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Convention for protein and gene nomenclature

Gene names have been reported in italics and protein names referred to in standard font.
Human proteins and genes are reported in uppercase; proteins and genes of mouse are
reported with an uppercase first letter only. For example: XCRXCRZ= protein andgene

of human XCR1; XcrIXcrl= protein and gene of mouse XCR1 homologue.



Abstract

Background: XCR1 represents the sole member of the class C chemokine receptor family.
In humans, this receptor has two exclusive ligandg XCL1 and XCL2. This chemokine
signalling axis demonstrates clear conservation of sequence, structure and function
between mice aml humans. However only a single ligand, Xcl1, exists in mice. In addition, a
lack of clarity surrounds the molecular identity of the Xcrl protein in mice. Recent evidence
from a rat model of peripheral nerve injury has demonstrated the expression of Xcrlithin

the CNS and suggests this chemokine signalling axis to contribute to the inflammatory
response to central and peripheral nerve injury. Further examination of this chemokine
signalling axis was sought to characterise the contribution of XCR1 and XCitdl CNS

function.

Aims and Objectives: 1) Determine the molecular identity of mMRNA and protein produced
by Xcrl. 2) Characterise the expression of Xcrl and Xcll within the mouse CNS. 3)
Determine the influence of a central inflammatory response on the ge and protein
expression of Xcrl and Xcl1l within the mouse CNS. 4) Attempt the identification of XCR1

presence within the spinal cord of humans in the context of health and disease.

Results: This project provides the first direct functional comparison ofthe two predicted
Xcrl isoforms and demonstrates higher i -arrestin recruitment to the Xcrl protein
produced from an open reading frame located entirely within exon 2. The expressionX€rl
and Xcllwas observed to be low within the CNS of NTg animals. Hewer, an increase of
Xcllexpression within the spinal cords of mice demonstrating prolific glial activation was
observed, whilst the expression oKcrlremained unchanged. Attempts to refine the cellular
source of Xcll expression identified a low expressn of Xcl1 within primary microglial
preparations from NTg, SOD4593A and TDRQ331K mice. The expression ofcllby these
primary cell preparations was not influenced by LPS treatment. Detection of XCR1 within
the spinal cord of humans by immunohistochemisy provides the first indication, to our

knowledge, ofXCR1expressionby glial cells of the white matter.

Conclusions: Further credence has been given to the molecular identity of mouse Xcrl to
arise exclusively from exon 2 ofXcrl The identity of Xcrl mRNA however remains
inconclusive. This has implications for future investigations of the expression of this
chemokine receptor, as well as for the development of methodologies to achieve therl
and Xcllexpression is suggested to be low within the CBlof NTg animals. The increased
expression of Xcll is in accordance with this chemokine to contribute to a central
inflammatory response, however this expression is not supported to arise from microglia.
The presence of XCR1 within human spinal cord is ifchted to localise to glial cells,

however further investigation is required to confirm the cellular identity of this expression.
il
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Chapter 1: An Overview of Chemokines and their Roles in the Central Nervous System

This PhD project has sought to investigate the potential expression and function of the Class
C chemokine, XCL1, and the class C chemokiaeeptor, XCR1, in the health and disease of
the central nervous system (CNS). To provide a complete background to the potential
capacity for XCR1 and XCL1 to function in the CNS, the reader is first introduced to the
characteristics of the chemokine supdamily and the existing evidence for those members
documented to function within the CNS, in an effort to demonstrate the possible functions
for which the studied chemokine signalling axis may be involved. Following this, the existing

evidence of XCR1 an¥CL1 is discussed and the aim of the project is proposed.

1.1 The Chemokine Superfamily
1.1.1Chemokine kassification and nomenclature

Chemokines Chemdactic cytokines) are a superfamily of proteins which consists of 48
members within humans. The characteristic function of chemokines is to control cellular
migration or arrest of receptor cells and, since the initial description of CXCl@Valz et al,
1989; Holmeset al, 1991; Murphy and Tiffany, 1991) represent one of the first molecular
superfamilies in mammals to be documented tds entirety. The chemokine superfamily is
divided in to four subfamilies- C, CC, CXC, X based on the amino acid sequence that
separates the first to the possible second cysteine residue of the-tdrminal domain.
Chemokines may contain up to four cysteine residues in total with the disulphide bond(s)
OEAO AQEOOO AAOxAAT OEAOGA A1 01 AT 1T OOEAOOET
(Zlotnik and Yoshie, 2012)Figure 1.1).

Chemokines may exist as secreted or membrane bound protei(Sardonaet al,, 2006) and

undergo significant posttranslational modifications that significantly influence their
characteristics (Mortier et al, 2011). Thdar chemotactic function relies upon interaction

with their cognate receptor(s), a group of rhodopsinlike seven transmembrane proteins,
although alternative roles for chemokines without receptor engagement have been
demonstrated, such as antimicrobial actiities (Nevinset al, 2016). A total of 23 Chemokine
Receptors have been identified with the majority of receptors exerting their function via a
functional intracellular coupling with a trimeric G-protein. However, 5 of these receptors,
designated as Atypal ChemoKine Receptors (ACKRs), do not induce any intracellular
signalling following chemokine binding and instead act to scavenge extracellular

chemokines and modulate their signalling capacity by the internalisation of bound ligand.

Chemokine receptos demonstrate a bias towards the class of chemokine to which they are
activated by. The classification of chemokines and chemokine receptors is therefore based
iIT OEA OOAcoOi Op i &# AEAITEET A O xEEAE OEAU
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Figure 1.1 Structural characteristics of Chemokinebnages used with permission from(Fernandez and Lolis,

2002).4 EA POl O OUPEAAT OAAITTAAOU OOOOAOOOA T £ MEAIHGEEIERO EO OAT
protein is composed of; a disordered Merminal domain which exhibits the least homology, of the chemokine

domains, between individual chemokines and is attributed with endowing the chemokine with its respective

chemokine receptor(s) affinity; acysteine motif which is composed of one (XC) or two (CX3C, CXC, CC) cysteine

residues. These cysteine residues are responsible for stabilising the chemokine structure via disulphide bridges

formed with one (XC) or two (CX3C, CXC, CC) cysteine residuesfbiowards the Gterminus of the protein (see

(B)); an N-loop which runs betweenthe NOA OT ET AT A lshiket; @ Eelies EEh@©ifterqonnected anti

D A OAIGEMRIA &ON -hditalidordain atthe QOA O1 ET OO0 1T £ OEA DOl QrkdiburfaccEEAE 1T OAOI EAC
(B) The differing number and position of cysteine residues within each chemokine subfamily is illustrated by a

schematic overview. Note the mucirstalk domain of the CX3C class which permits integration with the plasma

membrane. XC chemokinesontain only two cysteine residues and hence only have a single disulphide bridge.

The tertiary and quaternary structure of these chemokines is thought to be stabilised by extensive glycosylation.
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lack of bias towards chemokine subfamilies and their lack of intracellular signalling
activation following chemokine binding, ACKRs are excluded from this systematic
nomenclature. Furthermore, this approach does not capte the qualities of chemokines

that may have antagonistic effects on the receptor, a property of chemokines that appears

to lack any congruent featurgZlotnik and Yoshie, 2000; Zlotnik and Yoshie, 2012)

1.1.2Functional classification of chemokines

AnAAOT AAT AR T &£ AEAITEET A AEOAT OAOU 1T AAOOOAA (
OEA pwwnd 08 4EAOA AEOAT OAOEAO xAOA AEAOAA OIi
activated leukocytes, due to the relatively high quantity of these transcripts @Wing more

reliable isolation and characterisation according to the available methods of the time. Early
understanding was therefore dominated by evidence of chemokine contributions to the

innate immune response and their capacity to induce cellular migran as a consequence

of interaction with their respective chemokine receptor(s) during inflammatory states.

A second round of discovery of chemokine genes was achieved as a consequence of the
development of more elaborate genetic databases. Subsequent investigation of these
chemokines has since illuminated the capacity of some chemokines to function during
homeostatic states, display more restricted receptor affinities and to have greater
exclusivity to the tissue and cellular origin of expressiofiZlotnik and Yoshie, 2000) Despite

these differences, all chemokines consistently demonstrate the capacity to induce
AEAT T OAGEO AT A AO OOAE EAOA AAAT OAEAOOAA Oi
As a consequence of this divergence in observed function, chemokines have been
functionally categorised as inflammatory, homeositic and dual function Dual functin
chemokines are an example of those which have recognised roles in both inflammation and
homeostasis. Furthermore, additional subgroups of inflammatory chemokines have been
proposed. Platelet and Plasma chemokines are those that require proteolytic cleae for
OEAEO AAOEOAOGEIT ET OAQériuleshfphiElétsFladaddBraddd i OA A
2010; Nomiyama, Osada and Yoshie, 2010dypically acting as early mediators of the

inflammatory response to vascular injury.

The recognition that chemokhes can participate in homeostatic as well as inflammatory
processes makes an important distinction which has aided the appreciation of the broader
roles that chemokines occupy. However, this method of classificatiors considered

I PAOAOGEIT 1T Al apiuteihe AlédmkrdeirydoperBies of individual chemokines. A

further caveat is the promiscuous and redundant binding properties of chemokines that

allow some chemokine



Chemokine | Ligand(s)

Receptor Agonist Antagonist

CXC family

CXCR1 CXCL6, CXCLZXCL8
CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, @

CXCR2 CXCL8

CXCR3 CXCL4, CXCL9, CXCL10, CXCL11, CXCL13 | CCL11

CXCR4

CXCR5 CXCL13

CXCR6 CXCL16

CXCR7 CXCL11¢

CC family

CCR1 CCL3, CCL3L1, CCL5, CCL7, CCL8, CCL13,d CCL26
CCL15CCL16, CCL23

CCR2 CCL2, CCL7, CCLS8, CCL13, CCL16 CCL11CCL26

CCR3 CCL3L1, CCL5, CCL7, CCL11, CCL13, C(¢ CXCL9, CXCL10, CXCL:
CCL15, CCL24, CCL26, CCL28 CCL18

CCR4 CCL17,CCL22

CCR5 CCL3, CCL3L1, CCL4, CCL4L1, CCL5, g CCL7CXCL11CCL26
CCL11, CCL16

CCR6 CCL20

CCR7 CCL19, CCL21

CCRS8 CCL1, CCL16

CCR9 CCL25

CCR10 CCL27CCL28

XC family

XCR1 XCL1, XCL2

CX3C family

CX3CR1 CX3CL1CCL26

ACKRs

CCBP2 CCL2, CCL3, CCL3L1, CCL4, CCLAL1, CCLS5,
CCL8, CCL11CCL13,CCL14,CCL17, CCL2Z
CCL23CCL24

CCRL1 CCL19, CCL2LCL25CXCL13

CCRL2 CCL19

DARC CXCL1, CXCL2, CXCL3, CXCL7, CXcCcCgp,
CCL5, CCL11, CCL13, cCclae) 17

Table 1.1 Human Chemokine Receptors and their ligandsigands are colour coded according to their

chromosomal location. This illustrates how agonists of individual chemokine receptors originate from the same

AEOT T T OTT Al 11TAAGEI T8 4EA AEEEITEOU | £ OAOUPEAAN G AEAIT EET A
OOUPEAAI 8 AEAITEET A OAAADPOI OO8 4EEO 1 EEAI U OAEI AAOO COAAOAO
presented in (Zlotnik, Yoshie and Nomiyama, 2006; Zlotnik and Yoshie, 2012; Nomiyama, Osada and Yoshie,

2013).
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Figure 1.2 Chromosomal mapping of Human Chemokines and Chemokine Receftbesnokines are highlighted
to indicate their functional category: Red = Inflammatory; Yellow = Dual Function; Green = Homeostatic. Note
that all inflammatory chemokines are found a part of a cluster, whilst dual function and homeostatic

chemokines are found in isolated genomic locations.



ligands to bind multiple chemokine receptors and some chemokine receptors to bind
several chemokine ligands. This can lead to oversimplificatioof individual chemokines
based on their grouping with other chemokines that bind that receptor, particularly when

evaluating chemokine function by the use of heterologous expression systeimsvitro.

A milestone in understanding the fundamental bases tohemokine function has been to
take an evolutionary approach to the conceptualisation of chemokine function. This
approach has rationalisedthe understanding of this superfamilyby identifying molecular
characteristics of individual chemokines accordingd their phylogeny. Table 1.1 and Figure
1.2 illustrate how the genomic mapping of human chemokines has identified traits that
correspond with the observed affinity to chemokine receptors. Chemokines that reside
close to one another in a genomic context havsimilar receptor targets and hence have
related functions, whilst those identified in isolated genomic regions have more specific
receptor affinities and hence have more restricted functional roles. Moreover, those which
reside as clusters are most likgt to participate in inflammatory roles whilst those which
exist in isolation are most likely to perform homeostatic or dual function rolegNomiyama,
Osada and Yoshie, 2013; Zlotnik, Yoshie and Nomiyama, 2006; Zlotnik and Yoshie, 2012)
Thus, the genetic poperties of an individual chemokine in tandem with their physical

homology to other chemokines can strongly inform their likely function.
1.2 Chemokines and the Central Nervous System

Chemokine research has centred on their role within the immune systerhflowever, there
is now substantial evidence that demonstrates the capacity of chemokines to function
within the nervous system and, although their defining function, this is not just as mediators
of cellular migration. Chemokines have now been described toe expressed by neurons,
astrocytes, microglia and oligodendrocytes. Perhaps most importantly, several of these
chemokines are expressed constitutively and perform homeostatic functions, indicating
essential roles within the CNS. This is in addition to thmore expected function in mediating

immunological recruitment to sites of inflammation.
1.2.1 Immunological privilege of the CNS parenchyma

Under physiologic conditions the CNS parenchyma is immunologically privileged. This is
characterised by a lowpresence of peripheral immune cells within the tissue, a feature that
is most strongly associated with the presence of the bloedrain barrier (BBB) that
surrounds the majority of CNS capillaries that serve the brain and spinal corgnmune cells
are, however, found in specific regions of the CN3$n which the permeability of vessels
supplying blood and cerebrospinal fluid(CSF)is reduced or compromised. This includes (i)

fenestrated blood vessels of the
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Figure 1.3. Schematic overview of ftigen PresentingCell (APC)and T-cell circulation within the CSFL) Entry to

the CSF is suggested to occur via chemotactic gradients established by choroid plexus epithelia which permit
the transmigration of immune cells from the underlying capillary in to the CSF. 2) Within theSE, immune cells
are able to circulate within the ventricles of the brain and throughout the spinal cord central canal. The presence
of small openings (foramina) within the fourth ventricle permit the movement of cells in to the subarachnoid
space that surounds the brain and spinal cord. 3) The turnover of perivascular immune cells within specific
O6EOREAET 8 OPAAAO AT AAT AO OEA Ai1 OOAT O OOOOGAEIIT AT AA ]
lymphoid network following the entrance in to lymphatic vessels within the dura matter (4) and along per
neural lymph vessels that exit the cranium via the cribiform plate (5). Chemokine signalling via CCR7 appears
to be particularly important for the circulation of immune cells within the CNS. The chemokinégiands CCL21
and CCL19 are indicated to be make essential contributions to the migration of CCGpt&itive cells due to their

enrichment within specific CSF and lymph entry points (see text for details).



choroid plexus; (ii) Virchow-Robin space - a perivascular niche that surrounds some
meningeal arteries that infiltrate the CNS brain parenchyma (acomponent of the
2012). In all three of these regions, without thepresence of inflammation, peripheral
immune cells are maintained in perivascular spaces which provide a cellular niche for-co
ordinating immune surveillance or activation (Abbott et al, 2010; Williams et al, 2014).
Importantly there is a broad distinction in the presence of immune cells between the two
main fluid compartments of the CNS: th&€CSFand the interstitial fluid (ISF). This results
from the intricate passage of these fluids at specific gateways to the CNS parenchyma as well
as the distinct acces that they each have to recirculating lymph (Figure 1.3). CSF is
separated from the brain and spinal cord parenchyma by the pial membrane and contains
circulating T-lymphocytes and also Dendritic Cells (DCs). These immune cells are recycled
via lymphatic drainage, in particular via the newly discovered lymphatic network within the
dura matter (Louveauet al,, 2015; Absintaet al, 2017) and via perineural routes from the
olfactory bulb to the nasal lymphatics(Engelhardt et al, 2016; Louyeau, Harris and inis,
2015). A small percentage of CSF may be exchanged with ISF at paravascular gateways to
the CNS parenchym#@Abbott et al, 2010; Maet al,, 2017).

The constitutive presence of immune cells within the CSF permits the surveillance of
antigens within the cranial and vertebral cavities, fulfilling the previously proposed function

evidence of this more extensive immunological function has made it more recognised now
than ever before thatthe immune privilege of the CNS is not absolute but is instead

strategically and intricately controlled.
1.2.2 Chemokine contribution to immunological coordination within the CNS

Chemokinesmake anessentialcontribution s to the control of immune cell migrationin all
vascular regions of the CNS during both homeostatic and inflammatory conditions. In the
absence of inflammation, localised chemokine expression is associated with recruitment
and turnover of leukocytes within the peiivascular and leptomeningealspaces containing
immune cells (Ousman and Kubes, 2012; Engelhardtt al, 2016; Louyeau, Harris and
Kipnis, 2015; Absintaet al,, 2017).

One of the most prominent chemokine signalling axis for controlling immune cell
surveillance of the CNS is thCCL19/CCL21/CCRY7 signalling axik.is now demonstrated
that within the CNS the expression of CCR7 is essential to direct the migration of central
memory T-lymphocytes (Tew) and DCs from the entry point of the CSF at choroid plexus
epithelia, through the leptomeningeal spaces that surround the brain and spinal cord and

facilitate their return to circulating lymph via nasal and dural lymphatics (Figure 1.3)
8



(Absinta et al, 2017; Kida, Pantazis and Weller, 1993) CCR7 therefore pernts the
surveillance of CNS antigen within the CSF and allows the homing of activated DCs through
the chemotactic gradients established by CCL21 and CCL19 within lymphatic vessels
(Absinta et al,, 2017; Clarksonet al,, 2017) as has been described for theuhction of CCR7

in the periphery (Forster, DavalosMisslitz and Rot, 2008) The subsequent circulation to
cervical lymph nodes (CLNs) of duand DCs is essential for the presentation of antigen and
to facilitate appropriate immune responsesCCL1%lso alows the physiologic recruitment
and retention of CCR7+ immune cells at the level of pesapillary venules, one of the key
sites for immune cell retention within the CNJOusman and Kubes, 2012; Williamst al,
2014).

In contrast to migratory surveillance of antigen within the fluid compartment of the CNS,
the CCL2/CCR2 signalling axis has been shown to be essential for maintaining homeostatic
populations of perivascular macrophages(Schilling et al, 2009). Under physiological
conditions, there is a congnt turnover of macrophages between the blood and the
perivascular regions of CNS blood vessdlBechmannet al, 2001). The CCLZCR2 axis also
has a well characterised rolein the recruitment of monocytes and macrophages during
inflammatory conditions to the CNSConductier et al, 2010). CCR2s responsible for the
migration of a specific population of peripheral Ly6Cish monocytes in to the brain
parenchyma via the chemotactic gradient established by CCL2. The CQQCR2 axis
therefore contributes to the physiological turnover of perivascular macrophages as well
being an essential inflammatory mediator that permits entrane of peripheral monocytes in
to the CNS parenchyma, functions which ardetermined by the source andlevel of its

expression(Stoweet al, 2012; Reaux e Goazigeet al, 2013).

CXCL12also exertscontrol of immune cell migration within the CNS One of thereceptors

for CXCL12, CXCRY7, is an ACKR that regulates the turnover and polarity of CXCL12
expression (Cruz-Orengoet al, 2011). At theBBB, CXCL12 is associated with maintaining
the localisation of CXCR4+ leukocytes at a perivascular location due to @bluminal
expression bybrain microvasculature endothelial cells { - %# @&Candlesset al., 2006).
However, in response to preinflammatory cytokines, CXCL12s internalised by CXCR7 and
redistributed OT OEA 1 O ET Al OO0 &£AA Alods & ablumitist @xQO1812 #1 1 O
disrupts perivascular leukocyte retention and promotes CXCR4+ leukocyte extravasation
and infiltration, a phenomenon observed inpost-mortem examination of patients with
Multiple sclerosis (MS) and m the murine model of MS, Expemental Autoimmune
Encephalomyelitis (EAE)Cruz-Orengo et al, 2011;McCandles=t al, 2008). Therefore, as
well as increasing inflammatory chemokineexpression, subtle changes in the expression

and distribution of homeostatic chemokines can also make
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Figure 1.4 The BloodBrain Barrier and leukocyte migrationlmages sourced with permission from(Takeshita

and Ransohoff, 2012)(A) The abluminal side of the CNS microvasculature is encapsulated by the endothelial

basement membrane in which pericyte cells reside. Pericyte secretory factorssuchas iGF ET EEAEO AT AT OEAI EAI
cell activation and disruption to tight junction formation. More distal from the abluminal surface to this are

astrocytic endfeet, defining the glia limitans and the parenchymal aspect of the perivascular space. These

processes extend from astrocytes and encapsulate the vessel structure providing trophic factorsieh are

essential for the development and maintenance of BBB integrity. (B) Extravasation of leukocytes involves 5

steps: rolling, activation, arrest, crawling and migration. Chemokines expressed on the endothelial surface

stimulate activation and arrestof leukocytes, facilitating subsequent paraor trans-cellular migration.
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significant contributions to the inflammatory state of the CNSn response to inflammation,
chemokines provide directional chemotactic gradients which are essential for the
extravasation and migration of leukocytes to sites of injury or infection. In comparison to
peripheral and lymphoid vasculature, there is little khown about the exact expression
patterns and identities of chemokine expression within the CNS microvasculature,
particularly for inf lammatory chemokines(Holman, Klein and Ransohoff, 2011)Although
the stages of leukocyte migration throughthe vascular wall has been welldocumented
(figure 1.4) the direct relevance of this to leukocyte migration in the CNS is unclear due to a
lack of in vitro models capable of replicating BBB physiology and allowing more in depth
characterisation (Takeshita and Ransohoff2012). However, it has been observed that
several chemokines expressed by activated endothelial cells, including CXCL12, CCL11 and
CCL21, are capable of inducing integrin activation of rolling leukocytes via interaction with
their cognate receptors. This facilitates interaction with endothelial cell adhesion
molecules, such as intercellular adhesion moleculg (ICAM1) and vascular cell adhesion
molecule-1 (VCAM1), and promotes the strong adhesion of leukocytes to the endothelial
surface that is necessaryfor subsequent transmigration in to the perivascular space
(Laudanna et al, 2002; Engelhardt, 2006) In addition to their luminal expression,
transcellular and perivascular chemokine localisation is ideally situated for providing
haptotactic guidance forthis extravasation (Holman, Klein and Ransohoff, 2011)Indeed,
the release of inflammatory chemokines by residenglial cells of the CNS is strongly
implicated in establishing a chemotactic gradient for leukocyte recruitmengBabcocket al,,
2003). Chemokines can also promote extravasation by inducing the degradation of tight
junction proteins and increasing BBB permeabilityStamatovicet al, 2006; Stamatovicet
al., 2009).

CX3Q@1 and its receptor CX3CR1 exemplifan additional mode by which chemokines
influence immunological activity within the CNS. Within the CNS, CX3CL1 is expressed
predominantly by neurons whereas CX3CR1 is expressed almost exclusively by microglia
(Cardonaet al,, 2006; Clark and Malcangio, 2012)Asthe resident macrophageof the (NS,
microglia sample the extracellular environment of the CNS parenchyma and exhibit rapid
activation in response to inflammatory stimuli. However, under physiological conditions
microglia are maintained in a resting state, a phenotype which is strongly fluenced by
CX3CL1 release from neurongCardona et al, 2006). Although the mechanism for this
remains unclear,the CX3CLICX3CR1 signalling axis is an essential mediator for regulating
microglial neurotoxicity and providesan additional example of how ckmokines contribute

to immune functions within the CNS. Importantly, it provides an example of chemokines

acting independently of the peripheral immune system
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1.23 Chemokines and CNS Development

Chemokines and their receptors are expressed throughout delopment and maturity
within the CNS. Their expression is highly regionalised, often exclusive to specific cell types
and, in tandem with their capacity to modulate cellular migration, it is perhaps unsurprising
that chemokines are strongly implicated in ellular patterning and morphogenesis of the
CNS.

The CXCL1ZXXCR4 is wrrently believed to be the ancestral chemokine signalling axis
(Nomiyama, Osada and Yoshie, 201@nd hasthe earliest expression of any chemokine
during embryogenesis Genetic knockout of either CXCL12 or CXCRdads to perinatal
death (Ma et al, 1998) and causesabnormalities of neuronal positioning within the
cerebellum, dentate gyrus, trigeminal ganglia, dorsal root ganglia and cortical interneurons
as well as deviatbn of axonal projections from spinal motor neurongLazarini et al,, 2003;
Ransohoff, 2009; Bajetteet al,, 2001). During adulthood, CXCL12 expression in the granule
cell layer of the dentate gyus maintains proliferation of neural progenitor cells and gudes
their migration for subsequent differentiation in to mature granule neurons(Schultheisset
al., 2013). Furthermore, CXCL12 expression within the vascular plexus and by ependymal
cells is essential for the homing of CXCR4+ Neural Stem Cells (NSCd)ameurogenic niche
that surrounds the subventricular zone of rodents (Kokovay et al, 2010), a function
analogousto the role of CXCL1ZZXCR4 in the homing and colonisation of the bone marrow
by hematopoietic stem cell{Sugiyamaet al,, 2006). Indeed, clemotactic guidance of NSCs
by CXCL12 is a component of the neurovascular niche that contributes to functional

recovery following cerebral ischemia(Ohabet al, 2006; Robinet al, 2006).

Chemokines are also indicated to coordinate synapse remodelling dag development. In
the cerebellum, ells including microglia, Bergmann glia, astrocytes and neighbouring
neurons all transiently express peak levels of CCR1 at independent time points during which
they each show close interaction with CCL-8xpressing purkinje cells, suggesting a
functional role in the extensive elaboration of purkinjecell connectivity (Cowell and
Silverstein, 2003). CX3CL1 and CX3CR1 are also implicated in homeostatic synaptic pruning
within the mature hippocampus by facilitating microglid-neuronal interaction. This may
also be contributed to by modulatory effects of CX3CR1 signalling on synaptic activity and

Long Term Potentiation(Murphy, 2013).

Chemokine signallingalso contributes to glial development. During the formation of
presumptive white matter, the expression of CXCL1 by white matter astrocytes provides a
chemotactic and proliferative cue foroligodendrocyte precursor cells (OPCsyia CXCR2

(Tsai et al, 2002). In vitro characterisation has extended the involvement of other CXC
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chemokines in oligodendrocyte development, with CXCL12 and CXCL8 displaying the
capacity to induce proliferation and differentiation of rat OPCg¢Kadi et al, 2006).

Thus, although maintaining the central function of guiding chemotaxis, chemokine
signalling provides migrational cues that contribute to the maintenance of essential
processes for CNS development, maturation and regeneration following injury. This is a
result of the divergent targets downstream of chemokine receptor binding and-@rotein
activation which can simultaneously promote cellular migration and cellular survival, for
example. The presence of additional external mediators which signal via convergent
downstream signalling cascades to chemokine receptors will therefore also influence the
outcome of chemokine signalling. An example of this is given by the role of chemokines in
activity dependent neuromodulation, discussed below.

1.2.4Neuromodulatory functions of chemokines

The identification of chemokine and chemokine receptor expression by neurons and their
localisation to nerve terminals and synaptic vesicles prompted an altogether different
perspective on chemokine function(Rostene, Kitabgi and MelikParsadaniantz, 2007)
Several chemokines, including CCL#Z0sselinet al, 2005), CXCL1ZBanisadr et al,, 2003),
CX3CLXRagozzinoet al, 2006), CCL2Xde Jonget al,, 2005)and CXCL8(Pumaet al, 2001),
have demonstrated characteristics that are consistent with chemokinegperforming

neuromodulatory functions (Figure 1.5).

The concept of neuromodulation centres on the capacity of an agent to modulate neuronal
sensitivity as a consequence of altering the permeability of neuronal membranes (both
internal and external membrares) to ionic flux. Neuromodulators can act at synaptic or
extra-synaptic locations and, as a general summary of action, influence the thresholds
required for a neuron to generate an action potential or release presynaptic vesicl@dadim
and Bucher, 2014)

As a distinct subfamily of GProtein Coupled Receptors (GPCRs), chemokine receptors are
capable of influencing cellular properties that are consistent with affecting neuronal
activity. Indeed, their specific anatomical distribution within the CNS, amorsg other
characteristics discussed below, have led some to speculate chemokines and their receptors
to represent the third major signalling system of the CNS, after neurotransmitters and

neuropeptides (Adler and Rogers, 2005)

An important feature to this evidence of neuromodulation is the consistent colocalisation of
individual chemokines to neuronal populations with distinct neurochemical phenotypes, in
particular the association with neuronal populations and networks thatre associated with

difftuse neuromodulation. Immunohistochemical detection has found CXCL12 to localise to
13
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Figure 1.5. Chemokines as Neuromodulatora) Plot of whole cell recordings from septal cholinergiceuron

illustrating modulation of Ca2* current by IL-8 (CXCL8). Image used with permission frorfPumaet al,, 2001).

Before (a), during (b) and after (c) application of 10mM I8 clearly shows reversible modulation of C&

currents. Inhibition of Ca* currents by IL-8 was found to be mediated by closure of \ind L-type C&* channels,

AOA OI OAAOAAA ETEEAEOEIT T A& 1 1-Cg¥GVR, rdspedtively. fFArthdtrhote, 1 £ 1 Ei 1 AEDE
inhibition of Ca2* currents was sensitive to application of ¢ inhibitor, NEM, demonstrating a Grotein-

dependant mechanism of IL8-mediated C&* current inhibition. B) Subcellular localisation of CCL2, CXCL12 and

CXCR4. Electron micrograph shows synthesis, microtubule transport and loading in to large demtsge vesicles,

within the synaptic bouton, of both chemokines and the chemokine receptor. Image used with permission from

(ReauxLe Goazigeet al, 2013).
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dopaminergic, cholinergic and vasopressinergic neurongBanisadr et al, 2003), whilst
##, ¢ Al A ECRDha@ Ackhlecdlisedto cholinergic and dopaminergic neurons
(Banisadret al, 2005). Furthermore, administration of both CXCL12 and CCL2 to the dorsal
striatum is capable of increasing dopamine release and promnog circling behaviour in rats
(Skrzydelski et al,, 2007; Guyoret al,, 2009). CCR2 is also expressed throughout the spinal
cord, particularly within the dorsal horn. Signalling via this receptor is strongly implicated
in the development of pain following acute and chronic insul{Abbadie et al., 2003) as a
result of reducing GABAmediated currents in spinal neurons by CCL-thduced CCR2 and
GABA receptor interaction (Gosselinet al, 2005). Chemokines are also able to modulate
neuronal activity by influencing the composition of postsynaptic receptors (Ragozzinoet
al., 2006) (Nicolai et al,, 2010). Perhaps most importantly of all, both CXCL12 and CCL2 are
demonstrated to be present within large densecore vesicles of heuronal synapse@unget
al., 2008) (Callewaereet al, 2008). This localsation is characteristic of molecules, such as
neuropeptides, that act in a modulatory capacityand supports the capacity of these

chemokines to act as neuromodulators.

The neuromodulatory capacity of chemokines, using such diverse mechanisms, highlights
the numerous intracellular pathways that chemokines may exploit to exert their function.
This is an important consideration to be made when evaluating experimental evidence of
chemokine function.In vitro expression systems, for example, may utilise cellular models
which do not include the intracellular substrate which these signalling systems would

normally target in vivo.
1.3 Chemokine Expression and CNS Disease

Neuroinflammation is characterised by actration of glial cells, recruitment of leukocytes
and the release of inflammatory mediators and is a common component of CNS pathology.
Given the role of chemokines in many of these processes they are therefore implicated in

the pathophysiology of disease rad trauma of the CNS.
1.31 Chemokines and Pain

The development of pain is a cardinal feature of inflammation. Inflammation of the CNS can
ensue as a result of direct injury or disease of the organ or as a consequence of peripheral
nerve damage also. It imow recognised that activation of central glial cells, particularly
microglia, is a key contributor for the development of chronic pain following central and
peripheral nerve injury (PNI) (Watkins, Milligan and Maier, 2001) As essential signalling
peptides, chemokines including CX3CL1, CXCL1, CCL2, CCL21 and CCL7 have been shown to
contribute to this process (Ji, Xu and Gao, 2014)CX3CR1 expression is upregulated in

chronic pain conditions (Verge et al, 2004) and likely responds to increased CX3CL1
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signalling as a consequence of cleavage of this chemokine from the membrane of injured
neurons. Activation of CX3CRL1 in spinal microglia is associated with activation of p38 MAPK
signalling which likely drives neuropathic pain symptoms through the increased llease of
pro-inflammatory mediators such as Iklb and TNFa that can directly lead to
hyperexcitability of surrounding neurons (Zhuanget al, 2007; Kawasaket al,, 2008). This

is supported by the observed analgesic effect of CX3CR1 antibody administoatithat is
capable of reducing mechanical allodynia in models of neuropathic paiZzhuang et al,
2007). The evidence for a role of CCL21 is similar in nature, indicating that neuronal release
of CCL21 following PNI upregulates P2X4 expression in microgliihe absence or block of
CCL21 signalling abrogates tactile allodynia, with concomitant reduction of microglial P2X4
expression (Biber et al, 2011) suggesting a causal link between neuronal CCL21 release,

microglial P2X4 expression and the development afeuropathic pain.

An alternative mechanism by which chemokines may modulate sensitivity to pain relates to
their capacity as neuromodulators. Descending activity of opioidensitive neurons of the
peri-aqueductal grey matter (PAG) is associated with th@nalgesic effects of opioid
compounds which are able to suppress ascending activity of peripheral nociceptive
afferents. Within the PAG it has been shown that the administration of chemokines CXCL12,
CX%CL1 or CCL5 prior to the administration of opioids wa sufficient to diminish the antk
nociceptive activity of such compoundgSzaboet al, 2002; Chenet al, 2007; Heinisch,
Palma and Kirby, 2011) This inhibition of the antinociceptive effect by chemokines is
associated with the activity of their receptors, which are each expressed within the PAG, to
inhibit opioid receptors following ligand activation by heterologous desensitisation. CXCR4
and CCR5 have both been shown to croskesensitise opioid receptors via targeted
phosphorylation of GPCRs by downstream protein kinases or by the formation of GPCR
heterodimers (Szabo et al, 2002; Chenet al, 2004). Therefore the coexpression of
chemokine receptors, including CCR5, CXCR4 andsCR1, with opioid receptors by neurons
within the PAG underlie the capability of CCL5, @&ZL1 and CXCL12 to inhibit the anti

nociceptive capacity of descending opioigensitive neurons.

Chemokine release by astrocyteslso contributes to chronic pain symptoms. Following
spinal nerve ligation (SNL) the expression of CCL2 was observed to be increased in
astrocytes and application of CCL2 to exivo spinal cord slices potentiated glutamatergic
currents in lamina Il neuronsthat express CCR2Gaoet al, 2009). In addition, transgenic
mouse models that overexpress CCL2, specifically within astrocytes, display hypersensitive
nociception (Menetski et al, 2007) strongly indicating a role for CCL2mediated
neuromodulation underlying behavioural symptoms of chronic pain. Increases in CXCL1

and CXCR2 expression in astrocytes and dorsal horn neurons, respectively, is also observed
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following spinal nerve ligation. Blocking either ligand or receptor with specific antibodies
is capabk of attenuating behavioural symptoms of neuropathic pairfZhanget al, 2013)
lending further credence to the role of chemokine crossalk between astrocytes and

neurons as important mediators in the development of chronic pain.

Another important aspectof the contribution of chemokines to the development of pain, is
the recruitment of peripheral immune cells following central or peripheral nerve injury.
Like surrounding glia in the CNS, the release of piiaflammatory mediators by activated
immune cells heighten neuronal excitability, increasing afferent nociceptive input that
facilitate plastic changes within the local synaptic environment of the dorsal horn. Both of
these consequences are key mechanisms of central sensitisation that is intimately linkied
the development of chronic neuropathic pain(Latremoliere and Woolf, 2009; Ren and
Dubner, 2010).

Chemokines can therefore directly contribute to acute and chronic pain symptoms by
modulating the activity of neurons in multiple domains of the CNS that are responsible for
the transmission and integration of nociceptive sensory information. This includes primary
afferent terminals of the dorsal horn and supraspinal centres such as the PAG. Adutithlly,
chemokines can indirectly contribute to neuronal sensitisation by facilitating the
recruitment and activation of glial and immune cells following pempheral and central nerve
injury that can further perpetuate inflammatory signals that heighten newonal sensitivity.
The breadth of mechanisms by which chemokines and their receptors can modulate
neuronal sensitivities is therefore wide and reflects their activity to not only contribute to
immunological function during disease, but to also facilitate daptive behaviours by

providing a neurophysiological substrate within specific CNS domains.
1.3.2 Chemokines and Neurodegenerative Disease

Many of the functions of chemokines that contribute to neurodegenerative disease have
been eluded to throughout thisreview. Most prominently, chemokines are implicated in
almost all neurodegenerative diseases due to the important neuroinflammatory component

of these disorders.

MS is an autoimmune disorder characterised by chronic inflammation and lesions of
neuronal white matter that is associated with demyelination of axonal tractHoglund and
Maghazachi, 2014) Within the inflammatory lesions are substantial numbers of peripheral
lymphocytes and macrophages as well as activated microglia and astrocytes. Numerous
inflammatory chemokines have therefore been implicated in the pathogenesis of the disease
by contributing to the recruitment and activation of these cells. The expression of CCL2, as

seen following peripheral and central nerve injury, is again localised to hyptophic
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astrocytes that surround demyelinating lesions(Simpson et al, 1998) and probably
represents the most important chemotactic mediator for the recruitment of peripheral
monocytes in M§Bose and Cho, 2013)

In contrast to promoting the migration of immune cells, other astrocytederived
chemokines may contribute to the pathogenesis of MS by inhibiting the migration of
oligodendrocytes. Around the edge of white matter lesions, oligodendrocytes expressing
CXCR2 are found in close apposition to astro®g expressing CXCL1. This signalling axis is
known to promote proliferation of oligodendrocyte precursor cells and inhibit their
migration (Tsai et al, 2002). Indeed, oligodendrocyte hyperplasia is observed within this
region, but in inhibiting their migration CXCL1 release by astrocytes may actually inhibit

remyelination also (Omari et al, 2005; Omariet al, 2006).

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disease that is characterised by
the loss of upper and/or lower motor neurons ofthe motor cortex and ventral spinal cord.
The aetiology of this disease is unclear although numerous genetic and environmental
factors have been implicated in the pathogenesiting, Polymenidou and Cleveland, 2013)
However, an important progression in tke understanding of ALS was the recognition of nen
cell autonomous pathology; that is the disease is not simply a disorder of motor neurons
and in fact is strongly influenced by surrounding microglia and astrocyte@Clementet al,
2003; Di Giorgio et al, 2008; HaidetPhillips et al, 2011). Indeed, the role of central
neuroinflammation in disease pathogenesis is strongly associated with the production of a
toxic neuronal environment and the presence of activated astrocytes and microglia is
considered apathological hallmark of the diseasgBarber and Shaw, 2010) In addition,
there is clear infiltration of immune cells within areas of motor neuron degeneration
including macrophages, mast cells and-gells (Graveset al, 2004; Henkelet al, 2004;
Henkelet al, 2006).

Direct evidence for a role of chemokines in ALS is indicated from observations of elevated
chemokine levels within the CSF of ALS patients in comparison to controls. Increased CCL2
and CXCL8 CSF levels negatively correlate with survivahie of affected individuals, whilst
CCL4 and CXCL10 have a positive correlation with the ALS functional rating score, indicative
of a better clinical prognosis(Tateishi et al,, 2010; Kuhleet al., 2009). Although a functional
explanation for these correlatons is lacking it is suggested that elevated CCL2 and CXCL8
levels reflect greater glial activation and also contribute to greatemonocyte recruitment
(Kuhle et al, 2009). CCL4 and CXCL10 on the other hand can provide neuroprotection from
excitotoxicity, a mechanism that has been heavily implicated in ALS patholo@ateishi et

al., 2010; Foran and Trotti, 2009) Therefore, chemokines may provide a useful avenue for
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the development of biomarkers for this disease, however further investigation is clearly
needed to characterise their contribution to the pathophysiology of ALS.
#EATTEETAO EAOA A1 01 AAAT Ei(Bd & AIAZDDAA and= 1
0AOEET OI 1 &a&xondeteOah, RADA and this is again due to their contribution in
neuroinflammatory mechanisms. Indeed this is the predominant role suggested for
chemokines in the pathogenesis of neurodegenerative diseases. However, it should be
appreciated that these signalling networks may well contribute to other aspects of disease

pathology via alternative mechanisms, as has been discussed.
1.4 Summary and Perspectives

Chemokines represent a diverse repertoire of proteins which have been extensively
characterised for their role in the immune system but are now becoming increasingly
relevant to the CNS. The sheer number of these proteins makes elucidating their individual
biology difficult, time consuming and may lead to contradictory conclusions a result of

physiologically redundant expression patterns and signalling pathways.

Recent bioirformatic investigation of chemokine evolution has significantly improved the
understanding of this superfamily however, by refining chemokine classification according
to their principle genetic characteristics. This has distinguished chemokine function and
allowed a global perspective that has identified common features within chemokine groups,
whilst further delineating chemokines that show distinct sequence, structural and
physiological characteristics. As a framework to guide future hypotheses, the moidar
evolution of chemokines can provide important clues to the primary aspects of individual
chemokines due to the logical relationship between evolutionary pressures, chemokine
function and genomic organisation. Indeed, this method has been suggesteddpresent an
important method for investigating gene superfamilies in the future(Zlotnik and Yoshie,
2000; Zlotnik, Yoshie and Nomiyama, 2006)

The identification of chemokines and their receptors within the CNS represents an
important milestone in the understanding of chemokine biology; principally it has
highlighted the capacity of these signalling networks to participate in functions outside of
the immune system. Despite this, chemokines retain their central characteristics as master
regulators of celular migration. Chemokines participate in the development and
regeneration of the CNS whilst simultaneously contributing to immunological surveillance
both in concert with, and independently to, the peripheral immune system. Furthermore, it
is perhaps unsuprising that the diverse downstream signalling pathways which
chemokines propagate are exploited by cells of the CNS to perform novel functions, most

notably in the modulation of neuronal excitability.
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In the context of disease chemokines are unanimousisplicated regardless of the affected
tissue due to their fundamental role in coordinating the immune response. The CNS is no
exception for this, but the immunological privilege of the CNS is an important aspect to
consider under any inflammatory state. Aditionally, the immunological capacity of
resident CNS cells exerts a profound influence on the immune response. As essential
components of intercellular communication chemokines therefore participate in the
inflammatory response by both controlling the inmediate response of resident glia and
providing the essential bridge of communication that can facilitate the recruitment of
peripheral immune cells. Currently, there is no evidence to suggest that chemokines directly
underlie the pathology of CNS diseasklowever, as a result of their universal participation

in numerous pathophysiologies chemokines are sure to represent important future targets
for therapeutic intervention or as disease biomarkers. The purpose of this work is to
investigate a novel role fo the class C chemokine, XCL1, and iteceptor, XCR1 within the
CNS.

1.5 A Potential Role for XCR1 and XCL1 in the CNS
1.5.1 XCR1 and XCL1

XCR1 and XCL1 represent the exclusive ligand and receptor signalling axis for the class C
subfamily of dualfunction chemokines. In humans, there are two highly homologous
ligands, XCL1 and XCL2, which differ at only 2 amino acid positions within theTérminal
domain. XCL1 exhibits an Aspartate (D7) and Lysine (K8) at amino acid positions 7 and 8,
whilst XCL2 exhibitsa substituted Histidine (H7) and Arginine (R8) at these positions
(Yoshidaet al, 1995). Both XCLl1land XCL2genes are located in chromosome 1 of humans.
For mice, only a single isoform, Xcl1, exists for the class C chemokine family and also resides

on chromosome 1 ofmus musculus

Currently, the functional consequences of the amino acid changes between XCL1 A@d 2
are unknown. However, both ligands demonstrate a structural dichotomy that is unique
amongst chemokines. At physiological temperatures and salt concentrations, both XCL1 and
XCL2 demonstrate a dynamic conformational equilibrium within which they existin
monomeric form (LTN10) or as a highly interactive dimer (LTN40)Kuloglu et al, 2001;
Kuloglu et al, 2002). LTN10 demonstrates the canonical chemokine fold structure
(illustrated in figure 1.1) and is capable of binding XCR1. LTN40, however, does eahibit
XCR1 binding and instead binds with high affinity to extracellular glycosaminoglycans and
may confer antimicrobial activity (Nevins et al, 2016). Regardless of the adopted structure
for either XCL1 or XCL2 however, functional comparisons suggestoth proteins
demonstrate almost identical characteristics and the difference in physiological role for the

two isoforms is likely mediated by alternative transcriptional regulation and expression
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patterns (Fox et al, 2015). For example, both XCL1 and KZ are constitutively expressed
by Natural Killer (NK) cells, but only XCL1 demonstrates an upregulation in response to
Interleukin -2 (Foxet al, 2015). In contrast, CD8+ cells exhibit constitutive expression of
both ligands and induce the upregulatiorof both ligands following activation(Yamazakiet
al., 2010).

XCR1 is a seven transmembne GPCRhat was originally identified from the functional
characterisation of the orphan GPCR, GPRS5. It was found that application of recombinant
XCL1 and XCL2 tonurine L1.2 cells stably expressing GPR5 was capable of inducing
intracellular Ca2* mobilisation and chemotaxis. The observed sensitivity to the class C
chemokines therefore led to GPR5 being designated as XGRashidaet al,, 1998).

1.5.2 XCR1 and XClrlhealth and disease

The XCR1gene is located on chromosome 3 of humans and encodes a 333aa protein.
Phylogenetic analyses demonstratesCR1to be evolutionary conserved from fish to
humans (Nomiyama, Osada and Yoshie, 201hyith XCL1 residing within an isolated
chromosomal location for both human and mouse genomes (Figure 1.2), suggesting an
essential and conserved functional role of this chemokine axis. Indeed, investigations have
demonstrated XCRL1 to define an evolutionary conserved population of clasal dendritic
cells (cDCs) between mice and humarn®¥amazakiet al., 2010; Bachenet al, 2010; Crozat

et al, 2011; Dorneret al,, 2009) that are distinct from the other category of cDCs which are
defined by their expression of CD11b. Xcrl+ cDCs are qgdeised as lymphoid (CD8+) or
non-lymphoid resident (CD103+) DCs and are found in all primary, secondary and tertiary
lymphoid organs as well as laying resident in noymphoid organs/tissues where they
perform antigen surveillance during physiological states. They are distinguied by their
function to cross present exogenous antigen in complex witiMajor Histocompatibility
Protein-I protein, an essential component for immune response to neaytosolic proteins
arising from viruses and intracellular bacteria (Bedoui et al, 2009). This XCR1+ cDC
population in both mice and humans therefore perform essential roles in mediating a
cytotoxic, Thl-type immune response. In support of this, the coelease of XCL1 alongside
CCL3, CCL4, CCL5 and H-NMy Thl-polarised CD4+ and CD8+-tells (Dorner et al, 2002;
Dorner et al, 2004)is considered to represent an archetypal protein secretion that defines

a Thl immune responsgMoser and Loetscher, 2001)

In addition to this role during the Th-1 type immune response, the expression of XCL1 by
thymic medullary epithelial cells (MTECs) is an essential component for the homeostatic
maintenance and development of regulatory fells in the thymus. Expression of XCL1 by

MTECs is required for the recruitment of XCR1+ DCs to the central region of thgmic
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medulla where the interaction between mTECs, XCR1+ DCs and developing thymocytes
mediate antigen presentation and the development of setblerance (Lei and Takahama,
2012).

