUwbOwOil OOUaA wEOCEwWOI EUODPOT dw, UUEUDPOOL
secretase inhibit the production of the C-terminal EphB2 (Litterst et al., 2007c)promoting
deficits in NMDAR functioning. Thus, promoting the production of EphB2 C-terminal

fragments may ultimately lead to improved NMDAR function.

It was originally hypothesised that the P 469 mutation might increase cleavage by MT1-MPP
as EphA2 is cleaved within the FNIII repeat by this protease (Sugiyama et al., 2013) This

study predicted that th is cleavage was likely to occurin cis, since they detected some
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constitutive shedding in the absence of ligand (Sugiyama et al., 2013) They found that this
cleavage was increased with the addition of soluble ephrinAl. O ur data is consistent with
the hypothesis that P*%L may offer the MT1-MMP protease an additional binding ep itope, as
we identified constitutive loss of N-terminal membrane staining of the molecule in the
absence of ligand (compared to WT) which was increased with the addition of ephrinAl -Fc
(Fig 4.11), similarly to what Sugiyama and colleagues discovered (2013) Importantly,
throughout the analysis, it was found that P 46°L EphA1 C-terminal staining is evident at the
membrane in the absence of ligand (Fig 4.11 B & 4.13 A) suggesting that the loss of
membrane staining is likely the result of proteolysis at the ECD with maintenance of an P 460L
C-terminal fragment at the membrane Moreover, since there was no juxtaposed cell, this
proteolysis must occur in cis. HEK-293 cells are known to express MTEMMP (Liu and Wu,
2006)However, following broad -spectrum MMP inhibition of EphAl P 469, there appearsto
be no rescue ofmembrane N-terminal fluorescence intensity levels compared to ephrinAl -
Fc treatment alone (Fig 4.12 C & F); this was also true for GM6001 IgG treated cells
compared to 1gG alone (Fig 4.12 E & F). However, the N-terminal staining is not ty pical of
membrane staining seen in the EphA1 WT cells (e.g. Fig 4.4 Ai). The Nterminal staining
following GM6001 treatment appeared diffuse within the cell, with small regions of
increased fluorescence intensity (Fig4.12 C& E). Consequently, the cytosolic membrane
intensity of N -terminal staining was also assessed, which indicated that GM6001 generally
rescued cytosolic membrane staining intensities to that seen in the DMSO control (Fig 4.12
G) but this effect was not significant. As described Eph internalisation can occur via trans-
endocytosis (Klein, 2012), which is believed to remove whole cell Eph -ephrin complexes ,
resulting in full length proteins within i ntracellular vesicles. It is possible that the EphAl
P460L promotes trans-endocytosis with the staining indicating its expression within
intracellula r vesicles. How MMP inhibition may rescue the N -terminal expression of P46
within intracellular vesicles is unclear. One plausible suggestion is that GM6001 prevents the
degradation of P49 EphAl. Generally speaking, however, it appears that GM6001 treated
of EphAl P49 does nhot prevent the loss of N-terminal membrane staining suggesting the
mechanism of membrane loss differs from those of the WT molecule but similarly is not

MMP depend ent.
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Previous data indicated that ephrin A1-Fc treatment of P*% EphAl does not result in C-
terminal internalisation of the molecule (Fig 4.11 A) or that the molecule is rap idly degraded
once internalised. This question was assessed using DAPT to determine whetter C-terminal
staining can be rescued at the membrane. Prevous data indicated that P49 EphAl
undergoes a degree of Gterminal internalisation in the absence of ligand, but that

membrane expression is also evident, suggesting that a proportion of the molecules are full-
length at the membrane (Fig 4.11 B). These dta support this finding (4.13 A). Upon

ephrinAl -Fc treatment this C-terminal staining is lost from the bot h the membrane and
within the cell (Fig 4.13 B), suggesting the molecule is rapidly degraded following ligand
treatment. Upon combined treatment with ephrinAl and DAPT, there is no change in the
expression levels or localisation of EphAl compared to ephrin Al treatment alone (Fig 4.13 C
& B respectively), suggesting that ephrinA1-Fctreatment dOT U w O O U wddcretas® U wb O ww
mediated internalisation and s ubsequent degradation. As the N-terminal staining indicated
that P49L EphA1 may be confined to intracellular vesicles, this data may support the
supposition that P 46%L undergoes trans-endocytosis rather than proteolytic processing as
neither GM6001 or DAPT are capable of preventing the loss of N-terminal or C -terminal
staining followin (Miao et al., 2001 ephrin A1l-Fc treatment. Regardless of the mechanism of
expedited loss of EphAL P9 expression, this could have a diseaserelevant process. To
determine the precise localisation of EphAL P49, lysates could be fractionated, which

would also allow determination of whether the expression levels differ within the certain
cellular compartments. Ultimately, more work is needed to fully appreciate the nuances of

EphA1l cleavage mechanisms.
4.7.2 Consider ations and Future Work

v As described, the useof Fc-tagged ligands have become important reagents within the
laboratory with applications ranging from immunotherapy, pharmokinetics, as well a range
of in vitro assays such as those to assess recepttigand interactions (Flanagan et al., 2007)
Future work should also aim to test clustering and activation of EphAl following treatment
with both pre -clustered and unclustered ephrinAl-Fc with a subsequent readout of receptor
activity. It is known that pre -clustered ephrinA 5-Fc results in the assembly of high-order

Eph-ephrin complexes with subsequent internalisation of these complexes, whereas

122



unclustered ephrinA5 -Fc results in negligible internalisation and clustering. Receptor
activity can be determined by assessng EphAl phosphorylation status flowing ligand
interaction via immunoblotting and this is an important next step to understand receptor

activity .

Moreover, the method used in this chapter to assess membrane and cytosolic expression of
EphAl may be improved in the futur e with the use of membrane marker, such as N
cadherin. This will allow more precise demarcation of membrane and cytosolic expression of

EphA1 and will overcome the issues discussed in section 4.3.4.2 (see Fig 4.10).

As described, @lls can express aange of various Eph receptors, along with a number of
ephrin ligands. This coup led with the inherent promiscuity of the Eph -ephrin system makes
analysis of a single Eph molecule complicated due to potential redundancy within the
system. HEK -293 cells areknown to endogenously express EphA2 (Miao et al., 2001) for
instance, and importantly, both EphAl and EphA2 share the same high affinity ligand,
ephrinAl. This possibility must be considered when interpretin g the data from any

molecules of the Ephfamily members.

It is clear from the data that the P49 mutation causes a reduction of membrane expression
of the EphA1 molecule, compared to the WT molecule, this is particularly clear in Figure
4.13 A and 4.14 A, where there appears to be little or no membvane expression using both an
N-terminal and C-terminal Ab. It is possible that this mutation has impacted the ability of
the molecule to traffic to the membrane which would render this method of analysis,
inappropriate. There are a number of ways this supposition could be tested, for instance, the
biotinyl ation of cell surface proteins is a means to specifically isolate and quantify proteins
at the cell membrane (Huang, 2012). This method involves labelling membrane markers
with a biotin reagent, lysing the cells and isolating the tagged proteins via pull -down.
Lysates canthen be immunoblotted as normal and probed wi th specific antibodies.
Alternatively, pulse chase assaysuse labelled compounds to follow the dynamics of
processes and pathways within a cell, and thus provides a means to study the synthesis and
transport of EphAl P49 to determine whether the mutation effects the ability of the

molecule to effectively transport to the membrane (Bostrom et al., 1986).
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Chapter Five

| nvestigation of soluble EphA1l on activation of
endothelial cells and leucocyte recruitment
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5.1 Introduction

Results so far have demonstrated thatWT EphAl undergoes ectodomain shedding and
intramembrane cleavage following ephrinAl -Fc engagement, causing the release of EphAl
ECD and C-terminal inter nalisation. We have also demonstrated a fundamental difference in
UT T wxUOGET UUDOT wOi w63 ws$ x1  hed P Enutéhi; P4 Eghdd 1 DOT Uz UwE
undergoes aberrant proteolysis as indicated by a rapid loss of full -length expression of the
mutant protei n in both the absence and presence oephrin Al ligand. Initial work has
indicated that commercially obtained EphA1l-Fc, caresponding to the ECD, is capable of
priming human umbilical vein endothel ial cells (HUVECS) for Molt 3 T cell recruitment as
assessediy Molt 3 T cell firm adhesion in a static adhesion assay (Ager, unpublished). These
data, taken together, suggest thatan increase in circulating EphAl1 ECD, as adirect
consequence of the P9 mutation, may result in a pathological increase in the recru itment

of peripheral immune cells to the brain endothelium. To investigate this possibilit y, an assay
which more closely recapitulates the in vivo environment of blood flow through the
vasculature will be used. Using a microfluidic assay, Molt 3 T cell recruitment to both
EphAl-Fc primed HUVECs and the disease relevant human cerebral microvascular

endothelial (hCMEC/D3) cell line, which represents a model of the BBB.

