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Abstract

The bloodbrain barrier (BBB) is the most extensive and restrictive barrier to brain
delivery for therapeutic agents. A lgwvoportion of low moleculaweight agentcan

cross into the CNSThis decreases further @ise molecular weight increases, meaning
therapeuticantibodies, oligonucleotides and other supramolecular entities effectively
cannot reach therapeutic levels within the CN&rgeting ligands againstreceptors
thought to undergo transcytosis across thainbmicrovascular endothelial cells
(BMECSs), can boost CNS delivery of therapeutics. Understanding these mechanisms, in
an invitro setting, has proved challenging, due to the constraints of cell culture systems
and the difficulty to replicate the wivo environment. With even the most extensively
studied targeting receptor, transferrin receptor, not producing clear evidence to suggest

the occurrence of transcytosis.

To understand hvitro trafficking of brain targeting ligands a pulskase assay, in
combination with sukcellular localisation microscopy was developed and compared to
the current permeabilithased assay methodhe characterisation was done by
comparison of transferrin receptor ligandative holetransferrin, the 8D3 antibody and

a low-affinity variant; with the norspecific uptake probe, dextran. The method could
distinguish between the two endocytosis methods, edgtitentratiordependenefflux
efficiency observed with the targeted probes. The combination of techniques was then
appliedto the novel targeting ligand, Rabiggus Glycoprotein (RVG) peptide, to assess

its suitability as a brain delivery. Studies were performed to confirm the target receptor
of the RVG peptide, including competitive uptake, siRNA knockdown methiduks.

RVG peptide demonstrated desirable delivery characteristickhe target receptavas
confirmedas theU7 nicotinic acetylcholine receptor. Finally, attempts were made to
develop atotal internal reflection fluorescence (TIRF) microscopy assay for the
assessment of ligand arrival at the basolateral membrane of BMECs. Initial work for this
was performed wit the transferrin receptor and transferrin, using both labelled ligand
andphotoswitchal® receptor constructs. In summary, the pudbase assay provides a
complementary technique to permeability assays for the assessment of brain targeting
ligand traffikking in BMEC celtlines invitro.
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Chapter 1

Chapter 1. GenerallIntroduction

The microenvironment of the central nervous system (CNi®)h#y regulatedthrough
thecomplex nature of the barriers surrounding\thile transportation mechanisms exist

for the passage of essential nutrients, oxygen, glucose, proteimsrande cells into the

brain. These transport processes must be closely regulated maintain the homeostatic
composition of extraellular fluid within the brain Regulation of the CNS
microenvironment (brain parenchyma3 essentialfor the support of neurmal

connectivitywithin the brain highlighting the importance of barriers to the CNS

Theprimarybarrier of the CNS from the systengitculationis the BloodBrain Barrier
(BBB). This barrier was first observed by Paul Ehrlich (:8945), whoobservedhat

dyes injected into theirculationwere able to stain all organs, apart from the brain and
spinal cord. Further experiments, by Erwin Goldmann, demonstrated that injection of
trypan blue into theerebralspinal fluid (CSF) stained the brain and spic@d, but not

the systemic organMax Lewandowsky first introduced the phrase Bkirain Barrier
(BBB); afterinvestigations with anothavatersolubledye, potassiunfierrocyanatevas

unable to reach the CNSlawkins and Daig 2005)

As a barrier, the BBBegulates the trafficking of molecules across the microvascular
capillary beds of the brain. Due to the extensigscularsation of the brain, an organ
with high metabolic demands, the BBB makes up approximately 99% djattneer
surface area of the brain 20 n? in humangBoado and Pardridge 201The extensive
branching of the cerebral microvasculataneansindividual neurons receiveearly a
unique blood supply, to provide the nutrients requfchlageteet al. 1999) Although

the brain microvascular endothelial cells (BMECSs) form the restrictive bahatrs the
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BBB; theywould be unable to without thioseinteractionsand cellular signallingvith
multiple celltypeswithin the CNS. Thus, it is deemed correct to view the BBR as a
single cell typebarrier but a neurovascular unit (NVU) comprising endothelium,
astrocytes, pericytes, microglial and neuronal ctalls These interactions fditate the
differentiation and phenotypic characteristics of all-tghes involved.The restrictive
barrier created by the NVU, required for the preservation of the ionic balance of the brain
microenvironment, presents a challenge in the field of drligede. While some small
molecular weightlipid-solubledrugs can penetrate the CN&rge molecular weight,
macromolecular therapeutic agents, such as antibodies, proteins, DNA and RNA
therapies are limited in their ability to cross into the brain totéhie desired therapeutic
effect. The use ofdrgeting ligands have been shown to interact with known putative

receptors on BMECSs, to increase delivery of a therapeutic across the BBB.

1.1Biologic Macromolecules and their role in the CNS

Disorders affeting the CNS are placing an increased burden on healthcare systems
around the world. Due tageing populations across theorld, the occurrence of CNS
disorders hagrownand is projected to be the second leading cause of death globally in
2030 (Mathers and Loncar 2006) Neur odegener ative di seas:s
di sease, Al zhei mer 6s di sease, mul tiple s
contributing to the pressures of CNS disorders. In Europe in 2010, 38% of gleBnso

were reported to have suffered from some form of CNS dis¢@leseret al.2012) A

study into theleading causes of death in the UK in 2013, by the Office for National
Statistics, found Dementia and Al zhei mer

Women of all ages, and the third highest cause of death ir{@N& 2015)

Despite the burden of CNS disorders, the current clinical treatments are lacking in

therapeutic output. Small molecule therapeutics offer a method toereljgnptoms of

2
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the CNS disorders. However, tliisease modifyingeffects are limitedwhen these
approaches. Substantial funding opportunities are available for CNS research; however,
despitethis, there is still a disconnect betwernvitro and preclinical efficacy studies,

with the clinical, patient settind.his may be due to the increased complexity of human
brains, compared to the animal models used irclmecal work and the complexity of

the neuronal networks of the brain.

It is widely acceptethat to have alisease modifyingffectin chronic conditionsequires
intervention with a biological therapeutic. Biological therapeutics are typically large
molecules, such as peptides, proteins (antibodies), DNA or RNA, that can correct the
disease phengpe and restore normal functioning of a cell/tis§ureeffects may include
reducing protein levels within the CNS f§4roteini Al zhei mer 6s Di sea
interactionfrom taking place in a cell sigradg event, induce the production of a nemw

correcttheform of a protein taorrelated to givendisease.

For the treatment A | z h e iDiseagegeweral macrometular approaches have been
shown to have efficaciyn vitro, including the antBACE-1 antibody of Roche, siRNA
targetedherapis. These mechanisms hagemonstratedh vitro efficiency in reducing

disease causingb protein However, used alorie vivoare limited in their efficacy. Due

to the restrictive nature of the BBBestriding the entry oflargebiological therapeutics

tothe brain. Typically, untargeted therapeutic antibodies, only sho@.2% of injected

dose reaching the CSfPodusloet al. 1994) To improve the delivery efficiency of

bi ol ogics into the CNSargatingfapphoach ts Irequired toe c h ¢

overcome the barriers to CNS entry.
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1.2 Components of the Neurovascular Unit

Astrocyte
Endfoot

Neuron

Capillary
Lumen

Endothelial

=Y Tight Junction

Basal Lamina Endothelial

Cell

Pericyte

Figure 1.1: The structure and composition of the
Neurovascular Unit

The neurovascular unit (NVU) is centred around the endothelial cells an
capillary lumen of the micro vessels. However, thedts @are only one part o
the NVU. The diagram highlights the close interaction with the multiple

types of the NVU. Pericytes are in direct contact with the endothelial cells
the surrounding astrocyte endfoot processes are the main contribube 8®B

phenotypes. Other neuronal processes and microglial cells are also having
in NVU formation and normal functioning. Adapted from Abbot et al (2006)

1.2.1 Brain Microvascular Endothelial Cells

The BMECs are thprimarybarrier cell type within th&lVU, providingbotha physical

and chemiclabarrier to the passage of molecules from the blood into the brain
parenchyma. Unlike the capillary networks of peripheral organs, the microvasculature of
the brain displayseveralunique, phenotypic characteristics. These include the presence
of tight and adherenginctions between adjacent BMECs, leading to the almost complete
closure of paracellular pathways between calitgl a lack of fenestration in the cerebral

capillaries.

Tight junctional (TJ) complexesompriseClaudins, Occludins, Junctionaldhesion

Molecules (JAM) and Zon@®ccludens (Z0O1, -2, -3) proteins. Claudins and occludins
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are closely associated and extend into both the cytosol aedttheellularspace. These
moleculesrecognse claudins and occludins on adjacent cells to form theahlimit of
the tight junction(Yaffe et al. 2012; Pionteket al. 2008) It has been shown
phosphorylation of the intracellular domains of occludin moleculeebgptormediated
processes, regulates the restrictadrnparacellular permeability across a tight junction
(Murakamiet d. 2009; Wong 1997)Additionally, the removal of calcium from the

extracellular domains of occludin causes the loss of tight junction restriction.

The family of claudinmoleculesare proteins consisting of 4 transmembrane domains,
which form the barrieproperties of the tight junction. Within BMECs, claudirand
claudin5 are mainly expressedavith claudin12 also thought to be expressed within
endothelial cell tighjunctions(Morita et al. 1999; Somat al.2004; Schradet al.2012).
Studiesin vitro showthat the addition of exogenously expressed clatidio BMEC
cultures, decrease paracellular permeability and increase thestrdothelial electrical
resistance (TEER) of the culture mo¢iebyneet al.2003) Further, claudib is known

to contribute teearly-stageangiogenesis with the CNS(EscudereEsparzaet al.2012)

The intacellular, Gterminal domain of claudin molecules interacts with the Zona

Occludins proteins, facilitating cytoskeletal rearrangement angaeltisation

Basolateral to this, junctional adhesion molecule, 3JBN& highly expressed in BMECs,
whereas dter members of the JAM family (JAK, JAM-3) are expressethroughout
the cardiovascular system. JAM contains animmunoglobulin like extracellular
domain, within a single intracellular chain facilitating interaction with-ZQAF-6,
cingulin and Cas kiase(Ebnetet al.2004; Ozakeet al.2000). The extracellular loops of

JAM-1 use hydrophobic interactions to associate with molecules on adjacent cells.

Within the cells, th&O proteins interact with the cytosolic regions of the tight junctional
proteins. ZO proteins contain multiple domafossignal transduction. Within the 20

5
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protein, the PDAlomain is vital for the interaction with the intracellular domains of
claudins and JAML (Ebnetet al.2000) while the SH3 domain allows a connection with

the cytoskeletal protein®aldaet al. 1996) Dissociation or removal of the ZDprotein

from the tight junction complex of BMECs causes a reduction in TEER and the increase
in paracellular permeability acrofise barrier(Mark and Davis 2002; Van ltalliet al.

2009) Additionally, the interaction of ZQ with claudinis requiredfor the claudin
polymergation seen within tight junctionsThe gtoskeletalarrangement allowior the
segregation of apical (blood plasma) and basolateral (brain parenchymal) membranes and

cell polarisation

Within BMECs further proteins including cingulin, A&and 7H6 also interact with the
tight junctional complexes to further facilitate a rigsion in the paracellular
permeability across BMECEatoh et al. 1996; rdenonsiet al. 1999) This is done
through either direct interaction with TJ proteins or increasing the presencéact@s
essentiafor TJ regulation. The knockdown or removal of these proteins from BMECs

and other barrier cell lines has shown to reduce TEER.

To further restrict the paracellular pathway between BMECs, adherens junctions (AJs),
form an unbroken link between adjacentscerhis link between the cells facilitates the
formation of the tight junctions, discussed above. The main protein involved within AJs
are cadherins, a transmembrane glycoprotein. Cadherins forfii degendent
interactions with cadherin on the surfacenefghbairing cells(Gumbiner and Simons
1986; Heimarlket al. 1990) The intracellular domain of cadherin proteins interacts with
several anchor proteins, belonging to the Armadillo superfamily. These ifetatenin,
o-catenin and pl2(Dejanaet al. 2008) Between endothelial cells specificallgdherin

5 is found in AJs, this member of the cadherin family is also known asadkerin

(vascular endothelial). Expression of MBdherin is a phenotypic characteristic of

6
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endothelial cellsThe catenin molecules also containaatin-bindingdomain talink the
adherens junction with the cytoskeletdmcatenin binds to several growth factor
receptorsWhen stimulated-catenincomgdexesdissociateand translocataway from

the cell membranethis causes the breakdown of the AJs between BME@sreasg
paracellular permeabilitfNagafuchi 2001) Without the presence of AJs between
BMECs, the formation of tight junctions would not be possible, and therefore the physical

barrier associatewith the BBBcound nobe formedDejana 2004)

The restrictive nature of the caéll junctions between BMECs at the BBB produces a
physical barrier to the entry of substrates into ttaénbparenchyma. However, this alone

is not enough to maintain the privileged microenvironment of the brain. BMECs also
exhibit several other traits which aid in limiting access of substrates to the CNS. An
example of this would be the low rate of endosigovhich occurs within BMECs in
comparison to the peripheral vasculature. The BBB has a chemical barrier, consisting of
metabolic enzymes, tareakdownunwanted substrates, as well as efflux transporters to

remove lipophilic drugs and metabolites frora BMECs before they can reach the CNS.

The efflux transporter on BMECs and the other cells of the neurovascular unit are critical
in the maintenance of the homeostatic environment of the CNS. While also preventing
many potentially therapeutic agents fromezing the CNS. Chief among the transporters

of the CNSare the ATRbinding cassette (ABC) transporters, more specifically P
glycoprotein (Pgp). Expressed on the luminal membrane of BMECs, Pgp, has been shown
to limit the uptake of antipsychotic agentstb@ CNS(Laduron and Leysen 1979n
addition to this, artviral drugs, including acyclovir and saquinavir, are prevefr@u
entering the CNS by the Pgp protein. Knockout of the Pgpumexd an increase in CNS

penetration of antiviral drugs in mice, compared to wild type ani(Kas et al. 1998)
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Other ABC transporters on the luminal membrane of BMECs include breast cancer
resistance protein (BCRIEoorayetal. 2002) BCRP has been shown to haveriéical

role in limiting the penetration of chemotherapeutic agesutsh as methotrexatgross

the BBB and braitumour barriers in neuroblastoma, glioblastoma and brain metastases,
preventingimatinib and topaecanfrom effectively treating tumourgde Vrieset al.

2007)

N— OAT3

Brain

Figure 1.2: Transporter L
This highlights some of the major transgonproteins present on BMEQ
and the direction in which they translocate their substrate. The b
cancer resistance protein (BCRP)glycoprotein (Pgp) and multidru
resistance protein 4 (MRP4) are ABihding Cassette (ABC) proteing
shown in vyellow. The organieaniontransporting polypeptide
(OATP1A2) is shown in purple as it is an influx transporter. While
OAT3 efflux transporter is shown in pink. Adapted from Dalvi et
(2006) Figure 3.

Another large family of transporters found e cell surface of BMECs are the organic

anionic transporters (OATs) and organic cationic transporters (OCTs). These are solute
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carriers that can transport compounds in different directions based on-typsuDATs

are responsible for the removal oétabolicbyproductsfrom the CNS, which includes
metabolised neurotransmitters and uric ai{depsell and Endou 2004)n contrast,
OCTs regulate theemoval of negatively charged waste products, such as those
containing chloride ions. In the BBB, OAT3 has been shown ttotalised to the
basolateral and apical cell membranes to facilitate waste clearance from tH&GINS

et al.2003)

Not all transporters at the BBB remove drugs from the brain, the organic anionic
transporting polypeptide 1A2 (OATP1A2, Figure 1urple) facilitates the transport of
some drugs, including synthetic peptides, from the brain capillaries into the brain
parenchymdgUrquhart and Kim 2009However, mutations in this transporter can vary
the levels of CNS exgsure of certain drugs. One study showed that auchtatiorcould
increase methotrexate delivery to the CNS Hpld8, which caused severe damage to

neurones and CNS patholo¢fyioka and Kyritsis 2009

It is the combination of physical and metabolic features that allows the BMECs of the
BBB to form such a restrictive barrier to the CNS. However, for this differentiated
phenotype to occur, the role of the surrounding cell types and the interacticgebetw

them is critical.

1.2.2 Astrocytes

The restrictive phenotype displayed by the BMECs of the neurovascular unit (NVU)
would not be possible without the interaction with multiple-tgles within the CNS.

The astrocytendfootprocesses are basolatekalkie endothelial cells and surround the
microvasculature of the CNS, creating a perivascular channel around the vessels of the
CNS. The perivasculandfootof astrocytes contain aquaporin 4 (AQP4) water channels
and Kir4.1 K channels. These are involvidthe regulation of fluid volume around the

9
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microvessel¢Fukuda and Badaut 2012And the expression of these channels is related
to the production of proteoglycans in the basal lamina, for support of the BMECs. The
expressiornof the AQP channelsnd differentiation of theendfootprocesses requires

exposure tagrin released from BMECs.

Astrocytes release several modulation factors, including the growth factors: transforming
growth factorb, glial-derived neurotrophic factobasicfibroblast gravth factor (bFGF)
andangiopaetin 1. These factors are known to act on BMECs in differentiation to induce
the restrictive phenotype of the BBB. Astrocytes also release small molecule mediators
of vascular tone and diameter, including nitric oxide and tagtendins, to control
localisedblood flow within the CNSGordonet al.2007; ladecola and Nedergaard 2007)
Astrocytes serve as the link between neuronal synapgicaking and the local
vasculature creating changes in blood flow to react to neuronal stimy(latiosmll et al.

2010) In disease states, such as stroke and epilepsy, the functioning of astrocyes may
altered In vitro models of ischemicteoke demonstrated that secreted astrocytic factors,
from the C6 cell linealteredthe expression of tight junctional proteins in BMECs
(Neuhaust al.2014) This work also showed the impact on ABC efflux pump expression

in the BMECs in hypoxic vs. normoxic conditions. In epilepsstrocyte expression of
AQP4is decreasedand as such the presence of Kirdkannels at thastrocyteendfoot

is also reduce@Binderet al.2006) This compromises the brain parenchyma, asads

within the local parenchyma remain elevated for a prolonged time following electrical
stimulation.This causes altered osmolarity of the eg&lular environment of the CNS

which will impact on the regulation of vascular tone.

1.2.3 Pericytes
Pericytes are present to differing levels in vasculature of multiple tissue types around the

body, with thegreatestoverage of the vasculature seen wfte CNS. Here, pericytes

10
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are another cell type surrounding the microvasculature of the brain, forming the
neurovascular unit. As with astrocytes, pericytes have a critical role in the development,
functionalization andtabilisation of the NVU. Pericytesre a smooth musclgpe cell

that surrounds the endothelial cells and has a direct function in regulating the vessel
diameter in response to neuronal and astrocytic stimulation. The presence of pericytes, in
other tissue vasculature, is more likely to wrcat vessel junctions and bifurcations.
However, in the CNS coverage of the abluminal surface of the brain microvasculature
can be as high as 99% in some regions of the M#karaet al. 2011) Surrounding
BMECSs, pericytesstrictly regulate the tight junctional integrity and vesicular transport

rates of BMECs.

Dysregulation of pericytes and CNS disorders are closely linked.example, in
ischaemic stroke contraction of the pericytes around the BMECSs restricts blood flow into
regions of the brain around the damaged area. Pericytes themselves require changes in
intracellular C&" levels to regulate their contractility. Expoe to external factors, such

as reactive oxygen species (ROS), can induce uncontrolled change’viitt@a the
pericytes, leading to excitotoxicity and excess contractility, reducing local blood flow.
Thisis particularly prevalent in ischemic condit®and has been demonstrated in mouse
models of ischemic strok&'emisciet al.2009) In neurodegenerative disorders, such as

Al z hei mer 6nrcyted havecbaen ebservpdeto behave as macrophages, clearing

amyloid toxin from perivascular regiofSagareet al.2013)

1.3In vitro models of the BBB

1.3.1Primary vs Immortalized vs IPSC Cell models

There is inherendifficulty in studyingthe in vitro transport of drugscross BMECs.
Almost all BMEC models, even in coulture with astroytes and pericytes are

considered to haveé | ea ky 0 p ar a<g Bhisls umbsaprofopnd whHemwwsing

11
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immortalised cell linanodels of BMECgGumbleton and Audus 2001; Deli al.2005)
Data fromin vivo studies of rat braicapillariesreveakd a transendothelial electrical
resistance (TEER)nore than1000 Y.cn? (Chrone and Olesen 1982; Crone and
Christensen 1981)The apparentpermeability of anin vivo endothelial monolayer to
paracellular markersuch as sucrosi arat, wasshown to range from 0.030.1cm.s"

(Rapoportet al.1978)

However, there are several BI@Enodels used for then vitro assessment of transport
therapeuticaicross th&BB, whichinclude bothimmortalisedand primary cell cultures.
TEER is often thé&ey parameter described by users of such motelseveris prone to
variation based on the electrode types and the measurement methodologies used. The use
of paracellular markers, sk as sucrose, dextrans or mannitol, allows for a medejith
understanding of the integrity of the model barrier. And the relationship af thigro
model to then vivoreality. BBB models extend beywl a simpleculture of the BMECs
(Bowmanet al. 1983) to co-cultures with several additional celirles (astrocytes and
pericytes) Other studiesalso include the usef switch media (hydrocortisone and
phosphodiesterase inhibitors) thetnsientlyincreasethe paracellular resistance of the
systemgHoheiselet al. 1998; Cuculleet al.2004) As a general tren@rimary cell lines
exhibit a high TEER value in comparison to immatised cellssuch as the b.EndBouse
cell line (Omidi et al. 2003; Smithet al.2007) The ceculture systems again have been
shown to increase TEER and decrease irpreneabiliy of paracellulamarkers(Li et

al. 2010)

There are varioug/aysto create a ca@ulture system involving BMEs and astrocytes.
The most basic of these is using astrocyte conditioned medium (ACM) shisedn
the cuture mediaof BMECs, grown on semipermeal® membrane inserts such as

TransvellsE . In this way, ACM can modulate the phenotypic characteristics of the

12
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BMECs. The ACM contains growth factors and other chemical mediators released by the
astrocytic cell lineto regulate BBB permeabilitfyamagataet al. 1997; Sobueet al.

1999) a process mimicking thén vivo situation. More advanced glture systems
involve the preseeding of astrocytic cell lines, either onto the base of the culture plate
well plate or the basal gace of the inserts themselvdhe astrocytes are allowed to
grow until confluere, andthen theBMECSs are seeded onto the apical surface of the
inserts(Gaillard et al. 2001) All of these models have been shown that astrocytes or
astrocytereleased factors enhance the expression of the phenotypic markers of brain
endothelial cells such as ZQ claudins andPgp (Omidi et al. 2003; Huberet al. 2001,

Nitz et al.2003)

The discovery and use of human induced pluripotent stem cells (iPSCs) in résearch
allowed for the differentiation of these cells infmast any other cell type of the body.
The iPSC cells will differentiate based on the microenvironment #neygrownin,
including the generation of a neurovascular unit, derived from the iPSCs of an individual.
In the longterm, generation of barrier meld using healthy and disease state iPSCs
which will allow for greater understanding of the disease phenotypes angbartitamt
variability in barrier functionality.This has allowed for the development of multiple

methods for the differentiation and auk of iPSC derived human brain endothelial cells.

In thesimpleststudies, iIPSCs, in embryoid bodies, undergo spontaneous differentiation
into endothelial cells. However, the efficiency of differentiatimreasedy the addition

of growth factors, inclding bFGF, vascular endothelial growth factor (VEGF), and low
serum mediaAlso, Lippmannet al (2012), showed that culturing the iPSCs on a
collagen/fibronectin extracellular matrix lead to the development of an endothelial cell
phenotypdLippmannet al.2012) Other differentiation methods include the culturing of

the stem cells with neuronal c#jlpes. The hypothesis here is that the neuronal cells act

13
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to complete the differentiation of the endothelial cellBRECs. Caculture in this way
hasbeen performethrough the direct mixing of cetypes and subsequent selection of
the BMECs from the resultant cell pool. The development of sequential differentiation
protocols such as the Lippmann protocol, and gthetocolshave made the formation

of iIPSCGderived BMECs standardised and easy to repli¢aigomann et al. 2012;

Lippmannet al.2015)

Having established protocols for BMEC differentiation, work has begun to study the
effect of neurodegenerative conditions, on the phenotype of BME@atients Most

recently, a study of thetranc r i pt ome of Hu n tvdfinhgetad ntéhsy od ii sl
derived BMECSs revealed deficits in angiogenic and barrier properties of thd_gallst

al. 2017) The loss of functionality includes a reduction in the capabilities of the BMECs

to efflux foreign molecules ém the CNS.

When compared tammortalised cell lines, iPSGderived BMECs show greater
paracellular restriction, reflected in increased TEER values. Monoculture of the-iPSCs
derived BMECs show TEER valuesiore than250 ¢ .cn?, which rises to over 1500
q.c? when grown in culture with astrocytes and pericytégpmannet al.2012) The
permeability of sucroseshowed a 10@old decrease in iPSCs compared to the
permeability in hCMED3 cell modeCulotet al.2008) With these characteristics are

maintained throughout tHdetime of the iPSC cells.

Protein markers of BMECs allow for validation of a dedised model for the study of
trafficking eventdn vitro. A study comparing multiple, different iPSferived BMECs
found that vascular endothelial markers, such as PEQAMd VEcadherin generally
showed increased expression compared to hCMEC/D3Palislet al.2017) However,
the BMECs derived from the CTR54F stem d¢ieé showed lower expression of these

markers, and lower expression of Giytand the ABC transporters ABCB1, ABCC1 and

14
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ABCG2. The CTR54F stem cell line also showed a lowEBER value than the

hCMEC/D3 cells. Highlighting the heterogeneitypaitientderivedsamples.

Overall it seems likely that in the coming years a shift will be made towards the use if
iPSGderived BBB models ovemmortalisedand primary cell lines. Th&E5Cs offer the
advantage of allowing for the creation of diseagecific BBB models to examine the
pathophysiology of the BBB in associatianth CNS disorders. Allowing for a more
tailored approach to treatment strategies to restore normal CNS and BRBBtyjes.
However, it must alste consideredhat, while the iPSC cells have beeffectivein
recreating models of the Bf&®riaidiseadé.utmstydt n gt ¢
to be established these cell models may be used to recreate thdittons of more

complicated, multfactorial diseases, such as Multiple Sclerosis, from patient stem cells.

1.3.2 Co-culture, microfluidic models of the BBB

The capillary endothelial cells of the BB&m a highly restrictive barrier to the entry of
thergeutics into the CNSSurrounding BMECs are astrocyte efiodt projections and
pericyte cellslt is thecrosstalkbetween these cell types thmbducethe characteristic,
physical and metabolic barrier thet seenat the BBB. Mechanistically, promising
therapeutics, for the treatment of CNS disorders, often fail in clinical trials due to an

inability to reach efficacious levels within the CNS.

In CNS research, the lorgpstablished, preferred method of studying drug delivery to the
brain has beem vivo studies in rodents. They offer the benefit of allowingstueliesto

take place in thehysiologicalmicroenvironment of a live brain. However, rodents and
other animals are not humans, and drug candidates that showed pnonseoften go

on to lackclinical efficacy in human trial@Perelet al.2007) Due to the increased ethical
considerations associated with animal research, there has been a shift to establish a cell

based approactm vitro, to allow for the screening of drug candidates. Drug delivery
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research is continually looking to improve ihevitro models available, to mimic, more
closely, the physiological conditionsf patients and thus reducing the failure of

therapeutics in clinical trials.

Tradttionally, in vitro BBB models have been static systems, with endothelial cells
grown on either plastic, glass or sepa@rmeable membranes (Transwells), with probes
applied to the apical surface and uptake or permeability studied. These systems looking
at uptakeand loss from endothelial cells only give one aspect of the puzzle, especially
with regards to brain delivery. The static models have proved useful tools in research, but
their departure from the physiological conditions around the endothelial afellse
neurovascular unit often leads to discrepancies betwegitro andin vivo work. To
progressfrom the monoculture of BMEC€0- or tri-culture methodologies have been
devel oped to culture the BMECs i nudingl ose
the Transwell systenmEndothelial cellsare grownon the apical side of the Transwell
insert, with astrocytes and pericytes grown in the basolateral chamber or directly onto the
basolateral membrane of thmserts Studies using these muttellular systems have
demonstrated increases in the tranglothelial electrical resistance (TEER) across the
monolayer. However, despite beidgmonstratedh multiple cell models, these values

are still significantly outside thie vivo TEER ranges, reported areview byWolff et

al. (2015) Other markers of physiolagl restriction include sucrose and mannitol
permeability. These are often seen to bd.@0 times lowem vitro models than reported

in vivovalues

Static BBB models inherently lack the circulation of fluids across cell surfaces. Both the
luminal bloodflow in the capillaries, the perivascular drainage of fluid outside the blood
vessels, between the endothelium and astrocyt€foendorocesses and circulation of
interstitial fluid within the CNS itself. The bloeitbw has significant physiological
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effects on all endothelial cell types, regardless of tiggpe, through mechanoreceptor
mediated differentiation mechanisms. It is known that the numlmaveblae pits, at the
luminal membrane of endothelial cells is influenced by the -flate of blood in
circulation (Rizzo et al. 2003) As many surface receptors associatecaveolaeand
caveolinrmediated endocytosis is the second most common endocytic pattheay
presence on BMECs will undoubtedly influence the validitylrug delivery data from
anyin vitro models. In models of aortic endothelium, the increase in caveolae is believed
to facilitate the adaptation of the endothelial cells to mecii@msduction signalRizzo

et al.2003) Other work has shown that the surface expression of adhesion molecules on
the surface of HUVEC celis influencedby the flowrate and the turbulence across the
endothelial cell surfacéKhan and Sefton 2011; Morigit al. 1995; Huang and Eniola
Adefeso 2012)Shearstress across endothelial cells is also known to impad¢hen
cytoskeletalarrargement and the expression of polarising proteins, including those of
tight junctiongCucinaet al.1995; Frame and Sarelius 2000; Loufrani and Henrion 2008)
Without sheasstress across the surface BMECs they are unabléo compleely
differentiateand produce the BBBhenotypeandthe cell-basednodel lacks fidelity in

the resultgyeneragdfrom it.

Flow over BMEC culturesas first createdsng a rotating devicewhichwas placed into
the apical compament of the Transwell systefewey et al. 1981) However, this
model was widel refuted and shottved, due to the variations in the shetiess across
the endothelial monolayer, affected by the distance from the centre of thH&Wtikhet

al. 2015) The lack of control and uniformity in shear stress and the lack-obilaare
data within this system deto this modéks discontinuation. Other early methods to
generate flow acrossNBECs in permeability studies also included the use of rotary-plate

shakers to circulate fluidverthe BMECSs.
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In an attempt to better mimic blodlbw in vivo, recent research work has focused on the
creation and development of microfluidic devices. Ba® narrow channels, into which
the BMECs carbe seededOnce cells have adhered to the grosdrfaceit is possible

to then modulate the flow across them, recreating the-skress conditions the BMECs
would typically experienca vivo. By usingperistdtic or syringepumpsit is possible to
re-create physiological sheatress across the BME@sthe capillary vessels of the brain

(10-20 dynes/cm) (Kamiyaet al. 1987)

In the simplest form, these microfluidic devices will be a single channel for the
monoculture of BMECswhile exposed tdlow over a cell surfaceThis system allows
for direct measures on the influence of sksieess on the physiology of BMECs.
Biochemical and fluorescence microscopy assays on cells expdima émable direct
comparisons between tllew andstaticmodels Comarison allowsthe quanfication of

changedo cell protein levels and the distribution of cellular proteins.

Improvements in themanufacturingmethodologies, of microfluidic devices, have
allowed for the creation afevices with bifurcating channels, where the flasvsplit at
junctions. The bifurcations in the chanoetateturbulence over the endothelial cells and
alter their behaviour furtheMore complex networks cate formed with multiple
junctions both separating and-jeining. One such example of the vascular nekahips
have been designebly the company SynVivo and has a customisable structure that allows
for up to seven bifurcations within the channel. Although these channelsbbaxe
createdthe direct effect on the BMECs has yeb&reportedn the literdure. Typically,
these have been used to study leukocyte migration and endothelial interactitres
asshown successfully bylorigi et al.(1998)Studiesn vivolooking at the neurovascular
unit havedemonstratedhe importance of the bifurcations in the regulation of capillary
tone and cell distribution. Typittg, pericytes are seen surrounding endothelial cells at
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vessel bifurcations, its believed these regulate the flow within specific regions of the
brain. Within animal models ofcardiac arrestt he per i c y-{generatioa t i e
capillary junctions show treased contractility to reduce vessel diam@é&m and Ward

2000)

1.3.3Microfluidics with multiple channels for co-culture models

Having established that simulated flow, over cultured endotloelilsl causes changes in

thar phenotype and an enhancement of their BBB characteristics, several groups have
looked to take this further anestablishedco-culture systems for transport studies
underflow These devices have often been custeamufactured forthe purpose
however, hereis a growing numbethathave become commercially available. In these
fichipd an apical channel is separated frabrasolaterathannel, at the point of overlap,

by a semipermeable membrane. This partitioning of channels allows for endothelial cells
to be grown in thapicatmostchannel and form a cell monolayer over thembraneas
happens in the Transwell model. However, in ttase the endothelial cells can be

exposed to a simulation of vascular flow, to mimic microvascular capillary blood flow.