Investigations of XCL1 in the context of disease has demonstrated XCL1 egsion to be
elevated in several autoimmune diseases including rheumatoid arthritifEndres et al,
20100h # OT E1 §Middel & a A28ad)and Th1 cells that infiltrate the pancreas and
cause insulindependent diabetes mellitugBradley et al,, 1999). The capacity of XCR1+ DCs
to mediate crosspresentation to cytotoxic CD8+ Tcells also implicates this chemokine
signalling axis in antitumour immunity, through the co-ordination of DC migration and the

facilitation of cell-cell interactions within lymphoid tissues (Lei and Takahama, 2012).

XCR1 and XCL1 may also contribute to other functions of the body outside of the immune
system. Immunohistochemical analysis demonstrated constitutive expression of XCR1 by
healthy oral epithelial cellsin vivo that was upregulated in epithelial cells collected from
subjects diagnosed with inflammatory or metastatic disease, in addition to the upregulation
of XCL1 also. Furthermorejn vitro analysis of normal oral keratinocytes supported the
constitutive surface expression of XCR1 observedh vivo,with XCR1 and XCL1 expression
observed to be increased within several cancer cell lines. This increased expression of XCR1
was associated with increased cellular proliferation, migration and invasion in response to
XCL1 by ancer cell lines. Moreover, the examined cancer cell lines also demonstrated a
gualitatively different response to XCL1 than normal keratinocytes, with enhanced adhesive
capacity and a differential expression profile of matrix metalloproteinase enzymes. In
tandem with the observed increase of XCL1 by surrounding cella vivo, this together
suggests that increased expression of XCR1 may contribute to the enhanced survival and

potential metastatic capacity of malignant oral epithelia (Khurram 2010).
1.5.3 Eidence for a role of XCRACL1 signalling in the CNS

The evidence for a role of XCI-XCR1 within the CNS is scarce. Protein expression profiles
have indicated the expression of XCL1 to be induced within whole brain homogenates up to
120 hours postinfection with Pneumococcal meningitigKlein et al, 2006)and XCL1 is also
upregulated in the cornea and trigeminal ganglion of mice following infection with herpes
simplex virus type 1 (Araki-Sasakiet al, 2006). Additionally, in a transgenic mouse model
overexpressing the Human Immunodeficiency Virusl (HIV-1) Tat protein specifically
within the CNS, XCL1 transcript and protein levels were significantly upregulated, with
expression predominating within astrocytes and to a lesser extent in microgliéKim et al,
2004). However, the function of this upregulation has not been tested and has instead not

been commented upon or incorrectly assumed to represent an additional signal for the

22



chemotactic recruitment of T-cells (Kim et al,, 2004; Dorneret al, 2009; Leiand Takahama,
2012).

During the course of this project, a publication by Zychowska and colleagues reported a
contribution of Xcll to the development of symptoms observed within a mouse model of
diabetic neuropathy. From this investigation, the authors cociuded that the central
expression of Xcrl by neurons of the mouse spinal cord mediated increased sensitisation of
streptozotocin-treated mice (Zychowskaet al, 2016). The details of this investigation are
discussed in depth throughout this thesis and athis point, to our knowledge, represents

the sole investigation of Xcrl expression and function within the CNS of mice.

In addition to the data by Zychowskaet al.,investigations by the Oral Neuroscience research
group at the University of Sheffield,n collaboration with colleagues at the University of
Leeds, has demonstrated XctXcrl signalling to enhance neuronal excitability within the
rat trigeminal nucleus (Bird et al, 2018). This study observed Xcrl to be expressed within
the subnucleus caudal (Vc) of the trigeminal brainstem nucleus, a region containing the
synaptic terminals of nociceptive neurons that innervate the facial region. Application of
Xcll toexvivoslices of rat brainstem was demonstrated to enhance spontaneous neuronal
excitability and increase expression of 4-os, pERK and pp38 by Vc neurons. The effect of
Xcll was blocked following the application o¥iral Macrophage InflammatoryProtein-IlI, a
viral protein that acts as an antagonist at the XCR1 receptor. In addition, the eggsion of
Xcrl along peripheral axons of the mental nerve was observed by immunohistochemistry
to be increased in rats at 3 days following chronic constriction injury (CCI) in comparison
to a complete lack of Xcrl reactivity along the peripheral axons oham animals. Xcrl
reactivity within the brainstem demonstrated colocalisation to oligodendrocyte markers
and also localised to superficial regions of Vc. However, this reactivity was unable to be
colocalised with a particular cellular marker but was obsered to demonstrate
colocalisation with vGlut2(Bird et al, 2018).

Together this data suggests a contribution of XCELCR1 signalling to the
neuroinflammatory response to peripheral nerve injury. In addition, it suggests that the
activation of Xcrl by Xcllis capable of modulating neuronal activity, a feature that has been

described for other chemokine receptor and neuromodulators.
1.5.4 Project aims and objectives

Despite the relative lack of evidence for a function of XCR1 and XCL1 within the CNS in
comparison to that for other chemokines (see above), the emerging and current evidence,
in addition to the molecular characteristics of this chemokine signalling axigrovides a

rational basis to investigate the potential function of XCR1 and XCL1 in the CNS. The
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molecular evolution of this chemokine axis indicates an evolutionary conserved function
that, based on chromosomal location, is highly specific, as has beenmibmstrated for its
expression by a specific population of cDCs. Such ancient phylogeny and functional
characteristics associated with homoestasis, are qualities that some have used to debate the
evolution of chemokines to have arisen within the primitive ervous system(Huising et al,
2003a; Huisinget al,, 2003b; Shields, 2003)Indeed, as discussed for other chemokines such
as CXCL12 and CCL2 (section 1.2), there is now a consistent body of evidence to suggest that
chemokines perform independent functiors within the CNS to those that they perform
within the periphery and immune system. Recent evidence now supports the capacity of
XCR1 and XCL1 modulate neuronal activity (Bird et al. 2018; Zychowska et al 2016).
However, the link of XCRL1 to define a spetifcDC population, and the known capacity for
DC surveillance of the CNS (Section 1.2.2) provides another route by which the Class C

chemokine axis may contribute to the function of the CNS in health and disease.

The overall objective of this project wasto investigate the expression of Xcrl and Xcll
within the CNS of mice. Due to the significant contribution of murine models to the
understanding of the human CNS and to the development of novel therapeutic strategies it
was therefore aimed to provide a comrehensive detail of the expression of this chemokine
receptor and ligand within the mouse CNS. This would inform further characterisation of
the potential role for this chemokine signalling axis within the nervous system. In particular,
three main objectives were sought to be obtained in the mouse which could inform

subsequent investigation within humans.

1. Determine the molecular identity of mMRNA and protein produced b¥cr1.
Characterise the expression of Xcrl and Xcll within the CNS.

3. Determine the influence of a central inflammatory response on the gene and protein
expression of Xcrl and Xcll within the CNS.

4. Investigate the expression of XCR1 within the CNS of humans.
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Chapter 2: Materials and Methods
2.1 Animal Procedures and Sample collection

All samples of mouse tissue were collected from mice that were cared for and housed under
the terms of the UK Animals (Scientific Procedures) Act 1986 and under a UK Home Office
project License. Procedures of tissue collection were performed following the degiated
Schedule 1 Appropriate Methods of Humane Killing of the UK Animals (Scientific
Procedures) Act 1986.

2.1.1 Collection of Tissue

Animals were sacrificed by terminal anaesthesia following intraperitoneal sodium
pentobarbital injection. Conformation d sufficient anaesthetic depth was achieved by

observing the absence of a withdrawal reflex following pinching of hind paws.

Animals were subsequently transcardially perfused with 0.01M Phosphate Buffered Saline
(PBS), to clear residual blood, and 4% (w/vParaformaldehyde (FFA, BDH chemicals Ltd.)
in PBS. To do this, a horizontal incision was made along the subcostal plane to allow vertical
retraction of the dermis and expose the underlying viscera. A harizontal incision was then
made immediately below thethorax to reveal the diaphragm which was then pierced and
the blade drawn horizontally to the lateral edge of the bottom ribs. The blade was then
drawn upwards to sever the ribs and allow the ribcage to be lifted to expose the heart. The
vena cavae were avered above the right atrium and a 25 gauge catheter inserted to theft
ventricle. 8-10ml of PBS was then perfused until returning fluid to right atrium was cleaof

blood. The syringe oPBS was then replaced with 4% PFA and tissue perfused for fixatio
2.1.1.1 Collection of Spinal cord

For collection of spinal cord, the head was first decapitated by a single cut with scissors. An
incision was then made along the entire sagittal plane of the spinal column to allow
resection of the dermis. This was thepeeled away to expose the vertebral column. Scissors
were then placed immediately lateral to the spinal column and cut all along this axis, parallel
to the column, stopping once the cut had severed hips. This was repeated for both lateral
sides of the spnal column. A cut was then made horizontally, just below the hip, severing
the most caudal spinal cord regions. These three cuts isolated the spinal column and allowed

its removal from the body.

To isolate the spinal cord, laminectomy was performed using ierosurgical scissors to

break each vertebra independently along the entire vertebral column. The bottom blade

was inserted underneath both lateral sides of the vertebra, starting at the rostral end of the

spinal column. The scissors were then closed andulled upwards, away from the dorsal
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aspect of the column, to break the vertebra. Once severed on both sides the vertebra was
pulled away from the spinal canal using forceps. Repeating this along the entire dorsal
aspect of the spinal column allows exposuref the spinal cord located within the spinal
canal. For isolation of the spinal cord only, microsurgical scissors were ran along the spinal
canal immediately adjacent to the spinal cord in order to sever fibres of the dorsal and

ventral roots. The cord wa then removed by lifting away from the spinal canal.
2.1.1.2 Collection of Spleen

For isolation of spleen, a vertical incision was drawn along the midline towards the hind
limbs from the subcostal incision used for the initial transcardial perfusion. Tl fully

exposed the abdominal cavity. The spleen was identified within an anterodorsal lateral
position to the liver, below the stomach. The major vessels supplying the spleen were

severed with a pair of microsurgical scissors and the spleen removed witbrteps.
2.1.2 Preparation of Tissue for histological processing

Following collection, tissue was fully immersed within 4% PFA solution and left to incubate
at 4°C for 24 hours to permit a complete fixation of the tisge. The tissue was then treated
in sucrose solutions of ascending concentration (5%, 10%, 15%) for 5 minutes each before
incubation for 24 hours in 20% sucrose at 4°C in order to protect the tissue during

cryopreservation.

The whole tissue was then immersed within optimal cutting temperature (GT) compound
(ThermoScientific) within a rubber mould. The tissue and OCT was frozen above a cold plate
at -50°C before transfer to a80°C freezer. Tissue was frozen for at least 24 hours -&0°C

before sectioning.
2.1.3 Immunohistochemistry

Immunohistochemistry was performed using freefloating sections of sample tissue. All
tissue sections were cut at 30um using a chilled microtome a20°C within a cryostatand
then immersed within PBS. For the londerm storage of sectioned tissue, sections were

immersed within a 60% glyceol (v/v) solution within  PBS and chilled ta20°C.
2.1.31 Chromogenic immunohistochemistry

Detection of primary antibody (see table 2.1 A for details) was visualised using the
chromogenic Diaminobenzidine (DABHorseradish peroxidase HRP substrate following
primary antibody detection using the VectaStain® ABC HRP kit (Vector Labs)eclons
were washed 2x inPBSbefore a 30 minute incubation with 0.3% HO:in PBS to quench

endogenous peroxidase activity. This was followed by 2ifther washes for 10 minutes in
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PBS and a 1 hour block in 10%armal goat serum (NGS) irPBS. NGS was then removed
from test sections and primary antibody added overnight at 4°C. Negative controls without
primary antibody were left in NGS or had pmary antibody added that had been pre
incubated for 24 hours with the antigenic peptide. Sections were then washed 3x for 10
minutes in PBS and incubated with a biotinylated goat antiabbit secondary antibody. A
further 2 washes for 10 minutes inPBS was themperformed before a 30 minute incubation
with the vectastain avidin-biotin HRP-complex. A final 2 washes fol0 minutes in PBS was
performed before addition of DAB. The reaction was allowed for up to 10 minutes after
which the sections were flooded with PBSto quench peroxidase activity. Sections were
subsequently dehydrated by sequential dehydration through 70%, 90% and 100% EtOH
followed by 1 minute incubation in histo-clear (ThermoFisher). Sections were then

mounted on to glass slides and covered in Pentesolution (CellPath Ltd).
2.1.32 Fluorescent immunohistochemistry

Free-floating tissue sections (30pm) were washed 3x for 10 minutes inPBS. Sections were
then blocked for 1 hour in appropriate blockirg buffer (10% serum/PBS) at room
temperature (RT). Blocking buffer was removed and primary antibody was added to
sections overnight at 4°C (see tabl.1 for antibody preparation). Negative controls had
primary antibody omitted and sections were left in blocking buffer or had primary antibody
added that hal been preincubated for 24 hours with the antigenic peptide. After incubation
overnight, sections were wahed 3x for 10 minutes inrPBS and then secondary antibody(ies)
was added for 2 hours at RT on an orbital rotor. Sections were washed for a final 3 &m
each for 10 minutes, withPBS and subsequently mounted on to glass slides. Excess PBS was
removed from slides and then sections were covered with Vectashield® mounting reagent
(Vector Labs) or Prolong® Gold mounting reagent witht 8-tliamidino-2-phenylindole

(DAP)) (ThermoFisher) with glass coverslips placed over the top in preparation for imaging.
2.14 Collection of RNA from Tissue

Prior to the collection of RNA, all mice were culled according to the designated Schedule 1

Appropriate Methods of HumaneKilling of the UK Animals (Scientific Procedures) Act 1986.
2.1.41 Spinal Cord

For the collection of RNA from spinal cord, the animal was first decapitated by a single
horizontal cut at the rostral end of the cervical region. Spinal column was exposed hy
vertical incision through the dermis along the entire midline. Horizontal retraction of the
dermis then permitted the exposure of the underlying spinal column. A horizontal cut was
then made at the rostral end of the spinal column, anterior to the lin@f the hips. In

combination with decapitation, this exposed the spinal canal containing the spinal cord at
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both rostral and caudal ends of the column. In order to retrieve the entire spinal cord, a
200ul pipette (and assocated tip) was filled with PBS andnserted firmly in to the rostral
end of the spinal column to form a complete a seal as possible between tip and spinal
column. Extraction of the cord was achieved by aspiration ohé pipette and PBS with
sufficient pressure to eject the cord from the clmmn. The ejected spinal cord was collected
within a sterile petri dish filled with ice cold PBS and stored over ice. The tissue was then

transferred to 1ml TRIzol ® reagent in a 1.5ml Eppendorfube.
2.14.2 Spleen

For collection of RNA from spleen, thespleen was identified within the animal located
within an anterodorsal lateral position to the liver, below the stomach. To enable efficient
homogenisation, spleen tissue was cut in to smaller pieces before transferring 8@mg to
1ml of TRIzol ® reagentFor some samples prepared from frozen spleen tissue, tissue was
first prepared using RNAlater &|Ice Frozen Tissue Transition Solution (Ambion) according

O 1 AT OEZAAOOOAOSGO ET OOOOAOQETT O
2.14.3 Tissue homogenisation and RNA extraction

Spinal cord and splea tissue was homogenised using either a hardeld tissue
homogeniser (Argos Technologies) or dissociated completely by sonication at -3® kHz
using a handheld ultrasonicator (Jencons Scientific Ltd). Homogenised samples in TRIzol
® were then processed acording to manufacturer recommendations for RNA isolation.
Following isolation, RNA was resuspended in RNase and DNdsee H,O to achieved a
concentration of <1000ng/ul. RNA samples were then used immediately foReverse
Transcription-PCR RT-PCR (see below) or stored at-80°C until further use.

2.1.5 Primary microglia collection and cell seeding

A method for the collection and culture of brainrderived primary microglia was deduced
from a method kindly provided by Dr Laura Ferraiuolo and further gtimised according to
protocols published in the literature (Saura, Tusell and Serratosa, 2003; Moussaud and
Draheim, 2010).

Each microglial preparation was performed using the brains of 3 agend gendermatched
mice from the same genetic backgroundBrain from each mouse was removed following
cervical dislocation and decapitation of the mouse. A sagittal incision was made from the
posterior of the head along the dorsal aspect to the midline.his allowed the dermis to be
peeled away to expose the cranium. Three breaks to the skull were then made on the dorsal
and both lateral sides of the foramen magnum by inserting the tips of scissors and drawing

backwards, ensuring the direction of the breaklid not compromise the integrity of the
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A)

Antibody Concentration | Concentration
(Catalogue Manufacturer Immunogen Host Clonality (ICC and IHC) | (Immunoblot)
number)
, : 3rd extracellular domain
Anti -XCR1 (LS LifeSpan " :
A158) Biosciences (Human) 19aa_1 position | Rabbit Polyclonal 2.5z 10ug/ml 2ug/ml
not specified
Extracellular N-
Anti -XCR1 Atlas Terminal domain .
(HPAO013169) | Antibodies Inc. | (Human) 34aa, position Rabbit Polyclonal 1-4ug/m| 0.4ug/m|
1-34
Anti -XCR1 2nd cytoplasmic domain
Abcam (Human) 19aa, position | Rabbit Polyclonal 2.5-10ug/ml 2ug/ml
(188896) .
not specified
. : N-terminus to 3rd
An'g-s);%rzglo()LS- B:_c;fsecisepr?cr:es cytoplasmic (Mouse) | Rabbit Polyclonal 5-20ug/ml 3ug/ml
180aa, position 43222
Custom Anti - 3rd cytoplasmic domain
Xcrl (cAb- Eurogentec (Mouse) position 222- | Rabbit Polyclonal 2.5-10ug Llug/mi
Xcrl) 236
Anti - Gmyc Cell Signalling Gmyc (Human),
(9B11) Technologies EQKLISEEDL Mouse | Monoclonal lug/mi Llug/ml
Anti - -Actin . N-terminus,
(A1978) Sigma (DDDIAALVIDNGSGK) Mouse | Monoclonal N/A lug/ml
Anti -l1ba-1
(Ab5076) Abcam - Goat Polyclonal lug/mi -
Anti -GFAP .
(Ab7260) Abcam - Rabbit Polyclonal lug/mi
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B)

Seconda Manufacturer Excitation Emission Peak Primary Secondary
) ry (Catalague Fluorophore Peak Concentration antibody antibody
Antibody (nm) . :
number) (nm) Diluent diluent
: 5% NDSPBS
Donkey anti - | Jackson (711 . 0 d
Rabbit IgG 165-152) Cy3 550 570 1:500 (ICC()IngF;BST 1.5% NDS, PBS
: 5% NDSPBS
Donkey anti - | Jacksor(715- FITC 495 520 1:500 (ICC) orPBST | 1.5% NDS, PBS
mouse IgG 095-156) (IHC)
: 5% NDSPBS
Donkey anti - | Jackson (705 . 0 d
Goat IgG 165-147) Cy3 550 570 1:500 (ICC) orPBST | 1.5% NDS, PBS

(IHC)

Table 2.1. Details of primary and secondary antibodies used for immunocytochemistry and immunohistochemigtietails of primary antibodies and their

OAODAAOEOA DPOADPAOAOEI T8 $AOAOI ET AOCET I
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antibodies used for the detection of primary antibodies raised in Rabbit, Mouse and Gaay.3 = Cyanine Dye 3; FITC = Fluorescein Isothiocyandtf)S =

Normal Donkey Serum; PBS at 0.01M concentration. RBS E 1 8 ¢ b -1800 B.@M PBS. I8C = Immunocytochemistry; IHC = Immunohistochemistry.
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underlying brain tissue. The skull was then peeled away to reveal the brain. To remove the
brain, the tissue was lifted and the optic nerve severed and thepulled upwards and
backwards. Collected brains were placesnmediately in to ice coldPBS and stored over ice
until all 3 brains were collected. Following collection, the cerebellum was removed and the
remaining tissue washedthoroughly with ice cold PBS.Brains were then thoroughly
fragmented using a scalpel to provide a homogenous tissue devoid of large tissue clumps.
This was performed for all 3 brains and the collective brain tissue then added to 6ml papain
enzyme solution (dissolved in dHO: papain (D units/ml, Sigma), 1000 units/ml penicillin
and 0.01mg/ml streptomycin (Sigma), 116mM NacCl, 1M KCI, 26mM NaHCOnM NaHPQ,
1.5mM CaGl 1mM MgS@ 25mM glucose, 1mM cysteine). Note that the addition of papain
enzyme to the solution was made after theddition of brain tissue. Inclusion of pen/strep
antibiotic was made in response to bacterial infections that were experienced during
preliminary attempts of the method and was found to aid the prevention of any

contamination during subsequent preparations.

Tissue was dissociated by incubation in papain enzyme solution for 1 hour at 37°C within a
water bath, with agitation of the sample every 1015 minutes to maximise dissociative
activity. After 1 hour, any clumps of tissue were dissociated by aspiratiowith a p1000
pipette. Papain enzyme activity was quenched by the addition of a 1:1 volume of 4(Rétal
Bovine Serum(FBS (ThermoFisher) in Hanks Balanced Salt SolutionCa+/Mg2+) (HBSS)

to papain enzyme solution. The solution was mixed and then centrified at 200xg for 4
minutes. The resulting supernatant was removed and the pellet resuspended in 2ml DNase
| solution (0.5mg/ml DNase | (Sigma), 1x HBSS) and incubated at room temperature for 5
minutes. Tissue was therfilter dissociated through a 70un cell strainer (strainer was
washed with an additional 1ml 1x HBSS to improve cellular yield). The sample was then
centrifuged for 4 minutes at 200xg to pellet the collected cell dissociate. The cell pellet was
then resuspended in 10 ml 20% isotonic Percoll (§ma) (2ml isotonic percoll (2004 10x
HBSS, 1.8ml Percoll), 8ml 1x HBSS). To isolate the cells by centrifugation, 10ml 1x HBSS was
dispensed carefully above the cell/Percoll suspension. Addition of the overlying HBSS was
done without disrupting the cell/Percoll suspension. The combined cell/Percoll suspension
and overlying HBSS solution was then centrifuged for 20 minutes at 200xg using the slowest
acceleration and no brake. The resultant solution demonstrated a large interphase layer
containing cell debrisand myelin (visible white band in solution). Cells were contained
within a pellet at the bottom of the tube. The entire solution above the cell pellet was
removed and the pellet washed by the application of 2ml 1x HBSS and gentle agitation. Cells
were then re-pelleted by centrifugation for 4 minutes at 200xg. The overlying supernatant
was removed and purified cells resuspended in 8ml of complete glial cell media

(DMEM/F12 (ThermoFisher), 10% FBS (ThermoFisher), 4000 units/ml penicillin and
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0.04mg/ml streptomycin (Sigma), 5ng/ml GranulocyeMacrophage Colony Stimulating
Factor (GM-CSH (Peprotech). Cells were seeded to poli-ornithine -coated T25 flasks
(incubated for 1824 hours with 1:200 0.01% polyL-ornithine (dH.O) at room

temperature) following a singlewash of the flask withPBS.
2.15.1 Primary microglia cell culture

Following cell seeding, cells were monitored daily48 hours postseeding, half of the cell

media was replaced with complete glial cell media (note GI@SF concentration was doubled
to maintain effective concentration). From 48 hours posseeding, unless cell numbers and
growth was particularly high (judged according to appearance of media), only half the
volume of complete glial cell media was replaced at 482 hour intervals. Note that GMCSF

concentration was adjusted to maintain a constant 5ng/ml concentration in the total media
volume. This was performel until confluence was achieved in the T25 flask (typically after

10-14 days). Complete glial cell media was prepared on the day of use.

To achieve appropriate cell numbers for the desired applications, once cells had reached
confluence within the T25 flask the entire cell population was dissociated and rseeded in

to a T75 flask coated in PoRL-ornithine, as described above. To do this, total media
(containing dissociated, floating microglia), was removed and stored. 5ml of 0.25% Trypsin
Ethylenediamineteraacetic acid(EDTA) (ThermoFisher) was then added and incubated at
37°C for 10 minutes. Vigorous tapping and pipetting of the flask was required to dissociate
cells. Previously collected media was then added back to trypsinised cells to maximise
collection of microglia. The solution was then centrifuged for 5 minutes at 200xg and the
resulting cell pellet resuspended in complete glia cell media and seeded to a T75 flask. Cells
were maintained in T75 flasks until further use, by 50% media replacement witcomplete

glia cell media every 23 days.
2.15.2 LPS treatment of primary brantlerived microglia

Lipopolysaccharide (LPS) treatment of primary brairderived microglia was performed
according to protocol described by Zychowska et al., 2016. Followingltuwe and expansion

of primary brain-derived microglia, cells contained within T75 flasks were treated with 8ml
0.25% TrypsinrEDTA (ThermoFisher) and dissociated and centrifuged as described in
2.15.1. Cell pellets were resuspended in 5ml complete gliaklt media (without GM-CSF)
and counted using a hemocytometer. For cells to be evaluated by immunocytochemistry, 60,
000 cells were seeded to each well of a 24 well plate. The seeded well was first covered with
sterile 12mm2 glass slides. Cells were seeded 1ml complete glial cell media, without GM
CSF. For cells to be used for RNA collection, 200,000 cells were seeded to 6 well plates in

2ml complete glial cell media { GM-CSF). Note that seeding to both 6 and 24 well plates was
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preceded by polyL-ornithi ne coating of wells and glass coverslips for 24 hours. 72 hours
after cell seeding, cells were treated with complete glial cell media GM-CSF) or complete
glial cell media ¢ GMCSF) with the addition of 100ng/ml LPS derived fromE. Coli
(ThermoFisher) and incubated for 24 hours. RNA was then collected from cells, as described
in section 2.2.7. For immunocytochemistry, cells were processed as described in section
2.26.

2.15.3 Evaluation of microglial purity: Ibal and GFAP immunocytochemistry

The presence of microglia and astrocytes were identified in primary cell cultures by the
detection of lonised calcium binding adaptor moleculel (Iba-1) and Glial Fibrillary Acidic

Protein (GFAB proteins, respectively, using double immunocytochemistrysection 2.2.6.

Images were obtained at magnificationsf 10x and40x and analysed as described in section
2.3. Microglial purity was estimated by counting the number of Ibd-positive and GFAP
positive cells and determining their relative abundance todtal cell numbers as determined
by DAPI staining. Semguantitative analysis of Ibal reactivity was determined from the
RawlIntDensity of the corresponding colour channel to the fluorophore conjugated to the

desired secondary antibody.
2.2 Cell Culture
2.21 HelLa cells

HeLa cells were obtained from frozen stocks kindly donated by Dr Yolanda Gibson. Cells

were resurrected and cultured in a complete HeLa growth media composed of high glucose

jc Ol AEOI DUOOOAOAQ $0iI AAAAT 60 -nioAidheBEFIAA %O O A
FBS(ThermoFisher), 1000 units/ml penicillin and 0.01mg/ml streptomycin (Sigma). Cells

were incubated in T75 flasks at 37°C supplemented with 5% GO

2.2.2 Parental EACHO cells

A parental CHO cell line for the use in the DiscoverX@®A O E ( O 1-ddrdsthassay were

i AET OAET AA ET Ai i Dl AOA -Krhedia (RhkimbFisHerh AGAFBS, ( A1 &
Penicillin (1000 units/ml) Streptomycin (0. 01mg/ml)), unless otherwise stated.

2.2.3 Subculture of Cells

Upon confluency of cells, both CH&nd Hela cells were subcultured by incubation with 5ml
0.05% Trypsin-EDTA (ThermoFisher) and resuspended in 5ml Complete growth media.
1ml of this cell suspension was then added to 15ml of Complete growth media and the cells

reseeded to a T75 flask to maitain cell stocks.

2.2.4 Cryopreservation of cells
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Cell stocks were created by the cryopreservation of existing cell lines. Cells were initially
dissociated and centrifuged at 200xg for 5 minutes. Cells were then resuspended in
complete growth media andcounted using a hemocytometer. Cells were centrifuged at
200xg for 5 minutes and then resuspended to achieve a concentration of 1I€ells/ml in

Cell freezing media composed of the respective cell complete growth media with an
additional 10% concentration of FBS and a 10% concentration of dimethyl sulfoxide
(DMSO). Cells were then frozen at a steady rate 480°c from room temperature within a

- 08 &01 606UA AOAAUET ¢ AT 1T OAETAO . A1l CAT AQs
2.2.5 Cell Transfection
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Celk were seeded the day before transfection (at least 18 hours prior) at a density aimed to
achieve ~80% by the time of transfection (table 2.2). For cells to be tested by
immunocytochemistry, cells were seeded in 24 well plates containing 12mm circular glas
slides or in glasshottomed 96-well plates (Greiner, MercR. For cells to be used for the
collection of cell lysate for western blot, cells were seeded to 6 well plates. Plasmid
transfection of HelLa cells was performed using the LipoJé&tin Vitro DNA ard siRNA
Transfection Kit (SignaGen Laboratories). 1 hour prior to transfection a fresh volume of
complete HelLa growth media (including serum) was added to the wells. 15 minutes prior
to transfection the designated amount of plasmid DNA was added to the LipoJet™
transfection buffer and vortexed briefly. The determined amount of LipoJ&t reagent was
then added to the 1x buffer plus plasmid solution and vortexed. After incubating these three
components for 15 minutes the plasmietransfection reagent soluton was added dropwise
to the overlying cell media and the plate gently shaken to maximise transfection coverage.
An equal number of wells to the number that were transfected were left untransfected as
negative controls. Cells were then incubated for 24 hos at 37°C in 5% Cebefore

preparation for immunocytochemistry (2.2.6) or western blot (2.4.2 and 2.4.3

Final LipoJet™ and plasmid concentrations were made to achieve a 1:1, 2:1, or 3:1 ratio of
LipoJet™ reagent (ul): plasmid DNA (pg), with plasmid concentrations tested at 1ng/U,
2ng/ul and 3ng/ul of total transfection volume (transfection solution + cell media). See table

2.2 for details of transfection solution composition.
2.25.2 PolyPlus PElpro® transfection of CHO cells

1x108 EA-expressing CHQ@ells were seeded to T25 flasks @4 hours prior to transfection
to achieve 6680% confluency. On the day of transfection, delwere washed twice withPBS
and complete CHO cell media was replaced with 5ml OfMEM serumfree medium

(ThermoFisher). pCMVProLink2 vectors were prepared by the addition of the dsired
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amount of plasmid to 2504 Opti-MEM media. The corresponding amount of PElpro
transfection reagent (Polyplustransfection Inc.) was prepared in a separate 250Lvolume

of OptiMEM media. Plasmidamounts were calculated based on achieving a plasmid
concentration of 750ng/ml of total cell media volume. PElpro transfection volume was
determined based on a 2:1 ratio of PElpro (ul): plasmid DNA §). Both plasmid and PElpro
solutions were then gently vortexed, mixed togetherand vortexed once more, with the
combined plasmid-PElpro solution then allowed to incubate at rooriemperature for 15
minutes. PlasmidPElpro solution was then added to the T25 flask and incubated with the
cells for 24 hours. Afterthis time, cell media was replaced with complete CHO cell media
and left to incubate for a further 24 hours, following which cells were either seeded for

ligand application, or underwent antibiotic selection.
2.25.2.1 Antibiotic selection of CHO Cellsldy expressing pkV-Prolink2 plasmids

Cells successfully transfected with pCM¥YProLink2 vectors were selected for by culturing of
cells in G418# ( /  AAT 1 1 AAKAnedium Adigihd), 1@p EBS, 2mg/ml G418
(Insight). 24 hours after celltransfection, &418-CHO cell media was replaced every2 days
for 8-12 days prior to ligand application. Conformation of G418 efficacy was determined by

the use of nontransfected CHO cells.
2.2.6 Immunocytochemistry

Cells were washed twice inPBS and fixed in 4% PFfor 60 minutes at 4°C. Cells were then

washed a further 2 times inPBS and stored in PBS at 4°C until use.

Cells were washed 3x for 10 minutes inPBS and 1x for 10 minutes irPBS containing 0.2%
Triton x-100 (Sigma) (PBST). Cellswere then blocked for 1 hour in appropriate blocking
serum at room temperature (RT) on an orbital rotor. The blocking serum was removed and
primary antibody was added to coverslips overnight at 4°C on an orbital rotor (for details
of antibodies used see tale 2.1). Negative controls had primary antibody omitted and left
in blocking serum or had primary antibody added that had been princubated for 24 hours
with the antigenic peptide. The following day, coverslips were ashed 3x for 10 minutes in
PBS. Secatary antibody(ies) were then added for 2 hours at RT on an orbital rotor (see
table 2.1 for details of antibodies used and their concentrations). Cell nuclei wertased
with 1:2000 DAPI in PBS for 10 minutes. This was followed by a final 3 washes for 10
minutes with PBS. For cells in 24 well plates, excess PBS was removed from wells and then
coverslips were removed and placed on to glass slides with Vectashield® mounting reagent.

Cells in 96 well plates were left in PBS until imaging.
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Culture Intended Use | Cell seeding | Plasmid LipoJet™ LipoJet™ Cell media
plate density/well | DNA/I Reagent Transfection | volume
(surface Total Volume buffer per
area mn?) transfection | (ul): well
volume Plasmid
DNA (ug)
6 Protein 300,000 1-3ng/pl 1:2 200ul 2ml
analysis
24 Immuno- 100,000 0.4-3ng/ul 1:2 50ul 0.5ml
cytochemistry
96 Immuno- 20,000 1-3ng/pl 1:2 5ul 0.05ml
cytochemistry

Table 2.2. Composition of LipoJ&t transfection solutions used for transient transfection of HeLa cells with RC221929 or MR225748 plaSrh&somposition of transfection solution was

AAGAA 11
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In addition to the standard protocol above, antibody reactivity was also tested by
immunocytochemistry following Heat Induced Epitope Retrieval (HIER). This was
performed following cell fixation by heating the cells in a pH 6 sodium citrate buffer (10mM
Sodium citrate, 0.05% Tweer20, pH 6.0) at 95°C for 10 minutes and then allowing the

samples to cool to room temperature.
22.6.1 Custom Ab design

A custom polyclonal antiXcrl antibody was designed under consultation with
representatives from Eurogentec Ltd. The protein sequence of mouse Xcrl corresponding
to NCBI reference sequence NP_035928.2 was used for antigen identification and peptide
design (Figue 2.1). A 16.amino acid region corresponding ¢ the 3d cytoplasmic region of
the receptor was produced for immunisation in conjugation with a Keyhole limpet
hemocyanin (KLH) carrier protein (Figure 2.1). Polyclonal antibody production was
achieved by an 87 day immunisation protocol of two Rabbits. Imunisations with the
antigenic peptide plus carrier was performed at day 0, 21, 49 and 77. A final bleed was
performed at day 87 and the antibody provided following affinitypurification to the
antigenic peptide. Confirmation of antibody specificity and dihity was evaluated by
Enzyme Linked Immunosorbant Assay (ELISA) to the antigenic peptideor an illustration

of Xcrl epitopes targeted by the antXcrl antibodies used, please see figure 2.1.
2.2.7 RNA collection from cells

Preparation of RNA from cellsamples was performed using TRIzol ® reagent. For all
DOAPAOCAOGEI T O &EOIT T AAI 1T Oh OAdcés. Rravided Adadn call OA D A (
pellets were immersed in 1ml TRIzol ® reagent immediately from storage and then
incubated for 5 minutes at room temperature prior to resuspension of the cells by
aspiration of the solution. For adherent cell monolayers collected from culture, 1ml TRIzol
® reagent was added to the cell culture container. Cells were completely dissociated in to
the reagent by use of aubber cell scraper. Samples were then aspirated and collected in to
a sterile 1.5ml Eppendorftube. From the homogenised cell samples RNA was collected using
the Direct-Zol RNA microprep kit (ZymoResearch) following the associated manufacturer
protocol WITHOUT the optional DNase treatment. RNA samples were then quantitatively
and qualitatively analysed by NanoDrop Spectrophotometer (ThermoFisher) to ensure
sufficient RNA quantity and purity according to 260/230 and 260/280 ratios of >2.0 and
>1.8, respecively. RNA samples were then used immediately for RFCR or stored at80°C

until further use.

2.2.8 Collection of cell lysate and purification of protein
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C)
LS- C373870 (43 - 222)
Xcrl -myc 1 MDSESDALSIPASRVQMESSTAFYDYHDKLSLLCENNVIFFSTIVLYSLVFLLSLVG 60
P I B e b | e B R AT T
XCREMYyC 1 meemeeeee MESSGNPESTTFF YYDLQSQPCENQAWVFATINLYCLVFLLSLVG 48
Atlas  HPA013169 ( 1-34)

Xcrl -myc 61 NSLVLWVLVKYENLESLTNIFILNLCLSDLMFSCLPVLISAQWSWFLGDFFCKFFNMI119

OB e TR 1
XCRE myc 49 NSLVLWVLVKYESLESLTNIFILNLCLSDLVFACLLPVWISPYHWGWVLGDFLCKLLNMI 108

Xcrl - myc 120 FGISLYSSIFFLTIMTIHRYLSVVSPISTLGIHTLRCRVLVTSCVWAASILFSIPDAVFH 179
SRR TR T R TRTTH R
XCRE myc 109 FSISLYSSSFFLTIMTIH RYLSVVSPLSTLRVPTLROAVTMAVWVASILSSILDTIFH 168
Abcam188896 (127 - 146)
CustomAb (222 - 236)
Xcrl - myc 180 KVISLNCKYSEHHGFLASVYQHNIFFLLSMGIILFCYVQIORFRTRSRQRHRTWF 239

1 B | LR R
XCRE myc 169 KVLSSGCDYSELTWYLTSVYQHNLFFLLSLGIILFCYVEILRTLFRSRSKRRHRTVKLIF 228

Xcrl - myc 240 TVVVAYFLSWAPYNLTLFLKTGIIQQSCESLQQLDIAM [ICRHLAFSHCCFNPVLYV 296

LR e e | W1 YT
XCRE myc 229 AIVVAYFLSWGPYNFTLFIQTLFRTQIIRSCEAKQQLKALLICRNLAFSHCCFNPVLYV 288
LS- A158 248- 266
Anti - myc (345 - 354)
Xcrl - myc 297 FVGIKFRRHLKHLFQQVWLCRKTSSTVPOSSTFTYE-- GPSFYTRTRPEQKLISEE 352

(AT e A B YCOTLIL
XCRE myc 289 FVGVKFRTHLKHVLRQFWFCRLQAPSEAPHSPGAFAYEGASFYTRTREDQKLISEE 347

Anti - myc (340 - 349)
Xcrl - myc 353 DLAANDILDYKDDDDKYV 369

[T |
XCRE myc 348 DLAANDILDYKDDDDKV 364

Figure 2.1. Epitopes of human and mouse XCR1 homolog8ekematic overview of structures of protein
produced from MR225748 (Xcrtmyc, A)and RC221929 (XCRinyc, B with highlighted regions of antibody
epitopesdetailed in C. C) Sequence alignment of XCRiyyc and Xcrimyc. Annotated regions correspond to
epitopes of tested antibodies (table 2.1 (A)). Annotations above = antibody raised to immunogen of Xcrl;
annotations below = antibody raised to immunogen of XCRProtein schematics provided by Protter (Omasits
2014).

38



Cell lysates were collected from 6 well plates by the addition of 300ul RIPA buffer (Sigma)
plus complete protease and phosphatase inhibitorRoché. Cells were removed from the
well surface usinga cell scraper and then the cell solution aspirated several times before
loading in to a sterile 1.5ml Eppendortube. Samples were stored on ice and vortexed every
5 minutes for 6 repeats. Protein was then separated from larger cell debris by centrifugati

at 14,000xg for 15 minutes. The resultant supernatant was then transferred to a sterile
vessel and evaluated for protein content by BCA assay. Protein concentrations were
calculated based on absorbance in reference to a standard curve established froovine

serum albumin concentrations between 0 and 2mg/ml.
22.81 PNGase F treatment of protein

For the removal of Nlinked oligosaccharides, 15g cell lysate was treated by denaturing
instruction. For the non-denaturing protocol, PNGase F was added for 24 hours at 37°C
before preparation for western blot. The total amount of enzyme used was limited to
prevent glycerol concentration exceeding 5% of the total reaction volum A positive control
was established via the use of WFDC2 protein that was kindly donated by Miss Hannah

Armes (University of Sheffield).

2.3 Microscopy and image analysis
2.3.1 Microscopy

Fluorescent and chromogenic samples were inspected with a Zeisxidplan 2 imaging
microscope (Carl Zeiss International). For fluorescent samples, a Lumen 200 Fluorescent
illumination system (Prior Inc.) was used to illuminate samples. Microscopy filters were
applied to select the appropriate wavelength for excitation b FITC, DAPI and Cy3
fluorophores. Digital images were obtained with a QI Click colour CCD cameral{f@aging)
and processed using Image Prplus software (Media Cybernetics Inc.). For images used for
semi-quantitative comparison, identical exposure times wre used for the target

fluorophore(s).
2.3.2 Image analysis with Fiji
2.3.2.1 Quantification of antibody binding: Manual image analysis with Fiji

For the manual assessment of antibody specificity and reactivity, ¢himage analysis
software Fiji (Schindelin et al, 2012) was used. RawlIntensity values were measured from

each channel corresponding to the desired fluorophore for serguantitative evaluation of
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antibody binding. Cell numbers were manually counted based on DAPI reactivity or
estimated based on Bwintensity values of the DAPI (blue) channel. To eliminate
background signal from samples the Rawlintensity values for each channel from a secondary
only control was subtracted from the test images. All evaluations were based on analysis of
at least 3 imags per condition. Quantitative evaluation of cell number and transfection
positive cells (judged according to presence of appropriate reactivity within cell cytoplasm)
were used to evaluate total cell counts and transfection efficiency (number of fluoresae

cells/Total cells).

In order to evaluate antibody binding, two methods were devised. The first method aims to
determine the antibody reactivity per cell based on manual counting of cells according to
DAPI reactivity and morphology. An alternative and rare objective method, approximates
cell number according to DAPI RawlIntensity of the image. Due to comparative images being
taken with identical exposure times, this method offered the opportunity to make the
analysis more efficient. A relative measure adntibody binding to cell presence was then
calculated according to the Rawlintensity values of signal obtained from the fluorescent
secondary antibody (used for the detection of the test primary antibody) and the
Rawlntensity of DAPI signal(Antibody/DAPI Raintensity). This measure could then be
used to compare antibody binding to nortransfected and transfected cells to establish

antibody binding to the test protein (Xcrl-myc or XCRimyc).
2.3.2.2. Area of antibody binding
2.3.2.2.1 Quantification of area bFluorescently labelled antibodies

The area of antibody presence was identified as a percentage of the total measure of the

image area or selected Region of Interest (ROI). ROIs were delineated by freehand selection

of the desired area. To identify spedif staining each image was split to RGB channels. The
channel corresponding to the fluorophore used for detection of the desired antibody was

OEAT OOCGAA8 4EA O3OAOOAAO AAAECOI O1T Ad OAI T OAA

ball radius of 25 pixels.The threshold of the greyscale image was then adjusted to reflect
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specific staining and the % Area of specific staining relative to the total ROl area was used
for analysis. Measurements were collected using Microsoft Excel (2013) and then analysed

using Prism 7.0 (Graphpad Inc.).
2.3.2.22 Quantification of DAB staining Area

The area of DAB reactivity was quantified as a percentage of total image area. DAB staining
was identified within the image using the Colour Deconvolution process of Fiji according to
OEA ADPDPOI POEAOA O( $!'"06 AlI11 OO0 OAAOTI 008 4EA OEOAC
adjusted to permit identification of positive staining and %Area of staining measured.
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Quantified DAB area (as a percentage of the total image area) was then exported

Microsoft Excel (2013) for subsequent data processing.

o8x8x8 / DAOA O0EATE@1I (ECE #110AT O 3A0AATETC
For the analysis of antibody specificity to XCRL1 proteins expressed in transfected Hela, cells
seeded and treated in 96 well plates were evaluatl by automated image capture and
analysis using the Opera Phenix High Content Confocal Screening system (PerkinElmer).
Images were captured at 20x for each fluorophore and analysed using Harmony image
acquisition and analysis software (PerkinElmer). Celhuclei and cell cytoplasm were
identified using the most suitable algorithm available within the Harmony software. Semi
gquantitative evaluation of antibody binding was performed for all cellswithin the test

image. Quantification was based upon the Mean ICitensity of the signal emitted from the

corresponding secondary antibody used for detection of the respective primary antibody.

Colocalisation of test antibody reactivity with Gmyc reactivity was performed to support
antibody specificity. This was ahieved by specifying regions of the individual image that
demonstrated the highest intensity of signal corresponding to-@hyc binding. Quantification
of the emitted signal arising from the test antibody within this specified region was then

used as a mease of colocalisation.

Raw data from Harmony analysis was exported to Microsoft Excel (2013) and subsequently
analysed as described in section 2.9. Automated image acquisition provided images that
were auto-contrasted according to individual images. To di@ay a consistent display range
of pixel intensity and accurately represent differences in antibody signal, the display range
of images used for comparison presented in the Results section were adjusted using Fiji

Image aralysis software(Schindelinet al, 2012).

2.4 Molecular Biology Methods

2.4.1 BCA assay

001 OAET AT 1T AAT OOAGETTO 1T &£ Ail11AAOGAA OAIl PI A
bicinchoninic acid (BCA) assay (ThermoFisher). The protein concentration of unknown

samples was determined from thestandard curve of optical density at 560nm for a series

of protein samples of known oncentration between 0 and 2000g/ml of Albumin.
2.4.2 SD®olyacrylamide Gel electrophoresis

15-30ug of protein was diluted in 6x protein loading buffer (National Diagnoscs) and

incubated for at least 30 minutes at room temperature or heated to 95°C for 10 minutes
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before cooling to room temperature. Samples were then loaded in to a -15% sodium
dodecyl sulphatepolyacrylamide gel along with the Ezrun Rec protein molecuar weight
ladder (ThermoFisher) and separatd by electrophoresis (SDSFAGE)at 100 z 150V until

the desired travel of protein was achieved.
2.4.3 Immunoblotting

Following SDSPAGE, protein was transferred from the gel to a nitrocellulose membrane
(GE Heahcare) usingthe Trans" 1 1T O 4 O0O0OAT A Al 1T OOET ¢ OUOOAI
was evaluated by ponceau S (ThermoFisher) staining before incubating the membrane in
blocking buffer (0.1% Tween20, Tris Buffered Saline (50mM TrisCI, pH 7.5, 150mM NacCl)
(TBST), 5% dried nonfat milk powder) for 1 hour. Primary antibodies were then added at
concentrations as detailed in table 2.1 in blocking buffer and incubated at 4°C whilst rolling
overnight. The membrane was then washed 2x for 5 minutes and 2x for 10 mit@s in TBS

T before adding the desired HRfeonjugated secondary antibody for 2 hours whilst rolling

at RT. A further 3x 10 minute washes of the membrane in TBSwas then performed.

Localisation of HRPconjugated secondary antibody was then identified byhte addition of

OEA #1 AOEOGUA 7AOO0AOI %W | AEAI EI &i ET AGAAT O

Chemiluminscence was then detected by exposure to ligsensitive film for the desired
time period. The exposed film was then developed using the automated Compact X4n

developer (Xograph Imaging Systems).

