Investigating the Expression and Function of
IL-16 in the Central Nervous System
under Normal and Inflammatory Conditions

Shehla Unaiza Hridi

A thesis submitted in fulfilment of the requirements for the degree
of Doctor of Philosophy

November 2018

University of Strathclyde
Strathclyde Institute of Pharmacy and Biomedical Sciences
University of Strathclyde,
Glasgow, G4 ORE



Author’s Declaration

This thesis is the result of the author’s original research. It has been composed
by the author and has not been previously submitted for examination which

has led to the award of a degree.

The copyright of this thesis belongs to the author under the terms of the United
Kingdom Copyright Acts as qualified by University of Strathclyde Regulation
3.50. Due acknowledgement must always be made of the use of any material

contained in, or derived from, this thesis.
Signed:

Date:



Abstract

Multiple Sclerosis (MS) is an inflammatory demyelinating disease of the central nerv-
ous system (CNS). MS pathophysiology is complex and CD4* T cells are one of the
key mediators involved in the disease initiation and progression. Interestingly CD4 is
also the receptor for interleukin-16 (IL-16), a pro-inflammatory cytokine. Previous re-
search has shown that IL-16 is involved in the development of several autoimmune
diseases such as rheumatoid arthritis (RA), systemic lupus erythematosus (SLE),
Graves’ disease (GD) and MS, but the exact role of IL-16 during MS initiation and
progression remains unclear. Therefore, the aim of this study was to understand the
role of IL-16 in CNS inflammation by: (i) examining the expression and distribution of
IL-16 in the CNS and investigating whether expression levels correlate with the se-
verity of neuroinflammation in experimental autoimmune encephalomyelitis (EAE), a
murine model of MS; and (ii) by further determining the function of IL-16 in the CNS
under normal physiological condition.

We immunised C57BL/6j mice with myelin oligodendrocyte glycoprotein (MOGss.ss)
to induce EAE and utilised immunohistochemistry to study the expression of IL-16
and its receptor CD4 in the lymphoid and CNS tissues at different stages of EAE.
While CD4 was expressed in lymphoid tissues of both EAE and control mice, CD4
expression in CNS tissues was only observed during EAE. For IL-16, its levels in the
lymphoid organs and CNS tissues of EAE mice were significantly increased com-
pared to tissues of naive and PBS controls, as confirmed by the quantification of the
percentage of IL-16* cells in tissues. Surprisingly, soluble IL-16 produced by spleno-
cytes was similar between groups of naive, and PBS or MOG3s.55 immunised mice,
and there was no difference with or without MOGss.55 stimulation in the culture. To
identify the cell source of IL-16 in the lymphoid and CNS tissues we next utilised
double immunofluorescence staining and our data showed co-localisation of IL-16
with some immune cells during EAE, with CD11b* cells (macrophages and microglia)
expressing the highest percentage of IL-16 in both types of tissues. However, in CNS,
IL-16 was also co-localised with CNS resident cells including neurons in both EAE
and control mice and astrocytes only during EAE. However further study is required
to fully understand the exact underlying action mechanisms of IL-16 in EAE.

Following that we investigated the role of IL-16 in CNS function by examining whether
IL-16 modulates neuronal excitability and synaptic activity in mouse primary hippo-
campal cultures. We observed application of recombinant IL-16 (rlL-16) protein im-
paired sEPSC frequency and amplitude in a CD4-independent manner. We examined
the mechanisms underlying these effects with rIL-16 reducing GluA1 S831 phosphor-
ylation and inhibiting Na* channel function.

Taken together, our data suggest that IL-16 expression levels in both lymphoid organs
and CNS tissues correlate with CNS inflammation, and CD11b* cells are the main
source of IL-16 in both tissues during CNS inflammation in our EAE disease model.
Under normal physiological condition, IL-16 reduces neuronal excitability and synap-
tic activity via multiple mechanisms and it is likely that its function is not solely de-
pendent on the presence of CD4.Clearly IL-16 have a role both under normal and
pathophysiological state but whether it is detrimental or beneficial is yet to be identi-
fied and requires further investigation to identify the exact role and potential of IL-16
in treatment of MS.
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1. General Introduction

1.1 Central nervous system (CNS)

The CNS is considered as one of the most complex organs in the body due to
its physiological structure and functions (Gosselin and Rivest., 2007). Further-
more, it is considered as one of the most remarkably intricate machines in the
whole universe with an ability to encounter, store, recollect and examine the
most complicated information. The CNS has enormous potential to recondition
itself according to surrounding environmental changes and experience (Well
et al., 2008), which has always encouraged significant research interest into

CNS function under both physiological and pathophysiological conditions.

The CNS has the ability to influence the activity of all the parts of the body and
also to receive and integrate information from the rest of the body and then
react accordingly with the required response. The CNS includes two main
components: the spinal cord (Figure 1.1) (cervical, thoracic, lumbar and sacral
regions) and the brain (Figure 1.2) (cerebral hemispheres, midbrain, cerebel-
lum, diencephalon, pons and medulla oblongata). The spinal cord is involved
in controlling minor musculoskeletal reflexes without the brain being involved.
It also receives and processes sensory information from the peripheral organs
(e.g. skin, muscles and joints) and then transmits motor commands to those
peripheral organs (Bican et al., 2013). The brainstem is the posterior part of
the brain, which structurally continues to the spinal cord and plays a very im-
portant role in communication between the brain and the spinal cord. The brain
is considered as the control centre which controls multiple functions such as
information processing, perception, motor control, arousal, homeostasis, mo-
tivation, memory and learning. There are numerous resident cells and micro-
vasculature within the CNS. The main cell types are neurons, microglia, astro-
cytes and oligodendrocytes (ODCs). Together these cells form a complicated
cellular network (Figure 1.3) and each of these cells play critical role in main-
taining regular CNS function. The brain is consist of a highly selective semi-
permeable membrane termed as blood brain barrier (BBB) that maintains a

regulated interface between the peripheral circulation and the CNS. It is called
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the BBB because of its unique property of tightly regulating the movement of
ions, molecules, and cells between the blood and the brain. It is made up of
cerebral microvascular endothelium and maintained by critical interaction with
mural immune and glial cells and creates a tight junction that is essential for
the health and function of the CNS.

B)

Gray matter

@ Thoracic

Dorsal horn

Ventral horn

b @ Sacral

Figure 1.1: Diagram of the Spinal Cord A) illustrates four different segments of the spinal
cord, extending from the brainstem cervical, thoracic, lumber and sacral. B) illustrates a
cross-section of spinal cord showing the gray matter (containing cell bodies and interneurons)
and white matter (containing axons) (Lumen learning 2017).

Diencephalon
(Thalamus & Hypothalamus)

Midbrain

Figure 1.2: Diagram of the brain. The diagram illustrates six different parts of the brain; spi-
nal cord extending from the medulla oblongata in the brainstem, cerebellum is situated just
behind the pons. Midbrain just above the pons, the diencephalon which lies just above the
mid-brain is composed of two major parts: the thalamus and hypothalamus. The largest re-
gion of the brain is made up of cerebral hemispheres (Blausen gallery, 2014).
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Figure 1.3: Schematic representation of different cell types in the central nervous system.
This diagram shows a schematic arrangement of neurons and the three types of supporting
cells: astrocytes, microglia and oligodendrocytes in the CNS. Smart servier medical art 2005.