The first 3dimensional microfluidic model of the BBB was tiidV-BBB model
(Cuculloet al.2010) In this system, porous channels allow cells to be grown in the lumen
and permeability tbe measuredutside of the simulated channels. TH¥ -BBB model
required a large density of cells for seedind® @lls)to correctly fill the channels with

cells Measurements of TEER across endothelial cell monolayers, grown under flow
conditions in this model waseasured as 524 . & muchhigherthan the static culture

equivalent withthecell line (Cucullo et al.2010)

In 2012 Booth and Kim fabricated a much smaller, mehtainnel microfluidic BBB
model, known as theBBB model(Booth and Kim 2012)Thiswas the first BBB model
to be made on a Achipo, meaning a reduct
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of the output. Th@BBB model was fabricated from PDMS polymer, using mietching

to design and produce the chalsn& semipermeable ingg between thehannelsforms

the barrier surface for TEER and permeability measures to be awdes The
fabrication technique allows for low channel volumes (+20f buffer). Caculture

systems can be easily setup to add astt yt es fAbel owo the endo
accurately represent thevivosetting.The fabrication techniques used in this chip device
means cells in the basolateral chamber are within 400 um of the endothelial cells in the
apical channel. The ab#itto maintain cellainderflowin the (BBB chip improves the

barrier characteristics of BMEGsi t h TEER v al Ausing thedfEnd386ell q .
line, tenfold greater than static culture with these c¢éB®oth and Kim 2012)The
permeability of the paracellular probe, dextran, was reduced in the uBBB system.
However, the permeability values attained were still significantly higfmemin vivo,
suggesting further optimisation was required, but this could have been due to the choice
of cell line. If a primary cellline was used here in the microfluiddevice these
permeability valuesnay have been closer ia vivo. The uBBB chip has been used to

test the permeability of several CNS therapeutics, showing a decrease in permeability of
all drugs compared to static cultyooth and Kim 2014)Highlighting howflow-based

culture systems may decrease the gap betwedatro andin vivoresearch of the BBB.

SyM-BBB model, created by Prabhakarpandéaml. (2013) has a different architectur

to the earlier Booth and KimmBBB model. The SyWBBB chip hasa broad central
channel and a narrower outer channel separated by columns to form-peser@able
barrier. The columns have a greater depth than the membrane used madeésbut

allow for cells to grow on all surfaces of the channel, to create a 3D vessel, through which
flow canbe simulatedRBE4 cells grown in these channels showed increased expression

of tight junctional proteins (Z& and claudirl) as well as an increase irgp expression
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compared with cells grown in TranswéRrabhakarpandiaet al. 2013) Additionally,
the permeability of 5 kDa dextran across the SyBB monolayer was Himes less than
the permeability in Transwells. The fluid capacity of this BBB chigresaterthan the
uBBB model However, allows for improved coating of the device with collagen and
fibronectin, to form a basement matrix and further support cell gr(®dbth and Kim
2012) The SyMBBB modelshave advantages over other microfluidic models in that it

allows for microscopy of cells grown der flow, without destruction of the chip.

The refinement of 3Eprinting technology has allowed for the creation and fabrication of
more complexdevices and templates for devices. Using this fabrication method has
enabled the creation of microfluidic aireels in a collagen hydrogéfim et al. 2015).

By printing the channel structure as a series of aligned, cylindrical channels into a 3D
frame, with a space between the inlet and outlet sfdesieedles to be inserted which
span the gap in thehannel Collagen matrix can be poured around thesedles and
jellified to form pores through the centre of timatrix. The needles can be removed to
form a hollow lumen through the hydrogel into which endothelial cells may be seeded.
The use of hydrogel matrices for modelling the BBB have several ageantaer other
microfluidic and static culture models. Firstly, the hydrogels supporgeeith and
homeostasis fdongerperiods of time, meaning BMECs can be cultured in this way for
weeks not days. Secondly, it is possible to introduce neuronalggstror pericytic cells

into the matrx to create a neurovascular unit with all cslpes in direct contact.
Hydrogels have been used in this way in several over articles to createnargional
neurovascular unit within the matii€hoet al.2015; Kohret al.2015) The combination

of multiple cell types in this way allows for studies into the btamour barrier and

chemaoattractive drugs on cells within the mat(Rrabhakarpandiagt al.2015)
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1.4 Cellular Trafficking

Owing to the highly restrictive nature of the BBB, it isdefy accepted that for
macromolecular and nanoparticulate therapeutics to be effective in treatment of CNS
disorders some form of cellular trafficking must occur across BMECs. With the high
density of capillaries throughout the brain, if a therapeuticoass the BMECs it would

be within almost direct contact with the target neuronal cells. Specifiealhgrapeutic

must undergo the process of transcytosis to gain access to thgseeaiigure 1.3)Nith
respect to the BBB, transcytosis involves thdaeytosis of the therapeutic at the luminal
(blood) side of a BMEC. The sorting and transportation of the therapeutic through the
endothelial cells to the basolateral membrane and its exocytosis into the brain
parenchyma. Due to the high vascularizatibthe brain, a therapeutic released into the

brain parenchyma is near the desired target site.

Potential Trafficking Pathways of TfR antibodies in BMECs

A
Endothelial cells
| Tight Junction
4
Receptor-ligand
i ? recycling
degradation ‘
Transcytosis Adherens Junction
J k 1l s ) L

Brain Parenchyma u “

Figure 1. 3: Simplificationmnmabfi

pat hways

This is a schematic to show the potential trafficking routes of transferrin targeted antil
Following endocytosis at the luminal membrane, sorting within the endothelial cell ca
to: recycling back to the luminal membrane,dgysmal degradation (high affinity divalef
antibodies), or transcytosis across the cells to the abluminal membrane.
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1.4.1Endocytosis

Endocytosis is the active process of uptake into a cell, involving the movement of cellular
membranes and cellular components form structires which are capable of
internalization of extracellular material. It is required for the normal homoeostasis of
cells, with cargos including nutrients, plasma proteins, ligand bound to receptors.

Pathogenic organisms are also able to enter cells byrtsss.

Endocytic events cdpe classifiedy the intracellular proteins associated with the vesicle
formation. Clathrinmediated endocytosis (CME) occurs at clatuaated pits. Here the
clathrin triskelion assembles around adaptor proteins (AP) wimkhhe cell surface
receptors with the clathriproteinsBriefly, the procesivolves:1) initial invagination

of the vesicle at the cell membraftéenneet al. 2010) 2) Adaptor protein association
with the intracellular domains of cell surface recept@impsonet al. 2009) 3)
Assembly of clathrin proteins onto the APs and the formation of the clatbaited pit
(Saffarianet al. 2009) 4) Dynaminmediated cleavage of the vesicle from the plasma
membrane, to bring theesicleentirely within the cell(van der Blieket al. 1993) 5)
Clathrin proteins dissociate from the vesicle surface to allow for interaction with
intracellular compartmentg¢Taylor et al. 2011) The vesicles formed by CME are
typically between 10@00nm in size due to the limitations of the clathrin network
coating theresicle The process of CME is believed to occur in the majority of eukaryotic
cell types as the predominant endocytic mechanism. The archetypal rettegitor
undergoes CMEs the transferrin receptoused by cells for thenternalsation and

recycling of the transferrin protein and the delivery of iron into the cells.

Partitioning of plasma membrane lipids, through-eozymatic and neproteinbased
processes, all ows rafteor whh ec hf ocrodiadsailihemaispfe cfi

classification of theskpid raftsare those whicleontainthe caveolin family of proteins
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(Caveolinl, -2 and-3). Numerous proteins associate with caveolin in these lipid rafts
including src, protein kinase Qi@ actin Caveolinmediated endocytosis occurspétis
formed inlipid raftsof the plasma membrariEigure 1.4) The formation otaveolin pis

in endothelial cellss directly related to theniformity and strength dlow across the
luminal membrane othe cells (Rizzo et al. 2003) Caveolirl forms multimeric
complexes at the cell membrane {146 monomers/complex) and in association with
cavinform the curvature of the caveolae ditdabi 2009) Scission of the vesicle from
the cell membrane is done by the dynamin prot&ml once within the cytosol, fusion to
other cellular trafficking compartments is through vesadsociated membrane protein

2 (VAMP-2) and synamtsomeassociation protein (SNAP). Perhaps, the most
advantageous feature of caveedrediated endocytosis is its ability to bypass the
lysosomal compartment of cells. Caveeatrediated endocytosis therefore associated
with several pathogenic organisntedaoxins that need tawid lysosomal degradation
to elicit a cellular response, including cholera toxin B &hiya toxin. However, both

toxins also utilise other endocytic mechanisms to enter cells.
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Macropinocytosis
!

Dynamin o
(o o )2 e r N
v % Caveolin
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o @ Uncoatmg@
@
- ?
Early
Endosome
Figure 1.4: Endocytosis mechanrm

The above is a simplification of the endocytic mechanisms within eukaryotic
While other endocyt processes exist, these three: Macropinocytosis (ye
triangles), clathrirmediated endocytosis (blue circles) and cavewlediated
endocytosis (purple pentagons) are the main focus of this work. Adapted from |
1. Mayor and Pagano 2007.

In the nanoparticle delivery across biological s field, the ability of a trafficking
pathway to avoid lysosomal degradation is an advantageous feature of a delivery system.
If more of the cargo can cross the barrier, without being degraded, then the therapeutic

effect will behigher at the target s& (Oh et al.2007)

Of the remaining endocytic pathways in eukaryotic cell biology, the most relevant to
consider for BBB delivery would benacropinocytosis (fluid phase endocytosis).
Macropinocytosis, involves the rearrangement of the actin cytoskeleton of cells, at the
plasma membrane, to cause membrane ruffltng and Gleeson 2011)n this process,
molecules do not require cawt with the cell membrane or surface receptorbedo
internalised Instead the ruffling of the plasma membratrapsextracellular fluid with
themoleculesn andinternalsedit into the cell. This method is believed to be thain

route of entry into e CNS, for the plasma protein albumin, which has no known

receptors on BMECEmith and Gumbleton 2006)he process of macropinocytosis can
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be triggered by activation of the EGF receptontduce increased membrane ruffling and
formation oflamellipodig some of which fold back on themselves and c{&ser et al.

2006) This creates a vesicle with a nomiform shape, typicallyarger than 200 nm in
diameter that cabe internaked (Racoonsin and Swanson 1993; Lim and Gleeson 2011)
However, constitutive membrane turnover can also allow for macropinocytosis to take

place.

Due to the nospecificty of macropinocytosis, it is a commonly exploited route of entry

of pathogens (bacteria and virus@dercer and Helenius 2008)Vith some bacteria able

to induce membrane ruffling and gain access to host cells for survival and replication
(AlpucheArandaet al. 1994) The endocytosis of the complex sugar molecule dextran is
another example afacropinocytosisOnce within cells, as dextran e not have a
molecular target, it initially distributes itself across all endocytic compartments (within 2
hours of uptake). However, if left for longer it will accumulate in lysosomal
compartments, for degradation, as dexitannotdirect its distributdn in the cell. As

fl uid #Fosvefrtouramedd sent for degradation, s
(Lenceret al.1990) This property oflextranmakes it a highly useful tool in the analysis

of cellular trafficking and compartmehdcalisation of potential transcytosismediating

ligands.

14.2 EXxocytosis

For drug delivery to occuacross the BMECs cargos that héween internatedinto the
endothelial cells at the lumen surface must undergo exocytosis at the basolateral
membrane of cells. Exocytosis has been extensigbbractesed in neuronal cell
models, looking at the releasé neurotransmitters at synaptic junctions. The proteins
involved in exocytosis are seen be derivedfrom a common ancestral predecessor,

which evolve to the gain specificity for thequiredrole. Proteingire requiredor docking
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of a vesicle with theell membrane, vesicle priming (preparation for release), a signal to

trigger release and finally the fusion of vesicle and cell membrane.

The SNARE recognitition protein complex forms at the cell membrane for the docking
of vesiclesMembranebound synaxin-1, associates with Munc18. Muncik&hecessary

for the SNARE interactions, and if knocked out, causes complete attenuation of
exocytosis from cell§Sudhof and Rothman 2009; Furgasbml.2009) Ex-vivo studies

of liposome fusion revealed how Muncl18 selects the optimal structure of SINARE
complex for the zippering proce§Shenet al. 2007; Xuet al. 2010) Recruitment of
Munc18 by syntaxifil allows the complex to bind SNAB5S (Fassshauer and Margittai
2004) SNAPR25 canassociate with thél-terminal region of the forming complex and
has the capability ofecognsing up to two complexes at given time(Fassshauer and
Margittai 2004) Fusion to two syntaxil complexegrevents the activation of further
membrane fusion processes. To complete the recognition complex for vesiediag b

the Munc13 protein associates to the complex. Through interaction with vesicular Rab

proteins, (rab3 and rab27) the Muncl3 facilitates vesicular priming at the membrane.

On a vesicle surface are the proteins synaptotagmin and synaptobrevinlodéiisad

in the reognition zone of the SNARE complex, helical domains of synaptobrevin
associated to syntaxih , f or miomego ao ni gtrltoe cemplex l@actieis o f
spacegcomplexinscan associate, to mediate the unzipping of the complex at thiegboi
membrane fusion. However, this unzippering is dependent on completion of the complex
with vesicular synaptotagmin. The synaptotagmin protemadulated byalcium, with

the ability to bind two molecules of ionic calcium. Calcium binding induces a
conformational change in synaptotagmin and triggers the releasenpiexinsand the

unzipping of the complexXVrljic et al. 2010) With the conérmation of the poteins
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beforeunzipping, the process oinzippingcauses membrane fusion and exocytosis of

vesicular content from the cell.

The process of cargo exocytosis is required for transcytosis to take place. Without an
ability to under exocytosis from the barrezll type, a drug delivery system woube

trappedat the barrier, unable to reach the target site.

1.5Nanoparticle Targeting Strategiesfor CNS delivery

Due to the restrictive nature of the BBB and the efflux transporters preseniall
proportion ofall low molecule drugs arable to reach the CNS to have a therapeutic
effect. The ability of large molecules, such as proteins and DNA therapeutics to cross
BMECs is further restricted, due to their size, unless targeted in someSengral
methods havéeen developedvhich fall into two categories: disruptive (repecific)

and targeted. An invasive approach would involve direct injection of the therapeutic into
the brain, either into the ventricular system of the brain or intracerebral inj¢8bbo

et al. 1994; Haley and McCormick 1957Dther disruptive methods would involve
temporary disruption of the BBB, using osmotic modulators (bradykinin, mannitol)
(Siegal et al. 2000) or ultrasound disruptioiSheikov et al. 2006) Although these
methods allow for doses of drugs to be delivetiedctly into the CNSinvasive methods

can involvecomplexsurgical and are netargetedmethods potentially causing adverse
effects. To prevent th from occurring and reduce the risk, brain targeting of therapeutics,
either in macromolecule complexes @n nanoparticles aims to improve safety and

efficacy of brain delivery.

The targeted, selective approach to delivery across the BBB can be tladsogptive
mediated transport (AMT) aeceptormediatedranscytosis (RMT). Both of these will
involve trafficking within the vesicle pathway of cells. In AMT, the surface charge of a

nanoparticle allows it to interact with the cell membrane of the BMpOsitively
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charged (cationic) particleanassociate with anionic domains of the lumimembrane

of cells(Hervéet al. 2008) Once iternalised within the endothelial cells the vesicular
trafficking will allow a small fraction of the internalised particles to reach the abluminal
membrane and the CNS. Due to the +tamgeted nature of this delivery mechanism,
accumulation in the CNS bwtravenous dosing is limited. However, AMT delivery has

been demonstrated to be effective through intranasal de(iVeoyneet al.2004)

Receptomediatedrafficking processes work on the principle that a targeting ligand on
the surface of the particandock onto its receptor on the luminal side of the BMECs.
Thereceptor binding will trigger the process of endocytosis, to form a vesicle within the
endothelial cell containing the receptmandnanoparticle complex. Internalised
particles are then able to undergo trafficking across the BMECs to the abluminal cell
membrane. Herevesicles ontaining the nanoparticles carse with the membrane and

exocytose the contents into the CN®ma and Hubbard 2003)

Target receptors for RMT for CNSldesry include:transferrin receptor, insulin receptor,
low-densitylipoprotein (LDL) receptor, nicotinic acetylcholine receptor (nAchR), lamin
receptor, leptin receptor, tetanus receff@nget al.2017) Thisis not an exhaustive list,
however it represerd the most commonly targeted receptors for CNS delivAry.
summary of the receptors and targeting ligands can be seen in Tablrdeting ligands
themselves may be native ligands for the receptors (i.e. transferrin for the transferrin
receptor) or antiodies and peptides, designed to bind to an allosteric domain of the

receptor that will not beompetedy native ligands, present in the blood plasma.
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Table 1.1: Summary of receptor targeted BBB delivery strategies

Receptor

Ligand

Delivery System

Model System

Reference

Transferrin
Receptor

Transferrin

Albumin nanoparticles
dendrimers

Albino rats,
b.End3, BALB/c
mice, ICR (CD1)
mice

(Mishra et al.
2006; Somanét
al. 2014;
Ulbrich et al.
2009)

OX26

Albumin nanoparticles
pegylated liposomesg
radiolabelled  OX26
chitosanpeg particles

ICR (CD-1) mice,
BMVECs/C6, mice

(Ulbrich et al.
2009; H. W. A.
J. Lee et al.
2000; Yueet al.
2014; el
al. 2005)

8D3

Gold Nanoparticles
fusion protein

Mice

(ParisRobidas
et al. 2011;
Zhou et al
2010)

Insulin
Receptor

mAb83-14

Radiolabelled, SLNPs

Rhesus  Monkey
hCMEC/D3

(Pardridgeet al.
1995; Kuo and
Ko 2013)

HIRMAb

Fusion proteins,

Rhesus Monkey

(Boado, Hui, Lu
and Pardridge
2010; Boado,
Hui, Lu, Zhou,
et al. 2010;
Boado et al.
2008)

29B4

Albumin Nanopatrticles

ICR (CD-1) mice

(Ulbrich et al.
2011)

Lactoferrin
Receptor

Polyersomes, DNA
loaded nanopatrticles

b.End3, BCECs

(Gao et al
2010; Huanget
al. 2009)

LDL Receptor

Melanotransferrin

Fusion protein, SLNP

C6 mice; ZR751
mammary tumaur
mice

(Karkan et al.
2008; Kuo and
Wang 2015)

Angiopep2

Polymeric micelle,

Immunosuppresse(
mice, glioma mode
mice, U87 Glioma|
cells

(Shao et al.
2012; Xinet al.
2011)

Ganglioside
GT1b

Tet peptide

Phage display

HEK293, PC12

(Liu et al.2005)
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Diphtheria CRM197 Polybutylcyanoacrylate hCMEC/D3, (Yung  Chih
Toxin nanoparticles, HBMEC, HA, SK- | Kuo and Chung
Receptor liposomes, N-MC cells 2012; Kuo and
Liu 2014; Wang
et al.2010)
Laminin AAV9 Protein cargo C57BIl/6mice (Xue et al
Receptor 2010)
Acetylcholine | RVG peptide Dendrimers, Exosomeg Neuro 2A cells,| (Kumar et al.
Receptor DNA complexes mice 2007; Alvarez
Erviti et al.
2011; Liuet al.
2009)
Opioid G7 peptide PLGA nanoparticles | C57BL/6 mice, rat| (Salvalaioet al.
Receptors model 2016; Tosiet al.
2011)

1.5.1Transferrin Receptor

Possibly the most studied receptor for RMT across BMHE@dyansferrin receptor (TfR)

is known to be expressed at high levels in BMEGacilitate the delivery of iron, bound
to transferrin (thendogenouigand) from the blood plasma into the brain parenchyma.
The TIR itself is adimeric transmembrane prein, with two sukunits being joinedby
covalent, disulphide bonds between the chains. Eaclursititof the TfR is capable of
binding one molecule of the transferrin prot@itoos and Morgan 1998Yransferrin is

a globularprotein, with two high affinityjron-binding domains. The binding of iron to
transferrin changes the structure of the transferrin protein and increases its affinity for the
TfR (Dautry-Varsatet al. 1983) This change imffinity with addition or loss of iron from
transferrin isvital for the intracellular delivery afon once within the endosomal sorting

system of cells.

Despite the quantity of research on the TfR as a candidate to undergo RMT, questions
still exist about the ability of a TfR ligand to undergo transcytosis. Research has shown
that while the iron is shuttledacross BMECs from the vasculature, the amount of

transferrin within the CNS is lower than would be expected. Regardless of theseepnc
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several studies have used transferrin as aftiagyligand for nanoparticlgdlishraet al.
2006)and antibodiegShin et al. 1995)and showrto strongly increase delivery of the
nanopartites Thedelivery of the antiviral agent, azidothymidine, into rat brains using
Tf-targeted albumin nanoparticles produced a-Boltbincrease in CNS accumulation

with targeting versus untargeted control parti¢Mishraet al.2006)

It shouldbe notedthat as with otheendogenous ligands that circulate witthieplasma

the useof transferrin as a targeting ligand is limited. The homeostatic concentration of
transferrinin circulationis thought to be 25 uM, so any targeting ligand must compete
with this transferrin for the recept@@®ianet al.2002) More successful tis for targeting

the TfR include antibodies, raised against an allosteric binding site on the extracellular
domain of the TfR. In thispproachthe antibody binding is unaffected by circulating
ligand and so competition of the therapeigiavoided Seveal anti TfR antibodies have

been developetbr use in preclinical models theseinclude the OX26 (arviat), 8D3
(antrmouse), 128.1 Mab (artiuman/monkey). Of these antibodies, the characterisation
of OX26 isthe most completeRadiclabelled forms othe OX26 antibody have been
shown to accumulate in the CNS and cargo targeted with OX2Gldrasnstrated
enhanced CNS delivefd. J. Leeet al.2000) Coupling of the OX26 to NGF improved
the prognosis of Huntingtonébés Disease m
stabilising the condition in the treated animals. OX26 has successfully delivered plasmid
DNA to the CNS, in pegylated, targeted liposorf¥ase et al.2014) Liposome targeting

with OX26 also allowed delivery of small oligonucleotides, peptides and low molecular
weight therapeutics, all of which demonstrated increased efficacy with targeting

compared taintargeted.

In mice, the 8D3 antibody has been used for over a decadeagetedleliverystrategy

against thenurine TfR(Kisselet al. 1998) As with the OX26 antibodya radiolabelled
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8D3 antibody was seen to accumulate in the CNS. However, examination of electron
micrographs, of gokdargeted nanoparticlesale shown this appears e localisedo

the cerebral vascular endothelial cells, and parenchyma accumulation of these particles
was limited (ParisRobidaset al. 2011; Niewoehneet al. 2014) More successfully,
however, 8D3 was used to deliver plasmid DNA to the CNS, confirmed by gene
expression in neuronal cells. Although the same study also finendelivery of the

plasmid to other TfRich tissue, including the liver and sph. These antibodies have
notonlybeenusefl or a t herapeutic appl i capeptden. Co
to the8D3antibodyhas provided an imaging tool for the visualisation of amyloid plaques

within Al zhei mer Gleeetni.20@pse model mi c e

Despite the time invested inthese antibodies and the measurable improvements in
therapeutic outcome, or genetic alteration within neuronal cells, these antibodies have
failed to reach clinical trials. This is mainly due to the lack of selectivity for the CNS,
owing to the global expssion of the transferrin receptor in nearly every tissue type of
the body. Toxicity of the drug delivery systems at peripheral sites has limited their
progression into the clinic. Additionally, neithéére 8D3 antibody or OX26 haveeen
demonstrated to cegnise the sanmepitgoe on the human form of the TfR and the use of
nornthumanderived immunoglobulins, in the clinic has been shown to trigger severe
immune reactions to the antibodies. Attempts to overcome this have been made with

insulin receptor antilay andthis will be discussed in the coming section.

1.5.2Insulin Receptor

In vivo, the insulin receptor (IR) is a four domain, glycosylated receptor, which in
BMECs is able to transport insulin across the BBB into the brain parenchyma from the
blood(Pardridgeet al. 1985) However, insulin itself is not used as a targeting ligand, due

to its short plasma halife and comgtition with native insulin in circulatio(Matthews
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et al. 1985) Instead several antibodies have been synthesised, against different epitopes
of the murine and human insulin receptor (MAd83 MAB837 and mAB29B4)
(Ulbrich et al.2011) The mAB8314 has shown high delivery into the brain with 3.8%
injected doselD) per 100g brairfPardridgeet al. 1995) Control IgG showed no brain
association. mAB83.4 has been shown to be able to enhance delivery afi@teptive

drugs in solidipid nangarticles (SLNP) and polymeric nanoparticles in Rhesus
monkeys and across hCMH®3 cell monolayergKuo and Ko 2013)Attempts to use
mAB83-14 in humans, however resulted in immune responses to the antibody. To
overcome this, a humaniddorm of the antibody was developed, by attachment of the
variable domain to the human IgG Fc region to form the HIRMAb anti®dgdoet al.

2007) The HIRMAD has been used in fusion constructé wWierapeutics for genetar
metabolic conditions, such as mucopolysaccharidosis t{fpeddoet al.2008) or as a
vector to deliver enzymes to compensate for lack of expressioatients. These fusion
constructs have shown an abilitydeliverto the CNS in Rhesus monkeys and to restore
normal functioning in cell line models of the conditions. The success of the fusion protein
method for delivery across the BBB has led to itgpli@ation with other
biopharmaceutical macromolecules, including erythropoietin (EPO), tumour necrosis
factor receptor (TNFR) and gliglerived neurotrophic factgBoado, Hui, Lu, Zhouet

al. 2010; Boado, Hui, Lu and Pardridge 2010)

1.5.3Lactoferrin Receptor

Lactoferrin is a glycoprotein with similar properties to transfeitirs able tobind two
molecules of iron in plasma for transport into multipld tgoes, including BMECs.
Lactoferrin itselfcanrecognise and bind to both the lactoferrin receptor (LfR) and LRP
protein. Studies have shown that lactoferrin targeting of nanopatrticles increases the CNS

accumulation to a greater extent than TfR ligafidssferrin and OX26 antibodyJi et
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al. 2006) However, other studies have shown the opposite effect on particle delitlery wi
Tf and OX26 targeted polymeric particles and liposomes showing increased delivery
potential compared to lactofersiargeted equivalent{§&aoet al.2010) Dendrimers and

solid lipid nanoprticles SLNP9 showed increased delivery with lactoferrin targeting
(Huanget al. 2009) Theseresults would suggest thboth thetargeting ligandandthe

nature of the nanopartickee critical for efficient brain delivery

1.5.4LDL Receptor

The most extensively utilised ligands of the LDL receptor and its related rétEuP 1

and LRP2) are thangiopep2 and melanotransferrin. Radiolabelled melanotransferrin,
injected into mice showed an almostofid increase in volume of distribution gyto the

brain compared with radiolabelled transferfidemeuleet al. 2002) Melanotransferrin
(MTF) has such been considered and used as a targeting ligand for CNS delivery. Fusion
with adriamyin (ADR) increased the uptake into the CNS of the drug, compared to
albumin and lactoferrin fusion construdgtsarkan et al. 2008) MTF-ADR constructs

have successfully been used totreause glioma models. The use of MTF as a targeting
ligand for particle delivery to the CNS has also been demonstrated with SLNP for tumour
therapy and thdelivery of the adenovirus gene therapy vector into the CKI® and

Wang 2015)

The angiopef2 peptide recognises and binds to the LRP1 receptor on BMECs and has
demonstrated an ability to cause transcytosis of cargo into the CNS. Modifications have
been made to the angiop2ppepide including the synthesis of the peptide with

i unnat-amine dcgXD et al.2011) Thishas improved the serum stability while
maintaining the capability of delivery to the brain. AngiojZehas been used to
functionalise multiple types of nanoparticlesincluding: polymeric particles, gold

nanofarticles and carbon nanotubes. Polymeric nanoparticles, decorated with the
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angiopep2 peptide and containing amphotericin (antibiotic ftve treatment of
meningitis), have been able to deliver the therapeutic into the CNS with greater efficacy
than the atibiotic alone or untargeted control particl€Shaoet al. 2012) Other
therapeutics which showed increased CNS delivery when incorporated into argiopep
targeted nanopatrticles include the doxorubicin, paclitaxel and its deevaNlG1005

(Thomaset al.2009)

1.5.5Tetanus Receptor

Tetanusvirus-derived peptide (Tet)is thought to undergo retrograde axonal transport
along neurones to access the CNS. When expressed by viruses the Tetipéptited

of two subchains: a light (neurotoxic) and heavy (Ao)ic) chains. The netoxic form

is known to bind to ganglioside GT1b with high affinity on neurq@spirocet al.1997)

This target has been used in phage display to generate a small peptide targeting ligand
(tetl) tobe identified which has similar binding kinetics to the heavy chain of the Tet
peptide to ganglioside GT1{shapiroet al. 1997; Liu et al. 2005) The tetanus toxin
derived vectors offer an alternative delivery route to the CNS. Rather than transport across
the BBB, these vectors allow transport through neurones to the brain parenchyma. This
route of brain delivery is one uskd by other viruses that infect the CNS and so may

of fer an enhanced delivery ofangetah20t7pdi t i

1.5.6Diphtheria Toxin Receptor

The diphtheria toxin receptor (DTR) or the hepdnnding epidermal growth factor
(HBEGH) is known to be expressed on the cell surface of BBB endothelia(Gelltard

et al.2005) HBEGF itself has no native ligands, as it is a precursor to the final receptor.
However, itcanbind to the noftoxic mutant of the diphtheria toxin CRM19h. vivo
experiments on PLGA targetedth CRM197 demonstrate accumulation into CNS cells

with time (Wanget al. 2010; Kuo and Liu 2014) ow diameter particles decorated with
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CRM197 and containing zidodine increase the permeability of zidovudine aciioss

vitro BBB models(Y.C. Kuo and Chung 2012)

1.5.7Laminin Receptor

Extracellular domains of th&dencAssociatedViruses (AAVS) have multiple forms,

each of which can bind to a different receptor subtype. RA%an interact with the
laminin receptor present in BMEQAkacheet al.2006) This targéng method has been

used to deliver erythropoietin gene into a Parkinson disease mouse model. These studies
confirmed the gene was expressed within the CNS and the EPO had a therapeutic effect

within the mouse modéKue et al.2010)

1.5.8Acetylcholine Receptors RVG

Virus proteinderived peptides have shown some success as potential targeting ligand

for CNS delivery. One such peptide is derived from the rabies giyasprotein (RVG)

and is believed to interact with the alp
The RVG peptide itself is a 28mino acid peptide, with a region that of highly conserved
sequence with | oo p-bunganotoxomihdeed,early workiwithdRYVG d i n ¢
peptide was to test its ability to compe
(Lentz et al. 1987; Lentz 1982; Lentz TL 1990; Len¢z al. 1986) The abundance of
U7nAchR within the CNS and their potent.
brain leading to the increase in brain delivery of the cégbruscateet al.2002) Some

evidence has also arisen to suggest a potential alternate receptor for the RVG peptide.
There is some thought that the GABA receptors may alsade@ binding site for the

RVG peptide as the emcubation of RVGtargeted dendrimers with GABA decreased
uptake into neuronal SBY5Y cell(Liu et al.2009) Thisevidence is supported by work

whi ¢ h s h ebugarotokiri ablel to act on GABA receptor(Hannanet al.

2015) Further study of the interaction of the whole glycoprotein and the whole virus
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reveals two further receptors, NCAMand p75NTRThoulouzeet al. 1998; Gluskaet

al. 2014) The RVG peptide was first shown to have potential for BBB targeting when
Kumar et al showed it was able to enhance brain accumulation of sSiRNA polyplexes
(Kumaret al.2007) Silencing of GFP expression in transgenic mice was observed in the
brain, with limited silencing effects observed in the liver and spleen. Further work with
RVG targeted exosomes again showed the peptide increaseddramulation of the
exosomes and siRNA encapsulated within them had a silencing effect on-BMilkin

the brains of mic€AlvarezErviti et al. 2011) Overall, the evidence for the use bét

RVG peptide as a brain targeting ligand appears to show potential. However, the

uncertainty over the target receptor would present a concern.