Estimation of molecular weight of proteins identified by western blot was made based on
the relative migration distance of protein standards loaded within the same gel. For each
protein standard a relative migration distance (R) was calculated based upon the following

equation:

v "0

Rf values of each protein standard were plotted against the Lagmolecular weight) of the
protein standards and linear regression was performed using Prism 7.0 (Graphpad Inc.) to
determine the standard curve formula. The Rf value of an identified (unknown) protein was

then used to calculate the molecular weight according the standard curve formula:
Logio(Molecular Weight) = (A*R + C

2.4.4 Polymerase Chain Reaction

2.4.4.1 Primer Design

The design of primers was performed using the NCBI PrimaBlast Tool(Yeet al, 2012)in

combination with the manual selection of primer targets according to the recorded gene
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sequences detailed on the NCBI Nucleotide and Ensemble Gene databases. Selected primer
pairs were then chosen according to the matching of primer melting temperatures

calculated from the Online Custom Oligo Ordering Tool (Merck).

2.4.4.2 DreamTaq Hot Start Green PCR

Polymerase Chain Reaction (PCR)AT D1 EAEAAOQOEI T 1T £ OAOCAO Al PI E
using DreamTaq Hot Start Green PCR Master Mix (ThermoFisher). Primevere prepared

to a concentration of UM and cDNA was used at a concentration of 8D0ng per 50ul

Reaction. PCR was performed according to a three step protocol consisting of primer
annealing at (Tmb5)°C, amplicon extension at 72°C and denaturation at 956. The

performed time parameters for each step were determined according to the size of target

amplicon as described by the manufacturer.
2.4.4.3 Phusion PCR

For the amplification of PCR inserts for subsequent cloning in to a host vector (secti?i.6)

the high fidelity Phusion DNA polymerase (NEB) was used. Reaction components and
buffers were determined according to manufacturers recommendation for the size and
quality of target amplicon. An internal control to confirm efficiency of PCR amplificatioof
large (10kb) amplicons was included with each reaction, using the provided bacteriophage

lambda DNA template.
2.4.5 Agarose Gel electrophoresis

DNA fragments produced by PCR or restriction endonuclease digest were separated by
agarose gel electrophores. The desired concentration of agarose powder was added to
200ml 1x TAE buffer (40mM TrisAcetate, 1ImM EDTA (dkD)) and heated in a microwave
until the agarose powder had completely dissolved. EtBr was added to achieve a
concentration of 0.003% (v/v) andthen the solution was poured in to a cassette to cool with
an inserted comb to permit sample aspiration to the gel. The gel was placed in to a tank of
1x TAE and samples loaded along with a desired molecular weight ladder. Samples were
ran at 100V until the desired separation of fragments had been achieved. Separated

fragments were then imaged using the InGenius 3 Gel documentation system (SynGene).
2.4.6 Plasmid Cloning
2.4.6.1 Plasmids

Two plasmids were purchased from Origene. Origene RC221929 is a plad composed of
a pCMV6 entry vector with an insert containing the HumaXCRIprotein coding sequence
(NCBI reference NM_001024644) with a-@&rminal Myc-DDK tag. Origene MR225748 is
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A)

SVA0 ORI 3124, 5047

352971 T7 Fwd Primer

MR225748 annotated.xdna - 5895 nt

_|_

[2058...2063 Knhol]
HM70...2451 M3 Rev Primer
[2178...2658 hGH polyA signal

!

B)

SV40 ORI 5109...5032

RC23215925 annctated.xdna - 5880 nt

_|_

[2043...2088 xhol]
2046.. 2075 c-Myc tag

2084... 2117 Flag tag
255,136 M3 Rev

[2163._2643 hiGH polya signall

!
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C)

>T7 >BamHI
GTGGGAGGTCTATATAAGCAGAGCTCGTTTAGTGAACCGTCAGAARTRDGACTCACTATAGGEGCCGGGAATTCGTCGAGATCGGTA < 100
CACCCTCCAGATATATTCGTCTCGAGCAAATCACTTGGCAGTCTARPRAECTGAGTGATACCGCCGGCCCTTAAGCAGETGAGICCAT
10 20 30 40 5 0 60 7 0 80 9 0
>Xcrl CDS
CCGAGGAGATCTGCCGCCGCGATUGT\CTCAGAGTCAGATGCTCTCAGTATCCCTGCATCCCGCGTCCAGATCGAGTCCTCTACAGKZ00 TATG
MDSESDALSIPASRVQMESSTAFYD
GGCTCCTCTAGACGGCGGCGCTABTEGGAGTCTCAGTCTACGAGAGTCATAGGGACGTAGGGCGCAGGTCTACCTCAGGAGATGTCGGAAAATAC
110 120 130 140 150 160 170 180 190

ATTATCATGATAAATTGAGTCTTCTATGTGAGAACAATGTCATCTTCTTTTCCACCATCTCTACCATTGTCCTGTACTCTCTGGTATTTCTGEBODAGCCT
YHDKLSLLCENNVIFFSTISTIVLYSLVFLLSL
TAATAGTACTATTTAACTCAGAAGATACACTCTTGTTACAGTAGAAGAAAAGGTGGTAGAGATGGTAACAGGACATGAGAGACCATAAAGAGGAGTCGGA
210 220 230 240 250 260 270 280 290

TGTGGGTAACAGCCTGGTTTTGTGGGTCTTGGTGAAGTATGAGAATCTAGAGTCACTCACCAATATCTTCATCCTCAACCTGTGTCTCTRABBCCTGATG

VGNSLVLWVLVKYENLESLTNIFILNLCLSDL M

ACACCCATTGTCGGACCAAAACACCCAGAACCACTTCATACTCTTAGATCTCAGTGAGTGGTTATAGAAGTAGGAGTTGGACACAGAGAGTCTGGACTAC
310 320 330 340 350 360 370 380 390

TTCTCCTGTCTACTGCCTGTGTTGATCTCAGCACAATGGAGTTBEAEGTGACTTCTTCTGCAAGTTCTTCAACATGATCTTCGGCATCAGRGDDT

FSCLLPVLISAQWSWFLGDFFCKFFNMIFGISLY

AAGAGGACAGATGACGGACACAACTAGAGTCGTGTTACCTCAACCAAAGATCCACTGAAGAAGACGTTCAAGAAGTTATAETAGBAGACG
410 420 430 440 450 460 470 480 490

ACAGCAGCATCTTCTTCCTTACCATCATGACCATCCACCGATACCTGTCTGTAGTGAGCCCCATCTCTACTCTGGGTATCCATACCCTCE®ATGCCGTGT

SSIFFLTIMTI HRYLSVVSPISTLGIHTLRCRYV
TGTCGTCGTAGAAGAAGGAATGGTAGTACTGGTAGGTGGCTATGGACAGACATCACTCGGGGTAGAGATGAGACCCATAGGTATGGGAGGCGACGGCACA
510 520 530 540 550 560 570 580 590

GCTGGTGACATCATGTGTGTGGGCAGCCAGCATCCTGTTCTCCATCCCTGATGCTGTCTTCCACAAAGTGATCTCCTTAAATTGTAAATATTOOTGAACAT

LVTSCVWAASILFSIPDAYV FHKVISLNCKYSEH

CGACCACTGTAGTACACACACCCGTCGGTCGTAGGACAAGAGGTAGGGACTACGACAGAAGGTGTTTCACTAGAGGAATTTAACATTTATAAGACTTGTA
610 620 630 640 650 660 670 680 690

CATGGGTTCTTGGCCTCAGTCTACCAGCACAACATCTTCTTCCTCCTCTCCATGGGAATCATCCTATTCTGTTATGTACAGATTCTCAGGABOOTTGTTTC
HGFLASVYQHNIFFLLSMGIILFCYVQILRTLFR
GTACCCAAGAACCGGAGTCAGATGGTCGTGTTGTAGAAGBAGSGGTACCCTTAGTAGGATAAGACAATACATGTCTAAGAGTCCTGAAACAAAG

710 720 730 740 750 760 770 780 790

GCACAAGGTCCAGACAGAGACACCGAACAGTCAGGCTCATCTTCACCGTCGTGGTAGCATACTTCCTCAGCTGGGCTCCCTACRRTICTKCIADACTCTT
TRSRQRHRTVRLIFTVVVAYFLSWAPYNLTLFL
CGTGTTCCAGGTCTGTCTCTGTGGCTTGTCAGTCCGAGTAGAAGTGGCAGCACCATCGTATGAAGGAGTCGACCCGAGGGATGTTGGAGTGTGAGAAGGA
810 820 830 840 850 860 870 880 890

GAAAACTGGAATCATCCAGCAGAGCTGTGAGAGCCTTCAGCAACTGGACATTGCTATGATTATCTGTCGCCATTTGGCCTTCTCTCATT&XOWAT TTCAAC

KTGIITQQSCESLQQLDIAMIICRHLAFS HCCFN

CTTTTGACCTTAGTAGGTCGTCTCGACACTCTCGGAAGTCGTTGACCTGTAACGATACTAATAGACAGCGGTAAACCGGAAGAGAGTAACGACAAAGTTG
910 920 930 940 950 960 970 980 990

CCAGTGCTTTATGTCTTTGTTGGGATCAAGEDBGACACCTAAAACATCTCTTCCAGCAGGTCTGGCTGTGCCGGAAGACATCCAGCACKINDOCCT
PVLYVFVGIKFRRHLKHLFQQVWLCRKTSSTVPC
GGTCACGAAATACAGAAACAACCCTAGTTCAAGGCGTCTGTGGATTTTGTAGAGAAGGTCGTCCAGRCUGACGABGG TCGTGACAAGGGA

1010 1020 1030 1040 1050 1060 1070 1080 1090

>Xhol >c- Myc tag
GCTCCCCTGGTACCTTTACATATGAGGGACCCTCCTTCTACACGCGGCTB CGAGAGAAACTCATCTCAGAAGAGGATBIOAIECAAATGA < 1200
SPGTFTYEGPSFYTR TRP L E QKLISEEDL A AN D

CGAGGGGACCATGGAAATGTATACTCCCTGGGAGGAAGATEGCGCCGEAGCTGTCTTTGAGTAGAGTCTTCTCCTAGBTCGTTTACT
1110 1120 1130 1140 1150 1160 1170 1180 1190

>Flag tag <M13 Rev
TATCCTGATTACAAGGATGACGACGATBRIETAAACGGCCGGCCEI CATAGCTGTTTCCT@MMWGATCCCGGGTGGCATCCCTGTGACCCCT < 1299
L DYKDDDDK Vv *

ATAGGACTAATGTTCCTACTGCTGCTATAAATTTGCCGGCCGEUBGTATCGACAAAGGAGTCTAGGGCCCACCGTAGGGACACTGGGGA
1210 1220 1230 1240 1250 1260 1270 1280 1290
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D)

>T7 >BamHI
CGGTGGGAGGTCTATATAAGCAGAGCTCGTTTAGTGAAGBSTTITGAATACGACTCACTATAGGEGCCGGGAATTCGTCGAGATCGG < 100
GCCACCCTCCAGATATATTCGTCTCGAGCAAATCACTTGGCAGTCRIAAASCTGAGTGATACCGCCGGCCCTTAAGCAGCIGAGCACC
10 20 30 40 50 60 70 80 90

>
TACCGAGGAGATCTGCCGCCGCGATUGCE <200

ATGGCTCCTCTAGACGGCGGCGCTAGCGG
110 120 130 140 150 160 170 180 190

<300
210 220 230 240 250 260 270 280 290

<400
310 320 330 340 350 360 370 380 390

<500
410 420 430 440 450 460 470 480 490

<600
510 520 530 540 550 560 570 580 5 90

€700
610 620 630 640 650 660 670 680 690

<800
710 720 7 30 740 750 760 770 780 790

</900
810 820 830 840 850 860 870 880 890

<1000
910 920 930 940 950 960 970 980 990

<T1A00
1010 1020 1030 1040 1050 1060 1070 1080 1090

>Xhol >c- Myc tag
CGCGTACGCGGQUGGAGAGAAACTCATCTCAGAAGAGGATEIAGCAAATGATATCAISITAC < 1200
TRTRP L E QKLISEEDL AANDIL DY

GCGOATGCGCCGBGCTGTCTTTGAGTAGAGTCTTCTCCTAGBTCGTTTACTATAGGATCAATG
1110 1120 1130 1140 1150 1160 1170 1180 1190
>Flag tag <M13 Rev
AAGGATGACGACGAT/BTI TAAACGGCCGGCCGTGATAGCTGTTTCCTGAKGATCCCGGGTGGCATCCCTGTGACCCCTCCCCAGTGCCTCTC < 1300
K DDDDK \
TTCCTACTGCTGCTATCBAATTTGCCGGCCGGCEETATCGACAAAGGACTTETAGGGCCCACCGTAGGGACACTGGGGAGGGGTCACGGAGAG
1210 1220 1230 1240 1250 1260 1270 1280 1290

C <1301
G

Figure 2.2. Schematic and sequence data of plasmids used for antibody testing containingtagged Xcrl and
XCR1 insertsA,B) Schematic overview of A) MR225748 plasmid containing the Xertiyc coding sequence and
B) RC221929 plasmid containing the XCRthyc coding segience. C, D) Sequences of C) MR225748 and D)
RC221929 inserts as provided by manufacturer (Origene). Highlighted regions: Blg&V40 origin of replication
and CMV promoter; Red primers used for sequencing of plasmids (T7 and M13 Rev); PurpleRestriction
endonuclease sites used for confirming plasmid size following E.Coli amplification (BamHI and Xhol); Oragge
Coding sequence of desired Xcrl (MR225748) or XCR1 (RC221929) proteins; Grgeb-terminal sequences
coding for Myc and Flag tag peptides; PinkE' ( OA Ol ET AGET 1
of expressed mRNA.
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also a pCMV6 entry vector with an insert containing the MurineXcrl protein coding
sequence (NCBI reference NM_011798.4) with at€minal Myc-DDK tag (Figure 2.2.
Transfection with pcDNAS5/FRT/TO GFP (Addgene #1944), kindly donated by Dr Adrian
Higginbottom (University of Sheffield), and a TDR43-Gmyc plasmid, kindly donated by Dr
Yolanda Gibsor(University of Sheffield), were also used to evaluate transfection effiency
and optimise transfection conditions.pCM\\PK2 and pCMVARMS2PK?2 vectors for use in
OEA $EOAT OA 08 "arrésin@ssgy Gérekihdl/Aroyided by the laboratory of Dr
Gareth Richards (University of Sheffield).

2462% (w| %8#1 1 E nandAdleisd O AOEI

417 Ai Pl EAU Pl AOI EA OOI AEh CEAlcetsAhvirdgéndias T 1T A
performed. E.Colibacteria stocks were thawed on ice. 50uof thawed E.Coliwas then
aspirated gently using a 2001pipette with the pipette tip cut with scissors to minimise
shear forces introduced to the bacteria during pipetting. This was done to ensure collection
of cells within the suspension that may have deposited to the bottom of the vial. BlOof
E.Coliwas then aliquoted in to a prechilled (on ice) 1.5ml Eppendorftube. 1-5ul of plasmid
(up to 50ng) was then added dropwise to the top of the cells and incubated in ice for 30
minutes. As a positivecontrol for transformation, 2.5u (250pg) of the supplied pUC19
control plasmid (Invitrogen) was added to a separate 1.5ml Eppendotiibe containing 50

I £ $H.Qolicells. After 30 minutes on ice cells were heat shocked at 42°C, in a-hesated
heat block, for 4845 seconds and then returned immediately to ice for tninutes. 950 of
pre-warmed (37°C) Super Optimal Broth with Catabolite suppression (SOC) media was then
added to the 1.5ml Eppendorfube. Eppendorf tubeswvere shaken at 225RPM at 37°C f&0
minutes before 100y of each transformed culture was streaked across a pwwarmed
(37°C) agarselection plate containing the appropriate concentration of seldgiwve antibiotic
(Ampicillin 200ug/ml, Kanamycin 50ug/ml). Agar plates were then incubated for 2472
hours at 37°C. Individual colonies were then selected and transferred to 5ml lysogeny broth
(LB) containing the appropriate concentration of antibiotic (Ampicillin  100pg/ml,
Kanamycin 50pg/ml) within a falcon tube. TransformedE.Colicultures were then incubated
overnight (16-18 hours) at 37°C whilst shaking at 225RPM on a rotator plate.

2.4.6.3Plasmid Miniprep and MaxiPrep

After overnight culture, plasmids were isolated from 1ml transformedE.Coliusing the
Isolate Il PlasmidminftEEO j " ET 1 ET AQqQ AAAT OAET ¢ O 1 AT O&FA]
of low-copy plasmids. Plasmids from each cohy were then preliminarily identified by
restriction endonuclease digest (see 2.4.6.4Following confirmation of identity, 500ml of
LB containingthe appropriate concentration of antibiotic (50pug/ml Kanamycin, 100pg/mi

Ampicillin) was inoculated with 1mlfrom one of the cultures ofE.Colito provide a larger
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bacterial stock This 500ml culture was then incubated for 1820 hours at 37°C whilst
shaking at 225RPM on a rotator plate. Plasmids were isolated from this 500ml culture using
the Plasmid Maxi kt (Qiagen) using a high speed Avanti-d6 XP centrifuge (Beckman
#1 Ol YOBalated plasmids prepared using the Isolate 1l Plasmid miskit (Bioline) or
Plasmid Maxi kit (Qiagen) were eluted or resuspended with RNasand DNase free water.
1pl of each sample wa then quantitatively and qualitatively analysed using a NanoDrop
1000 spectrophotometer (ThermoScientific, USA) and then stored eé80°C until subsequent

use.
2.4.6.4 Restriction Endonuclease Digest

Plasmids isolated fromE.Coliwere identified by a preiminary restriction endonuclease
digest to determine the presence of predicted DNA fragment sizesd to provide DNA
fragments for the subsequent directional cloning of plasmidsRestriction endonuclease
sites were first identified using the online NEBcutr tool (Vincze, Posfai and Roberts, 2003)
500ng of plasmid DNA was incubatedvith the chosen restriction enzymes according to
agarose gel with 2ji6x protein loading buffer (ThermoFisher). 54 of GeneRuler 1kb DNA
ladder (ThermoFisher) was loaded for fragment size reference. Fragments were then
separated byagarose geklectrophoresis. The separated fragments were imaged within the

agarose gel using InGenius 3 Gel danentation system (SynGene).
2.4.6.5 Plasmid Subcloning

The production pCMVPK2 plasmids containing the coding sequences of either XcrlL or
XcrlS proteins was achieved by directional cloning ofcrlLand XcrlSnucleotide inserts in
to pPCMVAPK2 and pPCMVARMS-PK2 vectors.

XcrlLand XcrlSnserts were generated by PCR amplification of the target coding sequences
from the OriGene MR225748 Coding inserts were cloned in to pCMYK2 and pCMVY
ARMS2PK2 vectors by directional cloning to the vector multiple cloningite as detailed in
Figure 2.3. PCR of target insert amplicons was performed using the High Fidelity Phusion
PCR kit (NEB). Due to the high melting temperatures of the primers used, cycling
parameters were performed using a 2 step PCR protocol composedao98°C denaturation
step for 1 minute, followed by 40 cycles of 98°C for 10 seconds to 72°C for 30 seconds. A
final elongation step was performed for 10 minutes at 72°C and then returned to 4°C for
storage. Confirmation of amplicon production was determind by agarose gel

electrophoresis.

PCR inserts and vectors were digested with Bglll and Hindlll restriction enzymes for 4

hours at 37°C using.1 buffer (NEB). A total of 1g vector and insert were used for digestion.
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To prevent autoligation, shrimp alkalire phosphatase (SAP) (NEB) was added to digested
inserts for 30 minutes at37°C at a concentration of 1.5ul SAP{uof insert DNA. All samples

digested with Bglll and Hindlll were then heated to 80°C to inactivate the enzymes.
Following digestion, vector ba&bone and inserts were separated by agarose gel

electrophoresis and purified using the Isolate Il PCR and gel kit (Bioline) according to

Recombinant plasmid vectors were then transformed to competentE.Coli for the

production of plasmid stocks, as detailed in section 2.4.6.1 and 2.4.62o0duced gasmids

AOA OAZEZAOOAA O -00i 1 ARDBEOCARANOAOODPAT A ET AEOE
Xcrll-PK2 (L-PK2); pCMVWXcrlSPK2 (SPK2); pCMVWXcrlL-ARMS2PK2 (L-ARMS2);
pCMMXcrlSARMS2PK2 (SARMS?2).

2.4.6.6DNA sequencing

Conservation of Plasmid codig sequences were determined by DNA sequencing by the Core
Genomics Facility (University of Sheffield)Sequencing of plasmids obtained from Origene

was performed usingthe 4 x /&l O xTAATACGAGCTCACTATAGE@ q AT A -po 2A
j WGAGGAAACAGCTATGAGG® @imers (Figure 2.2). Sequencing of pCM®rolink2

vectors was performed using a combination of primers targeted to thé&crl sequence.
Confirmation of nucleotide identity was evaluated by FinchT(GeoSpiza Inc.) Pairwise
sequence alignment was performed uag EMBOSS Needle Nugtide pairwise alignment

tool (Rice, Longden and Bleashy, 2000)and/or Serial Cloner Software

(http://serialb asics.free.fr/Serial_Cloner.html)

2.5 Gene Expression profiling
2.5.1 DNase Treatment of RNA

Prior to preparation of cDNA,all RNA samples underwent DNase | treatment after RNA
isolation. The appropriate RNA quantity required for analysis was treated by DNase |
(amplification grade; specific activity >10,000 units/mg, ThermoFishe) at a concentration
ratio of lug RNAto 1uD. AOA ) AT A POAPAOAA AAAT OAET ¢ OIl
DNasetreated RNA was then heated at 72°C for 10 minutes before being placed
immediately on ice for at least 5 minutes. This ensured sufficient denaturation of RNA
secondary structure prior to cDNA synthesis and was found to significantly improve the
reliability and consistency of subsequent cDNA production.
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>ProLink
I
ATCCGCTAGCGCTACCGGALZILICCGAGCT TCGAATTGGGAGGT
TAGGCGATCGCGATGGCCTGAGG/GCTCGA AGCTTAACCCTCCA

10 20 30 40 50
B

> Xcrll pCMVAProLink?2 insert, 1014bp, stop codon omitted

ATGGACTCAGAGTCAGATGCTCTCAGTATCCCTGCATCCCGRIBBABICCTCTACAGCCTTTTATGATTATCATGATAAAT
TGAGTCTTCTATGTGAGAACAATGTCATCTTCTTTTCCACCATCTCTACCATTGTCCTGTACTCTCTGGTATTTCTCCTCAGCCTTGT
GGGTAACAGCCTGGTTTTGTGGGTCTTGGTGAAGTATGAGAATCTAGAGTCACTCACCAATATCTTCATOETCRATTAGT
GACCTGATGTTCTCCTGTCTACTGCCTGTGTTGATCTCAGCACAATGGAGTTGGTTTCTAGGTGACTTCTTCTGCAAGTTCTTCAACA
TGATCTTCGGCATCAGCCTCTACAGCAGCATCTTCTTCCTTACCATCATGACCATCCACCGATACCTGTCTGTAGTGAGCCCCATCTC
TACTCTGGGTATCCATACCCTCCGCTGCCGTGTGCTGGTGACATCATGTGTGTGGGCAGCCAGIXATTIGINTGATGCT
GTCTTCCACAAAGTGATCTCCTTAAATTGTAAATATTCTGAACATCATGGGTTCTTGGCCTCAGTCTACCAGCACAACATCTTCTTCC
TCCTCTCCATGGGAATCATCCTATTCTGTTATGTACAGATTCTCAGGACTTTGTTTCGCACAAGGTCCAGACAGAGACACCGAACAGT
CAGGCTCATCTTCACCGTCGTGGTAGCATACTTCCTCAGCTGGGCTCCCTACAACCTCATEBRBACTGGAATCATCCAG
CAGAGCTGTGAGAGCCTTCAGCAACTGGACATTGCTATGATTATCTGTCGCCATTTGGCCTTCTCTCATTGCTGTTTCAACCCAGTGC
TTTATGTCTTTGTTGGGATCAAGTTCCGCAGACACCTAAAACATCTCTTCCAGCAGGTCTGGCTGTGCCGGAAGACATCCAGCACTGT
TCCCTGCTCCCCTGGTACCTTTACATATGAGGGACCCTCCTTCTAC

C

> XcrlS pCMVProlink2 insert, 966bp, stop codon omitted

ATGGAGTCCTCTACAGCCTTTTATGATTATCATGATAAATTGAGTCTTCTATGTGAGAACAATGTCATCTTCTTTTCCACCATCTCTA
CCATTGTCCTGTACTCTCTGGTATTTCTCCTCAGCCTTGTGGGTAACAGCCTGGTTTTGTGGGTCTTGGTGAAGTATGAGAATCTAGA
GTCACTCACCAATATCTTCATCCTCAACCTGTGTCTCTCAGACCTGATGTTCTCCTGTCTACTGCCTGTG TARNATTRAG
AGTTGGTTTCTAGGTGACTTCTTCTGCAAGTTCTTCAACATGATCTTCGGCATCAGCCTCTACAGCAGCATCTTCTTCCTTACCATCA
TGACCATCCACCGATACCTGTCTGTAGTGAGCCCCATCTCTACTCTGGGTATCCATACCCTCCGCTGCCGTGTGCTGGTGACATCATG
TGTGTGGGCAGCCAGCATCCTGTTCTCCATCCCTGATGCTGTCTTCCACAAAGTGATCTCCTTARMITKETIRMMACATCAT
GGGTTCTTGGCCTCAGTCTACCAGCACAACATCTTCTTCCTCCTCTCCATGGGAATCATCCTATTCTGTTATGTACAGATTCTCAGGA
CTTTGTTTCGCACAAGGTCCAGACAGAGACACCGAACAGTCAGGCTCATCTTCACCGTCGTGGTAGCATACTTCCTCAGCTGGGCTCC
CTACAACCTCACACTCTTCCTGAAAACTGGAATCATCCAGCAGAGCTGTGAGAGCCTITEASIAIN GCTATGATTATCTGT
CGCCATTTGGCCTTCTCTCATTGCTGTTTCAACCCAGTGCTTTATGTCTTTGTTGGGATCAAGTTCCGCAGACACCTAAAACATCTCT
TCCAGCAGGTCTGGCTGTGCCGGAAGACATCCAGCACTGTTCCCTGCTCCCCTGGTACCTTTACATATGAGGGACCCTCCTTCTAC

D

pCMV- Forward Primer (Bglll + Kozak) Reverse Primer (Hindlll)
ProLink

Insert

Bglll - LS vS

Xerll GGGCGEBEATCTGCCACRTGGACTCAGAGTCAGATY GGGCCAAGCTGAGSTAGAAGGAGGGTCCCTC
- -0 Q

) -0 6
Hindlll
Bglll - v v
GGGCOUGATCTGCCACRTGGAGTCCTCTACAGCC| GGGCAGCTGTGTAGAAGGAGGGTCCCTC
XcrlsS -0 8 08
Hindlll

Figure 2.3. Directional cloning of XcrlL and XcrlS PCR inserts in to p@&vblink2 vectors.A) Multiple cloning

site of pCMV/ProLink2 vectors, as provided by manufacturer. Bglll and Hindlll restriction sites were used for

cloning of inserts. ProLink sequene highlighted in red conferred coding sequence for either ProLink2 or

ARMS2ProLink2 enzyme donor (ED) tags. B) Coding sequence of XcrllL protein to be amplified by PCR from

Origene MR225748 plasmid. Sequence RedEECET ECEOO uvd 3 AN&Xcil&Am XxAd G) AEOOET COEOE A
Coding sequence of XcrlS protein to be amplified by PCR from Origene MR225748 plasmid. D) Details of primers

used for PCR amplification ofXcrlL and XcrlSinserts. Underlined sequence corresponds to sequence for

restriction enzyme recognition. Sequence in italics represents complementary sequence to target amplicon.

Start codons ofXcrllLand XcrlScoding sequences are highlighted in bold.
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2.5.2 Reverse TranscriptieRCR

cDNAwas prepared using the High Capacity RNA to cDNA kit (ThermoFisher) according to
i AT O £A ABDIODOAG®GAOOET 1 8 2. Iof Rrfehzinie véde used NG&pthattiie A
reverse transcription mixture was thoroughly chilled prior to addition to the DNasetreated
RNA sample. Reverse transcription was performed for 1 hour at 37°C followed by
inactivation of the transcriptase enzyme for 5 minutes at 95°C. Samples were then stored at

4° until use or at-80° for long term storage.
2.5.3 Quantitative Polymeraseh@in reaction

Assessment of mMRNA expression was performed via quantitative evaluation of cDNA
presence by gatitative-PCR(gPCR)using Power SYBR ® master mix (ThermoFisher).
Primers were designed for the amplification of sequences fro@apdh, Xcrl, XclImem119,
CgTmed2 and CgXcll (Table 2.3. All primers were designed to achieve a melting
temperature (Tm) of between 61°C and 63°C. gPCR was performed using the Rotor Gene Q
(Qiagen) Thermal Cycler and associated Rotor Gene Q Series Software (Qiagen)ingyc
parameters were performed using a twestep protocol that included an initial 10 minute
incubation at 95°C followed by @ cycles of 95°C to primer (Tr6)°C. Cycle threshold (€
values were obtained by setting a threshold fluorescence that was aboveettobserved
fluorescent background for each experiment. After cDNA quantification, melt curve analysis
was performed to determine the specificity of primer amplification by heating the samples
from 50°C to 99°C at a rate of 10 seconds per 1°C and measutimgassociated fluorescence.
Melt curve analysis is presented by dF/dT, corresponding to the rate of change of
Fluorescence per change in Temperaturélhe production of specific amplicons was also

evaluated by agarose gel electrophoresis.
2.5.3.19gPCR analsis

Ct values of the target amplicons were exported from the provided report of the Rotor Gene
Q Series Software (Qiagen) to Microsoft Excel (2013). Gene expression was quantified
according to the relative expression level of the target gene to an interheeference gene,
otherwise known as the delta Ct method. For evaluation of mouse transcripts the internal
reference gene used wa&apdh whilst for evaluation of transcripts from Chinese Hamster
Ovary (CHO) cells the internal reference gene used w&gTmed2 according to published
recommendations (Brown 2017). Comparative expression of target genes between samples
were calculated according to the difference of the relative target gene expression between
samples, otherwise known as the deltalelta Ct methal (Pfaffl 2001).

2.5.3.2 Accounting for nondetects
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Target Fwd sequence (Location) Rev Sequence (Location) Amplicon
Size
v-0 VB
Xcrll GAAACCCTGACATGGACT( CTTCACCAAGACCCACAA 221bp
08 | @il 208 | w@i 1
v-0 LB
XcrlS | CCAGATGGAGTCCTCTACA CTTCACCAAGACCCACAA 164bp
-0 (Exon 2) 208 | %@i1
v-0 v-0
Xcll CCTATATCATCTGGGAGG( GCTTCTGGATCAGCACAA4 82bp
08 | @il 08 | @Il
v-0 L0
Gapdh GTGGAGTCATACTGGAAC, AATGGTGAAGGTCGGTGT 130bp
GTAG 08 | %@I1
08 | @il
Co v-0 v-0
Tmed2 | GCCCACATGGATGGGACA TGATGAGCTTCTGTCTCCA| 131bp
(Brown C TC
2017) -0 0 -0 0
CgXcll v-0 V-0
(Designe | ACCTATACCATCAGGGAG( ATCTGTGCAGATCCACAC  82bp
dto 08 | %@ 1 08 | %@ 1
XM_0076
13998.1)

Table 2.3. Primer sequences used for quantitation of associated genes by giORimer sequences are

designed to nucleotide sequences corresponding to mouse genes unless indicated yp(@dix to denote

targeting of primers to associated gene dCricetulus griseugChinese Hamster). Primers targetingcg Tmed?2

were taken from those optimised previously and are documented to amplify an intrespanning product

(Brown 2017).
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For some samples, due to the low presence of associated transcripts, the generation of
amplicons failed to reach the detection threshold. These netetects were dealt in
accordance with previous recommendations (McCall et al, 2014). From these
recommendatons it was determined that nondetects would be accounted for by assigning

a Ct value of 35.
2.53.3Comparison of XcrlL and XcrlS expression

Due to the structure ofXcrland its potential mMRNA sequences, amplicons detected by the
amplification of cDNA ly XcrlSprimers also detect the same cDNA aXcrllL primers.
Therefore, in order to calculate the difference in expression oXcrlSspecific to XcrilL
amplicons, the component ofXcrlSamplicons that shared the same cDNA origin as that of
XcrlLamplicons had to be first subtracted from the totaXcrlSexpression. Assuming 100%
efficient PCR amplification, the expression okcrlSspecific amplicons can be determined
by the subtraction ofXcrlLamplicon expression fromXcrlSamplicon expression. Hace the

expression ofXcrlSspecific amplicons is determined as follows:
XcrlSspecific expression =XcrlS expression Xcrll expression

Where the expression oXcrlSand XcrlLamplicons is determined by the delta Ct method
with reference to the internal GAPDH reference gene. For all comparisons betweeftrlS
and XcrlL expression this correction toXcrlSexpression was first applied. For clarity, all
references toXcrlSexpression in result sections refers to thisXcrlSspecific calculation.
The relative expression of XcrlS amplicons to XcrlL amplicons has therefore been

calculated as follows:

Relative XcrlS/Xcrllexpression =(XcrlS expression Xcrll expression)
XcrlL expression

2.53.4Comparison of gene expression changes between biological etpkc

For the evaluation of Xcl1 expression between control primary microglial cultures and
primary microglial cultures treated with LPS, data was first processed according to the
recommendations by Willemset al.,2008. This method provides a method to correct for the
variability in gene expression quantification that typically arises between biological
replicates. To provide a more robust comparison between control and LR&ated primary
microglia, mean Ct value®f Xclland the internal Gapdhreference, calculated from their
respective technical triplicates, were inputted to the supplementary spreadsheet provided
(Willems, Leyns and Vandesompele, 2008Mean, SEM and N valudeom Ct values that
were log-transformed and meancentred were then inputted to Prism 7.0 (Graphpadinc.).

Statistical comparisons were made by independent-Test.
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2.5.4 Retrospective microarray analysis

Microarray data collected fromNeuroblastoma Spinal Cord 34NSG34) cells was kindly
provided by Dr Matthew Stopford. To evaluate the differential expression of RNA arising
from Xcrlexon 1 orXcrlexon 2, the provided RMAALT-SPLICE CHP files were opened with
the Transcriptomics Analysis Console (Affymetrix). For all data analysed, the perfoance
of each array had been evaluated according to quality control metrics recommended by the
manufacturer using the Affymetrix ® Expression Consol (Stopford, 2016). The
comparison between each of the arrays compared by retrospective analysis was thime
considered valid according to the assessment of quality control demonstrating consistent
metrics from each array that did not occur outside the two SD threshold for more than one

metric.

Individual probe intensities corresponding to the detection ofach exon were then collected
and averaged to determine the mean probe intensity for the detection of exon 1 and exon 2
of Xcrlfrom 9 independent microarray replicates The relative differencein expressionof
each exonwas then comparedby normalisation of mean exon probe intensity to the mean
exon probe intensity of exon 1 Statistical comparisons werghen made by independent #

test using Prism 7.0 (Graphpad Inc.)
2.6 Investigation of Xcrl mRNA sequence composition
¢ 81 &Rapid Amgiification of cDNA ends

i2.9" OANOGAT AAO xAOA AT Al UOGAA AU uvd 2APEA '[Pl EEEA
v6Tobd 2!'#% EEO j3ECi AqQ AAAT OAET Cc O 1 AT OEAAOOOAO
amplified by two rounds of PCR amplification. Thdirst round of PCR amplification was

performed using the High Fidelity Phusion PCR kit (NEB). The second round of PCR was

performed using DreamTaqg Hot Start Green PCR master mix. Details of primers used and

their location in respect toXcrlmRNA are detded in Figure2.4.

Produced amplicons were provided to the Core Genomics Facility at the University of
Sheffield for DNA sequencing with the Sp3 primer. Resultant sequences were inspected
using FinchTV, with provided sequences deduced from the most prongnt nucleotide peak

at each position.
2.6.2 Testing of Xcrl intron retention

To evaluate the retention of intron 1 withinXcrimRNA,PCR was performed using reverse
transcribed and RFnegative samples of DNasetteated RNA from 3 x spleen. Forward PCR
primers tested were located as follows within theXcrlintron (for bp location, see appendix
1) and used in conjunction withthe Sp2 Rev primer (figure 2.%
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> XcrlCoding sequenceENSMUST00000182350.1)

Fwd Ctl
GTTACCTACGTGAAACTCTAGCACTGGAGGAGATCAAAGGAAGCACAAAGCGWI’IGACATGGRCUA&TCAGTGCTCTCAGTA <100
10 20 30 40 50 60 70 80 90
<«
TCCCTGCATCCCGCGTCCAGATGGAGTCCTCTACAGCCTTTTATGATTATCATGATAAATTGAGTCTTCTATGTGAGAACAATCTTIATTIRUOTT
110 120 130 140 150 160 170 180 190
Sp3 Sp2
CATCTCTACCATTGTIGTACTCTCTGGTATTTCTCCTCAGCCTTGTGGGTAACAGTTTGBSGGTCTTGGTGAMRG GABGATCTAGAGTCA < 300
210 220 230 240 250 260 270 280 290

CTCACCAATATCTTCATCCTCAACCTGTGTCTCTCAGACCTGATGTTCTCCTGTCTACTGCCTGTGTTGATCTCAGCACAATGGAGTTGEIAULCTAGGTG
310 320 330 340 350 SGOSpl 370 380 390

ACTTCTTCTGCAAGTTCTTCAACATGATCT K;;iEAGCCTCWGC,@CATCTTCTTCCTTACCATCATGACCATCCACCGATACCTGTCTGEBOH
410 420 430 440 450 460 470 480 490

GAGCCCCATCTCTACTCTGGGTATCCATACCCTCCGCTGCCGTGTGCTGGTGACATCATGTGTGTGGGCAGCCAGCATCCTGTTCTCCGABAICCTGATGCT
510 520 530 540 550 560 570 580 590

GTCTTCCACAAAGTGATCTCCTTAAATTGTAAATATTCTGAATBBCGA TCTTGGCCTCAGTCTACCAGCACAACATCTTCTTCCTCCTCTCEADGG
610 620 630 640 650 660 670 680 690

GAATCATCCTATTCTGTTATGTACAGATTCTCAGGACTTTGTTTCGCACAAGGTCCAGACAGAGACACCGAACAGTCAGGCTCATGGIICABOGT
710 720 730 740 750 760 770 780 790

AGCATACTTCCTCAGCTGGGCTCCCTACAACCTCACACTCTTCCTGAAAACTGGAATCATCCAGCAGAGCTGTGAGAGCCTTCAGCAARTEBGACATTGCT
810 820 83 0 840 850 860 870 880 890

ATGATTATCTGTCGCCATTTGGCCTTCTCTCATTGCTGTTTCAACCCAGTGCTTTATGTCTTTGTTGGGATCAAGTTCCGCAGACACCTARABOATCTCT
910 920 930 940 950 960 970 980 990

TCCAGCAGGTCTGGCTGTGCCGGAAGACATCCAGCACTGTTCCCTGCTCCCCTGGTACCTTTACATATGAGGGACCCTEUUBETACTGA
1010 1020 1030 1040 1050 1060 1070 1080

Figure 24.0 OEI AO AAOGECT & O AAOAAOGEI 1 Détailed 8edudnece coriesponds@A NOAT A
coding sequence oXcrl mRNA as described by Ensemble Transcript IENSMUST00000182350.1 (Assembly
"2#loysbPeQ8 ub 21 #% xAO AAEEAOARD AOETAEOOOEIFODABAp
TGCTGCTGTAGAGGCTGAB q A1 11 1T xAA AU Oxi OOAOCANOAT O o#2 Al Pl EA
A$s.! OOEI EOAAZ S HACAAFACECACA MBS q x E O EDTQiMer pfovidedCvith the

V8Tacd 2! #% BEAECOAREC A2 4A1 Bl E £E A AGREMMTGETAGAGATCATEGS3 ® o DO
xEOE OEA bDpOI OEAAA o#2 AT AEI O DOEIi Ad8 | Al 1T 60k 0#2
GAAACCCTGACATGGACTCAS q ET AT T AET AGET 1T xEOE D @éduchod ofgBN& OF Al
product that was specific toXcrlmRNA. Underlined sequences indicate location of sequences to which primers

Fwd Ctl, Sp1, Sp2 and Sp3 were designed to recognise. Arrows indicate direction of PCR amplification from the

respective primers.
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8AOp )1 OOIGGATERAAACCOAACATGTCTATRAS , | AAQES24bp v X W
8AOp )1 OO4AGCEAATICTGAATCTTGTIA G Location 56967 5618bp

8AOp )1 OOFTIGAEFTBAAGOA TTCGEH 6 Location 55047 5523bp

8AOp )1 O04GAAAGTFATAGCOCAGAAAG@GS Location 53287 5348bp

8AOp )1 OO4GATGIRCMAGCITCCTGGRIG 6  Location 51927 5212bp

¢8x S$EOAT OAO8 A-Ae#&ivAssapl OAO "

To evaluate ligand binding to XcrlL and XcrlS isoforms, the DiscoverX ® PathHunger
arrestin assay was used (Figure .B). Donor EnzymeAcceptor (EA) expressing parental
CHO cell lines and pCM¥YroLink 2 (pCMVPK2) mammalian cloning vectors were kindly

provided by the laboratory of Dr Gareth Richards. An overall workflow of the assay is

presented in Figure2.6.

27.1XcllADPDPI EAAQET T A JarfestiA @dhuitnieAt @Xerd isofordts 1

After transfection (2.2.5.2)and (where specified) antibiotic selection(2.2.5.2.1) cells were

dissociated from the flask using cell dissociation béér (Sigma) and counted in trypan blue
using Countess Il Automatedell counter (ThermoFisher).5 x 18 cells were then seeded to
each well of a384 well plate (details) in 20 of complete CHO cell media and briefly
centrifuged to collect cells at the babm of each well. A sample of 1 x BQells were also

collected and used for RNA collection. Cells were then left for <28l hours prior to the

addition of ligand.

Recombinant Xcll (R&D systems) and himgged recombinant Xcll (hisXcll) (Sino

Biological) were prepared by serial halLogie dilutions in 1x HBSS to achieve

concentrations between 1 x 18 M and 1 x 102M final concentration. Recombinant Xcl1

protein was applied to CHO cells and incubated for 20, 40, 60 or 90 minutes at 37°C. Each

application was performed in quadruplicate. The PathHunter ® Detection Kit (DiscoverX)

xAO OEAT DPOAPAOAA AT A ApbPI EAA O AAI 10 AAAT OAE
Chemiluminescent detection was peif O AA OOET ¢ AT %l OECEOA - 01 OE-T A
(Perkin Elmer). Colkected luminescence data was exported to Microsoft Excel (20Land

subsequently analysed using Prisni.0 (Graphpadinc.).
2.8 Detection of XCR1 within Human Cervical Cord

All cervical cord sections were obtained from Autopsydonations to the Sheffield Brain
Tissue Bank (SBTB) that were made with the written consent of the next of kin for the use
of tissues for scientific research. Sections of cervical cord were obtained from posadic-

ALS(SALS)
56



Transfect Cells with Read Luminescence
GPCR-PK Plasmid

Infect Target Celis PathHunter B-Arrestin
with Retroparticle: Parental Cell Line

QPK (ProLink) m Add Ligand Add Substrate
(. B-Arrestin % a5 M—:‘ o S 3
—> S
Target Cells % EA (Enzyme % % %
= Acceptor)

Figure 2.5. DiscoveX® PathHuntefM r -arrestin assay.Schematic illustration of the process by which ligand binding to GPCRs is assayed by the PathHUOMtgrarrestin assay. The assay

POI OEAAO A | A Orfedtin rriuitnied i G&trdet GPCR through enzyme fragiie® AT | D1 AT A1 OAOET T | %&#q8 0AOAT Guiebtin dodjgated] E1 AO
to an enzyme acceptor (EA) were transfected with Prolink2 (PK2) vectors containing a nucleotide insert corresponding to the coding sequence of XcrlL or Xcrl18teins that reside in

frame witha GOAOT ET AT AT UUIT A AT1T7T0 j %$q A£OACI AT-OA1 A G OFEADEGA Al VAT A 1BAGBDDO AED QhcstIEEROGRGRAT AA T
recruitment to the ED-OA CCA A -arrestinzegruitil AT O O1 OEA 'o0#2 EO OEAT 1 AAOGOOAA £EO1 1 O Edaladnéidade Gafabolisimiof thie pRoviled AE AT E 1

substrate. lllustrated figure is the property of EuroFins DiscoverX and is used with permission.
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Day 1:

Day 2:

Day 3:

Day 4:

Day 5:

Cells seeded in T25 flasks at a density to achieve
60-80% confluency at the point of transfection

!

Cells Transfected withpCM\£ProLink2 vector

!

Selection of cells stably expressing pCMR'roLink2
insert by G418 selection (710 days)

Media replaced with Complete CHO cell media ----------- >

| PR

Cells dissociated, counted and seeded to 384 well _ _ _ _ ______ N
plate

Collection of 1 x 10 cells for RNA collection and
assessment of coding sequence expression by
gPCR

l

Xcll ligand applied and -arrestin recruitment
assayed using PathHunter ® Detection kit

Figure 2.6. Workflow of cell preparation and treatment for DiscoverX® PathHunféty -arrestin assaySolid black arrows indicate standard workflow. Red arrows and boxes

indicate additional, optional cell treatment. Dashed black arrow indicates simultaneoysreparation of cells for RNA collection and for seeding to 384 well plate.
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patients and 5 age and gendematched neurological controls. The SBTB Management
Board gave ethical approval for use of tissue in this study under theqvision to act as a
Research Tissue Bank as approved by the Scotland A Research Ethics Committee (ref.
08/MRE00/103).

Reactivity of the HPA013169 antiXCR1 antibody (Atlas)within the human cervical cord
was identified by chromogenic immunohistochemistry using 14um paraffinrembedded
sections mounted on to glass slidesmmunohistochemistry was optimised by testing
antibody concentrations between 0.5pug/ml and 4g/ml following antigen retrieval. Antigen
retrieval was tested using a pH6 or a pH9 buffer wittheat HIERby pressure cooker or by

microwaving for 10 minutes at 800W.

The optimised protocol for the detection of XCR1 by HPA013169 was determined to consist

of the following steps, using the Rabbit Vectastain ABC detection kit (Vector Labs). Sections
were first washed with xylene for 2x 5 minutes to remove wax. Sections were then
rehydrated through sequential 5 minute incubations in absolute ethanol (repeat x2), 95%
ethanol, 70% ethanol and then in to k. Endogenous peroxidase activity was minimised by
incubation of samples in 3% HO; dissolved in methanol, for 20 minutes. Sections were then
washed for 5 minutes within running tap water. HIER was then performed using a pH6
antigen retrieval buffer and heated for 10 minutes at full power using an 800W roiowave.