5.1.1 The Eph/ephrin system in vascular biology

As described briefly in section 1.4, the Eph/ephrin system has been implicated in numerous
aspects of vascular biology. Seminal work on the Eph/ephrin system in v ascular biology
concluded that ephrinA1l expression is upregulated in responU 1 w U O ({D&xit éX6al. u1990).
Subsequent investigations found that the expression patterns of both Ephs and ephrins can
be significantly altered during inflammation , inducing immune responses, regulating
immune cell tra fficking and modulating vascular permeability (Larson et al., 2008) Alt ered
regulation of Eph/ ephrin proteins has been shown in vivo in Wystar Kyoto rats exhibiting
lipopolysaccharide (LPS) induced fever where EphA2 was significantly upregulated (in the
liver, lung and hypot halamus). LPS is an endotoxin derived from the outer membrane of

Gram-negative bacteria and has been shown to cause a polyphasic febrile response in rats
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and mice (Oka et al., 2003; Romanovsky et al., 1998nd has subsequently been used to
investigate inflammatory responses in these animals. Interestingly, EphA2 upreg ulation was
not limited to LPS -processing organssuch as liver and lung, but was also seen in the brain
(lvanov et al., 2005) In vitro, it has been purported that EphA2 expressionis initiated and
sustained through endothelial cell acti vation by proinflammatory cytokines, whereas EphA2
activation of ECs by soluble ephrinAl -Fc induces the expression of proinflammatory
dependant genes such as ICAM1, VCAM-1 and E-selectin that bind leucocyte expressed
integrins (Funk et al., 2012b)facilitating the adhesion of immune cells to vessel walls and
contributing to inflammatory cell recruitment . Eph receptors have also been implcated in
vascular leak; for instance, in Madin-Darby canine kidney (MDCK) c ells, ephrinAl -Fc
mediated EphA2 activation causes claudin-4 phosphorylation in tight junctions, thus
diminishing the association between claudin -4 and ZO-1, causing an increase inparacellular
permeability (Tanaka et al., 2005) Studies have also shown that reverse signalling to
immune cells influences aspects ofthe adhesion cascade EphA2 crosslinking of ephrinAl
on T cells promotes immune cell adhesion to both ICAM -1 and VCAM -1 (Sharfe et al.,
2008b) Evidence of EphA2/ephrinAl modulation of immune cell trafficking seems to point
towards the NF-f | wx E ((CappErdeunet al., 2012) However, more work is needed to
uncover the precise mechanisms (sed-ig. 5.1 for the proposed EphA2 signalling pathway
promoting immune cell trafficking through NF -f ! Zhis would have some relevance to ths
study as EphAl-Fc could be capable of activating ECs as well as leucocytes, and thus might
work via a similar mechanism of EphA2. Whilst much work ha s been conducted on the
closest EphAl homolog, EphA2, evidence indicates that EphAL is also implicated in T-cell
chemotaxis, in vitro. EphALl is expressed bysubpopulations of T cells, and it has been shown
that ephrinAl stimulation of CD4+ and CD8+ T cells promotes chemotaxis in response to the
chemokine, stromalcell-E1 UP Y1 Ewi E BUYEKWHY wopd #salstioniby vwU
ephrinAl on these T cell subsets mediates immune cell trafficking via the recruitment of the
Src kinase Lck, FAK-like kinase Pyk2, Rho-GEG, Vav-1 and PI3K (Aasheim et al., 2005;
Hjorthaug and Aasheim, 2007). However, T cells also express EphA4, and thus it was not
possible to separate downstream signalling of ephrinAl b etween EphAl and EphA4
expressed on these T cells. However, lhese findings allow us to reason that EphA1AD SNPs

may assert their influence by causing deleterious alterations in the inflammatory cell
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adhesion cascade of the BBB. However, the complete exprssion patterns of EphAl on
human brain endothelial cells and peripheral immune cells is unknown to date. We aim to
determine whether the potential expedited proteolysis of EphAl -P49-ECD into the blood
stream of AD patients could alter leucocyte:endotheli um interactions at the BBB using a

model system.
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Figure 5.1 Proposed EphA2 signalling mechanisms in the endothelium. Immune cell

extravasation is regulated by the shape of the EC and endothelial cel gap junction

permeability. Cell shape is controlled by actinomysin contractile elements and are regulated

by pathways working via myosin light chain kinase (MLCK). Proteinas e-activates receptor-1
(PAR1) activation by thrombin activate the kinase activity of Src, influencing cell shape
through MLCK. Signalling through EphA2 recruits Src kinase and low -molecular-weight

phosphotyrosine phosphatase (LMW -PTP). This increase in LMW-PTP destabilises adherens
junctions by dephosphorylating p190, inhibiting Rho -GAP activity and upregulating Rho -

GTP. Leucocyte transmigration and adhesion is facilitated by upregulation of NF -kB by

TNFY O wi O U weditihg i& DdEehsed ICAM -1 expresson. Cell shape is further mediated

by NF-kB by increasing MLCK activity. As EphrinA1l is increased in response to TNF Y, and
EphA2 upregulated NF -kB, indicating EphA2 may have a role in the permeability of the

endothelium and subsequent inflammation. Figure adapted from (Coulthard et al., 2012).

5.1.2Microfluidic assays in vascular biology

Microfluidic flow assays have been used extensively in the area of vascular biology and as a
tool to understand endothelial -leucocyte interactions. These assays attempt to recapitulate
the in vivo microenvironment by introducing shear stress levels as seen at the vascular bed
and allows real-time visualisation of all stages of the leucocyte adhesion cascade using
labelled immune cells or phase contrast microscopy. Shear stress, the product of shear rate

and viscosity, is expressed in a unit of dyne/cm2. Shearstressis a critical prerequisite for cell
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adhesion as it mediates the acb Y E U b dnfegri® ViauEp selectin signalling (Cinamon et al.,
2001) The Bioflux 200 system (Fluxion) has been used invarious studies analysing
leucocyte-endothelium interactions (e.g. French et al., 2018) The chambers within the
Bioflux plates are much smaller than conventional flow chambers and thus, the flow remains
laminar over a longer distance (i.e. the flow through the chambers are subject to less
turbulence than convention al flow chambers). The Bioflux 200 system will be used in this
chapter to assess the impact of EphAlFc, corresponding to the ECD of EphA1l, on the
recruitment of leucocytes. The Molt 3 T cells will be chosen as the immune cellline in this
chapter (seesedion 5.2.1.3for an overview of the Molt 3 T cell line). The Molt 3 T cells will
be labelled with CFSE and fluorescently tracked through the viewing window of the Bioflux
plates. Fluorescent labelling of immune cells to assesgheir interactions with endot helial
cells has some disadvantages over conventional methods. For instance, norinteracting cells
will be visible to the viewer. Moreover, there is no previous research indicating the rolling
velocity of Molt -3 T cells over HUVECs or hCMEC/D3 cells. This meansit is not possible to
definitively characterise a rolling cell, but it is possible to infer whether a cell is rolling or not
interacting based on their behaviour. For instance, non-interacting cells will generally have a
straight forward motion in th e direction of the shear flow whereas slow rolling cells will
have a slower velocity than non-interacting cells and their movement will deviate
moderately from a linear motion as they overcome obstacles and/or peruse the endothelium
for preferential sites of transmigration independent of the direct ion of flow. Thus, Molt3 T
cells will be categorized in terms of their behaviour to distinguish between slow rolling and
fast-rolling/ non-interacting cells (i.e. behaviour 1 and behaviour 2, respectively, see setion
5.2.3 for adetailed description of how both behaviours were delineated).

Molt 3 T cell interactions with ECs will be measured in a number of ways (see Fig 5.2for a
schematic detailing the adhesion cascade steps which will be assessed

Molt 3 T cell:EC interactions are to be analysed as folows:

1. Rolling cells
a. Total number
b. Rolling velocity ( #m/s) with a view to determine the difference in velocit ies

between rolling and non-interacting cells
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c. Total contact time between Molt 3 T cells and ECs
d. Duration of interaction as a read-out for stable interactions upon
determination of rolling velocity of rolling cells
2. Arrest/firm adhesion

a. Total number
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Figure 5.2 Vertical cross-section of a Bioflux 200 microfluid ic channel and the leucocyte
adhesion steps to be assessedUser defined conditions such as shear stress (0.28.5
dynes/cm?) and temperature (37°C) are controlled by an external control unit. Pneumatic
pressure pushes immune cells through the inlet well, across theendothelial cells attached to
the bottom of the chamber. We will assess the immune cells in 3 stages of the adhesion cascacde
1. Non-interacting leucocytes (¢ m/s); 2. Rolling cells by number, velocity (4m/s) and total
interaction time of all ro lling cells (seconds);3. Arrest/firm adhesion.