1.5.9TAT Peptide

A second,viral-derived peptide, derived from the Human Immunodeficiency Virus
(HIV), the TAT-peptide is a celpenetrating peptide (CPP), that will globally increase
cell uptake and tissue distribution. Thus, allowing for an increase in tissue penetration of
a drug delivery system into the brain. The Tpdptide has a cationic charge to faciétat

cell membrane interactions and internalization. The functionalizati@quafitumdots,

and biologically active proteins with the TApeptide all showed increases in the
accumulation within the CNfSantraet al. 2005 Schwarzeet al. 1999) However,in

vitro work to support these findings has been less conclusive, with thedpide failing

to enhance the permeability of GHRT conjugates across endothelial monolayers

(Georgieveet al.2011)

1.5.10G7 peptide
The g7peptide is modified from the MMR200 opioid a n a g o-+andgtopioid f t h e
receptors. Ta modificationsvhen forming the g7 peptidedue the nociceptive effects

on opioid receptorgTosi et al. 2011) The g7peptide has been shown to incretse
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delivery of PLGA nanoparticles and encaladed fluorescent dyes to the brain
parenchyma (Tosi et al. 2011; Tosiet al. 2013) with a study using rhodamirE23
finding 15%o0f total animal fluorescence located in the brains of injected an(vidd#la

et al. 2014) G7-targeted particles have also been shown as a potential vector for the
delivery of treatments for lysosomal storage disorders of the CNS. Particles loaded with
corrective enzymes were able to restore lysosomal functionality wivo modek of

diseasdSalvalaioet al.2016)

1.6 ThesisGoals

Having looked at the literature of cellular trafficking methodologmscerningMECsSs,
thereis a lack of clarity as to whether a protenundergo both endocytosis into the
endothelial cell and subsequent efflux from tedl. In permeability assays, BMEC
models are subject to paracellular leakage, contributing to higher permeability levels of
probes.The main goals of this thesis were to around the investigate the capability of the
targeting ligands to undergo the process of transcytosisimaimo BMEC model.The
development of a transcytosis inde®s pursed This combined permeability ass

with subcellular microscopy and pulsghase flow cytometry, to allow far multifaceted
evaluationligand trafficking in BMECs. Looking at, barrier permeability of the ligand,
alongside the ability of it to undergo some form of uptake and efflux gsoEkis was
initially developed using eeceptoftargetedigand (transferrin) and a fluighase uptake
marker (dextran) to test the ability of the methods to distinguish between the two

trafficking routes.

Using the transcytosis index, the particuldnly pulsechase assay as themarymethod,
further trafficking ligands were tested in this manner to evaluate their ability to bind to
BMECs and undergo cellular trafficking.his was donewith antibodies against the

transferrin receptor of high affini8D3) and dow-affinity variant, supplied by Abbvie
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(8D3-4). This was with the aim to assess the impact of ligand affinity on the efflux
potential of the targeting ligand from cells. With consideration being given to the work
of Roche and Genentech witlecreased affinity targeting ligands enhancing brain

delivery of therapeutic cargos.

Following the work with transferrin receptor ligands, the viral derived rabies virus
glycoprotein peptide (RVG)as examineas a candidate brain targeting ligand. Due to
concerns over receptor specificity and the ability of the peptide to be takien the
COMPACT consortium work was done to characterise RVG uptake in BMECs. The RVG
peptide was also tested in the putbase assay to confirm it is a probe that can undergo
active efflux from BMECs and assess the subcellular distribution of the peptide following

the assay.

In the final section of this thesis, work was undertaken to explore the use of complex
microscopy techniques in the understanding of cellular trafficitrthe basolateral cell
membraneThis included the use of total internal reflection fluorescence microscopy
(TIRF) to image targeting ligands at the basolateral membrane of BMECs. The associated
analysis of the collected microscopy videos, to classifficking events into putative
exocytic events and other trafficking events taking place within the cells. To explore the
trafficking of receptors within BMECs further, the photoswitchable protein PSmOrange
was conjugatedo the transferrin receptor. In ¢hiwork, a formula to calculate the
distribution of the fluorescent states of a photoswitchable pretsrderivedAnd initial
studies into the distribution of the receptor at the basolateral cell membrane were
attempted. With the overall goal to devebpechnique which coulde useagxamine the

dynamics of receptdocalisationin the basolateral region of barrier cell types.
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1.7 Thesis Aims

1.

Establish amn vitro model for cellular trafficking that can be used to differentiate
between brain targetingginds.

Characterise thauptake andintracellular trafficking of transferrin receptor
antibodies, with differing affinitiesn brain microvascular endothelial cells in
vitro.

Characterise thaptake and intracellular trafficking of the RVG peptide in brain

microvascular endothelial celis vitro.

. Identify the target receptor, mediating endocytosis of the RVG peptide into

BMECs using multiple methodologies.
Use TIRF microscopy to examine basolateral membrane trafficking of the

transferrin receptor and itgAnds.
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Chapter 2 The Role of the Transferrin Receptor in Brain
Microvascular Endothelial Cells and its use as a drug delivery

target

2.1 Introduction

It is well established that transferrin is the molecular shuttle to aid in the uptake and
transport ofiron across highly restrictive biological barriers, as well as into cells for
physiological functioning. Transferrin itself is an 80kDa, globular protein w¢aalind

ferric iron (F€*) with an affinity of 16*M and fully saturated can bind two molectef

Fe**, oneto eachobe of the protein. In the dérric (holo) conformation transferrin binds
more strongly to the transferrin receptor (TfR), at plasma pH, than-feomno or iror

free (apo) transferrin. This difference in affinity between halod apctransferrin is
essentiain the trafficking and recycling dynamics of transferrin and the (DRutry
Varsatet al. 1983) Despite themain trafficking route pathway of transferrin being

recycling there is some evidence of alternative trafficking of transferrirutiireells.

The transferrin receptor is membrane spanning, dimeric glycoprotein, each subunit is
90kDa and capable of binding one molecule of transferrin. Uptake of the TfR is
constitutive and controlled by clathrmediated endocytosis (CME). Briefly, audar
proteins associate with the intracellular domain of the receptor and recruit clathrin heavy
and light chains to the receptor, allowing the formation of the clathrin triskelia and
clathrincoatedpits (CCP). There are several adaptor protein (AP) cexegl thatare
utilisedin CME, APE3, with the main complex being AP2. The AP2 compgeformed

of four subunitsh -, b-, >- andU-units each with its role in the CME proced® form

fully internalised vesicles from the CCPs, dynamin, a helical GTRaseciates with the

neck of the CCP and cleaves thesiclefrom the membrane. The removal of clathrin,
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from the vesicles once internalised, is an ATdependent process, using heat shock
protein 70 andauxilin. The uncoating allows trafficking of the velgis through

association to various proteins within the cell.

When in the late endosome, the pH surrounding theTFfBomplex is approximately
5.5, resulting in the loss of Férom the transferrin molecul@®autry-Varsatet al. 1983)
This low pH environment allows ¢hnow apetransferrin to remain bound to the TfR

while trafficked back to the luminal membrane of the g&dautry-Varsatet al. 1983)

The TfRis highly expressenh brain microvascular endothelial cells (BMECS) relative to
most other organs 6 eardemgiondeirg she bepatid vascutature.wi t
Studies into the number of TfRs present in primary bovine BMECs estimated 100,000
receptors per ce{fRaub and Newton 19910 the immortalisedat celtline, RBE4, TfR
expression was approximated at 70,000 receptors pefHuaiyler et al. 1999) In

normal physiological states, approximately-2@%o of TfRsare localisedat the cell
membrang the remaining are localised in intracellular vesicles due toomstitutive
recycling of the receptor. The levels of TfR expression in cell culture appear to depend
on the metabolic demand of the culture, and expression decreases when cells are grown
beyond the point ofonfluene (Tripothi et al. 1992) This increase in TfR expression
relative to metabolic demand che seern tumour cells where the continual cell division

in tumour growth places a high metdio demandon the cells and increases their iron

demandHuebers and Finch 1987)

In BMECs transferrin and the transferrin receptor are believed to be required for the iron
trafficking into the brain parenchyma for neuronal and glialatmalism. However, it is

unclear as to the precise mechanism by which iron transcytosis occurs in BMECs.
Experiments using perfused rat brains to assess uptake and loss of radiolabelled

transferrin revealed retention of transferrin by the microvasculartlegidon (Fishman
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et al.1987) Of the transferrin lost from the cells in, this study, it appears 20% is recycled
back into the perfsate, while 80% of the radiation is detected in the brain supernatant,
suggesting a transcytosis process has occurred. Robieréd (1993) performed
morphological studies with transferrin conjugated to hoasksh peroxidase (trp) and

used electron mroscopy to assess the localisation within the BMECs. Therenwas
apparenevidence of transferrin at the abluminal membrane at any dtagever the
presence of Fhrpin recycling vesicles was seen in the final time point of the experiment

(Robertset al. 1993)

The examinations of rat brain sections, after perfusion withTdRticonjugated colloid

gold, confirmed the localisatiarf the TfR toall areas of the brain vasculatRickel et

al. 1994) Immunofluorescence microscopy of brain capillaglbews TfR expressed on

both the apical and basolateral endothelial cell membrédewyler and Pardridge
1998) More recently, studieoking at the cdocalisation of antiTfR antibodies with
markers for the apical and basolateral membranes revealed high localisation with the
apicalmarker(ParisRobidaset al.2011; Niewoehneet al.2014) These studies also saw
slight calocalisation of the antibody with type IV collagen also confirmed trafficking to

the basolateral membrane, across the brain microvascular endothelium.

2.1.1 Antibody targeting of the TfR

Seveal antibodies against the transferrin receptor have been generated to examine the
trafficking of the TfR and the ability to enhance the uptake of therapeutics into the brain.
The OX26 and 8D3 antibodies are both monoclonal antibodies that bind to rabase

TfR respectively. These antibodies bind with high affinity to allosteric sites on the TfR
and do not disrupt transferrin binding. The 8D3 &d&d of 2.3nM (Boadoet al. 2009)

Both antibodies have been shown to associate to BMEQrceligandin vitro and have

shownto gain entry to the brain parenchyifth W. A. J. Leeet al. 2000; Bickelet al.
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1994) A chimeric form of the 8D3 antibody has been generated by introducing the mouse
IgG1 heavy chain and kappa regions into the antibody to improve fusion protein
constructs for stlies in mice(Boadoet al. 2009) The chimeric antibody was shown to
have the same binding and fdstribution properties as the witgpe 8D3 antibody.
Furthermodification of the chimeric 8D3 antibody has been performed by Sanofi, as part
of the COMPACT consortium, to reduce the formation of ctivdsng between

antibodieswvhen labelling nanoparticles (unpublished work).

The RI7 antibody is anothiigh-affinity antibody, which has been used to targefTifie

in mice. However, the 8D3 antibody has superseded RI7 for targeting mouse TfR. For
assessment in human cell lines and monkey animal models, the monoclonal antibody
128.1 has been uséd/aluset al. 1996) Although this antibody was primarily desied

for use in tumour targeting therapi@dg et al. 2002) it has also been assessed with

relation to BBB targetingSadeet al.2014; Waluset al. 1996)

Antibodies against the transferrin receptor have been shown to increase the brain
association of a targeted drug delivery systems (DDS) compared to control particles.
However, eleecbn microscopy studies have shown that while -TdRyeted gold
nanoparticles accumulate within BMECSs, relatively fewer nanoparticles are actually
observed within the brain parenchy(@abezoret al.2015; Wileyet al.2013) Thiswas
exemplified by electron microscopy of brain slicespastdosingtime points, to assay

the distribution of the antibody targeted particles within the BMECabezonet al.

2015) Using techniques in this mannesnéirms that the TfRargetedparticles have

limited penetration to the braparenchyma.

2.1.2Genentech and Roche antiransferrin receptor antibody studies
Recent studies in Genentech using -agecific antibody, with both arfifR and ant
BACE targeed variable regions (see Figure 2.1 and 2.2 below) showed increased brain
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penetration than a previous high specific diR antibodiegYu et al. 2011; Couckhet

al. 2013) The bispecific construct has a lower affinfity the TfR than a standard anti

TfR 1gG (Yu et al.2011) The constructs created by Genentech have been tested both
vitro andin vivo and revealed thahigh-affinity ant-TfR antibodies appear to become
Atrappedo within | ysosomes of cell s as
affinity antibody does not remain in the cells for longer than necessary. This accumulation
is thought to radt from the inability of thehigh-affinity antibody to dissociate from the
transferrin receptor once bound, and therefore continual association with the receptor.
Time pointanalyss of the TfR expression following exposure to both constructs sees a
decrase in TfR protein with theigh-affinity antibody variants, while the lower affinity
antibodies do not alter the levels of TfR protein within the délisuchet al. 2013)
Further studiesgchangng the affinity of the bispecific construct to TfR revealed that
there appears to be an optimalraffy range for the receptor where delivery is enhanced.

If the antibody affinity is todow, then maximal binding and uptake into the brain cannot
occur at therapeutic doses)dthe clearance of the antibody from plasma iscptimal

for safe dosing sttegieqYu et al.2014)

o Anti-TfR/BACEY
wae Anti-TFRA

% Inhibition
A

107 10" 10° 10' 10° 10° 10°
Antibody concentration (nM)

Fi gurle: 2Genentech Bispecific,

Taken from Figure 5. Yu et al (2011), it shows the structure of the bispecific ant
created by Genentech, with the dark purple arm targeting the TfR and the light
arm targeting BACEL praein for therapeutic effect. Graph B shows the effect
affinity for the TfR with the bispecific antibody (purple) compared to a high affii
monospecific antTfR antibody.
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These studies hadmeen performeth several test animal species, including rodents and
monkeys. Thus far in all species the moderate affinitgplicific antibody appears to be

the mostffectiveand safest construfdr brain delivery.

Rocheis also studying the effect of lower affinity constructs on enhancing brain delivery.
This has been done using a payload of thee BAICE-1 antibody mAb31, conjugated to
Fab fragments specific to the T{Riewoehnelet al.2014) These constructs are formed

of either one or two Fab fragments and showedtttetvalency altered the TfR affinity

as well as the trafficking that was observeditro andin vivo. The lower affinity mone
valent construct had enhanced brain delivery of the payload, did not alter TfR expression
within BMECs in culture and had a loweetention time in the BMEGs vivowhile the
di-valent construct appeared within the endothelium throughout their studies
(Niewoehneret al.2014) The effect of the avidity of a targeted construct to TfRs on the
BBB has alsdeen reporteavith relation to transferritargeted liposomes, the number

of transferrin molecules asso@dtto the surface of the liposomes appeared to alter the

penetration into the braifWiley et al.2013)

A

\ sFab 4=
mAb31 ” : . »j’"

Figure 2. 2:-amadcdhievanommt, TFf R t ar
Taken fron Figure 1. Niewoehner et al (2014), The above figure shows the structure
antibody constructs used in the Roche research. The therapeutic antibody (green al
is coupled to either one (sFab) or two (dFab) transferrin receptor targeting domains.

Overall, these studies from Roche and Genentech have shed soroa tighinystery of

transferrin receptor trafficking at the BBB and factors that alter it. The studies sugges
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three potential pathways for receptor trafficking thatdependenotn boththe affinity

for the receptor and the avidity of the targeting.

Potential Trafficking Pathways of TfR antibodies in BMECs

A

A

Endothelial cells W

Lysosomal ?
degradation
‘ Transcytosis

A M)

| Tight Junction

Receptor-ligand
recycling

Adherens Junction

-

Brain Parenchyma “ “

Potenti
and the

Figure 2. 3:
antibodies

al
BBB
This is a schematic to show the potential trafficking routes of transferrin targeted antil
Following endocytosis at the luminal membrane, sorting withiretiothelial cell can leag
to: recycling back to the luminal membrane, lysosomal degradation (high affinity div
antibodies), or transcytosis across the cells to the abluminal membrane.

cel |l ul

ar

2.1.3 Chapter Aims

The primary aim of this chapter was to develop an assay for assessing the potential of
nanoparticle and supramolecular delivery systems to undergo transcytosis at the BBB.
This work was donefor the COMPACT Consortium as a deliverable for the Brain

Delivery work package. The focus of the development was around the transferrin

receptor, and itial work was done to characterise the uptake of TfR ligands into the

b.End3 cell line.
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The objectives of this study were as follows:

1) To design and test the assay that used multiple components to assess the potential
for an endogenous ligand to underganscytosis across the BBBo characterise
the methodologyvith respect tdahe transferrin receptoAs a nonspecific mark,
dextran was used to give a reference for the behaviour of gothaise endocytic
probe.Having established an assalywas thentestedwith further transferrin
receptor ligands, 8D3 antibodies.

2) As part of the development of the assay, the effect of ligand concentration on the
ability of the cells to efflux a ligandias also examinedith transferrin, and two
different affinity 8D3antibodies.

3) To demonstrate that the uptake of the TfR ligands used is throvgteptor

mediatedorocess, regulated by clathnimediatecdendocytais.
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2.2 Methods
2.2.1 Materials

Dul beccods modi fied eagle medium ( DMEM)
Sersicell MEM, OpttMEM, fetal calf serum (FCS), horse serum, trypSIDTA
dissociation solution, Penicillin and Streptomycin (10,000U/mL), Dextran 10kDa
conjugated to Alexa 488 and Alexa 647, Dextran 70kDa conjugated temtetnyl
Rhodamine, Holdransferm conjugated to Alexa 488 and Alexa 568 and the
AlexaFluor® 488 protein labelling kits (1mg of IgG/ labelling procedwele obtained

from Invitrogen, UK.EBM-2 mediawaspurchagsdfrom Lonza, Germany.

Transwell inserts for 24vell plate (0.33 crf) with pore sizes 0.4 pm and 3.0 um, and
Hoechstwas obtainedrom Sigma Aldridge, UK. All other plastics for cell culturere
purchasedfrom Fisher Scientifi®JK, as well as paraformaldehyde (PFA), sodium
chloride, potassium chloride, magnesium chloride, calaihloride, disodium hydrogen
phosphate, potassium dihydrogen phosphate, sodium dihydrogen phosphate, sodium
bicarbonate, Bglucose, bovine serum albumin (BSA). Cell imaging diskhege

purchasedrom MatTek, UK

The antimouse transferrin receptor antibo8i3 was kindly providedfrom Sanofi
through COMPACT. Thdow-affinity variant 8D34 was kindlysupplied from Abbvie

through the COMPACT consortium.
Type 1 Rat Tail Collagewas purchaseftom Millipore-Merck.

2.2.2 Cell Culture

The b.End3 celline was spplied by COMPACT from the GSK source and grown
accordance witltheir SOP and replenished from stocks when the cells had undergone 20
passages or 6fhnys after defrosting the vial. b.End3 cells are cultured in 90% DMEM +

Glutamax (Invitrogen) with 10%@S (Invitrogen) (summarised in Table 2.1below).
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Table 2.1: Summary of growth conditions for celtlines and media supplements

Cell Line Medium  Serum Antibiotics Dissociation | Seeding

(Source) Media Density

b.End3 DMEM + Fetal Bowne | NO TrypsinEDTA |1 x 10
Serum (10%) (0.05%) cells/cnt

(COMPACT) Glutamax
(90%)

2.2.3 Fluorescent labelling of 8D3 and Isotype control antibodies

The antibodies were kindly supplied by Sanofi, through the COMPACT consortium, and
labelled with either Alexdluor 488 or AlexaFluor 647 using the Life Technologies
antibody labelling kit. Briefly, 508L of 2mg/mL antibody solutiowas addedb the dye,

in powder form, and vortexed to dissolve. The mixture is stirred for 90 minutes at room
temperature to allow the reaction of theewith the antibody. Purification of the labelled
antibody from freedye was performed by size exclusion chromatography, using the
columns provided within the kit, with samples fidiid collected every 1mL. The
absorbance of these samples was analysed using the Cary-§pedivophotometer to
scan from 250nm to 800nm. The teaship between the fluorophore absorbance peak
(488nm or 647nm, depending on dye) and the absorbance of tryptophan residues in the
antibodies (280nm) allows the calculation of the concentration of antibody (Eqn 2.1. +
2.2.) and the labelling efficiency the dye (Eqn 2.3 + 2.4). Within the equations 203,000
cmiM1is the molar extinction coefficient of a typical IgG molecule, 71,008Mmhis

the extinction coefficient of the Alexduor 488 dye and 239,000 chvi! the extinction

coefficient of AlexaFluor 647. Labelling integrity was checkddre months post
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labelling by repurification of the antibody through the size exclusion column to ensure

only labelled antibody remained present in the sample.

Equation 2.1
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2.2.3 siRNA Transfection

To modulate the expression of the clathrin adaptor protein AP22, in b.End3 cells, sSiRNA
against the murine AP2u2 was used (sequer@gdGGAUGCCUUUCGGGUCAITAT)

(Al Soraj et al.,, 2012). As welhs a control siRNA againsuciferase (sequence
CGUACGCGGAAUACUUCGAITAT). b.End3 cells were seeded, at a density of 10,000
cells/cn? into individual wells of a évell plate for both lysis and uptake assays and

allowed to grow fofive days before transé&on. For transfection siRNA stock solutions
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(20 uM) are added to OpMEM® at a ratio of 10uL:160 pL and mixed gentlyln
parallel to thisg pL of the Oligofectamine reagent is diluted injJ80Opti-MEM®. The

two mixtures (SiRNA and Oligofectamine) aoembined and mixed gently, before
incubating them at room temperature for 20 minutes to allow for complex formation.
After the incubation, the cells to be transfected are washed with PBS twice before the
addition of the siRNA complexes (2Qf. per well). Additionally, 800 uL of Opti-
MEM® was addedo each well. The cells are incubated with this mixture f6rkburs,
before the addition of 500L growth media, containing 30% FBS. Ceali® then leffor

48 hoursbeforeperforming the uptake assay or cgis for Western blot.

2.2.4 Western Blot

Following the incubation with SIRNA sequences for 48 hours, the cells to be lysed were
dissociated from the-tvell plates and pelleted by centrifugation at %G9for 5 minutes

at 4°C. The media was then aspimtand the pellets washed with PBS, using the same
centrifuge configurations. The pelletgere storedat -20 °C until lysis or proceeded

straight to lysis.

The initial Cell Lysis buffewas preparetly the combinationf 0.875g NaCl (150 mM),

0.6g Tris (® mM), 0.19g EDTA (5 mM) and mL Triton (1%) to a final volume of 100

mL, pH 7.5.To prepare this buffer for lysis, 10 mL of Cell Lysis Buffer is aliquoted and

to it the followi n(@ldGmM)ddexdde |2 O0Na&H (NaoVN
(100mM), ny0alr siPhe oxi de (20mM), 100¢l S
Leupeptin (5mg/ ml ) , Thi& Buffdris sioped antice umiil lysigas 2 € g / 1
performed To each cell pellet, 460 uL of lysis buffer was added and incubated with the

cells for 30 minuts at £C, with regular agitation of the cells throughout the incubation.

After the lysis, cells are centrifuged at 10,60@for 30 minutes at 4C.
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Protein quantification was performed using the Bicinchoninic Acid (BCA) assay, using
the BCA assay kitTThermo Fisher, Paisley, UKPBriefly, the reagents within the kit
Reagent A and Reagent B, are combined in a 50:1 ratio, to produgd 200eagents

per sample. The combination of reagemés addedo 25 pL of lysate (diluted 1:2) or a
protein standar(BSAT range 2 mg/mll 25 pug/mL). The samples are incubated &C37

for 30 minutes, before the absorbance at 562 nm is measuredausifBDO0MSELISA
reader (Labtech International Ltd, Uckfield UK). From the protein standards, the

concentration of theetl lysates maye calculated

For gel electrophoresis, a running buffer is prepared, containing 25mM Tris Base, 192
mM Glycine at a pH of 8.3. Preast, 10% MilP ROTEANE TGXE gel s (
Hertfordshire, UK)were loadednto the MintPROTEAN apparatud.0 ug of cell lysate

was loadedper well, plus the protein laddePr eci si on Pl us UPr ot e

Standard¢BIORAD, Hertfordshire, UK). The gelsere exposetb a 100V for 2 hours.

At the conclusion of the electrophoresis stage, the proteins artetradsvia semdry
blotting, to a nitrocellulose membrane. For this, filter paper and the nitrocellulose
membrane are pfi@cubated in a blotting buffer, containing: 25 mM Tris Base, 192 mM
Glycine, 20% Methanol. The componentsre assembleid the BIORAD Transblotting
system, so the electrophoresis gel is in contact with the nitrocellulose meniihaugel

wasexposed to 25V for 30 minutes to allow blotting to take place.

The membrane was then removed and washed in Washing Buffer (0.1 M Tris, 0.1 M
Nad, 0.1% Tween 20), to remove residual methanol, before blocking, by incubation with
Washing Buffer containing 5% milK.his is done with continual agitation for 1 hour at
room temperature. The membrawas cutin two at 42 kDa, and the high molecular
weight section incubated with mouse aA#50 antibody (BD Bioscience, UK), diluted

1 in 200 with the blocking buffer overnight. The lomolecularweight section of the
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membrane was incubated with a rabbit -®&®WPDH antibody (Cell Signalling, UK),

diluted 1 in1000 in blocking buffer.

After, the primary antibody incubation, membranes are washigtes for 5 minutes with
Washing Buffer, before incubation with a secondary, HiRked antibody, against the
respective species of tipgimary. Anti-rabbit IgG secodary antibody (Cell Signalling,
UK) or antirmouse IgG secondary antibody (Cell Signalling, UK), in both cases the
antibody is diluted 1 in 10,000 with blocking buffer. Following the secondary incubation,
membranes are washed a furtBeimes for 5 minutesvith Washing Buffer. Antibodies

are detected using SuperSigifalest Dura Substrate (Thermo Fisher, UK) and imaged

using the BIORAD ChemiDoc XRS system.

2.2.5PulseChase Flow Cytometryin b.End3 cells.

Cells are seeded onto eitherd2ll or 24 well plaes for growth at a seeding density of
10,000 cells/crhand allowed to grow until a confluent monolayer cdoédobservedy

light microscopy (typically day -G post seeding). When a confluent monolayeis
observedthe growth medias replacedy KrebsRinger buffer containing 0.1% bovine
serum albumin (KRB+BSA) for 30 minutes to remove serum proteins from the cells. The
cells are then pulsed with one of the formulations shown in Table 2.2, for 45 minutes at
either 3?C or £C, to confirm active uptake tio the cells. Following the pulse, cells are
washed with PBS three times to remove-mdrrnalised probes from the cells and then
incubated in blank KREBBSA for the duration of the chase (0, 10, 30, 60 minutes). The
chase steps are performed at bot?C3and 4C to confirm an active efflux process has
occurred. After the conclusion of the chabasethe cells are placed at@ and washed
three times in PBS to remove effluxed probes from the solution. A pH 2.5 acid wash is
then applied to remove amsdirface-boundprobesbeforedissociation of the cells, using

EDTA solution (2.5mM). Thalissociationis performed at %« for approximately one
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hour and completed by repeated pipetting of cells to ensure maximum collection from a
well. The dissociated celisereaddedo tubes containing PBS + 5% fetal bovine serum,
and centrifuge at 308 g for 10 minutes at % three times to remove EDTA from the
cells. Following the final centrifuge, the cells arestspended in serufmree PBS for
analysis using the FACS VergBD Biosciences). From 24ell plates a minimum of
10,000 events are collected per tulaed from 6well plates 50,000 eventsvere
collected Further analysis of the data collected is performed using FlowJo sofandre,
nortlinear regression of fluoreence loss from cells is performed using GraphPad Prism

5.

Table 2.2: Concentration ofMacromoleculesused inPulse ChaseFlow Cytometry

Macromolecule Concentration (nM) Source
TransferrinAlexa  fluor | 588, 50 or 5 Life Technologies

488

Dextran 10kDa Adxa fluor| 10,000 Life Technologies

647

8D3 antiTfR Alexa fluor| 170, 30, 10 or 1 Sanofi, Labelled in Lab
647

Isotype control Alexa fluoj 30 Sanofi, Labelled in Lab
647
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2.2.6 Transferrin Receptor Competition Flow Cytometry Studies

Competition studies toonfirm receptormediateduptakewere performedh b.End3 cells
using fluorescentlabelled transferrirreceptortargetingstrategies, transferrin Alexa
fluor 647, 8D3 Alexa fluor 647 and an isotype control antidatglledwith AlexaFluor

647. B.EndXells were seeded, as before, onto@46-well plates at a density of 10,000
cells/cnt and grown until a confluent monolayer coblelobservedWhen confluent, cell
growth media was replaced with KRBSA for 30 minutes at 3T to remove serum
proteins fom cells. Fixed concentrations of the labelled proteiae appliedo the cells
with various concentration®f unlabelled protein, to compete for the receptor, and the
probes allowed to internalise for 45 minutes a@.7To assess the specificity oetBD3
antibody, supplied by Sanofi, for the transferrin receptor a further competition study using
a fixed concentration of labelled 8D3 with varyingncentrationf isotype control

antibody.

Following the conclusion of thaptake cells were washed tee times in PBS and
incubated with a pH 2.5 acid wash buffer for 30 seconds. The cells were washed a further
three times in PBS containing EDTA (2.5mM) and allowed to dissociate iREEB3\
solution for approximately 1 hour on icafter dissociation, cefl were collected into
centrifuge tubes containing PBS + 5% FBS and washed three times by centrifugation at
300 x g for 10 minutesat £C. Following the finalwash cells were resuspended in

serumfree PBS for analysis using the FACS Verse.
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Table 23: Transferrin competition study setup

Concentration of unlabelled Concentration of Transferrin

Transferrin (nM) Alexa fluor 488 (nM)
0.5 10

1 10

5 10

10 10

50 10

100 10

500 10

Table 2.4: 8D3 competition study setup

Concentration of unlabelled Concentration of 8D3 Alexa

8D3 (nM) fluor 647 (nM)
5 30
10 30
50 30
100 30
500 30
1000 30
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Table 2.5:Isotype control competition study setup

Concentration of unlabelled Concentration of Isotype

Isotype Control (nM) control fluor 647 (nM)
5 30
10 30
50 30
100 30
500 30
1000 30

Table 2.6: 8D3vs Isotype control competition study setup

Concentration of unlabelled Concentration of 8D3 Alexa

Isotype control (nM) fluor 647 (nM)
5 30
10 30
50 30
100 30
500 30
1000 30

2.2.7 Macromolecule Permeability Assays and confocal microscopy, using B.End3

cells
The b.End3 cellsvere seededntothe apicakide of Transwell inserts for 24ell plates

(0.4 >m pore diameter, polycarbonate membrane), at a seeding density000 10,
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cells/cnt. During cell growth measurements of trarslothelial electrical resistance
(TEER) are taken daily to gauge tbenfluene of the cells on the inserts. TEER values
are taken using Endohm chambers connected to the E\tDivi@eter(World Precison
Instruments). Briefly, the Endohm chamber is washed with ethanol to sterilise and filled
with 1mL, b.End3 growth media. A blank insert, with no cells grown on it, is placed into
the chamber, containing culture media and the resistance recorda@sttanceof the
membrane will contribute to the total resistance when cellgrasegnon the inserts and
must be subtracted to reveal thesistanceof the monolayer. In parallel to TEER
assessment, cells seeded at the same density on plastiplatedi ca be examined to

assess monolayer formation.

In the permeability studies, cells are incubated with KBBA for 30 minutes at 3T to
remove serum proteins from cells. The media is aspirated from the apical chamber and
replaces with KRBBSA containing fluoescent macromolecules (Transferrin Alexa fluor
488, 588nM; Dextran Alexa fluor 488nm 10kDa>M Dextran rhodamine 70kDa, 2.85

>M; 8D3 Alexa Fluor 488 antiTfR, 170nM). The plates are placed at@7or 90
minutes, with samples taken from the basal well@ 30, 60 and 90 minutes, and
replaced with an equal volume of blank KI¥SA. The fluorescence of the collected
samples was measured using FluoStar Optima -ptaider (BMG Labtech). The
permeability coefficients @3y canbe calculatedccording to Egation 2.5 belowThis
accounts for differing concentrations of a probe and differing surface areas of the inserts.

Papphas the units, cm/s.

Equation 2.5

- Ya @i i
Yo Q&R ‘@0
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Following the conclusion of the permeability study, the inserts are washed three times
with PBS, to remove free probes from the cells. Fixation of cells is performed using 3%
paraformaldehyde incubated tvihe cells for 15 minutes at room temperature. Following
thefixation, cells are washed a further three times with PBS before the application of the
nuclear stain Hoechst (&:@/mL) for 15 minutes at room temperature. The inserts are
then washed three tes with PBSandthe membrane cut away from the insert and placed

onto a microscope slide in Daco Mounting Media for confocal fluorescence microscopy.

The imaging of the inserts removed from the Transwell studies was done on a Leica TCS
SP5 confocal micrampe, using a series of three sequential scans to compensate for the
different fluorophores used. The main fluorophores analysed were Hoechst (excitation
laser = 405nm, emission detection = 424Dnm), Alexa fluor 488 (excitation laser =
488nm, emission dection = 518640nm), Tetramethyl Rhodamine (excitation laser =
544nm, emission detection = 5600nm) and Alexa fluor 647 (excitation laser = 633nm,
emission detection = 65880nm).

2.2.8 Statistical Analysis

2.2.8.1Flow Cytometry

For analysis of all flaw cytometry fluorescence data, the geometric mean of the
fluorescence intensity of the gated the single cell population was used as a single technical
replicate for these experimer{tee figure for gating exampléh all studies, blank cells

are initially tested to measure cellular autofluorescence and this value is subtracted from
the fluorescence intensities of the assayed cells in that experiment. To normalize data
from for each fluorescence probe, the mean fluorescence intensities of the technical
refdicates, of 37C pulsed cells (minus blank cell fluorescence) is taken as 100% and the

intensities of the other cell treatments are expressed as a percentage of this value.
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In the pulsechase assays, to confirm there has been a significant changeassoelhted
fluorescence over the duration of the chase. The fluorescence associated to chase cell time
pointswerecompared to the fluorescence associated to the cell that have only undergone
the pulse at 37C, throughaone&way ANOVA wi t h-tef unrhis éhé guldes p o
only cells were used as the reference for the multiple comparison analysis. Significance
is defined as a-palue < 0.05. In addition, to confirm that any efflux from cells was due

to an active process, the chase time points &C3vere compared to the same time point

at 4°C. This was done using a em&ty ANOVA with Tukey postest, significance was

defined as a{value < 0.05.