1.1.1 Neurons

The neurons are the basic unit of the CNS but also the most important part of
the system. There are approximately 10! neurons in the human brain (Kan-
del., 2000) which are the only information processing structures of the CNS.
Neurons process information received by a stimulus and transmit the infor-
mation to other neurons (Fodstad, 2002). Various neurons share a similar sim-
ple basic structural composition. A neuron is made up of four different regions
which includes the cell body, dendrites, the axon and axon (pre-synaptic) ter-
minals (Figure 1.2) (Kandel, 2000). Each region is responsible for playing a
specialised and important role during the processing and transmission of sig-
nals. The cell body known as soma contains the nucleus of the neuron and is
involved in protein synthesis and metabolic processes. The dendrites and the
axon arise from the cell body. Dendrites play a major role in receiving incoming
signals from other nerve cells whereas the axon functions as the main con-
ducting unit for carrying signals to other neurons (Kandel, 2000). The signals
are called action potentials and together with glutamate, these are used to

communicate signals from one neuron to another. Axons are fine projections



from the cell body of a neuron which extends to form numerous branches of
axon terminals before forming synaptic connections to transfer signals to other
neighbouring neurons (Kandel, 2000). The region between the axon terminals
and dendrites, are known as synapses. These are the connections between a
presynaptic terminal and a postsynaptic neuron allowing neurons to communi-
cate by means of synaptic transmission, either chemically or electrically
(L6pez-Muiioz et al., 2006).

Many neurons have an insulated layer around their axons, which is known as
myelin sheath. The myelin sheath is an extended and modified plasma mem-
brane which wraps around the nerve axon in a spiral orientation (Raine.,
1984). In the peripheral nervous system (PNS), myelin membranes originate
from Schwann cells while in the CNS it originates from oligodendroglia cells
(Morell and Quarles.,1999). 70-85% of the dry mass of myelin consists of lipid,
which includes glycolipid (mainly galactocerebroside, GalC) and its sulphated
analogue sulfatide, cholesterol and phospholipid (Swapna et al., 2006), while
the water content is only 40%. The high lipid contents of the myelin compo-
nents allow the myelin sheath to achieve its function. Myelin also has a low
proportion of protein contents (15-30%), however the protein composition of
myelin sheath varies between CNS and PNS. In the CNS, 60-80% of the pro-
tein content is proteolipid protein (PLP) and myelin basic protein (MBP) and
myelin oligodendrocyte glycoprotein (MOG), myelin-associated glycoprotein
and 2’,3’-cyclic nucleotide 3’'phosphodiesterase (CNP) constitute the remain-

ing protein content (Quarles et al., 2006).

Each myelin producing cell wraps one segment of an axon, leaving regular
intervals or gaps between each segment of the axons, which are known as
Nodes of Ranvier (Caldwell et al., 2000). These gaps contain Na*/K* ATPases,
Na*/Ca?* exchanges and voltage gated Na* channels that generate action po-
tentials along the axons (Caldwell et al., 2000; Craner et al., 2004). The main
function of myelin sheaths is to insulate the axons and propagate rapid signal
transduction and increasing action potential speed (Hartline and Colman.,
2007). The myelin sheath increases the membrane resistance and enhances
axonal depolarisation between action potentials and the Nodes of Ranvier are
responsible for rapid propagation of impulse, as it allows the action potential
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to jump from one node to the next along the axons via Na* channels with very
little energy expended (Caldwell et al., 2000; Arancibia-Carcamo & Attwell.,
2014). A myelin sheath is also involved in maintenance and survival of axons
and the regulation of axonal maturation as demonstrated during the demye-
linating disease multiple sclerosis (MS) (Duncan et al., 2011). When axons
become demyelinated, the conduction of electrical impulses is reduced, and
this prevents neurons from communicating efficiently with one another. Even-
tually, this can result in motor and sensory deficits ultimately leading to blind-
ness and paralysis as observed in CNS diseases like MS (Lucchinetti et al.,
2000).

2
é@f‘{"\\ Cell body(soma)
Q

\ L/ Nucleus

Postsynaptic cell

Synapse with neurons

Oligodendrocyte/
Myelin Sheath

Node of / m
Ranvier | Presynaptic cell

Myelin Sheath

Figure 1.4: Schematic representation of typical neuron structure and its interaction with
another neuron. A typical neuron consists a cell body (soma), dendrites and an axon. The
soma contains the cellular organelles such as the nucleus, mitochondria etc. Dendrites are
the thin extensions that arise from the cell body and forms many branches. An axon is a cel-
lular extension arising from the cell body. Neurons receive signals via the dendrites which are
passed from the previous neuron across the synaptic cleft and the axon. The neuron is mye-
linated by oligodendrocytes in the CNS and Schwann cells in the PNS. Nerves are myelinated
in section creating regular intervals between the myelin sheath, called the Nodes of Ranvier.
RBPAonline.com 2018.



1.1.2 Glial cells

Glial cells are the most abundant cells of the CNS. These cells are known to
be associated with wide range of diverse functions, with some providing struc-
tural and nutritional support to the surrounding neurons and some insulating
the axons and helping to speed up the signal transmission process of the neu-
rons (Wang et al., 2006; Allaman et al., 2011). In recent years, glial cells were
also identified participating in the development, function, and disease of the
CNS (Parpura et al., 2012). There are two major classes of glial cells in the
nervous system: macroglia and microglia. Macroglia are further divided into
two different subtypes: OPCs the cells that produce myelin and astrocytes
which are involved in many vital functions of the CNS. By contrast, microglia
functions as the innate immune system of the CNS and they are the resident

immune cells of the brain.

1.1.2.1 Oligodendrocytes (ODCs)

ODC are glial cells which originate from ectodermal cells (Shin et al., 2012)
and are responsible for insulation of the axons by forming myelin sheaths
around the axons (Kandel, 2000). In the CNS, differentiation of oligodendro-
cyte progenitor cells (OPCs) gives rise to myelin producing (ODCs) which are
distributed throughout the CNS within the white and grey matter (Miller., 1996).
OPC migration is directed by regulatory signals including growth factors such
as platelet derived growth factor (PDGF) (Spassky et al., 2001), fibroblast
growth factor (FGF), hepatocyte growth factor (Ohya et al., 2007; Yan & Riv-
kees., 2002) and chemotropic molecules (Jarjour et al., 2003). Major myelin
component formation begins as the OPC enters the terminal differentiation
stages and switches to a pre-myelinating ODCs (Kukley et al., 2010). While
the ODCs primarily involved in myelination, they are also proposed to be in-
volved in axonal growth and maintenance, support axonal metabolism, and
contribute to neuronal survival (Bankston et al., 2013; Funfschilling et al.,
2012). Oligodendrocytes have very complex and unique differentiation and
metabolism process which makes it vulnerable to disease. Oligodendrocytes

consume large quantity of oxygen and ATP which causes the production of



toxic by-products like hydrogen peroxide. Such by products if not metabolised
properly can lead ODS apoptosis and CNS degradation (Mouzannar et al.,
2001). Oligodendrocyte plays critical role in MS disease pathogenesis, death
of oligodendrocytes are the major aspects of MS pathogenesis resulting in a
loss of myelin that ensheaths axons and eventually reducing electrical impulse
conduction and preventing neurons to communicate effectively among them
(Brandl & Lassmann., 2010). Furthermore, remyelination by OPCs can occur
in the lesion of MS (Reynolds et al., 2002) and insufficient OPC migration into
demyelinated regions of CNS causes poor remyelination in MS patients (Boyd
and Zhang, 2013).