131



5.1.3 The HUVEC and hCMEC/D3 cell lines as dynamic models of EC -

leucocytes under shear stress

5.1.3.1 hCMEC/D3 cell line

Ultimately, in vivo, the adhesion cascade at theBBB involves shear stress due to tte flow of
blood through the vasculature. It has been shown that this shear stress can modulate EC
leucocyte interactions, (Tarbell, 2010)highlighting the need to develop dynamic in vitro

flow -based assays using cell lines bothphysiologically relevant and resistant to the stresses
of shear flow as would be found in situ. The immortalised hCMEC/D3 cell line (Weksler et
al., 2005)represents an extensively characterised human brain endothelial cell line which
overcomes the impractically of using p rimary cell lines, of which there is a paucity of
available material. As described in section 1.2.2.3 an optimal BBB model will possess mature
AJ and TJ function with a strong permeability function. Junction associated proteins, such as
PECAM-1 and JAM-A, structural proteins, such as VE-cadherin, occludin and claudin -3 and
KwWwEOEWUEEI I caréhimand 2031 aBdZ0-O ane present in the hCMEC/D3 cell line
(Afonso et al., 2008; Weksler et al., 2005Exhibited transendothelial electrical resistance
(TEER) levels in hCMEC/D3 monolayers arein the low to medium range at 30k Y w_ 2wE O
under static conditio ns, but can be increased in the presence of hydrocortisone, (~300 am?)
probably by modulating the expression of claudin -5 and occludin (Forster et al., 2008)and

after co-culture with ast rocytes (Hatherell et al., 2011)

From an immunological p erspective, the adhesion molecules CAM -1*, ICAM -2*, VCAM1*,

CD40*, CD44 and MHC-II* are present on the hCMEC/D3 cell line (*denoting molecules that
canbeDOEUET EwOUwWDPOEUI EUI EwE a w3 - %¥nd CReR&5AUndEEO OOT wb b UI
basal conditions, the hCMEC/D3 cell line secretes the CCL2 and CXCL8 chemokines and

CCLS5, CXCL10, CX3CL1 and fractalkine are released following stimulation by

proinflammatory cyto kines (Hurst et al., 2009; Subileau et al., 2009)seeTable 5.1 fa the

immunological characteristics and BBB/endothelial phenotype of the hCMEC/D3 cell line.

Numerous studies have demonstrated the ability of \CMEC/D3 cells to respond to

inflammatory stimuli and subsequently support both the adhesion and migration of

immune cells (Weksler et al., 2005) It has been shownthat monocytes will firmly adhere to
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and migrate across a hCMEC/D3 monolayer, resulting in reactive oxygen species (ROS)
generation, tissue-type plasminogen activator (tPA) mediated activation of ERK1/2 and
subsequent breakdown of the TJ protein, occludin (Reijerkerk et al., 2008) Moreover,
peripheral blood mononuclear cell (PBMCs) migration re quires the PBMC expressed LFA1
and PSGL-1. T cells will use these ligands to adhere to the hCMEC/D3 expressed Pselectin
and VLA -4, respectively (Bahbouhi et al., 2009) Monocyte migration can also be blocked
using VLA -4 antibodies (Weksler et al., 2013)

Table 5.1 Endothelial and BBB phenotype and immunological characteristics of the
hCMEC/D3 cell line,

Endothelial and BBB phenotype Immunological characteristics

PECAM-1, Von Will ebrand factor Adhesion Molecules: ICAM -1*, ICAM -2,

) s e s s ame. | VCAM -1*, CD40*, CD44 MCH -II*
Adherens Junctions: VE-E E E | | UBDGCEOu

catenins Chemokine Receptors:CCR3-6, CXCRL5
Tight Junctions: ZO-1, claudin-5, JAM-1 dDOEUEI EwOUWDOEUI EUI F
treatment

The hCMEC/D3 cell line has also been used to study neurodegenerative disease such as

/| EUOPOUOOZ UWEDPUIT EUI wp/ # AWEOEwW # 8 w( dninanllyibee OOUIT R Uu
UUIl EwUOwWUUOUEawWUT T wEAUOUORDPE wI lydr peinBabilinO(Taivet ¢ WE OE wb (
al., 2009)and efflux transporters (Kania et al., 2011) Therefore the hCMEC/D3s represents a

stable, disease relevant @ll line which maintains its BBB phenotype (Weksler et al., 2013)

and is able to support leucocyte migration. As a result, this represents a comprehensive cell

line to support the subsequent research questions.

5.1.3.2 HUVECs

Professor Chris Pepper and Dr Elisabeth Walsby, both formerly of Cardiff University, have
routinely used the BioFlux 200 system as described in section 5.1.20 assess celcell

interactions within the vasculature, using chronic lymphocytic leukaemia (CLL) cells and an
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immortalized HUVEC cell line. As the use of the Bioflux 200 system has been optimised
using this cell line, they will be studied in addition to the hCMEC/D3 cell line and may
uncover a BBBspecific mechanism of EphAl-mediated immune cell trafficking by direct
comparison. HUVECs are widely used to assesspathological situations such as metastasis
(Wong and Searson, 2014)thrombosis (Zheng et al., 2013, as well as inflammation (Chrobak
et al., 2006)but it is important to remember that vascular heterogeneity exists amongst the
hierarchies of different blood vessels and organs (Aird, 2007a, 2007b) For instance, ECs of
the BBB exhibit TJs whereas the vessels of the liver possess sinusoids and large gagaird,
2007b) HUVECSs themselves are isolated from the vein of the umbilical cord (Jaffe et al.,
1973)and thus extrapolating results to adult vascular beds should be done with care.
Nevertheless, HUVECs have been used extensively in shear flow assays and have been
invaluable in broadening the understanding of the multistep paradigm of leucocyte

recruitment (Schreiber et al., 2007)

5.1.3.3Further Considerations

Whilst the use of immortalized EC lines overcomes a number of difficulties related to

limited life span and culturing challenges, there is some evidencewhich indicates
immortalization impacts the dynamic interactions with immune cells which may result in
functional defe cts in this process(Oostingh et al., 2007) There are numerous immortalized
EC lines which aim to assist diseaserelated functional studies and overcome the difficulties
described above (Ades et al., 1992; Schitz et al., 1997; Venetsanakos et al., 2002)

N evertheless, many of these EC lines fail to support selecth-dependant leucocyte rolling
(Oostingh et al., 2007)and thus, their worth in broadening our understanding of leucocyte -
EC interactions may be limited. For instance, PBMCs do notrollon3 - %YWEEUBDYEUI Ewl U0
brain microvascular endothelial cells (HBMEC), telomerase immortalized human
microvascular endothelial (TIME) cells or human placental microvascular endothelial cells
(HPEC-A2) (Oostingh et al., 2007) Activation of HUVECSs, however, supports attachment
EOE wU O 0O 0 b Gittiua@®dHIWLB/ECK, Yvhich appears to be largely E-selectin-dependent
(Oostingh et al., 2007) As theimmortalized hCMEC/D3 cell line is a relatively new EC line,
there is limited evidence in its ability to support selectin-mediated rolling and this should be

taken into consideration when interpreting data. Evidence suggests that the hCMEC/D3 cell
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line can support P-selectin-mediated rolling of PBMCs (Bahboubhi et al., 2009)but more work
is required to truly appreciate their usefulness in functional studies of dynamic interactions
with leucocytes. Nevertheless, as described in section 5.1.3.1, the hCMEC/D3 cell line has
been extensively characterised for its EC phenotype and represents a diseaserelevant cell

line and thus, its use isjustified in this instance.
5.1.34 Aims

The aim of this chapter is to assess whether the release oEphAl ECD into the bloodstream
is capable of priming endothelial cells for leucocyte recruitment using amicrofluidic system.
This will be determined using the Bioflux 200 microfluidic system reca pitulating blood flow
through the vasculature. We will use a commercially obtained EphAl-Fc (R&D systems)
corresponding to the ECD of WT EphA1l and analyse the impact this has on both the rolling

interactions and on the firm adhesion of leucocytes to ECs.
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5.2 Materials and Methods
5.2.1 Cell culture