Competitive uptake assays, using TfR ligands, were anabysedmparison of cells that

were only pulseavith the fluorescent ligand only, at a fixed concentration. With cells that
were pulsed with the same concentration of fluorescent ligand and variable concentrations
of unlabelled ligand. The comparison was made with avame ANOVA with a
Dunnet #eStsusimy the menompeted cells as the control group for the pest.

Significance was defined as an outptugtue < 0.05.

For graphical representation of the data, presented in this chapter, unless stated otherwise
in the figure legends, the data kit a graph will be expressed as the mean + standard
deviation. Flow cytometry gating and extraction of the geometric means of the data was
performed using the FlowJo software package. Initial normalization of the data was
performed in Microsoft Excel, whit statistical analysis and graph production done using

GraphPad Prism 5 (CA, USA).
2.2.8.2 Microscopy Gdocalization:

Following collection of zstack image files, these were imported into the Fiji image

analysis software for processing andacalization analysis. Here each stack is split into
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individual slices for analysis using JACoP (Just Another Colocalization Plugin) in Fiji.

I n this analysis the Manderoés Colocali z
proportion of thresholded ligand fluorescenghich was céocalized with thresholded
dextran fluorescence, at the conclusion of the chase pMesederset al. 1993)
Thresholding in this way of the images allows for the removal of background fluorescence
from the analysis. The colocalization fractions for each slice in-gtack were averaged

to produce an output for value fitrat replicate, and for final analysis the combination of
multiple microscopy stacks were used to produce the output colocalization fractions for
the ligands with dextran labelled lysosomes. These were expressed as mean + standard

deviation.

2.2.8.3Permeability Assays

TEER values of bEnd3 cells alone were calculated by subtracting the resistance across a
blank insert from the resistance of the inserts with cells grown on them. The resistance
value of the cells alone was then multiplied by the area efirteerts (0.33 cf to
calculate the TEER value. The TEER value of the inserts used in all permeability studies

was expressed as mean + standard deviation.

The permeability ceefficient of each probe, across the endothelial cells, was calculated
using theequation below. This is done by considering the permeability of the probe across

the filter alone, before it reached saturation if applicable.
Equation 2.6:

p p p

bonn Vo Odnn

Comparison of the apparent permeability coefficient of all probes across the b.End3 cells
was performed using a oweay ANOVA and Tukey postest, to compare all possible
combinatiams of the probes. Significance was defined asralpe < 0.05 from the post

test. Graphical representation of the data was done using the mean + standard deviation

for all data points and were produced using GraphPad Prism 5 software.
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2.3 Results and [cussion

2.3.1 Fluorescent Labelling of 8D3 and Isotype Control IgGs

The Life Technologies IgG labelling kits provided sufficient labelling and purification of
both 1gGs. The 8D3 antibody had a calculated 4.19 moles of Aexa 647 dye per

mole of IgG,while the isotype control had 4.8 moles of the dye per mole of Ig&. Re
purification of both 8D3 and isotype control antibodies at 54ntbnths respectively
showed that the isotype control labelling remained intact. However, of the labelled 8D3,
only 80%of Alexa Fluor 647 absorbance remained associated with the 8D3 antibody,
with 20% appearing as fralye, unbound to the antibody. The presence of free dye
altered the calculation of the concentration of antibody and the dye binding, showing a
lower than &pected IgG concentration, but an increase in the number of molecules of dye
per molecule of antibody. The decrease in antibody concentration is likely due to a loss
of protein within the column, which may Ipeesentin other elution volumes from the

colum.
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Figure 2.4. Labelling of 8D3 and Isotype Control IgGs with

Alexa Fluor 647
Graphs A and B refer to 8D3 labelling, A shows a absorbance of the lal
antibody from 250na800nm, with the peaks at 280nm (tryptophan residy
and 647nm (fluorophore) highlighted. B shows the integrity of the labell
and the presence ke dye in the sample, 5 months after labelling. Graph
and D refer to Isotype Control IgG labelling and it can be seen that all d
associated with the antibody and no free dye is seen in-fhaifecation (D).

2.3.2 Retention of fluidphase endocytic probe dextran by b.End3 cells

The uptake of 10kDa dextran by the cells was confirmed to be an active process, with a
significant increase in the uptake aP@Zompared to % (P<0.0001). Active efflux of
the1OkDa dextranvas not observeduring the chase steps, with no significant difference

(P>0.05) at all pairs of chase timpeints (2C and 37C). Retention of the 10kDa dextran
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is highly likely, due to the known, fluighase uptake and trafficking to lysmses of
dextrans. Some loss may occur with longer chase durafibiswas confirmed by the
data in these studies, with only-20 % of pulsed fluorescence lost from cells over the

one hour chase.
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Figure 2.5. Dextran 10kDa Alexa Rlior 647 PulseChase studies in b.End3 cellg
Graph A and B show the proportion of dextran 10kDa remaining in cells, following a 45 nj
pulse and chase at eitheéxC4(blue) or 37C (red). The fluorescence associated with cellS@tig

also shown in bldc on graph A. n=3 in triplicate for all time points and background -a
fluorescence of cells has been subtracted from all data points,nsédn

2.3.3 Modulation of transferrin endocytosis intob.End3 cells.
Three strategies were examined to modulate the uptake of transferrin by b.End3 cells, 4
°C vs 37°C uptake, thalirect competition of holetransferrin Alexa Fluor 488 uptake

using unlabelled holtransferrin and siRNA against the clathrisasbly protein AP£2.

Theb.End3 cells pulsed at 4%Dow a similar fluorescence intensity to that seen with the
blank cell population, with the flow cytometry, intensity profiles overlappimbis
confirmsendocybsiswas unable to take place &@in b.End3 cellsin contrast tdblank
cells and 4°Qoulsecells, thosepulsed at 37°Cproduce a significantly increaseell-

associatedluorescence at the conclusion of the pulfkis would indicate that the
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internalisation of transferrin into b.End3 cells is an active @es, requiring cellular
metabolic activity to inducéFigure 2.§. The transferrin receptor is known to be
internalsed by clathrinmediated endocytosis, which involves several GTPase proteins.
Therefore, for optimal endocytic activity 7 is likely to berequired for the metabolic

demands of the process.

The competitive uptake studies demonstrate that the process of transferrin endocytosis is
a selfcompetitiveprocessMaximum fluorescence intensityas obtainedn the case of

the 10nM labelled holo tresferrin incubated with OnM unlabelled holo transferrin.
Increasing the concentration of unlabelled transferrin reduced theasseitiated
fluorescence from transferrin Alex Fluor 48ghis allows the inference that uptake of

holo transferrin issaturable The data in Figure 2.6, also confirms that the transferrin
protein has a defined ligafanding site on the transferrin receptor and that its

internalsationis due to aeceptormediatedprocess within the cells.

By using the existing data in the littmee on the affinity of transferrin for thER, it is
possible to calculate an experimental Ki for the efficiency of dbmpetitionwith
unlabelled transferrin in this experiment. Modelling of the curve in Figug®.allowed
for the calculation of th&i, which was found to be 7.5 nM. This value for the Ki is
representative of the Kd of transferrin for the receptor. Repueketsin the literature
for holot r a n s fa#finity forrnthie STfR range from -8 nM, confirming that this

methodology enablesccurate and comparable measures of ligadptor interactions.

Additionally, the experimental IC50 was calculated to confirm that the labelling of the
transferrin protein had not altered its ability to bind to the TfR. The Z&salculated

as 33.2 nMwithin acceptable tolerance accepted for these studies. As the labelled and
unlabeleccompounds are the same, the IC50 (50% displacement of fluorescence) should

occur at the when the concentration of both probes is approximately equal.
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The demonstratioof the selfcompetitive nature of transferrin uptake confirms why the
transferrin protein itself has limited ugevivo as a targeting ligand. The high plasma
concentrations of the transferrin protemwere representedby the increasing
concentration®ft he wunl abell ed I igand in these st
seen to beompetedn vivo by transferrin in circulatiorandoverall, they lacleffective

brain penetration ability.
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Figure 2.6. Competition of holoetransferrin Alexa Fluor 488 uptake by

unlabelled

Both graphs show the effeof increasing concentrations of unlabelled transferrin on the uptak
Transferrin Alexa Fluor 488 concentratidn 10nM, all values expressed as a percentagg
unchallenged cellular fluorescence. ** denotes P<0.001 when compared to unchal
fluorescence, n = 3 in triplicate, meastd.

Finally, the uptake of transferrimas reducedhrough siRNAknockdown of the AP£2
adaptor protein of CME. Knockdown of this protein prevents the assembly and formation
of theclathrincoatedits at the plasma membrane of cells. Flow cytometry demonstrated
that the knockdown AR2 reduced transferrin uptake to 55% of thptake of

untransfected or control transfection cells (Figure 2.7.B). Due to the heterogeneity of
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SsiRNA uptake into b.End3 cells, it is always unlikely that siRNA transfection would
reduce transferrin uptake to the levels of blank cells ¥ #eated cells. Howevethe

fact the reduction of transferrin uptake is significant, using theeRBIRNA, confirms

the involvement otlathrinmediatedendocytosis in thenternalsation of the transferrin
receptor in tEnd3 cells.The knockdown of the AR2 was confirmed by Western Blot
analysis of cell lysated his confirmedthe effects seen byoiw cytometry were due to

direct modulation of the AR2 protein and not thieesuts of the transfection protocol.
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Figure 2.7. siRNA Modulation of Transferrin uptake in b.End3 cells

A. shows the Western Blot images confirming siRNA knockdown ofg@R&otein levels. B.
shows AP2u2 knockdown to redwceansferrin uptakén b.End3 cells, n=3 in triplicate, * 5
P<0.05

2.3.4 Effect of ligand concentration of transferrin efflux from b.End3 cells
Transferrin is known to undergeceptormediatecendocytos in BMEC cellsHowever
by increasing theoncentrationof the ligand to beyond saturation of theceptor it
appears possible to drive uptake through bagbeptormediatedand fluid phase
pathways. TransferridlexaFluor 488 again showed significanthcreased uptake at

37°C compared to%C in all studies (P<0.001, Figure 2.8 he efflux of transferrinvas
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confirmedas an active procebdy thecomparison of fluorescence remaininghin cells

at matched 4C and 37°C time points

In the pulsechase experiments, itvas demonstratethat receptor saturation, with
transferrinAlexaFluor 488, altered the proportion of transferrin lost from cells during the
chase phaseUnlike the 10kDa dextran, transferrin can enter the cellrg@eptor
mediatecendaytosis, as shown in Figure 2.6. Uptake of transfektexaFluor 488vas
competedby the addition of increasing concentrations of unlabelled transferrin. When
10nM of fluorescent transferrin was added to the cells Ki for unlabelled transferrin
competing é6r the receptor was found to be 33.2 nM (rangd@89M, n=3). When low
concentrations of transferriwere appliedto cells &nM), the proportion remaining
associated to the cells afte6@minutechase was 12% of thmulsefluorescence. Pulse
concentrabns above the Kd of transferrin for the TfR, 50nM and 588nM, resulted in an

increased proportion of pulse fluorescence retained by cells, 25% and 52% respectively.

The halflife of transferrin loss from cells does not appear to be altered by varying pulse
concentrations of transferrin, ranging froml® minutes across altoncentrations
Comparisons to dextran pulshase datahowthe fluid phase marker is retained by cells
with only 1320 % of pulsed dextran fluorescence lost from cells oveésGhminute chase

phase at 37C.
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2.3.5 Characterisation of 8D3 Antibody

As with the transferrin protein, initial characterisation of the 8D3 antibody was made by
studying the endocytic process of the antibdidyis was done by comparing the uptake

of 8D3at4°Cand37C, as wel | as confirming the an
receptor. Throughout thestudies comparisonsvere madebetween the 8D3 antibody

and an isotype control antibody.

When cells were pulsed at’@, there was limited flarescence associatadgth cells for

both antibodies. The fluorescenwas only slightly increaseover that of cellular auto
fluorescence. Both the 8D3 antibody and the isotype control antibody requifézi 37
conditions to increase uptake into the b.EndBscThis confirmed theuptake of both
antibodies was an active cellular proceSenfocal microscopy of thé °C and 37°C
conditionsfor the 8D3 and isotype control antibodies also confirmed the uptake of both
asan activeprocessThiswas to be expeetl with the 8D3 antibody, as it targets the TfR

to be internalisedvithin the cell. In contrast, it was unexpected that the isotype control
be takerup as it has no target receptor. However, some of the uptake of the isotype control
antibody may be due fateractions with the Fc Receptor, more specifically the neonatal
Fc Receptor (FCRn) on the surface of the b.End3 cells. The localisation of these receptors
with BMECs is unclear and evidence in the literature suggest expression of FcRn is varied
throughoti the CNS, limiting its use as a target receptor for brain deli{&cklachetzki

et al.2002) There may also be the possibility for the isotype control IgG to be internalised
through nomspecific, fluid phase mechanisms, in a similar manner to dextran in the

previous study (Figure 2.5).

To confirm the specificity of #uptake mechanism, competé uptake studiesvere

performed using both antibodies. To look at the -sefhpetitive uptake of both
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antibodies as well as confirming tkeecificity of the 8D3 antibody by attempting to

competdts uptakeusing the isotypeantrol antibody.
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Figures 3.AC show the competition of labelled antibody (either 8D3 or isotype control) uptal
varying cacentrations of unlabelled antibody (either 8D3 or isotype control). A =-@D03
competed by unlabelled 8D3, B = Labelled Isotype control competed by unlabelled isotype

and C = 8D3647 competed by unlabelled isotype control antibody. The dataatedi8D3 uptake
to be specific and saturable. Figure D shows the competitive uptake curves for the labell
and labelled isotype control (competed by respective unlabelled species) predicting an 4
affinity constant Ki =1.6nM. n = 3, in triplate, *** = p < 0.001 compared to unchallenged cg
(white bar), * = p < 0.05 compared to unchallenged cells (white bar), ns = p > 0.05.

The uptake of labelled 8D3 antibody was competed usingnbelled8D3 antibody,
confirming receptormediateduptake, a process which appears saturable. The apparent

affinity constant of 8D3 for the receptor was calculated as & KiGnM, confirming
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8D3 as aightaffinity antibody. ThecalculatedKi, from Figure 2.9, validates published
work with the 8D3 antibody whichas ameasured the affinity of the antibody as between

2-3 nM in mouse brain microvascular endothelial cglee et al. 2000)

The specificity of 8D3 uptakevas confirmedoy competition with unlabelled isotype
control antibody, whichlid not affectlabelled 8D3uptakeby b.End3 cells (Figure 2.9.
C). This confirmsthat the 8D3 antibody has a specific receptor binding sitejshrait

sharedwith an untargeted control antibody.

Finally, the uptake of the isotype control antibody into BME@s confirmedis a non
specific, endocytic process Attempted competition of the control antibody with
unlabelled control antibody failed to decrease the fluorescence assedtatéde b.End3
cells. Thus, confirming a nesaturable, nospecific uptake pathway for the isotype

control antibody (Figure 2.9.B).

The 8D3 antiTfR antibody shows active efflux from cells at all concentrations and all
time points (Figure 2.10)This was confirmedby significant differences between the
pulse fluorescence and the°@7chase time points. dditionally, significant differences

were seerbetween AC and 37C chase time points. As with transferrin a similar
concentratiordependent efflux potential from b.End3 cellere observewith the 8D3
antibody in the pulsehase studies. At low concerttams (1nM) of labelledD3, only

22% of the pulse fluorescence remains associattdcells after 8&60-minute chase at

37°C (Figure 2.10.C). Whereas, at the high pulse concentrations (10 nM and 170 nM) the
fluorescence was retained by the cells at 60utesm was 40 and 45 % of the pulse

fluorescence, respectively.

Following the conclusion of the chase phase, cells imaged by confocal microscopy

exhibited high levels of ctocalization between the 8D3 antibody and dextran labelled
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lysosomesvhen pulsed wit the highest concentration of 8D3 antibody (170 nM). Using
the Manders ctocalization test, ~87% of 8D3 fluorescence, remain in cells, was seen to
be associated with lysosomal compartments, Figure 2.11. Indidatipging of the
antibody and an inabii for it to undergo further transcellular trafficking. When looking

at the data from the pulsdase flow cytometry study (Figure 2.10.A.), in parallel to
microscopy it would indicate that at the conclusion of the chase, 39.15% of the pulsed
antibody isunable to undergo further cellular trafficking. That iss&y it will remain
trapped within the endothelial cells and be unablenidergoan efflux process at either

the apical or basolateral cell membrane, as the ligand is within the lysosomes and
therefore degraded. In the Roche and Genentech studies with high and low affinity
antibodies against the TfR, they demonstrated high affinity antibodies becoming trapped
within lysosomes and downregulation cell surface TfR expregdie@woehneret al.

2014; BienLy et al.2014) This would be supported by the high localisation of 8D3 with
dextranloaded lysosomes in thistudy. These findings could suggest that high
concentrations of 8D3 antibody leads to surface crosslinking of the TfR, by antibodies,
prior to endocytosis. If crosslinking does take place, Moetdgl (2015) demonstrated

that this can lead to increased dgemal trafficking of the crosslinked receptor, as
observed by colocalization with dextran labelled lysosorfiddeody et al. 2015;

Humphrieset al.2011)
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Figures AC show varying cocentrations of fluorescentliabelled 8D3 applied to the cell
in a single 45 min pulse, and the proportional retention of the ligand remaining
associated during a 60 min 6chased pe
concentrations applie cells are as follows: A =170 nM, B = 10 nM, C = 1 nM. Figl
D shows a combined graphic of the 370C chase from Figu@smA= 3 in triplicate, mear
+ std, ** = p < 0.01, *** = p < 0.001, this is when compared to the [P37] cells.

At the lowest 8D3 pulse concentration (1 nM), les$ooalizationwas observetietween
the antibody and lysosomes, with more distinct separation between the fluorescence

channels. Quantification of the-tmcalization wth low 8D3 concentrations showed 23%
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of the fluorescence remaining in cellgs associateth lysosomal compartments of the

cell. This would equate to 5.06% of the pulsed fluorescence which is unable to undergo
further cellular trafficking at the conclusiomf the chase phase. This proportion is based

on the Mander s colocalization coefficiel

pulse fluorescence associated to cells from Figure 2.10.C.

Dextran

8D3 1nM
Single Slice

8D3 1nM
Max. Proj.

8D3 170nM K&
Single Slice %

8D3 170nM
Max. Proj

Figure =Z.¢lul:arSulbocali zation of
The above shows the distribution of the 8D3 antibody from Sanofi, at the concllision
of the 1 hour chase at the highest and lowest applied concentrations. The figur
shows both a single slice and a max projecfa each concentration. In the merged
images, red = 8D3, green = dextran, blue = Hoechst, Scale Bar = 25 um.
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The saturation of the TfR, with aaxces8D3 antibody, as ith the Tf ligand, will lead

to a proportion of the antibody being taken up by fpichse, norspecific uptake
mechanisms. This proportion is unable to undergo the same cellular trafficking as the
antibody bound to the receptor, and as exemplified byr dthiel-phase markers like
dextran. In a clinicalh vivo setting, thisoversaturatonwo ul d r epr esent
formulation,that althoughreaching the vasculature of the brain (i.e. the barrier to entry)

is unable to reach the brain parenchyma and taitget Degradation of a formulation
within lysosomes thdorain endothelial cells would be a costly outcome, due to the
wastage of expensive materials. &ytimizingthe concentration used in studiasvitro

andin vivo, there will be minimal wastage ofdtdose, with the maximal proportion of

the compound available to undergo further cellular trafficking in the BMECs and
potentially undergo transcytosis. However, when considering the total amount/mass of
compound availableto undergo potential transcytosis high, receptor saturating
concentrations may result e greatetmasscompoundreaching the target site. Even
though at highconcentrationshis may represent a lower proportion of theernalized

compound.

The isotype control antibody, although takem ly b.End3 cellsvere not seen tde
effluxedfrom the cells during the chase phase of the study. No significant diffesesce
observedetween the pulse fluorescence and the fluorescence asswodthttek cells at
the 37C chase time points. Additioly there was no difference between tR€ £hase
and 3?7C chase matched time pointdis confirms the lack of a specific uptake pathway

for the isotype control IgG.

2.3.6 Characterisation of the 8D34 antibody
The recent work of Roche and Genentechjyshg the effect of affinity and valency on

the ability of TfR targeting ligands to highlights the importance of these factors in
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delivery across the BBB. The 8D3 antibody, provided by Sanofi and previously
characterised is high-affinity antibody, with bw nanomolar (8 nM) affinity for the
TfR. However, thishigh-affinity causesdecreased'fR levels on thecell surface of

endothelial cells and show limited delivery capacity across the barrier.

To test the effects of antibody affinity on the cellulafficking and uptake of anfifR
antibodiesthe 8D34 antibodywas obtainedrom Abbvie.Thisis a mutated form of the
8D3 antibody with an estimated-f@ld lower affinity for the TfR compared to the native
8D3 antibody. The 8D3 antibody was fluorescéwn labelled with the same method as
previously described. However, with the 8B@3antibody, this lead to owgibelling of
the antibody, with 11.95 moles dye/mole of antiboflye degree of antibody labelling
was reducedby decreasinghe labelling time ad the fluorophore concentration. Firstly,
the labelling timevasreduedto 40 minutes, with the sanggiantityof fluorophore, this
produced a labelling efficiency of 7.51 moles dye/mole of antib®bis would still be
considered ovelabelling of the potein. To further reduce the labelling efficiency the
quantity of fluorophore used was reduced to 1/4 of the sample provided. The labelling
reaction timewas also reducei 20 minutesThis enabled the labelling efficiency to be

decreased to 1.38 molesadyole antibody.
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Figure 2.12: The eliwtisprecdgmraf if
of &D3

Figure A shows the elution of the profile of the 8®antibodythrough a Sephadex
g70 column. The red line represents the absorbance of the fluorophore at 650 f
given elution volume, while the blue line represents tryptophan absorbance at 2
The full absorbance spectra, from 25@00 nm is shown in FigurB. The labelling
efficiency in this case was equivalent to 1.38 moles dye/ mole IgG.

To confirm that ovetabelling of the 8D34 antibody would alter the kinetics of receptor

interaction and uptakall three labelling efficienciewere testedn competitive binding

and uptake studies in b.End3 cells. S®lmpetitionof 8D3-4 binding to b.End3 cells at

4 °C produced three different profiles for the fluorescence assoeidtedells.
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Figure 2.13: The effect of f|l,agbrdp

bind to the TfR

The figure summarizes the effects of over labelling of an antibody abiltty to interact correctly
with the target receptor. Challenge of an eladrelled 1gG, as occurs in graphsDA with unlabelled
antibody fails to decrease fluorescence. In A and B the antibody is labelled with 11.95
dye/mole IgG, while in C an® 7.51 moles dye/mole IgG. Figures E and F show appropria
labelled antibody (1.38 moles dye/mole IgG) and-sefhpetition was observed and the bindi
curve model can be applied. For all labelling efficiencies n = 3, meantd:] background of
unlakelled cells subtracted from all values prior to analysis.
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With the highest ovelabelled antibody, the addition of increasing concentrations of
unlabelled 8D caused theell-associatefluorescence to increasehis may be due to

a selfquenching effect of high fluorophore concentrationglose proximity at regions

of high levels of TfR on the surface of the cells. When unlabelled antivadyadded

this would cause a spacing outloé labelled antibodies on the cell surface. The increased
space between labelled antibodies is then likely to reduce the effectgfisatthing and

so caused an increase @ell-associatedluorescence, as seen in Figure 2.13. The
intermediately labedid antibody (7.51 moles dye/mole antibody) showedsignificant,

the competition of binding to the b.End3 cell surface. While there was no visible
competition of uptake at this labelling efficiency, it is also likely that the-talalling

is still havihg a seHquenching effect, as seen with the higher labelling efficiencies.
However, as the degree of labelling is lower, the-ge#nching effects are likely to be
less. Therefore, the increased spacing of labelledB8 the b.End3 cell surface, with
increased unlabelled 88 concentrations, produces a less observable effect on the

fluorescence (See Figure below).

Over Labelled IgG

* ¥ X
*1* —_—
)k Self-Quenching )k
* *
Expected Fluorescence Actual Fluorescence
Saturation on cell surface causes Unlabelled IgG increases space between
further fluorophore quenching labelled IgG and causes a netincrease in
fluorescence
Figure 2.14: The effect of over | abel

The above is a schematic as the potential effect of over labelling an antibody with fluorophore. The sg
at the t@ of the figure shows how over labelling can causeatinching of fluorophores and diminishe
fluorescence from the labelled antibody. When these-labelled antibodies are applied to the cell surfa
in the case of receptor saturation (lower ldfig fluorophore is further quenched by the close proximity
neighbouring antibodies. When unlabelled 1gG is applied to cells (lower right) competition occurs, 3
space between labelled 1gGs increases. This causes the fluorescent intensity fbell#elpG to increase
resulting in a net increase in cell associated fluorescence.
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With the lowest labelling efficiency of 838 (1.38 moledye/mole antibody) the binding

to b.End3 cellsvas decreaseim the presene of unlabelled 8D3l. This confirms the
binding of 8D34 to b.EndXellsas a seHcompetitive process. Modelling of the binding
curve using standard kinetic models calculates the experimental IC50 of the antibody to
be 24.6 nM (Figure 2.13.F). As the &@led concentration of 808 was 30 nM for these
studies, this would also provide evidence of the saffipetitive nature of 8D3 binding.

This competition data also serves as proof that thelabetling of the antibody in the
previous studies was coifituting to the lack of competition seentire analysisThe self
guenching ofhe fluorophoreand the potential for a reduction of antibody specificity with
overlabelling of the antibodyere confirmedy these binding studies with the different

affiniti es.

Pulsechase analysis of tHew-affinity 8034 ant i bodyds uptake an:t
cells confirmed that the uptake into cells is an active procHsis. was seen by
comparison of 37C to 4°C pulse phases, with a -f0ld increase in fluorescence
associated to cells in the 3C pulse. As with the other transferrin receptor probes, this

was to be expected, as previously stated, theduen of the TfR from the cell membrane

is an active endocytic process. Involvimrgc GTPase proteins in the assbly and

cleavage of vesicles from the cell membrane, to form the clatieiated endosome.
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antibody in b.End3 cells

The figure above shows how increasing the concentration of the lowaintibody
decreases the proportional release of fluorescence over the chase. Figure A sh
pulse concentration of 10nM (lower than Kd) while figure B a higher concentration

nM. Blue signifies the chase af@, while red indicates the active ciesat 37C. Data
shown as mean * std, n = 3 in duplicate, all data points have théumrgscence of
blank cells subtracted prior to further analysis.

The 8D34 antibody exhibits active efflux from b.End3 cells using the pcitsse assay
(Figure 2.15). All 37C chase timgooints show a significamtecreas when compared to
the 37°C pulse associated fluorescence. At all chimse-points asignificantdifference
was observethetween the 37C and 4°C chase fluorescence values. Varying the pulse
concentration of 8D3& again demonstrated how receptor satan has an impact on the
proportion ofinternalisedigand that carbe effluxedfrom cells. As the labelled 838
concentrationwas increasedfrom 10 nM and then to 100nM, the fraction of pulsed
fluorescence remainingell-associatedifter a 60 minuteshase at 37C also increased
from 24.4% to 36%. However, when comparing these values to those of th&@i§b®3 (
affinity antibody), the 8D3! antibody has a greater efflux potential at these
concentrations than that of the 8D3. Due to the lower affinitytife receptor with the

8D3-4 antibody, TfR saturation will not occur until a significantly highencentration
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than the 8D3 antibody. As such, at higincentrationsmore of the 8D3} antibody will
be internalizedwhen bound to the TfR versus the fiyptase uptake that could occur
when the receptors are fully saturated. Therefore theB&8ibody that is within b.End3

cells stillretainthe ability to be trafficked throughout the cell.

In Roche and Genentech studies, the high affinity and bivalemisfof the targeting
strategy caused downegulation of the TfR within BMECH# vitro. Thiswas believed to

be due to bothreceptos crosslinking, with the bivalent forms, triggering lysosomal
delivery signals for the bound TifBien-Ly et al.2014; Yuet al.2014) Additionally, it
hasbeen theorisethat thehigh-affinity forms of the antiTfR antibodies are unable to
release from the receptor when they reach the basolateral membrane of BMECs. Whereas,
low-affinity antibodies against the TfR, can be taken up into BMECs from thedlimi

cell surface, undergo a transcellular trafficking process, and release from the receptor at

the basolateral membrane.
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2.3.7 Permeability Assay

The data presented here relates to the b.End3 cell line and transport studies using different
molecular weght dextrans (10kDa and 70kDa), recombinant human-tnatesferrin and

the chimeric antiTfR antibody 8D3 (a rat anthouse IgGisotype). Figur€.16 A shows

the percentage mass transpomédextranl0kDaacross dranswell insertAcross the

blank irserts there was nearly 40 % mass transport, a permeability coefficient of 1539 x
10° cm.s'. The presence of cells reduced the mass transport over theng
experiment to approximately 13 % of loaded dose, and did not reach an equilibrium over
the duation of the study. Dextran 10 kDa had a permeability coefficient of 12.5 + 6.3
cm.s! across the b.End3 monolayer. Dextran 70 kDa (Figure 2.16.B) showed a lower
permeability coefficient than dextran 10 kDa, with a Papp across the b.End3 monolayer
of 9.2 +5.1 x 10° cm.s’. This was expected, as dextran is used in permeability assays as
a marker of paracellular permeability and barrier integrity. It is widely believed that any
observed dextran in the basolateral chamber is due to paracellular leakagsyisteim.

As the molecular weight of dextran increases, the permeability is expected to decrease,
which was seen in this study. The permeability of dextrans across the across the b.End3
monolayer does appear to be slightly high, when compared to the péditypeasucrose

across b.End3s in the literatuf@midi et al.(2003) measured sucrose fpeeability as
19.6+2.6 x 1¢cm.stin b.End3 cells. Further studies of b.End3 permeability found lower
permeability coefficients for both 10 and 70 kDa dextfanet al.2010) approximately

10-fold lower than the Pap calculated in this chapter. Again demonstrating the
limitations of a purely permeability assay based approach to evaluating targeting ligands

and delivery systems.

Transferrin permeability studies showed the a permeability coefficien6at 8 x 10°

cm.st across the monolayer (Figure 2.16.C). This was lower than the permeability of all
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other probes used in the study. As transferrin is a targeted ligand it may be possible that
the uptake or cell association was greater than that of dextran, and suenaalised

rather than exploiting paracellular transport mechanisms. When considering the
hydrodynamic radius of transferrin, it is greater that both dextran 10 and 70 kDa, and so
this may be a factor influencing the permeability of transferrin. Stumfiésansferrin
permeability across primary BMEGS vitro have shown permeability coefficients of
approximately 1 x 10cm.s* (Hersomet al.2017) This is a far lower than the transferrin
permeability seern this study and indicates how limiting permeability assays across

immortalised BMECs can be.

The finalligand studied in this chapter was the 8D3-difi® antibody. Across the b.End3

cell monolayer this antibody was found to have a higher appareneability than the
endogenous ligand transferrin, as shown in Figure.drideed, 8D3 had a higher
permeability coefficient than dextran 70 kDa, suggesting there may be some form of
trafficking enhancement to the delivery of 8D3 across the monolayer.idtés be
expected as 8D3 is a targeting ligand and as such has been shown to gain access to the

CNS and enhance delivery of a cargo to the CNS.
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The above figure shows the permeability assay fatéhe following probes: Dextran 10 kDa (A
Dextran 70 kDa (B), Transferrin (C) and 8D3 aftR 1gG (D). The studies were performed (

Transwell inserts with 0.4 pm pores, 0.33°aea. Each graph shows the delivery across bl
inserts (squares) anthserts with b.End3 cells grown on (circles). Prior to conducting

permeability assay all insertstwh  cel I s grown on had a mze{razn
40 inserts). The data in graphsDAis expressed as mean + std with the following numbe
replicates. Dextran 10 kDa: insert only n = 4, cells and insert n = 6. Dextran 70 kDa: insarto
6, cells and insert n = 13. Transferrin: insert only n = 6, cells and insert n = 15. 8D3: insert o
4, cells and insert n = 8.

The table in E summarises the permeability coefficients for the probes used in this study. L
at the permeabilityacross insert only, the combined cells and insert and the permeability

b.End3 monolayer only. The data in the table is shown as mean + std.
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Froman initial comparison of the permeabiligpefficients it would appear to suggest a
sizedependentestriction of transportacross the barrier, based on the data for dextran

10kDa, dextran 70kDa and transferrin. However, the antibody against the transferrin

receptor appears to behave against this trend, showing the highest Papp of all

macromolecules use@oth the lower percentage mass transported and the lower Papp
for transferrin could serve to demonstrate the recycling process from cells, which is the
dominant trafficking pathway of transferrin within cell$ie other macromolecules used

do not exhibitas defineda processas transferrin and so this data could suggest that
transferrin taken in by the cells is thenredeased into the apical compartment, thus

lowering the rate permeability across the monolayer and insert.