1.1.2.2 Astrocytes

Astrocytes constitute a majority of the cell population of the brain and they are
the most abundant form of macroglial cell in the CNS. No region of the brain
is without astrocytes and they spread throughout the CNS contiguously and in
a well-structured manner and are linked together through gap junctions (So-
froniew and Vinters, 2010). They are also involved in the formation of the en-
dothelial cell lining of the blood vessels and the BBB (Bernacki et al., 2008).
Even though astrocytes display Na* and K* voltage-gated ion channels, astro-
cytes do not have any electrical excitability, they maintain a relatively stable
membrane potential (Orkand et al., 1966). However, it is now known that as-
trocytes are excitable cells in relation to levels of intracellular calcium (Araque
and Navarette, 2010; Parpura and Verkhratsky, 2012). The processes from
astrocytes envelop about four neuronal bodies on average and more than a
hundred dendrites (Halassa et al., 2007), with numerous studies indicating that
astrocytes signalling can affect hundreds of neurons. Astrocytes are involved
in providing nutrients to the cells when the extracellular levels of growth factor
or nutrients (glucose and lactose) are low in the synaptic cleft (Kintner et al.,
2004). It also plays a vital role in maintaining the ionic concentration in the
extracellular spaces between the neurons, and maintains extracellular osmo-
lality, pH and buffers excess K* ions and neurotransmitters released from the
synaptic cleft (Kofuji and Newman., 2004). Excess K* may lead to hyperpolar-

ization of the neuron and alter the CNS homeostasis and compromise CNS



function, the gap junctions present between astrocytes and oligodendrocytes
help in K* buffering (Orthmann-Murphy et al., 2008) and maintain K* homeo-
stasis in the CNS (Ostby et al., 2009). Accumulation of excess glutamate at
the synaptic cleft leads to neurotoxicity, and astrocytes are also found to be
involved in taking up excess glutamate from the synaptic cleft to protect the
neurons from the glutamate toxicity (Danbolt, 2001). Astrocytes also exhibit
anti-oxidative property by acting as carbon dioxide (COz2) sink through convert-
ing CO2 to H* and HCOz3™ with the help of carbonic anhydrase expressed in
astrocytes which eventually restore a proper pH (Belanger and Magistretti.,
2009).

Astrocytes also play an important role in regulating the neuronal functions by
integration of neuronal firing and synaptic connections via their cytoplasmic
calcium waves (Santello and Volterra., 2009; Mdénica and James., 2014). The
cytoplasmic calcium level increases within the astrocytes in response to the
neuronal activity (Wang et al., 2006; Winship et al., 2007). The calcium waves
can travel from the site of generation and it can propagate in the neighbouring
cells as well as the extracellular environment (Sanderson et al., 1994). These
calcium waves are also found to release various gliotransmitters (glutamate,
adenosine triphosphate; ATP and D-serine) that are involved in modulating
synaptic transmission between the neurons (Halassa et al., 2007,
Savtchouk and Volterra., 2018). Additionally, the glutamate released by astro-
cytes is suggested to be directly involved in altering both excitatory and inhib-
itory neuronal activity and synaptic plasticity (Gan et al., 2011).

Studies on CNS diseases suggest that the abnormal function of the astrocytes
contributes to the development of various neurodegenerative diseases includ-
ing MS (Allaman et al., 2011; Nair et al., 2008). Under such conditions, astro-
cytes become activated through altered gene expression, hypertrophy and
proliferation and release various cytokines, chemokines, reactive oxygen spe-
cies and growth factors (Farina et al., 2007; Rothhammer & Quintana., 2015).
Such pathological conditions in the CNS ultimately compromise the intrinsic
anti-oxidative property as well as glutamate clearance property of astrocytes,

eventually leading to neuronal death (Allaman et al., 2011). Astrocytes also



respond to severe CNS insult by a process known as astrogliosis. It is pre-
dicted that mediators of astrogliosis could be produced by a variety of CNS
cells such as neurons, microglia, ODCs or pericytes. Such regulators include
cytokines (IL-6, LIF, CNTF, TNF-qa, IFN- v, IL-1 and IL-10), lipopolysaccharide
(LPS) and other Toll-like receptors (TLRs) ligands; glutamate and noradrenalin
(neurotransmitters); Adenosine triphosphate (ATP), Reactive oxygen species
(ROS), hypoxia, glucose deficiency, B-amyloid, NH4* and cell proliferation reg-
ulators such as endothelin-1 (Acosta et al., 2006; Akaoka et al., 2001; Andrei-
uolo et al., 2009; Araque et al., 1999). Astrogliosis leads to cellular and mor-
phological changes and often results in scar formation (Fitch & Silver., 2008).
However, the changes caused by astrogliosis vary depending on the severity
of the CNS insult or injury (Bushong et al., 2002; Sofroniew., 2009). Mild to
moderate astrogliosis is usually associated with mild infection or non-penetrat-
ing trauma with limited tissue remodelling and following the resolution of the
damage the astrocytes often return back to its normal appearance similar to
healthy state (Bushong et al., 2002; Sofroniew., 2009). However, severe as-
trogliosis is associated with CNS focal lesions and severe infections, which
occurs during MS in response to neuroinflammation. During severe CNS insult
and astrogliosis there is significant increase in Glial fibrillary acidic protein
(GFAP) expression by astrocytes together with increased cellular hypertrophy

and extensive proliferation (Sofroniew., 2009; Sofroniew., 2010).

1.1.2.3 Microglia

Microglia represent 5-20% of the total glial population in the CNS, depending
on the CNS regions. Unlike macroglia or neurons, microglia within the CNS
are derived from the mesoderm which migrates into the CNS during embryo-
genesis where they undergo maturation (Derecki et al., 2013). They can be
found anywhere in the CNS, but they reside mostly in the grey matter and
white matter, the choroid plexus, ventricles, perivascular spaces and menin-
ges (Ransohoff and Cardona., 2010). Microglial cells in the CNS are able to
sense and respond to any injury or CNS insult and they are able to remove
debris from the site of injury (Kreutzberg, 1996). Among glial cells, the micro-

glia cells are the major phagocytic cells (Rivest, 2009), which can sense and



modulate neuronal activities and help cleaning apoptotic neuronal cells (Tam-
buyzer et al., 2009). Microglia have a small cell body with numerous fine pro-
jections (Hanisch and Kettenmann., 2007). Under normal physiological condi-
tions, microglia are in a resting state, but their extended processes are con-
stantly monitoring the surrounding environment and communicating with neu-
rons, astrocytes and blood vessels and responding to normal physiological
responses and abnormal changes in their microenvironment to maintain the
homeostasis of the CNS (Nimmerjahn et al., 2005; Dibaj et al., 2011). Microglia
are extremely sensitive to slight changes in their microenvironment including

any differences in ion homeostasis.

Microglia are considered as a part of the innate immune system of the CNS,
and the CNS resident macrophages/phagocytes (Streit et al., 1999). Microglia
cells often act as efficient antigen presenting cells (APCs) in the CNS (Ranso-
hoff and Cardona., 2010). Under normal conditions, microglia cells express
very low levels of a set of cell surface proteins known as the major histocom-
patibility complex (MHC) | and II, which are essential for the acquired immune
system to recognize foreign molecules and determines histocompatibility.
Upon activation, these molecules are up-regulated together with co-stimula-
tory molecules such as CD40, CD80 (B7-1), CD86 (B7-2), and leukocyte func-
tion-associated antigen-1 (LFA-1, CD11a/CD18 integrin) that eventually ena-
ble them to act as APCs and activate T cells, and causes cytokine and chem-
okine release and promote inflammation (Wlodarczyk et al., 2014). After the
elimination of the pathogen and post-inflammation, microglia play a role in pro-
moting repair and remapping when required through anti-inflammatory secre-
tion and neuronal tissue regrowth (Welser-Alves et al., 2011). In the CNS, in
response to the stimulation of cell membrane receptors and potassium chan-
nels, microglia release neurotrophic factors (Hu et al., 2015), which promotes
neuronal growth and differentiation, and also regulates synaptic plasticity by
modifying and eliminating synaptic structures (Hansson and R6nnback, 2003).
Microglial cells also play a critical role in synaptic development and mainte-
nance of neuronal interactions through activation of complement system
(Zabel and Kirsch, 2013).
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During CNS injury, microglia are often activated before any other glial cells in
the CNS (Nimmerjahn et al., 2005). The activated microglia form amoeboid
structures with ramified phenotypes (Kreutzberg, 1996), and release different
inflammatory mediators including cytokines, ROS, nitric oxide (NO), neuro-
toxic secretary products and free radical species which lead to damage of the

healthy neurons (Heneka and O'Banion, 2007).