5.2.1.1 hCMEC/D3 cell line

The hCMEC/D3 céll line wa s provided by the Pierre -Olivier Couraud lab and were derived
from a surgical excision of the temporal lobe of an adult female with epilepsy (Weksler et al.,
2005) The cell line was generated through immortalization using a lentiviral hTERT vector.
Cells were delivered cryopreserved at passage 25Cells were maintained in complete
reconstituted EBM-2 media was used to maintain cells (reagents described in section 2.1.1)
11 ET 1 O U subdtlthre Reagents (Lonza) were used specifically to the hCMEC/D3 cell
line and included EDTA, trypsin neutralising solution (TNS) and HEPESBuffered Saline
Solution (BSS).hCMECs/D3s were not subcultured beyond P35 in order to maintain their
cell marker expression and functionality. For passaging of hCMEC/D3s, ent media was
removed from the culturing vessels and the cells washed in 10 ml of sterile 1 x PBS for 10
minutes (x 2). Cells were subsequently trypsinized at RTin 3-5 mis of Trypsin/EDTA,
depending on vessel size Trypsin/EDTA activity was quenched using 2 -4 ml of TNS and
harvested cells were collected in tubes prior to centrifugation at 250x gfor 5 minutes.
Following aspiration of the supernatant, the cell pellet was re -suspended in an appropriate
volume of fresh EMB-2 media and dispensed into fresh 5QuG -fibronectin coated-culturing

vessels

5.2.1.2 HUVECs

HU VECs are @lls which are isolated from the vein of the umbilical cord (Jaffe et al., 1973)
and are widely used as a tool to study vascular endothelial cell biology . Immortalized
HUVECSs (Life Technologies) with a lentiviral hnTERT construct were maintained in M199

medium (Sigma Ald rich) with 20% MBS and penicillin/streptomycin (P/S) .
5.2.1.3 Molt 3T cell line

The Molt 3 T-lymphoblast cell line (hereby referred to as Molt 3 T cells) was derived from

the peripheral blood of a 19-year-old male suffering from acute lymphoblastic leuka emia
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(ATCC) and were provided by Dr John Bridgeman (Cardiff University). Two

subpopulations of Molt 3 T cells were used in this thesis, including both L -selectin negative
and L-selectin positive cells. The cells expressed a HIV based gag TCR. Dr. Andy Newnan
(Cardiff University) stably transduced the Molt 3 T cells using a pSxW plasmid expressing a

C-terminal V5 His tagged L -selectin.
5.2.2 Quantitative leucocyte flow assay methodology

Molt 3 T cell interactions with HUVECs and hCMEC/D3s were assessed using a Bioflux 200
(Fluxion Biosciences Inc., CA, USA). Channels in a 24vell Bioflux 200 plate (0-20 dynes/cn®)
were coated in 20ug/ml of fibronectin for 1h before 2 x 15 min washes in respective
endothelial cell media. ECs were pulsed through the channels and allowed to statically
adhere for 2h (2 x 16HUVECS; 4 x 10 hCMEC/D3s). Respective culture mediums were then
pulsed over the cells O/N. The confluency and alignment of the ECs were visually inspected
prior to stimulation and rolling assays. ECs were th en stimulated with medi a only, human
recombinant 3 - %Y ngdpil), EphA1l -Fc (5ug/ml) or a control higG (5 pg/ml) for 16 hours at
1 dyne/cmz. For experiments where the impact of SDF1/CXCL12 on Molt 3 T cell-EC
interactions was assessed, 100g/ml was added to the medium and passed over the cells 15
minutes prior to cell rolling assays. 7.5 x 10° Molt 3 T cells per/ml (p/ml) were labelled with 2
UM carboxyfluorescein succinimidyl ester (CFSE) in PBS for 10 min at RT. Excess dye was
then removed by washing twi ce in PBS.The Molt 3 T cells were then flowed over ECsat the
Sl unit, 0.05 Pascal (Ppor 0.5dynes/cm? and 0.025 Pa 010.25dynes/cm? for HUVECs and
hCMEC/D3s respectively and imaged using time -lapse fluorescence microscopy Shear
stress will hereafter be reported in dynes/cm?, as is standard for studiesexploiting the
Bioflux system (Tremblay et al., 2015) This resulted in 60 separate Tagged Image Format
File (TIFF) images assembled into 60 stacked files. These stacksere converted into audio
video interleaved (AVI) files , creating a 7.55 sec video fileand unstacked using ImageJfor
subsequentanalysis. Analyses of cells were conducted using the Fluxion BioFlux 200

software using the cell tracking analysis mode.
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5.2.3 Analysis of Molt -3 T cells

Molt 3 T cell behaviour was assessed under flow conditions using CFSE labelled Molt 3 T
cells and fluorescent microscopy. Ordinarily, immune cell rolling is assessed usingphase
contrast or brightfield microscopy and consequently, rolling interactions are directly
visualised between leucocytes and ECs as norinteracting cells are generally not observable.
The consequence of using CFSE labelled cells is that all cells can beisualised (i.e. non-
interacting, rolling and firmly adhered cells). As a result, it was necessary to establish a
method by which non -interacting and rolling Molt 3 T cells could be distingui shed before
analysis of their behaviour was undertaken. Generally, rolling occurs at, or below, the
velocity of non -interacting immune cells. However, rolling cells also have easily identifiable
characteristics whilst interacting with the endothe lium. Roll ing cells will 1) upon capture,
rapidly decrease their velocity 2) meander over the endothelium to overcome obstacles (such
as firmly adhered cells) or direct their motion towards chemoattractants or preferential sites
of adherence/transmigration. Non-interacting cells, conversely, will generally have a
straighter forw ard motion in the direction of the shear flow, see Fig 5.3for an example of a
non-interacting and rolling cell and the difference in their behaviour. Moreover, as the
Bioflux chambers are smdler than conventional flow chambers, the turbulence in these
chambers is much lower, meaning non-interacting cells will have a straighter trajectory

through the chambers due to improved laminar flow.

1. Trajectory of rolling cell — g —— —

2. Trajectory of non-interacting cell

Figure 5.3 Method employed to distinguish between a rolling cell (behaviour 1) and non-
interacting cell /fast rolling cell (behaviour 2) . 1) Trajectory of rolling cell taken over 15 frames.
Note the zig-zag motion of the cell whilst it surveys the e ndothelial layer. 2) Trajectory of a
non-interacting cell taken over 5 frames, note the straight path of the cell whilst it flows over
the endothelium.
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Rolling cells were distinguished from non -interacting cells in the manner described above
by a single observer. Rolling analyses was conducted on all rolling cells, wit h their
interaction distance tracked until the cells detached, firmly adhered, or left the field of view.
Rolling velocities were calculated by the Bioflux 200 software automatically by usi ng the cel
tracking mode. The total contact time of all rollin g Molt 3 T cellswas established by the
number of frames in the time lapse sequence the cells rolled for, multiplied by the time
elapsed between each frame(each frame = 0.126 secsP0 norrinteracting Molt 3 T cells were
tracked through 5 frames and their glo bal velocity calculated by the Bioflux software. Firmly
adhered cells were identified as those which had not made forward motion for at least 40
frames (i.e. 5 seconds). Se€ig. 54 for a snapshot the channel view of a Bioflux chamber

with non -interacting, rolling and firmly adhered Molt 3 T cells highlighted.

3. Firmly adhered
Molt 3 T cell

2. Rolling

Molt3 T c%

350pum
- Non-interacting F

Molt 3 T cell

50pum

HUVEC or hCMEC/D3 monolayer

Figure 5.4 Representative snapshot of a Bioflux microfluidic channel. Shown is an adherent
monolayer of ECs (in black, not seen) and CFSE labelled Molt 3 T cells (shown in white). Molt
3 T cells were passed through the channel under shear force and their subsequent interactions
between the ECs were recorded by time-lapse fluorescent microscopy. A) Individual rolling
Molt 3 T cells were visually identified and tracked using the Bioflux cell tracking mode across
sequential time frames (Fig 54 Ai, Aii, Aiii; track shown in green). This allowed quantification

of Molt 3 T cell rolling, t he total contact time between rolling Molt 3 T cells and ECs, as well
as the distance and velocity of each interacting Molt 3 T cells.B) Indicated here is 1. A non-
interacting Molt 3 T cells, these were also tracked for their global velocity using the Bio flu x
cell tracking software. 2.Rolling Molt 3 T cell as in A), indicated by a slower travelling velocity
than the non-interacting Molt 3 T cell and a meandering motion. 3. The number of firmly
adhered Molt 3 T cells was also quantified and were identified as cells which had not made
i OUPEUEwWOOUDPOOWI OUWEUWOT EVUVDWKY wi UEOT Uwpb b
tall.
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5.2.4 Flow cytometric analysis of EphAl and chemokine receptor expression on

Molt 3 T cells

Disassociaton of adherent cells (i.e. HEK-293 Flp-In/HEK -293 WT EphA1l) from the flask

was conducted using 5 mM ethylenediaminetetraacetic acid (EDTA) to preserve membrane

I BxUI UUDOOWOI wxUuOUI POUBS w3T 1 wi 6060 O& Aldncubdtidni x Uwp il Ul
periods were for 30 mins. Cell suspensions were pelleted by centrifugation at 250x gfor 5

mins and resuspended in ice-cold fluorescence-activated cell sorting (FACS) buffer

following removal of the supernatant. Cells were centrifuged at 250x gfor 3 mins between

subsequent stani ng and washing steps, with the supernatant removed following

centrifugation . Cells were plated at 2 x 16D O wE wNt wbl OOwx OEUI wphyYyY 4% Owx1 U
incubated in live/dead aqua stain (Molecular probes); blocked to control for Fc R dependant

binding of antibodies (with 1gG blocking buffer) and incubated in primary antibody,

followed by a fluorophore co njugated secondary antibody (see Table 5.2 forantibodies used

for flow cytometry analysis). Cells were either immediately assessed orpreserved in 4 %

formalin in FACS buffer until subsequent FACS analysis.