A consideration that mudte corsideredin the permeability assay is the numerous
possible routes a molecule couéiketo cross the barrier system, not only transcellular
pathways but also paracellular routes. These will contrigigteficantlyto the observed
permeation of the macrorezules. The b.End3 barrier integrity can be questioned based
on the | ow electrical r 2ewdhichsntcemparison to @dent e s
in vivo cerebrovascular capillaries resistances, which typically exhibit greater than
1 0 0 0 YTEER{Crone and Christensen 1981; Crone and Olesen 11982fro studies

with BBB models of increasing resistance have shown that the pafityeaf molecules

such as dextran is reduced in a manner reflecting the incresesstancef the system
(Gaillard and de Boer 2000Yhein vivo permeabiliy coefficient of the paracellular
marker, sucrose, to the brain is has been observed to be typicathyale8slx10° cms-

1 (Ohno et al. 1978; Rapoport et al. 1978he in vitro permeability of these
macromoleules isgreatlyabove this knowin vivo marker and therefore raises further

guestions as to the integrity of the b.End3 monolayer used in these experiments.
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2.3.8 Confocal Microscopy of Inserts

Dextran 10kDa | Dextran 70kDa (red) | Merge

(green)

Apical

Basal

Figure 2.177 Dextran 10kDa and Dextran 70kDa cencubation

Cells grown on apical surface of 0.33cfimanswell membranepore size = 0.4upmean TEER value 3
122 + 1.6Y . & mellsare incubatedvith 200uL of Dextran 10kDa (10uM) and Dextran 70k
(2.9uM) in theapicalwell for 90 minutes at 37°C. Frame depth varies by 2.0um fromstack image,
Red = Dextran 70kDa, Green = Dextran 10kDa, Blue = nucleaddgehst sale bar = 2Qum, n =3 in

triplicate

As shown in the Figurg.17above, both the 10kDa and the 70kDa dexteamenter into

the cell and are present across the entire depth afetheThe punctate nature of the
internalised structures in both greyecanages as well the merge confirms the vesicular
localisation of both dextrans in the cells. Within all cells in the field of view there was
evidence of both probes, showing uptake across the monolayer as a mdiglest
localised regions of cells. Theis almost complete docalisation of the probes within

the cells suggesting they are trafficked through common pathways following endocytosis,
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as expected for dextran 10kDa and 70kDa combinatibms.is due to dextrans nen
specific fluid phase entryand therefore localisation many aspects of all endocytic

pathways.

Transferrin 80kDa | Dextran 70kDa (red) Merge

(green)

Apical

Basal

Figure 2.181 Dextran 70kDa and Transferrin co-incubation in b.End3 cells
Cells grown on apical surface of3@cnt Transwell membraneore size = 0.4 ypmean TEER value 1
12.2 +1.6Y . & Mellsare incubateavith 200uL of Dextran 70kDa (2.9uM) and Transferrin (625nM
theapicalwell for 90 minutes at 37°C. Frame depth varies by 2.0um froratack imageRed = Dextran
70kDa, Green = Transferrin, Blue = nuclear ¢iaechst scale bar = 2m, n = 3 in triplicate

In these images (Figuz18), as in the previouset there areclear, punctate structures
visible throughout all planes of the cells, indiea of vesicular structures and confirming

cell entry of the macromolecules. The presence of both transferrin and dextran 70kDa can
be seen throughout all cells within the imagenfirming a distribution throughout all

cells within the monolayer. Cologshtion between the two macromolecules appears to
be to a lesser extent thabservedn Figure2.18, dextran 10kDé& dextran 70kDa co

incubation. The regions of docalisation may be due to a fluid phase encapsulation of

91



Chapter 2

dextran 70kDa molecules withnegionsof TfR mediated internalisation. There is also
the potential for carafficking following sorting taregionssuch as the lysosomes of both

transferrin and dextran that are applied to the ¢Blsavalleet al. 2005)

Overall the use of confocal microscopy of Transwell inserts to confirm cellular uptake of
the probes used was beneficial, as it allowed confirmation of uptake into cells during the
permeability assay. However, quantitative comparison & tiptake, with different
probes is not possible, due to differences in factors such as laser power variation and
fluorescent intensity of different probes. As all probes showed uptake into cells during
the permeability assay it would suggest that this odlogy is ineffective as a
differentiator between ligands. More detailed information on the uptake and loss of

probes from the cells was gained in the ptllase assays performed earlier in the chapter.

2.4Conclusion

In other studies looking at aAffR antibody uptake and transport, in either perfused
brains or cell monolayers, the isotype control antibody used also shptalsinto the
brainmicrovascular endothelial cel{Bickel et al. 1994) The control IgG used in these
studies is raised against-tiitrophenol and so has mxpectedactivity on BMEC cells.
Although uptake of the control is unexpected likely due to fluid phase uptake through

nonspecific cell processes a similar manner to the behaviour of dextran.

It shouldbe notedthat in these studies there is no way to detsemnwhether efflux is
from the apical or basal membranékwever, the ability to measure the uptake and
subsequent loss from the cells ikegy tool in the characterisation of potential targeting
ligands. Permeability assays, as used here and in otlearchsvork are limited by the
poor paracellular restriction seen withvitro brain microvascular endothelial cells. Even

t h e iinlyvigosnodels, using primary cells, still show paracellular permeability values

that are one or two orders of magnitwdase than then vivo systemgSmithet al.2007;
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Gumbleton and Audus 200By focusing on endocytosis and efflux trafficking in single

cell-type culture, the actual trafficking kinetics da@ examineddirectly.

As seen with the data presented here;suetific, fluidphase markers, like dextran are
seento have high permeability across the b.End3 cell model udedever, when

looking at the kinetics of uptake and loss of dextranEmd3 cels, it was observed that

the dextran i s fAtrappedo within tlwas endc
observedwith transferrin, where the permeability assay showed lower permeability than

the nontargeted dextrarkHlowever, n the pulsechase ass/, transferrin was shown to

have the desirable characteristic of being able to be effluxed from cells. Also, this assay
hasshownit could distinguish between probes that have undergone-finase uptake

and trafficking versuseceptormediatedendocyticprobes, with a defined trafficking
pathway. The pulsehasemethodologytherefore provides a more robust and useable

measure of a ligands potential to undergo transcellular trafficking.

The pulsechase technique, in combination with stédlular colocalzationmicroscopy,

will be used in other work within this thesis to validate the potential of other BBB
targeting ligands. In this chapter, we haxadidatedthe findings of other transferrin
antibody papers, which hawhown lowering the affinity for theTfR, improves the
capabilities of the delivery system. Exemplified by comparison of the -phsse low
affinity and high-affinity antibody data. This methodology wile usedhroughout the
remainder of this thesis to characterise the RVG peptide. Fuvtrkrwill also be done

to expand on thiassayby combining it with total internal reflection fluorescence (TIRF)

microscopy, to view exocytosis events taking place at the basolateral cell membrane.
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Chapter 3: Rabies Virus Glycoprotein trafficking through

brain microvascular endothelial cells

3.1 Introduction

The Rabies Virus is@egativestrandRNA virus that belongs to the Rhabdoviridae family

of virusesin the Lyssavirus genus. Infection of rabies virus is usually following a bite to
the skin froman infected animaWarrell and Warrell 2004)The viruscanundergo a
retrograde transport process from the site of infection, along the axons of neurons to enter
the CNS at the spinal cord and ascend into the Bhnellet al. 2010) Ingestion of
infected meat has also been shown to be a potential route of entry fervialmseinto the

body (Lejeune and Hancock 20Q1n this situation the virus is absorbed across the
mucosal lining of the gut. Studies in mice have shown that there is no observed viral
replication in the site of infectioninstead the viruses migrate along unmyelinated
neuronego cell bodies in the spinal cord and transmit betwemnmonescross synapses
(Shankaet al.1991) The virus particles must reanburone®f the brain for replication

to occur. This ability to pass through a cell without causing infection, it to reach a
replication target is also observed in human immefiogncy virus (HIV) entry across

the mucosal epithelial cells of the gadimerongeret al.1991) Here the virus crosses the
epithelial cells by transcytosifHowever,no replication occurred within these cells

(Bomsel 1997)

Several studies looking at the uptake mechanismbaésavirus by cells suggested that
clathrirmediated endocytosis is the dominant uptake pathway ofrabies virus.
Piccinotti et al.(2013) showed cdocalisation oflabelled virus particles with GFP

conjugated AP2 protein, as a markeclathrinmediatedendogtosis. It was observed in
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these studies that 76% of virus particles appeared in the same region as {GERP2
construct and 24% appeared to enter into the cells through an alternate fRilbwiaptti

et al.2013) Earlier studies into rabies infection of cells gave evidence that acidification
of the endosome alters the rabies virus glycoproRWQ) to facilitate viral aggregation

and membrane fusidiGaudinet al. 1993; Finkeet al.2004)

Retrograde transport of rabies virus along axons is believed to occur through the
interaction of the exterhaurface glycoprotein, RVG, with the microtubule cytoskeleton

of the neurone Transportin this manner occurs at varying rates, but generally between
3-10mm/hr depending on the virSodeik 2000) To facilitate transportiruseswill
interact with the microtubules, through tiignactin,dynein cytoskeletajproteins withn
neurones This movement along neuronal axons can occunuttiple states, through
direct interaction of the viral coat peat with cytoskeletal motors. Alternatively, viruses
within an endosome may alsodergotrafficking along an axon through the interaction

of endosomal membrane proteins witduronatytoskeletal proteins. The viraanmove

across neuronal synapses to facilitasetrafficking to the brain and the subsequent

transport to other peripheral infection and replication sites.

The complexity of RVG has meant a single receptor habeen identifiedo mediate
rabies virus internalisation. The RVG protein is seen ostiniace of the virus particles
arranged in a trimer, as confirmed by SEM imaging of rabies virus pafii&desin Y et

al. 1992; Sissoéffet al. 2005) Additional studies with other Lyssavirus surface
glycoproteins have shown glycoprotein trimeen extend or contract into the virus
depending on the local environmé@audinet al. 1993; Ferlinet al. 2014; Albertiniet

al. 2012) However, this has ntween performedn the crystalline stragre of RVG.
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Although initially rabies virus was thought to enter cells through the nicotinic
acetylcholine receptor, more recent studies have highlightdtiple potential targets for
endocytosis of the viru&Gluska et al. 2014 In this chaptethe potential receptor targets
for RVG and the evidence supporting them in the literatvas examinedrurthermore,

the expression of these receptors on cerebral vascular endiotteeid therefore their
potential use as a target for ligands fbrainspecific delivery of nanoparticle and

macromolecular entitiesas examined

3.1.1 Evidence for NicotinicAcetylcholine Receptor Bnding of Rabies Virus

There have been links shown beémethe administration of -bungarotoxin and a
reduction in the effects of rabies virus infectiarvivo (Lentz 1982; Lewist al. 2000)

The amino acid sequence of RVG has been shown to have regions of homology with
known neurotoxins thatantarget the nicotinic acetylcholine receptor (nAcl{Rgri et

al. 1990; Lentz 1985)This evidence has led to the belief that this is a binding site and
route of entry of the rabies virus into neuronal cells in muscle tisdmeever in the

same article by éntz (985) there wasa referenceo studies which looked at switching

the Arg333 residue, of the glycoprotein, for other amino acids and showed this mutation
dramatically changed the ability of the virus to infect the host (Bilstzscholdet al.

1985) This alteration in uptake would be suggestive of either an alternate receptor for
RVG with the host cells or show th&ructuralimportance of this residue in the
corfirmationof the protein as a whole. The binding of rabies virus to isolBtededo
nAchR was shown to beompetedby cholinergic receptor antagonists, suchlhas

bungarotoxin antlubocurarine(Lewis et al.2000; Lentzet al. 1986)

This evidence presented above, as well as the accumulation of rabies virus in muscular
tissue at the neuromuscujanction, is why the nAchR is believed to havéey role in

rabies virus uptake andfection.
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The RVG peptide YTIWMPENP RPGTRCDIFT NSRGKRASNG) itself is derived

from the region 194822 a.a. of the parent glycoprotein. Within this region is the
homologous sequenceharedbetween RVG and several neurotoxins targeting nAchR,
as shown in @ble 3.1Additionally, this peptide has been shown to reduce the binding
of loop neurotoxins, such a$bungarotoxin to isolated subunits of the acetylcholine

receptor(Lentz TL 1990)

Table 3.1: Analysis of homology between the Rabies Virus Glycoprotein
sequence and the nAchR binding domains adng-chain neurotoxins

1. C D|I F|IT|N S R G K R | Rabies Virus Glycoprotein

2. C D|A|F|C S|S R G K |V | UBungarotoxin

(Bungarusmulticinctug

3. C D|IK|IF]|C S | R G | P V | a-Bungarotoxin

(Bungarusmulticinctug

4. C D|A|[F|C s I |R G K R | UcCobratoxin
(Naja najg
5. C D|G|F|[C SIS R G K R | LongNeurotoxin?2

(Ophiophagus hannah

6. C DIN|JF|[C AlS R G K R | LongNeurotoxin?2

(Naja melanoleuca

7. C|S P G E S|S|C Y N K| Erabutoxin A

(Laticauda semifasciaja

Studies in bovine brain microvasculature have shown the presence of nAchR subunits in
the endothelial cells and have linked these to moidulaf BBB permeability following

activity of nicotine and other nAchR agonists on these recef@blsuscatcet al.2002)
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Further to this, expression of nAchR has been observed wearebral endothelial cells
from thehumanaorta(Macklin et al. 1998)which gave evidence of vascular expression
of these receptors at other sites within the b@uyestioning the selectivity of nAchR as
a target fobrain-specificdelivery. A study using the RVG peptide to look at binding to
Neura2a and Hela cells showed a decrease’@iiinding of the peptide in the presence
of increasing concentratiotisbungarotoxin(Kumar et al. 2007) The same study also
showed that siRNA conjugated to and RVG pepRfeconstructs was able to deliver the

siRNA and mediate gene silencing in neurones botfitro andin vivo.

The preise internalisation mechanism for the nAchR is not fully understood. Several
papers show the involvement of CME, while others impliceéeolirmediated
endocytosis and further suggest lipid raft partitioning as the mechanism for nAchR
endocytosis. Theeceptor regulation of nAchR expression occurs without changes in
MRNA levels, indicative of a conservation pathway by which these receptors may be
stored within intracellular pools until requir@gensteret al. 1999) The data relating to
nAchR trafficking ha so faibeen collectedsing neuronal cell modelandany potential
trafficking pathways within BMECsre unknownConcerningrabies virus infections,
while the nAchRdocationon postsynaptic cell membranes is understood, evidence of
their presence othe presynaptic membrane is not clear. As such the role of the nAchR
in rabies virus infections is thought to be involved in the initial amplification of the virus

in muscle tissue before retrograde transport to the C&fHN 2005)

3.1.2 Evidence for GABA receptor binding

Recent studies looking at nanopatrticles decorated with RVG29 shovaebhgnistration
with GABA reduced the uptake of these particlésweverthe adminstration of NnAchR
agonists and antagonists appeareddbaffectthe uptakeof these particlegliu et al.

2009) There is some kinetic data which suggests the t@mapotoxins have a lower
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affinity for variants of the GABAg receptors than the nAchR, witn affinity in the
range of 500nM for the GABA receptor@McCannet al. 2006; Hannaret al. 2015)
However, there are currently no crystal or NMR models for this interaction, drawing

guestions as to theS€ABA receptors being putative receptors for the RV{pagtide.

GABA receptors are known to be endocytosed via clathediated pathways associated
with this receptor(Kittler et al. 2000; Satcet al. 2009) which could contribute to the
observeclathrirmediatedendocytosis of rabies virus asvhole(Piccinottiet al.2013)
However, as their ability to bind and internalise the R2E5peptide is currently
unknown. And a binding site for the loop neurotoxins has not been identified and
characterised on the GABA receptors, GABA recepi@® not investigateals thanajor

target receptor for the RVG peptide.

While the previously discusseéceptors appear to be able to bind both the RVG peptide
or the whole virus, the next receptors discussack onlybeen studieavith intact rabies
virus or rabies virus glycoprotein internalisation. And have not saatiedwith loop

neurotoxins or the RG peptide.

3.1.3 Evidence for p75NTR binding

The low affinity nerve growth factor receptop75NTR, is considered a rabies virus
receptor after studies using chimeric IgG Fc domain bound to the p75 protein was shown
to reduce rabies infections and virauot in vivo (Langevin and Tuffereau 2002)
Additionally, co-localisation between fluorescently labelled rabies virus and fluorescent
antrp75NTR 1gG has been shown in endosomes of dorsal root ganglion cells of mice
(Gluskaet al. 2014) This colocalisation could be observed throughout the length of
neuronal axons, suggestimgonsremain bound to the receptor throughout trafficking by
this pathway. Studies into the-tacalisation of rabies virus with putative receptors also
show highpercentages ofthe internalisedvirus, which did notco-localise with the
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receptor of interest in their respective studies, highlighting the heterogeneity of rabies
virus entry into cells. Indeed, a study by Jackson and Park (1999) demonstrated that mice
deficient in p75NTR were not protectedrom developing viral encephalitis following

rabies infection.

The p75NTR receptor itself has been observed, in neuronal cell types, to alter endocytosis
pathways from clathriindependent talathrindependenfor axonal transport of the
receptor(Deinhardtet al. 2007) This shift appears enhanced by the presence of bound
rabies virus at the receptor, further indicating the heterogeneity of cellular infection

mechanisms.

3.1.4Evidence for NCAM-1 binding

An extensive study by Thouloure al(1998) showed that in both amvitro andin vivo

setting the expression of neurbrell adhesion moleculgé (NCAM-1) has a role in
cellular uptake of rabies virus and transmission of infectimwever they also conclude

that there are likely to be othexceptormediatedpathways that can affect viral entry as
infections were obserdeto a lesser extent in knockdown models/itro andin vivo
(Thoulouzeet al. 1998) NCAM-1 has several extracellular lg&e domains thatan
interactwith other NCAM molecules on adjacent cells (Sandi 2004). These molecules
maintain the spacing between neurones, glial and other cellitypes. They also serve

a protective role to limibverstimulatiorof cells by neurotransmitters and can cause cell
migration and controlled neuronal plasticity. The NCAM L1 isoform of the receptor has
been shown to associate with adapter protein 2 (AP2) in endocytosis, thus considered to
undergo clathrirmediated endocytosis when internalised by cells (Kamiguchi.et al
1998). Other studies have shown that rabies infection and progression can be reduced or
delayed by the cadministration of decoy, soluble NCAMreceptors or by competition

with antibodies against the NCAM receptors (Thoulouze et al. 1998).
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In parallé to this,a recent study by Hset al(2014) showed that nanocarriers targeted to
ICAM-1 appear to undergo transcytosis across the BBB endothelial cells in culture and
other component cells of the neurovascular unit. ICAM is another example of a cell
adhesion molecule (CAM) family of proteins. In this article, they postulate an endocytic
route of transport that is independent of clathrin and caveolin, -G#diated
endocytosis (Hsu et al. 2014). This idea is one that has been postulated for cell adhesion
molecules previously, where aAtCAM receptor antibodies were shown not to- co
localize with markers of clathriror caveolinmediated endocytosis (Muro et al. 2003).

As NCAM molecules also belong to the CAM familygrbteins,it may be possible that

this is an alternate route of entry for the receptor endocytosis into the cell and trafficking

through the cytosol in transcytosis.

3.1.5Modulation of Protein Expression

There are several technigques which can be utilised to downregulate or completely ablate
expression of a protein within cells. These techniques can result in the transient
knockdown of a protein (siRNA), the generation of a stable cell line with reduced protein
expression (RNAI or Ribozyme) or the complete knockout of a proBRSPRCas9,
Trarscription ActivatorLike Effector Nucleases TALENS, Zinc Finger Nucleases
ZFNs). All these techniques utilise known biological mechanisms, within eukaryotic or
prokaryotic cells as well as viral mechanisms to facilitate genome or transcriptome
manipuldion. More preciselyCRISPRCas9, TALENs and ZFNsll causedouble
strandbreaks at targeted sequences within genomic DNA. The latter two methods use a
system of endonucleases, bound to Di¢8ognition proteins to mediate the cleavage at
the target locabn. However, the complexity of the endonuclease used in the TALEN and

ZFN methods means redesigning the enzyme for each target site. WERIBR&HCas9

101



Chapter 3

uses the same endonuclease, guided to the target by guide RNA (gRNAtansicseen

multiple sequeces with ease.
3.1.5.1CRISPR/Cas9 Genomic Editing

This system of genetic knockout utilises the Cas9 endonucleases from bacteria, such as
Streptococcus pyogenes S. themophilius and Neisseria meningiditis These
endonucleasesare part of an adaptive immungystem for bacteria to protect from
bacteriophage infection by cleavage of targeted DNA regions, selected for by clustered
regulated interspaced short palindromic repeats (CRISPR) RNA (crRNA). This crRNA,
typically 20 nucleotides in length the guide RNA(gRNA), with proximity to a
protospacer adjacemnhotif (PAM), is specific to regions of the infecting organism.
Additionally, these gRNASs require traastivating crRNA (tracrRNA) to recruit the Cas9
enzymes to the site of cleavage. In bacteria, the atgaof the infecting, viral DNA
results in its degradation and prevagtithe spreaaf infection. Within the field of
genomic editing in eukaryotic cells the cleavage of genomic, datitdladed DNA
requires endogenous repair mechanisms to correct thekore I n t he case
doublestrandedbreak,thereare no overlapping sequences of DNA presemig so no
template to facilitate the repair process. To overcome this and ensure the maintenance of
chromosomal DNA the cellular process call Ammologus end joining (NHEJ) will

take place to attempt to cleaved DNA (see Figure 3.1 below). The process of NHEJ is
error proneand so is likely to result in either the insertion or deletion of regions of DNA
around the cleavage site. Therorprone repair mechanism is exploited in the
CRISPRCas9 technique to result in the expression of afapnational mMRNA and

proteins within the cell. Leading to complete knockout of a target gene.

With the CRISPR/cas&chniqueijt is possible to remove entire sectiorighee genomic
DNA, using multiple targeted gRNA sequences in the same cell. This approach is known
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BN

asadoubleni ckase approach. I nto the fAgapo in

sequences of DNA, rather than allowing the NHEJ approach to tate [athis way,

the CRISPR/cas9 technique Hasen useds a way to produce stable cell lines co

expressing a receptor with a fluorescent protein attachediglitlighting the versatility

and functionality of the CRISPR/cas9 method in cell biology.

zRNA target region in genomic
\ DNA shown in green, adjacent
TN to PAM region (yellow)

y
/ Cas9 endonuclease B
k zRNA refers to the complex of

\_sgRNA
------- . the ,,4eRNA (target specific)
k and ¢,,.RNA (Cas9 specific)

tracRNA facilitates the
recruitment of Cas9
endonuclease target site and
subsequent genomic cleavage.

- e L S

\ - |
e - —————— “FAM Genomic DNA
s-ATCATGCCGATCGTTAACCGATCCAGITGGGCAATCGCTAACCGTCGG

\\ /’/
»TAGTACGGCTAGCAACCGGCTAGGTCACCCGTTAGCGATTGGCAGCC™
S

& -
B " Cleavage Site

Figure 3.1: CRISPR/ Cas9 system
The above figure shows a schematic overview of crisp@@aediated genomic editing
In this example, the guide RNA (red) sequence recognises the region imme

adjacent to the PAM (yellow). The tracrRNA (orange) is then recognised by the
enzyme (blue), which is recruited to the site to mediate genda@geage. Adapted fron

Figure 1Ran et al(2013)

Going beyond the field of cell biology and into compteganismsthe CRISPR/cas9

genomic editing tool haseen useth vivo. Embryonicmodification has been used to
create disease models for experimental use. While, also allowing for inducible genetic

modulation, to triggeadisease causingutations in adult species and study the effects.
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Overall, the CRISPR/cas9 approach insiteplestform offers a rapid and reproducible
technique to create stable cell lines with genetic modifications. For thecolawifying

the RVG peptide targeteceptor this technique will be used as a method to create a
permanent knockout of tHg7-nAchR. Allowing testing of the target receptor with the
brain targeting ligand and clarification of the reports in the literature about the putative

receptors for the RVG peptide.

3.1.6 Chapter Aims

To assess the expression of putative receptors foRY@ peptide inBMECSs, reverse
transcription polymerase chain reaction (tPCR) were performed in the immortalised,
mouse b.End3 celine (ATCC) and primary porcine brain microvascular endothelial
cells (isolated in théaboratory. Following this, the ugtke of the RVG peptide and
scrambled sequence control peptide were assessed in BMECSs, to confirm the viability of
the peptide as a potential targeting ligand for brain delivery, through theghalse assay

used in the previous chaptd@he final aim of this chapter was to asstb&sinvolvement

of theU7-nAchR in the uptake of the RVG pegei The objectives for this chaptereve

as follows:

1. To confirm the uptake atabbelled RVG pepde into BMECs as an active,
sequencalependent and setbmpetitive process.

2. To assesthe uptake and efflux of the RVG peptide witlBMEC models

3. To canfirm the expression of putative target recepteithin BMECs

4. To confirm the uptake mechanism of RVG into cdhsough competitiveuptake

approaches and protein expression modulation (SIRNA and CRISPR/cas9)
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3.2 Methods
3.2.1Materials

Dul beccods modi fied eagle medium ( DMEM)
Sensicell MEM, fetal alf serum (FCS), horse serum, tryp&iDTA (0.5%) dissociation
solution, Penicillin -Streptomycin  (10,000U/mL), dispasel}Bungarotoxin, U
Bungarotoxin AlexaFlu® 647, Cell Mask AlexaFlu@® 647, BODIPY-LACER,
Dextran 10kDa Alexa Flu@ 647, gRNA Synthesis Kit, Genomic Cleavage Detection
Assay and all custom synthesized DNA oligomers for PCR and RNA oligomers for
CRISPR/CasQvere purchased from Life Technologies, UHoechst, Percoll solution
and ethidium bromidevere obtainedrom Sigma Aldridge. All plastics for cell culture
were purchasedrom Fisher Scientific as well as sodium chloride, potassium chloride,
magnesium cloride, calcium chloride, disodium hydrogen phosphate, potassium
dihydrogen phosphate, sodium dihydrogen phosphate, sodium bicarborgitesoBe,
bovine serum albumin (BSA) and sodium hydroxide. Type 1 Rat Tail Collagen solution
and collagenasdispasewere purchasedrom Millipore-Merck. See Appendix 1 and 2

for the formulation of the buffers. The RVG derived peptidese synthesisedoly EZ Bio

Labs,the fluorescentabel used was tetramethyl rhodamine (Rho).
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3.2.2 Overview of brain microvascular cell Ines used in these studies

The b.End3 (mouse brain microvascular endothelial ce#tl)line was suppliedoy
COMPACT from the GSK source and growncording tatheir SOPs and replenished

from stocks when the cells had undergone 20 passageslaytitter defrosting the vial.

Briefly, the b.End3 cell line is the most commonly used mouse model of the BMECs
vitro, thesewere immortalisedy use of a middle T antigdiVilliams et al. 1989) The
characterisatin of b.End3 cells showed the expressionkef transport proteins and

efflux pumps as well as expression of tight junctional prot@mnsidi et al.2003) When

these cells are grown on insert membranes the electrical resistance across a confluent
barrier, have been observed to be approximately ¥226 Y .cn?, much lower than

knownin vivovalues for brain microvascular endothelial cé@snidi et al. 2003)

Table 3.2: Summary of growth conditions for celtlines and media supplements
Cell Line Medium Serum Antibiotics Dissociati | Seeding Density
on Media
(Source)
b.End3 DMEM + Fetal Bovine| NO Trypsn- | 1 x 10 cells/cn?
0,
(COMPACT) | Glutamax | S€"um (10%) (EODOTQA) |
(90%) '
PBMEC M199 (90%) | Heat Inactivated YES Single 12x 10* cells/cnt
(Gumbleton Horee  Serum passage
Laboratory)
hCMEC/D3 EBM-2 Heat Inactivated YES Trypsin 2 x 10 cells/cn?
(VH Bio) (95%) Fetal Bovine EDTA
0 Serum (5%) (0.05%)
+bFGF (1ng/mL)
SH-SY5Y EMEM (45%) | Heat  Inactivated YES Trypsin | 2 x 10 cells/cn?
(ATCC) + DMEM/F12 | Fetal Bovine EDTA
(45%) Serum (5%) (0.05%)
+ HEPES (20 mM)
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Further, 1st/ 2nd passagercine BMECswere usedhat had been isolated by other
researchers in the Cardiff Laboratomhese porcine cells are grown aollagencoated
surfaces to promote closer ee#ll contacts in culture (5ug/énsee Appendix 3 for
details on the mass andlumes required for coating various cell culture surfaces).
Following seeding of frozen cells onptastic,the PBMECs are washed with PBS 2 days
postseeding to remove debriand the media was changed every third day until a
confluent monolayewas obsered There are many well established primary cell lines
usedin research, for the modelling of the BBB, including porcine, rat and bovine models.
These tend to exhibit phenotypes, at lower passagato that are more similar to the

in vivovessel endo#lium. The establishment of a porcine cell model was first reported
and evaluated by Franlet al(1999) and subsequent studies have proven its integrity as
anin vitro model for the BBB(Frankeet al. 1999; Smithet al. 2007; Patabendiget al.
2013) Studies have shown it is possible to produce high-rahslar resistancealues,

in excess of 800Y.cn?, in cultures where fAswitcho
junctional formation through the removal of seru 8ays post seedir{¢ioheisel et al.
1998; Franke et al. 1999; Nitz et 2003) As well as sucrose permeability ranging
between to 1x18cm.s! to approximately 3x10(Smith et al. 2007; Patabendige et al.
2013a) that is comparable to known vivo data for sucrose permeabilifiRapoportet

al. 1978)

The hCMEC/D3cell line was purchased from Cedarlane ard immortalisechuman

BMEC. These cells are cultured according
passages 285 for use in studies to maintain the BMEC phenotype. hCMEC/D3azells
grownon collagencoatedsurfaces. nCMEC/D3 was established by Wekstiexd (2005)

through the transformation afolatedfrontal cortex endothelial cells with hTERT and

SV40 T antigen to immortalise them for use. hCMEC/D3 @eliswell characterisefor
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junctional proteins as well as use in transport studies. They typically show hmyiner t
cellular resistance values than rodent models as well as an ability to undergo in excess 35
passages while maintainirgnontransformed phenotyp@Veksleret al. 2005; Dauchy

et al. 2009) Studies have shown an electrical resistance geegtlybetween 4% .cn?

to in excess oflOOY .cn? (Hatherelletal. 2011; Danielst al.2013)and a high sucrose
permeability of 26.6x108cm.s'. These TEER values are seen to be close to those of
isolated primary cell¢Danielset al. 2013) however are still much lower tham vivo

|l evel s andl d alky 0 nrhaetriemmd iis confirmed by t

In routine culture the b.End3 and hCMEC/D3 cell lines are passaged-31 80
confluency. Briefly, cells are washed 3 times with calciamd magnesiurfree PBS to
remove any cellular debris. TrypsiEDTA solution (0.05 %) is then applied to cells for

5 minutes to dissociate cells from plastic. Finally, cells asispended in the appropriate
culture medium and counted for seeding. Primary porcine cells are typically only used

for a single passage @so are seeded from frozen stocks for the desired assay.

3.2.3 RNA Isolation

Cells are grown in T25 flasks until a confluent monolayer can be observed by light
microscopy. TrypsitEDTA (Life Technologies) was used to dissociate cells from plastic
and thes are pelleted by centrifugation. The media was removed and cells are lysed by
the addition of 1 mL TriReagent (Sigma Aldridge) and vigorous pipetting to homogenise
the mixture. To this, 0.2 mL of chloroform (Sigma Aldridge) was added and the tube was
vortexed then allowed to settle, on ice, for five minutes. The chlorefarReagent mix

was then centrifuged at 12,000 x g for 15 minutes @ b allow phase separation of
protein, genomic DNA and RNA. The upper, aqueous phase, containing RNA carefully
collected and added to 0.5 mL of isopropanol (Sigma Aldridge) to allow pelleting of RNA

by centrifuging at 12,000 x g for 10 minutes &G4 The RNA pellet was then washed

108



Chapter 3

twice with 70% ethanol and finally +®uispended in between-80 uL of DEPC water.
TheRNA extracts were quantified using Genequant machine and ensuring 260nm:280nm

absorbance ratio of ~1.8.

3.2.4 Reverse Transcription Reaction

To an RNase free tube was added oligo (dT), dNTPs{RD6f each), 500ng of isolated
RNA and DEPC water (volumeshown in Table 3.4) and this mixture was heated to 65
°C for 5 minutes. Following this heating the tube was placed on ice and 5x First Strand
Buffer, DTT and RNasin were added to it. Tiabewas heated to 37C for 2 minutes.
M-MLV was added and the tuligeplaced in the thermocycler with the following protocol

in Table 3.3.