Similar to macrophages (discussed later in the chapter), activation of microglia
can be broadly characterised into two phenotypes based on their immune re-
sponses, which are termed as classical or alternative (Michelucci et al., 2009).
Activated microglia cells can either be classically activated M1 or alternatively
activated M2 microglia cells. M1 microglia cells are usually associated with a
reaction against viruses and bacteria that are activated by LPS and IFN-y, TLR
ligand, TNF-a and cell surface markers CD86 and CD68 and are able to pro-
duce pro-inflammatory cytokines such as IL-1, IL-6, IL-23 and TNF-a
(Michelucci et al., 2009). In contrast, M2 microglia is usually activated by IL-
13 and IL-4 and which produces arginase and IL-10 and is associated with
anti-inflammatory responses and helps in regeneration of tissues (Michelucci
et al., 2009). A transition from M1 microglia to M2 can allow any damage to be

efficiently repaired.

Due to the diverse roles that microglia cells play, it is not surprising that they
have been found to be involved in various neurodegenerative diseases includ-
ing MS (Napoli and Neumann, 2009). Furthermore an in vivo model for micro-
glial inactivation has also demonstrated to delay onset disease in an animal
model of MS and reduce disease clinical symptoms suggesting the critical role
of microglia in development of MS (Heppner et al., 2005). Microglia cells con-
tribute to EAE development by acting as APCs to activate autoreactive T cells
and secrete a number of cytokines including IL-6, IL-23, IL-18 and TGF-
which are all required for the differentiation of Th17 cells, a major inflammatory
player in the initiation and development of MS and EAE (Goldmann and Prinz,
2013).
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1.2 Communication between neurons
1.2.1 Neuronal Signalling

Neurons have unique ability to support the general functions in the CNS. The
neurons communicate within the cell through intracellular signalling and
through intercellular signalling they can communicate between cells. For rapid
communication at a long distance, neurons send out electrical signals known
as action potentials along the axons using a mechanism known as conduction.
Conduction is a process by which cell body of a neuron communicates with its
own terminal via axon. The communications between neurons are then
achieved at the synapse by a process known as neurotransmission (Kandel et
al., 2000; Gosselin & Rivest., 2007).

1.2.2 Conduction of the action potential down the axon

When a neuron is stimulated an electrical signal known as action potential
(AP) moves along the axon which results from flow of ions along the neuronal
cell membrane and enables faster movement of the signal along the neuron
(Kandel., 2000). Generally, neurons maintain a balance of ions inside the cell
which differs from the balance outside the cell. This uneven distribution of ions
creates an electrical potential across the cell membrane which is known as the
resting membrane potential and also described as the steady state of cells.
This is a dynamic process that is balanced by ion leakage and ion pumping.
In the cell membrane, there is sodium-potassium pump which maintains the
electrochemical gradient through active transport to expel 3 Na* ions for every
2 K* ions entering the cell. The average resting membrane potential for most
neurons is between —65 mV to -70mV. The cell membrane of a resting cell is
more negative inside than outside, in other words the cell is polarised. Any
stimulus from the surrounding environment or from the neighbouring neuron
alters the permeability of the membrane causing the voltage gated Na* chan-
nel to open and allow Na* ions to move into the cell. Because the concentration
of Na* is higher outside the cell than inside the cell, ions rushes into the cell
driven by the concentration gradient. And as Na™ is a positively charged ion, it

changes the relative voltage immediately inside the cell relative to immediately
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outside. The influx of Na* ions entering the cell causes the membrane potential
to become less negative and increases the voltage within the cell, this condi-
tion is termed as depolarisation which allows the AP to pass down the axon
into the axon terminal (Fields and Stevens-Graham., 2002; Platkiewicz &
Brette., 2010). When the depolarization reaches a certain point to initiate an
AP, this is known as a threshold potential (-50 to -55mV). Na* ion continue to
enter the cell even after the membrane potential becomes zero.

Once the membrane potential reaches the maximum depolarised potential
(+30 mV) the voltage gated Na*ion channel begins to close, and Na*ion entry
into the cell decreases, however the K* channel opens and as a consequence,
K* ions diffuse out of the cell. As K* ions leave the cell, the membrane potential
begins to move back toward its resting voltage. This is called repolarization.
Repolarization returns the membrane potential to -70mV, but during this stage
K* channels are slightly delayed in closing, accounting for short overshoot
which is known as hyperpolarization. During hyperpolarization the membrane
potential is slightly more negative than the resting potential. As the voltage
gated K* ion closes, the active transport of Na*/K* ion re-establishes the rest-
ing membrane potential when the concentrations of K* ion outside and inside

the cells are equal (Figure 1.3) (Fields & Stevens-Graham, 2002).
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Figure 1.5: Schematic representation of the different stages of firing of an action potential.
Initially, the activation gates on the Na* and K* channels are closed, and the membrane’s
resting potential is maintained (-70mV). A stimulus opens the activation gates on some Na*
channels. Na* influx through those channels depolarizes the membrane. If the depolarization
reaches the threshold (-55mV) it triggers action potentials. Depolarization passes the thresh-
old and more voltage-gated sodium channels open, causing a rapid entry of Na®, while the K*
channels activation gates remain closed. The inactivation gates on most Na* channels close
blocking Na* influx. The activation gates on most K* channels open permitting K* efflux which
again makes the inside of the cell negative and repolarize the membrane (+30mV). Both gates
of Na* channels are closed, but activation gates on some K* channels are still open, causing
additional K* to flow into the extracellular fluid, and the neuron hyperpolarizes (-75mV). Volt-
age-gated potassium channels close eventually, and the cell returns back to resting ion per-
meability allowing the membrane to return to the resting state.
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1.2.3 Synaptic transmission

The ability of the neurons to communicate with each other by moving chemical
or electrical signals across a synapse is termed as synaptic transmission. Neu-
rons convey their information using an electrical signal; the dendrites receive
the signal and the information is then passed along the axon until it reaches

axon terminal and the synapses (Kandel et al., 2000).

Chemical synaptic transmission is a process where a neuron converts its elec-
trical signal into a chemical signal allowing the electrical signal to be passed
onto the next neuron (Kandel et al., 2000). When the AP signal arrives at the
axon terminal, local depolarization causes calcium channels to open (Fields &
Stevens-Graham, 2002). As Ca?* enters the presynaptic terminal, its concen-
tration increases inside the terminal in comparison to outside, Ca?* initiates
the vesicles to fuse with the presynaptic membrane and then releases the
neurotransmitter into the synaptic cleft via exocytosis. The synaptic cleft is a
space between both neurons that prevents them directly transmitting AP and
synapses are intercellular junctions between excitable cells. Once released,
the neurotransmitter diffuses through the synaptic cleft and binds to appropri-
ate receptors on postsynaptic membranes causing either the opening or clos-
ing of ion channels based on the nature of the neurotransmitter and the recep-
tor it interacts with (Belousov et al., 2001; Hyzinski-Garcia et al., 2009). De-
pending on the type of neurotransmitter released such as glutamate, the sig-
nals can be excitatory, which leads to the transmission of the AP, or inhibitory
with the main inhibitory neurotransmitter being gamma-amino butyric acid
(GABA) which prevents further action potential generation (Kandel et al.,
2000). When the ionotropic glutamate receptors are activated, Na* /K* ions
enter the neuron and depolarise the cell, which initiates another AP to relay
information in the postsynaptic region (Figure 1.4) (Rasband & Shrager.,
2000).
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Figure 1.6: Signal transmission at a chemical synapse: Action potential depolarizes the pre-
synaptic axon terminal that causes voltage-gated Ca?** channels to open resulting in an influx
of Ca*. As the Ca** enters the presynaptic terminal it triggers exocytosis of synaptic vesicles,
as a result neurotransmitter are released and diffuse across the synaptic cleft, before binding
to neurotransmitter receptors in the postsynaptic neurons. This binding causes a postsynaptic
potential, which once it reaches the threshold level initiates an action potential in the postsyn-
aptic neuron.