Table 5.2 Antibodies used for flow cytometric analyses

Antibody/Probe Fluorochrome Vendor/C at Stock Working
Number Concentration | Concentration

N-terminal EphAl | Unconjugated R&D systems KYYuwsT1 ¥|1:400

MAb #MAB638

Goat anti-mouse Phycoerythrin BioLegend Y Y ws T | 1:400

1gG (PE) #40307

LIVE/DEAD AmCyan Molecular N/A 1:1000 In FACS

fixable dead cell Probes#L34959 buffer

stain
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5.3 Results

Flow cytometric analysis has indicated that subpopulations of PBMCs express EphAl (Ager,
unpublished, data not shown) . Thus, any future experimentation using patient PBMCs, it
would be necessary to sort EphAL + T cells from blood to reduce inter-donor variation.

With this in mind , and as a means to simplify the model, it was decided to employ a
leucocyte cell line lacking endogenous expression of EphAl. We assessedhe Molt 3 T cell
line routinely used in the Ager lab via flow cytometry for EphAl expression . Two
subpopulations were assessed.Molt 3 T cells which do not express L-selectin (WT) and Molt
3 T cellstransduced to expressL-selectin. The previously described WT EphAl-HEK-293
cells and parental Flp-In HEK -293 cellswere used as a positive and negative control,

respectively.

A

2

200 =

150 =1

10004 1

Count

100 -': f I‘n

Mean Fluorescence Intensity

3 [ 500~
50 = \
_ [
o
' y AR O —
10° ' 10° 10° w0t o @ o o
Comp-PE-A *.:ﬁ\%e Oe'\ g oe’\\x\' *}9 N
L E N WS R
| |HEK-293 Parentals be" N &E &
1| Molt 3 T cells L-selectin -ve ¥ g
1| Molt 3 T cells L-selectin -/+ v v

[0|HEK-293 wt EphA1l

Figure 5.5 Flow cytometric analysis of EphAl expression by Molt 3 T cell lines. A) EphAl
expression in Molt 3 T cells, -ve for L-selectin (orange histogram) and +ve for L-selectin
expression (blue histogram) was then analysed against the EphAl negative HEK-293
parentals (green histogram) and EphAl +ve HEK-293 cells (red histogram). Both Molt 3 T cell
lines overlap partially with the HEK -293 FIp-In parental cells, indicating neither cell lines
express EphAl. B) Bar dhart indicating the mean fluorescenceintensity of all cell lines over 3
repeats, confirming the lack of EphAl expression in both Molt 3 T cell lines (n=3). Work
conducted by Lauren Thorburn, Ager Lab.
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5.3.1 Expression profiles of HUVEC and hCMEC/D3 cell lines

Section 53.1 includes work conducted by the Ager lab as indicated.

As described, the hCMEC/D3 cell line has been extensively characterized for endothelial
phenotype and express VE-Cadherin (CD144), PECAM-1 (CD31) and Endoglin (CD105)
whilst being negative for CD36 (Weksler et al., 2013)and has beenused extensively in the
field of BBB research (e.gDiaz-Perlas et al., 2018; Piazzini et al., 2018)The endothelial origin
of the hCMEC/D3 cell line was further verified by the Ager group using the pan -endothelial
markers PECAM-1 (CD31) and VEGFR2 (CD309and VE-cadherin (CD144) (data not

shown) to ensure cells had retained their endothelial characteristics.
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Figure 5.6 Expression of endothelial specific markers by hCMEC/D3 cell line.. The hCMEC/D3
cell line was stained for pan-endothelial markers CD31 and VEGFR2 under basal conditions
(blue histogram) and foll owing activation by TNF Y for 18 hours (red histogram). Grey filled

histograms are cells stained using isotype matched control antibodies. Work conducted by the

Ager lab (unpublished).

It was also necessary to determine EphAl expressionon the EC lines to determine the
overall p otential mechanistic interactions between T cells and the ECs, given the
complexities between the Eph receptors and ligands. Both HUVECs (data not shown) and
hCMEC/D3s are negative for EphAl expression and this is not inducible by the

inflammatory cytokine O w3 - %Y @p%D 1T wk &
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Figure 5.7 Expression of EphAl on hCMEC/D3 cell line. hCMEC/D3s were stained for EphAl

by flow cytometry. A) Gating strategy on forward vs side scatter (left hand panel), single cells

(middle panel) and live cells (right hand panel). B) Expression of EphAl or VCAM -1 (blue

histogram) and isotype control (red histogram) in absence (left) and presence (right) of TNFY.

Expression of VCAM -1 acts as gpositive control | OU w3 - %Y wE E IMEZ/BIsPNOR wOIi wli "
conducted by the Ager lab.

Data from HUVECs and hCMEC/D3 cells also showed that both, ICAM -1 and VCAM -1
PECAM-1 (CD31) remained unaltered and VEGFR2 (CD309)was downregulated.
Important ly, both HUVECs and hCMEC/D3s express ephrinAl under basal conditions

PT PET wbUwPOEUI EUT EwbOwUI UxOOUT wlOOw3- %Ywpwbl wk & WA
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Figure 5.8% 1 | 1 E U wO exprassidn wiE@DA1L, EphrinAl, endothelial specific markers and
homing associated molecules by HUVECs and hCMEC/D3s HUVECs (black) and
hCMEC/D3s (red) were stained for EphAl, EphrinAl, the pan -endothelial markers VE-
cadherin, CD31 and VEGFR2, homing associated molecules ICAM-1 and VCAM -1 under
basal conditonsEOE wi 000 OP B O wE Edy E8BYhEMediad GuorEsaent 3ntehsivy of
3 - %freated cells was expressed as fold change over unstimulated cells. Scatteplots show
pooled data from and HUVEC and hCMEC/D3 cells and bars representSEM. Work conducted
by the Ager lab.

Since hCMEC/D3 cells do not endogenously express EphAl but constitutively express the
ephrin Al ligand, one might hypothesise that binding of EphAl expressed on leucocytes

with ephrinAl on brain ECs might regulate BBB function. However, after incubati on of
hCMECs with EphALl -fc chimera to mimic ligand engagement (in the absence of ce
engagement by additional leucocyte expressed receptors), EphAl-Fc had no impact on basal
expression of UOEUDOOEOQWEET 1 UP OO wlad@iinECDOM) onureGAM; 1z UK Ows5 $
(CD31), (data not shown). Nevertheless, this assay is incapable of discerning subtle changs

in membrane localisation which could control the permeability of the endothelial layer.

144



In sum, work shows that both HUVECs and the h CMEC/D3 cell lines expresspan-
endothelial markers, confirming their endothelial origin and suitability for ~ subsequent
experimentation. Both the L-selectin -ve, L-selectin +ve Molt 3 T and both EC cell lines are
negative for EphAl expression meaning endogenous expression of EphAl wi ll not impede
assessment of the effect of EphA1Fc in our microfluidic assay. Eph rinAl is expressed by

both HUVECs and hCMEC/D3s and EphAl-Fc may induce reverse signalling in these cells.
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interactions

Prior to assessing Molt 3 T cell interactions with EphAl-Fc activated ECs, control

I Rx1 UDOI OUUwPI Ul wxl Ul OUOI EwUUDOT w3 - %YwOUwOI EDE wc
cell microfluidic analysis. This will all ow validation of the Bioflux 200 systemand

assessment of the characterisation methods as detadd in section 5.2.3 This analysis will also

allow us to determine an approximate velocity of cells which roll (behavio ur 1) and those

which are non-interacting or fast rolling (behaviour 2). Based on the vast amounts of

OPUI UEUUUIT woOO w3 -aduwEE R BEWIT EEudd'T IEQUuEB - %Y wbh OUOE wOol

adhesion molecules such asvVCAM -1 and ICAM -1 which deal with stable adhesion
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5.3.2.1 The effect of 3 - %Y wO O w, O AHWUERClnXarEtiord O