The buffer was then rinsed from sections using tap water until sections were cooled and all
buffer had been removed and for a further 1 minute beyond this. Sections were then
incubated in TBS for 5 minutes and then blocked using the normal serumqvided with the

6 AAOAOOAET '"# EEOh DOADPAOAA AAAT OAET ¢ Ol
Blocking solution was then drained from the sections and the HPA013169 antibody added

to the sections at a concentration of 4ug/ml overnight at ZC. To naximise section coverage,
sections were covered with parafilm to prevent loss of the antibody solution. Sections were
then washed in TBS twice for 5 minutes. The biotinylated antRabbit IgG secondary
antibody provided with the Vectastain ABC kit and prep@AA AAAT OAET ¢ O1 i
instruction, was then added to sections for 30 minutes. Sections were then washed twice in
TBS for 5 minutes followed by a 30 minute incubation with the prepared ABC reagent.
Sections were then washed in TBS twice for 5 mites. The addition of a DAB solution
(vector labs) was then made to permit the localisation of the HREonjugated streptavidin

used for the detection of primary antibody. This was added to the samples for 10 minutes
before rinsing continuously with tap water for 5 minutes to stop the production of coloured
staining produced by DAB oxidation. Cell nuclei were then counterstained by a 60 second
incubation in Gills Hematoxylin followed by a further 1 minute wash with tap water. Nuclei
were then coloured blue byE i | AOOET 1T ET 3A1T 0080 OADP xAOAO
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then washed once more in tap water for 1 minute before dehydrating the sections by
sequential 1 minute incubation in 70%, 95% and 100% (twice) ethanol. Sections were then
transferred to xylene for 5 minutes prior to the addition of coverslips with DPX mountant.

Prepared slides were then incubated at 3T to facilitate the setting of the DPX mountant

prior to imaging.

Following optimisation, chromogenic immunohistochemistry for the detection ofXCR1
within the cervical cord of SALS patients and neurological controls was performed by the
histology team at the Sheffield Institute for Translational Neuroscience (SITraN), University
of Sheffield.Provided sections were then gqualitatively examined andinalysed for DAB

staining as described in section 2.3.2.2.2.

2.9 Statistical analysis and Data Presentation

Statistical analysis was performed with GraphPad prism v7.03. Comparisons between

three or more independent groups were made using Ordinar@ne-Way ANOVA. Posihoc

40EAUGO | O0i OEPI A Ai i PAOEOIT OAOGO xAO DPAOA&I OiF AA OI
groups with significance reported as multiplicity adjusted P values. Comparisons between

two independent groups were performed using the independent-test. Two-tailed P-

values are reported and corrected for multiple comparisons using the Holf8idak method.

Statistical significance for all comparisons are based on a familyise error rate of 0.05. (*,

p<0.05; **, p<0.01; ***, p<0.001).
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Chapter 3: An Investigation of Xcrl and Xcll Gene Expression and the Functional

Assessment of Potential Xcrl Isoforms
3.1 Introduction

To provide an insight in to the presence and expression of Xcrl and Xcll1 within the mouse
CNS, this study has focussed on the charaasation of the expression ofXcrl and Xcll
transcripts. An important consideration for the evaluation ofXcrlexpression is the current
lack of clarity surrounding the functional isoform of the Xcrl protein (see below). Therefore,
in addition to assessingXcrl gene expression, the functional capacity of proposed Xcrl

isoforms was also evaluated.
3.1.1 Xcrl and Xcll gene expression

The identification of Xcrland Xcllgenes were simultaneously described by several research
groups during the 1990s. Identificdion of the mRNA sequence and corresponding proteins
were achieved by the screening of cDNA libraries produced from a variety of murine
lymphocyte cell lines. The identification of murineXcrl and Xcll was supported by the
parallel description of their Human homologues following similar investigational methods

in Human cell samples.

Xcll was provisionally described as Lymphotactin based on its capacity to induce
chemotaxis and C&-flux in a CD8-enriched lymphoid cell population. Expression oicll
was loalised to a collection of mature and precursor CD&8ymocyte populations following
their activation. The Xcll sequence corresponded to a 345bp clone, producing a 115aa
protein (Kelner et al, 1994). Adherence to the systematic homenclature proposed by
Zlotnik et al, led to the classification of Lymphotactin as Xcl1 due to the protein representing
the sole member of the Class C chemokine family in mi¢&lotnik and Yoshie, 2000) The
relevance of this preliminary biochemical and functional characterisation of Lymphotactin
was given credence by the original descriptions of the Human XCL1 homologues,
provisionally described asAcTivation induced And Chemokine-related molecule (ATAGQ
(Muller 1995) and Single Cysteine Molecule-1 (SCM1) (Yoshidaet al, 1995). These two
descriptions identified expression in activated CD8+ -Eell populations but did not define
any T-cell population that were sensitive, based on either chemotaxis or Edlux assays, to
ATAC(Muller et al, 1995). However, the recognition that homologouXCL1gene sequences
were well conserved across mammalian species, including mice, was confirm@tbshidaet
al., 1995).

Subsequent investigations have demonstrated Xcléxpression to be primarily associated
with a Thl-type immune response, withXcllexpression identified by CD8 (Kelner et al,

1994), CD4 CDS8T-Cell Receptor (TCRJ 1 4 # (Boismenu et al, 1996; Ohtaet al,
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2016) lymphocytes, NKcells (Dorner et al, 2004) and Thymic Medullary Epithelial cells
(mTECs)(Lei et al, 2011). Based on this cellular expressionXcllexpression is therefore
most readily observed within the large intestine, thymus and splee(Yueet al, 2014). The

Xcllgene is localised tahromosome 9 in mice and is composed of 3 exons.

Xcrl was originally identified following the observation of migratory responses by a murine
pre-B cell line stably expressingXcrl (Yoshidaet al, 1999). The coding sequence ofcrl
was identified by hybridisation of genomic DNA from C57BL/6 mice with the previously
characterised Human XCR1 cDN£roshida et al, 1998). The identified coding sequence
produced a predicted protein of 322aa protein, arising from a 966bp coding sequence,
which demonstrated a 71% homology to XCR(Figure 3.1.1)(Yoshidaet al, 1999). The
authors proposed this coding sequence to lie entirely within a single exon. FACR using
primers designed within this exon was then used to determine the expression ¥trlwithin

a CD8-enriched cell population, isolated from spleen.

More recent analysis ofXcrlexpression has recognised the presence of 2 exons within the
Xcrl gene (Dorner et al, 2009)(Figure 3.1.2). Previous studies had determined the
expression ofXcrlwithin a variety of cell types, with claims of cellular effects being assumed
based upon the interdependence of functional evidence obtained from both Murine and
Human cell lines. Evidence included expression ofcrl by neutrophils, T-lymphocytes
(Cairnsetal., 2001; Huanget al,, 2001; Kurtet al,, 2001),NK cells, CD8-spleen cells(Yoshida

et al, 1999)and B-cells(Huanget al, 2001).However, all of these studies used primers that
amplified a sequence located entirely within exon 2. Hence, these studies were susceptible
to detection of amplicons arising from genomic DNA, something later identified as leading
to the inaccurate documenation of Xcrl expression(Dorner et al, 2009). The recognition
of an additional exon within theXcrlgene has since enabled a more reliable assessment of
Xcrl mRNA that was not susceptible to genomic DNA contamination due to the intron
spanning design ofprimers. This genomic organisation was used to greater refine the
expression of Xcrlin specific cell types and tissues and indicated splenic CDBCs (and
associated nonlymphoid populations) to be the principal expressor ofXcrl (Dorner et al.,
2002). This evidence has since been expanded to demonstrate the expressionxafl to
define a distinct population of residentlymphoid (CD8) and migratory non-lymphoid
(CD103) crosspresenting cDCs in micdCrozatet al, 2011; Dorneret al, 2009; Kroczek
and Henn, 2012). A homologous cell population is also supported in Humans, with XCR1
expression associated with CD141+ crosgresenting DCqCrozatet al,, 2010; Bachenet al,
2010; Yamazakiet al,, 2013). Therefore it should be noted that the previous descrippns of
Lymphotactin function at T-cells (Kelner et al, 1994) and Xcrl expression by several cell

types (see above) were erroneous. Instead, these seminal studies utilising the tegon
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>ENA|AB028459|AB028459.1 Mus musculus gene for SCM1 receptor mXCR1,
complete cds

GG AAA AAA AAATGT TCC TTAATG ACT TTT ATG TAG TAG CCC AAT TCT CAA TCT TGT TAT AAATAG TTC ACT AGT GGA ATC <80
10 20 30 40 50 60

TGG CCC ACAGAC TTT ACT TTT TTG CAG CAT GGA TAA TAA TGA TCC CCATTC CAACTATGT GGA TTT AAA CCC AAC ATGTC <160
M

s
90 100 110 120 130‘40 150

T ATC ATT TCA GAT GCT CTC AGT ATC CCT GCA TCC CGC GTC CAG ATG GAG TCC TCT ACA GCC TTT TAT GAT TAT CAT GAT A <240
I1TSDALSIPASRVQMES S TAFYDYHDK
170 180 190 200 210 220 230
AATTG AGT CTT CTATGT GAG AAC AAT GTC ATC TTC TTT TCC ACC ATC TCT ACC ATT GTC CTG TAC TCT CTG GTATTT CTC <320
LSLLCENNVIFFSTISTIVLYSLVEFL
250 260 270 280 290 300 310

CTC AGC CTT GTG GGT AACAGC CTGGTTTTG TG G GTC TTG GTG AAG TAT GAG AAT CTA GAG TCA CTC ACC AAT ATC TTC AT <400
LSLVGNSLVLWVLVKYENLESLTNIFI

330 340 350 360 370 380 390
C CTC AAC CTG TGT CTC TCA GAC CTG ATG TTC TCC TGT CTACTG CCT GTG TTG ATC TCA GCA CAATGG AGT TGG TTT CTAG <480
LNLCLSDLMFSCLLPVLISAQWSWEFLSG
410 420 430 440 450 460 470
GT GACTTC TTC TGC AAG TTC TTC AAC ATG ATC TTC GGC ATC AGC CTC TAC AGC AGC ATC TTC TTC CTT ACC ATC ATG ACC <560
DFFCKFFNM IFGISLYSSIFFLTIMT
490 500 510 520 530 540 550

ATC CAC CGATAC CTG TCT GTA GTG AGC CCC ATC TCT ACT CTG GGT ATC CAT ACCCTCCGC TG CCGTGTGCTG GTGACATC <640
IHRYLSVVSPISTLGIHTLRCRVLVTS

570 580 590 600 610 620 630
ATGT GTG T GG GCA GCC AGC ATC CTG TTC TCC ATC CCT GAT GCT GTC TTC CAC AAA GTG ATC TCC TTA AAT TGT AAATAT T <720
CVWAASILFSIPDAVFHKVYISLNCKYS
650 660 6 70 680 690 700 710
CT GAA CAT CAT GGG TTC TTG GCC TCA GTC TAC CAG CAC AAC ATC TTC TTC CTC CTC TCC ATG GGA ATC ATC CTATTC TGT <800
EHHGFLASVYQHNIFFLLSMGIILFZC
730 740 750 760 770 780 790

TAT GTACAG ATTCTC AGGACTTTG TTT CGC AC A AGG TCC AGA CAG AGA CAC CGA ACA GTC AGG CTCATCTTC ACCGTCGT <880
YVQILRTLFRTRSRQRHRTVRLIFTVYV

810 820 830 840 850 860 870
G GTAGCATAC TTC CTC AGC TGG GCT CCC TAC AAC CTC ACACTC TTC CTG AAA ACT GGA ATC ATC CAG CAG AGC TGT GAG A <960
VAYFLSWAP YNLTLFLKTGIIQQSCES
890 900 910 920 930 940 950
GC CTT CAG CAA CTG GAC ATT GCT ATG ATT ATC TGT CGC CAT TTG GCC TTC TCT CATTGC TG T TTC AAC CCAGTG CTT TAT <1040
LQQLDIAMIICRHLAFSHCCFNPVLY
970 980 990 1000 1010 1020 1030

GTCTTT GTT GGG ATC AAG TTC CGC AGA CAC CTA AAA CAT CTC TTC CAG CAG GTC TGG CTG TGC CGG AAG ACATCC AGCAC <1120
VFVGIKFRRHLKHLFQQVWLCRKTSST
1050 1060 1070 1080 1090 1100 1110
TGTT CCCTGC TCC CCT GGT ACC TTT ACA TAT GAG GGACCC TCC TTC TAC  TGA GAG GAG AGG ATG GGC ACA TGG AGA TGAC < 1200
VPCSPGTFTYEGPSFY*
1130 1140 1150 1160 1170 1180 1190

TA TGG GAG GTA AAG GAA GAC AAG GAG AAG TGG ATC AGG AAG GAA AAT ATA ACT GAA GAT ACT ACA GAG GTG TGG AGG AAA <1280
1210 1220 1230 1240 1250 1260 1270

GAC ATG ATA CCT ATG GGA AAG TGG CTT CCA GCT GGG CAA GCC AAAGCA ACACTT TGT GCACTC AGT TCATCATTT ATT CT <1360
1290 1300 1310 1320 1330 1340 1350

C TTA CGT AGA CAT AGATTG CTT GTT AGT GAT GGT CAG AAG ATC CTA AAT AGA AGG ATT TCT AGA CTT TAG AGG GCT TGA A <1440
1370 1380 1390 1400 1410 1420 1430

GC TTA TAG TAT GTG CTA ACT GTG CAG TGA TGT TGC TGG TAC ATA GGG < 1487
1450 1460 1470 1480

Figure 3.1.1. Original description of Xcrl mRNA and coding sequefides entire sequence corresponding to the
detection of Xcrl mRNA as identified by Yoshida et al., 1999 is presented (obtained from the European
Nucleotide Archive, access number AB028459). Highlighted green is the total predicted coding sequence. Two
alternative start codons are located at position 156 and 204 (indicated by red arrows). Both start codons are
present in-frame with a Stop Codon at position 1170, producing two potential proteins of 33&a(Start Codon 1)

and 322aa (Start Codon 2). Start Codon 2 was assumed to represent the canonical start site. The sequence arising
from Start Codon 2 was used for cloning and initial functional characterisation of the Xcrl receptor (Yoshida et
al., 1999).
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Exon 1 Intron 1 Exon 2
88bp 5262bp 4365bp

B
> ENSMUST00000182350.1

GTT ACC TAC GTG AAA CTC TAG CAC TGG AGG AGA TCA AAG GAA GCA CAA AGC GTA CAG ACT TGA AAC CCT GACATG GAC TC

M D S
10 20 30 40 50 60
A GAG TCA GAT GCT CTC AGT ATC CCT GCA TCC CGC GTC CAG ATG GAG TCC TCT ACA GCC TTT TAT GAT TAT CAT GAT AAAT
ESDALSIPASRVAQ MESSTAFYDYHDKIL
90 100 110 120 130 140 150

TG AGT CTT CTA TGT GAG AAC AAT GTC ATC TTC TTT TCC ACC ATC TCT ACC ATT GTC CTG TAC TCT CTG GTATTT CTC CTC
SLLCENNVIFFSTISTIVLYSLVFLL
170 180 190 200 210 220 230

AGC CTT GTG GGT AAC AGC CTG GTT TTG TGG GTC TTG GTG AAG TAT GAG AAT CTA GAG TCA CTC ACC AAT ATC TTC ATC CT
SLVGNSLVLWVLVKYENLESLTNIFI
250 260 270 280 290 300 310

CAAC CTG TGT CTC TCAGAC CTGATG TTC TCC TGT CTACTG CCT GTG TTG ATC TCA GCACAATGG AGT TGG TTT CTAGGT G
NLCLSDLMFSCLLPVLISAQWSWEFLGD

330 340 350 360 370 380 390
AC TTC TTC TGC AAG TTC TTC AAC ATG ATC TTC GGC ATC AGC CTC TAC AGC AGC ATC TTC TTC CTT ACC ATC ATG ACC ATC
FFCKFFNMIF GISLYSSIFFLTIMTI
410 420 430 440 450 460 470

CAC CGA TAC CTG TCT GTA GTG AGC CCC ATC TCT ACT CTG GGT ATC CAT ACC CTC CGC TGC CGT GTG CTG GTG ACATCA TG
HRYLSVVSPISTLGIHTLRCRVLVTSC
490 500 510 520 530 540 550

T GTG TGG GCA GCC AGC ATC CTG TTC TCC ATC CCT GAT GCT GTC TTC CAC AAA GTG ATC TCC TTA AAT TGT AAATAT TCT G
VWAASILFSIPDAVFHKVISLNCKYSE

570 580 590 600 610 620 630
AA CAT CAT GGG TTC TTG GCC TCA GTC TAC CAG CAC AACATC TTC TTC CTC CTC TCC ATG GGA ATC ATC CTATTC TGT TAT
HHGFLASVYQHNIFFLLSMGIILFCY
650 660 670 680 690 700 710

GTA CAG ATT CTC AGG ACT TTG TTT CGC ACA AG G TCC AGA CAG AGA CAC CGAACAGTC AGG CTCATC TTC ACC GTC GTG GT
VQILRTLFRTRSRQRHRTVRLIFTVVYV

730 740 750 760 770 780 790
A GCATAC TTC CTC AGC TGG GCT CCC TAC AAC CTC ACACTC TTC CTG AAA ACT GGA ATC ATC CAG CAG AGC TGT GAG AGC C
AYFLSWAPYNLTLFLKTGIIQQSCES SHL
810 820 830 840 850 860 870
TT CAG CAA CTG GAC ATT GCT ATG ATT ATC TGT CGC CAT TTG GCC TTC TCT CAT TGC TGT TTC AAC CCA GTG CTT TAT GTC
QQLDIAMII CRHLAFSHCCFNPVLYV
890 900 910 920 930 940 950

TTT GTT GGG ATC AAG TTC CGC AGA CAC CTA AAA CAT CTC TTC CAG CAG GTC TGG CTG TGC CG G AAG ACATCC AGC ACT GT
FVGIKFRRHLKHLFQQVWLCRKTSSTV
970 980 990 1000 1010 1020 1030

TCCCTGC TCC CCT GGT ACC TTT ACA TAT GAG GGACCC TCC TTCTACTGA <1089

PCSPGTFTYEGPSFYH™
1050 1060 1070 1080
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Figure 3.1.2. Current description of Xcrl and potentiaXcrl isoforms.A) Schematic illustration of Xcrl gene
structure as detailed by Ensemble (Assembly GRCm38.6). Black boxes represent exons sepdrhy intron 1.

Xcrl coding sequence highlighted by grey and black solid fill regions. Grey fill = coding sequence from start
codon 1 to start codon 2; Black fill = coding sequence from start codon 2 to stop codon. B) Coding sequences
arising from Exon 1 Orange) and Exon 2 (Green) ofcrlmRNA as described by Ensemble database (Assembly
GRCm38.6, Transcript ID ENSMUST00000182350.1). Alternative Start Codons 1 (position 74) and 2 (position
122) of XcrlmRNA are highlighted with Red Arrows and represent StaiCodons of two alternative, inframe
sequences of 1014bp (Start codon 1 to Stop codoXcrll) and 966bp (Start Codon 2 to Stop codorxcrlS.
Translated sequence of XcrllL (338aa) = Blue + Red Amino Acid sequence; Translated Sequence of XcrlS (322aa)

= RedAmino Acid sequence. C, D) Schematic illustration of predicted protein structures of XcrlL (C) and XcrlS

(D).
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structure of Xcrlhave determined the expression of this chemokine receptor to be exclusive

to the above crosspresenting population of cDCs.
3.1.2 XclI1 and Xcrl expression by cells of the CNS

Prior to the start of this project there was a scarce amount of published information
regarding the expression ofXcrlor Xclltranscripts in the CNS. The expression ofcllhad
been investigated in a murine model of neuroinflammation, as a consequence of ENS
specific expression of the HIVL Tat protein (Kim et al, 2004). In this model, an inducible
HIV-1 Tat sequence was inserted downstream of the astrocytspecific GFAP ppmoter. At
7 days postinduction of Tat expression, Xcll expression was evaluated by IBitu
Hybridisation (ISH) and by RTPCR. The expression ofcllwas significantly increased to
~4x that observed in controls within whole brain total RNA samples accordig to RT-PCR.
This correlated to an increased production of Xcl1 protein within whole brain homogenates,
as determined by ELISA. Furthermore, ISH &icllwas colocalised to astrocytes, monocytes
and macrophage/microglia by dual ISHHC for the respective ell markers. Notably, Xcl1
hybridisation to the ISH probe was not identified in neuronal cells identified by MAR
reactivity. As a further measure of the capacity foiXCL1expression by astrocytes, the
authors also demonstrated the capacity of Tat express to activate the XCL1 promoter and
increase constitutive XCL1 protein secretion in a Human astrocyte cell lingim et al,
2004).

Further to this evidence, the recent study performed by Zychowslket al., provided a further
basis to supportXclland Xal mRNA expression by cells of the CNS. In particular, this study
investigated Rn-Xcll (Rattus norvegicuXcll) and RnXcrl (Rattus norvegicu¥crl)
expression by primary microglial and astrocyte cells obtained from the cortex of rat pups at
postnatal day1, following LPS and minocycline treatment. Evidence from quantitative RT
PCR demonstratedRn-Xcl1 expression to increase by an average of 400x following LPS
treatment of primary microglia and an average of 15x following LPS treatment of primary
astrocytes, in comparison to untreated cells. For both cell types, treatment with minocycline
caused a reduction in the magnitude dRn-XclLmRNA increase following LPS treatment. In
contrast to the increases observed forRn-Xcll, evaluation of RnXcrl expression
demonstrated a reduction in primary microglia and no change of expression in primary
astrocytes, following LPS treatment. Interestingly, the decrease iRn-Xcrl expression
observed in microglia was associated with a ~3x increase of Xcrl protein expressiors a
determined by western blot. No detection oRn-Xcrl protein was identified from the lysate
of primary astrocytes under any experimental condition(Zychowskaet al,, 2016). However,
the relevance of this evidence teXcrland Xcllexpression in the murineCNS remains to be

established.
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From the little published information that is available, the expression oKcrland Xcl1 by
cells of the CNS is so fayenerally indicated as a consequence of inflammatory stimuli. This
is further supported by the lack of deection of either Xcllor Xcrlrelated transcripts within

the CNS of healthy mice, as documented by online transcriptomic databases (see (&.ge

et al, 2014; Leinet al, 2007). It should be noted, however, that neither of these databases
evaluates gene expression within the spinal cord. Despite this evidence, the documentation

of Xcrland Xcllexpression in the CNS is extremely limited.
3.1.3 TheXcrl protein has two potentidisoforms

A survey of the available protein databases reveals a conflict in the consensus of Xcrl amino
acid sequence identity. This conflict has arisen as a consequence of the recent identification
of an additional exon to theXcrlgene, as discussed ale. Prior to this identification, the
coding sequence of Xcrl was assumed to be located entirely within a single exon and
represent a protein of 322 amino acids (Uniprot Accession no. Q9R0OM1; Yoshieraal.,
1999). The annotation of Xcrl to include an addiional exon has led to bioinformatic
databases to subsequently document Xcrl to be instead composed of 338 amino acids, as a
result of the presence of an additional, iKframe, alternative start codon in Exon 1 (see
Ensembl CCDS23665; NCBI RefSeq NP_035228 UniProt S4R1K3). However,
bioinformatic records still include the documentation of Xcrl coding sequences to lie
entirely within exon 2 as determined from cDNA libraries (European Nucleotide Archive
Sequence BC141369. Strausberget al, 2002)). Figue 3.1.2 illustrates this evidence of
OEA Oxi bl OAT OEAI 8AOp EOI £ O0i O xEEAE xEI I
Long, representing the 338 amino acid protein encoded by the coding sequence beginning
at Start Codon 1 (Figure 3.2, C))AT A A O p 3 8Sh¢rtgrdp@genting the 322 amino acid
protein encoded by the coding sequence beginning at Start Codon 2 (Figure 3.1.2, D)). The
corresponding nucleotide sequences that encode the potential XcrlL and XcrlS protein

isoforms will be referred to as XcrlLand XcrlS respectively.

The first functional evaluation of Xcrl was based upon the stable expression of Xcrl1S within
a Murine Precursor Bcell line. Application of Xcl1 demonstrated this to be a specific ligand
for XcrlS based on the induction athemotaxis and C& mobilisation (Yoshida et al., 1999).
The only subsequent publication to document Xcrl function was performed by Luttichau
(Luttichau, 2008). In this article, the function of both Murine and Human XCL1 homologues,
along with two viral chemokine mimics (vCCL2 and vCCL3), were evaluated against XCR1
and Xcrl which were transiently expressed by COB cells. Importantly, the sequence of
insert used for the transient transfection of these cells represented a nucleotide sequence
that included exon 1 of Xcrl mRNA (GenBank Accession number AK089908.1). Without

clarification in the article regarding the protein identity produced from this cDNA insert, it
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is not clear whether the expressed protein used for functional analysis represented XcrlL
or XcrlS. This investigation demonstrated efficacy of XCL1 only when tested with cells
expressing XCR1 and not for cells transfected with thXcrl insert. In contrast, Xcll
demonstrated efficacy at both XCR1 and Xcrl. However, it was noted that relatively lnig
concentrations of Xcll were required to elicit a response in cells transfected with theécrl
insert, suggesting that Xcl1 had a low potency at the expressed Xcrl protein. The author
attributed this feature to the potential impact of an additional Nterminal methionine or the
lack of appropriate glycosylation to the recombinant Xcll protein used for evaluation
(Luttichau, 2008). However, without clarification of the protein identity produced from the
transfected Xcrl vector, the expression of alternate Xdr isoforms may also have

contributed to the lack of Xcll potency.
3.1.4 Functional consequences of propo3eal isoforms

Due to the proposed difference in Xcrll and XcrlS amino acid sequences to lie within the
N-terminal domain, there is the potential hat such changes could impact various aspects of
receptor function. The Nterminal domain of GPCRs has been implicated in several essential
processes that are required for the effective translation, export, trafficking and ligand
binding of the receptor. These functions rely on the presence of consensus motifs within the
N-terminal sequence. For example, fferminal domains may contain hydrophobic signal
peptide sequences that provide essential signals for the effective export of some GPCRs from
the endoplasnic reticulum (ER) (Schueleinet al, 2012). In addition, posttranslational
modification of the receptor by Nlinked glycosylation at NxS/T motifs can also facilitate the
integration of the receptor in to the cell membrangDonget al,, 2007). However, just as the
N-terminal domain can facilitate efficient transport to the cell membrane, important
examples have demonstrated how some términal domains actually prevent receptor
translocation to the cell membrang(Kochl et al,, 2002; Alkenet al., 2009; Coleman, Ngo and
Smith, 2017). For these receptors, the lack of signal peptide cleavage reduces presentation
at the cell membrane whilst also mediating other functions, such as to inhibit receptor
dimerization or increasing the competency of ligad binding (Jahnsen and Uhlen, 2012;
Coleman, Ngo and Smith, 2017)

In relation to ligand binding and receptor activation, Nterminal domains of GPCRs display
an array of functions. Most typical of these functions is for the &&rminus to mediate

receptor activation via the provision of essential ligand binding sites. However, yet other
mechanisms exist by which the Merminus can modulate receptor activation due to
gualities that are intrinsic to the Niterminus, or their associated metabolites. This has bee
well documented for the GPCR sufamily of protease activated receptors for which the

proteolytic cleavage of the Nterminus liberates a signal peptide that is then capable of
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Figure 3.1.3. Chemokinegeceptors: ligand binding and receptor activatiolschematic diagrams have been made

with reference to motifs found within the XcrlL sequence according to previous descriptions of GPCR and
chemokine receptor consensus motifyBohm, Grady and Bunnett, 1997) a) In resting state, chemokine

receptors, like other GPCRs, exist as a heptahelical transmembrane bundle that associates with an inactive GDP

bound heterotrimeric G-protein. For Xcrl, the associated ® O1 O Aséblnit is a member of the pertussis

senstive G, subclass. Chemokines (red schematic) demonstrate a secondary topology consisting of a disordered
N-OAOI ET Al AT 1T AETh OEAO EO AMirdndsiandA fterminal alpha OciiFedhaddeE 1 T 1 A&
and Lolis, 2002). For Xcrl, a Cysteinesidue (aa316) located within the Gterminal domain is consistent with

that described to be sensitive to palmitoylation and may faciliate membrane anchoring of thet@minus. b)

Chemokine binding and signal transduction relies on a twatep binding interaction (see text), following which

OEA OAAADPOI O EO OOAAEI EOGAA O Al AAOGEOA Al AswindGETT O
4EEO 1 AAAO OF OEA AEOOI AEAOGEIT 1 &£ OGEA | AT A 1 71c OOAD
signalling cascades. Exposure of intracellular motifs as a consequence of receptor activation permits the
association of Gprotein Receptor Kinases (GRKs). ¢) GRKs phosphorylate specific motifs, particularly

Serine/Threonine residues within the intracellular Gterminus (yellow circles). For XcrlL, 8 such residues exist
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(between residues 319 and 336). Phosphorylation of these residues may also be mediated bbgt€in KinaseC
and/or Protein Kinase A to exert regulation of receptor activity by heterologous dsensitisation.
Phosphorylation of these residues is associated with a conformation the permits the association with arrestins.
d) Following arrestin recruitment, the interaction between the receptor and any trimeric Groteins is blocked,
thereby inhibitin g any subsequent &rotein signalling. Arrestin recruitment results in two primary outcomes
for the membrane-bound GPCR: internalisation or rotein independent signalling. €) The binding of arrestin
and stabilisation of the receptor in a particular confomation is thought to expose specific tyrosine containing
motifs that interact with the clathrin associated protein, ARP2. For GPCRs, an NPxxxY motif is highly conserved
within transmembrane domain seven and is indeed identified within the XcrlL sequencassociation of the AP

2 protein is essential for the subsequent recruitment of clathrin subunits that encapsulate the membrane and
results in internalisation and subsequent degradation or recycling of the receptor following unbinding of the
chemokine ligard. f) Arrestin proteins are also capable of stabilising an array of signalling proteins at the
membrane following binding to the GPCR. This results in the formation of an Arrestgignalling scaffold that

can subsequently initiate diverse intracellular, Grotein independent, signalling (Bohm, Grady and Bunnett,

1997; Allen, Crown and Handel, 2007; Scheerert and Sommer, 2017)
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agonising the receptor from which it was releaseqOssovskaya and Bunnett, 2004)N

terminal domains may also exhibit constitutive agonist activity at the receptor without any

prior proteolytic processing (Srinivasan et al, 20048 4 EE O -OQIAIOEA®A Al AAE A
results in basal activation of the receptor that can be inhibited by the presence of
antagonistic ligands(Ersoyetal, 2012)8 )1 AEOAAO Al 1 GORAICIOE ©®D O ® E'Ac
N-terminal domains may also demonstratentrinsic suppressive activity that are required

to constrain agonistinduced and constitutive receptor activation (Belmer et al, 2014).

Thus, the Nterminal domain contributes to a myriad of receptor functions via an array of
mechanisms, many of which & only beginning to be appreciated. In direct relation to
chemokine receptors, current evidence that has been gathered from a select number of the
chemokine receptor family, indicates a twestep binding mechanism for chemokines at their

cognate receptor(9 (Allen, Crown and Handel, 2007)In this model, the @erminal domain

of the chemokine first binds to the Nterminus and extracellular loops of the receptor. This

first step of binding precedes a subsequent interaction between the transmembrane helical

bundle of the receptor and the Nierminal domain of the chemokine ligand. This results in

the stabilisation of the receptor in an active conformation that is capable of inducing
subsequent downstream intracellular signalling cascades, via the dissociatiof activated

Gproteins and/or the recruitment of arrestins that can mediate Gprotein independent

signalling (Figure 3.1.3)(Bohm, Grady and Bunnett, 1997; Allen, Crown and Handel, 2007,

Scheerert and Sommer, 2017)

In the absence of a resolved, crystafled structure of Xcrl there is a clear conflict in the
foundation to the evidence of Xcrl function: that is, there is no consensus to the amino acid
sequence of the Xcrl protein. XcrlL differs from XcrlS by the presence of an additional 16
amino acids within the N-terminal domain. In light of the essential and divergent
mechanisms by which this domain can contribute to receptor function, the differences
between these two potential isoforms may therefore have important consequences on
receptor function. Moreover, the validity of these two potential isoforms is difficult to
conclude based on sequence analysis alone and has not yet been tested. This is primarily
due to the small change in sequence length between the two isoforms and because of the
two alternative start codons lying irframe with one another within XcrlmRNA. Hence the
two isoforms exhibit highly similar amino acid sequences. Furthermore, whilst functional
evaluations of XcrlS have been performed, the evidence provided by Luttichau provides
someinconsistencies of Xcll efficacy at this receptor, a result that may be associated with

the use of a coding sequence that is capable of producing both of the potential Xcrl isoforms.

In reviewing this evidence, it cannot be discounted that the initial factional

characterisation of Xcrl (Yoshida et al., 1999) may have provided evidence for a protein
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that does not accurately reflect the Xcrl receptor expressed endogenoushywivo. The more
recent identification of an additional exon to theXcrl gene, provdes an alternative start
codon that lies upstream and iAframe to that assumed forXcrlS Consequently, the
endogenously produced protein arising from the translation oXcrl mRNA may therefore
represent either XcrlS, XcrllL or a combination of the two. Rher complexity to this arises
from the potential array of mechanisms that regulate the transcriptional identity ofXcrl
MRNA itself, as has been observed for other chemokine receptdqfdummidi et al, 2007;
Wierda and van den Elsen, 2012) Consequently tanscriptional regulation that may
influence the composition of Xcrl mRNA may therefore influence the amino acid
composition of the produced Xcrl protein. An investigation in to the function of XcrlL and
XcrlS and an interrogation of their associated geniettranscripts is therefore necessary to

validate the existing description of Xcrl.
3.1.5 Aims

The focus of this study has been to determine a method to examine the expression of both

Xcrl and Xcll transcripts. In particular, the aim was to provide a metbd that would
accurately quantify the expression ofXcrl transcripts that reflects the expression of the

potential Xcrl isoforms. This assessment okcrl-related transcripts was performed in a

variety of cell types and tissues from the CNS, alongside theatuation of Xcl1expression,

to further validate and expand upon the expression patterns ofcrland Xcllobserved by

others. In order to clarify the functional isoform of the Xcrl protein, afin vitto AOOAUW 1 /£
arrestin recruitment was utilised in order to test the ligand binding and receptor activation

of XcrlL and XcrlS, with the aim of providing clear evidence regarding the functional

isoform of this chemokine receptor.
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3.2 Results
3.2.1 Assessment of Xcrl and Xcl1 expression in the CNS
3.2.1.1 Optimisation of Xcrlnd Xclt specific primers

To reliably detect the expression of targetnRNA transcripts, primers were evaluated for
specificity to the target cDNA by agarose gel electrophoresis and melirve analysis of the
produced DNA ampicons following the determined gPCR protocol. Primers designed to
Xcrl-related transcripts were either designed to produce an amplicon that spanned intron
1 (XcrlL)or an amplicon that corresponded to exon 2 onlyXcrlS. These two primer pairs
utilised the same reverse primer with an alternative forward primer located either in exon

1 (Xcrll) or exon 2 (XcrlS. For the evaluation ofXcl1mRNA expression, a single, intron
spanning, primer pair was utilised with the forward primer located in exon 2 and the
reverse primer located in exon 3 of théXcllgene. To facilitate the simultaneous evaluation
of Xcrl- and Xcll-related transcripts from the sample using the same qPCR protocol, each

primer was designed to achieve a melting temperature within 1°C of one arar.

Testing of primer efficiency was done by serial dilution of spleen cDNA over five Leg
concentrations using pimer concentrations between 0.1uM and 1M. Primers were
assessed to achieve an efficiency of AM0% and an R value of >0.98(Svecet al, 2015).
Figure 3.2.1 and figure 3.2.2 illustrate the specificity and efficiencies of the primers used for
the detection of XcrlL, XcrlSand Xcll cDNA. Xcll primers were observed to generate
competing amgdicons at concentrations of 0.5uM and 1IM. These lilely arose from primer
dimerisation based on the presence of these amplicons in negative controls that did not
contain any cDNA. However, adequate efficiency and a lack of competing amplicon
production was achieved by reducing the primer concemations to 0.1uyM. Evaluation of
Xcll cDNA was therefore peformed using the primers at 0.1M. Primers used for the
detection of XcrlSand XcrlL sequences were observed to achieve the desired criteria of
performance at all primer concentrations tested. The produced antigons using XcrlL,
XcrlSand Xcllprimers were determined to produce specific amplicons according to melt

curve analysis and agarose gel electrophoresis.
3.2.1.2 Validation of DN#ee preparations for cDNA synthesis

A key consideration to be made for the evaluation dfcrlSamplicons was the presence of
contaminating genomic DNA (gDNA) within RNA preparations. Due the int@xon design
of XcrlSprimers, gDNA contamination would lead to the falsgositive detection of XcrlS
MRNA. This contaminating factor was previously identified as leading to the erroneous
description of Xcrlexpression within various cell types following PCR analysi®orner et

al., 2009; Lei and Takahama, 2012)
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Figure 3.2.1. Validation of primers for the detection of Xcrl cDNRorward and reverse primers for the detection
of cDNA containingXcrllL (A-C, G) andXcrlSsequences (BF, G) wee tested at concentrations of 1uM, 0.5uM
and 0.1pM using serially diluted cDNA prepared from spleen. Ct values obtained following qPCR of sdyial
diluted spleen cDNA is displayed for thexXcrlL (A) and XcrlS(D) primers. Melt curve analysis of amplicons
produced from XcrlL (B) and Xcr1S(E) primers demonstrate the production of dsDNA that displays a peak of
fluorescence at a temperature of 80°CXerlL) and 78°C KcrlS. (C, F) Linear regression analysis demonstrates
the linear amplification of amplicons with an efficiency close to that expected (M <8.332) for the serial Logo
dilution of cDNA. R values demonstrate a strong correspondence of botKcrlL (C) and XcrlS(F) data to the
linear regression model applied. G) Agarose gel electrophoresis illustrates production of amplicons with

expected size for the respective primer pair (Xcrll = 221bp; XcrlS = 164bp) at all primer concentrations tested.
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Figure 3.2.2. Validation of primers for the detection of Xcl1 cDNA). Ct plots obtained from the amplification of
cDNA produced from spleen using primers specific foXcl1cDNA at concentrations of 1uM, 0.5uM and 0.1
B) Linear regression analysisdemonstrates the linear amplification of product to correspond well to the
observed data, as supported by Rvalues. However, the amplification efficiency is above thatxpected, at
concentrations of 1M. Amplicon production usingXcl1primers at 0.5uM and0.1pM more closely resembles the
amplification expected. Melt curve analysis (C, D, E) suggests the production of a +specific anplicon when
using primers at 1uM and 0.5M concentrations (red arrows). Importantly, this amplicon was produced in
negative controls and accounts for the lack of expected linearity of amplification at these concentrations. Melt
curve analysis for primers used at 0.1M, demonstrates a lack of this additional product in all samples, including
negative controls (E). F) Agarose geelectrophoresis demonstrates the production of an amplicon within the

expected size range for theXcllprimers used (82bp).
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However, based on the conflicting evidence as to the location of Xcrl coding sequences and
also a lack of conformation as to wwether Xcrl mRNA can be composed of only exon 2 or
exon 1 plus exon 2, or potentially both, the evaluation ofcrlLand XcrlSsequences was
performed independently using the corresponding primers described above (section
3.2.1.1). In order to support the alid assessment of cDNA sequences arising from mRNA
only by XcrlSprimers, conformation that the protocol for the production of cDNA lacked

any genomic DNA contamination was essential.

A combination of evidence has been used for this. Firstly, confirmatiasf DNase efficacy
was determined by incubating cDNA samples produced from spleen with DNase |I.
Subsequent gPCR evaluation demonstrated a complete lack of amplicon expression that was
supported by absence of amplicon presence following agarose gel electhmpesis of the
sample. This supported the capacity of DNase | treatment to efficiently eliminate any DNA
within the RNA sample that would subsequently be used for cDNA production. Secondly,
reverse transcription negative (RF) controls were included for eaxh experiment. These
controls corresponded to the DNasdreated RNA sample that was used for cDNA
production. Use of this control would indicate the presence of any DNA contamination,
gDNA or otherwise, that could generate falspositive detection of XcrASmRNA. Where
amplicons were produced, the validity of these amplicons to relate to the specific
amplification of an XcrlSsequence was tested by melt curve analysis and/or agarose gel
electrophoresis (see below). Preliminary evaluations also tested the capity of the
untreated RNA sample, collected from spleen, to produce amplicons that were detectable
by gPCR and hence determine if the RNA collection protocol was capable of providing an
RNA sample that was devoid of any DNA contamination. This analysiddd to detect any
amplicon produced byXcrlSprimers demonstrating the RNA collection protocol to provide

a DNAfree sample, even without DNase treatment. Thirdly, podtoc analysis of amplicon
identity by melt curve analysis and/or agarose gel electrophesis provided additional
verification that the fluorescent signal detected by gPCR corresponded to the amplification

of the specific amplicon by confirming the melting temperature and/or amplicon length.

By combining these three sources of evidence, eaekperiment to evaluateXcrlSamplicons
was confirmed to assesXcrlSmRNA presence and not reflect the presence of gDNA based
on the evidence that: i) DNase efficacy was sufficient to abolish any contaminating DNA
prior to cDNA production; ii) RT- controls lacked the capacity to provide a substrate for
XcrlSamplicon production; iii) the RNA collection protocol provided an RNA sample that
was free of DNA contamination; and iv) poshoc analysis of amplicon identity could confirm
the specificity of ampliconproduction in test cDNA samples whilst also verifying the identity

of any amplicon produced from RTcontrols.
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Extensive controls have therefore been made to ensure the validity of amplicon production
from XcrlSprimers to reflect the production of amplicons from RNA only. Consequently,
unless otherwise stated, all g°PCR data presented can be assumed to be free of contaminating
gDNA and all assessments ofcrlSexpression represent a true indicator ofXcrlSRNA

presence.
3.2.1.3 Evaluation of XcrlL, Xcra8d Xcl1 expression in whole spinal cord

Examination of XcrlLand XcrlSexpression was performed using RNA extracted from the
whole spinal cord of nontransgenic (NTg) male and female mice at the age of 6 and 10
months (Figure 3.2.3). This demonstrated aolw expression of bothXcrl isoforms in the
spinal cord. Considerable variation in the detection okcrlLarose from the lack of detected
amplicons within a number of samples. However, the detection ofcrlSwas more reliable
and was relatively higher thanXcrlL expression in all samples evaluated. Interestingly,
within the spinal cord of 6 month mice, particularly for males, this relative increase was
much higher than that seen for samples collected at 10 months. IndeeXtrlSexpression
was observed to bet.01x and 6.17x higher tharXcrlLfor females and males at 6 months of
age, respectively. This increase was statistically significant for mal¥crlSvs XcrllL
expression (p = 0.011) at 6 months. The validity of this relative increase &icr1Sto XcrllL
amplicon detection to reflect a genuine relative change in mRNA expression is supported by
the observed expression of the two mRNA isoforms in mouse spleen (Figure 3.2.3, A).
Analysis of the expression of the tw&crlisoforms in this sample demonstrates a deeased
expression ofXcrlSin comparison to Xcrll,corresponding to a 4.23x higher expression of
XcrlLto XcrlS Correlation analysis betweerKcllexpression and the expression of the two
Xcrlisoforms indicates a very similar correlation ofXcllexpressionwith both XcrlSand
Xcrlh

Evaluation of Xcl1 expression identified a higher and more consistent expression of this
MRNA than Xcrl in whole spinal cord RNA.Xcll1 expression was not identified to be
statistically different between any of the groups testedsuggesting a consistent expression

of this chemokine for both genders at both 6 and 10 months.
3.2.1.4 Evaluation of XcrlL, XcrlS and Xcll expression in mouse motor neurons

In order to refine the identification of Xcrlor Xcllexpression to a particular ell type in the
CNS, analysis of gene expression was conducted using RNA collected firoritro samples

of neurons, astrocytes and microglia.

Analysis of bothXcrlisoforms in neurons was performed by gPCR using RNA collected from
cell cultures of mouseembryonic stem cell (MESGyerived motor neurons kindly donated

by Dr Matthew Stopford (University of Sheffield). These cells expres§&reen Fluorescent
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Protein (GFB under the transcriptional control of the motor neuron-specific Homeobox
Protein-9 (HB9) promoter. Motor neurons were obtained by the differentiation of mESCs
according to the protocol described previously(Haidet-Phillips et al, 2011; Meyeret al,
2014) to generate a cell sample that was enriched with mouse motor neurons. Cells were
provided as a cell pellet and processed as described in secti®?.27. gPCR analysis
demonstrated an 82x relative expression aXcrlSin comparison toXcrll, however this dd
not achieve statistical significance (Figure 3.2.4). Further support for the higher expression
of Xcrl mRNA that does not contain exon 1 arose from the retrospective analysis of
microarray data collected from NSE34 cells. In these cells, the signal aiigg from
oligonucleotide probes that were specific to exon 2 was 44% higher than that observed for
probes specific to exon 1. This increase was consistent across analysis of 9 cell samples and
obtained statistical significance. Moreover, signals arisingdm oligonucleotide probes that
spanned exon 1 and exon 2 were not identified within these cells, suggesting that the

expression ofXcrimRNA by NS&4 cells did not include exon 1 and exon 2 together.

The expression ofXclLmRNA was also identified by gPCRnalysis of mES&lerived motor
neurons. This expression was consistent but low across the 3 samples analysed.

3.2.1.5 Evaluation of XcrlL, XcrlS and Xcl1 in Astrocytes

gPCR analysis was also performed to evaluate the presenceXaflL, Xcrl%&nd Xcllwithin
the RNA prepared from primary cortical astrocytes collected from P1 mouse pups, kindly
donated by Dr Scott Allen(University of Sheffield). Although the cDNA prepared was from
viable RNA and the results obtained from a valid gPCR protocol, as detenmd by
assessment olGAPDHexpression and according to positive amplification of control cDNA,

no detection ofXcrllL, Xcrl®r Xcllwas observed within these cell samples.
3.2.1.6 Evaluation of Xcll1 expression in microglia

Xcll was recently described tobe expressed by microglia, with this expression being
sensitive to treatment by LPS and minocyclindZychowska et al, 2016). However, this
evidence formed part of a study investigating the function of Xcl1 and Xcrl within the Mouse
CNS, but the evaluatio of Xcllin primary cells was restricted to evidence from primary Rat
microglial cells collected from P1 rat pups. In order to reconcile the evidence &fcll
expression by primary Rat microglial cells with the proposed expression ofcl1by Mouse
microglia in vivo, primary cultures of Mouse microglia were prepared from NTg mouse
brains at 10 months of age. To further investigate the proposed sensitivity of microglixicl1
expression, these cells were treated with LPS, according to the protocol performed by
Zychowskaet al., 2016.
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Figure 3.2.3. XcrlL, XcrlS and Xcll expression in the spinal cajdExpression ofXcrll, Xcrl&nd Xcllin mouse

spleen (N=3). No statistically significant difference betweerXcrlL and XcrlSexpression is observed. B)

Expression ofXcrlL, Xcrl&nd Xcllin RNA collected from whole spinal cords dflale and Female NTgnice at 6

and 10 months of age. No statistically significant difference in expression for either transcript was observed

following comparison between groups by oneway ANOVA with postE | A 4 OEAUS O 1 O1 GEP1 A AT 1 PAOEOI
for all groups. C) Relative exprssion ofXcrlSto XcrllLin whole spinal cord of NTg miceXcrlSdemonstrates

6.17x higher expression thanXcrlLin NTgmale mice at 6 months (*, p = 0.013). N=3 for all groups. D) Pearson

correlation identifies a non-significant positive correlation betweenXcrlL(dashed red line: r = 0.408, p = 0.188)

and Xcrl1S(dashed blue line: r= 0.4055, p = 0.191) expression ¥cllexpression. N = 12 for both groups. Error

bars for all graphs = +SD.
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Figure 3.2.4. Evaluation of XcrlL, XcrlS and Xcll in neuronal célsgPCR analysis aKcrll, Xcrl&nd Xcllin
RNA isolated from nESCGderived mouse motor neurons demonstratesXcrlSexpression to be 82.77x higher
than XcrlL(p = 0.071).A low but consistent amount ofXcllexpression is also identified. N=3 for each amplicon;
Error bars = +SD B) Retrospective analysis of microarray dafprepared using RNA collected from NS&4 cells
indicates a significantly higher detection of RNA originating from exon 2 than exon 1 &fcrl (***, mean
difference = 0.445, p < 0.001)N=9; Error bars = +SD.
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3.2.1.6.1 Characterisation of microglia

In order to characterise the purity of microglial cells, immunocytochemical detection of Iba
1 was performed using control treated primary microglial cultures. As a further
consideration, due to the protocol of primary cell preparation, cell expression of GPAvas

also tested by immunocytochemistry.