1.2.4 Glutamate receptors

Glutamate is the principal excitatory neurotransmitter in the CNS that exerts
its function through the glutamate receptors found in the CNS (Meldrum,
2017). Glutamate receptor present on the postsynaptic neuron are subdivided
into two categories: those that act as ion channels are known as ionotropic
receptors and those when activated are linked to intracellular second messen-

gers known as metabotropic receptors. lonotropic receptors consist of N-me-
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thyl-D-aspartate receptors (NMDARSs), a-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid receptors (AMPARs) and kainate receptors (KARS)
(Marmiroli and Cavaletti, 2012).

1.2.4.1 NMDA receptors

NMDARs are classically found on the postsynaptic neuron, however increas-
ing evidence suggests the existence of presynaptic NMDARs (Tzingounis and
Nicoll., 2004; Zorumski and Izumi., 2012). NMDARSs have the highest affinity
for glutamate. They form heteromeric assemblies composed from GIluN1,
GIuN2A, GluN2B, GIuN2C, GIuN2D, GIuN3A and GIuN3B subunits. NMDARs
have distinct features including being ligand-gated and voltage dependent
however, for its activation, it requires both glutamate and either glycine or D-
serine as a co-agonist (Tong et al., 2008), and when activated it allows posi-
tively charged ions to flow through the cell membrane. Depolarisation of the
neuron is an essential factor for activation of NMDARS, as under resting con-
ditions, a magnesium ion is bound extracellularly in the ion channel preventing
the activation of the receptor (Ascher et al., 1988; Nikolaev et al., 2012). This
furthermore prevents any unwanted ions passing through into the neuron,
however depolarisation results in magnesium removal. This removal allows
Ca?*, Na* and K* ions to pass through the NMDAR leading to depolarisation
of postsynaptic neurons (Wang et al., 2011).

1.2.4.2 AMPA receptors

AMPARSs are localised postsynaptically and consist of four subunits known as
GluAl-4, which can assemble into either homomeric or heteromeric assem-
blies (Boulter et al., 1990). AMPARs are activated by glutamate binding but
they have lower affinity to glutamate in comparison to NMDAR but higher than
kainate receptors. Unlike NMDARs, the majority of AMPARS are impermeable
to calcium due to the presence of the GIuA2 subunit (Jonas, 2000; Mayer,
2006) however AMPARSs are required for the initial excitatory signal when glu-
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tamate is released (Mayer, 2006). AMPARSs are the main contributors to excit-
atory synaptic transmission, mediating the fast and rapid excitation of many
synapses. When glutamate binds, it activates the receptor and activation
opens the pore of the channel, permitting the inward flow of sodium and po-
tassium, resulting in the depolarization of the neuronal membrane (Sprengel.,
2006; Platt., 2007) and allowing action potentials to carry on from neuron to
neuron (Sprengel., 2006). Depolarisation of the neuron under high frequency
of electrical signal results in the release of the magnesium ion bound to
NMDARs and allows calcium influx through them. Allowing AMPARSs to play a
role in glutamate mediated synaptic transmission. Furthermore, increased or
decreased AMPAR expression at the postsynaptic membrane can regulate
synaptic plasticity through long-term potentiation and long-term depression re-
spectively, (Luscher et al., 1999; Emond et al., 2010).

1.2.4.3 Kainate receptors

Kainate receptors (KARS) are a third subtype of ionotropic glutamate receptor;
it has the weakest affinity for glutamate in comparison to NMDARs and AM-
PARs. It is composed of GluK1-5 subunit and functional receptors form ho-
momers but have the capability to make heteromers. Heteromers can be as-
sembled if GluK4 or GIuKS5 is expressed with the other subunits, however they
do not form functional channels if they are expressed on their own (Kew and
Kemp, 2005). KARs performs different roles from the other two ionotropic re-
ceptors (Copits & Swanson, 2013). However, it shares many characteristics
with AMPARs (Pinheiro and Muller, 2008). Like NMDARSs, they are also local-
ised presynaptically as well as postsynaptically (Chittajallu et al., 1999). Stud-
ies have shown that KARs have different roles in synaptic transmission includ-
ing carrying part of current charge in the postsynaptic region, while in the pre-
synaptic region, it has been proposed to regulate transmitter release at both

excitatory and inhibitory synapse (Lerma, 2006).
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1.2.4.4 Metabotropic receptors

Metabotropic glutamate receptors are G-protein-coupled receptors (GPCRS)
that are found both presynaptically and postsynaptically in neurons and acti-
vate a cascade of events leading to protein modification and are involved in
the perception of pain, learning and memory (Nicoletti et al., 2011). Metabo-
tropic receptors are classified into three groups based on sequence similari-
ties, pharmacological properties and intracellular signal transduction mecha-
nism and consist of eight different subtypes: mGIluR1- 8 (Pitsikas et al., 2014)
which have roles in anxiety, learning and memory and their activation can ei-
ther be excitatory or inhibitory. Group 1 (mGlul and mGlu5) are coupled to
Gqg/G11 whereas, group 2 (mGlu2 and mGIlu3) and group 3 (mGlu4, mGlu7
and mGlu8) are classically coupled to Gi/Go (Simonyi et al., 2010; Pitsikas,
2014).They are involved in modulating CNS function by controlling neuronal
excitability and causing changes in synaptic excitability through release or in-
hibition of neurotransmitter and also proposed to be involved in certain forms

of long term depression (Grueter and Winder, 2009).

1.3 Immune system

The immune-system is a complex but organized system which protects the
body by responding to any invasion of foreign particles or micro-organisms
(Abbas et al., 2010). The immune system is divided into two different subdivi-
sions: innate immune system and adaptive immune system (Figure 1.5).
These two immune systems interact with each other through direct cell contact
such as dendritic cells (DCs) activating T cells, or through indirect interaction
through chemical mediators such as cytokines, chemokines and antibodies
(Heeg et al., 2007).

19



Innate Immunity Adaptive Immunity
Rapid Response Slow Response

Dendritic cell
Mast cell

Natural Killer Basophll

W

Complement Eosinophil
Protein

sajAoojnuesn

Antibodies {552 O
Neutrophil O

CD@-T cells CD8+T cells

Figure 1.7: Immune cells in the innate and adaptive immune system. The adaptive and in-
nate immune systems are inter-connected, for example dendritic cells which belongs to the
innate immune system is also an important adaptive immune system cell activator. The adap-
tive immune system consists of antibodies, B cells, and CD4* and CD8" T cells, and these ena-
ble a highly specific response against a particular target. Natural killer T cells and yé T cells
are cytotoxic lymphocytes that overlap both innate and adaptive immunity. When the innate
immune system fails to defence the invasion by pathogens it initiates the adaptive immune
response to defence and at times they often work together to fight against any pathogenic
invasion. Schematic adapted from Dranoff., 2004.