5.3.2.1.1 Characterisation of the velocity of non-inte racting/fast rolling cells
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Figure 5.9 Characterisation and analysis of the velocity of interacting (behaviour 1) and non-
interacting/fast rol ling cells (behaviour 1) A)* 45$ " Uwbkl Ul wOUI EVI EwbDPUT w3 -
media only (no treatment) for 16h at 1 dyne/cm?2 7.5 x 16 CFSE labelled Molt 3 T cells were

passed over HUVECs at 0.5dynes/lcm2d w3 T 1 wYl OOEPUawmys OvUAw Ol w, 00L
behaviour 2 was calculated by the Bioflux 200 software following manual identification of

cells exhibiting behaviour 2 using the cell tracking analysis mode. Red line indicates Molt 3 T

cellsdid noOwUI T UOEUOa wWwUUEYI O wEBYHUWEGS @é&dtigdated Will E wd O PoYikuw 4 (
(2 ng/ml) or media only (no treatment) for 16h at 1 dyne/cm?2. 7.5 x 10 CFSE labelled Molt 3 T

cells were passed over HUVECs at 0.5dynes/cm2 w3 1T 1T wY]l OOEPUa wpélOry UAwWOI
exhibiting behaviour 1 was calculated by the Bioflux 200 software following manual

identification of thse Molt 3 T cells using the cell tracking analysis mode. The average velocity

of each rolling interaction or series of transient interactions was calculated automatically by

the Bioflux software (n = 3,p = 0.2586, Error bars indicate SEM, analyses were conducted

using a student T test.
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This analysis indicated that slow-rolling Molt 3 T cells, characterised based on their

behavioural attrib utes (i.e. behaviour 1) did not exceed an average velocity of24 O¥ Ud w6 1 1 Ul E U
those Molt 3 T cells whic h are non-interacting /slow rolling did not travel at velocities below 5

0¥U8w UWEWEOOUI @U above brCauetaye@etityu @ iU & K 4véeOddaidibled:

from subsequent analysis of rolling interactions. To determine whether the slow-rolling

interactions (i.e cell exhibiting behaviour 1) differ between TNF Y and non-treated HUVECs

we assessed the average number of rolling cells, distance of interactions, changes in velocity

to determine stable interactions and the number of firmly adhered cells. 3 - %Nad no effect

on the rolling velocity of Molt 3 T cells (Fig 5.9 B, p = 0.2586) or on the velocity of non

interacting Molt 3 T cells.
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Figure 5103 T 1 wi i T T EVUwWwOI w3- YWEEUDYEUDPOOWOI weeks5$" Uw O
exhibiting behaviour 1 i.e slowrolling).' 45$" Uwbil Ul wOUI EUI EwbPUT w3 - %Yuw
only (no treatment) for 16h at 1 dyne/cm2. 7.5 x 16 CFSE labelled Molt 3 T cells were

subsequently passed over HUVECs at 0.5dynes/cm?28 w1l OOODOT wY]l OOEPUa wmps Ox |
UDUEYI OOI Ewps OAWPEUWEEOEUOEUI EwEawli 1T w! pOI OUR wl Y\
rolling cells using the cell tracking analysis mode A) The effect of T- %Y w OOw UTel WwEYIT U
individual Molt 3 T cell (data points) (n = 3,p= 08090 and the average distance (bar).C) The

duration of rolling interactions ( i.e. the total contact time) between Molt 3 T cells and HUVECs

was established by the number of frames in the time lapse sequence rolled for and an average

taken (each frame = 0.126 secgh = 3,p = 02207). D) Firmly adhered cells were identified as

Molt 3 T cells which has not made forward motion for at least 40 frames (i.e. 5 seconds).(n=3,

p=0.5764).
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(UwbPEUwI Rx1 EUI EwOT EOwUT 1 wEEEDPUDPOO WOl w3 - %YwbPOUOE U
E Uw3 - %powedful indbdaer of both VCAM -1 and ICAM -1, adhesion molecules involved

POwUl PUWEUxT EQwOi wOT 1T wEETT UDOOWEE UE BeEdffanlys | DOU U w3
adhered Molt 3 T cells (Fig 510D), this effect was non-significant (p = 0.5764). Whilst thee

was a more consistent number of adhered Molt 3 T cells over the 3 repeats, the media only

control tended to have a variable number of adhered cells (as indicated by the error bars)

ultimately leadingtoanon -UDT OBPI PEEOUwWUI UUOU 6 eale-thd umbeOd) Ow U1 OET |
rolling Molt 3 T cells on HUVECs when compared to no treatment control (Fig 5. 10A), but

this trend was non-significant (p=0.056& 6 w3 - %Y wl EEwWOOwI I i T E0wOOwWUT T wC
by the Molt 3 T cells (Fig 5.10C, p = 0.8090), the ontact time between the two cell lines (Fig

5.10B, p = 0.2207) This experiment was also conducted using the hCMEC/D3 cell line to

determine whether TN%Y wp OUOE wi EYIT wEWEDI | 1 (Suppleme@dryE | EODPUOwOI
video files A1 and A2 show representative AVI U wOi wEOUT wOOwUOUI EUOI OUWEOEU
HUVECs.
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5.3.2.2.1 Characterisation ofthe velocity of rolling and non -interacting/fast rolling

cells
A B
Behaviour 2: Non interacting or Behaviour 1: Slow
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Figure 5.11 Characterisation and analysis of the velocity of interacting (behaviour 1) and non -
interacting/fast rolling cells (behaviour 2). A)h" , $" ¥ #+ Uwpkil Ul wOUI EUI EwPDUIT w
or media only (no treatment) for 16h at 1 dyne/cm2. 7.5 x 16 CFSE labelled Molt 3 T cells were

passed over hCMEC/D3s at 0.25dynes/cm28 w3 1T 1 wYlI OOEPUa wps Oy UA WOl w, 60
behaviour 2 was calculated by the Bioflux 200 software following manual ide ntification of

theseMolt 3 T cells using the cell tracking analysis mode. Red line indicates Molt 3 T cells did
OOUWUUEYIT OQwhl=0.0104)R) bembxDBs P1 Ul wOUT EUI EwbPBUT w3 - %Yuw
media only (no treatment) for 16h at 1 dyne/cmz2. 7.5 x 16 CFSE labelled Molt 3 T cells were

passed overhCMEC/D3s at 0.25dynes/cm28 w3 1T 1 wYlI OOEPUawps OvyUA WOl w, 60
behaviour 1 (i..e slow rolling) was calculated by the Bioflux 200 software followi ng manual

identificatio n of cells showing behaviour 1 using the cell tracking analysis mode. The average

velocity of each rolling inter action or series of transient interactions was calculated

automatically by the Bioflux software (n = 3,p =0.4207, Error bars indicate SEM, aralyses

were conducted using a student T test.
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2DO0POEUOa wU O uVREGY, siévErdlibgMelid Tieells, (i.e. behaviour 1) did not

I RET 1 EWEwWYI OOEPUaA WOl wl wesOxUOwPT 1 Ul EUWUT OUT w, 6060
non-DOUI UEEUDOT yi EU0wUOOODPOT A wE D EAs & édhsaguddde Yell©O wE UwY |
tra¥Y1 OOPOT WEEOYI| WEOQWEYI UETT wYl OOEPUaA wWOI wks Oy Uuwbi UI
rolling interactions. 3 - %Y wl EEwOOwI i I T ECwOOwWUT T wUOOODPPT wYl OOE
= 0.4207) but did increased the travelling veocity of non -interacting/fa st rolling Molt 3 T

cells (Fig 5.11 A,p=0.0124p 1 PET wOEaAawUUT T T U0 wUT EVw3 - %YwbhbUwx UOO
Molt 3 T cells (and thus cells may enter the capture and subsequentfast rolling phase, but

3- %YWEOT U wbieubsetuent bW tdlling phase of the adhesion cascade)To

determine whether the slow -rolling interactions (i.e . cell exhibiting behaviour 1) differ

between TNFY and untreated HUVECs the average number of rolling cells, distance of

interactions, total average contact time and the number of firmly adhered cells was assessed
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Figure 512. 3T 1 wil I I T EU w O ionucd hCHMEQICBE din IMGIE3I P cell interactions.

", $"v#+ Uwpkl Ul wUUIEMYMmIEauedi) bniy 8-o #eatment) for 16h at 1
dyne/cm2 7.5 x 1° CFSE labelled Molt 3 T cells were passed over hCMEC/D3s at 0.25
dynes’cm2d w1 OOO0ODOT wY | ODHEBHEE@ kgt OO B Wiwddiaedibythe®@iflur E U wE
200 software following man ual identification of rolli ng cells using the cell tracking analysis.
ASZTTwliTTESwWOl w3- %YwoOOwUOl I wEYIT UEm=DB B)YTeld&d Uwdi wU
E b U U E O)Edavsligd:b® each individual Mol t 3 T cell (data points) and average distance

(bar) (n = 3,p = 0.5138).C) The duration of rolling interactions (i.e. the total contact time )
between Molt 3 T cells and hCMEC/D3s was established by the number of frames inthe time

lapse sequence rolled fao and an average taken (each frame = 0.126 secé) = 3,p = <Q12089.