Figure 3.2.5 (A, &) illustrates the typical composition of the primary cell cultures obtained.
The cell numbers demonstrating Ibal reactivity varied between preparations, suggesting
the presence of a number ofther cells. A low number of these cells (~2%) were astrocytes,
as indicated by GFAP reactivity. These cells were not numerous and did not distribute
homogenously, in comparison to Ibdal positive cells. Overall the cells were therefore
considered to be compsed of mainly microglial cells and supported later analysis to

evaluate changes that primarily related to that of microglia.

3.2.1.6.2 Evaluation of Xcll expression in primary microglial cultures: Control vs LPS

treatment

LPS treatment represents one offtle most potent methods to elicit microglial activation
(Chhor et al, 2013). Quantification ofXcl1expression by control and LP8reated primary
microglial cultures demonstrated a statistically significant reduction inXcll expression
following LPS treatnent, in comparison to their respective controls, in all 3 primary
microglial cultures evaluated. This reduction corresponded to an expression, following LPS

treatment, that was 26% lower than that observed for untreated controls (figure 3.2.5, D).

To further support this change inXcllexpression to relate to the activation of microglia,
semi-quantitative evaluation of Ibal reactivity was performed for untreated and LPS
treated microglial cultures. This demonstrated a 50% increase in Ib& reactivity by cells
treated with LPS in comparison to untreated cells (figure 3.2.5, C). Furthermore, Ha
positive cells treated with LPS adopted a rounded, amoeboid morphology (Figure 3.2.5,
A(d)) in comparison to the ramified structure of untreated, Ibal-positive, microglial cells
(Figure 3.2.5, A(a)).

X89p8¢p8 ! OOAOOI AT O T &£ 8AOu 1 2.1 OANOAT AA d wd 2! #%

From the data gathered, the discrepancy in detection of amplicons arising froXcrlSand

XcrlL primers suggests an additional component oKcrl mRNA that includes exon 2 and
not exon 1. IfXcrl mRNA was composed of a singlgpe, it would be expected that gPCR
detection by XcrlS and XcrlL primers would be consistent between one another.

Furthermore, every effort has been made to eradicate the patéal for gDNA contamination
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Figure 3.2.5. Evaluation of Xcl1 expression by primary microglial cell cultur&g.Immunocytochemical detection

of Iba-1 (red) and GFAP (green) was performed to determine the presence of microglia and astrocytes,
respectively, in control (CTL) cell cultures (ac) and in cultures treated for 24 hours with LPS. Note the
morphological change in Ibal-positive cells as a consequere of LPS treatment (d) in comparison to CTL (a). B)
Quantification of Iba-1-positive and GFARpositive cells in three preparations of primary glia cultures. Ibal
positive cells account for the majority of cells within these cultures. C) Semuantitative analysis of lbal
reactivity demonstrates a 50% increase by cultures treated for 24 hours with LPS in comparison to their
respective controls that were treated with media only. D) Evaluation oXcllexpression indicates a small but
consistent decrease as consequence of LPS treatment by primary microglial cultures in comparison to control
(*, Mean difference vs CTL =0.26, p = 0.014). N=3 for both LPS and CTL groups.
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A
> Xcr1Coding sequenceENSMUST00000182350.1) Fwd i

GTTACCTACGTGAAACTCTAGCACTGGAGGAGATCAAAGGAAGCACAAAGCG HAEAIITIGACATGGACTBASTCASTGCTCTCAGTA < 100
20 30 40 50 60 70 80 920

-«

TCCCTGCATCCCGCGTCCAGATGGAGTCCTCTACAGCCTTTTATGATTATCATGATAAATTGAGTCTTCTATGTGAGAACAATGTEIAATTFRUOTT
110 120 130 140 150 160 170 180 190

— S8 Sp2

CATCTCTACCATTGTIIGTACTCTCTGGTATTTCTCCTCAGRENGGGTAACAGCCTAGTGTGGGTCTTGGTGANRG GAGAATCTAGAGTCAS 300
210 220 230 240 250 260 270 280 290

CTCACCAATATCTTCATCCTCAACCTGTGTCTCTCAGACCTGATGTTCTCCTGTCTACTGCCTGTGTTGATCTCAGCACAATGGAGTTGEAUCTAGGTG
310 320 330 340 350 SBOSpl 370 380 390

ACTTCTTCTGCAAGTTCTTCAACATGATCT KE;;EAG CCTCTACAGGBATCTTCTTCCTTACCATCATGACCATCCACCGATACCTGTCTGIAGQO
410 420 430 440 450 460 470 480 490

GAGCCCCATCTCTACTCTGGGTATCCATACCCTCCGCTGCCGTGTGCTGGTGACATCATGTGTGTGGGCAGTTARIMTCCCTGATGCE 600
510 520 530 540 550 560 570 580 590

GTCTTCCACAAAGTGATCTCCTTAAATTGTAAATATTCTGAACATCATGGGTTCTTGGCCTCAGTCTACCAGCACAACATCTTCTTCCTCETROUCCATGG
610 620 630 640 650 660 670 680 690

GAATCATCCTATTCTGTTATGTACAGATTCTCAGGACTTTGTTTCGCACAAGGTCCAGACAGAGACACCGAACAGTCAGGCTCATCTTCABOBTCGTGGT
710 720 730 740 750 760 770 780 790

AGCATACTTCCTCAGCTGGGCTCCCTACAACCTCACACTCTTCCTGAAAACTGGAATCATCCAGCAGAGCTGTGAGAGCCTTCAGCAAGTBABACATTGCT
810 820 830 840 850 860 870 880 890

ATGATTATCTGEGCCATTTGGCCTTCTCTCATTGCTGTTTCAACCCAGTGCTTTATGTCTTTGTTGGGATCAAGTTCCGCAGACACCTAARAGBOCTCT
910 920 930 940 950 960 970 980 990

TCCAGCAGGTCTGGCTGTGCCGGAAGACATCCAGCACTGTTCCCTGCTCCCCTGGTACCTTTACATATGAGGGACCCTEQDBEZTACTGA
1010 1020 1030 1040 1050 1060 1070 1080

B
Fwd Ctl Anchor
+ Sp3 : + Sp3
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C

> Spleen 1 sequenced product

>Unidentified sequence
|
TTTTTTGGCCTTCCGAAAGGGGTGGGCAAAATGCCGATTTTTAAATGTGCCEINMATTTACGTGAAACTCTAGCACTGGAGGAGATCAAALTO0N
10 20 30 40 50 60 70 80 90
>Exonl >Exon 2
| |
GCACAAAGCGTACAGACTTGAAACCCTGACATGGACTCAKTEICTETCAGTATCCCTGCATCCCGCGTATBREGAGTCCTCTACAGCCTTTE 200
110 120 130 140 150 160 170 180 190

ATGATTATCATGATAAATTGAGTCTTCTAA230
210 220

.
G A cC A

250 260 Zi0

> Spleen 2 sequenced product
>5' Flanking
|
TTAAAAAAAAAAACTTTAGTCCAAAATTTCATTTTAAGAAGGGGAAGTTTGAGGCCAGCCTAGACAATTTAATAGAACCTTTATCAAGCTAGIRO
10 20 30 40 50 60 70 80 90
>Exon 1

|
ACGTGAAACTCTAGCACTGGAGGAGATCAAAGGAAGCACAAAGCGTACAGACTTGAANEGATTBAAGAGTCABGCTCTCAGTATCCCTGRE 200
110 120 130 140 150 160 170 180 190
>Exon 2

|
ATCCCGCGTCCAGATGGAGTCCTCTACAGCCTTTTATGATTATCATGATAAATTGAGTERAAGA
210 220 230 240 250 260

""" 'l‘"_‘l""l’"'l"'l"'l"'I""'l'"‘l""I""I"'I"'I""l"'l‘"'l""l""I‘"'I"'I"
N A cC A T G G A C T c A& G A G T C A G A T
340 350

o T
c T C

1.
G
360
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E

> Spleen 3 sequenced product

>Pol yadenyl ated 56 Cap

|
TCTTTTTTTITTITTTTTTGGGTTTTGGGGAAGARGATCAATGTGTGTCCTTGGTTGAAATTTTTCGAAAAAAAAATGTTCCTTAATGACTTTARADAG
10 20 30 40 50 60 70 80 90
>Intron 1

|
TAGCCCAATTCTCAATCTTGTTATAAATAGTTCACTAGTGGAATCTGGCCCACAGACTTTARTAGTATGGGATATAATGATCCCTATTCCAARZDO
110 120 130 140 150 160 170 180 190
>Exon 2

|
TATGTGGATTTAAACCCAACATGTACTATCATTRCBGTCTCAGTATCCTGCATCCCGCGTCCAGATGGAGTCCTTACAGCCTTTTATGATI BUCAT
210 220 230 240 250 260 270 280 290

GATAAATTGAGTTAGAA< 317
310

=~ C A T G T N N N N N R W K T € A G A T G C T C
260 iy

F
Spleen 1: cDNA Spleen 2: cDNA Spleen 1: Rive

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Figure 3.26. 8 A0Ou 1 2.! OARNOAT AA AARArohdsdd REEIMRMAsequedice Rith #ar@ated

1TTAAGEI T O 1T £ DOEI AOO OOAA AI O uvd 2!'#%8 "q 0#2 Ai DI EEEAAQEI I
from 3x spleen and 1x spinal cord samples. A control PCR amplification (Fwd Ctl + Sp3) was used to confirm

specific reverse transcription of targetXcrli 2. ! AU OEA uvd 2! #% DOI OTAii8 'TAEIi O C 3bo
Al DI EATTO AiI OOAODPITAET ¢ O OANOAT ARG OEAO 1 EA ODPOOOAAI O 3b
region of Xcrl mRNA. Region highlighted (dashe red box) corresponds to predicted amplicon size produced

AOT T uvd 21#% '1TAET O POEI A0 AAET C 1T AAGAA AO vd ATA T &£ %I 1 p
RACE from spleen 1, 2 and 3. Highlighted regions are confirmed following sequence atigmt to XcrLmRNA as

detailed by Ensembl. Nucleotide chromatogram provided below each sequence corresponds to region

immediately preceding exon 2 (highlighted in blue). F) Agarose gel electrophoresis of amplicons produced

following PCR amplification of cDM and RF RNA samples using exon 2 Sp2 reverse primer in conjunction with:

Xcrl intron Fwd 1 (lanes 1) Fwd2 (lanes 2) Fwd3 (Lanes 3) Fwd 4 (lanes 4) Fwd 5 (lanes 5) and Fwd Ctl (Lanes

6). Predicted amplicon sizes: Lanes 1, 225bp; Lanes 2, 329bp; Lanes23,bp; Lanes 4, 697bp; Lanes 5, 833bp;

Lanes 6, 121bp.
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from these comparisons. Based on evaluation of these methods and according to internal
controls of gPCR experiments, gDNA contamination does not account for the observed
discrepancies ofXcrlSand XcrlL amplicon production. In order to investigate the potential

sequence oiXcrlmRNA and provide further clarity for its quantification, RNA was collected

£OT T ObP1I AAT AT A OPET Al AT OA AT A AOAI OAOGAA AU
see sectim 2.7). This method allows the evaluation of mMRNA sequence identity by sequence
OPAAEAZEA As$.! DOI AOGAOEIT &O01Ti A OANOAT AA OEA

MRNA transcriptional start site. Subsequent capping of this unknown sequence by
polyadenylation then permits PCR amplification of the unknown cDNA sequence that can

be subsequently provided for sequencinglrhe predicted amplicon size produced from PCR
amplification of Xcrl, assumingXcrlmRNA to be composed of Exon 1 and exon 2, is 255bp
(ancET O DPOEIi A0 c Agiil p Cc Agil ¢ 01 o8 AliD
composed of exon 2 only would have to be determined from DNA sequencing.

&ECOOA o08¢8¢ EI 1 OOOOAOAO OEA OAOOI 6O 1T AOAET
spleen and 1x smal cord samples. All samples were collected from NTg 10 month female

mice. Preliminary attempts were also made to analyse RNA from spleen that was enriched
xEQOE 12.!'h EI xAOAO OEEO xAO O1 OOAAAOCOED] | ¢
samples were coffirmed to contain XcrAmRNA that included both exon 1 and exon 2 by PCR
amplification of the produced cDNA using a Ctl forward primer located in exon 1 and the

test Sp3 primer located in exon AFigure 3.2.6,B) 4 EEO AT 1 £FEOI AA OEA AA
RACEprotocol to produce cDNA that was specific t&crlmRNA Notably, the expression of

this mMRNA was considerably lower in spinal cord, as reflected by the intensity of produced
amplicon from spinal cord RNA. Testing of amplicons produced by the use of thé 5 2 | # %
anchor primer in conjunction with the test Sp3 primer, produced a varied composition of

amplicon sizes. Spleens 2 and 3 demonstrate the most prominent band at an amplicon

length that far exceeds that expected from the amplification of a sequence cposed of exon

1 and exon 2. For both samples 2 and 3 an amplicon of ~400bp is produced, with an
additional band of approximately 450bp observed from spleen 2. For the spinal cord

sample, the most prominent band lies at between 500 and 600bp, which is agdar larger

than would be expected forXcrl mRNA that is composed of Exon 1 and exon 2 only.
However, consistent to all samples was an amplicon with a size of ~250bp. For spleen 1,

this amplicon was the only observable amplicon. This size corresponds the predicted

amplicon size produced fromXcrlmRNA composed of exon 1 and part of exon 2 (as detailed

above).

3O0A0ANOAT O OANOGAT AETI ¢ T £ OEA DPOi AGAAA Al Pl E.

amplicon production following agarose gel electrophoresis. $giencing products from
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spleen corresponded to identifiable regions of th&Xcrlgene sequence, however sequencing
of products from spinal cord were unable to be clarified due to poor consistency of

nucleotide sequences and have not been reported.

For two of the spleen samples characterised, both exon 1 and exon 2 sequences are

observed as a continuous sequence, supportingcrl mRNA to be composed of exon 1 and

exon 2. As suggested from the observable amplicon produced by agarose gel

electrophoresis, sequenmg of samples from spleen 1 produced a product that

corresponded to exon 1 and exon 2. This sequence was well conserved and corresponds to

the reported mature Xcrl mRNA sequence ENSMUST00000182350.1)Furthermore, for

OANOAT AET ¢ T &£ 31 AAT ¢h A OANOAT AR OEAO Al OOAODPII
(located upstream of Exon 1 withinXcrl) plus exon 1 plus exon 2 was identified. However,

for both spleen 2 and spleen 3 samples it can be seenridhe nucleotide chromatogram

that the sequence immediately preceding exon 2 has competing nucleotide signals,

suggesting alternative sequences to exist. For sequencing of samples from spleen 3, this

preceding sequence corresponds to the sequence origiriag) from intron 1 of the Xcrlgene.

Although the entire sequence was not discernible due to low sequencing fidelity,

DAOOEAOI AOI U xEOEET OEA 08 OACcCEIT T &£ $.!'h OEA OAN
~370bp. This corresponds well with the most pominent amplicon observed by agarose gel

electrophoresis. Moreover, the sequencing reaction provided a clear indication of where the

PDi 1 UAAAT UI AGAA AAD xAO AARdeduanceighlightedireiguleOAA AU OEA
3.2.6, E. The presence of thisapping sequence is indicative of a consistent point at which

OAOAOOA OOAT OAOEDPOEIT AT AO AT A POT XBERNA A DOOAOQEC
species.

Due to the sequencing reactions providing an indication thaXcrl mRNA may include an

intron sequence, PCR was performed using Reverse Transcribed (RT+) and- RNase

treated RNA samples from the test spleens to support the sequenced products to arise from

2.1 OANOGATAAOG 111U j&ECOOA o8c89h &Q8 0#2 OOEI EO,
region of intron 1 and were coupled with the Sp2 reverse primer in exon 2. In support of the

detailed sequencing products to arise solely from the amplification of cDNA arising from the

reverse transcription of RNA and to not include genomic DNA contaminationpramplicons

were produced in any of the 3 spleen RNA samples without reverse transcription. This

provides further confidence in the identified sequences to reflect only RNA sequences

arising from Xcrl.Furthermore, it adds additional support to the use oDNase treatment as

a method to eradicate gDNA contamination of RNA samples used for genetic analyses (as

discussed in section 3.2.1.2).
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3.2.3 Functional evaluation of proposed Xcrl isoforms

There currently exists two proposed proteins arising from theXal gene. The first of these
proteins, Xcrll, is encoded from a sequence arising from exon 1 and exon 2. XcrlL is
composed of 338 amino acids and has an estimated molecular weight of 39 kDA. The second
proposed protein, referred to here as XcrlS, is trandled from a sequence that lies
exclusively within exon 2. XcrlS is composed of 322 amino acids and has an estimated
molecular weight of 37.3 kDA. Confirmation of which of these proteins is expresséedvivo

has not yet been determined.

Suggestive evidencdor the production of both of these proteins fromXcrl RNA has been
provided during the process of this investigation following the transfection of HelLa cells
with the MR225748 plasmid. Western Blot detection of ®nyc from cell lysates prepared
from these cells, demonstrates the production of two proteins that have very similar
molecular weights. Treatment of this protein with PNGase was performed to test if these
proteins may represent a glycosylated and noglycosylated form of the Xcrl protein.
However, conclusive evidence from this treatment could not be made due to enzyme

treatment resulting in receptor aggregation (Figure 3.2.7).

To functionally evaluate the two Xcrl protein isoforms, XcrllL and XcrlS, the PathHunter ®

[ -arrestin assay was used to assedigand binding and receptor activation. The use of this
assay was used in order to provide an indication of any difference in ligand binding and/or
receptor activation as a consequence of the divergence intBrminal amino acid sequences
between the two receptor isoforms. The assay relies on the transient transfection of
parental CHO cells with plasmids containing enzymdonor (ED)-tagged receptor coding
sequences. The expression of an enzyraeceptor (EA}YAT T E O C-Arddtid by rthe
parental CHO cell p@1 EOO A O O AgédtinmireciitmentEto the receptor. This is
achieved by the measurement of luminescence as a consequence of substrate metabolism
following enzyme fragment complementation (EFC) between the EA and ED. Hence,

luminescence isonly prod A AA Al 1 1 1T x ET GarresfnAcai@ Eeeptde] O 1T £

In order to perform the assay, molecular cloning of insert sequences corresponding to the
coding sequences of either XcrlL or XcrlS in to the desired Prolink cloning vectors first had
to be achieved For this investigation, two of the Prolink vectors were used: pCMRrolink2
(PK2) and pCMVARMSZ2Prolink2 (ARMS2). The two vectors produce alternative -C
terminal ED tags that have different affinities for the EA: proteins produced from ARMS2
vectors confain a Gterminal ED tag that has a higher affinity for the EA tag than proteins

produced from PK2 plasmids.
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Figure 3.2.7. Gmyc detection of alternative Xcrl proteins within transfected HeLa cel$.Gmyc detection of
lysate collected from HelLa cells transfected with MR225748 plasmid demonstrates the production of two
proteins that have a very similar molecula weight. Calculated molecular weights: Red arrow = 41.78kDA, Blue
arrow = 38.8kDA. Predicted molecular weight of Xcrldmyc = 42.53 kDa; Xcrl$8nyc = 40.84 kDa. Lane a:
untreated Hela cell lysate. Lane b: HelLa cell lysate treated by rdenaturing PNGase Beglycosylation. Lane c:
HelLa cell lystate treated by denaturing PNGase F deglycosylation. The glycosylated nature of these proteins
could not be concluded due to lack of confirmation of PNGase efficacy that arose from protein aggregation of the
Xcrl protein. Aggregation of the protein occurs as a consequence of lysate heating as displayed in Lane ¢ and
Lane b. B) The capacity of nodenaturing PNGase F treatment to deglycosylate proteins at-Ikked
glycosyslation motifs is confirmed by treatment of the FAGtagged WFDC2 protein. Lane a: WFDC2 treated by
non-denaturing PNGase F treatment results in the expected 19kDA size of the unglycosylated protein. Lane b:
Untreated WFDC2 protein. Observed sizes for glycosylated and nglycosylated products were validaed
according to previous observationgDrapkin et al, 2005) and personal correspondence with Ms Hannah Armes

(University of Sheffield).
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Initial tests of ligand binding to XcrlL and XcrlS proteins were performed usingARMS2
and SARMS2 plasmids that express the higher affinity-@rminal ARMS2 tag iaframe with

the respective Xcrl isoforms. Figure 3.2.8 and Figure 3.2.9 demonstrate theepence of
XcrllLand XcrlSinserts within L-ARMS2 and SARMS2 plasmids, respectively.

Tests were performed using a recombinant mouse Xcll protein (produced B.Col) and a

recombinant his-tagged Xcll protein (hisXcll, produced by Baculoviruansect cell

edDOAOOEI 1 q8 2ADOAOAT OA OE Géreshirznashybaie préseritediin OA OO

figure 3.2.10. Luminescent signal was produced by cells transfected withkARMS2 or S
12-3¢ch OOCCAOOET Garrestih AOKdth (of thd @ceplorEisoforms. No
luminescent signal was observed from no#transfected cells or from cells transfected with
the empty vector. This supported the luminescent signal observed from cells transfected
with L-ARMS2 and SARMS2 to arise as a consequence of EFC following the vakgression

of EDtagged XcrlL and XcrlS proteins from the respective plasmids.

Despite evidence to support the valid expression of the two Xcrl isoforms, no reproducible
response was observed following the application of the ligand at any concentratiomstead,
the level of luminescent signal arising from transfected cells treated with Xcll1 at all
concentrations remained at a level that was consistent with cells without ligand application.
Furthermore, sensitivity to the ligand was not influenced by incrasing the incubation time
with Xcl1.

A consistent observation however, was the significant difference in luminescent signal
produced by cells transfected with SARMS2 and FARMS2. For all repeats performed (n=4
with Xcl1, n=3 with his-Xcl1), regardless othe ligand incubation time or concentration of
ligand applied, cells transfected with SARMS2 produced a consistently higher baseline level
of luminescence than cells transfected with {ARMS2. To confirm that this difference in
luminescence was not a congpience of a difference in the transfection efficiency or
expression of the associated vector inserts, qPCR was performed to evaluate the expression
of RNA arising from the transcription of plasmids within transfected cells. This analysis
demonstrated a hidh expression ofXcrl RNA within cells transfected with LARMS2 or S
ARMS2 that was multiple times higher than that observed for the internal reference control,
TMED2 Cells transfected with LARMS2 were indicated to express a lower amount &fcrl
MRNA, coresponding to 78% of that observed for cells transfected with -&RMS2. Given
the extremely high expression within cells transfected with both plasmids this difference
was not considered sufficient to account for the higher luminescent signal that was

consistently observed for cells transfected with SARMS2 in comparison to tARMS2.
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>ProLink
I [
ATCCGCTAGCGCTACCGGATILT CCGAGCT TCGAATTGGGAGGT
TAGGCGATCGCGATGGCCTGAGG/GCTCGA AGCTTAACCCTCCA
10 20 30 40 50
B
> Sequenced L - ARMS2 plasmid start codon aligned to predicted L - ARMS2 plasmid
sequence (Restored Bglll site ; Startcodon )
Predicted ~  ---memeemeeeee- ATCCGCTAGCGCTACCGGAGILTCGCCACETGSACTCAG

5 -L-ARMS2 TTTAGTGAACCGTCAGATCCGCTAGCGCTACCGGACIFO CGCCACETGSACTCAG

*

Predicted AGTCAGATGCTCTCAGTATCCCTGCATCCCGCGTCCAGATGGAGTCCTCTACAGCCTTTT
5' -L-ARMS2 AGTCAGATGCTCTCAGTATCCCTGCATCCCGCGTCCAGATGGAGTCCTCTACAGCCTTTT

*kkk

Predicted ATGATTATCATGATAAATTGAGTCTTC TATGTGAGAACAATGTCATCTTCTTTTCCACCA
5' -L-ARMS2 ATGATTATCATGATAAATTGAGTCTTCTATGTGAGAACAATGTCATCTTCTTTTCCACCA

Predicted TCTCTACCATTGTCCTGTACTCTCTGGTATTTCTCCTCAGCCTTGTGGGTAAGECTGG
5 -L-ARMS2 TCTCTACCATTGTCCTGTACTCTCTGGTATTTCTCCTCAGCCTTGTGGGTAACAGCCTGG

Predicted TTTTGTGGGTCTTGGTGAAGTATGAGAATCTAGAGTCACTCACCAATATCTTCATCCTCA
5 -L-ARMS2 TTTTG TGGGTCTTGGTGAAGTATGAGAATCTAGAGTCACTCACCAATATCTTCATCCTCA

Predicted ACCTGTGTCTCTCAGACCTGATGTTCTCCTGTCTACTGCCTGTGTTGATCTCAGCACAAT
5 -L-ARMS2 ACCTGTGTCTCTCAGACCTGATGTTCTCCTGNTACTGCCTGTGTTGATCTCAGCACAAT

Predicted GGAGTTGGTTTCTAGGTGACTTCTTCTGCAAGTTCTTCAACATGATCTTCGGCATCAGCC
5 -L-ARMS2 GGAGTTGGTTTCTAGGTGACTTCTTCTGCAAGTTCTTCAACATGATCTTCGGCATICAGC

C

> Translated product of sequenced L - ARMS2 plasmid (From start codon) aligned to

predicted translated product of L - ARMS2 plasmid

Predicted MDSESDALSIPASRVQMESSTAFYDYHDKLSLLCENNVIFFSTISTIVLYSLVFLLSLVG

5 -L-PKIl MDSESDALSIPASRVQMESSTAFYDYHDKLSLLCENNVIFFSTISTIVLYSLVFLLSLVG

F*hkkkkkkhkkhhkkkhkkhhkkkkk *kkkkkkkkkkhhkkhkkkhrrkk *%

Predicted  NSLVLWVLVKYENLESLTNIFILNLCL SDLMFSCLLPVLISAQWSWFLGDFFCKFFNMIF
5 -L-PKIl  NSLVLWVLVKYENLESLTNIFILNLCLSDLMFSCLLPVLISAQWSWFLGDFFCKFFNMIF
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>Sequenced L - ARMS2 plasmid stop codon aligned to predicted L- ARMS2 plasmid
sequence( restored hindlll site ;G terminal prolink tag )

3' - Predicted TATCTGTCGCCATTTGGCCTTCTCTCATTGCTGTTTCAACCCAGTGCTTTATGTCTTTGT
3' - L-PKil NNNNNNNNNNNGCTTTATGTCTTTGT

kkkkkkkkkkkkkkk

w

' - Predicted TGGGATCAAGTTCCGCAGACACCTAAAACATCTCTTCCAGCAGGTCTGGCTGTGCCGGAA

w

' - L-PKIl TGGGATCAAGTTCCGCAGACACCTAAAACATCTCTTCCAGCAGGTCTGGCTGTGCCGGAA

*kkk * * * *kkdhkkkhkkkkk * * * *kkk

3' - Predicted GACATCCAGCACTGTTCCCTGCTCCCCTGGTACCTTTACATATGAGGGACCCTCCTTCTA

3' - L- PKIl GACATCCAGCACTGTTCCCTGCTCCCCTGGTACCTTTACATATGAGGGACCCTCCTTCTA

3' - Predicted CG CAAGCTCGAAT

3' - L- PKIl CG CAAGCTGAGAGATCCGTGCCATCAAGGGAGACAACCAACCTGTCTGCTCTGACAGC
*kkkkkkkk "*

E

> Translated product of sequenced L - ARMS2 plasmid surrounding stop codon aligned

to predicted translated product ( Xerll coding sequence ; in - frame Prolink tag )

3' - predicted  GIIQQSCESLQQLDIAMICRHLAFSHCCENPV LYVFVGIKFRRHLKHLFQQVWLCRKTS

3" -L-PKll LYVFVGIKFRRHLKHLFQQVWLCRKTS

3' - predicted STVPCSPGTFTYEGPSR®FELGG

3' - L-PKIl STVPCSPGTFTYEGPSABLRGS\PSRETTNLSALTAPGGGGSGGGGSLELAVVLQRRD
3' - predicted

3" -L-PKll WENPGVTQLNRLAAHPPFASWRNSEEAR
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L-ARMS2 | _ARMS?2

Digest
6000bp —— Y
5000bp —— & , (—
L —
3000bp —— N —
1000bp —— W

Figure 3.2.8. Sequencing of {ARMS2 plasmidA) Multiple cloning site of prolink2 vectors as provided by
manufacturer. B) Sequenced region of-ARMS2 plasmid surrounding start codon. C) Translated product of
sequenced region from EARMS2 start codon. D) Sequenced region ofARMS2 surrounding stopcodon. Note
that sequence corresponding to ARMSfag sequence (red) does not align as provided sequence from
manufacturer contains Prolinktag sequence and not ARMS2 sequence. E) Translated product of sequenced
region surrounding L-ARMS2 stop codon. F)-ARMS2 digest with Bglll and Hindlll enzymes demonstrate
products of ~5500bp, ~4500bp and ~1000bp, corresponding to the undigested plasmid, vector backbone and

XcrlLinsert, respectively.
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>ProLink
I | |
ATCCGCTAGCGCTACCGGALILTCCGAGCT TCGAATTGGGAGGT
TAGGCGATCGCGATGGCCTGABGGAGCTCGA AQCTTAACCCTCCA

10 20 30 40 50

B

> Sequenced S -ARMS2 plasmid aligned to predicted S - ARMS2 plasmid sequence
(restored Hindlll site ; in - frame Prolink Tag )

predicted 1 ATCCGCTAGCGCTACCGGACTCAGATCTGCCACCATGGAGTCCTCTACAG 50

S- ARMS2 1 0
predicted 51 CCTTTTATGATTATCATGATAAATT e GAGTCTTCT 84

S- ARMS2 1 CCNNNNNNNNNNNI|\1|1\|1|||\|II(|3AGTCTTCT 25
predicted 85 ATGTGAGAACAATGTCATCTTCTTTTCCACCATCTCTACCATTGTCCTGT 134

S- ARMS2 26 ATGTGREM&!M[IJ””ll”l!Sll'll'lcllw'lllgil'lll'l'll'CTTTTCCACCATCTCTACCATTGTCCTGT 75
predicted 135 ACTCTCTGGTATTTCTCCTCAGCCTTGTGGGTAACAGCCTGGTTTTGTGG 184

S- ARMS2 76 ACTCTCllllllglqu,uqﬂlulUCllllnglcmlllclliwlclslglngTGTGGGTAACAGC CTGGTTTTGTGG 125
predicted 185 GTCTTGGTGAAGTATGAGAATCTAGAGTCACTCACCAATATCTTCATCCT 234

S- ARMS2 126 GTCTT@ﬂmykwg¥w¥gwglgw¥glll'l,LGAGTCACTCACCAATATCTTCATCCT 175
pred icted 235 CAACCTGTGTCTCTCAGACCTGATGTTCTCCTGTCTACTGCCTGTGTTGA 284

S- ARMS2 176 CAACél}lgl'pggyl}gl}lgwgg@y}gw#GTTCTCCTGTCTACTGCCTGTGTTGA 225
predicted 285 TCTCAGCACAATGGAGTTGGTTTCTAGGTGACTTCTTCTGCAAGTTCTTC 334
S- ARMS2 226 TCTCA|(|3||C|1|AI|C|:|,|A|\!°|\|'|I“|ll(li!,lllgl'll'l'lll'lclsllclallT”'ll'l'lll'lcl:TAGGTGACTTCTTCTGCAAGTTCTTC 275
predicted 335 AACATGATCTTCG GCATCAGCCTCTACAGCAGCATCTTCTTCCTTACCAT 384
S- ARMS2 276 AACAT”Clwﬂgquglglglgmlll@wg@gl'll'lé:TACAGCAGCATCTTCTTCCTTACCAT 325
predicted 385 CATGACCATCCACCGATACCTGTCTGTAGTGAGCCCCA TCTCTACTCTGG 434
S- ARMS2 326 CATGAwgwl}”égﬂné@gwgwg@pgméTGTAGTGAGCCCCATCTCTACTCTGG 375
predicted 435 GTATCCATACCCTCCGCTGCCGTGTGCTGGTGACATCATGTGTGTGGGCA 484

S- ARMS2 376 GTATC@%I%QQIC'MQHC%@%llcl-!‘lcl:lg:”(l;ull'lGTGCTGGTGACATCATGTGTGTGGGCA 425
predicted 485 GCCAGCATCCTGTTCTCCATCCCTGATGCTGTCTTCCACAAAGTGATCTC 534

S- ARMS2 426 GCCACLl(ly,lblxlll'CCTG'llull'l(lilllu(lill(gw'lljy:lgl(lilllu(l?la”All'lu(l?lCTGTCTTCCACAAAGTGATCTC 475
predicted 535 CTTAAATTGTAAATATTCTGAACATCATGGGTTCTTGGCCTCAGTCTACC 584

S- ARMS2 476 CTTAijlulll(l?lal'lljwlA”'lngqﬂll'l(gllu(!wwgwl'CATGGGTTCTTGGCCTCAGTCTACC 525
predicted 585 AGCACAACATCTTCTTCCTCCTCTCCATGGGAATCATCCTATTCTGTTAT 634

S- ARMS2 526 AGCACIZ!LIAC,Iﬁlxl'II'ly:IJIHII'IClll'II'UI'Igllgl'plclllglplClll'lllelll(llATGGGAATCATCCTATTCTGTTAT 575
predicted 635 GTACAGATTCTCAGGACTTTGTTTCGCACAAGGTCCAGACAGAGACACCG 684

CCAARRTRTRAAARY [
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S- ARMS2

predicted 685 AACAGTCAGGCTCATCTTCACCGTCGTGGTAGCATACTTCCTCAGCTGGG 734
S- ARMS2 626 MCACJQ@HJQQ@Q%@MQR@|C|:”C|5|'|I'CGTGGTAGCATACTTCCTCAGCTGGG 675
predicted 735 CTCCCTACAACCTCACACTCTTCCTGAAAACTGGAATCATCCAGCAGAGC 784
S- ARMS2 676 CTCC C”1I'|£|ll”|l”lHl,lblxl,lAl\””llgw,ulcllwlcltq'ucltTTCCTGAAAACTGGAATCATCCAGCAGAGC
predicted 785 TGTGAGAGCCTTCAGCAACTGGACATTGCTATGATTATCTGTCGCCATTT 834
S- ARMS2 726 TGTG/Allc!I‘l/lAllJSll(llg‘,llll'l'l'llClll,lﬁlgQR[HQJJJQQNCATTGCTAT GATTATCTGTCGCCATTT 775
predicted 835 GGCCTTCTCTCATTGCTGTTTCAACCCAGTGCTTTATGTCTTTGTTGGGA 884

S- ARMS2 776 GGCC'Il'l'llllcllljlnglJIngl,lAlq'l'lll'yslg:”ll'l(lsll‘ll'l'll'llll'lcllw,ucCCAGTGCTTTATGTCTTTGTTGGGA 825
predicted 885 TCAAGTTCCGCAGACACCTAAAACATCTCTTCCAGCAGGTCTGGCTGTGC 934
S- ARMS2 826 TCAA(J#![:JQ@L!ngmwkgwﬂmwéATCTCTTCCAGCAGGTCTGGCTGTGC 875
predicted 935 CGGAAGACATCCAGCACTGTTCCCTGCTCCCCTGGTACCTTTACATATGA
S- ARMS2 876 CGGAﬂgmwﬂ\[pglgml(!gu%[@quwCTGCTCCCCTGGTACCTTTACATATGA 925
predicted 985 GGGACCCTCCTTC TACACAAGCTCGAATF-------------- 1021

S- ARMS2 926 GGGAgygl'lrlglgl'p'lll'@erlCA CAAGCTGAGAGATNCGTGNCATCAN 969

C

> Translated product of sequenced S - ARMS2 plasmid aligned to predicted S - ARMZ
plasmid sequence ( XerlS coding sequence ; in - frame prolink tag )

Predicted 1 MESSTAFYDYHDKL SLLCENNVIFFSTISTIVLYSLVFLLSLVGNSLVLW 50
S- ARMS2 i .)I(B(Iy(l)l(lysnll_lll_lgllllyll\llllull/lllllzll:msllrlSTIVLYSLVFLLSLVGNSLVLW 41
Predicted 51 VLVKYENLESLTNIFILNLCLSDLMFSCLLPVLISAQWSWFLGDFFCKFF 100
S- ARMS2 42 l\l/lll_l\lykgll(llgl\lllll_lElgl_ll'll'lll\lllllllzlllm\lllﬂyll_HSDLMFSCLLPVLISAQV\WBFLGDFFCKFF 91
Predicted 101 NMIFGISLYSSIFFLTIMTIHRYLSVVSPISTLGIHTLRCRVLVTSCVWA 150
S- ARMS2 92 ll\lllll\l/llllllglllgl_”\l(lglglLllll:lll_l'lll'llll\l/lll'll'lllll-hlleLSVVSPISTLGIHTLRCRVLVTSCVWA 141
Predi cted 151 ASILFSIPDAVFHKVISLNCKYSEHHGFLASVYQHNIFFLLSMGIILFCY 200
S- ARMS2 142 ””IIllllll:lg”gllll)lﬂ\l\lllll:lww\lllllS”m\lllylllleSEHHGFLASVYQHNIFFLLSMGIILFCY 191
Predicted 201 VQILRTLFRTRSRQRHRTVRLIFTVVVAYFLSWAPYNLTLFLKTGIIQQS 250
S- ARMS2 192 I\I/Iglllﬂil?”'ll'lll_lllllgl'll'lgllslwllglwlullgllu\lllgLIFTVVVAYFLSWAPYNLTLFLKTGIIQQS 241
Predicted 251 CESLQQLDIAMIICRHLAFSHCCFNPVLYVFVGIKFRRHLKHLFQQVWLC300
S- ARMS2 242 I(Illllfluslﬂl(gl(!l_lltl)llwll\l/llllll(l‘,lll?””lll_l,mllguCCFN PVLYVFVGIKFRRHLKHLFQQVWLC291
Predicted 301 RKTSSTVPCSPGTFTYEGPSFSFELGG---------=-==-=----- 329
S- ARMS2 292 w&¢g”§¥wg@g.PGTFTYEG PSFSLRGXVXSXXTTXXSALTXXXXXXXXX 339

576 GTACAGATTCTCAGGACTTTGTTTCGCACAAGGTCCAGACAGAGACACCG 625
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D SARMS2 SARMS?2
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Figure 3.2.9. Sequencing of -BRMS2 plasmidA) Multiple cloning site of prolink2 vectors as provided by
manufacturer. B) Sequenced region of-BRMS2 plasmid. Note that sequence corresponding to ARM®3
sequence (red) does not align as provided sequence from manufacturer contains Prolitdg seqence. C)
Translated product of sequenced region from -ARMS2 plasmid. D) @RMS2 digest with Bglll and Hindlll
enzymes demonstrate products of ~5500bp, ~4500bp and ~1000bp, corresponding to the undigested plasmid,

vector backbone andXcrlSinsert, respectively.
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Figure 3.2.10. %O A1 O A Gdfrésiin rekcrdiment to ARMSZPK2conjugatedXcrll and XcrlS. AC)

Representative examples of measured luminescence following application of recombinant Xcl1 at Hadigio

concentrations between 10’M and 1012M. Luminescence from cells treated without ligand is plotted at 10
14M. Xcl ligand was applied for 20 (A), 40 (B) or 60 (C) minutes to CHO cells transfected wittARMS?2 (red)
or SARMS?2 (blue). Error bars = £SD. D) Measured luminescence following application ofKid1 for 60
minutes. F) gPCR evaluation (n=1) of relative aburashce of mRNA arising from tARMS2 (red) or SARMS2

(blue) plasmids. Error bars = +SD.
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Despite the consistent observation that ARMS2 transfected cells produced a higher

1 O ET AGAAT O OECT Al h -ar&hGekrditend thanicels trisfAced A O A A
with L-ARMS2, a specific luminescent response to the application of ligand couldt be
determined. Due to the high expression observed by qPCR, it was decided that the high
affinity ARMS2ED tag produced by the ARMS2 plasmids may be generating too high of a
background signal. ThereforeXcrlLand XcrlScoding sequences were next clortkin to PK2

plasmids that express an ERag with a lower affinity to the endogenous EA expressed by

host CHO cells. Figures 3.2.11 and 3.2.12 detail the successful cloningafLSand XcrlL

coding sequences in to- K2 and PK2 plasmids, respectively. Biowering the affinity, the

use of PK2 plasmids aimed to maximise the signtd-noise ratio and aid the identification

| Aarfestin recruitment that was specific to Xcl1 binding to the respective Xcrl isoforms.