1.3.1 Innate immune system

The innate immune system acts as the initial line of defence against the invad-
ing pathogens and helps in controlling infection, delivering protective response
against pathogens within minutes to hours. The innate immune system is con-
sisting of a number of soluble factors and proteins as well as a diverse set of
cells, including granulocytes, macrophages, DCs and natural killer (NK) cells.
It also alerts adaptive immune responses to the presence of pathogens by
presenting antigens (Fearon and Locksley., 1996). Innate immune cells such
as DCs, macrophages and neutrophils can engulf pathogens, maintain im-
mune homeostasis but can also play a detrimental role during autoimmunity
and other inflammatory diseases. Other myeloid-derived cells such as mast
cells, eosinophil and basophils are also involved in initiating the inflammatory
response to alert the adaptive immune system (Kaufmann and Steward.,
2005).
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TLRs are mostly expressed in DCs and macrophage and play a very signifi-
cant role in innate immune system for fighting off pathogens (Rodrigues et al.,
2006; Arika et al., 2012). In response to infection, TLRs recognize the unique
chemical structure (lipids, carbohydrates, nucleic acids) of the pathogen re-
ferred as pathogen associated molecular pattern (PAMPS) which is differenti-
able from the host cell molecules (Rodrigues et al., 2006; Arika et al., 2012).
There are specific TLRs for PAMPs, and recognition of the different pathogen
component leads to activation of specific signalling pathways, which helps in
clearance of the infectious agents (Arika et al., 2012; Gazzineli et al., 2006).
TLR mediated recognition at the site of infection induces DC maturation and
migration to the draining lymph nodes where they activate antigen specific T
cells, thus directing the innate system to the adaptive immune system (Arika
et al., 2012).

1.3.1.1 Dendritic cells

DCs are innate immune cells that are derived from hematopoietic bone mar-
row progenitor cells and recognised as the professional APC in the immune
system. Like macrophages and neutrophils, DCs can degrade any pathogens,
however their main function is to process antigenic materials and present it on
the surface of specific T cells. Immature DCs process foreign antigens into
small peptides, which are then displayed on their cell surface in combination
with major histocompatibility complex molecules (MHC) which allows presen-
tation to, and activation of, T cells. Before migrating to the draining lymph
nodes, mature DCs up-regulates adhesion to intracellular adhesion molecule-
1 (ICAM-1) and expression of co-stimulatory molecules (CD80, CD86 and
CD40) that required for T cell proliferation and activation (McCarthy et al.,
1997). In the LNs they present the antigenic peptides to naive T lymphocytes,
inducing T cell proliferation and polarisation into antigen specific effector or
regulatory cells. The activated T lymphocytes subsequently modulate immune
responses through production of a collection of immunomodulatory cytokines
such as IL-17, IFN-y, IL-4, IL-5, IL-10 and others (Banchereau and Steinman.,

1998). Therefore, they are considered to be an essential link between the
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innate and adaptive immune responses, and therefore play pivotal roles in

many immune mediated diseases.

1.3.1.2 Macrophages

Macrophages are a type of white blood cells and one of the key cells involved
in immune response. Tissue resident macrophages are present in most of the
tissues of our body and are derived from yolk sac erythro-myeloid progenitors
in the embryo, whereas the circulating macrophages are derived from bone
marrow myeloid progenitor cells. During an infection or tissue damage, mon-
ocytes are rapidly recruited from the circulation to the tissue, where they dif-
ferentiate into macrophages. Function of macrophages mainly involves phag-
ocytosis of any pathogens and apoptotic cells and presentation of antigen to
T cells via MHC molecules. Furthermore besides its critical role in innate im-
munity macrophages also help initiate adaptive immunity. As discussed earlier
in this chapter microglial cells are known as the CNS resident macrophages
and are the immunocompetent cell of the CNS (Kreutzberg., 1996; Streit et al.,
1999). Their main functions are similar to that of macrophages, which involves
phagocytosis of cellular debris and pathogenic material and antigen presenta-
tion via MHC molecules. As mentioned earlier in this chapter, both activated
macrophages and microglia can be divided into two subtypes, classical acti-
vated macrophages (M1) and alternatively activated macrophages (M2). M1
macrophages are pro-inflammatory cytokine (TNF-a, IFN-vy, IL-12, IL-6, INOS,
NO and proteases) releasing cells which, promotes T helper responses, and

contribute in amplification of inflammation.

1.3.1.3 NK cells

NK cells are innate lymphoid cells which, plays a crucial role in the innate im-
mune response. The key function of NK cells includes perforin and granzyme-
mediated apoptosis of infected cells and production of IFN- vy, IL-17, and TNF-

a cytokines.
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1.3.2 Adaptive immune system

The adaptive immune system is the second branch of the immune system
which acts as the second line of defence towards foreign particles when the
innate immune system fails to control it. It is also known as acquired/specific
immune response due to its capability of specifically recognising certain parts
of a pathogen known as the antigen. The adaptive immune response is medi-
ated by T lymphocytes and B lymphocytes, which amplifies the innate re-
sponse and functions in shaping of the immune response whether it be an
antibody mediated response due to a greater preference for B lymphocytes or
cell mediated due to T lymphocyte preference, is dependent on the innate re-
sponse. In addition, this will also lead to immunological memory development,
therefore if the same pathogen becomes a threat in the future, a known re-
sponse to eliminate the threat will be produced (Wager et al., 2011; Casadevall
and Pirofski., 2012). The adaptive immune system is shaped through life by
the pathogens our body encounter and provides long lasting immune re-
sponse. However, these responses cannot recognise and act against patho-
gens without a specific mechanism enabling them to do so.

1.3.2.1 T cells

T cells are classified as lymphocytes, which are an essential part of the adap-
tive immune response. Lymphoid progenitor cells that are derived from the
bone marrow migrates to the thymus; thymocyes at their earliest stage do not
express CD4 or CD8 and so, they are classified as double-negative (CD4 CD8
) cells. However, as the cells progress to develop, they become double-posi-
tive thymocytes (CD4*CD8") before undergoing positive and negative selec-
tion and finally becoming mature to single-positive (CD4*CD8" or CD4 CD8")
thymocytes. Thymocytes expressing T cell receptors (TCRs) specific for MHC-
class-I differentiate into CD8* T cells, whereas those expressing TCRs specific
for MHC-class-Il ligands mature into CD4* T cells. T cells are primarily involved
in cellular immune processes through production of cytotoxic proteins, includ-
ing perforin and granzymes and numerous inflammatory mediators like cyto-

kines. Some of these cytokines are usually lymphocyte growth factors, and
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some functions as pro-inflammatory or anti-inflammatory molecules, while
other cytokines polarize the immune response to antigen (Dinarello., 2007).
However, the secretion of cytokines depends on many factors including the T
cell subset (CD4 or CD8), the antigens encountered and the milieu of these
cells. T cells recognise any antigen in two steps which includes capturing or
processing of antigen by APCs followed by antigen presentation to naive T
cells. APCs capture antigens by receptor-mediated endocytosis, phagocytosis
and pinocytosis, and form short peptide fragments by degrading these inter-
nalized proteins through proteolysis (Blum et al., 2013). The peptide-binding
region of MHC molecule loads the small peptide fragments and forms a pep-
tide-MHC (pMHC) complex, which are then presented on the surface of APCs,
where they can be taken by naive T cells via their TCR. Once the T cells are
activated within the peripheral lymphoid tissues (spleen and lymph nodes),
they re-enter the cell cycle and start to proliferate rapidly to differentiate into
its effector T cells, which are able to produce molecules that are required for
their specific helper or cytotoxic functions (Murphy., 2011).