D) Firmly adhered cells were identified as Molt 3 T cells which had not made forward motion

for at least 40 frames (i.e. 5 seconds). (n = 3, p = 0.4%4Error bars indicate SEM. Analyses

were conducted using a student T test
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Interestingly, there were no statisticE OWE DT I 1 Ul OET UwET UP1 1 Ow3- %YwWEOE W
conditions on the interactions between Molt 3 T cells and hCMEC/D3 cells in any

EUUI UUOI OU aaudter theraudtaBesnumber of rolling cells (Figure 5.12A, p = 0.4207)

when comparedUOwUT | wOOwUUI EVUOI OUWEOOUUOOE w, OUI OYI UOw3
travelled by individual Molt 3 T cells over hCMEC/D3s (Figure 5.12B, p = 0.5138) or the toal

contact time between the cells (Figure 5.12C, p = 0.1206). Whilst there was a general trad

towards an increased number of firmly adhered cells, there was variability between

experiments and thus non-significant (Figure 5.12D, p = 0.4941) Supplementary video files

A3 and A4 show representative AVIs of both OO wUO Ul EUOI OUWEOE w3 - %YWEEUDVYE
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5.3.3 The effect of EphAl-Fc on Molt 3 T cell -EC interactions.

61T DPOUUW3 - WYWEPDEwWOOUWI EYT wEwWUDT OPI PEEOUwWI I 11 EQwOLC
trend towards increased adhesion of Molt 3 T cells in both HUVECs (Fig 5.10, D) and

hCMEC/D3s (Fig 512 DAOwP D UT w3 - %YipudgRatel mblecllds witich deal with

firm adhesion. Moreover, it allowed validation of the Bioflux system. As a result, the ef fect

of EphAl-Fc activated ECs was tested.
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5.33.1 The effect of EphAl-Fc on HUVEC-Molt 3 T cell in teractions.

5.3.3.2.1 Chaacterisation of the velocity of rolling and non -interacting/fast

rolling cells
A B
m Behaviour 2: Non interacting or Behaviour 1: Slow
20 fastrolling Molt 3 T cells rolling Molt 3 T cells
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Figure 5.13. Characterisation and analysis of the velocity of interacting (behaviour 1) and non -
interacting/fast rolling cells (behaviour 2) . A) HUVECs were treated with contro | IgG (5

17 v OO0OKA wOBEIGB ok wad ¥ O Clfner/ent3. 7 & kutG CRSE labeilediMolt 3 T cells were

passed over HUVECs at 05 dynes’cem?2d w31 1 wYl OOEPUaAwps OvUA WOl w, OO0
behaviour 2 was calculated by the Bioflux 200 software following manual identification of

these Molt 3 T cdls using the cell tracking analysis mode. Red line indicates Molt 3 T cells

following EphAl -Fc treatment of HUVECs decreased the velocity of nor-interacting/fast
UOOODOT wET OOUWEUWUI 1 O whpG «n00Di). B)BIOMEOamierd tieatel withO O U wopk w
EOOUUOOW( T & wapk u¥bEl ungikQuisul OrluCipdd/cont) wiud10F QiF SE)labélled

Molt 3 T cells were passed over HUVECs at 0.5dynes/cm2. 31T 1 wY]l OOEPUa wps Or UA w(
cells exhibiting behaviour 1 was calculated by the Bioflux 200 software following manual

identification of these Molt 3 T cellsusing the cell tracking analysis mode. The average velocity

of each rolling interaction or series of transient interactions was calculated automatically by

the Bioflux software (n = 3,p = 0.1837. Error bars indicate SEM, analyses were conducted

using a student T test.
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Interestingly, and in stark contrast to previous findings, EphALl -Fc significantly reduced the
velocity of Molt 3 T cells exhibit ing behaviour 2 (i.e. cells undergoing fast rolling/not
interacting with the EC layer), (Fig 5.13 A, p= < 0.0001)Upon visual inspection of the rolling
videos of EphAl-Fc treated HUVECSs. it is clear that there is a marked reduction in the
velocity at which all Molt 3 T cells travel, compared to all other analysed conditions and
thus likely represents a real phenomenon. As a result, for the subsequent analysis of rolling
behaviours, we continued to assess these cells based on the explained method adiscerning
rolling c ells. One must be aware however, that these results could indicate that the method

of discerning rolling and non -interacting cells is lessnot an entirely effective method.
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Figure 5.14 The effect of EphAl-Fc adivation of HUVECs on Molt 3 T cell interactions.

HUVECs were treated with EphAL -%E w pk ws 1T * OOA W OUWEOOUUOaWT (T &wap
dyne/cm2. 7.5 x 16 CFSE labelled Molt 3 T cells were passed over HUVECs at (& dynes/cmz

RollDB OT wY 1 OO0 E eddiztatisi OuowrlOpENE 001 E waosyEhd Bidflk 2006dE eV OE U1 E
following manual identification of rolling cells using the cell tracking analysis mode A) The

effect of EphAl-Fc on the average number of rolling Molt 3 T cells (=3 p=0.1761)B) The total

dsUEOET wps OAWUUEYI OO0I E wE el (d&t& pomts) GED.¥RBFaddEtew , OOU w
average distance (bar).C) The duration of rolling interactions (i.e. the total contact time)

between Molt 3 T cells and HUVECs was estaldished by the number of frames in the time

lapse sequence rolled for and an awerage taken (each frame = 0.126 secé) = 3,p= 0.0674). D)

Firmly adhe red cells were identified as Molt 3 T cells which has lacked forward motion for at

least 40 frames (i.e.5seconds). (=3, p = 0.5043. Error bars indicate SEM. Analyses were

conducted using a student T test

Whilst EphA1 -Fc treatment of HUVECSs did not significantly increase the average number of
adhered (Fig 5.14 D, p = 0.5043) or rolling (Fig 5.4 A, p=0.1767) Molt 3 T cells ompared to
control IgG, it did significantly alter th e distance each of the Molt 3 T cells travelled (Fig 5.4
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B, p = 0.0R3). The total contact time remained unaltered between conditions (Fig 5.14 C, p =
0.0674) Whilst non -signifi cant, there was a generaltrend for EphAl -Fc to increase the number
of rolling Molt 3 T cells and decrease the number of firmly adhered cells. It is known that not
all rolling cells will adhere and not all adhered cells will transmigrate, but cell adherenc eis a
prerequisite for eventual TEM. These results possibly indicate that EphAl would not cause a
pathological alteration in numbers of transmigra ting immune cells as it does not alter the
number of adhered cells. However, in the context of the BBB, an increase in the number of
roling cells may cause alterations in TJ permeability and any EphAl-mediated
leucocyte:hCMEC/D3 interactions may be differ ent to those observed here for HUVECs. As a
result, an additional series of experiments were conducted using the disease relevant celline,
hCMEC/D3s. Supplementary video files A5 and A6 show representative AVIs of both control
IgG and EphAl-Fc activated HUVECS.
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5.3.2.2 The effect of EphAl-Fc on hCMEC/D3-Molt 3 T cell interactions

5.3.3.2.1 Characterisaton of the velocity of rol ling and non-interacting/fast

rolling cells
A B
e«»  Behaviour 2: Non interacting or Behaviour 1: Slow
- a0 fast rolling Molt 3 T cells rolling Molt 3 T cells
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Figure 5.15. Characterisation and analysis of the velocity of interacting (behaviour 1) and non -
interacting/fast rolling cells (behaviour 2). A) hCMEC/D3swereUUT EUI EwbDPUT w3 - %Y wp
or media only (no treatment) for 16h at 1dyne/cm?2. 7.5 x 16 CFSE labelled Molt 3 T cells were

passed over hCMEC/D3s at 0.25dynes’em2d w31 1 wYl OOEPUa wps OvUA WOl w, 00
behaviour 2 was calculated by the Bioflux 200 software following manual identification of

these Molt 3 T cellsusing the cell tracking analysis mode. Red line indicates Molt 3 T cells did

not travel belob wk w 4% O=x00W2HB)T " , $" v#+ Uwbl Ul wOUI EVI EwbPDUT w3
media only (no treatment) for 16h at 1 dyne/cm?2 7.5 x 16 CFSE labelled Molt 3 T cells were

passed over hCMEC/D3s at 0.25dynes’em2d w31 1 wYl OOEPUawps OvUA WOl w, 00
behaviour 1 was calculated by the Bioflux 200 software following manual iden tification of

theseMolt 3 T cells using the cell tracking analysis mode. The average velocity of each rolling

interaction or series of transient interactions was calculated automatically by the Bioflux

software (n = 3,p=0.4207). Error bars indicate SEM, analyses were conducted using a student