Table 3.3: Reverse transcription reaction program

Temperature (°C) Time (min)
Step 1 25 10
Step 2 37 50
Step 3 72 15
Step 4 4 b

Following the reaction, the cDNA was diluted one in three with molecular biology grade

water and kept aR0 °C until use.
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Table 3.4: Reverse Transcription reaction volumes

Component Volume (uL)
Oligo (dT) 1

dNTPs (10mM) 1

5x First Strand Bffier 4

DTT (0.1M) 2

RNasin (40 unitgL) 1

M-MLV reverse transcriptase (20 1

unitsjuL)

500ng RNA Variable

DEPC water To give 2QL total

3.2.5 Polymerase Chain Reaction

PCR reactions were performed using HotStart Tag Polymerase &g@IUK) and the
protocol provided. In summary, cDNA from the previous step was added a microfuge
tube containing PCR buffer (Mg€lincluded), HotStart Taq polymerase, dNTPs,
molecular biology grade water and the forward and reverse primers for the gepecst

(Table 3.5). In case of negative controls excess molecular biology grade water was added,

equal to the cDNA volume.
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Table 3.5: PCR reaction components

Component Volume (uL)
10x PCR Buffer 2
dNTPs (10 mM) 0.4

HotStart Taq Pol (2.4 0.1
unitskeaction)

F-Primer (10uM) 1

R-Primer (10uM) 1

cDNA 1
Molecular Biology 14.5
Grade Water

Total Volume 20

The reactions are run in thermocycler using the protocol in Table 3.6, stapsanplify
the desired gene products are cycled throughindds in total. Due to the HotStart Taq
polymerase an initial period of 15 minutes at°@5is used to activate the enzyme prior

to the amplification process.

Table 3.6: PCR reaction program

Temperature °C) | Time
Step 1 | Enzyme Activation 95 15 minutes
Step 2 DNA Denaturing 94 30 seconds
Step 3 | Primer Annealing 54 45 seconds | 34 Cycles
Step 4 Amplification 72 60 seconds
Step 5 | Final Amplification 72 10 minutes
Step 6 Until Analysis 4
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3.2.6 Gel Electrophoresis

Amplification products are analyden a 2% agarose gel. The agarose was dissolved in
TBE buffer by rapid heating and stirring. As the agarose solution cogils 8Dethidium
bromide (EtBr) solution was added and mixture is shaken to ensure an even distribution.
Once the agarose solutibas cooled to approximately B8 °C it can be poured into the

gel cast and allowed to set for ~30 minutes. When set the gel was placed in the
electrophoresis tank and TBE buffer was added to submerge the gel and ensure all wells
are filled with buffer. P& products were mixed with an appropriate volume of 5x Gel
Loading Buffer (New England Biolabs). From this mixture [flL5was added into a well

of the electrophoresis gel andub of DNA ladder loaded into the first lane of the gel.
The gel was run at 90#r 40 minutes to allow separation of the DNA bands. Immediately
following the electrophoresis, the gels are imaged using the ChemiDoc (BioRad) with

and EtBr filter and minimising saturation of control bands.

3.2.7 Primer Design
Gene accession numbers foaRNA of mouse and porcine genes were found using the
Nucleotide search function of NCBI. Primers were designed using the Primer Blast

(http://www.ncbi.nlm.nih.gov/tools/primdslast) with the melting temperature range

between 5%63 °C, the GC content between-88%, primer length between -B% bases
and a maximum product size of 1000 base pairs. The human primer pairs were

predesigned from Life Technologies (Refer to table 3.9).
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Table 3.7:Mouse PCR primers

Gene Amplification Length
Name F/IR Sequence 5-3 (bp)
CHRNA3 F GAA GGT GAC GCTCTG CATCT 416
R CCC TAC GGT GGT GGC AAT AG
CHRNA4 F CGT CTAGAG CCCGTTCTG TG 191
R GGC CGAGACCACTTGTTG TA
CHRNAS5 F AGC ATG GCC TAC TCT GGA AG 876
R TCA GAAACG AGAGCCCGATG
CHRNA7 F ACA TGT CTG AGT ACC CCG GA 264
R AGG ACC ACC CTC CAT AGG AC
CHRNB2 F ACT CCT CCC CTAGTAGTTCCAC 777
R CAG GTC AAT CTC AGT GCG GT
CHRNB3 F CGA GGC TCT GAACCACTT GT 356
R TGG TCT GTC CAT TCC ACATCT
CHRNB4 F CCG GCC ATG AGG GGT ACG 271
R GGC GGT AGT CAG TCC ATT CC
NCAM-1 F CCATCATGG GCC TGAAACCT 167
R GAG CGC TCT GTA CTT GAC CA
p75 NTR F GGC TAC TAC CAG GAC GAG GA 580
R TGT CGC TGT GCAGTT TCT CT
GAPDH F TGT TCC TAC CCC CAATGT GT 382
R TGT GAG GGA GAT GCT CAG TG
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Table 3.8:Porcine PCR primers

Gene Amplification Length
Name F/R Sequence 5-3 (bp)

CHRNA3 F TCA CTG GTG ATC CCC CTG AT 272
R GAC TCG GTACGG TTG AAG CA

CHRNAS F GAA CCC GGATGACTACGG TG 340
R CGC GCT CACAATTTCCCATT

CHRNA7 F TGA TGT GCA GCA GTG CAAAC 847
R CCG CACCTC CTC CAAAATCT

CHRNB2 F CTC CCA CCACTT TAG GCG AG 185
R TGG GCG GAT AAG CTT GTT GT

CHRNB3 F AAC GTT CAC CACCGATCCTC 573
R CCC TGA GAC CAA CAC AGG AC

CHRNB4 F GGA ACA GCT CCC GCT ATG AG 276
R ACC ATG TCG ATC TCC GTG TG

NCAM-1 F TCC ATA GCC CTC CTC CAC AA 483
R CGG CTT TTC CAC ACA GGT TG

p75NTR F GGA CTC CAC TGG AAG CCG AG 157
R GTG TAC ATG CCT GTG GGA CA

B-actin F ACT ATC GGC AAT GAG CGG TTC 288
R AGA GCC ACC AAT CCA CAC AGA
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Gene Amplification Length
Name F/IR Sequence 5-3 (bp)

CHRNA1 F TCCCTG TTACCCATATTIGATTTCCT 503
R TCT GTT AGA AGG AACTGAGGCTTAT

CHRNA3 F TTT AAG CAC AGT GGG CCA AAAAC 248
R GGG AAG TAA AAC CAG GCT GAT TCT

CHRNA4 F ATG CTG CAG GAG CTC TTG TAAATG G 505
R GTG TGT CAG GCA CTC GTA GGT

CHRNAS5 F CTT AAG GAG CTC AGC ATATTC CAAT 506
R ATA TGC ACA CCT ACCACATCCA

CHRNA7 F GGG CCAGGTTTG GGATCTC 266
R GAG TGG TTG CGA GTC ATT GG

CHRNB2 F CCT CAT GTT CAC CAT GGT GCT 270
R AAG CAC GTG CAG GAG TCG

CHRNB3 F GTG GTT GGG ACATTAGAT GCATTT 546
R GAG CTC AAG CCT GGA CCT ATG ATC

CHRNB4 F TTG ATG GCC AAT GCT CAC ATATTT ACT TA 258
R AGT ACGTGG CTATGG TGG TG

NCAM-1 F AAT GGC AGT AAA AAG AAT TTG AGA GC 503
R AAG CTG ACACTT GTT GGCACAT

P75 NTR F GAC GGA GGC CTC TAC AGC 260
R CAC AGA CTC TCC ACGAGG TC

GAPDH F CCAACG TGT CAG TGG TGG A 268
R CCTGCACTTTTT AAGAGC CAGTC

3.2.8 Confocal Microscopy of RVG Uptake

All imaging studies were performed on live cells using the Leica TCS SP5 inverted,
confocal microscope. In these studies b.End3 cells were seeded in MatTek imaging dishes
at a density of 10,000 cells/érand allowed to grow until a confluent monolayer was

observe. The culture media was then aspirated from cells and the cells were incubated

with DMEM, HEPES with 0.1% bovine serum albumin (BSA) for 30 minutes &€3@

remove serum proteins from cells. DMEM + 0.1% BSA was then removed and cells

incubated with RV&hodamine (58L00 uM) for 60 minutes at 37C or £C. Cells were
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then stained with Hoechst (ud/mL) for 5 minutes, washing three times with PBS before
imaging. When comparing the uptake of RWi@&damine with the scrambled sequence
peptide, a concentraticof 5uM was used for comparisdar a 1 hour pulse duration at

37 °C. Cells were then stained with Hoechst (@AnL) and Cell Mask Alexa Flu@r

647 (diluted 1 in 1000 from stock) for 5 minutes. The cells were then washed 3 times in
PBS prior to imagingCells were imaged live, in MatTek glass bottomed dishes, this
allowed Zstack images were taken through the cells at @ri@Sntervals. These single
slices were then combined to for a maximum projection image post acquisition using Fiji
software. With thdéluorophores used the lasers and corresponding emission settings were
as follows: Hoechst Excitation 405nm, Emission 42640nm; Rhodamine Excitation
544nm, Emission 56600nm; Alexa Flud® 647 - Excitation 633nm, Emission 650

680nm.

Table 3.10: RVG peptide sequences

Peptide Name Peptide Sequence

RVG-[Rhodamine] | Rho-DYTIWMPENPRPGTREDIFTNSRGKRASNG

RVG Unlabelled DYTIWMPENPRPGTPCDIFTNSRGKRASNG

Scrambled Peptide | Rho-DSRGTMPYANTWFTPGSRNECKPIDPRGNI

[Rhodamine]

RVG UC- Rho-DYTIWMPENPRPGTRADIFTNSRGKRASNG

[Rhodamine]

U-Bungarotoxin YTIVCHTTATSPISAVTCPPGENLCYRKMWCDAFCSSRGKWELGCAA

TC PSKKPYEEVTCCSTDKCNPHPKQRPG
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3.2.09 Fl uorescence Pl at e Reader and FIl o

Bungarotoxin binding and uptake

To quantify the binding and uptake of rhadaelabelled RVG derived peptides into
cells a fluorescence plate reader assay has been developed. For these studies b.End3 or
hCMEC/D3 cells were seeded into-d2ll plates at a density of 10,000 cellsfcan
25,000 cells/crarespectively and allowed tgrow until confluencyThe culture media
was aspirated from cells and the cells are then incubated with-Rie@er buffer with
0.1% bovine serum albumin (BSA) for 30 minutes at’@7o remove serum proteins
from cells prior to assessing uptake or bigdiwhen comparing theptakeof the RVG
rhodamine, scrambled sequenbedamine (SCRAM) and the delta C peptides
(sequences in Table 3.10) AV of the peptide was applied to the cells for 1 hour at 37
°C. Following this, cells were washed with PBS andidigpdissociated using high
concentration TrypshEDTA (0.125%) solution at room temperature. Cells were then
pelleted by centrifugation at 1000 xg for 10 minutes‘t 4nd lysed using 0.1M sodium
hydroxide solution for 1 hour on ice. Lysates were ckiged at 10,000 xg before

quantification of rhodamine fluorescence within the lysates.

In binding assays cells were dissociated from plastic and concentratéaedd per mL
inKrebsRi nger buffer. A -BungamtexmAlexaddi usadvasOa n g e
I 1000 nM, which was applied to cells for 1 hour &4 Cells were then washed by
centrifugation at 300 xg for 10 minutes anestspended in PBS for analysis of cellular
associated fluorescence using flow cytometry.-Nio@ar regression to estate Bnaxand

the Kd were performed in Graphpad Prism ka8 the maximal binding that can occur

within the system, when there is 100 % occupancy of the receptor with the ligand
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3.2.10 PulseChase Fluorescent Plate Reader Assay
As in the previous chaptewith transferrin receptor ligands, the putdease assay was
used to assess the ability of the RVG peptide to be endocytosed and released from the

BMECsin vitro.

3.2.11 si RNA Knockdown of U7nAchR

The protocol for sSiRNA transfection and Western Blots are given in the previous chapter
in sections 2.2.3 and 2.2.4 respectively. The siRNA sequences agaidgh&wR are
shown in the Table 3.11 below and the primargbanay, rabbit anthumarU7nAchR

was obtained from Sigma Aldridge, UK, and used at a dilution of 1 in 250. The secondary
antibody was an HRRnked antirabbit IgG (Cell Signalling, UK) diluted to 1 in 10,000

of the stock.

Table 3.11: siRNA sequences uséd U 7 n A cio&kdown studies
SsiRNA Name siRNA Sequence

CHRNA1 GUACCUGCCUCCAGGCAUA(TAT)
CHRNAZ2 CCACGCCUGGUUCUGUACA(ATAT)
CHRNAS3 AGCCAGCAAUUCUGAGUUC(dTAT)

Luc-1 CGUACGCGGAAUACUUCGA(ATAT)

3.2.11 CRISPR/Cas9 Genomic Editing

3.2.11.1 gRNA Design

The gude RNA sequences were designed in accordance with the requirements for
recognition by both the Cas9 enzyme and the DNA. The guide sequences were designed
to be between 180 base pairs in length, to reduce the chance of-ceassivity with
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other sequeras of DNA. Secondly, the target sequence must be immediately downstream
of a protospacer adjacent motif (PAM). Thisthlkeea s e s e gNG&B o6 e musH b
present for the Ca8 enzyme, fronBtreptococcupyogenesto recognise and cleave the

DNA at the taget site. Cas9 enzymes from other species of bacteria have different PAM
requi rement s, -NNAGAA-3 é StrdptopoccastheBmdphiliug and 50
NNNNGATT-3 6Neigseria meningidit}s Due to the requirement of the Cas9 enzyme

to recognise a PAM, the Spr/Cas9 can be targeted to any PAM site within the target
species genome. The PAM sequences must immediately follow theck&otide, guide

sequence, but are not included in the 20 bases.

The offtarget activity of the selected guide sequengas assesedwithin the design

tools. For these studies, the guide sequences were designed using Thermo Fishers own
GeneArt CRISPR Search and Design Tool. For designing guide sequencesHgainst
sapien,U7-nAchR, the gene ID (CHRNA?7) and species were inputtinéoapplication.

The search identifies the gRNA sequences from a database of over 600,000 potential
sequences and ranks them based on-ceaggivity with other genomic sites. The design

tool also provides the PAM motif adjacent to the target site. En@information, it was
possible to confirm the locations within the genomic sequence diamé\chR. This

allows for the design of primers, around the cleavage site for the detection of genomic

cleavage at a later stage of the Crispr/Cas9 process.
3.2.11.2 gRNA Synthesis

This was done using the gRNA Synthesis Kit supplied by Thermo FisheflyBtlas
process comprised three main steps: assemble the gRNA DNA templatéro

transcription of the DNA template to form the gRNA, purification of the gRNA products.
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To assemble the gRNA templatiee predesigned targeting oligonucleotides mixtues
combinedwith the tracrRNA Fragment and T7 primer mix. The custom oligonucleotides
are designed to anneal to the tracrRNA fragmantithis product can be amplified by

Taq polymerase and the T7 primers to produce the final template for transcription.
Following the PCR amplification of the template sequences, agarose gel electrophoresis
was performed to ensure the products were the correct size before proceeding to the

second step. The expected product size at this stage was 120bp.

The gRNA templatefrom stage 1, was then incubated with TranscripAid Enzyme Mix
and NTPs (ATP, CTP, GTP, UTP) at°@7for 3 hours. This was longer than the
recommended 2 hours, however it led to an increased yield of the gRNA product. Any
template DNA remaining after the vitro transcription (IVT) stage was removed by
incubation with DNase | for 15 minutes at°@7 Following this, the purity of the gRNA

was assessed by agarose gel electrophoresis. For thel, @f5the IVT product was
diluted in 10eL DEPC water and thenith 2x RNA loading buffer (18L). This mixture

was heated to ?Q and then chilled rapidly prior to gel loading. The predicted product

size for this step is 100 bases, 20 from the guide sequence and 80 from the TracrRNA.

Having created the gRNA and daded the DNA template, the gRNA was purified using

the gRNA Clean Up Kit. This was done using micemtrifuge, RNA purification
columns, in combination with buffers to remove all unnecessary dNTPs, enzymes and
salts from previous reactions. Briefly, gRNWoducts from the previous steps are diluted

in water to give a final volume of 200 uL. To this, 100 uL of Binding Buffer and 300 uL

of ethanol was also added and the mixed by pipetting. The mixture was added to the
GeneJET purification column and centgéd for 30 seconds at 14,000 xg. Flow through
was discarded and 700 uL of Wash Buffer 1 is added, this was recentrifuged using the

same settings as the previous step. The flow through was discarded and Wash Buffer 2 is
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added to the upper chamber and céuged as before. Prior to elution of the RNA a final
centrifuge was carried out of the empty GeneJet column to remove any excess residues
from the tube. To elute the RNA 10 uL of nuclease free water was added to the column,
and placed in a fresh Eppendarbe. This was centrifuged for 60 seconds at 14,000 xg

to elute the gRNA from the column. The concentration of the gRNA was then quantified

by UV/VIS spectrophotometer and stored&Q °C until required.
3.2.11.3 Cas%5FP plasmid preparation

The Cas®A-GFP plasmid was purchased from Addgene, USA (Addgene ID: 48138) as
an E.coli stab culture in agar. All bacteria work was performed in proximity to a Bunsen
burner flame to ensure a sterile working field and to avoid contamination of the samples,
waste wagollected separately and autoclaved prior to disposal. To isolate the plasmid
for transfection into mammalian cells, E.coli from the stab culture was plated onto LB
Agar plates containing 100ug/mL kanamycin. The E.coli streaked onto the agar plate was

left overnight at 37C to allow the growth of single colonies.
3.2.11.4 Bacterial Expansion

Single colonies of bacteria are then dpi
mL of LB Broth, containing 100 ug/mL kanamycin, in a 15 mL Eppendorf centtifage

8 hours at 37C under agitation. This allowed the bacteria to enter theplhage of
growth. At this stage, the media appears cloudy when viewed. To allow further expansion
of the E.coli for plasmid isolation, 1 mL of the bacteria solution was takdnncubated

in 100 mL LB Broth containing kanamycin. The bacteria are incubated overnight for ~16
hours to allow for maximal growth prior to plasmid isolation. After this step, the solution
was opaque due to the presence of high bacterial numberstpidsemas taken forward

into the plasmid isolation stage.
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To prepare bacterial stocks for future use, after the single colony had been expanded in 5
mL of LB Broth, the remaining solution was diluted 1:1 with 80% sterile glycerol

solution. From this, 1mhliquots were taken for storage-a80°C in cryovials.
3.2.11.5 Plasmid Isolation

Plasmid isolation from bacterial cells was done using the Qiagen Plasmid MidiPrep Kit,
using the protocol provided. Briefly, the solution of expanded bacteria frometieys

stage was first centrifuged at 5000 xg for 30 minutes @ # pellet and isolate the
bacterial cells from the culture media. The pellet was then resuspended in the buffer
provided (P1) and incubated with alkaline lysis buffer (P2) for 10 minate®om
temperature. The lysis reaction was stopped by the addition of neutralising solution (P3)

and inversion of the reaction tube to ensure all esiscovered

Cellular debris was removed by filtration, through the provided filter cartridge, ttié ini
stage removes cell membranes, leaving a solution containing the bacterial DNA and
cytosolic proteins. The extruded supernatant was placed into a DNA binding column, that
specifically allows for the binding of plasmid DNA, while all other componenthef
solution will pass through the gel matrix. The bound plasmid was washeetithese

with the provided wash buffer (QC buffer) to ensure-gesential components of the
bacteria have been eluted from the column. To elute the plasmid DNA itself, 8 mL of
elution buffer (QBT buffer) warmed to 6% was added to the column. The eluted

solution kept for further preparation steps.

To concentrate the plasmid DNA to a useable concentration, isopropanol was added to
the eluted solution to precipitate the DNAelsolution was centrifuged at 13,000 xg for
30 minutes at AC to pellet the DNATheremaining solution was discarded and replaced

with 75% ethanol to wash the DNA pellet. The pellet in 75% ethanol was centrifuged a
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further three times, at 13,000 xg f8@ minutes at 4C, replenishing the solution after
each centrifuge step. Following the final centrifuge step in the ethanol solution, the
solutionwasaspiratedrom the plasmid DNA pelleindthe pellet itselfir-driedfor ~15
minutes. The plasmid DNAghlet was then resuspended in 50 uL of -Bidfer (pH 7.4)

and stored at20 °C until use.The DNA concentrationwas quantified by UV

spectrophotometryTypically, from this protocol yields were close to 1 ug/uL.
3.2.11.6 Mammalian Cell Transfection

The Gas9GFP plasmid and the gRNA sequences wergrantsfected into cells using
Lipofectamine 3000 (Life Technologies). Optimization was performed on confluent
monolayers of cells in 96 well plates to confirm the optimal DNA concentration for the
final transfetion for analysis. This optimization found that for transfection -wvefl

plates 2.5 ug of DNA per well was optimal for maximum transfection efficiency. This
was added to the cells in Optimem containing 2.5 uL of Lipofectamine 3000 and 5 uL of
P3000 reagnt. The gRNA was added into this complexation mixture to give a final mass
per well of 200 ng. These masses of DNA and gRNA ensure an almost 1:1 molar ratio of
the oligonucleotides for transfection. To transfect the cells the volumes and masses of
transfetion reagent and oligonucleotidessimmarizedn the table below, were added to
Optimem (750uL per well) for 10 minutes to allow lipid complexation with the DNA and
RNA. Following the complexation, the normal culture media was aspirated from cells
and repaced with the OptimeADNA-RNA-Lipofectamine 3000 solution. Cells were
incubated with this for four hours without the presence of serum, to allow maximal uptake
of the complexes into cells. After four hours 750 uL of media containing 20% serum was
added imo the transfection wells, to give a final serum concentration of 10% in the wells.
The cells are cultured for a further 48 hours before analysis of transfection efficiency by

genomic cleavage detection assay or cell sorting and clonal cell line generation
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3.2.11.7 Genomic Cleavage Detection Assay

To confirm that the gRNA and Cas9 enzymes had been taken up into cells and had
mediated genomic cleavage within the population, the genomic cleavage detection assay
(GCD) was used. The GCD assay used here feeteudies was from Thermo Fisher.

For this protocol, transfected cells inn@ll plates were dissociated from plastic using
trypsinEDTA solution (as per standard cell culture protocols) and pelleted to removed
serum proteins from the cells. The cell ptdl could then either be stored-20 °C or

directly lysed to isolate the genomic DNA for analysis. For lysis, the cell pellets were
resuspended in 50uL lysis buffer provided in the kit, containing protein degrader solution
(25:1 ratio lysis buffer: prote degrader). The celysis solution was then incubated in

the thermocycler for 15 minutes at 88, 95°C for 10 minutes, then 4C to end the

reaction.

Table 3.12: PCR Reaction Mixture for GCD Assay

Component DNA Sample Control Reaction
Cell Lysate 2¢ L -

10eM F/R primer mix le L -

Control Template & Primers - le L

AmpliTag Gold® 360 Master | 12.5¢ L 12.5¢ L

Mix

Water 9.5¢ L 115 L

Total Volume 25¢ L 25¢ L
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After cell lysis, the genomic DNA adjacent to the potential genomic editing site was
amplified by PCR reaction. For this, primers are designed to produce products of ~600
bp, that uneven spacing around the genomic cleavage site, i.e. the forward primer is 200
bp from the gRNA site, the reverse was 400 bp from the gRNA site. This was important
for the final detection step of the GCD process. Other primer criteria are as standard for
primer design: 20 bases in length,i455 % GC content, melting temperature ofi 358

°C.

The lysates undergoing PCR are added to the reaction mixture as shbaiable 3.11
below. Samples are prepared on ice and transferred to the thermocycler for amplification,

using the protocol shown in Table 3.13.

Table 3.13: PCR reaction GCD Assay

Stage Temperature

Enzyme Activation 95°C

Denaturing 94°C

Annealing 55°C 40
cycles

Amplification 72°C

Final Amplification 72°C

Finish 4°C

Following amplification of the genomic DNA regions the integrity of the reaction was
confirmed by agarose gel electrophoresis. Briefly, 1.8% agarose gels were cast fy boilin
agarose in TBE buffer to dissolve and pouring into the gel mould, while in the liquid form
30 uL ethidium bromide was added to the gel for DNA staining. Once the agarose gel has

been cast and was set, 5 uL of PCR product was mixed with loading buffeait{) and
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added into a well in the gel. In addition, a 100bp DNA ladder was added to the first row
of the gel to allow measurement of DNA product length. The gel was run at 80 V for 45
minutes to allow product separation. After this, the gel was imagetthie ChemiDoc

imager, using the ethidium bromide settings.

Having confirmed the product of the PCR was the correct size and only a single product
band was present, the sample can then be taken into the genomic cleavage assay stage.
To set this up, L of DNA product was added tolll of 10x Reaction Buffer and 5L

of water. This now undergoes aaenealing reaction, where the tube was heated to 95

°C for 5 minutes to break apart dousteanded DNA, the reaction was then cooled slowly

(0.1 °C/s) to 25°C. This allows the formation of heteduplexes of DNA with mis

matched DNA sequences. Adding the Detection Enzyme now allows for the detection of
the % occurrence of DNA mimatches within the sample. To control this process, every
sample has a negatiwentrol, where water (1 uL) was added in place of the Detection
Enzyme (1 ul) at this stage. For the reaction to take place the samples were ké@t at 37

for 1 hour and then placed at@ to finish the reaction.

Samples were immediately analysed by detteophoresis to confirm that genomic
cleavage has taken place. The protocol for this was the same as described above to verify
the PCR reaction product, with the only modification being that the entire 10 uL of the
GCD product was added at this stagec®the gel has been run and imaged the fraction
cleaved can be calculated by measuring the sum of the intensities of the cleaved bands in
a lane compared to the total DNA intensity of all bands in a sample (Equation. 3.1.). From

this the % cleavage effigiey of the products was be calculated using Equation 3.2.
Equation 3.1:

Yo & 00 Qud ROQI
& 00 Qud ROOE RO QDG NI

bié&@@@&og%
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Equation 3.2:

6 & QO UaXXID QQipnat p Vp Ol 00 ® ROV QQ
3.2.11.8 Cell Sorting and Cell Line Generation
Having detected that genomic cleavage has occurred, using the gRNA sequences prepared
against thé&J7nAchR, in the cdransfection cells, the nestage was to produce a clonally
isolated cell line that has undergone genomic editing. To do thiSY&Y cells were
seeded into Bvell plates at a density of 100,000 cellsfcrto produce a confluent
monolayer 24 hours peseeding. Cell were thentmansfected (as described above) with
the gRNA and Cas&FP plasmid and allowed to grow for a further 48 hours-post
transfection. Where in the previous section cells were then dissociated and lysed, cells
were dissociated from thevgell plate,but prepareddr flow assisted cell sorting (FACS).
Briefly, grown in the éwell plates were washed three times with PBS to remove serum
proteins and G4 ions from the cells and incubated with tryp&BTA (0.05%) for 5
minutes until dissociated. The dissociated cg#sethen resuspended PBS containing
5% serum and pelleted by centrifugation at 500 xg for 5 minutes. The centrifugation steps
were repeated three further times to remove the dissociation solution from cells and any

cellular debris. Cell pellets wereeth resuspended in PBS dCHor analysis by FACS.

Cell sorting was performed using a BD Biosciences FACS Aria, with gating for GFP
positive cell defined as the upper 0.5% of tharansfected cell population. Each gRNA
sample was sorted to fill two 98ell plates with a single cell per well for clonal
expansion, this was visually confirmed by light microscopy as colony expansion
occurred. In addition to théd gRNA sequences + Ca$®FP plasmid samples, the

negative control of the CagSFP plasmid only waalso sorted to control for the effects
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of the enzyme alone, without the presence of targeting gRNA sequence. The sorted GFP
positive single cells were maintained in standard culture media and monitored regularly
for cell growth. The cells which grew weegpanded into 48vell plates, when confluent

in the 96well plate. From here cells were further expanded intweb plates and
subsequently T25 flasks as their growth continued. For each gRNA sequence, that was
sorted, approximately 5% of wells grew t@g@uce clonally different cell lines for further
testing. Once celines reached the stage of confluency in T25 flasks they were frozen
down for storage before characterisation with the RVG peptide.

3.2.12 Statistical Analysis

3.2.12.1 Uptake assays

In all uptake studies, data was analysed by initially subtracting the autofluorescence of
blank cell lysates from the measured intensities of the cells in the assays. These
fluorescence values are then normalized to the intensity of cells pulsed witiRRY &t

37 °C, without any treatment applied to them. In the RVG uptake studies the
unchallenged, active uptake of RVG peptide (RRE0) into BMECs was compared to

the uptake at 4C, uptake in the presence of unlabelled RVG peptide, the uptake of the
scrambled squence peptide (SCRARho)at37C and t he uptake of
37°C. These comparisons were made usingawaey ANOVA with the D

test, with RVGRho pulse 37C used as the control for comparisons.

In the competitive uptake assay, where labelled FRH® peptide wasompeted with
i ncreasing concentrations of u-BATaDhel | ed
unchallenged uptake of RVG was used as the control for comparison byagne

ANOVA wi t h D-estrSgnificadoce was desined as-aglue < 0.05.

When compang the uptake of RVG into cells SEY5Y that have been transfected with

di fferent S equenc e s-nAchR. TiseirdvNldoresceneei wassfirst t h e
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normalized to the intensity of the uptake of RVG peptide into untransfected cells and then
the effet of the siRNA transfection was assessed using awaye ANOVA with

Dunnet #eéts post
3.2.12.2 Puls&Chase Assay

As in the previous chapter the analysis of the palsese assay first involves the
subtraction of blank cell autofluorescence from theyassaells fluorescence intensity.

These values were then normalized as a percentage to the mean intensity of cells that have
been pulsed with the RVM&ho peptide at 3TC. To assess the efflux of the peptide from

the cells over the duration of the chas$es fluorescence at each chase time point was
compared to the pulse only fluorescence through anoaey A NOVA wi t h Du
posttest. To confirm that efflux was active, at each chase time point the fluorescence at
the 37°C chase was compared to the eglént time point, chased af@, through a one

way ANOVA with a Tukey multiple comparison pesist.

3.2.12.3 Microscopy Studies:

Following collection of zstack image files, these were imported into the Fiji image
analysis software for processing andl@calization analysis. Here each stack was split

into individual slices for analysis using JACoP (Just Another Colocalization Plugin) in
Fiji. I n this analysis the Mander 6s Col o
proportion of thresholded RV&ho fluorescence which was -tmcalized with
thresholded dextran fluorescence or BODIBaCer fluorescence, at the conclusion of

the chase phag&landerset al. 1993) The colocalization fractions for each slice in the
z-stack were averaged to produce an output for value for that replicate, and for final

analysis the combination of multgomicroscopy stacks were used to produce the output
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colocalization fractions for the ligands with dextran labelled lysosomes. These were

expressed as mean + standard deviation.
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3.3 Resultsand Discussion

3.3.1 Expression of Putative RVG receptors in BE cells

In the mouse cell line repeated PCRs, performed in multiple passages confirmed
expression of several potential RVG peptide receptors. Of these, NCAppears to

have the strong expression in b.End3 cells. Other receptors expressed includgithe nic

receptor alpha 3 and alpha 7 subunits and p75NTR as seen in Figure 3.2.

1 2 3 4 5 6 7 8 9 10 11 12

500bp

200bp

Figure 3. 2: Putative RVG réedceptor e
The above plot shows the output of a PCR in b.End3 cells to examine the expoéssidative
receptors for the RVG peptide. The lane numbers correspond to the following: LBivAlladder, 2
i GAPDH, 31 U1 nAclR,n AR, nAdWB, & AUVR,NATGHR, n@&
9ib3 nAchlR4 ndAc-NRAM-11 1127 p75NTR. In this blot there was observed strof
expressionot) 1 , amtldh Ac hR an-d NCAM

Of the receptors expressed in b.End3 cells the most probable for RVG peptide interaction
is the alpha 7 subunit of the nAchR. This is due to the eviden&ebohgarotoxin
competing the binding of the RV&8 construc{Kumaret al.2007) As well as the high

homology between the bungarotoxin binding region for nAtiRand the RVG peptide

sequences.

The b.End3 cells are an immortalised d@lé and as such the expression of these

receptors may be altered from tinevivo setting. It has been shown in several primary
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cell-lines that taking the cells through only twotbree passages can changes some of
the key phenotypic characteristics of BBB endothelium. Further studies, performed in the
primary porcine BMEC cells show similar receptor expression to the b.End 3 cell line.
Primary porcine BMECs show expression of dfigha 3 and 5 subunits of the nAchR as

well as weak expression of the beta 4 subunit and p75NTR (Figure 3.4). Expression of
the alpha 7 subunit of the nAchR or NCAMwas not seen in these cells across 4
independent isolations of the PBMECSs. In the hum@WEC/D3 cell line the receptors
observed were the alpha 3 and 4 and beta 3 and 4 subunits of the nAchR in addition to
both NCAM-1 and p75NTR (Figure 3.3). In hCMEC/D3 there was inconsistent

expression of the alpha 7 subunit of the nAchR between indepeegéoates.

1 2 3 4 5 6 7 8 9 10 11 12

500bp

200bp

Figure 3. 3: Putative RVG receptor e
The above plot shows the output of a PCR in hCMEC/D3 cells to examine the expression of f
receptors for the RVG peptide. The lane numbers correspond to the following: L-abBIA ladder, 2
i GAPDH,3i U1 nAeclR,n AR, nBAdWB, & AdVR,NAGHR, ndc
Tb3 nAchiR4 nAc-MNRAM-11 27 p75NTR.In hCMEC/D3 here was observed stron
expression of U3, U4,1 abd3p75ATRI Thére was Aso loliserved\vi
expression of U7 nAchR
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3.3.2 Uptake of RVG peptide by brain microvascular endothelial cells

RVG-Rho peptide uptake &7 °C wasobserved in b.End3 cells at concentrations from 5

i 100 uM by confocal microscopy (Figure 3.58). However, binding to the cell
membrane was not seen in studies performed@t(Figure 3.5.D). This may be due to

low receptor numbers on the surface of the cells and the strength of signal from the

rhodamine fluorophore.