Naive CD4* T cells get activated following the presentation of fragment of pep-
tide antigen loaded onto MHC-II molecules on the surface of APCs, (Figure
1.6) along with costimulatory signals via CD28-CD80/CD86 interactions (Sela-
Culang et al., 2013).
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Figure 1.8: Activation of naive CD4* T cells. Naive CD4* T cell get activated by antigen pre-
senting cells presenting the antigen by the MHC-I.
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Activated CD4* T cells then differentiate into different subsets of T helper (Th)
cells: Thl, Th2, Thl7, induced regulatory T cells (iTreg cells) and Th22 cells
or T follicular helper (Tfth) cells which all have unique differentiation profiles,
phenotypes and effector functions (Figure 1.7) (Zhu and Paul., 2008). Some
of these helper cells are involved in assisting antibody production by B cells,
enhancement and maintenance of cytolytic functions of cytotoxic T cells, reg-
ulation of macrophage activation and suppression of immune responses to
prevent autoimmunity (Zhu et al., 2010). Thl and Th2 are the two main sub-
sets of T helper cells. Thl cells secrete IL-2 and IFN-y in response to intracel-
lular bacteria and viruses and are primarily involved in the activation of mac-
rophages (Biedermann et al., 2004). Whereas Th2 cells secrete IL-4, IL-5 and
IL-13 in response to allergens or helminth antigens and plays vital role in as-
sisting the production of antibodies by B cells (Carli et al., 2009). In addition to
the traditional Thl and Th2 subsets, Th17 is another subset of pro-inflamma-
tory Th cell defined by their production of IL-17, IL-17F, IL-21, and IL-22. Th17
cells and the cytokines produced by these cells mediate host defensive mech-
anisms to various infections, including extracellular bacterial infections, they
ae also involved in the pathogenesis of many autoimmune diseases (Ouyang
et al., 2008).
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Figure 1.9: CD4'T cell differentiation. The activated CD4+T cells differentiate into different T
helper cell subsets depending on the cytokines present within the local environment. The
main subtypes of CD4T cells are Th1, Th2, Th17, Treg and Tfh cells, all of which have unique
differentiation profiles, phenotypes and effector functions.
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Regulatory T cells also known as Treg cells is another important subset of
CD4* T cells which function to maintain self-tolerance and immune homeosta-
sis. Treg cells utilise factor forkhead box P3 (FOXP3) and produces inhibitory
cytokines such as TGF- and IL-10 (Sakaguchi et al., 2009). Treg cells can be
classified as either natural or inducible. Natural Treg cells are a small subpop-
ulation of CD4 cells, which can be distinguished by the expression of IL-2 re-
ceptor (CD25) and the transcription FoxP3 within the thymus (Costantino et
al., 2008). Whereas inducible Treg cells (iTreg) are differentiated from naive
conventional T cells (Tconv) within the periphery by an antigen in the presence
of anti-inflammatory cytokines IL-10, TGF-B and retinoic acid (RA) (Chen et
al., 2003; Costantino et al., 2008). T regulatory 1 (Trl), Th3 and subsets of
CD8* T cells belong to the iTreg cell group (Chen et al., 2003; Costantino et
al., 2008) and plays key role in tolerance to self and non-self-antigens
(Sakaguchi., 2004). These Tregs has been identified in healthy individuals
however failures of the thymic and peripheral tolerance mechanisms have

shown to contribute in development of autoimmune diseases.

The naive CD8* T cells are involved in providing resistance toward various
pathogen invasions (Harty et al., 2000). CD8* T cells predominantly recognize
peptides processed from endogenously synthesized antigens and presented
by MHC class | molecules (Figure 1.8) (Haring et al., 2006; Strioga et al., 2011)
and CD8* T cells can be activated by MHC | molecules found on almost all
nucleated cells (Lehner & Cresswell., 2004). Activated CD8* T cells differenti-
ate into CD8* cytotoxic T cells (CTLs) which secrete either Thl-like IL-2 and
IFN-y or Th2-like IL-4, IL-5, IL-6, and IL-10 cytokines. Both CD8* CTL types
kills cancer cells or damaged and infected cells (Sad et al. 1995). Unlike CD4*
T cells, CD8* T cells are able to induce death directly by the release of cyto-
toxic molecules such as granzymes and perforin (Brehm et al. 2005). These
cytotoxins are responsible for targeted cell destruction, once they are released
from the granules they can trigger apoptosis in any cells by penetrating the
lipid bilayer. Just like cytokines, cytotoxins can act locally or at a distance, and

sometimes target bystander cells (Fleischer, 1986).
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Figure 1.10: Activation of naive CD8* T cells. Naive CD8* T cells get activated when the anti-
gen presenting cells present the antigen by the MHC .

1.3.2.2 B cells

B cells are key lymphocytes involved in the humoral immunity of the adaptive
immune system. Development of B cell occurs within the bone marrow and
peripheral lymphoid tissues (spleen). Upon activation, following an immune
response and stimulation by foreign antigens and with the help of activated T
helper cells (Mauri & Bosma., 2012) naive B cell cells differentiate into plasma
B cells or memory B cells. Plasma cells secrete specific antibodies towards
the antigen (Liu et al., 2010), whereas memory B cell forms the memory of the
specific antigen, so the next infection caused by the same antigen can be re-
solved quickly. Antibodies secreted by plasma cells are the secreted form of
B cell receptor (BCR) which binds pathogen or their toxic products in the ex-
tracellular spaces of the body and plays crucial role in neutralizing and opso-
nizing a pathogen by making it more susceptible to the action of phagocytes,
and activating complements (Mauri & Bosma., 2012).

1.4 Communication between CNS and immune system

For a long time, the CNS have been regarded as being immune privileged due
to the fact that the persistence of the allograft of brain tissue was better than
any other peripheral organs and the neuronal function of the CNS was solely

dependent on its tightly regulated microenvironment (Hawkins and Davis.,
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2005). To maintain the homeostasis within the CNS, the BBB plays a critical
role (Weiss et al., 2009). The BBB is a specialised structure that exists be-
tween the blood vessels and the brain parenchyma and plays a critical role to
maintain the proper function within the CNS, by protecting and maintaining the
balance of the CNS from fluctuations of nutrients, hormones, metabolites and
blood constituents including endogenous and exogenous compounds (Haw-
kins and Davis., 2005; Weiss et al., 2009). The BBB consists of a very highly
restricted receptor system that only allows regulated movement of oxygen and
carbon dioxide, nutrients such as glucose into the CNS and toxic substances
and metabolite out of the CNS (Persidsky et al., 2006; Weiss et al., 2009;
Banks & Erickson., 2010). Most importantly BBB prevents the entry of patho-
gens that have the ability to cause damage by destroying the vulnerable tissue
of the brain (Ballabh et al., 2004). BBB thus serves as a first line of defence
against the infiltration of immune cells and micro-organisms (Abbott et al.,
2010).

The BBB is formed of several different types of cells including the endothelial
cells, and pericytes and astrocytes, (Persidsky et al., 2006; Abbot et., 2006).
In BBB, a single layer of endothelial cells attached together forms a tight junc-
tion which are 50-100 times tighter than those in the peripheral endothelium
(Abbott., 2002; McCaffrey et al., 2007). In comparison to any other endothelial
cells in the body, the endothelial cells of the BBB have very distinctive physi-
ological properties (Weiss et al., 2009) which lack perforation (Reese & Ka-
novsky., 1967), but have restricted and controlled permeability. These endo-
thelial cells have a highly reduced incidence of paracellular and transcellular
permeability (Fenstermacher et al., 1988) and contain a large number of mito-
chondria, associated with a strong metabolic activity (Oldendorf et al., 1977).
The presence of pericytes in BBB also enables the BBB to form tight junctions
(Armulik et al., 2010). The basement membrane of the BBB is embedded with
contractile connective tissue cells called pericytes, which develop around ca-
pillary walls and share the basal membrane with brain capillary endothelial
cells (Hurtado-Alvarado et al, 2013). Absence of pericytes has shown to form

weak BBB with increased permeability (Bergers & Song., 2005).