As was observed following the use of-ARMS2and SARMS2 plasmids, no doseesponse of
luminescent signal could be observed to the application of recombinant Xcl1 or hxcll
from cells transfected with either L-PK2 or SPK2 plasmids. However, the use of these
plasmids expressing a lower affinity EOC-terminal tag did reduce background luminescent
signal. In comparison to cells transfected with ARMS2 plasmids (Figure 3.2.10) the
luminescent signal obtained from PK2 plasmids (Figure 3.2.13) was much reduced. Notably,
despite this reduction of background signal the basal level of luminescent signal remained

significantly higher for cells transfected with SPK2 plasmid in comparison to EPK2.

gPCR analysis sought to determine if this discrepancy in basal luminescent signal could be
attributed to a variation in expression of the two receptor isoforms within cells transfected
with S-PK2 or L-PK2 plasmids. Cells transfected with both plasmids demonstrated a high
and consistent expression oXcrl RNA arising from the respective plasmids (figure 3.2.13,
C). Ths demonstrated a significant difference between cells transfected with-BK2 and -
PK2 plasmids, corresponding to a 1.79x higher expression ¥tr1Swithin cells transfected
with S-PK2 in comparison to EPK2. However, basal luminescent signal remained igely
consistent despite the variation in relativeXcrl RNA presence observed between replicates
of transfection with the same plasmid (figure 3.2.13, D). Moreover, for those cells
transfected with L-PK2 and SPK2 plasmids which showed the closest relativiXcrlSRNA
expression, the difference in basal luminescent signal remained the same as that for those
with relatively larger differences in RNA expression levels. This suggests that the
differences in expression ofXcrl RNA arising from the transcription ofplasmid DNA by
transfected cells does not account for the differences in basal luminescent signal observed
for cells treated with L-PK2 or SPK2.
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Predicted
L- PK2
Predicted
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Predicted
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Predicted
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Predicted
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Predicted
L- PK2
Predicted
L- PK2
Predicted

L- PK2

ProLink
I I |

ATCCGCTAGCGCTACCGGALZILI CCGAGCT TCGAATTGGGAGGT
TAGGCGATCGCGATGGCCTGAGG/GCTCGA AGCTTAACCCTCCA

10 20 30 40 50
1 ATCCGCTAGCGCTACCGGATILTCGCCACETGGACTCAGAGTCAG 50

(TR OO
1 ATCCGCTAGCGCTACCGGACTC GCCACETGEGACTCAGAGTCAG 50

51 ATGCTCTCAGTATCCCTGCATCCCG CGTCCAGATGGAGTCCTCTACAGCC 100

T
51 ATGCTCTCAGTATCCCTGCATCCCGCGTCCAGATGGAGTCCTCTACAGCC 100

101 TTTTATGATTATCATGATAAATTGAGTCTTCTATGTGAGAACAATGTCAT 150

L TR RRTRT ALY
101 TTTTATGATTATCATGATAAATTGAGTCTTCTATGTGAGAACAATGTCAT 150

151 CTTCTTTTCCACCATCTCTACCATTGTCCTGTACTCTCTGGTATTTCTCC 200

TR T
151 CTTCTTTTCCACCATCTCTACCATTGTCCTGTACTCTCTGGTATTTCTCC 200

201 TCAGCCTTGTGGGTAACAGCCTGGTTTTGTGGGTCTTGGTGAAGTATGAG 250

[ [
201 TCAGCCTTGTGGGTAACAGCCTGGTTTTGTGGGTCTTGGTGAAGTATGAG 250

251 AATCTAGAGTCACTCACCAATATCTTCATCCTCAACCTGTGTCTCTCAGA 300

TR AR Ilf
251 AATCTAGAGTCACTCACCAATATCTTCATCCTCAACCTGTGTCTCTCAGA 300

301 CCTGATGTTCTCCTGTCTACTGCCTGTGTTGATCTCAGCACAATGGAGTT 350

TR R
301 CCTGATGTTCTCCTGTCTACTGCCTGTGTTGATCTCAGCACAATGGAGTT 350

351 GGTTTCTAGGTGACTTCTTCTGCAAGTTCTTCAACATGATCTTCGGCATC 400

TR PR
351 GGTTTCTAGGTGACTTCTTCTGCA  AGTTCTTCAACATGATCTTCGGCATC 400

401 AGCCTCTACAGCAGCATCTTCTTCCTTACCATCATGACCATCCACCGATA 450

TR
401 AGCCTCTACAGCAGCATCTTCTTCCTTACCATCATGACCATCCACCGATA 450

451 CCTGTCTGTAGTGAGCCCCATCTCTACTCTGGGTATCCATACCCTCCGCT 500

AT
451 CCTGTCTGTAGTGAGCCCCATCTCTACTCTGGGTATCCATACCCTCCGCT 500

501 GCCGTGTGCTGGTGACATCATGTGTGTGGGCAGCCAGCATCCTGTTCTCC 550

TR
501 GCCGTGTGCTGGTGACATCATGTGTGTGGGCAGCCAGCATCCTGTTCTCC 550

551 ATCCCTGATGCTGTCTTCC ACAAAGTGATCTCCTTAAATTGTAAATATTC 600

TR ALY
551 ATCCCTGATGCTGTCTTCCACAAAGTGATCTCCTTAAATTGTAAATATTC 600

601 TGAACATCATGGGTTCTTGGCCTCAGTCTACCAGCACAACATCT TCTTCC 650

LT AT
601 TGAACATCATGGGTTCTTGGCCTCAGTCTACCAGCACAACATCTTCTTCC 650

651 TCCTCTCCATGGGAATCATCCTATTCTGTTATGTACAGATTCTCAGGACT 700

I
651 TCCTCTCCATGGGAATCATCCTATTCTGTTATGTACAGATTCTCAGGACT 700

100



Predicted 701 TTGTTTCGCACAAGGTCCAGACAGAGACACCGAACAGTCAGGCTCATCTT 750

UL .
L- PK2 701 TTGTTTCGCACAAGGTCCAGACAGAGACACCGAACAGTCAGGCTCATCTT 750

Predicted 751 CACCGTCGTGGTAGCATACTTCCTCAGCTGGGCTCCCTACAACCTCACAC 800

TR [
L- PK2 751 CACCGTCGTGGTAGCATACTTCCTCAGCTGGGCTCCCTACAACCTCACAC 800

Predicted 801 TCTTCCTGAAAACTGGAATCATCCAGCAGAGCTGTGAGAGCCTTCAGCAA 850

TR
L- PK2 801 TCTTCCTGAAAACTGGAATCATCCAGCAGAGCTGTGAGAGCCTTCAGCAA 850

Predicted 851 CTGGACATTGCTATGATTATCTGTCGCCATTTGGCCTTCTCTCATTGCTG 900

AT
L- PK2 851 CTGGACATTGCTATGAT TATCTGTCGCCATTTGGCCTTCTCTCATTGCTG 900

Predicted 901 TTTCAACCCAGTGCTTTATGTCTTTGTTGGGATCAAGTTCCGCAGACACC 950

LT TR
L- PK2 901 TTTCAACCCAGTGCTTTATGTCTTTGTTGGGATCAAGTTCCG CAGACACC 950

Predicted 951 TAAAACATCTCTTCCAGCAGGTCTGGCTGTGCCGGAAGACATCCAGCACT 1000

A
L- PK2 951 TAAAACATCTCTTCCAGCAGGTCTGGCTGTGCCGGAAGACATCCAGCACT 1000

Predicte d 1001 GTTCCCTGCTCCCCTGGTACCTTTACATATGAGGGACCCTCCTTCTACG 1050
LT LY

L- PK2 1001 GTTCCCTGCTCCCCTGGTACCTTTACATATGAGGGACCCTCCTTCTACG 1050
Predicted 1051 TCGAATIGGGAGGT 1069
AR
L- PK2 1051 TCGAATTGGGAGGT 1069
C
Xcrl 1 MDSESDALSIPASRVQMESSTAFYDYHDKLSLLCENNVIFFSTISTIVLY 50
L- PK2 1 MDSESDAlﬂgllllLI/lﬁlxlglll?IU/l(lQHIUIlglélgl'pm:”\l(ll[l)leDKLSLLCENNVIFFSTISTIVLY 50
Xcrl 51 SLVFLLSLVGNSLVLWVLVKYENLESLTNIFILNLCLSDLMFSCLLPVLI 100
L- PK2 51 SLVFLLSL”\|/|GN”S|,_”\lllﬂ\lll\lll\l/lﬂl\UPl(ll\u:E”ll\lllllllgglll_UllmlFILNLCLSDLMFSCLLPVLI 100
Xcrl 101 SAQWSWFLGDFFCKFFNMIFGISLYSSIFFLTIMTIHRYLSVVSPISTLG 150
L- PK2 101 SAQWSV\lllllzll_”(l_?”gl—llllzl(lylﬂLllllzllﬂlMIFGISLYSSIFFLTIMlltllllullle”Hgl\llll\llSPISTLG 150
Xcrl 151 IHTLRCRVLVTSCVWAASILFSIPDAVFHKVISLNCKYSEHHGFLASVYQ 200
L- PK2 151 IHTLRCRl\llllljllll'IIngClll\lll\lll\llwwglullFllsllllPullll)l/lblxl\l/llleKVISLNCKYSEHHGFLASVYQ 200
Xcrl 201 HNIFFLLSMGIILFCYVQILRTLFRTRSRQRHRTVRLIFTVVVAYFLSWA 250
L- PK2 201 HNIFFLL ”””””””Hlélll\l/ll(!llHlllzl(ll”Yl{lll(lll)lllll_lw'll'LFRTRSRQRHRTVRLIFTVVVAYFLSWA 250
Xcrl 251 PYNLTLFLKTGIIQQSCESLQQLDIAMIICRHLAFSHCCFNPVLYVFVGI 300
L- PK2 251 PYNLTLFlﬂIl(“'l'lglllIll(lglyglglglllilglll_l(lgll(lgllll_lglll,lﬁ”\l/ll|IICRH LAFSHCCFNPVLYVFVGI 300
Xcrl 301 KFRRHLKHLFQQVWLCRKTSSTVPCSPGTFTYEGPSFY - 338
L- PK2 301 KFRRHLI|<|I|-|||I|_||!|(gl(g{|/|\|ll\|lllll(|3|ww'll'@lSTVPCSPGTFTYEGPSFYAS FELGG 345
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Figure 3.2.11. Characterisation of EPK2 plasmidA) Sequence of pCMYK2 multiple cloning site, as provided
by manufacturer. B) Characterised sequence ofRK2 plasmid following sequencing. Determined sequence of
plasmid (L-PK2) has been aligned to predicted-PK2 sequence (Predicted). Restored sites f&glll and Hindlll
digest (blue) and inframe PK2 Gterminal tag (red) is confirmed. ORF start codon is highlighted in green. C)
Predicted translated product from sequenced {PK2 plasmid (L-PK2) was determined using NCBI ORFfinder
and aligned to Xcrl protén sequence (NCBI protein accession number NP_035928.2)-ftame translated PK2
tag is highlighted in red. D) Restriction digest of {PK2 plasmid with Bglll and Hindlll enzymes produces two
products of ~4500bp and ~1000bp, corresponding to pPCMWK2 backbme and XcrlL insert, respectively

following agarose gel electrophoresis.
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>ProLink
I I |
ATCCGCTAGCGCTACCGGAZTLI CCGAGCT TCGAATTGGGAGGT
TAGGCGATCGCGATGGCCTGAGGGCTCGA AGCTTAACCCTCCA
10 20 30 40 50
B
Predicted 1 ATCCGCTAGCGCTACCGGACTC GCCACETGGAGTCCTCTACAG 50
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

S- PK2 1 ATCCGCTAGCGCTAC GCCACETGGAGTCCTCTACAG 50

Predicted 51 CCTTTTATGATTATCATGATAAATTGAGTCTTCTATGTGAGAACAATGTC 100

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
S- PK2 51 CCTTTTATGATTATCATGATAAATTGAGTCTTCTATGTGAGAACAATGTC 100

Predicted 101 ATCTTCTTTTCCACCATCTCTACCATTGTCCTGTACTCTCTGGTATTTCT 150

I TR e
S PK2 101 ATCTTCTTTTCCACCATCTCTACCATTGTCCTGTACTCTCTGGTATTTCT 150

Predicted 151 CCTCAGCCTTGTGGGTAACAGCCTGGTTTTGTGGGTCTTGGTGAAGTATG 200

T ERAEREERY [
S PK2 151 CCTCAGCCTTGTGGGTAACAGCCTGGTTTTGTGGGTCTTGGTGAAGTATG 200

Predicted 201 AGAATCTAGAGTCACTCACCAATATCTTCATCCTCAACCTGTGTCTCTCA 250

AR TR
S PK2 201 AGAATCTAGAGTCACTCACCAATATCTTCATCCTCAACCTGTGTCTCTCA 250

Predicted 251 GACCTGATGTTCTCCTGTCTACTGCCTGTGTTGATCTCAGCACAATGGAG 300

AT
S PK2 251 GACCTGA TGTTCTCCTGTCTACTGCCTGTGTTGATCTCAGCACAATGGAG 300

Predicted 301 TTGGTTTCTAGGTGACTTCTTCTGCAAGTTCTTCAACATGATCTTCGGCA 350

TR ATTO R RAREEIACAY
S- PK2 301 TTGGTTTCTAGGTGACTTCTTCTGCAAGTTCT ~ TCAACATGATCTTCGGCA 350

Predicted 351 TCAGCCTCTACAGCAGCATCTTCTTCCTTACCATCATGACCATCCACCGA 400

LR
S- PK2 351 TCAGCCTCTACAGCAGCATCTTCTTCCTTACCATCATGACCATCCACCGA 400

Predicted 401 TACCTGTCTGTAGTGAGCCCCATCTCTACTCTGGGTATCCATACCCTCCG 450
LT TR

S PK2 401 TACCTGTCTGTAGTGAGCCCCATCTCTACTCTGGGTATCCATACCCTCCG 450

Predicted 451 CTGCCGTGTGCTGGTGACATCATGTGTGTGGGCAGCCAGCATCCTGTTCT 500
AR

S PK2 451 CTGCCGTGTGCTGGTGACATCATGTGTGTGGGCAGCCAGCATCCTGTTCT 500

Predicted 501 CCATCCCTGATGCTGTCTTCCACAA AGTGATCTCCTTAAATTGTAAATAT 550

R
S- PK2 501 CCATCCCTGATGCTGTCTTCCACAAAGTGATCTCCTTAAATTGTAAATAT 550

Predicted 551 TCTGAACATCATGGGTTCTTGGCCTCAGTCTACCAGCACAACATCTTCTT 600

TR T R AR A
S- PK2 551 TCTGAACATCATGGGTTCTTGGCCTCAGTCTACCAGCACAACATCTTCTT 600

Predicted 601 CCTCCTCTCCATGGGAATCATCCTATTCTGTTATGTACAGATTCTCAGGA 650

TR TR
S- PK2 601 CCTCCTCTCCATGGGAATCATCCTATTCTGTTATGTACAGATTCTCAGGA 650

Predicted 651 CTTTGTTTCGCACAAGGTCCAGACAGAGACACCGAACAGTCAGGCTCATC 700

TR ETRR
S- PK2 651 CTTTGTTTCGCACAAGGTCCAGACAGAGACACCGAACAGTCAGGCTCATC 700

Predicted 701 TTCACCGTCGTGGTAGCATACTTCCTCAGCTGGGCTCCCTACAACCTCAC 750

NI T
S PK2 701 TTCACCGTCGTGGTAGCATACTTCCTCAGCTGGGCTCCCTACAACCTCAC 750
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Predicted
S- PK2
Predicted
S- PK2
Predicted
S- PK2
Predicted
S- PK2
Predicted
S- PK2
Predicted

S- PK2

C
Xcrl
S- PK2
Xcrl
S- PK2
Xcrl
S- PK2
Xcrl
S- PK2
Xcrl
S- PK2
Xcrl
S- PK2
Xcrl

S- PK2

751 ACTCTTCCTGAAAACTGGAATCATCCAGCAGAGCTGTGAGAGCCTTCAGC 800

LAY [
751 ACTCTTCCTGAAAACTGGAATCATCCAGCAGAGCTGTGAGAGCCTTCAGC 800

801 AACTGGACATTGCTATGATTATCTGTCGCCATTTGGCCTTCTCTCATTGC 850

TR AR
801 AACTGGACATTGCTATGATTATCTGTCGCCATTTGGCCTTCTCTCATTGC 850

851 TGTTTCAACCCAGTGCTTTATGTCTTTGTTGGGATCAAGTTCCGCAGACA 900

AT AARRY
851 TGTTT CAACCCAGTGCTTTATGTCTTTGTTGGGATCAAGTTCCGCAGACA 900

901 CCTAAAACATCTCTTCCAGCAGGTCTGGCTGTGCCGGAAGACATCCAGCA 950

LTI
901 CCTAAAACATCTCTTCCAGCAGGTCTGGCT  GTGCCGGAAGACATCCAGCA 950

951 CTGTTCCCTGCTCCCCTGGTACCTTTACATATGAGGGACCCTCCTTCTAC 1000

TR TR
951 CTGTTCCCTGCTCCCCTGGTACCTTTACATATGAGGGACCCTCCTTCTAC 1000

1001 A CAAGCTCGAATTGGGAGGT 1021

[T
1001 A CAAGCTCGAATTGGGAGGT 1021

1 MDSESDALSIPASRVQMESSTAFYDYHDKLSLLCENNVIFFSTISTIVLY 50

LSRR ARRERO
1 e MESSTAFYDYHDKLSLLCENNVIFFSTISTIVLY 34

51 SLVFLLSLVGNSLVLWVLVKYENLESLTNIFILNLCLSDLMFSCLLPVLI 100

TR [
35 SLVFLLSLVGNSLVLWVLVKYENLESLTNIFILNLCLSDLMFSCLLPVLI 84

101 SAQWSWFLGDFFCKFFNMIFGISLYSSIFFLTIMTIHRYLSVVSPISTLG 150

LSRR RRRRR AR
85 SAQWSWFLGDFFCKFFNMIFGISLYSSIFFLTIMTIHRYLSVVSPISTLG 134

151 IHTLRCRVLVTSCVWAASILFSIPDAVFHKVISLNCKYSEHHGFLASVYQ 200

TR
135 IHTLRCRVLVTSCVWAASILFSIPDAVFHKVISLNCKYSEHHGFLASVYQ 184

201 HNIFFLLSMGIILFCYVQILRTLFRTRSRQRHRTVRLIFTVVVAYFLSWA 250

LR RRTRL Y
185 HNIFFLLSMGIILFCYVQILRTLFR TRSRQRHRTVRLIFTVVVAYFLSWA 234

251 PYNLTLFLKTGIIQQSCESLQQLDIAMIICRHLAFSHCCFNPVLYVFVGI 300

LR RS R
235 PYNLTLFLKTGIIQQSCESLQQLDIAMIICRHLAFSHCCFNPVLYVFVGI 284

301 KFRRHLKHLFQQVWLCRKTSSTVPCSPGTFTYEGPSFY ~ ------- 338

TN
285 KFRRHLKHLFQQVWLCRKTSSTVPCSPGTFTYEGPSFYTS FELGG 329
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Figure 3.2.12. Characterisation of K2 plasmidA) Sequence of pCMY¥K2 multiple cloning site, as provided
by manufacturer. B) Characterised sequence ofFK2 plasmid following sequencing. Determined sequence of
plasmid (SPK2) has been aligned to predicted-BK2 sequence (Predicted). Restored sites f&glll and Hindlll
digest (blue) and inframe PK2 Gterminal tag (red) is confirmed. ORF start codon is highlighted in green. C)
Predicted translated product from sequenced K2 plasmid (.-PK2) was determined using NCBI ORFfinder
and aligned to Xcrl protén sequence (NCBI protein accession number NP_035928.2).ffame translated PK2
tag is highlighted in red. D) Restriction digest of - £K2 plasmid with Bglll and Hindlll enzymes produces two

products of ~4500bp and ~1000bp, corresponding to pPCMWK2 backbame and XcrlSinsert, respectively
following agarose gel electrophoresis.
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Figure 3.2.13. %O A1 O A Gdfrésiin relcrdiment to PK2 conjugatecril and XcrlS. AB) Mean Luminescent
signal obtained following the application of recombinant Xcl1 (n=3) (A) or recombinant hiXcll (n=3) (B) to
CHO cells transfected with #PK2 and SPK2 plasmids. Error bars = +SD. C) qPCR evaluationXafrl RNA
produced by cells transfeted with L-PK2 and SPK2 plasmids (*, mean difference = 9.93, p = 0.034) n=3, Error

AAOO E m33$8 NoO#2
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in A and B. D) Plot of mean luminescent signal from cells wmeated with ligand against relative Xcrl RNA
AGDbOAOGOET T AU AAIl 1 Grredadbsbaysof cl$ tradsedidd vikh IPR2 gqr SPK2 plasmids.

Error bars = #SD.
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The use of PK2 plasmids was therefore effective in reducing background luminest signal,
UAO xAO OOEIT O1T AAT A O DOI OEAA A OmkeltE FEA |
recruitment to the respective Xcrl isoforms as a consequence of ligand binding.
Furthermore, luminescent signal arising from cells transfected withtSPK2 maintained a
consistently higher level of basal luminescent signal than that observed for cells transfected
with the L-PK2 plasmid in all repeats performed. This is consistent with the evidence
obtained from cells transfected with ARMSzlasmids and suggests that despite the
reduction in background luminescent signal an alternative mechanism was preventing the
observation of ligandO D A A E £E A  EdrrdstinAkeOrEitmént td X& 11y or XcrlS.
X898x8x ! OOAOOI AT QGarréstn rdcrit@eni tatA\CHA Eells/Stadly @xpradsidg 1
Xcrll-PK2 or Xcr1ls9PK2

Given the high expression, demonstrated by gPCR, of the two Xcrl isoforms expressed by
cells transfected with SPK2 or L-PK2, CHO cells were next selected for the stable expression
of plasmid coding sequence by antibiotic selection with G418. By selecting cells with G418

it was aimed to establish a population of cells that expressed a stable and lower level of the
plasmid insert. This would permit a lower level of protein expression and reduc¢he
possibility for receptor aggregation that may have inhibited the sensitivity of expressed
Xcrl isoforms to the applied ligand when using transiently transfected cells, as performed

previously.

Successful transfection and expression of the desired plagis was confirmed by G418
selection for 10p¢ AAUO BDOET O Of-arreBtih GigBayO(fighre G.2.19E A |
Untransfected cells were typically lost after 57 days of antibiotic treatment. In contrast,

cells transfected with L-PK2 or SPK2 demonstrated cotinued cell viability throughout this

period suggestive of a maintained and stable expression of the plasmid.

Evaluation of chemiluminescent production from cells transfected with {PK2 or SPK2
plasmids, following G418 selection, did indeed demonstrate gheradication of background
luminescent signal by cells transfected with {PK2. Furthermore, the basal level of
luminescence produced by cells transfected with-BK2 was also reduced, in comparison to
cells transfected with the two plasmids that did not udergo G418 selection (Figure 3.2.13).
This suggested a reduction in the overall expression of the two receptor isoforms within

cells transfected with LPK2 and SPK2 as a consequence of G418 selection.

This observation is substantiated by the observed reduion of relative XcrlRNA presence
within RNA samples as compared to that observed for cells without G418 selection (Figure

3.2.14, C vs Figure 3.2.13, C). This corresponded to a mean reductioXa¢nL RNA expression

107



Non-Transfected

Transfected
L-PK2

Transfected
SPK2

o}
O

7000

W L-PK2
6000

W s.PK2

___i____{_{_h_ﬂj_ii_}_i, PR

4000

---;----u:{-;;uali

2000

°
B

0010
0.008 ____i____
0006

1000 0004
0002
0.000

Luminescent Signal
Relative Xcr1Sexpression
(Delta TMED2)

[Xcl1] 10*M
Transfected Plasmid

Figure 3.2.14. %O A1 O A Gerésiin relcrdiment to PK2conjugatedXcriL and Xcr1Sfollowing G418 selection

of CHO cell®\) G418 selection of CHO cellslicroscope images demonstrate survival of cells trarfiscted with L-

PK2 and SPK2 plasmids following 9 days of G418 treatment at 2mg/ml. Complete cell death of ntnansfected
CHO cells confirms the efficacy of G418 treatment. Transfected cells were subsequently dissociated and seeded
to 384 well plates for © A1 O A Oarrebtin fiecfiaitmpent following the application of recombinant ligands. B)

I OO A Uarrésti rgeruitment (n=1) to cells transfected with L-PK2 and SPK2 following G418 selection as
shown in A. Error bars = +SD C) gPCR evaluation (n=1) ofi®@&e XcrlSexpression in RNA extracted from cells
transfected with L-PK2 and SPK2 plasmids following G418 selection. Error bars = +SD.
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of 1787x for cells transfected with -PK2 and 19x for cells transfected with $K2, in
comparison to cells transfecéd with these plasmids that did not undergo G418 selection. As
suggested by such substantial reductions in cells transfected withRK2, cells transfected
with L-PK2 demonstrated a 164x lower expression oKcrl RNA in comparison to cells
transfected with SPK2, following G418 selection. Overall, the evaluation of luminescent
signal and RNA expression confirms the process of G418 selection to successfully reduce
the expression of both RNA and protein from associedl plasmids, although the reduction

in XcrlRNA expression is significantly more prominent in cells transfected with-PK2.

Despite the capacity for G418 selection to successfully reduce expression from associated
plasmids, no doseresponse was observed byhe cells in response to the application of Xcl1
ligand. Therefore, despite every effort being made to refine the sensitivity of the assay by
reducing background luminescence and by reducing expression of receptor isoforms within
transfected cells, no speific response of either receptor isoform was observed to the
application of ligand. However, a consistent observation in all experiments was the higher
level of basal luminescence observed in cells expressing the XcrlS receptor isoform in

comparison to cdls expressing the XcrlL isoform. This suggests a higher constitutive
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3.3 Discussion

The results presented in this chapter have sought to provide some clarity regarding the
expression of Xcrl and Xcll within the murine CNS. As a consequence of the conflicting
evidence currently available forXcrimRNA, evaluation oXcrlexpression has tageted two
alternative amplicons, namelyXcrllLand XcrlS This method aimed to provide an insight as
to the relative proportion of Xcrl mRNA arising from exon 1 and exon 2 sequences or exon
2 sequences only. Furthermore, this study sought to provide the §t direct functional
comparison between the two proposed Xcrl isoforms and provide evidence to substantiate

which isoform reflects the Xcrl protein producedn vivo.
3.3.1 Xcrl and Xcll expression is low in the murine CNS

In line with one of the primary oljectives of this project the expression oKcrland Xcllwas
investigated in whole spinal cord samples. Evaluation ofcrl expression within the spinal

cord of male and female mice at six and 10 months indicated a low expressionXail RNA
within these samples. This was regardless of whether evaluation oKcrlSor XcrllL
amplicons was used to determine the expression of this gene. For all investigations
performed of Xcrlexpression in RNA samples collected from cells or tissue of the CNS, Ct
valueswere co© EOOAT O1 U 11 x |1 omQ8 Xdlexpréssidnidicaeddi 1 h AOAT O
the expression of the chemokine ligand to be consistently higher than that obtained f¥crl

in whole spinal cord regardless of the age or gender of the sample. This low expressif
associated RNA was expected based on the lack of previous evidence to suggest that this
chemokine and its receptor were expressed prominently within the CNS. Indeed, with the
exception of CXCL12/CXCR4, CX3CL1/CX3CR1, this low expression is in cormdgace
with evidence for other chemokines, for which the expression within cells specific to the
CNS parenchyma, is typically made in response to inflammatory stimuli with low, if any,

expression during physiological conditiongReauxLe Goaziget al,, 2013).

Despite the low expression in whole spinal cord samples, it was sought to refine the cellular
source ofXcrland Xcllexpression usingin vitro samples of CNS cells. Evaluation #fcrl
expression demonstrated the expression in neuronal cells, a featthat was not observed
for samples collected from primary astrocytes. This is in concordance with previous
evidence suggesting a low expression ofcrl by primary astrocytes collected from rats
(Zychowskaet al, 2016). Furthermore, no detection ofXcll expression was observed by
primary astrocytes. Should neuronal cells express the Xcrl protein, this suggests the source
of Xcll1 to originate from cells other than astrocytes. The results provided here collected
from a primary cell population enriched with microglia suggest that these cells may
represent a source ofXcll expression within the CNS. Again, this supports the recent

suggestion that microglia express this chemokine liganZychowskaet al, 2016) and is in
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line with other reports demonstrating the expression of chemokine ligands, most
prominently of the CC family, by microgligLee, Nagai and Kim, 2002; Babcoek al, 2003;

Kremlev, Roberts and Palmer, 2004)
3.3.2 Xcl1 expression in NTg primary mouse mglia is only moderately influenced by LPS

Following on from the recent identification of microglial Xcl1expression to be significantly
increased in response to LPS stimufiZychowskaet al,, 2016), this study sought evidence to
clarify the expression ofXcll by murine microglia. LPS treatment has become the standard
treatment used to induce a potent innate immune response by many cells. The presence of
LPS leads to the induction of several intracellular signalling cascades as a result of -Tiak
Receptor 4 (TLR4) engagement. A key outcome of these TLRwtluced cascades is the
resultant translocation of NF{ 1 A T-1Atrarlsd@iption factors to the nucleus where they
act as potent inducers of transcription from the genes of prinflammatory mediators,
including chemokines(Lu, Yeh and Ohashi, 2008)LPS treatment of microglia is associated
xEOE A PiI1AOEOCAOQEITT OI xAOAO Al AAOEOAOAAR
phenotype (Chhor et al, 2013). As such, the influence of LPS stimulation ohé expression

of Xcl1by microglia was used to provide an indication to the role of this chemokine in the
innate immune response by microglia. By adopting the same method of LPS treatment for
the treatment of primary Mouse microglia to that performed by Zghowska et al. for the
treatment of primary Rat microglia, it was aimed to provide the first characterisation of the
Xcllresponse to LPS by Mouse microglia. Furthermore, we sought to test the validity of
evidence from primary Rat microglia to suggest thexpression ofXcl1lby Mouse microglia

in vivo (Zychowskaet al., 2016).

The primary cell populations used for evaluation ofXcll expression were observed to
predominantly contain microglial cells, as indicated by Ibdl immunoreactivity, whilst the
presence of astrocyte cells was limited. The presence of other cells within the culture was
made necessary according to preliminary attempts that demonstrated the lack of microglial
cell numbers and viability in cultures from which these additional cells were mnoved.
Evaluation of Xcl1 expression in untreated cells suggest thaKcll expression is very low
under physiological conditions. However, a small but consistent change in expression as a
consequence of LPS treatment was identified in all biological replites. This equated to an
observed reduction of ~22% from that of untreated cells and was supported to arise from
the activation of microglia following LPS treatment according to quantitative analysis of Iba
1 reactivity and qualitative assessment of cellulamorphology. This small reduction inXcll
expression following LPS treatment is in contrast to the observed magnitude of increase in

Xcllexpression observed previouslyZychowskaet al, 2016).
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An important distinction of the microglial cells studied hee was their origin from adult
mouse brains in comparison to those collected by Zychowska et al., from neonatal Rat
brains. This difference in the age and method of cell preparation is likely to influence the
behaviour of primary microglial cells. Indeed,the contrast in microglial phenotypes
between neonates and adults suggests a contrast in their behaviour in response to stimuli.
It has been indicated for example, that the recently described microgligpecific marker
TMEM119, does not achieve an expressi that is characteristic of mature microglia until
postnatal day 14 in mice(Bennett et al,, 2016). This is alongside the changes observed for a
myriad of other microglial proteins that are dynamically regulated within these cells as a
consequence of botlintrinsic regulatory mechanisms and as a function of cellular crostalk
during CNS development and maturatiorfTuan Lenget al, 2017). A further consideration

to this is the sex of animal from which microglial cells are collected. It has been
demonstrated that the presence of testosterone can influence the contribution of microglia
to pathological mechanisms within a mouse model of neuropathic pain vivo (Sorgeet al,
2015), although the influence of sex withinin vitro preparations of microglia remans
unclear. Furthermore, contemporary studies of primary microglia function still include
preparations from animals of both sexes (see e.¢Chhor et al, 2013)). For the evidence
collected here, each preparation was prepared from a group of animals of tlsame sex.
However, of the three biological replicates performed, two were collected from female
animals and one was collected from male animals. Despite this, the consistencyXafl
expression observed suggests that the sex of animal does not influente texpression of
this gene, either constitutively or in response to LPS. In support of this, levels Btl1
expression observed from RNA samples collected from whole spinal cord did not display
any significant changes between sexes at either 6 or 10 montbsage. Overall, the evidence
collected here to evaluateXcll expression in primary microglia suggests that these cells
express a low level ofXcll mRNA that is very moderately influenced following LPS

treatment.
3.3.3 Evaluation of Xcrl mRNA compositiand expression in the CNS

The Xcrl gene is composed of two exons, in comparison to three exons for humaER1
(Shinkai et al, 2005). Currently, there is a conflict of evidence regarding both the coding
sequence and mMRNA sequence ¥trl Documented cDNArising from exon 1 ard exon 2,
or exon 2 only does exist. Therefore, we have performed quantitative analysisXérl1 RNA
expression utilising primers that either span exon 1 and exon 2{cr1L) or are located within

exon 2 only (Xcrl9S.

In an effort to identify if there is the potential for the alternative expression of mRNA

transcripts arising from Xcrl, a comparative expression ofXcrllL and XcrlShas been
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performed. Due to the nature of this analysis and the potential for confounding factors to
influence the expression of each transcript, this analysis has been problematic. However,
evidence has been provided which indicates the differential expression &fcrllLand XcrlS
amplicons within certain samples. For RNA samples collected from whole spinal cord of
male and female mice at 6 months of age, the relative expressionXafrlSwas higher than
that observed for XcrlL, a feature that was not observed for the same samples collected at
10 months of age. In addition, a more substantial difference was observedtween Xcrl1S
and XcrlLexpression in RNA samples collected from mouse motor neurons derived from
MESCs. Although substantial, this difference did not achieve statistical significance, a feature
which arose from the prominence oXcrlLnon-detects. A methal was employed to counter
this issue based on recommendations to provide a more reasonable estimation of gene
expression from nondetects. Following this, the Ct value presumed for nedetects has
been reduced to 35 in comparison to the value of 40 that suggested by some methods
(McCallet al, 2014). Indeed, use of a higher Ct value fotcrlLnon-detects identified from
this investigation would have led to more substantial differences and resulted in statistically
significant differences in expressionm comparison to that identified from XcrlS However,
according to the recommendations providedMcCallet al, 2014) and the results obtained

from primer optimisations, a Ct value of 35 was deemed most appropriate.

Despite these difficulties, the relativedifferences in XcrlLand XcrlSexpression identified

by gPCR in ES@erived mouse motor neurons were substantiated by the retrospective

analysis of microarray data collected from NSG4 cells, an immortalised mouse motor

neuron-like cell line. This data povided consistent and statistically significant support for

the higher relative abundance of RNA derived fronexon 2 ofXcrl,than exon 1. Together

this suggests that motor neurons may express low quantities oKcrl mRNA that is

composed primarily from the transcription of exon 2.

X8x8yY wd 2!'#% AT Al UOEO OAOAAI O OEA bi OAl OEAI

To provide further clarity to the composition of Xcrl mRNA within both spleen and spinal

AT OAh uvd 2!'#% Al Al UOEO x A Gindpotential ditehnétivesatd E O E A

codons8 U 6 2XtrE#Has previbusly been performed for mouse RNA collected from

spleen(Shinkaiet al, 2005). Despite efforts to evaluate this sequence within the spinal cord,

evidence could only be reliably determinedrom RNA samples from spleen. These results

DOl OEAAA A OAOEAA OANOAT A KcrlRRL BMitlenGe fréBOtivd OE A

samples provided validation for the existing descriptions ofXcrl mRNA to include both

exons 1 and 2 and supported that which had been previously characteris¢8hinkai et al,,

2005). However sequencing from one sample also demonstrated the most prominent

OANOGAT AA OEAO 1 EAO uvd OI Agie]assessniehtofarplicond AOT
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following agarose gel electrophoresis indicated the presence of amplicons that were far
larger than the expected size of amplicons generated froddcrl RNA composed of exon 1
and exon 2 as documented by bioinformatics databases.addition, PCR evaluation of cDNA

produced from spleen RNA demonstrated the consistent retention of intron 1 sequences.

The retention of intron sequences as a mechanism of alternative splicing has been well
documented for GPCRs and can arise from the use of alternative promotékéarkovic and
Challiss, 2009) The presence of a large intron within theXcrlgene presents thepossibility

that certain sequences within this region may give rise to transcriptional regulation of exon

2. In support of this, bioinformatics records and annotation, provided by Ensembl
(ENSMUST00000182350.1), demonstrate the presence of two promoter sesnces to lie in

the region ofXcri(Figure 3.3.1)/ T A 1T £ OEAOGA DPOiI i1 OA0OOG T EAO vd O1T A
is located within intron 1. There is also an additional enhancer located within intron 1. This
presents a plausible mechanism by which the tramsiption of exon 1 and exon 2 sequences
from Xcrl could be independently regulated. Moreover, the tissue and celpecific nature

of transcriptional regulators have the capacity to explain the observed differences KcrllL
and XcrlSexpression that appearto be more prominent within the CNS. However, it cannot
AA AEOAT O1 OAA OEAO OEA T AOGAOOGAA ET OOIT p OANOAT AA
sequencing ofXcrl pre-mRNA. Therefore, although this method offers the insight that the
most prominent RNA sguences arising from theXcrlgene can arise from the transcription

of intron 1, the reason for this may be due to the method detecting samples of preERNA
and not mRNA only. Whilst the presence of mature mRNA species is suggested to vastly
exceed that ofpre-mRNA (Zeisel et al,, 2011), the source of this result to arise exclusively
from Xcrl mRNA cannot be confirmed. Consequently, although suggested by gPCR and
microarray data, conclusive evidence of an alternativiXcrl mRNA that does not include
exon 1 ha not been obtained. However, evidence to support the current consensusXafrl

MRNA to be derived from exon 1 and exon 2 has been provided.

3.3.5 The two potential Xcrl protein isoforms demonstrate distinct capacities for the
ET OAOAA Qdtréstin x EOE

The corresponding amino acidgequenceo the Xcrl protein has yet to be confirmed. Current
assumptions of this are based on the predicte@pen Reading Frame@RF arising from
XcrlmRNA and has resulted in the prediction of two potential isoforms, refergkto here as

XcrlL and XcrlS. This study provided the first functional comparison of these two isoforms

and aimed to validate the amino acid sequence of Xcrl expressedvivo according to the
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expressing XcrlL, according to the luminescent sigh detected as a consequence of EFC.
Unfortunately, it has not been possible to achieve a luminescent signal that demonstrated a
dose response to the presence of Xcll. However, the consistently higher basal interaction of
[ -arrestin to the XcrlS isoform issuggestive of functional protein expression and higher
turnover of the protein from the cell membrane. Moreover, chemokine receptors are known
to undergo basal levels of receptor internalisation and recycling in the absence of ligand
(Neel et al, 2005) a feature that has been reported more broadly for the GPCR family as a
whole (Seifert and WenzelSeifert, 2002)

4EA AT 1T OANOAT AA Takestd E&@mekiisihighbghtéudpstldies of poth

classical, signalling competent chemokine recepts and ACKRs. It has been previously

OADPT OOAA &I O OEA $o¢ ! # +areshrEmaidairS Eedeptdt staDikyODAAOET T x EC
and prevents receptor degradation following internalisation, but is not necessary for initial

receptor internalisation (Weber et al., 2004). D6 has the closest homology to the CC

chemokine receptors CCRbO AT A OAOOAO O1 OAAOAT CA A@OOAAAI T O A
arrestin is prevented by the mutation or loss of a seringich domain within the C-terminus.

4 EA 1 I-ad&tiniini&agtion does not prevent initial ligand binding and internalisation,

but instead leads to subsequent receptor degradation and inhibition of progressive
scavenging(McCullochet al,, 2008). Hence, for some noitlassical chemokine receptors, the

interaction of this intracellular adaptor protein is instead required for essential functions

that are mediated after receptor internalisation and permit enhanced receptor stability.

The increased stability of receptors afforded by the constitutive interaction & O farreptin

is also suggested for signallinggompetent chemokine receptors. CCR1 has been
demonstrated to perform basal levels of ligandndependent intracellular Gprotein
OECT Al I -Arfegin réctuidment that is associated with constitutive leves of receptor
phosphorylation and receptor internalisation, a characteristic that is not observed for the
homologous CCR2 or CCR5 receptors. Moreover, this basal activity is associated with the
formation of a CCR1 -1 -arrestin complex that remains staby associated following ligand
binding. However, the formation of this complex to occur to individual receptors or
following receptor oligomerisation was unclear. Together, this basal activity of CCR1 was
suggested to contribute to a previously undescribeg¢hemokine scavenging activity of the
receptor. Furthermore, this was a function considered to be reliant upon the constitutive
ET OAOAAOQET T 1 A -abdsth (QlifaddeEad 2008). AlhQuBh this function of
chemokine scavenging appears tbe a relatively new, and potentially unusual, addition to
the repertoire of chemokine function, a function for Xcrl in relation to this cannot be
excluded. In fact, considering the exclusive binding of Xcll to Xcrl, it may not only be

plausible, but alsca necessary function of Xcrl to regulate extracellular Xcll concentrations
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through constitutive receptor activity. Furthermore, the phylogenetic analysis ofXcrl
suggests this receptor to be most closely related to the CC chemokine receptor family
(Nomiyama, Osada and Yoshie, 2011¥XCRI1s also located adjacently to human and mouse
CCR1genes within their respective genomic locations indicative of an evolutionary

conserved function (Chapter 1)

Although such functions remain intriguing, further analysisand investigation is clearly
required to interrogate this potential function of the XcrlS protein. Most notable for this
study however, is the outcome of the PathHunté¥ | -arrestin assay to provide evidence
that the Xcrl1S protein exhibits a greater asso8iO E | T-arreStin than the XcrlL protein.
The implications of this will also require further investigation, but it provides a further
premise to suggest that the produced protein arising fronXcrlis encoded entirely within
exon 2 as previously suggesteflyoshidaet al, 1998; Shinkaiet al,, 2005). The reasons for
OEA AE Odnesiirdctdity petween XcrlL and XcrlS can only be speculated upon,
particularly considering the extensive functions that are associated with the {erminal
domain of chemokne receptors (see section 3.1). Furthermore, sequence analysis and
alignments were unable to identify any functional motifs within the longer amino acid
sequence found at the Nerminal of XcrlL in comparison to XcrlS, suggesting that this
additional sequence does not convey any positive functional characteristics to the Xcrl
protein. However, in correspondence with identifiedXcrl mRNA sequence identified here
and by others(Dorner et al, 2009; Shinkaiet al,, 2005) the translation of Xcrl1L from this

mRNAcannot be excluded.

To progress this work further and provide a more reliable and physiologically relevant
expression system to evaluate the activity of XcrlL and XcrlS proteins, it will be essential
to generate stably expressing cell lines. The evidengeovided here has demonstrated a
AT T OEOOAT O iutedfirefeOlitehtietiebn Xprll and XcrlS proteins when
gPCR analysis confirmed a similar expression of RNA arising from the two plasmid inserts.
However, attempts at reducing insert expressio by antibiotic treatment did introduce
more substantial differences in RNA presence from the 2 inserts. Use of stably expressing
cell lines will permit a more balanced evaluation of protein function that will allow the
assessment of protein function undeexpression levels that more closely resemble thah
vivo. A principal outcome that should be sought to be achieved from this will be to attain a
doseresponse to an appropriate ligand. Despite extensive attempts and the use of 2
recombinant Xcll ligands,and a recombinant human XCL1 ligand (data not shown) a
specific response by the expressed receptor isoforms was not observed in this study. This
will be of utmost importance to provide further certainty as to the identity of the functional

Xcrl protein.

117



Chapter 4: Validation of antibody specificity and reliability
4.1 Introduction

One of the key aims of this project was to identify the localisation and cellular source of
XCR1 protein expression within the CNS by immunohistochemistry. The principal aim was
to first determine Xcrl expression within the murine CNS as this would permit greater
exploration of receptor expression and potential function in various physiological contexts.
The information gleaned from such investigations could then be used to infor the choice

of Human samples for investigation of XCR1 within the Human CNS.

At the beginning of this project, no documented evidence of Xcrl expression within the
murine CNS was available within the literature. Furthermore, no evidence of
immunohistochemical detection of Xcrl expressionin situ, within any tissue type, was
identified within the published literature. The presence of Xcriexpressing cells was instead
limited to the use of methods involving genetic recombination of a reporter protein to the
Xcrllocus (see e.glDorner et al, 2009; Yamazaket al, 2013)). However, in the process of
this investigation, evidence of Xcrl expression within the murine CNS emerged fromtady
performed by Zychowskaet al. In this study, Xcrl presence wasvestigated within the
lumbar spinal cord of a murine model of diabetic neuropathy. Following-flays treatment
of streptozotocin treatment, Xcrl was determined to be ctocalised to the soma of NeuN
positive neurons located throughout the dorsal laminae bthe lumbar spinal cord when
evaluated by immunohistochemistry. In addition, Western blot protein analysis was
performed to provide a quantitative comparison of Xcrl presence within the lumbar spinal
cord of streptozotocintreated mice and untreated mice This demonstrated an increase of
Xcrl protein expression within the protein samples from lumbar spinal cord of
streptozotocin-treated mice. The magnitude of this increase in Xcrl presence was
decreased when administered minocycline vs vehicle (Zychowskat al., 2016). However,
the reliability of this evidence is called in to question, particularly for the detection of Xcrl
by immunohistochemistry, as the antibody used is specified for the detection of Human
XCR1 and not Xcrl. No additional details were pvaded in relation to the validity of this
AT OEAT AUBO OPAAEEZEAEOU O1 8A0Op8 4EA OPAAEEEAEOL
also not characterised and could also not be validated -imouse due to discontinued

production by the manufacturer.

Basedon the paucity of available evidence for the use of any particular antibody to detect
Xcrl, a valid method for the assessment of Xcrl expression in the murine CNS by
immunohistochemistry would first require the validation of an antibody (or antibodies) to
provide a reliable, reproducible and specific detection of Xcrl. An antibody of the same

nature would also be required for the detection of XCR1 within Human tissue.
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There are numerous methods suggested for the validation of antibody specificity. However,
no established standard practice is universally applied. This arises from the unique
requirements from each antibody investigation and the methods by which both the
antibody and sample are prepared. The characterisation detail for antibodies provided by
commercial sources also varies considerably and is often not translatable to the use of the
antibody for the detection of the protein expressed endogenouslyn vitro or in vivo
(Bordeaux et al., 2010). However, a key requirement for the validation of antilody
specificity is the use of samples that have proven expression of the desired protein target.
This is in contrast to some methods of validation that rely on assessing antibody affinity to
the peptide immunogen to which the antibody is raised. These inumogens represent short
peptides that may not accurately reflect the dlimensional conformation of that peptide
amino acid sequence when produced as part of the larger tertiary structure of the target
protein. Moreover, this tertiary structure is also infuenced by the method of sample
preparation. Hence, use of samples that produce the entire target protein provide a
presentation of antibody epitope that can therefore more reliably validate the use of the
antibody for detection of endogenous protein (Bordauxet al.,2010). Such samples can then
be prepared by various methods according to the intended application that the antibody

will be used for the detection of protein in test samples.

The traditional method of establishing a positive antibody control i$0 use a sample of tissue
that is documented to contain the target protein. This method has a major flaw however, in
OEAO EO AT AOTI 860 POI OEAA AT AAAOOAOA 1 AAOOOA
consequence of crosseactivity to competing epitopes. When using biological samples such
as tissue specimens, the presence of such competing epitopes is high. This has typically been
overcome by the use of prancubation controls, for which the antibody is first saturated
with its specific immunogenprior to the application to test samples. Although this provides
effective control for determining antibody binding to epitopes that correspond to the
peptide immunogen, due to the impact of tertiary folding, as discussed above, this does not
necessarilyprove specificity of the antibody to native target protein. Furthermore, blocking

of antibody binding by the immunogen will equally prevent binding of the antibody to both
on- and offtarget epitopes and is not necessary for antibodies that have been affin
purified to the immunogen. Indeed, the insufficient evidence that immunogen pre
incubation provides in relation to antibody specificity has been criticised for validating the

specificity of antibodies to several GPCRMichel, Wieland and Tsujimoto, 209).

A more contemporary method to provide samples with the reliable presence of desired
protein is to transfect nonrexpressing cells with an appropriate vector construct to produce

the protein of interest. Testing of antibody specificity can then be detmined from the
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observed reactivity to transfected cells. In addition, a lack of antibody reactivity to nen
transfected cells of the same cell line provides an intrinsic negative control that gives
additional conformation of antibody specificity by testingfor the presence of norspecific
binding (Bordeauxet al., 2010).

The use of transfected cells also enables an additional mode of validation to support
antibody specificity by adding an N or G terminal molecular tag to the vector protein
coding sequere. Antibody specificity for the application of immunohistochemistry can then
be determined based upon cdocalisation of the test antibody with the antibody used for
detection of the protein tag. Furthermore, preparation of cell lysates from transfectedetls
can also be used to assess antibody specificity to the denatured target protein by western
blot. This method has been used for the evaluation of antibody specificity to GPCRs such as
the cannabinoid-1 receptor (Grimseyet al, 2008) and GPR12(Miyauchi et al,, 2009). Both
studies were able to accurately demonstrate the specificity of certain antibodies to the
target protein based on the corresponding signals obtained from the test antibodies and the
anti-tag antibodies when applied to samples prepa from transfected cells. This was in
addition to demonstrating the lack of nonspecific binding to nontransfected cells.
Moreover, the flexibility by which samples could be prepared from transfected cells and
their corresponding non-transfected controlsenabled the specificity of the antibodies to be

determined for a variety of methods, including immunohistochemistry and western blot.
4.1.1 Aims

The principal aim of this study was to determine the specificity of available antibodies to
Xcrl and XCR1. A vitro assay of antibody binding that would utilise the benefits of
cellular transfection with a plasmid encoding Xcrl or XCR1 with an appropriate molecular
tag was therefore sought. For the validation of antibody specificity to Xcrl, thiis vitro assay
would be used in addition to the use of tissue samples that were expected to provide a
relatively high endogenous expression of Xcrl. The method devised has been demonstrated
to provide a reliable source of target protein that can then be used to validatntibody

specificity by both immunohistochemistry and western blot.
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4.2 Results
4.2.1 Preliminary optimisation of Xcrl detection by immunohistochemistry

Initial tests of antibody specificity were made using spleen tissue from NTg mice. Spleen,
along with thymus and other secondary lymphoid organs, demonstrates a high expression
of Xcrl in mice due to the expression of the receptor by CD8+ dendritic cellsat localise
most prominently in the marginal zones, red pulp and central regions of the spleen (Dorner
et al.,2009).

Preliminary attempts of Xcrl detection within spleen were made using 8158 and LS
C37380. LSA158, although raised against an immunoge arising from XCR1, was used
based on the positive reactivity identified in rat, previously established by colleagues within
our lab (Bird et al., 2018). LSC37380 was used due to the stated reactivity of this antibody
to an immunogen arising from Xcrl. Merefore, despite targeting separate epitopes of
human and mouse XCR1 isoforms (Figug 1), the use of spleen tissue was used in order to
i) identify Xcrl localisation within mouse spleen based on LLE€37380 reactivity and ii)
compare LSA158 reactivity with that identified by LSC37380 and determine LSA158
specificity to Xcrl. Ultimately, identification of Xcrl reactivity within spleen would serve as
an appropriate positive control for subsequent investigations of Xcrl localisation within the
CNS.

Figure 4.2.1 illustrates the reactivity of LSA158 and LSC37380 within mouse spleen. Both
antibodies demonstrate a high amount of DAB reactivity that declined with decreasing
antibody concentration, supporting the notion that the reactivity observed was specifito
the presence of antibody. However, evidence of a consistent staining pattern, either based
on cellular localisation or anatomical region, was not observed suggesting a lack of antibody
specificity to a particular epitope. A lack of antibody specificitpy LSA158 was supported
by the same pattern of staining in sections treated with L-8158 that had been pre
incubated for 24 hours with its respective immunogenic peptide. Moreover, the addition of
rabbit IgG at the same concentration as the antibody reted in high background staining,
further adding to the difficulty of distinguishing any antibody-specific reactivity from that
contributed to by background staining as a result of rabbit IlgG accumulation within the
tissue. Overall, the specificity of L&158 and LSC37380 to Xcrl was not supported by

reactivity observed in spleen.
4.2.2 Invitro assessment of antibody specificity to Xcrl and XCR1 : Hela transfection assay
Due to the difficulties in establishing a reliable positive control using mouse splaedissue,

it was decided to develop arin vitro method of Xcrl and XCR1 overexpression in order to
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Figure 4.2.1. Test reactivity of LSA158 and LSC37380 in mouse spleebS- A158 was applied at concentrations
of 5ug/ml (a), 2.5pug/ml (b), 1.25ug/ml (c) and 0.75pg/ml (d). LSC37380 was applied at concentrations of
5ug/ml (e), 2.5ug/ml (f), 1.25ug/ml (g) and 0.75ug/mli (h). i) 5pg/ml Rabbit IgG; j) LSA158 pre-incubation
control; k) Primary antibody omitted; I) Blank spleen tissue. Scale bar = 100um.
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characterise antibody reactivity to the respective proteins. Transient transfection of HeLa
cells was used to achieve this by transfection with plasmids containing an open reading
frame encoding a @myc tagged human XCR1 protein (XCRtiyc) or a Gmyc tagged mouse
Xcrlprotein (Xcrl-myc) (Figure 2.2. The addition of a myc tag to the proteins would enable
a confirmation of transfection and protein expression. Importantly, double
immunocytochemistry using the test and antCmyc antibodies would enable the
colocalisationof the tested antibodies to cellular regions with a confirmed presence of XCR1

or Xcrl epitope.

4.2.2.1 Amplification and confirmation of RC221929 and MR225478 plasmid sequence
identity

Plasmids encoding XCRinyc (RC221929) and Xcrimyc (MR225748) were amplified,
isolated and characteriseddy restriction digest and DNA sequencings described in section
2.5.6. Isolation of plasmids from a 500ml culture oE.Colitransformants using the Plasmid
Maxi-prep kit (Qiagen) typically resulted in a yield of 0.80.8mg plasmid DNA of high purity
A0 AARAOAOI ETAA AU ODPAAOOI PET OT i AOOEA OAOQET O 1
low contamination by phenolic substances and proteins, respectively.