Figure 3.5. RVG peptide uptake in b.End 3 cells

The images in the panel to the left are maximum projections frg
minimum of 12slices, taken at 0.7#n spacing through the cells-@
have received a 1 hour pulse at°87of 5, 20 and 100M RVG-Rho
peptide respectively. D are cells pulsed for 1 hour°& with 5 uM of
RVG peptide. The scale bars in@is 25 um, in D is 2@m, n= 3 in
triplicate
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The RVGRho peptide and the scrambled sequence peptde the similar mass, charge

and amino acid chain length characteristics. Nevertheless, therRdM@amine peptide

shows significantly higher uptake into cells that the scrambled sequence peptide. Shown
by both confocal microscopy and a fluorescenceepleader assay (Figures 3.6 + 3.7).

The use of the scrambled sequence peptide demonstrates the importance of amino acid
sequence on the uptake capability of a targeting strategy. It has presneaslyshown

that the presence a cysteine residue in shihpeeetrating peptides causes entry through

the formation of disulphide bonds with membrane proteins. In order to, test if the cysteine
in the RVG sequence the cysteine residue was replaced with an alanine. Figure 3.6 shows
that in the removal of the cyshe residue from the RVG sequence significantly reduces
the uptake of the peptide into the b.End 3 cell line. The uptake 6€tkequence peptide

was at similar levels to the scrambled sequence peptide, two orders of magnitude lower
than the native RVQeptide sequence in b.End 3 cells. While in the human cell line,
hCMEC/D3 the uptake of both scrambled sequence and delta C peptides was
approximately five times lower than that of the standard RVG peptide (Figure 3.6eB).
differences in uptake betweBVvVG and the scrambled sequence peptide were also visible

in confocal microscopy studies (Figure 3.7)
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Figure 3.6: Comparison of RVG peptide derivatives uptake in brain
microvascular endothelial cells
The graphs show the uptake of the RVG derived peptides imtwito BMEC cell lines, A is the

uptake in b.End3 cells, while B is the alé in the hCMEC/D3 cell line. All comparisons are ma
between the standard sequence (RW) uptake and the scrambled sequence peptide (SCR
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Hoechst Cell Mask Peptide Merge
(Blue) (Alexa 647) (Rhodamine)

RVG-Rho
(10pM)

Scram-Rho
(101M)

Figure 37: Comparison of RVG peptide and Scrambled sequence peptide uptake in b.End 3 cells

The images above are maximum projections from a minimum of 12 slices, takenpaih @F&cing through the cells. Cells have received a 1 hour pulsé@tdth 10
UM of either RVGrhodamine or Scrambled sequembedaminepeptides. Cells are additionally stained with the nuclear stain Hoechst (blue) and Cell Mask Alg
(green), a cell membrane stain. The rhodamine labelled peptides are shown in red in themagygeddale bar = 50 um.
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3.3.3 RVG uptake is a seltompetitive process

The uptake of labelled peptide RVG into BMECs was shown to be -a@ulbetitive

proces through direct competition with unlabelled RVG peptide. The addition of
increasing concentrations of the unlabelled peptide decreased the uptake -fRR)G

to ~40% of the unchallenged fluorescence. An experimental IC50 was calculated as 10.5
MM, againan indicator that the RVG peptide has a specific binding site (Figure 3.8). This
suggests the uptake of RVG peptide is through a receptor mediated process, with a defined
binding site for the peptide. This initial decrease in fluorescence seen in Figuke 3.

with low concentrations of unlabelled RVG appears strange. In later studies with
unlabelledJ-bungarotoxin a similar effect was observed, where an initial decrease in cell
associated fluorescence with low concentrations of unlab&lR8T was followe by

an increase, before returning to the expected trend (Figure 3.13). It is unclear as to what
may be affecting the behaviour of the peptide in this way but could highlight the potential

complexity and multifactorial nature of ligand uptake.
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The above figure shows the ability of the RVG peptide to demonstrate |self
competitive uptake in hCMEC/d3 cellgigure A demonstras the decrease i
labelled fluoresence in the mscence of unlaled RVG While Figure B shows the]
competitioncurve fom this assayt = p < 0.05 compared to RV4{Rho] only cells
(white bar), n = 3 in triplicate, mean = std.
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3.3.4 PuseChase RVG Studies

As with the studies in the previous chapter, these milase studies are designed to
assess the ability of a targeting | igan
potentially reach the CNS. In both b.End3 cells (mouse) and HQd§&cells (human),

the RVG peptide demonstrated an ability to undergo active efflux from cells, over the
course of the chase. At the conclusion of théG¢hase the proportion of pulsed RVG
peptide fluorescence, remaining cell associated 2886 in b.End3 cells and 44% in
hCMEC/d3 cells (Figure 3.9). In both cell lines, the proportion remaining cell associated
at 37°C and £C were significantly different at all timoints. Indicating that the RVG
peptide can be actively effluxed from BMECs. A desieabharacteristic for a brain
targeting ligand, as it means the peptide that is cell associated can undergo further
trafficking and potentially reach the basolateral cell membrane and the CNS if this was

in vivo.

This proportion of RVG peptide remaining mEnd3 cells was comparable to the
proportion of transferrin and 8D3 retained by b.end3 cells, in the previous chapter. While
the proportion retained was higher in the hCMEC/d3 cells, the efflux profile was still
different to the fluid phase marker, deatirin b.End3 cells from the from the previous
chapter (Figure 2.5). Comparison of the respectiveC3@&nd 4°C time-points confirms

the active loss from the cells. To understand where the remaining RVG peptide was
located within the endothelial cells, limlving the conclusion of the chase, colocalization

microscopy was performed on the cells after the assay.
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The above graphs show the putdese results for the RVG peptide in two BMEC -tieks. A + B
show the pulsehase in b.End3 cells (mouse), while C + D thes@ahase in hCMEC/d3 (human
In both cell lines the RVG concentration as 5 uM In the bar graphs the bars in the red repre

37 °C chase and the blue bars th&4chase. *** = P < 0.001 when comparing the column to
fluorescence within cells aft¢he pulse at 3. A = P < 0.05, -poimhae?ﬁpCc
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Figure 3.10: Distribution o
conclusi onChhsthasPalsein h({(
The above microscopy images show thiecalization of the RVG peptide (5uM
pulsechase) with both dextran labelled lysosomes (A) and BOEUIRZER

labelled golgiapparatus (B). In the false colour merged images of A.(iii)

A.(vi), red = RVG[Rho], green = dextraf647] and blue = Hoechst lthe false
colour, merged images of B.(iii) and B.(vi), red = R\{&ho], green = BODIPY

LACER, intense green = golgi appartus and blue = Hoechstoctization
analysis of RV Rh o] wi t h dext r a-efficignt of @582 15
0.012, while cdocalization between RVG Rho] and t he G
Co-efficient of 0.213 + 0.034. n = 3 in triplicate. Scale Bar in A andiiB=

hapter 3

CMEC/ D3

30um
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This revealed that ~21% of the RVG peptide fluorescence remaining in the cell was
associated with the golgi apparatus (Figure 3.10.B). Stiggethat this can undergo
further cellular trafficking and transport processes. However, the majority of the
remaining RVG fluorescence is associated to the lysosomal compartment, as confirmed
by colocalization with dextran. This lysosomal associatedigemccounted for 58% of

the remaining cell associated RVG fluorescence (Figure 3.10.A). Due to the sensitivity
of the fluorescence detection in the putbmse assay and the microscopy the pulse
concentration of the RVG peptide wagM, which is likelyto be greater than the Kd for

the receptor. As shown in the previous chapter, if the concentration of the ligand is
significantly greater than the Kd of the receptor (50% receptor occupancy) there is an
element of nosspecific endocytosis. This nespecifc uptake leads to an increase in
lysosomal association of the ligand and may account for the high lysosomal association

of the remaining RVG peptide following the chase.

3. 3. 5 Co mpluhgarotoxio oy RUG pepiide

Due to the homology of the RVG pé sequence with the loop 2 region Gf
bungarotoxin, the region known to bind nAchR, flow cytometry studies were performed
to assess the bindirgbungarotoxirAlexa 647 to b.End3 cells @t oC andthus the
presence of a putative RVG receptor. This wasas to be a saturable process with the

Kd of U-bungarotoxin in b.End3 cells calculated to be 191 nM (Figure 3.11).

Competition of RVGRho uptake was performed using unlabelldtungarotoxin.

Imaging of the cells reveals that the uptake of RRI& can belecreased by the addition

of i ncreasing c¢ onc ebangaraokin. dmfartheo theseufindingsb e | |
competitive upt ake studi es wer e pe-rform
bungarotoxin | abell ed -bungardtoxiAWwaseompeted dsing T h «

both unl abel | ed -bRAg&otaxintd confirmla aebeptdr specific uptake
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process. Both unlabellgatobes could reduce the uptake of the labdlldxingarotoxin
Alexa 647. The decrease in uptake appeared to be dependeatcamdientration of the
unlabelled probe (RVG d-bungarotoxin). From this data, an estimation of the IC50
values for botft-bungarotoxin and RVG for competing 250 tMbungarotoxin 647 have
been found a88 nM and 23 nMespectively (Figure 3.12). Thesadings support that

RVG andU-bungarotoxin share a binding site for uptake in b.End3 cells.

bt Figure 3.11: U-Bungarotoxin
] Binding Curve in b.End 3 cells

The figure shows the flow cytometr
data on the biing of U
0.8+ BungarotoxinAlexa 647 to receptor
on the surface of b.End 3 cell
Concentrations range fromi®00 nM
of UBungarotoxinAlexa 647. The
data has been normalised to t
0.4- estimated Bax and the dashed ling
represents the Kd. n=3

Proportion of Bmax
o

0.2+

0.0

0 . 260 . 460 . G(I)O . 860 . 1DI00 . 12I00
a-BGT-Alexa 647 concentration (nM)
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Figure 3.12: Thecompetition of U-Bungarotoxin-Alexa 647 uptake by unlabelled
RV G a #Bdngatbtoxin in b.End3 cells

Figure A shows the competition of 250nlBungarotoxirAlexa 647 with varying concentrations
unlabelled RVG peptide. C the direct competitionJsBungaotoxin-Alexa 647 (250nM) with varying
concentrations unlabelled-Bungarotoxin Figures B+D shows the competitive uptake curves for
labelled -Bungarotoxinwhen competed with unlabelled RVG abBungarotoxinrespectively. * =
P<0.05, **= P<0.01 compad to unchallenged cells (white bar), n=3 in triplicate, mestu.
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Figure 3.13: Competition of
RVG-rhodamine uptake using
unlabelled U-Bungarotoxin.

The images above are maximu
projections from a minimum of 12 slices
taken at 0.78m spacing through the cells
Cells have received a 1 hour pulse at@7|
with 10 pM of RVG-rhodamine in the
presence of various concentrations (bf
Bungarotoxin(A =0 nM, B=1nM, C =
10 nM, D = 100 nM, E = 1000 nM). Th
RVG peptide is seen here in red, witle

nucleus stained in Hoechst (blue). T

scale har renresents 50 1im.
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The competition of labelled RVG uptake into b.End3 cells was further analysed using the
fluorescent plate reader assay (Figure 3.14). Here it Wwawrs the unlabelled*
bungarotoxin was able to significantly decrease the uptake of the RVG peptide into cells.
With a calculated experi ment | C50 of 8.3
uptake. The findings from the studies in this section areistens with the findings of a

study fromKasheverov et al2009) who examined the ability of synthetic peptides to

the nAchR to compete bungarotoxin binding. The findings also align with those of Lentz,
who, in multiple studies has demonstrated the ability of Ran@ U-bungarotoxin to

interact at thdJ7-nAchR (Lentz et al. 1987; Lentz TL 1990; Lewist al. 2000) These

findings will contribute to the evidence built within this chapter that the RVG peptide is

internalized into cells through th&-nAchR.
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Figure 3.14 Competition of | abell et

unl abldbdregdar ot oxi n

The above figure confirms the uptake of RY®&ho] peptide into b.End3 cells iompeted by the
presence of increasing concentrations of unlab&hedngarotoxin. Figure A confirms that significa
inhibition RVG-[Rho] uptake was seen at higher concentratiotstmfngarotoxin (BGIUL]). While
Figure B shows the competitive uptakeaifor this study. From Figure B an experimental IC50 \
estimated as 8.3 nM. * = p < 0.05 when compared to unchallenged cells (white bar), n = 3 in tri
mean * std.
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3.3.6siRNA Knockdown

To further confirm the role of7-nAchR in the uptake of the RVG peptide into cells,
transient knockdown of the CHRNA7 gene attempted using multiple siRNA sequences
against theyene Due to the low expression levels of i2nAchR in hCMEC/d3 cells

and their inherent resistance to transfection, siRNA studies were not performed on this
cell line. Instead the SKBY5Y cells are known to expresB-nAchR at high levels on

their cell surface, so making them the ideal candidatt line to test the effect of
knockdown on the uptake of the RVG peptide. Transfection of all three siRNA sequences
produces a significant reduction in the uptake of the RG] peptide into SFBY5Y

cells. The effect of the transfection was visibleéha uptake assay, when comparing the
targeted siRNA to the control sequence and untransfected cells (Figure 3.15.A). Of the
three sequences used, siRNA seql produced the greatest reduction in the RVG uptake,
but all sequences produced significant redustion uptake. Confirmation of the
knockdown olJ7-nAchR was done by Western blot, and confirmed the siRNA was acting
on the desired target. However, due to difficulties with the antibody, a clear effect on the
expression levels df7-nAchR and the levelsppeared reduced in the control sample
compared to untransfected cells. This was confirmed by band quantification, in
untransfected cells the expressionJBfnAchR relative to GAPDH intensity was 0.96

0.14, while the expression in kidransfected cellwas decreased to 0.840.11. In cells

t ransf e @hlehR siRNAhhd althean relative expression of 006883 and 0.55
respectively. These relative expression levels would suggest that the siRNA against the

receptor is contributing to the decreas&WwG uptake.

The combination of the bungarotoxin competition of RVG and the siRNA knockdown of
RVG uptake both add significant evidence to the critical tflenAchR plays in the

uptake of the RVG peptide. The use of multiple techniques is key in thensatifin of
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the RVG receptor to ensure consistency in the findings. In the literature, thus far there has
been confusion over the target receptor. But, by using this-tealinique approach a
clear result can be found with regards to which receptor imtie target of the RVG

peptide.
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Figure 3.15: si RNA modul-8¥b5¥nCefl KVG

The above figurshows the effect of SIRNA knockdown of th-nAchR decreased the uptake of the R
peptide in the neuronal SEY5Y celtline. Graph A is the quantification of the RVG uptake, normalize
the uptake in wtransfected cells. The images in B are the Western blots to show the effect of the thfee
sequences od7-nAchR protein expression. *** = p < 0.001, n = 3 in triplicate, mean # std.

3.3.7 Modulation of RVG uptake by crispr/Cas9 genomic editing

Transfection of the plasmid into cells was confirmed by fluorescence imaging of the cells
48 hours post transfection to ensure stable expression of th&3E&§8asmid. This was

seen to have greater expression in the control cells, where only the plasmid was
transfected and no crRNA was present. However, all transfection conditions showed

expression of GFP and were continued to the cell sorting by FACS.
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Figure 3. 16: FACS sorting histogr

The graphs above show the FACS sorting and gating for the transfected cells for hesg
CRISPR/cas9 studies. Graph A shows the -flutrescence associated to-nansfected cells
and the gating for GFP positive cells was based on the upper 0.5% of this population. G
shows Cas@%FP plasmid only transfected into cells. Grapkhs Cas9GFP cetransfected with

the four gRNA sequences.

FACSsorting for GFP positive cells showed the transfected cells represented between 13
i 15.9 % of the total cell population in the-tansfected cells and 38.1% of the Cas9
plasmid only cells (Figure 3.16). This is based on a gating for GFP positive tsiEle

that 0.5% of the wtransfected cell population fall within it. GFP positive cells were
sorted into one cell per well in 9@ell plates and clonally expanded from this point.
When sorting individual cells were directed into a single well that coedal O0uL of

cell culture media in preparation.

149



Chapter 3

Control

RNA1 RNA4
Template € sgRNA2 sgRNA 3 sgl

I | DU | D | U |

500bp

200bp

Figure 3.17: Genomic Cleavage D
The above blot shows the results of a genomic cleavage detection assay performe
expanded population of sorted cell (10,00dscpkr treatment). It confirms that genom
cleavage events have occurred with all gRNA sequences, with sequence 1 and 3 9
greatest cleavage.

Additionally, 10,000 GFP positive cells from each treatment group were seeded into a
well of a 24well plate and allowed to grow to confluency. These cells were used to test
the efficiency of genomic cleage within the GFP positive cells, i.e. the efficiency of
both sgRNA and the Cas9 plasmid being transfected into the sam€leallage was
observed with all sequences ofRIMA in the GFP enriched populationjth sgRNA1

and sgRNA3 showing the highest gén modification efficacy, with 24.1% and 24.9%
respectively. sgRNA2 and sgRNA4 shedvliower modification efficacy, 10.3% and
13.4% respectively (Figure 3.17hese values were calculated using Equations 3.1 and
3.2 from the methods section of this clepthe results confirmed that genomic editing

had taken place within the sorted cell populations, that had been selected for clonal

expansion.

Of the 192 cells per population sorted for clonal selection (1 cell per well in twme@b6

plates), between 7o 16 colonies grew from the cells seeded for expandi@th
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expanded population was grown to a stage where it was confluent2s #ask, before

stocks were made.
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Figure 3.18: The wuptake of the RVG

l i nes
The above graphs show thptake of RVG[Rho] peptide into genomically edited cell lines. Ed
graph represents the céites generated from a one gRNA sequence ¢RNAL, BT gRNA2, Ci

gRNA3, Di gRNA4). The empty bars on the graph represents theflgi@scence of cells ng
exposed to the RVG peptide for thehthur uptake study. The black bars are the controls:witd -

type and cori Cas9GFP plasmid only without a gRNA targeting agent. * = p < 0.05 and ** =
0.01, when compared to the wt fluorescence. n = 4 replicaigstivo independent experiment|
mean = std.

At this stage, all clonal celines were tested with the RVG peptide to assay the uptake
into the cells. It was predicted, that due to théraasfection of SgRNA and cag@asmid

that not all ceHlines would be cdransfected and therefore showiageduction in the
uptake of the RVG peptide. Uptake assays found that seven cell lines showed a significant

reduction in the uptake of the RVG peptide over alomar pulse experiment. This was
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significant compared to untreated cells and the controlfeetisn cell line. However,
Western Blotting to confirm the decrease in protein expression was unsuccessful with
these cell lines on multiple occasion. Therefore it is not possible to say with certainty that
the effects observed in Figure 3.18 are due detaly to knockout of th&)7 nAchR or

through a secondary effect of the crispr/Cas9 system.

3.4 Chapter Conclusion

The difference in the expression of the receptor panel between b.End3, PBMECs, and
hCMEC/D3 cell lines are likely to be due to the difference between immortalised and
primary celllines. The porcine cellne expression of nAchR subunits suggests the
presence of an alpha 3, beta 4 pentameric rec@ganoyama and Gojobori 1998)his
confirmation of the nAchR is generally seen in ganglion of the autonomic nervous system
and is generally not associated with other cell types. Within the b.end3 cells the alpha 7
subunit is has the highest expression ofrtAehR panel, indicating a potential for an
alpha 7 exclusive pentamgrsunoyama and Gojobori 1998))his alpha 7 pentamer is
considered aeuronal nAchR, however is seen in the peripheral nervous system and in
developing muscle tissue. Additionally in endothelial cells the alpha 7 nAchR has a role
in angiogenesi§Cooke and Ghebremariam 200B)rther studies into cerebral vascular
NAchR expression show stimulation of the receptor with the cognate ligand triggers
increased vascular permeabil{tyawkinset al. 2005) As the full action of RVG on the
acetylcholine receptors is currently unclear this effect could be a contributing factor to
enhancing cerebral uptake of nanoparticles targeted with the RVG péylticell lines

show expression of p75 NTR, which has been shown to be a receptor for the whole virus

and it is yet to be evaluated as a receptor for the RVG peptide. This is an aspect that will
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be explored with later studies, looking to deplete these receptors and tbheleiect on

RVG peptide uptake by the cells.

The initial uptake studies of the RVG peptide demonstrate the peptide localised in
punctate vesicle like structures within the cells, typically associated with endocytosed
materials. This appears to be anacprocess as no uptake was seen ‘@& dompared

with 37 °C. However, binding was not observed on the cell membrane using confocal
microscopy. Alternative assay using a fluorescent plate reader or flow cytometry based
assay are currently being utilisemldnhance the sensitivity of detection and allow lower
concentration ranges to be used in later studies. The peptide sequence was shown to be
key for uptake with a scrambled sequence peptide showing undetectable uptake by
confocal microscopy and presentsignificantly lower concentrations in plate reader
based assays. Additionally, the role of the internal cysteine in the RVG sequence has been
demonstrated to be necessary for cellular entry of the peptide. Studigbimgarotoxin

binding to the nAchR show the cysteine residutbungarotoxin corresponding to the
cysteine within the RVG peptide interacts with an aspartic acid residue in the nAchR
(Huanget al. 2013) Although the binding curve for the RVG peptide has yet to be
established in the b.End3 célie, it may be that the loss of this interaction through the
substitution with alanineritically reduces the ability of the peptide to bind its receptor.
Further investigations into this will be undertaken in the coming months to evaluate the

importance of this residue in the uptake process.

Pulsechase studies with the RV[Rho] peptide demnstrated that it can undergo active
efflux from both b.End3 and hCMEC/d3 cells. With the proportion retained by the cells
at the conclusion of a 1 hour chase comparable to transferrin and both 8D3 antibodies in
the previous chapter. This characteristicttd RVG peptide is desirable for potential

targeting ligands as it show the capacity of the ligand to both be taken up and effluxed
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from BMECs. Suggesting that there may be the potential to undergo transcytosis across

the barrier celtypein vivo.

The canpetition of RVG peptide uptake Hybungarotoxin would be indicative of a
receptormediated process, most likely involving a nAchR. These findings are concurrent
with previous research using this peptide. The additional competition studiesCusing
bungarotoxin Alexa 647 in b.End3 cells glem the neurotoxin uptake can be inhibited
by the addition of increasing concentrations of both unlabeHeahgarotoxin and RVG
peptide.This provides further evidence of the involvement of the nAchR in the RVG
uptake process. Further, the uptake oRN& peptide was inhibited by competition with
unlabelledJ-bungarotoxin, providing further evidence that the uptake of the RVG peptide
is a receptomediated process, involving the7nAchR. Additionally, due to the
confounding data on the importance of tiysteine residue in the sequence structural and
functional analysis of the interaction of the peptide with any putative receptors will be
done to clarify the uptake process. However, overall, it possible to conclude from the
bungarotoxin competition andRNA knockdown studies, that tH&ZnAchR is a target

for RVG peptide uptake into cells.

To progress this work further, the testing of dendrimer constructs targeted with the RVG
peptide could be synthesised and used to study the effect of targeting ligand density, on
the uptake and effluaf the dendrimer complexes from the BMEC cell lines. This would

be of particular interestn relation tothe work with monovalent targeting antibodies,
directed against the transferrin recefdu et al.2011; Niewoehnegt al.2014) Through

the use ofhie pulsechase assay and combination with confocal microscopy, any potential
crosslinking events and alterations to trafficking efficiency cdpddmeasuredith these

assays.
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Chapter 4. Advanced microscopy techniques for the imaging
of cellular trafficking events in brain microvascular

endothelial cells

4.1 Introduction

4.1.1 What is TIRF microscopy?

Total internal reflection fluorescence microscopy (TIRFM) was developed in the 1980s
by Daniel Axelrod. It enables selective excitation and imaginguafréiscent artefacts,
located withinclose proximityto the coverslip surfagsuchartefactscan be lost within

noise when samplegere imagedvith alternative microscopy techniqui@s<elrod 1981)

Light waves are refractedat the interface between different materials, due to the
differences in the speed of light within different materials. The extent to which light will

is refractedatan interfacas determinedy respective refractive indexes of the materials
(Harrick and Beckmann, 1974; Axelrod81). Other factors influencing the refraction

of light include the wavelength of the light used, with longer wavelengths (far red)
undergoing less refraction at a phase interface than shorter wavelengths of visible light
(blue). If the angle of incidenad thelight is lessthan the criticalangleof the material it
passes through, then the process of refraction will occur as staaddtide sample will

receive direct illumination from the excitation source.

In the case of TIRFM, the angle of incidenfrom the excitation source exceeds the
critical angleof the coverslip materiall his causes the excitation beamit® reflectedat

the coverslipsample interface and generates an electromagnetic wave, the evanescence
wave, with the same wavelength ag txcitation source, which propagates into the
sample. The evanescence wave decays exponentially with distance above the coverslip

surface, allowing for the selective excitation of fluorophores withir2@@hm above the
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coverslip. The selectivity of thélumination field provides for the increasedsignal to
noise within the evanescence field with high axial resolution, allowing for single
molecule imaging above the coverslip surf@srelrod 1981; Jaiswal and Simon 2007)

To ensure the generatiai the evanescence wave into the sample the objective lens,

immersion oil and coverslip must have matched refractive indices.

The evanescence wave penetration depth in the sample is determined by the wavelength
of the excitation light, lower wavelengthwer field depth, and the incidence angle of

the reflected light, increasing the angle beyond the critical angle decreased the
evanescence field depth. Lenses of high numerical aperture (NA) are therefore essential

to allow for thegreatestange of superircal anglegAxelrod 1981)
Calculating the Critical Angle

Equation 4.1.
— I Qe —
£

As previously stated the critical angle of a TIRFM systaras determinedy the
difference between the refractive index of the glassdnd the refractive index of the
sample solvent @. By knowing this angle, it is possible to calculate the illumination

depth of the sample using Equation 4.2.

The depth of illumination field will vary based on the wavelength of the laser, the power
of the illumination and the angle at which the laser is hitting the coverslip. However, the

effect of laser power is minimalud to the exponential decay of the evanescence field.

Equation 4.2.
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As the evanescence wave propagates from the coverslip surface, through thetsample
power decays exponentially, nméag that a fluorophore which is 1 nm from the coverslip
will typically receive 5000 times the power of a fluorophore 1000 nm from the coverslip
(Axelrod 1981) This change irpowercan be modelled using Equation 4.3, where the
power(l) at a given (z) depth will be related to the initial laser powgy &hd thedepth

of the evanescence field (d), calculated from Equation 4.2. A diagatimoverview of

the equations in this secti@as shownn Figure 4.1.

Equation 4.3.

0o &

The high,localisedexcitation powers (16800 nm from coverslip) allows for a high
signal to noise ratio of excited fluorophoréhile the zaxis resolution is typically below

the diffraction limited resolution within this pia. TIRF microscopy has the advantage
over other, epifluorescence microscopy, where the whole of a s@mptposedo the
excitation light.This causes collection of fluorescence from both within the focal plane
and out of focus light, giving poorsigral to noise ratio and axial resolution. The details

of structures locateid the basolateral region of cells damlostto the fluorescence signal
from otherarea of the cell. Whereas in TIRF microscopy, due to the exponential decay,
of the propagatingvanescence wave, only structures in the basolateral compartment of
the cell, that are less than ~300nm from the coverslip surface, are illuminated. The signal
to-noise with TIRF allows for axial resolutions below the diffraction limit, and tracking
accurag has improved ta resolutionof within 2nm, with appropriate, pesapture

analysis.
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Figure 4. 1: |l ncreasing the Lig

I nternal Refl ection

The above figure shows the effect of increasing the angle at which light passes ac
interface between two materialgth different refractive indexes. A represents an an
below the critical angle, so the light is refracted at the interface. In B, the light arri
the interface at the critical angle and is refracted back along the interface. In C, th
has anangle greater than the critical angle and so is reflected at the interface ¢
evanescence wave propagates into the sample. The decay of this wave is exemp
D. Adapted from Figure 2Eish(2009)

4.1.2 Using TIRF microscopy for cell imaging

Coupling of the TIRF microscopy method with drug delivery research allows for the
analysis of the basolateral membrarfecells and the reaime imaging of cellular
trafficking events occurring at this si(®idorikawa and Sakaba 2015; Machagtoal.

2015; Wennmalm and Simon 200A schematic diagram of the TIRF misgopy in

cellsis shownin Figure 4.2. By careful design of the studies and the analytical approaches
taken it would be possible to track the arrival and delivery of a ligand to the basolateral
membrane of the cells, that has come from an apical rec@etdtular studies using TIRF
microscopy, in the literature, have focused on the kinetics fluorescently tagged receptor
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arrival within the Evanescence Field, typically, without looking at a ligand directly

—

~ 100nmI E 2 Evanescence Wave

‘ “TT TN ‘ Coverslip

Critical Angle
1
Incident Beam 6 | \>|

(Axelrod 2001; Betziget al.2013)

Reflected Laser Beam

/ Excitation Laser Path

\

Dichroic Mirror

Emitted Light \

EMCCD

Figure 4. 2: Simplifie®dathbkcheaem
Mi croscope

The red line represents the path of the excitation laser light through the micro
Having passed through excitation filters (not shown) it will be reflected into
objective lens of the microscope, where lenses within it ensure the light path

the objective at the correct angle for TIRF. The light is reflected at the covefslip
sample mterface, and forms the evanescence wave (red rectangle), which prop
a short distance into the sample. Exciting fluorophores within the field (gr
Fluorophores outside the evanescence wave are not excited (grey). Light €
from the excited fiorophores (green rectangle) passes back through the micro
and into the detector (EMCCD).

TIRF microscopy has been used to study vesicle release and fusion at the basolateral
membrane. However, when examining litkerature there are differences in terminglp

and the way events acbaractesed For exocytosis characterisation, the steps would be
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as follows. Firstly, a vesicle enters the evanescence field and becomes bound to the fusion
site thisis an arrest of free movementaiesiclethrough the cytasl and confinement

of its location for an extended duration. The attachnemhe cell membrandjefore
complete membrane fusion and content release is through the interactk8N&RE

and tSNARE protein complexg@xelrod 2001) Once in place the attachment proteins

i unzi p omeambrahes bftthe vesicle and cell f(gdjic et al.2010)

Most protocols for examining exocytosis events will look at event duration, to ensure the
vesicleis fully bound to the plasma membrameforereleasePrior tothe completion of
vesicle fusion, the motion of theesiclewas restrictedo the site of membrane binding.
Some studies will then use a secondary signalling marker, such®asoCalow for
conpletion of the fusion process. Due to the requirement of calcium for exocytosis to
take placdgLock et d. 2015; Walkeret al.2008) Other studies use a pg¢nsitive probe

to confirm when the vesicles content is exposed to the extracellular envirai@henét

al. 2014; Bauereisst al.2015)

I n fAsimplero studies f | dabelles)scanee indnitored ad g g e
the asolateral membrane of cells to assay their exocytosis. Here studies look at the peak
intensity, spot radius and total intensity to confirm vesicle rel@askemoranzeet al.

2000. An increase in spot diameter confirms the event as exocytosis, as the vesicle
membr ane Aspreadso into the plasma membr
the types of events into arrival, loss and diffusion events at the men{Maweikawa

and Sakaba 2015pther studies found that some vesicles do not release their entire cargo

at a single dockingnstead several discrete fusion events were required to release the

full content of thevesicle These events haveen terme@ skisfandr un o exocyt «
or partial release events have been seen in the analysis of ¢&uonraiVendrellet al.

2014; Jaiswaét al.2009)
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Several studies have used TIRF microscopy to monitor cellular trafficking at the
basolateral membrane tife cell. The group of SalkwWard rave manipulated the TIRF
microscopy setup to allow for@mensional tracking of vesicles, through cells;route

to and from the basolateral membrane. $étipfor this imaging iscomplex involving

multiple detection EMCCDs at differing locations fraime microscopeUsing beam
splitters within the emission pathwhght from a given focal plane may be deflected into

the path of the detector, while allowing other light to pass througspltiter. Using this
technique antibodiesand membrane receptdnave been imaged at up to eight focal
planes simultaneouslgndthe endocytosis tracked in 3D. Within the field of endothelial
research, the FCRn receptor has been extensively characterised using the 3D tracking

protocols(Oberet al.2004)

4.1.3 Photoswitchable Proteins in Cell Imaging

For many years now the transferrin receptor (TfR) has been one fitlegoal targets

for the study ofeceptormediatedranscytosis across the brain microvascular endothelial
cells (BMECs) of the bloothrain barrier (BBB). However, despite multiple
investigatiosinto theTfR, the efficiency of delivery across BMECs remains lindeed

the precise mechanism of TfR transcytosis remains unclear. The TfR itself is known to
undergo constitutive recycling vin barrier cell types to facilitate the delivery of iron,

bound to transferrin, within the cells.

Additional studies by both Roche and Genentech with mand divalent antibody
constructs as well as loand high-affinity constructshowedan ability toperturb the
standard trafficking. The high affinity and-dalent antTfR antibodies caused receptor
downregulation from the surface of BMECs and increased lysosomal residence, leading
to a decrease in the total TfR within BMECs. Low affinity and mwealent antibodies
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against the TfR were able to successfully deliver a protein cargo into théenGMN® in

addition to showing lower toxicity to animals in studies.