T test.
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Similarly to HUVECs, EphA1l-Fc significantly reduced the velocity of Molt 3 T cells
exhibiting behaviour 2 (i.e. cells undergoing fast rolling/not interacting with the EC layer),
(Fig 5.15 A,p =< 0.0001) and again upon wsual inspection of the rolling videos of EphAl -Fc
treated hCMEC/D3s,, it is clear that there is a marked reduction in the velocity at which all
Molt 3 T cells travel, compared to all other analysed conditions and thus likely represents a
real phenomenon. As a resllt, for the subsequent analysis of rolling beh aviours, we

continued to assess these cells based on the explained method of discerning rolling cés.
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Figure 5.16. The effect of EphAl-Fc on activation of hCMEC/D3s on Molt 3 T cell interactions

hCMEC/D3s were treated with EphA1-%E wpk ws T Y OOAWOUWEOOUUOOWT (1T &w
dyne/cm2 7.5 x 10 CFSE labelled Molt 3 T cells were passed over hCMEC/D3s at 0.25

dynes/cmz. Rolling veloE P U a w4 Gistadck trelieldefl (v OAwbP EUWEE OE UdléxU1 E wWE a u
200 software following manual identification of rolling cells using the cell tracking analysis
mode A) The effect of EphAl-Fc on the average number of rolling Molt 3 T cells (n=3p =
0.1258). B) Firmly adhered cells were identified as Molt 3 T cells whi ch had not made forward
travelled by each individual Molt 3 T cell (data points) and average distance (bar) (n = 3,p =

<0.0025)D) The duration of rolling interactions (i.e. the total contact time) between Molt 3 T

cells and hCMEC/D3s was established bythe number of frames in the time lapse sequence

rolled for and an average taken (each frame =0.126 secsjn = 3,p = <Q0085. Error bars indicate

SEM. Analysis was conducted using a student T test.
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Similarly, to the HUVEC cell line, EphAL-%E w ok uttedtrmett 6 ACMEC/D3s did not
significantly increase the number of rolling Molt 3 T cells ( Figure 5.16 A, p= 0.1258,
however there was a general trend towards increased cell rolling numbers (Fig 5.16 A).
EphAl-Fc treatment ggnificantly altered all othe r measured outcomes. i.e. significantly
increasing the number of firmly adhered cells (Fig 5.16 B, p =0.0161), the distance travelled
of individual Molt 3 T cells (Fig 5.1 6 C, p =<0.0025and total contact time (Fig 5.16 D p=
<0.0@85). In contrast to the HUVEC analysis, EphAl-Fc treated hCMEC/D3s showed
significantly different interactions with Molt 3 T cells indicating that EphAl signalling
responses were profoundly different, justifying the choice of using hCM EC/D3 cells as a
model of the BBB. This suggests that EphAl-mediated alterations in leucocyte:EC
interactions is cell type specific and appears to preferentially increase leucocyte interactions
with brain ECs Supplementary video files A7 and A8 show representative AVIs of both

control IgG and EphA1l -Fc activated hCMEC/D3s.
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5.4 The effect of EphAl-Fc onthe number stable interactions between rolling

Molt -3 T cells and HUVECs and hCMEC/D3s

During the described analysis, it appeared that the addition of EphAl-Fc causeda marked

increase in the distance tha slow Molt 3 T cells travelled over both EphALl -Fc treated

HUVECs and hCMEC/D3 cells and a marked reduction in the velocity that not interacting

cells travelled. To investig ate this further we wanted to determine whether the increase in

the distance travelled actually represents a series of transient interactions between Molt 3 T

cells and ECs and as such would represent a different mechanism of action.Moreover, a

reduction in the velocity of non -interacting Molt 3 T cells could also represent a seies of

interacting Molt 3 T cell. As described, identification of rolling cells was conducted vi sually

by assessing varbus facors such as their trajectory and movement along the endothelium

(see section 5.2.3). The previous data indicates that an identifiedhon-interacting cell did not

typically travel below an average velocity of 54 O ¥ UtbeR@U OO w( T & Ow3tedY wOU wU O
conditions (Fig 5.9 B, Fig 5.10 B, Fig 5.11 B;ig 5.12 B) allowing one to reason that cells

traveling at or below this velocity will most likely be a rolling cell. In this section, we aimed

to determine whether the average velccity of non -interacting/ slow rolling Molt 3 T cells may

be altered by assesing number of transient interactions between the immune cells and ECs

(i.e. cells moving from slow -rolling to non -interacting during their travel across the EC laye,

and thus reducing their average velocity) in each condition. A transient interaction is

defined asacelEOUIT UOEUDOT wUI sB0wF k 0OEPV @B iwwd DUwWET EOI
one transient interaction. A subset of Molt 3 T cells were also analysed and plotted over a

number of frame as a means to visualise their changes in velocity.
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treatment over HUVECs and hCMEC/D3 cells.. HUVEC or hCMEC/D3 cells were treated
PPUT w3- %Ywampl wol vydrdAreatnenty i ¥ & widYr@/OmM2 7.5 x 16 CFSE
labelled Mol t 3 T cells were subsequentlypassed over ECs at 0.5lynes/cm2or 0.25 dynes/cn?
for HUVECs and hCMEC/D3 cells, respectively. The averagenumber of transient interactions
were established (n=3) for each Moltt w3 WEIl OOwPPUT WEQWEYI UEthlawYl OOE.

vi OOE b U a wpalcdlatdd Ayuthz Bibflux 200 software following manual identification of

rolling cells using the cell tracking analysis mode. A) Molt 3 T cells underwent fewer transient

interactions folOOP D OT w3 - %YwUOUT E0UOI Oplk0.010gindidaking that u3 o Oaduw t O w
increased the stable rolling of Molt 3 T cells over HUVECSs. B) A graphical representation of

Uil wYl OCEPUAWET EOT 1 UwOi wEWUUEUT OwOi w, OOWedt w3 wEI ¢
OPOI AWDOEPEEUDOT wlOT E U wprend¥suriond btdble ©lin® &f th®Maliz 4 5 $ " U

T cells C) Molt 3 T cells did not differ in their transients interactions with hCMEC/D3 cells

I OO0OPDPOT w3- %YwOUI EVOT 00 wOIi DA graphitakreéptestniapdmofa wt O wx w
the velocity changes of asubset of Molt 3 Tcellswithan EY1T UET I wYl OOEDWed wEI OOP
line) indicatingthatT- %Y wOUI EUOT OUwOT wi ", $" v#+t UWEOI UwOOU wx U
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rolling of Molt 3 T cells. Each dotin B and D represents thechangein velocity of an individu al
cell from one frame to the next.

These results indicatedU I E U wi@duéd the number of transient interactions between

Molt 3 T cells and HUVECs (p = 0.0106) and there was a general trend of reducedransient

interactions between Molt 3 T cells and hCMEC/D3s (p = 0.080). This suggets UT EU w3 - %Y

may prom ote the stable OO OD OT woOi w, OOV wt w3 wET OOUOWET UxPUI wx Ul
did not significantly increase the number of rolling cells. This finding suggests that those

cells which do roll can be classified asstably rolling cells.
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Figure 5.18 The number of transient rolling interactions of Molt 3 T cells following EphAl -Fc
treatment over HUVEC s and hCMEC/D3 . HUVEC or hCMEC/D3 cells were tre ated with
control ( T &wpk ws T v OO0 K w-&E wdpk BiE u$ © D &/Kelorh2Onbw 1A CFSEE U w huw
labelled Molt 3 T cells were subsequently passed over ECs at 0.5lynes/cm2or 0.25 dynes/cn?
for HUVECs and hCMEC/D3 cells, respectively. The average numberof transient inte ractions
were established (n=3) for each Molt 3 T cell with an average velocity below % O ¥withua
tranUD] OUwPOUI UEEUPOOWET I POl EWEUWEWET OOwPT-PDET wWEOI
PO UI UE E U B)OWituttpss dhandeclassed asl transient interaction. Changes in rolling

Frame Progression

rolling cells using the cell tracking analysis mode. A) Molt 3 T cells underwent fewer transient

interactions followin g EphAl-Fc treatment of HUVECs (nh = 3, p = 0.0020)indicating that

EphAl-Fc increased the stéle rolling of Molt 3 T cell s over HUVECs. B) A graphical
representation of the velocity changes of a subset of Molt 3 T cells with an average velocity

E1 O O b usKreadir@)indic ating that EphA1 -Fc treatment of HUVECs promotes more stable

rolling of the Molt 3 T cells C) Molt 3 T cells underwent fewer transient interactions following

EphA1l-Fc treatment of hCMEC/D3s (n = 3,p = 0.M38) meaning EphAl-Fc increased he stable

rolling of Molt 3 T cells over HUVECs D) A graphical representation of the velocity changes

of a subset of Molt 3 T cellswithaOwWE YT UET T wYl OOEPUa wWET OOPwk ws Oy Uuw
EphA1-Fc treatment of hCMEC/D3s promotes more stable rolling of the Molt 3 T cells. Each
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