Preliminary confirmation of plasmid identity and sequence conseation was provided by
restriction endonuclease digest of the plasmids by BamHI and Xhol. Digest of the plasmids
with these enzymes resulted in the production of DNA fragments at the predicted sizes
(RC221929 = 4829%bp + 1051bp ; MR225748 = 4829bp + 1066ppdemonstrating the
presence of plasmids with a conservation of restriction site and fragments corresponding
to the presence of backbone vector plus the respective coding sequence insert (Figure
4.2.2). Definitive evidence of sequence conservation withithe plasmid insert was provided

by DNA sequencing with T7 Fwd and M13 Rev primers (Figuré.2.2, Appendix4.2).
Together this evidence supported the successful amplification of RC221929 and MR225478
plasmids that would provide a valid plasmid stock for trasfection of HeLa cells to express

XCRZXmyc or Xcrl-myc proteins for the evaluation of antibody specificity.

4.2.2.2 Optimisation of transfection conditiorend manual analysis methodsr assessment of

antibody specificity bymmunocytochemistry

Transient transfection of HeLa cells using LipoJ&t transfection reagent was first optimised
with the use of a pCDNAS/FRT/TO GFP plasmid (Gfasmid) (Figure 4.2.3, AE). This
plasmid, like the plasmids encoding XCRtyc and Xcrtmyc, contains a coding sequence
that is under the transcriptional control of a CMV promoter. In addition, the expression of

the GFP protein generates a luminescent signal that provides a more reliable indication of
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Figure 4.2.2. Characterisation of RC221929 and MR225748 plasmid clones following amplification and isolation.
Predicted fragment sizedollowing BamHI + Xhol digest of RC221929 (A) and MR225748 (C). Agarose gel
electrophoresis of RC221929 (B) and MR225748 (D) plasmid clones following isolation by Plasmid Maxi Kit

and BamHI + Xhol digest.
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transfection conditions for cellular expression of plasmid insertA) Cell number andGFP transfection
efficiency of cells transfected with 0.42ng/ ul of pPCDNAS/FRT/TO GFP plasmid. Cell numbers significantly
decrease betveen 0.4ng/ul and 1ng/ul * p =0.0211). B) Semiuantitative evaluation of plasmid insert
expression as determined by GFRawlIntensity/cell and GFP/DAPI RawlIntensity. €E) Images of Heh cells
transfected with 0.4ng/pl (C), 1ng/ul (D) and 2ng/ul (E) pPCDNAS/FRT/TO GFP plasmid. F) Cell number and
transfection efficiency of Hela cells transfected with 0.4ng/pl and 1ng/|i MR225748 plasmid and non
transfected controls, as determined by RawlIntensity values corresponding to detection ofrlyc primary
antibody. G) Semiquantitative evaluation of MR225748 plasmid insert expression as determined by
associated RawIntensity values of @yc primary antibody detection per cell (Gmyc RawlIntensity/Cell) or in
relation to RawlIntensity of DAPI channel (@nyc/DAPI Rawlintensity). HJ) Images of immunocytochemical
detection of Myc expression in: H) Nofiransfected HeLa cells; 1) HeLa cells transfted with 0.4ng/ul
MR225748; J) tleLa cells transfected with 1ng/li MR225478 plasmid. N=3 for all groups. Scale bars = 106u

* p <0.05, ** p<0.01, **p<0.001.
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transfection efficiency than antibody mediated protein detection, as a consequence of the
linear relationship between GFP expression and luminescent signéboboleski, Oaks and
Halford, 2005). Therefore, initial testing of transfection efficiency with the GFplasmid was
performed in order to evaluate the optimum transfection conditions that would pemit the
greatest expression of a plasmid coding sequence under the transcriptional control of a CMV

promoter.

Manual image analysis of images taken from cells transfected with 0.4nd/ 1ng/pl and
2ng/ul GFP plasmid DNA demonstrated a consistent transféan efficiency regardless of
the amount of plasmid used for transfection. However, cell numbers significantly declined
as a consequence of increasing plasmid concentration to 2pd, suggesting that although
the proportion of transfected to total cells renained consistent wih all plasmid amounts, at
2ng/ul this became toxic to the cells either due to the high expression of GFP protein or
because of the higher amount of LipoJet transfection reagent. Cell numbes of wells
treated with 0.4ng/ul and 1ng/ul of plasmid remained consistent indicating a similar
tolerance of the cells to these transfection conditions. GFP expression however, as indicated
by Rawlntensity per cell, was highest in cells transfeet with 1ng/pl plasmid. Overall, this
supported the use 0f0.4 z 1ng/ul plasmid DNA for transfection of HelLa cells, witing/ul
plasmid indicated to generate the optimum transfection conditions according to cell

viability and cell expression of plasmid insert.

Indeed, for HelLa cells transfected witl®.4ng/pl and 1ng/ul MR225748, transfection with
1ng/pul plasmid demonstrated a significantly higher transfection efficiency and -@yc
reactivity per cell (Figure 4.2.3). Although &Il numbers do decrease at 1ng/pof plasmid in
comparison to nontransfected and 0.4g/ul of plasmid (Figure 4.2.3, F), this was not
statistically significant. Furthermore, for the purpose of this assay, the viability of protein
production was paramount for antibody testing.Therefore, 1ng/ul of plasmid was used for
future transfections to evaluate antibody specificity for immunocytochemistry, based on

effective protein production and cell viability.

In support of the use of a more efficient method ofmanual analysis to assess antibody
binding (as detailed in section2.3.2.1) the results displayed in Figure4.2.3 B and G
demonstrate the correspondence in values obtained from analysis based on manual cell
counting and analysis based on DAPI Rawlntensity as a measure of cell presence. Due to the
variation of cell number in eachimage, it is not suitable to simply approximate antibody
binding and specificity based on Rawintensity values of the associated channel from the
entire image. This is because antibody binding is dependent on the presence of the target
protein that is, ofcourse, expressed by cells. In particular, evaluation of antibody binding to

a transmembrane protein such as Xcrl requires expression within a cellular membrane and
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therefore cellular number will directly influence the capacity of antibody binding due totlie

effect of cell number on epitope presence.

Statistical testing identified no significant differences in the normalised changes in@yc
reactivity, determined by quantifying Gmyc Rawintensity per cell or @Gmyc/DAPI
RawIntensity, within the same sample population (Figure 4.2.3, G). Moreover, this
correspondence of the two methods in evaluating-Gyc antibody binding in relation to cell
presence permitted both methods to identify similar statistical differences in @nyc
reactivity between non-transfected HeLa and those transfected with the test plasmid
amounts. In addition, comparison of GFP Rawlntensity per cell to GFP/DAPI RawlIntensity
highlights the strong correlation in these two measurements (Figurd.2.3, A). Overall, this
supports the manual analyss method which calculates the Rawintensity values of the test
antibody channel divided by the Rawintensity values of DAPI (i.e. Antibody/DAPI
Rawintensity) to provide a reliable measure of antibody binding per cellThis measure, in
conjunction with the primary measure of antibody specificity according to @nyc
colocalisation, can therefore be used as a semuantitative evaluation of antibody binding

and used to support the specificity of the tested antibodies.

4.223 Optimisation of transfection conditins and automated analysis methodgor

assessment of antibody specificity Imgmunocytochemistry

In addition to manual image acquisition and analysis, some antibodies were also evaluated
by automated image acquisition and analys as described in section 3.3. The advantage
of this method to the manual analysismethods is that the analysis software is capable of
identifying cells within an image, allowing analysis of antibody reactivity to be performed
on pixel intensity values from regions that correspondspecifically to the total area ofan
image occupied bycells. Thus, this method specifically identifies theellular areato account
for the impact of cellular presence on total availability of epitope presentatiorather than
using DAPI assessmenfeither by counting nuclei or quantifying Rawintensity) as
performed for manual image analysis methods. The automated image acquisition and
analysis thereforerefines the quantification of pixel intensity, corresponding to antibody
binding, to the specific imageregion that contains the cd and its cytoplasm,providing a
more accurate estimation of antibody binding to the specific Xcrl epitopes expressed by

transfected cells.

As performed for 24 well plates used for manual image acquisition and analysis
optimi sation of transfectionconditions within 96 well plates that were used for automated
image acquisition and analysisvas also performed using the GFP and MR225748 plasmids
(Figure 4.2.4). Direct comparison of analysis outcomes using automated and manual

anaysis methods was performed to test the reliability and accuracy of each method to
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Figure 4.2.4. Optimisation of transfection conditions for LipoJ&ttransfection reagent in 96 well platedr
automated analysisEvaluation of transfection efficiency and effect on cell viability following transfection with
GFP (AC) and MR225748 (BF) plasmids. A) Quantification of cell viability when transfected with 0.5ng/ul,
1ng/ul and 2ng/ul of GFRPlasmid. No statistical difference in cell numbers between cells treated with 1ng/ul
or 2ng/ul was observed. **, p < 0.01; ***, p < 0.001 B) Comparison of manual (GFP/DAPI RawlIntensity) and
automated (GFP Rawintensity/Cell) analysis to evaluate optimum transfeicin conditions for GFRplasmid.. D)
Viability of non-transfected cells and cells transfected with 0.5ng/ul, 1ng/ul and 2ng/ul. No significant
differences were observed between cell numbers transfected with 1ng/ul and 2ng/ul. E) Comparison of signal
ratios obtained by manual (Gmyc/DAPI RawIntensity) and automated (Mean €nyc intensity/cell) analysis of
cells transfected with 0.5ng/ul, 1ng/ul and 2ng/ul of MR225748 in comparison to nortransfected cells. F)
Representative images acquired by Opera Phenix Higtontent Screening System of HelLa cells naoransfected

(a) or transfected with MR225748 plasmid at 0.5ng/ul (b), 1ng/ul (c) and 2ng/ul (d). N=3 for all quantitative
comparisons (#, N=1). *, p<0.05; **, p<0.01; ***, p<0.001. Error bars = +SD.
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quantify antibody binding (Figure 4.2.4, B and D).In particular, comparison to the
automated analysis outcomes was done to support the validity of the manual analysis
method for the assessment of antibody binding, which has been used to assess the

specificity of some antibodies (see later sections).

To determine the optimum concentration of plasmid to use for transfection, GFP anen@/c
reactivity were assessed following transfection with 0.5ng/ul, 1ng/ul and 2ng/ul.Despite
GFP reactivity demonstrating a clearricrease in reactivity percell using transfection at
2ng/pl in comparison to 1ng/ul (Figure 4.2.4, B) Gmyc reactivity demonstrated no
significant difference between these two conditions (Figuret.2.4, E).Moreover, there was
no impact on cell viability by increasing the concentration of either plasmid from 1ng/ul to
2ng/ul (Figure 4.2.4, A and D) Therefore the transfection of cells using 1ng/pwas used for

future transfection protocolsin 96 well plates.

Comparison of manual and automated analysis mebds to quantify antibody reactivity,
demonstrated a strong correlation in the outcomes for both methods. Evaluations of GFP
expression in relation to cell number supported both GFP RawIntensity/cell (Automated)
and GFP/DAPI Rawlintensity (Manual) to idetify similar relative quantification of GFP
expression and similar statistical differences in GFP expression between the transfection
conditions (Figure 4.2.4, B). Similarly, automated and manual image analysis methods were
able to identify almost identicd quantitative and statistical changes of @nyc reactivity
between nontransfected cells and cells transfected with MR225748 at 0.5ng/ul, 1ng/ul and
2ng/ul (Figure 4.2.4, E). Together, this supported both manual and automated image
analysis methods to eféctively evaluate antibody binding to transfected cells evaluated by

immunocytochemistry.
4.2.2.4Confirmation of desired protein expression by Western Blot

To confirm that the Gmyc reactivity observed by immunocytochemistry represented the
detection of aGmyc tagged protein of the expected size and hence to support the valid
expression of Xcrl or XCR1, protein content from the cell lysate extracted from transfected
and nontransfected HelLa was evaluated by western blot (Figur€.2.5). Initial efforts using
cell lysate from cells transfected with MR225748 suggested the presence of a particularly
large protein. Subsequent efforts utilised a transfection control with a plasmid encoding a
myc-taggedTAR DNA Bindingprotein 43-kDa (TDR43-myc) to confirm that the developed
method was suitable for the detection and separation of protein by SEFAGE. Indeed, the
43-kDa protein was observed following @myc detection by western blot (Figure4.2.5, B,C).
However, despite detection of TDRI3-myc validating the protol, detection of Xcrimyc
remained in a region far higher than the expected ~42kDa size. This suggested that the

protein produced from MR225748 plasmid was aggregating as a consequence of protein
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Figure 4.2.5. Gmyc detection of protein from HeLa cell lysate by Western Blaitial attempts to detect a single
band correspondingto Xcrl-myc within the lysate of HelLa cells transfected with MR225748 presented a band
at a much higher molecular weight than the predicted 39.4 kDA (A and B). This band of higher molecular weight
was not a result of a failed western blot protocol as demmstrated by the successful identification of TDRI3-
myc within the lysate of HelLa cells overexpressing this protein (B). Excluding sample heating to 95°C from
western blot protocol resulted in the identification of Gmyc reactivity within the appropriate size range
expected of Xcrimyc (C, D) and XCRinyc (D) within lysate of HelLa cells transfected with MR225748 or
RC221929.

130



denaturation. Confirmation of emyc detection of a protein within an appropriate size range
of the predicted molecular weight was ahieved by the use of a cell lysate preparation that
did not include heating to 95°C prior to loading of the sample. Use of this protocol was also
used to confirm the molecular size of XCRthyc produced from the RC221929 plasmid
(Figure 4.2.5, D).

The predcted molecular weights of Xcritmyc and XCRAnyc are 42.6kDa and 42.0 kDa,
respectively. The detection of these proteins by western blot (Figurd.2.5, C, D) with the
anti-Gmyc antibody demonstrates the presence of proteins that, according to the molecula
weight standards, is of a much smaller size than anticipated. This is further highlighted by
the discrepancy in size between Xcrimyc and TDP43-myc which has a molecular weight
of 44kDa (Figure4.2.5, C). However, the anomalous migration of transmembrarproteins
has been well documented in the literature, with a recently proposed correction factor for
a more accurate quantification of molecular weight based on the relative molecular mass
identified following SDSPAGE(Rath and Deber, 2013) Following the application of the
correction factor proposed for sample proteins migrating faster than the predicted
molecular weight (Rath and Deber,2013), the estimated molecular weight of proteins
identified by Gmyc reactivity was: Xcrkmyc 41.7kDa and 43.6kDa (lgure 4.2.5, C and D);
XCRImyc 42.9kDa (Figure4.2.5 D). Taking this correction in to consideration provides an

estimated molecular weight that much more closely resembles the predicted values.

In summary, Gmyc detection of protein within the lysate of HeLa cells transfected with
MR225748 and RC221929 supports the production of proteins with the molecular
characteristics that are consistent with the production of Xcrimyc and XCRimyc,
respectively. The overexpression of Xcrimyc and XCRAmyc by HeLa willtherefore provide
a reliable production of appropriate epitope for testing antibody specificity against the

respective Mouse and Human XCR1 homologues.
4.2.3 Evaluation of antibody specificity to Mouse Xcrl by immunocytochemistry

Using the optimised metha for transfection and analysis of Xcrimyc expression by
immunocytochemistry (section 4.2.2.2), the HelLa transfection assay was next used to
evaluate the specificity of LSA158, LSC37380, Ab188896, cA#Xcrl and HPA013169 to
Xcrl-myc. Confirmation of antbody specificity using this method was used as a pre
requisite to validate the detection of Mouse Xcrl expressed endogenously within tissue

samples.
4.2.3.1 Evaluation of L& 158 specificity to Mouse Xcrl by immunocytochemistry

LSA158 reactivity to HeLa ells expressing Xcrimyc was tested across a rege of

concentrations between 5pg/ml and 1.25g/ml according to the recommended working
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concentration supplied by the manufacturer (Figure 4.2.6). LSA158 reactivity
demonstrated diffuse staining across all dés regardless of the antibody concentration used
and this reactivity pattern was maintained between transfected and noitransfected cells.
Semiquantitative evaluation of antibody binding was made based on the raw intensity
values obtained from the RGB @amnnel corresponding to the fluorescent secondary antibody
used for detection of LSA158. At the highest concentration of L#158 tested (5u9/ml)
antibody reactivity was indicated to decline in HelLa cells expressing Xcrhyc, with no
significant changes in antibody reactivity observed between transfected and non
transfected cells at lower antibody concentrations. Qualitative examination of E&£158
colocalisation with Gmyc was failed to be consistently observed, with the small amounts

that were identified deemed to be a result of the diffuse background staining of all cells.

In an attempt to provide greater exposure of Xcrl antigen for antibody binding, cells
underwent HIER treatment (Figure4.2.7). LSA158 testing at 5.9/ml was excluded based
on the high ba&ground reactivity observed in nontransfected cells above. Despite HIER
treatment, LSA158 reactivity remained diffuse, as seen for cells left untreated prior to the
addition of primary antibody (see above) and again this reactivity pattern was consistén
between transfected and nortransfected cells. Semguantitative evaluation also failed to
identify any changes in antibody reactivity against HeLa cells expressing Xemniyc in
comparison to nontransfected cells. Furthermore, no specific colocalisatioof LSA158
reactivity with C-myc was observed. Overall, this data suggested that-lA358 does not

demonstrate specific binding to Mouse Xcr1.

4.2.3.2 Evaluation of L£37380 specificity to Mouse Xcrl by immunocytochemistry

LS C37380 was teged atconcentrations between 5ug/ml and 20jg/ml as recommended by
the manufacturer. Initial testing was performed without antigen retrieval (Figure4.2.8) and
demonstrated a diffuse cellular signal that was consistent for all cells, regardless of Xerl
myc expression, as demonstrated by @nyc reactivity, in transfected cells. This staining
pattern was observed for all concentrations used and therefore clear colocalisation of LS
C37380 with Gmyc was not evident above the background reactivity demonstrated for call
transfected with MR225748. Semiquantitative evaluation of antibody binding supported a
clear increase in @myc reactivity within transfected cells, confirming the qualitative
evaluation of Xcrtmyc expression. Despite this, comparisons in ES37380 readivity were
inconsistent z at the highest concentration tested (20g/ml), a statistically significant
decrease in LSC3780/DAPI Rawintensity was observed. L&37380/DAPI reactivity
remained almost identicd between cells treated with 10pg/ml, whilst antibo dy binding was

suggested to increase in cells treated withig/ml, but did not reach statistical significance.
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Figure 4.2.6. Test of LSA158 specificity to HelLa cells expressing Xongc by immunocytochemistryA)
Representative images of HelLa cells either transfected with MR225748 or naransfected controls following
double immunocytochemistry with LSA158 (red) and antrGmyc (green). a-d = LSA158 5ug/ml non-
transfected; eh = LSA158 5ug/ml transfected. Scale bars =100um. B) Semuantitative evaluation of LS
A158/DAPI reactivity demonstrates no change in antibody binding to transfected cells regardless of 2358
concentration. A significant reduction in LSA158/DAPI reactivity is observed for transfected cells treated with
5pug/ml LS-A158 in comparison to nontransfected cells (***, p < 0.001). N=3 for all groups. C)8yc/DAPI
Rawintensity demonstrates a significant increas (***, p < 0.001) in cells transfected with MR225748,

supporting viable expression of Xcrimyc. N = 9 for both groups. Error Bars = +SD.
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Figure 4.2.7. Evaluation of LSA158 specificity to Xcrdnyc by immunocytochemistryfollowing HIER A)
Representative images of HelLa celksither transfected with MR225748 or nontransfected controls following
double immunocytochemistry with LSA158 (red) and anttGmyc (green). a-d = LSA158 2.5ug/ml non-
transfected; eh = LSA158 2.5ug/ml transfected. Scale bars =100um. B) Semguantitative evaluation of LS
A158/DAPI reactivity demonstrates no effect of Xcrimyc expression within HeLa cells on L&158 binding in
comparison to nontransfected cells (N=3 for all groups). C) Sentjuantitative evaluation of Gmyc/DAPI
reactivity demonstrates a sgnificant increase in Gmyc reactivity in cells transfected with MR225748 (***, p
<0.001) supporting the valid expression of the Xcrdmyc protein in transfected cells. N=9 for both groups. Error
Bars = +SD.
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In tandem with the lack of colocalisation to €@nyc, this evidence did not support the
specificity of LSC37380 to Xcrl.

Further attempts via the use of antigen retrieval (Figuret.2.9) also failed to improve the
specificity by which LSC37380 appeared to bind to cells; regivity was again diffuse in all
cells whether they were transfected or not. Colocalisation of E637380 with Gmyc was
also absent, with LSC37380 reactivity again failing to demonstrate a reactivity higher than
background in cells expressing Xcrinyc. This lack of increased reactivity in transfected
cells, as observed by qualitative inspection, was supported by semiiantitative evaluation
failing to demonstrate any significant increases in LE&3730/DAPI reactivity in cells
expressing Xcrtmyc in comparison to nontransfected cells, despite the clear evidence of
Xcrl-myc expression as evidenced by sengjuantitative evaluation of Gmyc/DAPI
Rawlntensity (Figure4.2.9, B and C).

Overall, despite LSC37380 being raised to an immunogen corresponding to a pege that
is specific to mouse Xcrl, the lack of specific colocalisation withrtyc and a lack of clear
semi-quantitative increase in antibody binding does not support the specificity of LS
C37380 to Xcrl.

4.2.3.3Evaluation of Abcam 188896 specificity toddseXcrl

Although raised to an immunogen with a peptide sequence that corresponds to the Human
XCR1 protein, Abcam 188896 has been previously used to support the presence of Xcrl in
the mouse spinal cord by Zychowskat al.,2016. In an attempt to validde the use of this
antibody for further characterisation of Xcrl in the Mouse CNS, Abcam188896 was tested
by single immunocytochemistry against HelLa cells expressing Xertyc (Figure 4.2.10).
The signal obtained from this antibody was very low in both trasfected and non
transfected cells, with fluorescent reactivity specific to the antibody difficult to obseve
above background at both 10ug/ml and 2.5g/ml. C-myc reactivity observed by
independent immunocytochemistry, but from the same transfection procede,
demonstrated the clear presence of Xcrinyc in transfected cells. In addition to qualitative
evidence demonstrating a lack of reactivity by Abcam188896, semjuantitative evaluation
also demonstrated no significant differences in Abcam188896/DAPI reaigity between
cells expressing Xcrimyc and nontransfected cells. Due to the extremely low reactivity
observed, further characterisation of Abcam 188896 was instead based upon testing against
Human XCR1 (see sectio.2.4.9. Although further characterisdion is needed, this

evidence suggests that Abcam188896 does not exhibit specific reactivity to Mouse Xcrl.
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Figure 4.2.8. Evaluation of LSC37380 reactivity to Xcrdmyc by immunocytochemistrnA) Representative images
of HelLa cells either transfected with MR225748 or noitransfected controls following double
immunocytochemistry with LS-C37380 (red) and anttCGmyc (green). a-d = LSC37380 2Qug/ml non-
transfected; eh = LSC37380 2Qug/ml transfected. Scale lars =100pm. C) Semiguantitative evaluation of LS
C37380 binding to cells expressing Xcrinyc and nontransfected cells. Astatistically significant reduction in
LS C37380/DAPI Rawlintensity was observed at cells treated with 2@y/ml (***, p=0.004) of LSC37380 in
comparison to nontransfected cells. Data is normalised to notransfected mean. N=3 for all groups. D) Semi
quantitative evaluation of Gmyc/DAPI reactivity demonstrates a significant increase in @nyc reactivity in cells
transfected with MR225748 (***, p <0.001) supporting the valid expression of the Xcrfnyc protein in

transfected cells. N=9 for both groups. ErroBars = +SD.
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Figure 4.2.9. Evaluation of LSC37380 bhinding to Xcrinyc by immunocytochemistry following HIERY)
Representative images of HelLa cells either transfected with MR225748 or naransfected controls following
double immunocytochemistry with LSC37380 (red) and anttG-myc (green). a-d = LSC37380 20ug/ml nor-
transfected; eh = LSC37380 20ug/ml transfected. Scale bars =100um. B) Sempiantitative evaluation of LS
C37380 binding to cells expressing Xcrinyc and nontransfected cells. A statistically significant reduction in
LS C37380/DAPI Rawlintensity was observed for cells treated with 20pug/ml and 5pg/ml of L&37380 in
comparison to nontransfected cells. Data is normalised to notransfected mean. N=3 for all groups. C) Semi
quantitative evaluation of Gmyc binding to celk expressing Xcrimyc and nontransfected cells demonstrates
a large and significant increase of @Gyc/DAPI reactivity as a consequence of transfection and supports the
qualitative evaluation of Gmyc presence to confirm the high expression of Xcrhyc. Dda is normalised to non

transfected mean. N = 9 per group; ***, p < 0.001. Error Bars = £SD.
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Figure 4.2.10. Evaluation of Abcam188896 specificity toXcrl by immunocytochemistry. A)
Immunocytochemistry performed with Abcam188896 or anttGmyc againstNon-Transfected HelLa cells (&)

or HelLa cells transfected with MR225748 () (DAPI signal not shown due to loss of data). B) Semuantitative
evaluation of Abcam188896 antibody binding as calculated by Abcam188896/DAPI Rawlntensity. N=3 per
group. C) Sei-quantitative evaluation of Gmyc/DAPI RawlIntensity demonstrates a significant increase of-C
myc binding in cells transfected with MR225748 and supports the qualitative evaluation of-@yc presence to

confirm the high expression of Xcrimyc. N = 6 per goup; *, p < 0.05. Error Bars = £SD.
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4.2.34 Evaluation of cAbXcrl specificity to Mous¥crl

To overcome the lack of available antibodies that demonstrated specificity to Mouse Xcrl, a
custom designed polyclonal antibody (cAkbXcrl) was produced using al9 amino acid
peptide derived from the 3¢ intracellular loop of Mouse Xcrl (Figure 2.1 This antibody
was prepared by affinity-purification to the peptide immunogen and tested by ELISA for
specificity alongside total serum and purification column flowthrough (Ft), collected
following affinity -purification (Figure 4.2.11). The purified antibody that was received from
the manufacturer and used for testing by immunocytochemistry demonstrated a sigmoidal
binding curve to the immunogenic peptide, with bindingevident over 3 logoe concentrations
from a 1:100 dilution to a 1:100000 dilution. A similar sigmoidal binding to that of the
purified antibody was also observed following application of total serunfFigure 4.211, A).
Binding of Ft also demonstrated a sigoidal response, with statistical testing demonstrating
significantly less binding to the peptide, in comparison to purified antibody, at all dilutions
apart from 1:72900 and 1:218700 (Figure 4.211, B). This binding characteristic of Ft
suggests the presace of a significant amount of low affinity antibodies within the serum
that are able to bind the immunogenic peptide. However, in support of a higher specificity
than Ft to the immunogenic peptide, the purified antibody demonstrates a much lower
binding affinity to the carrier protein than that demonstrated for total serum and column
flow through, although there is some residual binding at higher concentrations of the
purified antibody. Together, the results obtained by ELISA to the immunogenic peptide
suggest that the purified antibody does exhibit specificity for the peptide, but that this
specificity may not be a result of the immunisation producing antigeispecific antibody.
Rather, the immunogenic peptide appears to bind multiple antibodies containedithin the
serum and the purified antibody provided by the manufacturer simply reflects an enriched

population of antibodies with a higher relative affinity.

In order to examine the potential use of cAtXcrl for the detection of Mouse Xcrl by
immunohistochemistry, this antibody was then tested by immunocytochemistryat
10pg/ml, 5pg/ml and 2.5pg/ml against cells expressing Xcrdmyc and their nonttransfected
controls. In addition to manual anaysis using ImageJ (Section 2.3.2.Figure 4.2.12), the
evaluation of cAb-Xcrl reactivity to cells transfected with MR225748 and nosiransfected
cells was also evaluated by automated image capture and anas/as described in Section
2.3.3 (Figure 4.2.13). As observed for the previous antibodies, cA¥crl demonstrated a
diffuse signalling pattern that was observed in all cells of the culture, irrespective of the
expression of Xcrtmyc that was confirmed by qualitative and semguantitative evaluation

of Gmyc binding by both manual and automated analysehis diffuse staning pattern was
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(5 - Purified Antibody
3: 2000 (Peptide)
;’ -®- Serum (Carrier)
o 1000 -m- Column Flow Through
(Carrier)
o . k- Purlflled Antibody
10 100 1000 10000 1000001000000 (Carrier)
Dilution (x-fold)
B
Mean OD 492nm Statistical comparison (vs PA)
Dilution PA Serum Ft Serum Ft
1:100 3527 3308 3122 -219, *x* -405, ***
1:300 3442 3247 2833 -195,*** -609, ***
1:900 2857 2820 2290 -36, ns -567, ***
1:2700 1777 1660 1238 -117, ** -538, ***
1:8100 840 821 556 -19, ns -284, *xx
1:24300 397 393 260 -4, ns -137, **
1:72900 231 226 160 -5, ns -71, ns
1:218700 180 164 124 -16, ns -56, ns

Figure 4.2.11. Characterisation of cAXcrl binding to immunogenic peptide by ELISA) Colorimetric
measurements obtained following assessment of binding to immunogen by Indirect Enzyrhénked
ImmunoSorbant Assay (ELISA). Total serum (black), purified antibody (red) ancblumn flow through (grey)
were tested for binding to the immunogen designed for the production of cAMcrl (peptide, solid line) and the
carrier protein used for host immunisation (carrier, dashed line). Error bars = £SD. B) Numerical and statistical
comparison of semiquantitative assessment of binding to immunogenic peptide, according to optical density at
492nm, between purified antibody (PA), Serum and purification column flovthrough (Ft). Data was compared

by Two-Way ANOVA withpostE T A $ OT 1ltibl®@dparisbndtest. *** p < 0.001; ** p < 0.01; *, p < 0.05.
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Figure 4.2.12. Evaluation of cAbXcr1 reactivity toXcrl-myc by immunocytochemistryA) Representative images
of HelLa cells either transfected with MR225748 or noitransfected controls following double
immunocytochemistry with cAb-Xcrl (red) and antrGmyc (green).a-d = cAbXcrl 10pg/ml non-transfected; e

h = cAbXcrl 10pg/ml transfected. Scale bars =100um. B) Semiuantitative evaluation of cAbXcrl binding to
cells expressing Xcrimyc and nontransfected cells. cAbXcrl/DAPI Rawlintensity demonstrates a consistent
level of signal in cells regardless of Xcrinyc presence. N = 3 for each group. C) Sequiantitative evaluation of
CG-myc binding to cells expressing Xcrimyc and nontransfected cells demonstrées a large and significant
increase of Gmyc/DAPI reactivity as a consequence of transfection. This supports the qualitative evaluation of
CG-myc presence demonstrating the high expression of Xcithyc. N = 9 for each group; ***, p < 0.001. Error bars

=+SD
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Figure 4.2.13. Evaluation of cAbXcrl binding to Xcrimyc by immunocytochemistry using automated image
analysis A) Representative images acquired by Opera Phenix following single immunocytochemistrging anti-
Gmyc (b, d) and cAbXcrl (a, c) antibodies with nontransfected cells or cells transfected with MR225748
(Transfected) and visualised by the application of a Cy8onjugated secondary antibody. The display range of
each image has been standarsiéd between nontransfected and transfected samples for each antibody
condition to allow qualitative evaluation of antibody binding. No difference in cAfXcrl reactivity was observed
as a consequence of transfectiowith MR225748. Scale bars = 100m. B) Semiquantitative evaluation of cAb
Xcrl antibody binding at all concentrations tested, according to mean Cy3 Intensity per cell, demonstrates no
significant difference between cells transfected with MR225748 and their respective nemansfected controls.
N=3 per group C) @nyc binding significantly increases as a consequence of transfection in comparison to ron

transfected cells (**, mean difference = 5.203; p = 0.008). N=9 per group; **, p<0.01. Error bars = £SD.
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Figure 4.2.14. Evaluation of cAbXcrl specificity to Mous&crl by immunocytochemistry following HIERR)
Double immunocytochemistry following HIER of HelLa cells transfected with MR225748 and ndransfected
controls with cAb-Xcrl (red) and ant-Gmyc (green) primary antibodies. ad = cAbXcrl 5Sug/ml non-
transfected; eh cAb-Xcrl Sug/ml transfected; Scale bars = 100m B) Semiquantitative evaluation of cAbXcrl
binding to transfected cells expressing Xcrinyc and nontransfected cells. cAbXcrl/DAPI Rawintensity
demonstrates a significant decrease in transfected cells in comparison to noransfected cells. N=3 per group;
*, p<0.05. C) Sermnjuantitative evaluation of Gmyc binding to cells expressing Xcrinyc and nontransfected
cells demonstrates a large and significant increase ofr@yc/DAPI reactivity as a consequence of transfection
and supports the qualitative evaluation of @nyc presence demonstrating the high expression of Xcihyc. N=3

per group; **, p<0.001. Error bars = +SD.
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evident at all concentrations used. Moreover, no distinct changes in mean cell Cy3 Intensity
was observed between cells treated with cAfXcrl and cells which weretreated with
secondary antibodies only. Overall, thisuggests the antibody to be nospecific to Mouse

Xcrl and to show little, if any, norspecific binding that was not influenced by antibody titer.

The use of HIER prior to immunocytochemistry (Figuret.2.14) failed to improve anibody
binding when appliedat 5ug/ml, with antibody reactivity demonstrating a similarly diffuse
pattern to that obtained without HIER. Furthermore, no clear colocalisation between the
signal obtained from cAbXcrl and Gmyc could be identified that was consistently above

the background staining observed for all cells.

In summary, cAbXcrl was developed with the aim of providing an antibody that would
specifically recognise Mouse Xcrl based on specific binding to the Btracellular loop of
the protein. However, despite showing obvious binding and specificity to the immunogenic
peptide, cAbXcrl was unable to demonstrate binding and reactivity to Xcrl by
immunocytochemistry when overexpressed by cellsn vitro. Overall, this evidence was
unable to support the use of cAXcrl for the specific binding and localisation of Xcrl by

immunohistochemistry.
4.2.4 Evaluation of antibody specificity to Human XCR1 by immunocytochemistry

It was next sought to evaluate antibody spedifity to Human XCR1 by utilising the optimised
HelLa transfection assay to overexpress XCRiyc. As for the testing of antibody specificity
to Mouse Xcrl, this assessment aimed to confirm antibody specificity to support their use
for the detection of endog@ous XCR1 expression by immunohistochemistry in the Human
CNS.

4.2.4.1 Evaluation of Atlas HPA013169 specificity to Hum$@R1

Evaluation of Atlas HPA013169 to Human XCR1 was performed using both manual (Figure
4.2.15) and automated (Figure 4.2.16) analyss. Initial testing utlised single
immunocytochemistry with HPA013169 over a range of concentrations to establish
antibody reactivity in non-transfected cells and cells expressing XCRiyc. As established
with testing against Mouse XCR1, an@-myc reactivity provided clear evidence of
transfected cells expressing XCRfhyc as demonstrated by both qualitative (Figuret.2.15,
A (d vs i)) and semiquantitative evaluation of normalised Cmyc/DAPI Rawlintensity
(Figure 4.2.15, D). HPA013169 also demonstrated asar and significant increase in binding
to cells transfected with RC221929 in comparison to nofransfected cells (Figure4.2.15, A
(a-c vs th)). This was supported by semiuantitative evaluation of antibody binding
demonstrating a statistically signifiant increase in HPA013169/DAPI Rawintensity in

comparison to nontransfected cells for all antibody concentrations tested. Normalised to
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their respective nontransfected controls, HPA013169 binding increased by 29.86x, 85.07x
and 15.47x in cells transfectd with RC221929 and treated with 1ug/ml, 2.5ug/ml or
4ug/ml of antibody, respectively (Figure 4.2.15, B). This lack of consistency in relative
amounts of antibody binding when normalised to their respective notiransfected controls
suggests a poor relatioship between antibody concentration and specific epitope binding.
However, absolute values of HPAO013169/DAPI Rawintensity demonstrate a dose
dependent increase in antibody binding (Figure4.2.15, C). This supports the specificity of
the antibody and indicaes that the variation in normalised results is a consequence of
variability between corresponding nontransfected values that were used for
normalisation. Indeed, for nontransfected cells treated with 4jg/ml HPA013169, the mean
HPAO013169/DAPI Rawlntensity was ~10x higher than that for cells treated with 1ug/ml or
2.5ug/ml. This therefore reduced the relative magnitude of increase in HPA013169/DAPI
Rawlntensity in transfected cells treated with 4jg/ml HPA013169. Overall, this supported
the use of HPAQ3169 at a concentration of 2.5g/ml for further investigations as this
provided a signal with a greater distinction to baciground than that observed for 1jg/ml,

but did not suffer from the apparent increase in background reactivity obsenakat 4pg/ml.

Further to semi-quantitative evaluation demonstrating the increase of HPA013169 binding
to cells expressing XCRinyc, double immunocytochemistry provided a clear indication of
HPAO013169 specificity to XCRInyc. Figure 4.2.15, E illustrates the colocalisation of
HPA013169 and anttGmyc, providing strong evidence of the specificity of HPA013169 to
Human XCR1.

The evidence of HPA013169 specificity to Human XCR1 provided by manual image analysis
was further supported by automated analysis (Figuret.2.16). Images obtaned following
double immunocytochemistry of cells transfected with RC221929 and netransfected cells
(Figure 4.2.16, A) using antiGCmyc and HPA013169, demonstrate the increased presence
of HPA013169 binding to transfected cells. This binding of HPAO1316calises, in
particular, to peri-nuclear regions of the cell cytoplasm. There is a small but notable
presence of HPA013169 binding in nottransfected cells also. @nyc binding clearly
illustrates the expression of XCRInyc by cells successfully transfeed with the RC221929.
The clearest evidence of HPA013169 specificity to XCRdiyc is provided by the observed
colocalisation of HPA013169 signal to that of the amG-myc antibody. This colocalisation is
consistent to all cells identified to have XCRfnyc expression by anttGmyc binding and
demonstrates the localisation of HPA013169 binding to XCRyc.

Semiquantitative analysis supports the successful transfection, XCRiyc expression and
HPAO013169 specificity to XCR1. Quantitation ofd@yc binding (Figure 4.2.16, B) supported

the qualitative evidence of transfection efficiency and determined a mean increase of 4.4x
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of anti-G-myc binding per cell following transfection with RC221929 in comparison to non

transfected cells. Semguantitative analysis also sipported the qualitative demonstration

of increased HPA013169 binding to transfected cells (Figur4.2.16, C), with a 3.1x mean
increase of Cy3 intensity per cell, for cells transfected with RC221929 in comparison to ron
transfected cells. Moreover, thisricrease in HPA013169 binding is resilient to the presence
of the anti-Gmyc antibody and demonstrates almost identical increases in binding to
transfected cells expressing XCRfhyc when used in isolation or as part of a double

immunocytochemical protocol (mages of single immunocytochemistry not shown).

As an additional mode of analysis to support the specificity of HPA013169 to XCRy/c, the
intensity of signal corresponding to HPA013169 binding within regions of the test image
demonstrating the highest ati-Cmyc binding was performed. In cell populations used for
transfection with RC221929, the intensity of signal arising from antiCmyc binding
provided a clear distinction between cells that were or were not successfully transfected.
Therefore, selection of image regions displaying the highest FITC intensity would identify
regions of the image corresponding to transfected cells with the highest XCRiyc
expression. The same method was also applied to ndransfected cells, but rather than
identify regions of XCRAmyc expression this method would simply identify the regions that
displayed the highest amount of background amC-myc binding. As displayed in Figure
4.2.16, D, HPA013169 signal intensity within regions of highest an@-myc binding was
significantly higher in transfected cells, demonstrating a 108% increase in signal intensity

in comparison to the corresponding image regions identified in nottransfected cells.

Together, the evidence provided by manual and automated image analysis provides eacl
validation of Atlas HPA013169 specificity to Human XCR1. This evidence is most clearly
appreciated by qualitative inspection of HPA013169 colocalisation to anrtt-myc reactivity,

but is further supported by semiquantitative analysis that demonstratesa measurable
increase of HPA013169 binding to cells expressing XCRiyc that is of a large and

statistically reliable magnitude in comparison to nontransfected controls.
4.2.4.2 Evaluation of Abcam 188896 specificity to HUméGR1

The specificity of Abcan 188896 was tested against Human XCR1 using both manual (Figure
4.2.17) and automated (Figure 4.2.18) image acquisition and analysis following
immunocytochemistry with 5pg/ml Abcam188896 using nontransfected HeLa and HelLa
transfected with RC221929.

Manual image acquisition and analysis of Abcam 188896 binding was performed using

samples that were prepared using a standard immunocytochemistry protocol (Figure
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Figure 4.2.15. Evaluation of Atlas HPA013169 specificity to XCR1 by immunocytochemisifryTest of Atlas
HPA013169 (Red) specificity to Nortransfected Hela cells (&) and HelLa cells expressing XCRiyc (f-j). Anti-
C-myc reactivity (Green, d vs i) wasised to confirm expression of XCRinyc in transfected cells. Scale bars =
100pm. B) Semiquantitative comparison of HPA013169 binding (normalised to nortransfected values) in
transfected and nontransfected cells demonstrate a large and significant incese in antibody binding in cells
expressing XCRAnyc in comparison to nontransfected cells. C) HPA013169 demonstrates a doskependent
increase in antibody/DAPI Rawintensity values in cells transfected with RC221929. D) Semuantitative
evaluation of Gmyc/DAPI Rawlintensity (normalised to Nontransfected values) supports qualitative evidence
(A, d vs i) of XCRAnyc expression in transfected cells. E) Double immunohistochemistry using afimyc
(Green, b) and Atlas HPA013169 (2.5¢/ml, Red, c) of HelLa céd transfected with RC221929 demonstrates clear
colocalisation of the two antibodies (d) at a highemagnification. Scale bars = 50m. Error bars = + SD. N=3 per
group; *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 4.2.16. Evaluation of HPA013169 specificity tXCRXmyc by immunocytochemistry using automated
image analysisA) Images acquired by Opera Phenix following double immunocytochemistry with HPA013169
(2.5pg/ml) and G-myc. Antibodies were tested against nottransfected cells (ad) and cells transfected with
RC22129 (e-h). Secondary only controls of nosiransfected (i) and transfected (j) cells. In comparison to non
transfected cells (d), colocalisation of signals from -@iyc and HPA013169 antibodies is clearly evident
throughout cytoplasm of successfully transfe@d cells (h). Scale bars = 100um. B) Semuiantitative evaluation

of fluorescent signal corresponding to detection of amC-myc supports transfection efficiency and identifies a
consistent and significant increase in @€nyc binding to transfected cells incomparison to nontransfected cells.
N=6 per group;**, p < 0.01. C) Senguantitative evaluation of Cy3 signal corresponding to detection of
HPA013169 demonstrates a consistent and significant increase in HPA013169 binding to transfected cells in
comparison to non-transfected cells. The magnitude of this difference remains consistent during both single
(HPA013169) and double (AntiGmyc + HPA013169) immunocytochemical procedures. N=3 per group; **,
p<0.01. D) HPA013169 binding in regions of highest-@yc binding. Signal intensity arising from HPA013169
within regions of highest Gmyc binding demonstrates a mean increase of 108% in cells transfected with

RC221929 in comparison to nortransfected cells. N=3 per group; **, p<0.01. Error bars = +SD.
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4.2.17, AQ and immunocytochemistry protocols that included HIER (Figuret.2.17, DF).
Following the standard immunocytochemistry protocol, qualitative inspection
demonstrated a diffuse pattern of cellular staining for all cells treated with Abcam 188896,
a feature that did not demonstrate any change as a consequence of transfection with
RC221929. Semguantitative evaluation identified a small but significant increae in
Abcam188896 binding by transfected, in comparison to notransfected, HelLa. This
corresponded to a 1.49x increase in Abcam188896/DAPI Rawlintensity in cells transfected
with RC221929. This relatively small increase is despite the obviously high expen of
XCRImyc by Hela transfected with RC221929, as supported by ar@imyc binding.

The capacity for Abcam188896 binding to XCRfyc did not appear to improve as a
consequence of HIER (Figurd.2.17, BF). Despite semiquantitative evaluation suggestng

a small increase in Abcam188896 binding in comparison to netransfected cells, the
quality of Abcam188896 binding remained diffuse and did not demonstrate a localisation
pattern that resembled that identified by anttGmyc. Moreover, the small increasen
Abcam188896/DAPI Rawlntensity identified for transfected HelLa in comparison to non
transfected Hela, did not achieve statistical significance. This is despite a 6.31x increase of
Cmyc presence, as indicated by -@yc/DAPI Rawintensity, supporting the eliable
presence of XCRMnyc in HelLa cells transfected with RC221929. Overall, manual analysis of
Abcam188896 binding to XCRimyc, following immunocytochemistry both with and
without HIER, was unable to support the specificity of Abcam188896 to Human XCR1.

Further confirmation of a lack of Abcam188896 specificity was provided via automated
image acquisition and analysis (Figure4.2.18). Both qualitative and semiquantitative
evidence failed to provide support for Abcam188896 binding to XCRthyc expressed by
HelLa cells transfected with RC221929. Instead, a small but significant decrease of
Abcam188896/DAPI Rawlntensity was identified for HelLa cells transfected with
RC221929, corresponding to 0.82x the value obtained for nemansfected cells. Based on
this evidence demonstrating a lack of specificity by Abcam18896 to Human XCR1, the use
of this antibody for the detection of endogenous XCR1 in Human tissue could not be

supported.
4.2.5 Evaluation of Antibody specificity by Western Blot
4.25.1 Evaluation of antbody specificity to Mous&cr1 by Western Blot

Based on the confirmed production of a mytagged murine Xcrl protein by HelLa cells
transfected with MR225748 (section4.2.2.3), it was possible to reliably evaluate antibody

specificity to Mouse Xcrl by Wesrn Blot. A total of 5 antibodies were tested for specificity
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Figure 4.2.17. Evaluation of Abcam188896 specificity ®WCR2Imyc by immunocytochemistryA) Images obtained
of singleimmunocytochemistry protocol to test the specificity of Abcam 188896 to XCRthyc. Abcam188896
was applied to nontransfected cells (ac) and cells transfected with RC221929 (g). Anti-Gmyc antibody was
applied independently to confirm expression of XCRinyc in transfected cells (d vs h). Scale bars = 50um. B)
Semiquantitative evaluation of Abcam 188896 binding demonstrated a statistically significant increase when
applied to transfected cells in comparison to nofiransfected cells. C) Semijuantitative evaluation of Gmyc
reactivity demonstrated a large and significant increase when applied to transfected cells in comparison to non

transfected cells. N=3 per group; **, p<0.01; ***, p<0.001. Error bars = +SD.
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Figure 4.2.18. Evaluation of Abcam188896 specificity IdCR1Imyc by immunocytochemistry following HIERA)
Abcam188896 was applied tanon-transfected cells (ac) and cells transfected with RC221929 (g). Anti-Gmyc
antibody was applied independently to confirm expression of XCRthyc in transfected cells (d vs h). Scale bars
= 50um. B) Semquantitative evaluation of Abcam 188896 bindingdemonstrated no statistically significant
changes to Abcam18896 binding when applied to transfected cells in comparison to ntmansfected cells. C)
Semiquantitative evaluation of Gmyc reactivity demonstrated a large and significant increase when applieto

transfected cells in comparison to nortransfected cells. N=3 per group. **, p<0.01. Error bars = +SD.
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Figure 4.2.19. Evaluation of Abcam 188896 specificity ®WCR2Xmyc by immunocytochemistry using automated
image acquisition and analysisA) Images obtained from the Opera Pheni¥ High Content Screening System
following single immunocytochemistry protocols using Abcam 188896 (a, c) and ar@-myc (b, d) antibodies
with non-transfected cells and cells transfected ith RC221929. Image contrast thresholds were manually
adjusted to provide a display range that accommodated the maximum signal range from ntmansfected and
transfected samples for each antibody. Scale bars = 108. B, C) Comparison of Mean Cell signatensity arising
from the Cy3-conjugated secondary antibody used for the detection of Abcam 188896 (Ab896) (B) and afi
myc (C) between transfected and nottransfected cells. N = 3 per group; **, p<0.01; ***, p < 0.001. Error bars =
+SD.
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to Xcrl-myc: LSA158, LSC37380, Ab188896, cAbXcrl and HPA013169. For details of
antibody concentrations used, see Tabl2.1. Of the 5 antibodies tested, only L$158 and
LS C37380 demonstrated any binding to the nitrocellulose membrane following protein
transfer that could be identified from the associated chemiluminescent detection (Figure
4.2.19). The reactivity arising from both antibodies however, did not correspond to the
region of Gmyc reactivity used to confirm Xcrtmyc within the protein sample (Figure
4.2.19, E). LSA158 instead identified an alternative protein with a molecular weight of
~17kDa. Moreover, the detection of this alternative protein was not specific to transfected
cells, further suggesting that the epitope identified by L#&158 did not correspond to those
present on Xcrl. LSC37380 similarly detected proteins consistently within lysates
prepared from both nontransfected and transfected HelLa. This corresponded to 3 distinct
bands of binding, all of which resided at a higher molecular weighhan that identified for
Xcrl-myc. All other antibodies were not detected (data not shown), suggesting a complete
lack of binding to the nitrocellulose membrane. This evidence suggested that the use of
these commercial and custom antibodies were unable tgpecifically detect Mouse Xcrl by

western blot.
4.25.2 Evaluation of Atlas HPA013169 specificity to Hum¥&@R by Western Blot

Using the lysate of HelLa cells transfected with RC221929 that were previously
demonstrated to contain a myetagged protein with the molecular characteristics consistent
with the presence of XCRInyc (section 4.2.2.3), it was possible to reliably test the
specificity of Atlas HPA013169 to Human XCR1 by western blot.