4.1.3.1 Fluorescent Protein Constructs

Fluorescent proteins have had increasing prominenéiée science research since the
identification of green fluorescence protein (GFP) in 1962 and its cloning in 1992
(Hughes 198; Shimomuraet al.1962; Prashegt al.1992) The initial studies of the GFP
proteins were in association to bioluminescence in marine creatures. It was not until 1994
that GFP was used to label intracellular structures and for the stublg sdibcelluar
distribution of proteingChalfie et al. 1994) Studies of aquatic creatures including,
Hydrozoa and Antheoa revealed fluorescent proteins (FPs) with chromophore structures
similar tothatof GFP. Further studies along the evolutionary hierarchy of these species
revealed FP both GFlike and novel FPs such as DsRed and K4kdbaset al. 2002)
Increased interest in theseof FPs in life science research has led to the discovery and
cloning of FPs covering the entire range of the visible spectrum with improved fluorescent

stability and intensity.

Many FPs exist in a barrstructure with the central core forming the chromapho
comprising the internal facing amino acid sit@ins(Evdokimovet al.2006) Variation

of these amino acid residues can tune the spectral properties, stability, catalytty

and even generate a ntlnorescent form of the protein. The arrangement of the barrel of
the FP is the process of fluorescence maturation, the process of formation of the final
chromophore within the pore of the barrel. This process is coadidetfcatalytic with

no external factorgxceptoxygen moleculeEvdokimovet al.2006) However, beyond

this little is known about the precise mechanism of the biogenési® chromophore
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with the exact sequence of the formatiming poorly understoofbr the even the most

commonly studied, GFP.

More recent studies have found it is possible to engineer fluorescence proteins with
multiple states, ie. Off or on; green oed. These FP#all into several categories:
photoactivatable (on/off), photoswitchable or photoconvert{gleou and Lin 2013)
Changes to chromophore structure which lead to the permanent alteration of the
fluorescence profile of the FP are termed photoconvertible and most deemed most useful
for the studies proposed. Photoconversion requires exposure of the FP to high energy light
(typically ~ 400nm) to facilitate chromophore structural alterations, shifthrey t
excitationremission profile of the protein. The characteristics of photoconvertible proteins
can be seen in Table 4.1, below. All photoconvertible proteins require stimulation with
high-energy wavelengths of light to initiate the state cha@jeu and Lin 2013)This

state change often involves the breaking of peptide bonds within the structure of the
chromophore, which will alter the excitation and emission profile of the protein. In some
cases, these chagmycarbe reversedby exposure to longer wavelength light and these
proteins are termed as photoswitchgBleanget al.2016) If only a single conversnh is
possible (i.e. green toed only), then the protein is termed as having undergone
photoconversion. With these proteins, the only progression from the photoconverted state

is to photobleach.

163



Chapter 4

Table 4.1: Photoconvertible Fluorescent Proteins

Em.1 Conversion Ex.2

Protein

Dendra2 490 507 400+10 553 573
mEos2 508 516 400+10 571 581
mEo0s3.2 507 516 400+10 572 580
mEos4a 505 516 400+10 569 581
mEos4b 505 516 400+10 569 581
dEos 505 516 400+10 569 581
tdEoS 505 516 400+10 569 581
mKikGR 507 517 40010 583 593
Kaede 508 518 400+10 572 580
mGeo-M 503 514 400+10 569 581
PSmOrange 548 565 488 634 662
PSmOrange2 546 561 488 619 651

To explore this difference in trafficking of the receptather, we have generatl a TR

that is ceexpressed with the pheswitchable protein PSmOrange. This proteias
developedby Subachet al. (2012) in its standardorm, PSmOrange fluoresces in the
orange region of the visible spectrum (excitation 548nm, emission 565nm). However, if
exposed tdlue/green light sources (488nm) PSmOrange undergoes gkidition and

cleavage of the protein backbone to produce a chromophore witbdfiluorescence
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with an excitation wavelength of 636nm and an emission wavelength of 662nm (Figure
4.3) (Pletnevet al. 2014) The halflife of conversion of PSmOrange is 15s so for these
studies apical membrane regions were exposed period ob60sto ensuregreaterthan

90% conversion within a field of vieweforeincubation at 37C (Subachet al. 2011,
Subachet al. 2012) Further the farred form of PSmOrange displays favourable
photostability and resistance to photobleaching making it ideal for the analytkie of
arrival of potentially low levels of the construct at the basolateral membrane. In
combination with the electron multiplying CCD camera (EMCCD) of the TIRF
microscopy imaging of single fluorescent events should be possible at the basolateral

membrane.

Using this switchable PSmOran@éR in combination with TIRF microscopy, we will

be able to selectively fAswitcho trddelhef | uor
cells will then undergo an incubation with various ligands against the TfR°@tf87

differing time courseswe will then be able to examine the basolateral cell membrane,
again using TIRF microscopy to assay the arrivalaofapicalreceptor which has

undergone a transcytosis process.
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Figure 4.3: Structure of PSmO
phot oswitching

The above shows the structure of the entire PSmOrange protein (A) wit
chromoghore highlighted by the black circle. The changes that occur in
chromophore structure, when exposed to photoswitching light are then shown
and the excitation and emission wavelengths of both states are given. Adapte
Pletnev et al (2014) Fige 3 and Figure 4.

4.1.4 Chapter Aims

The primary aim of this @pter was to assess the feasibility of using TIRF microscopy
to image the basolateral cell membrane of BMEBswas done using a fluorescently
labelled ligand (transferrn) and the tagging ofts receptor (TfR). To enable the
characterisation dfothligandand recefor dynamics irbasolateral regions of BMECs.

The objectives for this chapter were as follows:

1. The characterisation of fluorescently labelled transferrin at the basolateral cell
membrane, to ideify putative exocytosis events

2. The constructionof photoswitchable fluorescent protejrtagged to the TR
(PSmOange)

3. Mathematical modelling and characterisation of PSmOrange photoswitching with

BMECs using confocal and TIRF micaugpy techniques.
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4.2 Methods
4.2.1 Materials

EBM-2 Media was purchased from Lonza, UK. Fetal calf serum (FCS), triab3irA

(0.5%) dissociation solutiorRenicillin-Streptomycin(10,000U/mL), Phenol Red Free

DMEM + Glutamax highglucoséénzaE 10pk Starter Kit Rest
T4 DNA Ligase Master Mix, PurelLinkE Quic
solution, 10x TBE buffer, Agar ose, Lipoc
AlexaFluo® 647 were purchased from Life Technolegi UK. The following filters,

used in the TIRF microscopy setup were purchased from SEMROCK, USA:
ZET473/10x, ZET532/10, ZET635/20, FFBZ6/29, FF01593/40, NFO3633E, BLP0O1

473R, NF01532U, FF646FDi01 and DI03r405/488/532/635. The EMCCD camera was
purchased from Andor, UK. All plasmids were purchased from AddGene, USA. Plasmid
Midi Prep Kit was purchased from Qiagen, UK. BSA, Hoechst and any salts not

mentioned here were purchased from Sigma Aldridge, UK.

4.2.2 Cell culture

These studies were performeéd hCMEC/d3 (human immortalised brain endothelial
cells). These are cultured on collagen coated plastic, in media containing: 92.59% EBM
media supplemented with 5% FBS, 1% penicifitreptomycin, 1% HEPES (1M stock
solution) and 0.5% vitamin C. hCMEC/d8lls were split at between-E®% confluency

by use of trypsifEDTA solution (0.05%) and incubating the cell a@7Tor ~5 minutes.

The dissociated cells are then resuspended in fresh, culture media and centrifuged at 300
xg for 5 minutes, to remove fpginEDTA from the cells. The cell pellet is resuspended

in 5 mL of media and the cells counted by haemocytometer. For maintenance, 1 million
cells were seeded into a T75 flask, for assays hCMEC/d3 cells are seeded at a density of

20,000 cells/crh onto cdlagen coated plastic ware.
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4.2.3 Uptake and Pulse&Chase Study design

hCMEC/d3 cells are grown in glabsttomed MatTek dishes (No. 1.0 coverslip) until a
confluent monolayer can be observed by bright field microsco@yd&ys post seeding).
Onceconfuat remove the culture media from thc¢
Ringer buffer, containing 0.5% BSA (KRB). Incubate the cells with this buffer for 30
minutes at 37C to remove serum proteins from the cell surface. For the uptake and pulse
chasestudies, following the starve in KRB, the cells are then incubated with the
fluorescent ligand, transferridlexa Fluor 647 (100pM) for 45 minutes at°87(the

uptake phase). Following this, cells are washed 5 times with PBS to remove the
extracellular, ubound ligand from the imaging dish. To image at this stage cells are
incubated with KRB + 2.5% BSA for the chase/imaging phase. Dishes undergoing a chase
phase were incubated at°@7and 4C for up to an hour, prior to imaging. With cells
being chased thegre washed a second time with PBS to fluorescent ligands that are no

longer cell associated following the chase.

4.2.4 TIRF microscopy design

Thereweremultiple imaging approaches available to use with the TIRF setup available
in Cardiff. The simplest fon wastracking the arrival and motion of particles within the
evanescence field. This can be done by recording a video of the cells, 1000 frames in
duration (30ms exposure time), and pastjuisition analysis using the Fiji software. For

the Alexa Fluor 87 labelled proteins, imaging setup used 634nm excitation laser, with a
minimum, fibre coupled power, of 20mW, and a lgrags 660nm emission filter in place.
Video acquisition was done using an EMCCD camera, with a pixel resolution of 512x512.
Imagingwasdonethrough a 60X magnification lens with an additional 1.5X added within

the microscope and 10X magnification at the coupling of the microscope to the camera.
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4.2.4.1Photobleaching

TIRF microscopy offers a way to track the dynamics of protein traffickvents at the
basolateral membrane of cellShis can be doneby live tracking ofeventsat the
membranén long-durationvideos. However, other methods exist to monitor fluorescence
at the basolateral membrane and dynamics of reckgémd trafficking. To ensure that
fluorescence arrival into the basolateral region is ftbenapical aresof the cells, and
not merdy f | uor ophblregpifinfgdd pi n and out of t
photobleaching fluorophores in the evanescence field, avitngexposure 309 and

then looking at the recovery of fluorescence into the field of view. This technique is
known as fluorescence recovery after photobleaching (FREPanalyse these studjes

it was proposetb study the total fluorescence recovery ite bleached region, over ten
minutes, while also looking at the total number of fluorescent spots. If the trafficking of
the protein is limited tepurely basolateral recycling then after the photobleaching there
would be limited or no return of fluorescenio the recovery. However, if the trafficking
pathway of the protein is nenestrictive throughout the cell, then the recovery into the

basolateral region will be more rapid.

4.2.5 Plasmid Design

To generate the PSmOran@fR constructthe TfR sequenceas restriction cloned into

the vectors pPSmOrang&l and pPSmOranggl to produce constructs with-lnd G
terminal labelling with the fluorescent proteifhis wasto ensure the stability and the
normal functioning of the construct within cells, withawniterference to cognate ligand
binding. The most optimal construct will be taken forward for the transcytosis studies.
Two-site restriction enzyme digest of the donor and acceptor plasmids should ensure

maximal incorporation of the TfR sequence withinfinal plasmid,beforepurification.
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The restriction siteEcoR1andAgelhavebeen selectedlue to their flanking of the TfR
sequence in the donor plasmid and their presence within-chutiing site (MSC) of the
acceptor plasmids in the desired insertgite. Also, the use of multiple restriction
enzymes ensures the inserted sequence will maintain the correct orientation in the final

plasmid. Thusensuringthe expression of the sense sequendbedesiredprotein.
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é ! .....‘, ¥ — # -~
- . R " e — /
N Ty / N
/ b /7 N
(\ PSmOrange-N1 L[ TfR-pHuji \ \ i/  TfR-PSmOrange \ §
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N \ — - 7//,/ ’ - _~
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Figure 4. 4:-TftPRSnPQraasnngied Structure an
In the above figure, the plasmids used and created are shown. Figure A shows the structu
PSmOrangeN1 plasmid (Addgene ID = 31898). B the structure of (Addgene ID 9%1%hile C
is the proposed structure of the synthesized plasmiePSRIOrange.

4.2.6 Restriction Digest

Restricton digestswere performeca s per t he supplieggbs i nf
donor and acceptor plasmid were incubated with both restriction enzymes for 1 hour at
37°C to ensure maximal cleavage of DNFhe cleavage products were then separated by
purificationalong an agarose gel (0.8%) with ttmrectbandsbeing collectedor and

the DNA extracted from the gel. The insertion fragment, containing the TfR DNA
sequence, flanked by the overhanging stiekgs, containing the complement to the
restriction #e, was then incubated with the cleaved, recipient plasmid and annealed using
T4-ligase. Blank, insert sequence only and recipient only ligations were also performed

to establish the selinnealing occurrence.
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4.2.7 Bacterial Transformation

The newly crated plasmids will then be transfected into DM colicells by heashock
transformation. Briefly, an aliquot of the bacterial stoalkese thawean ice and 106L

of the cells will be transferred into a chilled tube, one tube per transfection. Thenligat
product should be diluted 1 in 5 from the reaction faowh this leL is added to the cells
and pipetted to disperse the DNA among the cells. Cells are kept on ice for a further 30
minutes before heahocking the cells at 42 for 45s and placing theells back on ice

for 2 minutes. Cells are incubated with 8Q0of S.O.C. media (room temperature) and
shaken for two an hour at ®7. Streak the transformed bacterial cells onto LB agar plates
containing selection antibiotics (ampicillin10Cg/mL or kananycin - 50eg/mL) and
incubated overnight. The following day single colonies are pickedhantatedn 5 mL

LB broth and cellsvere incubateébr 12 hours, under shaking at°87 allowing for initial
bacterial growth. From this mL of bacterial cells arascubatedn 250mL of LB broth,

for 4 hours to expand bacteria for plasmid isolation.

Following isolation of plasmid from Eoli, the insert was confirmed by restriction digest

of the plasmid with EcoR1 or EcoR1 plus Agel restriction enzyifés.confirmedthe
molecular weight of the newly constructed plasmid and the presence of the TfR DNA
within the plasmid. Additionally, the plasmid digests were extracted from the gel and
sequenced to further confirm the presence of the TfR insert within the pPSra®iang

plasmid.

4.2.8 Cell Transfection

To optimise the transfection protocol within hCMEC/d3 cellsee concentrations of
plasmid were selected, 0.5,2¢g/well. Briefly, cellswere seedethto 6-WP, MatTek
imaging dishes and other plastic ware at acentration to give 790% confluency 24

hours posseeding. Plasmid transfection solutiavare preparedh accordance witkhe
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manufacturer 6 s plegad plasnudvas combinedingte laOptirierg |,

with 2eL of P3000 reagent and 315 Lipofectamine 3000 reagent and incubated at
room temperature for 15 minutes before transfection. For the other concentrations of
plasmid the ratios of DNA:P30a0dpofectamine3000remairs constantandthe volume

of Optimem remains at 5Q per well. The prepatktransfection solution is added to cells

in culture inserumcontainingmedia and allowed to incubate for 48 hours before analysis.

Confocal microscopy was performed to confirm the transfection and the ability of the
pPSmOrangdfR plasmid to undergo phagwitching with our microscopy setup. Cells
were imaged 48 hours pesansfection with the plasmidefore imaging the culture
media was removed and replaced with imaging media (pheswbiree DMEM
containing HEPES and supplemented with 0.5% BSA), toilierate cells for
microscopy. Five minutes before imaging, cells were stained with Hoechst to ease
identification and allow for visualisation of the nuclei. Cells are then we&hers with

PBS beforae-incubationwith newimaging media for analysis bgicroscopy.

When imaging plasmid positive cells were identified by fluoresceimc¢he orange

channel (ex. 543nm, em. 5600nm), as this is the native state of the PSmOrange. A
single image was captured, by exposing cells to 543nm and 633nm lasensl| thés
referred to as ATi me Zer oo, and represen
imaging planebeforephotoswitching. A time series was then taken, of the same field of
view, exposing the cells to 543nm, 633nm and the switching wavele4ggnm (at

different powers). By imaging in this manner, it is possible to see the fluorescence state

shift over time and establish the photoswitching kinetics for different laser powers.

Analysis of theswitching kineticseries is done using Fiji softwate identify regions of
interest (ROIs) and quantify the mean fluorescence within these RRisis donein

each frame of the series and each fluorescence channels (orangeradjl fHne values
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are themormalsedso that the fluorescence at time zerthe orange channel is equal to
1 and in the fared channel is 0. The faed fluorescence is then furtheormalsed so

that the maximum value for faied fluorescence is equal to 1.

Having established the optimal switching time for the fluorespewiein, it is then
possible to switch the protein without neediogimultaneously image in the orange and
red channelsThis allows for the performance of a modified FRAP study, where, by
switchingin selected regions of threellsand then imaging the ard cell it is possible to

see the redistribution of the receptors within the focal plane.

4.2.9 Setting up TIRF for two colour imaging

To further optimise the TIRF microscope for photoswitching experiments, efforts were
made to establish dual colour imagi with the TIRF microscopy setup, to allow
simultaneous imaging of switched and native state of the protein. The optical pathway of
the TIRF microscope was altered to allow for maltcitation and imagsplitting to

collect two different wavelengths ofrgtted fluorescence simultaneously. A diagram of

the light paths involveavasshownbelow. However, in simplistically terms, excitation

light from the laser sources is columnated and aligned, so that the laser spot for all three
excitation sources is in ¢hsame positionThis ensures maximal power output from all
lasers once thewere couplednto the fibre launch system. The fibre system, although
reducing the laser output power at the stage, ensures uniform illumination of the sample
during imaging. Frespace coupling of the excitation lasers intortiieroscopeallows

for higher excitation powers at the microscope stage. However, it also produces a
Gaussian excitation profile, that is different for each excitation laser, so uniform,

comparable illuminabn is harder to achieve.

Once the excitation |light is within the
objective lens to the samplBo do this in multexcitation imaginga quaeedge dichroic
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mirror was usedThis dichroic mirror can refleg¢he excitation light from all the lasers

into the objective lens, while crucially allowing the emitted light from excited
fluorophores to pass back through it. The angle at which the excitation lasers hit the
dichroic mirror will determine the positionelative to the centre of the objective lens,
that the light will arrive at and therefore the angle at which it will leave the objective and

reach the sample.

Having beertotally internally reflected and exciting the fluorophores in the sample the
emitted fuorescence will travel back through the objective lens. Indhse passing

through the dichroic mirror anthrougha s et of emi ssi on notch
photons of light that may have come from the back reflection of the laser. The emitted
lightis then directednto the image splitter unit. Here thaseanother dichroic mirror,

which will allow long wavelengths (>640nm) to pasisrough while reflecting
wavelengths below this. The now, two paths of now pass through bandpass filters for their
respective fluorescence (red = 676/29nm filter, green = 593/40nm filter). The photons
that passed through the bandpass filters is then focused onto the EMCCD detector of the
camera, such that half of the detrehalft or w

Agreeno fluorescence.

4.2.10 Microscopy Study Preparation

For these studies, the PSmOrafigR plasmid was transfected into hCMEC/d3 cells,
using the protocol in section 4.2.8, and cells left for 48 hours to express the fusion protein
construct. Afer 48 hours cells were lysed, using the lysis protocol described previously
and the protein concentration quantified and adjustequgl. with PBS. This stock of
protein lysate was stored, in lQ aliquots at20°C until use. Additionally, lysates fno

unttransfected control cellwere collectedto ensure that any observed photoswitching
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was due to the predicted switch in the PSmOrange protein and not another component of

the cell lysate.

4.2.11 Imaging Optimizationi Channel CrossTalk

The cell lysa¢ (1 pL) was pipetted onto a plasma treated coverslip, at the stock
concentration (ug/uL), and allowed to dry, so the fluorophores wiereontact with the
coverslip, with limited diffusion. This concentration of cell lysate allowed for the imaging

of single fluorescent molecules when TIRF. Inibakimisationwas done to characterise

the fluorescence crogalk between the microscope channels with the different laser
configurations. These included: green laser only, red laser only, green and red lasers
simultaneously, blue and green lasers simultaneously, blue and red simultaneously and
all three lasers simultaneously. This crta& study was performed on regions of the
native state (green) protein and therregions exposetb the blue laser for agpiod of

up to 10 minutes. This long blue exposure allows for photoswitching to take place, while

not bleachingthe fluorescence with the green and the red lasers.

4.2.12Imaging Optimization i Photoswitching Procedure

The previousoptimisationstagefound as the number of lasenssincreased the noise in

the red and green imaging channels increaBled.was most apparent in the fiaad, as

the signal to noise was much lower than in the green channel, and théteedtkrough

from the bpbi ght ¢ hte My epeins channel . It was
photoswitching procesdong capture videos wouldhe taken 1000 frames at 30 ms
exposure. With the protein exposed to the green laser only for approximately the first 50
frames, to give the l@tions of the fluorescent protein at the before the photoswitching.
Then simultaneously exposed to the blue and red laser, for the duration of the switch
(~900 frames). Before finally exposing with the green laser for the last 50 frames of the

capture, thee allowed theisualisation of the location of any native fluorescence at the
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conclusion of thghotocaversion The total exposure timegas variedoy changing the

number of accumulations pgamewhile keeping the total number of frames constant.

This means, if the frame accumulatiorasii 5 6, t h e c-projectrfiee fraves | d 2
into one, which it saves in the video before capturing the next frame, a 1000 frame video

is the length of a 500ffame video. The number of accumulations uvsed 1, 2, 3, 5

and 10; which created a series of videos from 30 seconds to 5 minutes.

4.2.13 Imaging Optimizationi Image Analysis

All image analysis and quantification, unless stated otherwise was performed using Fiji
and the plugins and custom macros within the soéiwasing two colour imaging creates

a 512 x 512pixel image, visually divided in two, based on the green (upper) and the far
red channels (lower). Before any quantificatiwas donethe videowasduplicated to
produce two videos, for the green andred channels. These channels are then merged

into a single video and assigned accordingly.

The videos were then examined to establish the frame number where the switch was made
from green laser only, to blue and red lasers, back to greeroldgerhis wasdone by

visual inspectioand plottingthesla x i s prof il e of the green
in fluorescence signal. The video is split in three at the points of laser combination change
and | abel | edreeaPtéc, o riidA hnogt| oys wiritPoo Is ipnajgctions @fi g r e
the AVERAGE INTENSITYwere maddor the greenPreand greenPost videos, and a

SUM SLICES projection of the Photoswitching video.

To identify the events in the green channel that have disappeared during the

photoswitching phase ttfie captureimage mathsvas performedas follows:
Equation 4.4

G € "QQ0E "OL'AWARQE PO @ Qe 01 Q
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If an event was present in tgeeenPrebut not thegreenPosta black spot appears in the

output image. Conversely, if tlgpotwaspresenin the greenPost projection, but not the
greenPe a bright green spovas seenThis new image is then combined with the z
projection for the Photoswitching video and is examined to check for tleealization

of red spots with black spots. These i noc
protan from the start of the capture. The-logalization of green spots with red spots

would potentially represent a region pértialp hot oconver si on, wher
native state of the fluorescent proteins arrived during the photoswitching phaseofSome
these may have undergone photoswitching, into thieethform and so fluorescence from

both forms is detected at that location.

Using thebuilt-inJ ACoP pl ugin i n Fij i donatizatibrhtest, Ma n d
the exact percentage of red spdtativere localsed with green spotgould be found
This is then compared across all the frame accumulations to see the change in

colocalizationwith increased photoswitching time.

4.2.14 Mathematical Modelling of PSmOrange Photoswitching
The mathematidanodelling of the distribution of the states of the chromophore at a set
time-point was done in MatLab, using the Simulink plugihe equations were created

by LaPlace Transformatiommsed on a closed system consisting of three compartments.
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4.3 Resuls and Discussion
TIRF microscopy allows for the detailed imaging of cellular events at the basolateral
membrane of cells. As such it has a high potential for use in the understanding of cellular

trafficking across brain microvascular endothelial cells.

(A) Example of an exocytic event (wide

view) (C) Vesicle Arrival (ii) (D) Vesicle Release (iv)
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(B) Changes in fluorescence intensity of
an exocytic event
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Figure 4. 5:Al BrxarFd fueorrr iémd7 Tr af fi

Membr ane of BMECSs

Figure A shows a single frame from a capture video of transfAteikaFluor 647 traftking
at the basolateral membrane of hCMEC/d3 cells. The yellow square highlights a req
interest for a potential exocytic event. Graph (B) to the left shows the changes in the
fluorescence of an ROI (yellow circle) as a vesicles arrives fiijsisd to the membrane (iii
and is released (iv) and the fluorescence returns to background (i). The panel of imagg
the 17x17px area containing the ROI and illustrate vesicle arrival (C) and vesicle r
events (D).
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4.3.1 Transferrin TIRF Results

Initial analysis of TIRF microscopy on transferrin at the basolateral membrane of
hCMEC/d3 cellsvas performednanually.This found several events that demonstrated

a fluorescence profile that would be expected from a paiesiocytic event, as
demonstratedn Figure 4.5. Events arrived rapidly into the evanescence zone, in an
ARemptyo r egi oeventsfprederiie theewdndscencd zome for a prolonged
time, and in a confined location for the entirge, it is present. Loss of fluorescence from

the event occurs rapidly and returns to the background fluorescence level, following
release. The second peak thats seernn Figure4.5.B,is from a secondargventthat
originated outside the RMloundariedbut was parially trafficked into the ROI over the

course of the capture.

Having identified characteristics indicative of potential exocytic events the process of
identification was automated through criteria setting and the gatingatsn the image
analysis sdfvare. This process s line with previous work on TIRF microscopy in cells.
Looking at the following variable: time in evanescence field, net displacement from the
arrival point, finally to ensure events of interest are arriving from within the cell, th
eventspresent in the first 100 framesere excludedfrom the analysis. The last
characteristic was added as part of this analysis, to enhance the likelihood that the arrival
event has come from within the cell, potentially by the process of transcytosierk

by the Sallyward group, more complex TIRF microscopy techniques have allowed for
the visualisation of cellular events approaching the membrane from further within the cell
(Oberet al.2004) While work with more fluorescently stahlfluorescent proteinsave

been able to demonstrate a spreading effect observable as vesicles reach the basolateral
membrang(Schmoranzeet al. 2000) However, no work has beatone using TIRF

microscopy to observe the trafficking of fluorescently labelled targeting ligamus.
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while the Alexadyes have a generally high photostabilifire very high laser powers,
decaying away from the coverslip does cause rapid photobleadhinmgdividual
fluorophores at the cell membrane. This effect is less observable in larger vesicles,
containing more molecules of ligand. Any work on ligands has looked at naturally
expressed proteins, labelled fluorescently to examine their release aellth Several
studies have shown that vesicles that are undergoing directional trafficking within cells,
along microtubules can have a velocity of QrB/s, and in some neuronal cells, up to 3

um/s (Kreft et al. 2004, Grafstein and Forman 1980; Goldsted Yang 2000).

Events following directional pattermgereobserved in transferrin AlexaFluor 647 capture
videos However, they appeared infrequently and were difficult to analyse using the ROI
methodology described in Figure 4.B. there were fewer evds present in the
evanescence field, then detection and tracking of these events would be more robust. As

this was not the case an example has not been included in this chapter.
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In some cases the vesicle can be seen to arrive into the evanescence field, re
of the field and then return in the exact same location within a short time fram
second). Graph A shows an example of therBlaoence profile of events like thi
The schematic in B shows the difference between a fusion event that stays in th
location throughout release, and the retreat and return vesicles that move in an
the excitation field.

Other events observed in the cells mimic the-kisdrun profiles deschbied in previous
work (RomanVendrell et al. 2014; Jaiswakt al. 2009) Here events appeatinto the
evanescence zone then reteeldnd retured to the same location in the field of view
(Figure 4.6) With both the retreat and return characterised by rapid changes in
fluorescence intensity atetiocationof the spot. In the event shown here the sapue

appears and retreats from the sdmeation(6 x 6-pixel area) four times within the course
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of the 16-secondvideo. Each appearancsas sustainecver several frames and
immediately followed bya return to the background fluorescence level for that region.
The potential trafficking routes afvesiclethat has arrived and departed the evanescence
field were summarizedh Figure 4.6 below. Events such as these may be caused by
vesicleswhich are n fact not docking with the basolateral membrdnstead theyare
transiently entering and retreating the field of view without docking. Irextaenple in
Figure 4.6 this may be the case, as there is no loss of fluorescence intensity between the
majorpeaks in the grapli full or partial docking and exocytosis had occurred before the
retreat from the evanescence fielthen the second observed peak would have been at a
lower intensity than the first peakhiswas showrin previous work on TIRF microspy

of receptors tagged withfluorescenprotein. Here partial exocytosis was observed as a
decrease ifocalisedfluorescence, but not a complete loss from ltdwlisedregion
(RomanVendrell et al. 2014) This contrasts with the observations in this study,
confirming the likelihood that no exocytosis occurred in this event, but that the event

observed was pureintracellular vesicular movement.

To develop the detection methodology further would require an automation approach to
the detection of the different types of cellular trafficking evenkss would go beyond

the current offerings of Fiji plugins, sucas TrackMate, as it would require a
classification method to link tracks that reappear in the same location as previols one.
do this effectively a data science approach may be most efficient, to analysardgiee
datasets generated from each videotwap This would be an area of potential

development in the future.

As a shorterm method to quantify the number or percentage of total events that show
the desired characteristics for potential exocytic events as sequential filtering method was

developedor analysis. In this method, a field of view is loaded into Fiji and any potential
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spots of fluorescence intensity are identified in the TrackMate plugin. These spots were
examined and tracks are build based on a neamegghbour search method within
TrackMate. This produces a total number of tracks for a capture video (100 %). The total
population of all the tracks was then filtered by the following: duration (humber of spots
in track), displacement (distance travelled) and arrival time (to ensuréonlg wo t r ac
are examined). Using these it was possible to get an estimate as to the proportion of total
tracks that may be undergoing exocytosis. This method is shown in Figure 4.7, and the
proportion of tracks of transferrin AlexaFluor 647 that were migdk exocytic was
calculated as 10.1%. These filter methods are similar to ones used in other TIRF
microscopy experimen{®lidorikawa and Sakaba 201%jowever, it should be clarified

that the findings shown in Figure 4.7 are not statidg % of all tracks observed were
undergoing exocytosis, instead that 10.1 % of all tracks exhibit characteristics that are
expected of exocytic vesicles. To confirm whether the events truly exocytic or not a
secondary label would be required, to detetigdnd and receptor are present together
and attempt to visualise the dissociation of ligand from receptor on completion of the

exocytic process.
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All Tracks Spot Filter Start Filter Disp. Filter

All Events Spots in track <10 Arrives after 10s Track Disp <1.5um

82.1% 6% 1.8%

17.9+2% A 11.9+1.5%

Figuretderi7Tngiof transferrin traffic
The above figure shows an example of the filtering of all detected track events in a capture \
transferrin AlexaFluro 647 (100 pM) in hCEMC/D3 cells when viewed by TIRF microscopy.
tradksshown in the images (A) are colour coded based on their start time. Any purple dots that |
visible as filters are applied represent spots that were detected in that frame of capture but are 1
included in a track after filtering. The effecttbk sequential filtering method on the proportion of {
total number of spots is quantified in B, with the percentage of spots remaining after eac
highlighted in red and given as mean % std (n = 10 capture videos).

L 4

10.1+1.2%

100%
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4.3.2 Photoswitching
4.3.2.1 Confocal Microscopy Results

Initial tests with the PSmOrangdR construct inhCMEC/d3 cells confirmed the
expression of the plasmid. The imaging of cells in the oreangfarred channelbefore
exposure to the switching wavelength confirmed that therefdrfluorescence is
negligibleprior to photoswitchingCells that expressie PSmOrang&fR plasmid show
strong,stable fluorescence signal in the orange charibgbosure of PSmOrangdR
positive cells to 543nm light allowed the calculation of the photobleachingifeaiér

the PSmOrange protein. The was calculated to be83FHt:onds and a rate constant of
2.19 x 10°s* when exposing the PSmOran§tR positive cells tahe 543nmlaser at

0.09 mW power (Figure 8). Therateof photobleaching is related to the exposure power
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of the laser. Howevefor the photoswitching stuels the power of the 543nm laser was

kept constant at this power.

Figure 4. 8: P hhoet oodbrl aenagce

PSmOr ange
The graph shows how exposure of the native state PSmOrar|
only fAoranged excitation l4ilght bl eaches t
life of photobleaching, at a laser power of 0.09mW was calcul
as 316.8 seconds. N = 3 in triggie, mean + std

Initial studies, exposing PSmOrange positive cells, to the switching wavelength (488nm)
triggers a rapid shift from the orange to-fad fluorescence states, Figur@ delow. The

rateofs wi t chi ng was c¢al cu headfluerdscence into thefieldaf r r i
view andwas confirmedby comparing it to the loss of oranflaorescence from the

image. With imaging in this manner, we see theréal fluorescence increase rapidly in

the early frames, but as the amount of proteirbé¢oswitcheddecreases the faed
fluorescence begins to plateau and eslenreasedn later frames This decreasaas

likely due tothe bleaching of the fared form and movement of the PSmOraiige

from the plane of view.
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