Figure 4.2.20 demonstrates the capacity of HPA013169 to detectpotein at a molecular
weight that is consistent with predicted molecular weight of XCRinyc and corresponds to
the molecular weight of the protein identified by anttGmyc detection. Of note, HPA013169
was also tested against cell lysate prepared from Ha cells transfected with MR225748,
but did not demonstrate any reactivity. Prolonged exposure of the film to the membrane
following HPA013169 incubation, also demonstrated the detection of a protein with a lower
molecular weight than XCRimyc (data not sfown). This additional protein was present in
lysate obtained from both nontransfected HeLa and Hela transfected with RC221929. The
test of HPA013169 specificity to XCRinyc therefore demonstrated the capacity of
HPAO013169 to reliably bind to XCRAnyc, butalso demonstrate a degree of nosspecificity

based on the lower affinity observed for an additional protein within HeLa cell lysate.
4.2.6 LSA158 reactivity in mouse spinal cord

Exemplary images of that obtained following both chromogenic and fluorescent

immunohistochemistry with LS-A158 are provided in Figure4.2.21.
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As was observed in nortransfected HelLa and HelLa expressing Xcrhyc, LSA158
demonstrated a diffuse reactivity that appeared to localise to cells, as indicated by the most
prominent reactivity being observed in the grey matter of the spinal cord by fluorescent
immunohistochemistry. Indeed, double immunohistochemistry of LS\158 and NeuN
resulted in significant overlap of the signals, suggesting that E&158 reactivity did localise

to neurons, amongst other cell types (Figuret.2.21, A). Closer inspection of L-:8158
reactivity reveals the antibody to localise to cell membranes, as evidenced by the reactivity

to surround regions of NeuN binding that localise to neuronal nuclei.

Further evidence of LSA158 non-specific binding is demonstrated by the reactivity
observed following chromogenic immunohistochemistry protocols (Figure4.2.21, B).
Again, LSA158 reactivity was widespread within the tissue, particularly within the grey
matter. This nonspecific labelling of cells reflects the L3158 signal obtained following
immunohistochemical processing of the spleen (Figure4.2.1). Low background
chromogenic signal obtained from the control section supports the identified signal to be

specific to the presence of LS\158.

Tests on other spinal cord sections (not shown) demonstrated the antibody to consistently
provide widespread reactivity that was particularly evident within the grey matter. These
evaluations of LSA158 binding within the mouse spind cord demonstrate the antibody to

exhibit significant non-specific binding.
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Figure 4.2.20. Evaluation of LSA158 and LSC37380 reactivity taXcrl-myc by western blotA) LSA158 detected
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confirmed consistent levels of protein loading between transfected and netransfected cells based on reactivity
at 42kDa. B) Pe-incubation of LSA158 with the immunogenic peptide diminished reactivity against the 17kDa
b 01 O AaEtih &gain confirmed a consistent amount of protein between samples based on reactivity observed
AO 1 cES$A8 #(q -acth GobtiolOréactiit)td a proEin ith an approximate 17kDa molecular weight
by LSA158 was still observed. The discrepancy of reactivity intensities against transfected and neransfected
lysates is likely a result of inconsistent levels of protein loading. D) Chemilumiseent detection of LSC37380
demonstrates the detection of proteins at 3 distinctive molecular weights, in particular, within the lysate of both
non-transfected HelLa and Hela transfected with MR225748. E)}n@/c reactivity confirms presence of Xcri

myc within test sample used in A, B and C.
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Figure 4.2.21. Evaluation of HPA013169 specificity 6CREmyc by Western BlotA) HPA013169 demonstrates
the detection of a protein within the lysate of HeLa cells transfected with RC221929. This protein resides at the
molecular weight consistent with the presence of XCRthyc. B) AntiCG-myc demonstrates the presencef XCR1
myc specifically within the lysate of HelLa cells transfected with RC221929, also used for the evaluation of
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Figure 4.2.22. Representative images of L&L58 reactivity in Mouse spinal cord identified by fluorescent and
chromogenic immunohistochemistryd) LSA158 reactivity within the sacral spinal cord of a WT mouse following
double immunohistochemistry with NeuN. Lower power magnification image (a) illustrates the widespread
reactivity of LSA158 within grey matter of both spinal cord regions. LS\158 reactivity demonstrates
colocalisation to many NeuNpositive cells, but also demonstrates reactivity to a lower level within white matter.
Dashed white box in (a) highlights regions focussed upon by higher magnification b,c,d. Scale bars: a = 2061
b-d = 10Qum. B) LSA158 reactivity as detected by chromogenic immunohistochemistry within the thoracic cord
of a WT mouse. Application of L-&158 results in background reactivity that is particularly strong within the
grey matter, with some reactivity obsened within the white matter also (a). At higher magnification (b), LS
A158 reactivity in grey matter does not show any specific localisation within the tissue, although this reactivity
is higher than observed for control sections (c) suggesting that the sigl is specific to the presence dfSA158.
Scale bars: a, ¢ = 200um; b = 100U
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4 .4 Discussion

This investigation aimed to establish the specificity of commercially and custom designed
antibodies to both XCR1 and Xcrl. In particular, we sought aantibody capable of
specifically recognising and binding to murine Xcrl. An important limitation of the method
used, that should be immediately acknowledged, is that the tested antibodies were not all
raised to immunogens that were specifically designed tdetect the protein for which they
were evaluated here Figure 2.lillustrates the epitopes for which the tested antibodies are
specified to bind and illustrates how the use of some these antibodies are specific to XCR1
rather than Xcrl, and vice versa. Tdrefore, in testing the specificity of antibodies to Xcrl
that were designed to recognise epitopes of XCR1, it is perhaps unsurprising that these

antibodies were unable to reliably bind to the protein of our interest.

The reasons for evaluating these arttiodies in spite of their specified reactivity was twofold.
Firstly, user experience within our lab had demonstrated that L$158, despite having a
specified reactivity to Human XCR1, had given a reliable reactivity to samples prepared
from Rat (Bird et al, 2018). Secondly, the homology of amino acid sequences for the two
XCR1 protein homologues in Mouse and Human show a high degree of conservation (70%
amino acid identity; 81% amino acid positives (identity according to amino acid functional
group properties) (Altschul et al, 1990). In particular, the immunogen sequence used for
the production of Abcam188896, which was tested against both XCR1 homologues, has a
high conservation of amino acid sequence between Mouse and Human homologues (80%
amino acid idertity; 95% amino acid positives (Altschulet al.,1990), Figure 2.3. It could
therefore be predicted that the two XCR1 homologues share a similarity in i) global protein
tertiary structures and ii) conformation of epitopes for which the antibodies tested bre
were specified to bind. In tandem with the lack of available antibodies that were raised
specifically to Xcrl, these two reasons provided the premise for testing of these antibodies
according to the potential cross reactivity to both homologues. Furthrgustification arose
from the published use of Abcam 188896 to determine Xcrl expression within the Mouse
spinal cord, despite being specified for the detection of Human XCR1 (ZychowsHaal.,
2016).

4.4 1Transient expression oKCR1homologues providea reliable sample for validation of

antibody specificity

Initially, testing of antibody specificity was based upon reactivity to the Mouse spleen, for
which the expression of Xcrl has been previously documentd@®orner et al, 2009). The

testing of both LSA158 and LSC37380 aimed to provide evidence of specific binding to
Xcrl based upon the accepted method of demonstrating consistent reactivity between

distinct antibodies (Michel, Wieland and Tsujimoto, 2009; Saper, 2009)This consistency
165



could then be ed to support specificity to Xcrl according to the stated specificity of LS
C37380 to Xcrl by the manufacturer. Despite the stated specificity of {C387380 to Xcrl, a
reactivity of the antibody that was consistent with Xcrl detection could not be identiéid.
This was also the case when evaluating reactivity by L&158. Instead, both antibodies
demonstrated a large background of staining that was widespread within the tissue. The
level of staining did correlate with the concentration of antibody, but qualétive
comparison of antibody reactivity between the different concentrations did not achieve a
refinement to antibody localisation, as would be expected for an antibody that targets a
specific epitope. Despite this, there was no way of confirming that thisick of antibody
reactivity was a consequence of poor antibody specificity or a lack of appropriate epitope

availability according to the endogenous expression of Xcrl.

In response to this evidence it became clear that a reliable source of target proteias
required to overcome the lack of reliability arising from the use of tissue sample to validate
antibody specificity. To achieve this, a method was developed which utilised the transient
transfection of HelLa cells to express XCRtiyc or Xcrl-myc, in line with recommendations
provided for antibody validation (Bordeauxet al.,2010; Saper 2009) and which had been
successfully used by prior studies to test the specifigit of antibodies to other GPCRs
(Grimsey et al,, 2008; Miyauchiet al, 2009). This metlod was demonstrated to provide a
reliable source of the target protein, the presence of which was confirmed via the use of a
monoclonal anttGmyc antibody using both immunocytochemistry and western blot
protein analysis. Moreover, by expressing the targeirotein in mammalian cells, the target
protein was subject to intracellular processing that resembles that experienced by the
protein within cells in situ. This is an important consideration for the testing of antibodies
to target proteins due to the impart of intracellular processing on protein conformation and

hence epitope presentation.

The developedin vitro assay therefore provided distinct advantages over the use of tissue
samples in that it provided a sample of target protein that could be simultaously
confirmed and localised by immunocytochemistry. In addition, the use of netransfected
cells served as a true negative control. This enables the confirmation of antibody specificity
by both demonstrating the specific binding to the target protein ad supporting a lack of
non-specific binding to samples without expression of the target. This is in contrast to the
use of tissue samples for which the signal obtained from an antibody is extremely difficult
to determine as being a consequence of specifiontarget binding (Rhodes and Trimmer,
2006). An additional benefit is the variety of methods in sample processing that can be
applied to thein vitro sample to mimic the intended application of the antibodyor detection

of antigen in tissue This permitted the evaluation of all test antibodies by both Western Blot
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and by immunocytochemistry with and without antigen retrieval treatment.This was a key
consideration for the development of thein vitro HelLa transfection assay, as it provided a
sample that could be processed in near identical conditions to that which the test tissue
sample was subjected to. Use of other methods to test antibody specificity, such as flow
cytometry, would require different sample preparation conditions and hence malead to
discrepancies of antibody behaviour when testing against tissue samples. Moreover, the use
of double immunocytochemistry enables visual confirmation of colocalisation between the
test antibody and the antitag antibody, thus supporting any antibaly signal to arise from
the specific detection of the target protein in transfected cells. In this project, the use of a
monoclonal ant-rGmyc antibody was demonstrated to provide a consistent and specific
detection of the target protein. Use of an EGFPgamay provide a yet more reliable

colocalisation signal, as has been performed elsewhe{Bkogset al, 2017).
4.4.2Methods of analysis to support antibody binding and specificity

To provide support of antibody binding and specificity it was sought to pvide an objective
and quantitative method of analysis to further support qualitative evidence. In using
polyclonal antibodies that were not specifically designed for the detection of the XCR1
homologue to which it was being tested, there was the potentidbr the test antibodies to
demonstrate specific binding but at a low affinity. This would result in a correspondingly
low signal. Providing an accurate method to quantify and compare antibody binding was
therefore important to deduce if the antibody sampé contained only a small fraction of
antibody clones that were capable of binding the target and hence identify a
correspondingly small change in signal between transfected and neransfected cells.
Furthermore, there was potential for the antic-myc antibody to block the binding of the test
antibody to the target protein when performing dual immunocytochemistry protocols due
to the proximity of the potential epitopes and the @erminal myc-tag. Therefore, for the
results presented in this investigation that were collected following assessment by single
immunocytochemistry only, the intention was to support any observed differences
identified by quantitative analysis by subsequent evidence of colocalisation to ar@-myc

binding.

To provide the quantitative assessment of antibody binding, two methods were adopted.
For both of these methods, normalisation to the associated nemansfected control was an

essential measure to identify the specific impact of target protein expression on antibody
binding. In addition it was essential to provide a measure of antibody binding that was
proportional to cell presence. The first method of manual analysis achieved this by
providing a proportional measure of antibody binding to the presence of DAPI. This method

relied upon the correlation of DAPI presence to the number of cells present in the sample
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and indeed demonstrated good correspondence in results when compared to manual cell
counting. However, due to evaluation of global DAPI reactivity to the entire image, this
method was sensitive to variation in the DAPI signal that may arise from components of the
image that were not cell specific. Despite this, this method showed a consistent capacity to
identify changes in antic-myc binding for all comparisons between transfeied and non
transfected cells, supporting its use in providing quantitative evidence to support specific

antibody binding when comparing between transfected and nottransfected cells.

In addition, the manual method of analysis showed strong consistencyiikentifying similar
changes in antibody binding between nostransfected and transfected cells to that
identified by automated analysis by the Opera PheniX High Content Imaging System. This
method provided an analysis that made a greater refinement to thielentification of cells
within the image and was capable of imaging a much greater number of cells in comparison
to that performed for manual analysis. Consequently, the variation of data from individual
samples was much reduced and provided a more reliédcomparison of antibody binding
between transfected and nortransfected cells. Furthermore, this method offered the
capacity to colocalise test antibody signal with the signal obtained from anr@-myc binding.
This feature proved valuable when analysingsamples that, for unknown reasons,
demonstrated particularly low transfection efficiency and target protein expression and
provided a quantitative measure that related directly to specific binding of the test antibody
to the target protein. Furthermore, it suits previous assessment criteria for the evaluation
of antibody specificity to other GPCR&rimseyet al, 2008).

4.4 3Limitations to the Method of analysis for antibody binding between transfected and-non

transfected cells

Regardless of the method o&nalysis used, the results collected were sensitive to both the
efficiency of cell transfection and the variability of background signal within non
transfected controls. Due to the typically low signal obtained from noitransfected cells,
even relatively small changes in background signal could lead to drastic changes in the
differences in antibody binding between nortransfected and transfected cells when
represented by normalised values. Similarly, a low transfection efficiency would result in
mean antibody signals that were unable to reliably differentiate from nortransfected
controls, due to the averaging of mean antibody signal from the entire image (manual
analysis) or by total cell number (automated analysis). However, restricting the
quantification of antibody signal to individual cellsexpressing the target protein according
to Gmyc reactivity, as achieved by automated analysis, did improve the tolerance to these

limitations as only cellspecific signals contributed to the resulting data.
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Antibody

Specificity to Mouse Xcrl

Immunocytochemistry

Western Blot

Specificity to Human XCR1

Immunocytochemistry

Western Blot

Anti-Xcrl (cAb-Xcrl)

(Section 4.2.3.4)

Antigen (Catalogue Number)
No No
Anti-XCR1 (LSA158) (Section 4.2.3.1) (Section 4.2.5.1) N/A N/A
No No No
Anti-XCR1 (Abcam 188896) (Section 4.2.3.3) (Section 4.2.5.1) (Section 4.2.4.2) N/A
No No Yes Yes
Anti-XCR1 (HPA013169) (Data Not Shown) (Section 4.2.5.1) (Section 4.2.4.1) (Section 4.2.5.2)
No No
Anti-Xcrl (LSC37380) (Section 4.2.3.2) (Section 4.2.5.1) N/A N/A
No No
(Section 4.2.5.1) N/A N/A

Table 4.1. A summary of outcomes investigating antibody specificity to XCR1 and Xcrl by immunocytochemistry and WesteAll Bltibodies were tested
against cell or protein samples containing Xcrinyc or XCRimyc, produced according to thén vitro HelLa transfection assay
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Taking these two limitations in to account provides some explanation as to the variation in
antibody binding signal obtained for transfected and noftransfected cells when testing an
antibody that clearly demonstrated no specificity to the expressed targgdrotein. In these
examples it would be expected that a nospecific antibody would demonstrate the same
amount of binding, per cell, irrespective of transfection. Indeed, these limitations are why
the majority of measures of antibody binding that were idatified to be statistically
significant were not considered to accurately reflect a change in antibody binding. Instead,
these statistical differences, which were also of low magnitude, reflected a variation of
normalised fluorescent signal obtained as aomsequence of the limitations that were

intrinsic to the methods used.

The use of stablytransfected cell lines would overcome the limitation of transfection
efficiency, as demonstrated for the testing of antibodies to both human and mouse CB1
receptor homologues (Grimseyet al.,2008). The use of cell lines stabkgxpressing a tagged
target protein has also been recently used to validate the specificity of 197 antibodies
(Skogset al, 2017). The results presented here therefore further support the requirment

of achieving consistent levels of target protein expression by all cells for reliable antibody

validation.
4.4 .4In vitro Hela transfection assay as a method to support antibody specificity

Despite the limitations of this method, analysis of HPA0131%vividly demonstrated the
capacity of this method to provide strong evidence to support antibody specificity to a target
protein. Qualitative inspection of HPA013169 localisation in transfected and nen
transfected cells alone, clearly illustrates an incr&se of antibody binding to transfected cells
that demonstrates a subcellular localisation that is consistent with XCRiyc expression by
transfected cells. The difference in antibody binding as a consequence of antibody titer, as
identified by manual imageanalysis, lacked clarity due to the method of evaluation relying
upon signal normalisation to the corresponding norransfected controls. Direct
comparison of HPA013169/DAPI Rawlintensity between transfected cell samgd treated
with 1pg/ml, 2.5pg/ml and 4pg/ml, however, clearly illustrated the dosedependent
increase in antibody binding consistent with a specific reactivity of the antibody. Further,
and most conclusive, evidence of HPA013169 specificity was provided by the clear
localisation of HPA013169 o specific cellular regions of XCRinyc presence, as evidenced

by colocalisation to regions of binding by the monoclonal amc-myc antibody.

The evidence of HPA013169 obtained by manual analysis was further supported by
automated analysis. As observed fathe manual analysis, the results from the automated
analysis provided clear evidence of: i) XCRmyc expression by cells transfected with

RC221929 as evidenced by the increase in Mean cell a@myc binding ; ii) a relative
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quantitative increase of HPAO0B169 binding to cells transfected with RC221929 in

comparison to nontransfected cells that was consistent when used as part of both single
and double immunocytochemistry protocols; and iii) a quantitative increase in HPA013169
signal intensity within spedfic image regions that correspond to the expression of XCR1

myc within transfected cell populations.

However, it should be noted that a higher amount of background signal was observed for
HPAO013169 in some samples of notransfected cells. This backgroud signal appeared
when using a separate vial of the antibody to that used for manual analysis. Although from
the same lot of antibody, this does call in to question whether this antibody demonstrates
non-specific binding when used for immunocytochemistrylndeed, although HPA013169
demonstrated the capacity to bind to the XCR#nyc protein by western blot, an additional
band could also be observed following prolonged exposure. Therefore, whilst providing
evidence of HPA013169 to reliably bind to XCR1, thisialysis suggests that this antibody

may also bind offtarget epitopes, albeit with lower affinity.
4.4.5A lack of available antibodies specific to Mouserl

Other results from this analysis however, failed to demonstrate the specificity of any other
of the tested antibodies. Although the specificity of these antibodies to the XCR1
homologues tested here was not necessarily expected due to the inconsistency between the
stated and tested target proteins (discussed above), two antibodies (#&37380 and
Abcamil88896) did not demonstrate specificity to the protein stated by the vendor. In
addition, the specificity of a custoradesigned antibody to Xcrl could not be supported. This
is despite clear evidence of specific recognition by this custom antibody to thergget
immunogen by ELISA. In sum, no evidence was provided to support the specificity of any of

the five antibodies tested, by both immunocytochemistry and western blot, to Xcrl.

This lack of available antibodies has provided an obstacle to future invesgtions of Xcrl
presence in the Mouse CNS as it has not been possible to reliably determine the presence
and localisation of Xcrl proteinin situ. Preliminary attempts were made to use L-&158
within the mouse CNS and here it was observed that the reactiyitfrom LSA158
demonstrated widespread reactivity, particularly within the grey matter of spinal cord.
Double immunohistochemistry suggested colocalisation of L8158 binding to NeuN
positive neurons within both thoracic and sacral regions. However, as elénced by thein
vitro assay of LSA158, this antibody demonstrated large background staining that was
observed for both transfected and nortransfected HelLa cells. Therefore, in addition to the
lack of evidence for LSA158 specificity to Xcrl, the backgrand signal identified in spinal

cord sections suggests that this antibody exhibits promiscuous binding to multiple cellular
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epitopes. Consequently, the signal observed from L&L58 in the mouse spinal cord could

not be supported in any way to represent thdocalisation of Xcrl.

Furthermore, the specificity of Abcam 188896 to Xcrl was not supported by this
investigation and calls in to question the current evidence of Xcrl presence within the
mouse spinal cord (Zychowskat al., 2016). Assessment of this aiftody by thein vitro HeLa
transfection assay also failed to demonstrate specificity of Abcam 188896 to XCR1. This is
the protein for which the manufacturer has claimed specificity. According to the results
presented here however, this antibody does not mvide a reliable or specific recognition of

either Human or Mouse XCR1 homologues.

It is noteworthy to add that there are several other sources of anfkcrl antibodies available,
for example a monoclonal antimouse/rat Xcrl antibody is now available fromBiolegend
and has been extensively tested for specificity using flow cytometry. Use of timevitro HelLa
transfection assay described here would provide a useful validation to test the specificity of

this antibody to mouse Xcrl following IHC and ICC protots.
4.4.6 Summary

A primary objective of this project was to identify if Xcrl was expressed in the mouse CNS.
An essential requirement for this objective is the use of reagents that provide a reliable and
specific measure of Xcrl presence. In line with prious (Michel, Wieland and Tsujimoto,
2009; Bordeaux et al, 2010; Saper, 2009) and current (Skogs et al., 2017)
recommendations, a method was established to utilise the expression of tagged target
proteins for the evaluation of antibody specificity. Thismethod was found to provide a
reliable source of target protein that could be used to assess antibody binding to both native
and denatured conformations. Via the application of this method, it has not been possible to
identify any antibody that demonstrates specificity to Mouse Xcrl. However, it has provided
validation for the use of HPA013169 for the detection of Human XCR1 by both
immunohistological and Western Blot protein analyses. This evidence has provided the
basis to perform immunohistochemical de¢ction of XCR1 within the Human spinal cord and
gives credence to any identified reactivity of this antibody to be a result of the specific
detection of XCR1.
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Chapter 5: Investigation of Xcrl and Xcl1 expression in Amyotrophic lateral sclerosis
5.1 Intro duction

As suggested by previous investigation{Zychowska et al, 2016; Bird et al, 2018) the
expression of Xcrl and Xcll within the CNS is likely modulated by the presence of
inflammation. Therefore, to provide an assessment of Xcrl and Xcl1 expression within the
context of a disease that demonstrates a prominent central inflammatory responsghis
study has evaluatedXcrland Xcllexpression within mouse models of Amyotrophic Lateral
Sclerosis (ALS). In addition, based on the success of antibody validation to detect human
XCR1, a preliminary investigation has been made in to the expressionXtR1 within the

spinal cord of human subjects.
5.1.1 Amyotrophic Lateral Sclerosis

ALS, also known as Motor Neuron Disease (MND), is a progressive neurodegenerative
disorder that is typically fatal within 3-5 years of diagnosis. The disease was originally
described in the late 19 century by JearMartin Charcot and was so named according to
the observed muscle wastage (amyotrophic) and scarring of the lateral spinal tracts (lateral
sclerosis) in postmortem patient tissue. The disease presents an incideao©f between 13
persons per 100,000 people per year with an estimated prevalence of disease to be 5 per
100,000 people (Al-Chalabi and Hardiman, 2013; Taylor, Brown and Cleveland, 2016)

statistics which vividly illustrate the rapid fatality of the diseas.

ALS is characterised by the loss of lower motor neurons within the ventral horn of the spinal
cord with concomitant degeneration of descending corticospinal tracts that arise from
upper motor neurons that reside within layer V of the primary motor cortx. The primary
bias of pathology can vary between upper and lower motor neurons, resulting in variability
of initial symptom presentation. Primary degeneration of upper motor neurons is
associated within increased limb tone, hyperreflexia and spasticity;abeneration of lower
motor neurons is associated with muscle weakness and reduced voluntary muscle control.
Hence, the disease presents with a variable focus of onset that is typically classified as spinal
or bulbar-onset and is associated with symptoms dhe body innervated by these respective
regions (Al-Chalabi and Hardiman, 2013) Irrespective of the focus of disease onset, ALS
results in the contiguous transmission of disease throughout the CNRavits, Paul and Jorg,
2007). The resultant fatality of ALS is most commonly a consequence of motor neuron
degeneration within the brainstem, leading to difficulties in speaking, swallowing and

breathing that ultimately leads to respiratory failure.

ALS has been broadly categorised as sporadic (SALS) and faahiALS (fALS) to reflect the

presence or absence of inheritability. Approximately 10% of ALS cases exhibit transmission
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within families, whilst the majority of cases occur sporadically(Ling, Polymenidou and
Cleveland, 2013) However, this categorisation s sometimes been confused with the
presence or absence of a genetic causation to the disease. Since the discovery of mutations
in the SOD1gene to cause AL$Rosen, 1993) there are now more than 100 identified
genomic loci that associate with the diseasélsod.iop.kcl.ac.uk). Whilst a causative link
between all of these loci and the disease is not yet present ALS is now considered to arise
from a complex interaction between genetic and environmental factors, with a predisposing

genetic vulnerability conddered essential to the precipitation of the disease.
5.1.2 ALS pathology

The pathological mechanisms of ALS are varied and only beginning to be elucidated. This is
due to the relatively recent discovery of a key pathological hallmark of the disease, réfag

to the aggregation of the Transactive response DNA binding protein 43kDa (TEIB)
protein, and the capacity of contemporary techniques to illuminate the genetic
underpinnings of the disease. Indeed, over the past decade, a tremendous progress has been
made in the understanding of ALS. The associated pathological mechanisms are diverse and
include: dysregulation of RNA processing; priotlike protein misfolding and aggregation;
oxidative stress; defective autophagy, protein degradation anfR stress; exigtotoxicity;
dysfunctional axonal transport; mitochondrial abnormalities; and neuroinflammation (for
excellent reviews see e.g(Barber and Shaw, 2010; Ferraiuoloet al, 2011; llieva,
Polymenidou and Cleveland, 2009; Ling, Polymenidou and Cleveland, 20Taylor, Brown

and Cleveland, 2016)

Previous to the identification of TDP43-positive inclusions, the major understanding of ALS
revolved around investigations relating to Ce*-Zn2*-Superoxide Dismutase $0ODJ). SOD1

is a cytoplasmic antioxidant enzyme that catalyses the reduction of superoxide metabolites.
In 1993, mutations of theSODIgene, including that leading to a G>A mutation at position
93 of the SOD1 protein, was identified to associate with Al{Rosen,1993). The mechanistic
link between mutations of SOD1 and ALS is still unclear, but is suggested to arise
independent to the dismutase activity of the enzyme. The pathological consequences of
mutant SOD1 is instead associated with a toxic gain of functiomhich, among other
suggestions, includes the misfolding of mutant SOD1 protein and the formation of
ubiquitinated aggregates that accrue with the progress of diseagBruijn et al, 1998; Banci

et al, 2008). Importantly, aggregations of SOD1 protein havgo far not been observed to
occur in patients without SO mutation and represents a specific component to such
mutations (Mackenzieet al, 2007). Moreover, the pathology caused by mutations i8OD1

is almost exclusively associated with upper and lower motor neurons unlike that observed

for other genetic mutations(Joyceet al, 2015). Mutations of theSODIgene demonstrate an
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extremely high penetrance in causing ALS and account for approximately 2G36fALS cases
(Rosen, 1993)

The recognition that TDP43, a protein arising from the TARDBPRgene, is present within
neuronal and glial cytoplasmic inclusions(Neumann et al, 2006) has prompted an
altogether different understanding of the pathology of ALSTDR43 inclusions are estimated

to occur in 97% of all ALS cases, with the remaining 3% of cases demonstrating aggregations
of SOD1 and Fuseth Sarcoma (FUS) proteinLing, Polymenidou and Cleveland, 2013)
Moreover, mutations of TARDBFhave now been i@ntified to cause AL§Sreedharanet al,
2008). Thus, theTARDBRyene and its translated protein contribute to the major convergent
pathology observed in the vast majority of ALS cases. Furthermore, the aggregated presence
of either TDR43 or other proteins (including SOD1) support the capacity for distinctive
pathophysiology to cause ALS.

TDP-43 is an RNA binding nuclear factor that contributes to the processing and alternative
splicing of numerous mRNAs(Sephton et al, 2012). Mutations have been identied
throughout the protein which are associated with causing ALS (alsod.iop.kcl.ac.uk).
Importantly, TARDBPmutations can also result in inclusion body myopathy (IBM) and
frontotemporal dementia (FTD), with aggregations of TDR3 also being a pathological
hallmark of these disease¢Salajeghehet al, 2009; Neumanret al,, 2006). This observation,
along with growing characterisation of the molecular pathology associated with these
diseases, suggests that some forms of ALS represent a spectrum of diseastedd, the
presence of ALS symptoms is often observed in conjunction with symptoms of FTD.
Furthermore, postmortem assessment has demonstrated the concomitant presence of
TDP-43 pathology more widely within the brain including frontal, temporal and limbic
regions, alongside that observed within the motor system for some ALS patien§ooper
Knocket al,, 2012).

A further seminal discovery in the understanding of ALS, was the identification of a
hexanucleotide repeat expansion within a norcoding region ofCQORF720 cause ALS, FTD,
or both (C9-ALS/FTD) (DeJesusHernandezet al, 2011). The presence of this expansion is
suggested to account for a significant proportion of patients suffering from ALS and FTD,
with one study demonstrating 40% of fALS, 25% of failial FTD, 7% of SALS and 6% of
sporadic FTD cases to arise from this mutatioiMajounie et al, 2012). The function of
C9orf72 is currently unclear, but C9ALS/FTD is suggested to be a consequence of a toxic
gain of function that results in repeat assoeited nonAUG (RANjtranslation of dipeptide
repeats, formation of RNA foci and the sequestration of RNA binding proteiriBeJesus
Hernandezet al, 2011; La Spada and Taylor, 2010; Mcet al, 2013) as well as the potential

for agerelated disturbances to microglial activation (O'Rourke et al, 2016). Like the
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majority of other genetic mutations linked with ALS, TDRI3 neuronal and glial cytoplasmic
inclusions are evident within the CNS of patients expressing a pathological COORF72

hexanucleotide expansion

The consistency of TDRI3 pathology has led to the proposal that for the majority of ALS
cases, irrespective of the underlying genetic mutation, a disruption to the function of this
protein is a cornerstone of ALS pathology. Bothin vitro and in vivo studies have
demonstrated the maintenance of TDR3 expression to a specific level to be essential to
cell viability and the integrity of motor function in animal models(Wils et al, 2010; Johnson
et al, 2008). The reason for this is suggested to relate the phaseseparation of TDP43
and associated proteins. When bound to RNA, TBR and associated RNA binding proteins
coalesce and form membraneless organelles within the surrounding media. The phase
separation of such structures is positively correlatedvith the concentration of associated
proteins and arise from the interaction of lowrcomplexity domains of RNA binding proteins.
The most common ALSssociated mutations inTARDBPoccur within coding regions of
TDP-43 low complexity domains, with a much lover frequency of ALSassociated mutations
found within in other domains (Chiang et al, 2016). Thus, the formation of TDR3
inclusions can be envisaged to occur either as a consequence of mutations within the low
complexity domain or from mutations in which the nuclear localisation of the protein is
disrupted. Such mutations would therefore promote the phase separation and subsequent
fibrillisation of TDP-43 and associated RNA binding partners either as a consequence of
increasing the endogenous capacity fothis or by generating an excessive cytoplasmic
concentration that results in precipitation of aggregates(Taylor, Brown and Cleveland,
2016). Moreover, these mutations may not be necessary within TB#3 itself but instead
within the proteins with which T DP-43 interacts. A similar mechanism may also be evident
for other proteins, as mutation within the low complexity domains of other RNA binding
proteins such as FUS and hnRNRL results in ALS and IBMShang and Huang, 2016)Why
TDP-43 represents the predominant protein identified within inclusions will require
further characterisation of its binding partners and also of the RNA species that it processes.
However, it is becoming apparent that a number of Al-8ssociated genesre processed by
TDP-43 (White et al, 2018).

In summary, examination of TDP43 biology illustrates several concepts that are associated
with ALS pathology, namely dysregulation of RNA processing and the pridike formation

of protein aggregates. The mtitude of associated pathologies likely reflect the downstream
consequences of these initial factors which manifest within the unique environment of the
CNS. It is important to recognise that, although leading to the aggregation of a distinct

protein, mutations in SODlalso recapitulate many of the pathologies observed in patients
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that display TDR43 pathology. However, a major distinction appears to arise from the

prevalent role of TDR43 in RNA processing, for which SODL1 is not involved.
5.1.3 Inflammatoy and noncell autonomous mechanisms of ALS

A unanimous feature of ALS is the activation of resident microglia and astrocytes and the
recruitment of peripheral immune cells to sites of degeneration within the CNS. In addition
to the cell autonomous mechaisms of disease exemplified by TDR3 pathology discussed
above, the contribution of norcell autonomous mechanisms to the loss of motor neurons is

an essential feature of ALS pathology.

Seminal work to demonstrate this was achieved by the generation ohieneric mice, in
which mutant SODlwas heterogeneously expressed by cells throughout the animal. It was
observed that the presence of mutanSOD2expressing norrneuronal cells could induce
SOD1 pathology within adjacent wildtype neuronal cells. Conversely mutant SOD1
expressing neuronal cells demonstrated limited signs of pathology and survived much

longer when surrounded by wild-type non-neuronal cells(Clementet al,, 2003).

Subsequent work has since refined this evidence and demonstrated the essentiale of
non-neuronal cells to the onset and progression of neurodegeneration. In particular, it is
evident that the activation and/or dysfunction of surrounding microglia, astrocytes and
oligodendrocytes drives the progression of the diseag@oillee, Vand Velde and Cleveland,
2006; Yamanakaet al, 2008; Frakeset al, 2014; Ferraiuolo et al, 2011). These cells
contribute to the loss of motor neurons by reducing trophic suppor{Hugheset al, 2013),
enhancing excitoxicity and the release of soluble toxifactors (Di Giorgio et al, 2008;
Haidet-Phillips et al, 2011; Frakeset al,, 2014). These include preinflammatory molecules
that exacerbate the inflammatory response, as well as highly reactive oxidative species
(Barber and Shaw, 2010; Hensleyt al, 2006). It is important to recognise that the
phenotype adopted by these glial cells is specific to the presence of diseéShiuet al,, 2013;
Phatnani et al, 2013). The functions and expression profiles of these cells are therefore
intricately related to the surrounding environment and cannot be easily categorised

according to models of polarised states of activation.

In addition to glia, peripheral immune cells are also recruited to sites of pathologyHenkel

et al, 2004). These cells play diverseales dependent on the stage of disease. For example,
regulatory T-cells (Treg are indicated to down regulate glial activation and promote the
expression of immunomodulatory cytokines and neurotrophic factordBeers et al, 2008;
Mantovani et al, 2009) and support neuronal function during early stages of disease. As the
disease progresses however this adaptive immune response contributes to neuronal loss

and decreased survival following the recruitment of phagocytic and cytotoxic cells, as well
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as intercelular signalling pathways, such as that mediated by TNF, decreasing cellular
viability (Henkel et al, 2004; Phani, Re and Przedborski, 2012; Mantovaat al, 2009).
Moreover, the recruitment of peripheral immune cells contributes to the adoption of
specific activation states by resident glial cells in a mutar8ODImouse model. Specifically,
there appears to be a distinction in the time and activity of CD4+ and CD8=ells, in which
the recruitment of CD4+ TFcells during disease onset and progression appeared to confer a
protective role for neuronal survival via the modulation of microglial and astrocyte
activation. The recruitment of CD8+ Tcells was instead obsered at the endstage of disease

only and suggested to be associated with neuronal injuriBeerset al,, 2008).
5.1.4 The role of chemokines in ALS

Specific roles pertaining to the pathology of ALS by chemokines has not been demonstrated.
However, there haseen little focus of their role in the disease. One method that has sought
to provide an insight to the role of cytokines in the disease, and overcome the limitations of
tissue access during the disease progression, has been to assess the presence ofing®
within the blood of ALS patients. A recent metanalysis of these studies compared the
expression of 14 inflammatory cytokines between 812 ALS patients and 639 contragslu

et al, 2017). This indicated a consistent increase of TNF, CXCL8, VEGF,-IlL and IL-6.
Elevations of TNFh, IL-1i and IL-6 appear to be ubiquitous to neurodegenerative disease
as they are also observed to be elevated in the blood collected from patients with
'l UEAEI AOB6O j!$q AT A OAOEET OI 160 eneGtddA OA
consistent and robust differences to controls across several studies of ALS patients.
Interestingly, CXCLS8 elevations also appear to be unique to ALS in comparison to AD and PD
samples (Qin et al, 2016), suggesting CXCL8 to reflect a specific roponent to the

inflammatory response in ALJHu et al, 2017).

With the exception of CCL2 and its receptor CCR2, there has been minimal investigations to
the contribution of chemokines and their receptors to the pathology of ALS within the CNS
parenchyma.CCL2 is considered the principal chemotactic protein for the recruitment of
monocytes and its expression by cells of the CNS is observed only in response to
inflammation. Specifically, the upregulation of CCL2 by glial, endothelial and neuronal cells
is observed in the spinal cords of ALS patient@aron et al,, 2005; Henkelet al, 2004) and

is considered a component of the innate immune response to the onset of AlJ8raet al,
2017). Indeed, the increased expression of Ccl2 is observed as early as patthday 15 in

a mutant SOD1mouse model (Henkel et al, 2006) and contributes to the significant
migration of peripheral immune cells that accumulate within the spinal cord and motor

cortex as the disease progresse@laraet al, 2017). Moreover, CCL2 lesls are elevated
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within the CSF and serum of ALS patients in comparison to control sampl@aron et al,
2005; Henkelet al,, 2004).

5.1.5 A potential role for XCR1 and XCL1 in ALS

To the best of our knowledge, there has been no documented evidence foe ttontribution

of XCR1 or XCL1 to the pathology of ALS. However, ALS demonstrates a consistent
neuroinflammatory response irrespective of the underlying aetiology. This is characterised

by a pronounced activation of resident glial cells and the recruitmendf peripheral immune

cells, including dendritic cells(Henkel et al,, 2004).

According to the previous observations of our grougBird et al, 2018) XCR1 and XCL1 may
participate in the central inflammatory response to peripheral nerve injury. Moreoverit

has been suggested that the production of Xcl1 by activated microglia in a mouse model of
diabetic neuropathy may contribute to the pathological hyperalgesia and allodynia
observed in model animals through intercellular communication with resident neuras
(Zychowskaet al, 2016). As such, the pathophysiology of ALS lends itself to the previous
suggestions of XCR1 and XCL1 function in the CNS in that it presents a disease in which there
is significant damage to central neurons and their efferent axons délhis accompanied by the

consistent and prolific activation of resident glial cells.

In this study, we sought to evaluate the expression ofcrland Xcllwithin the CNS using
two distinct mouse models of ALS. The first, and primary model used (referred to as the
TDP-Q331K model), represents a recently characterised mouse colo(érnold et al, 2013)
that expresses a mutantTARDBPunder the transcriptional control of the mouse prion
promoter within a C57BL/6NJ genetic background. This mutation results in the substitution
of glutamine (Q) to lysine (K) at position 331 of the TDH3 protein and was detailed to be
expressed with a copy number of 3 in transgenimice. This model therefore represents the
expression of mutant TARDBPprimarily within motor neurons and astrocytes at an
expression level that was aimed to more closely reflect endogenous expression levels of the
gene. Previous to this study, these miceave demonstrated to exhibit several pathologies
that reflected that observed in ALS patients, including widespread alterations to gene
expression and mRNA splicing, motor neuron and motor axon loss and glial activation.
However, the disease course of thimiodel is comparatively mild to that observed from other
models, with symptom severity reaching a plateau at ~10 months of agérnold et al,
2013). Throughout the course of this project, available tissue was collected from and
alongside the ongoing charaerisation of the model by Dr Jodie Stephenson (University of
Sheffield).
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Samples were also collected from a second model which utilises overexpressiors@D €934

by an inbred C57BL/6 mouse colony (referred to as the SOBA93A model)(Mead et al.,
2011). This model demonstrates a comparatively rapid and aggressive disease course and
has been extensively characterised by numerous groups, including those located at the
University of Sheffield under the supervision of Dr Richard Mead and others. As observed
for patients with this mutation, the SOD1G93A model demonstrates extensive motor

neuron loss, SOD1 aggregation and glial activation.
5.1.6 Aims

In accordance with the objective of this project to identify and characterise the expression
of Xcrl and Xcllwithin the mouse CNS, this study aims to evaluate the expressionXdrl
and Xcl1lwithin the spinal cord of control, TDRQ331K and SODI593A mice. Furthermore,
primary microglial cultures were prepared from TDRQ331K and SODI593A mice in order
to evaluatethe expression ofXcllwithin microglia, in line with the suggestions proposed
by Zychowskaet al. By utilising these models with a contrasting genetic underpinning it was
aimed to capture the expression oKcrland Xcllacross a spectrum of pathophysiolgy that

reflects that observed in ALS.

In line with previous suggestions that Xcrl and Xcll expression in the CNS is influenced by
an inflammatory stat, a key pathology to examine within the mouse models used was the
presence of activated glial cells. Inarticular, examination of microglial activation according
to lba-1 reactivity and morphology (Beynon and Walker, 2012)was performed. This was
key to identify any association between microglial activation and Xcrl and Xcll expression,
as these cells were @wygested to represent the key source of Xcll in a mouse model of

diabetic neuropathy (Zychowskaet al.,2016).

In light of the failure to obtain a reliable antibody to determine Xcrl expression (Chapter
4), characterisation of Xcrl protein localisation wihin the CNS of mice has not been
possible. However, based on the success of identifying a reliable antibody for the detection
of human XCR1, a preliminary investigation of XCR1 expression has been performed using
spinal cord samples obtained from ALS paits and neurological controls. This study has
therefore aimed to provide an insight to the expression cKCR1and XCL1 within the CNS of
mouse and man and identify any potential contributions of this chemokine signalling axis

to the pathophysiology of ALS
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5.2 Results
5.2.1 Xcrl and Xcl1 expression: Mouse Models of ALS

As has been observed for other chemokines within the CNS, should Xcrl and Xcll be
expressed by resident cells of the CNS parenchyma, the presence of an inflammatory
response is likely to influence their expression. By utilising the TDBR331K and SOD193A
models, it was aimed to assess the expression X€rland Xcllat the level of mMRNA in the
context of a central inflammatory response. Samples of thoracic cord from each of the
models were collected and processed for the detection of Idhand GFAP in ordeto assess
the response of resident microglia and astrocytes test for the presence of central
inflammation. RNA samples were also collected from whole spinal cord and assessed by

gPCR for the presence ofcrland Xclltranscripts.
5.2.1.1 Gliateactivity within thoracic cord of ALS mouse models

The thoracic region of the spinal cord represents the largest subdivision of the spinal cord
vertebrae. In mice there are 13 thoracic cord segments. In comparison to the cervical and
lumbar enlargements d the spinal cord, comparatively little investigation of the thoracic
cord has been made within mouse models of ALS. This is primarily due to the more obvious
pathology of lower motor neurons within the cervical and lumbar regions that innervate the
forelimbs and hindlimbs, respectively. Due to the collection of the lumbar and cervical
regions for other projects, thoracic cord was used to characterise glial reactivity within the
spinal cord of the mouse models used here. To do this, double immunohistochsiry to
detect the reactivity of microglia and astrocytes using Ibd and GFAP, respectively, was

performed according to the protocol described in section 2.1.3.2.
5.2.1.1.1Glial reactivity within the thoracic cord of 6 month TDR331K and NTg mice

For the analysis of TDRQ331K mice, thoracic cord was collected from mice at age 6 months
and 10 months, along with the same sample from ageatched controls. For each

characterisation it was aimed to evaluate glial reactivity using at least 3 NTg and 3 TDP
Q331K mice. Gmyc reactivity of each cord was also evaluated to confirm the expression of

myc-tagged Human TDRQ331K within transgenic animals.

Analysis of thoracic cord from NTg and TDI331K mice demonstrates the consistent
localisation of TDRQ331K expressbn within neurons throughout the grey matter and
white matter of the thoracic cord. This is in accordance with the expected expression of
human TDRQ331K within neurons and astrocytes of transgenic TDR331K mice. A
representative example of this is demostrated for mice aged 6 months (Figure 5.2.1) in

which no such EGmyc reactivity is observed for NTg mice.
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NTg TDP-Q331K

Figure 5.2.1. Iba-1 reactivity in the thoracic cord of NTg and TBR331K at age 6 monthRepresentative images
of Iba-1 reactivity in the thoracic cord of NTg (A) and TDR)331K (B) mice at age 6 months. Images displ&y
myc (a) and Ibal (b) reactivity of entire coronal thoracic cord section. White dashed line of (b) used to identify
dorsal and ventral regions of thoracic cord. Higher magnification of dorsal (c) and ventral (d) regions of thoracic
cord. White dashed bors in B (c) highlight prominent regions of Ibal reactivity that are distinct from that
observed in NTg. Scale bars = 200um. C) Seguiantitative comparison of Ibal area of reactivity in thoracic
cord. Iba-1 area increases proportionally in both white andyrey matter regions for TDRQ331K mice, relative to

NTg (NTg, n = 1; TD331K, n = 3). Error bars = £SD.
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