28



Several studies have also reported the presence of astrocytes in the basement
membrane of BBB, where they extend their long processes whose end feet
wraps around the endothelial and the cerebral micro-vessel walls, surrounding
majority of the capillaries formed by the endothelial cells (Abbott et al., 2006).
Astrocytes release a number of soluble factors such as basic fibroblast growth
factor, angiotensin, angiopoietin | and glial-derived neurotrophic factor which
help in the maintenance of BBB integrity (Larochelle et al., 2011). Astrocytes
have also demonstrated to have critical influence on the BBB by enhancing
endothelial cell tight junctions and reducing gap junctions through astrocyte-
endothelial interactions (Tao-Cheng et al., 1987). Together these cells with
their distinctive characteristics control the passage of different molecules in
and out of the CNS. However, the properties of the BBB may vary according
to the need of the CNS, and they can adjust their functions especially during

disease condition (Banks., 2009).

However, the concept of the CNS as an immunologically and pharmacologi-
cally privileged site has changed over recent years. New research evidence
suggests that there is a vast network of communication between the CNS and
the immune system (Gosselin & Rivest., 2007). It is now well established that
the immune cells and molecules are present in the CNS and when required
they provide defence support to the CNS through immune response (Engel-
hardt and Coisne., 2011; Ransohoff and Brown., 2012). BBB dysfunction or
breakdown occurs in numerous neurological diseases and conditions such as
brain trauma, stroke and oedema, following the dysfunction or breakdown of
the BBB, entry of harmful and toxic components together with immune cells to
the CNS occur which later contribute to disease pathology. It is favourable to
have minimum damage to the CNS due to an effective immune response,
however the activation of the immune response may also damage healthy host
cells and tissues causing impairment in CNS function, thus induce transient or
enduring behavioural changes in the host and lead to the progression of neu-
rodegenerative diseases (Amor et al., 2010; Chaplin., 2010). The pathology of
inflammatory neurodegenerative disease like MS has been demonstrated to
be influenced by the entry of immune cells of BBB which leads to the autoim-
mune destruction of the myelin sheath. These studies suggest that the CNS is

not immune privileged as previously reported, and there is a well-maintained
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communication between the CNS and the immune system which however is
tightly regulated by the BBB (Weiss et al., 2009).
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1.5 Multiple sclerosis

MS is an autoimmune, chronic neuroinflammatory demyelinating disease of
the CNS, caused by damage to myelin sheaths and neurons following trau-
matic, anoxic, infectious, and immunological events (Skundric et al 2006;
McFarland and Martin, 2007; van Horssen et al., 2011). Often chronic persis-
tence and/or reoccurrence of inflammation in the CNS causes chronic progres-
sive and/or relapsing demyelination and damage to axons and ODCs, which
ultimately leads to clinical symptoms such as paralysis and disability (Skundric
et al., 2006). MS is characterized by the heterogeneous clinical symptoms with

complex pathology and pathogenesis.
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Figure 1.11: Diagram of healthy axons and demyelinated axons. Axon of a healthy neuron
is usually insulated with layer of fatty material termed myelin, which enable the neurons to
quickly conduct impulses between the brain and different parts of the body. During MS, im-
mune cells from the body's own immune system attack and destroy the myelin sheath, leaving
the nerve cell fibres unprotected which causes disruption in transmission of nerve impulses
and triggers many of the symptoms of MS.

Several pathophysiological processes such as inflammation, demyelination
and axonal damage mediate the disease manifestation of MS. Pathological
studies suggest four different patterns in demyelination in the MS lesion based

on: myelin protein loss (pattern I); geography and extension of plaques (pat-
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tern Il); patterns of oligodendrocyte destruction (pattern IIl); and immunopatho-
logical evidence of complement activation (pattern IV) (Lucchinetti et al.,
2000). Pattern | and Il demonstrate close similarities to T-cell-mediated and
T-cell plus antibody—mediated autoimmune encephalomyelitis, respectively.
Patterns Ill and IV are highly reminiscent of a primary oligodendrocyte dystro-
phy, reminiscent of virus- or toxin-induced demyelination rather than autoim-
munity (Lucchinetti et al., 2000). Although MS is considered a white matter
disease, grey matter is also affected (Lucchinetti et al., 2000; Lassmann et al.,
2001; Lassmann et al., 2007). The complex immunopathology of MS is distin-
guished by activation of microglia and infiltration of peripheral immune cells
(macrophages and lymphocytes) into the brain and spinal cord (Hickey et al.,
1991).

1.5.1 MSincidence and prevalence

In developed countries, MS is a common CNS disease leading to neurological
disability in young adults (Zipp et al., 2006). MS is a disease of all ages but
mostly affects people aged between 20-40 (Tienari., 1994), with peak age of

disease onset at 30 years of age (Compston et al., 2006).

2.5 million of world’s population suffers from MS (Thompson et al., 2006), with
global prevalence rate unevenly distributed. MS prevalence is lower in the
populations living in close proximity of the equator but is elevated with latitude
in both the northern and southern hemispheres. The disease is common
among the populations of northern European descent, especially in Scandina-
via, the British Isles, the northern tier of the United States and southern Can-
ada (Compston., 1997). In Asia and South America the prevalence rate is less
than 5 cases per 1000,000 varying to 11 and 74 cases per 100,000 in Aus-
tralia. Whereas the prevalence rates range between 100 to 200 cases per
100,000 in Scotland and North America (Milo and Kahana., 2009). Women are
affected by MS more commonly than men, in a ratio as high as 3.2:1 (Orton et
al., 2006).

In 2010 it was estimated that 126 669 people were living with MS in the UK
(203.4 per 100, 000 population) and that 6003 new cases were diagnosed that
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year (9.64 per 100, 000/year) (Mackenzie et al., 2013). The MS prevalence in
England and Wales is between 100-140 per 100,000, about 170 in Northern
Ireland and the highest prevalence rate of 190 in Scotland (Rosati., 2001; Mul-
tiple Sclerosis Trust., 2009), with Scotland having the highest incidence and
prevalence rates in the UK. A study of north east Scotland found prevalence
of MS to be 229 in Aberdeen, 295 in Shetland and as high as 402 in Orkney
(Visser et al.,2013).

1.5.2 MS aetiology

Despite immense scientific efforts, the aetiology of MS is still largely unknown.
Research suggests that there are several risk factors for MS disease including
genetic predisposition and environmental factors (Munger et al., 2006; Handel
et al.,, 2011) as well as viral/microbial infections (Sundstrom et al., 2004;
Thacker et al., 2006). It is accepted that interaction between susceptibility
genes and environmental triggers results in MS (Compston and Coles 2008;
Ramagopalan et al., 2010). Genetic epidemiology studies indicate genetics
may explain up to 30% of the risk of MS (Dyment et al., 2004), Several genes
including HLA-DRB1, IL-2Ra, IL-7R and tyrosine kinase 2 (TYK2) (Hafler et
al., 2007; Ban et al., 2009) have been suggested to be associated with MS
susceptibility, with HLA-DRB1 being one of the major genes associated with
MS risk (Jersild et al., 1973; Francis et al., 1991; Oksenberg et al., 2004). HLA-
DRBL1 in particular is not specific to MS and is linked to increased risk of de-
veloping other autoimmune conditions including rheumatoid arthritis and type
1 diabetes (Kerlan-Candon et al., 2008; Erlich et al.,2008). Furthermore, ge-
nome-wide association studies have identified novel loci with links to disease
susceptibility (Patsopoulos et al., 2011; Gourraud et al., 2012), including clas-
ses of genes which function as part of the immune system, in particular those
associated with T cell activation and proliferation (Sawcer et al., 2011). How-
ever, these risk factors on their own are not enough to cause MS they can
convey susceptibility to the disease which can be triggered by an environmen-
tal factor or viral infection (Pohl et al., 2009; Fga et al 2002; Ascherio et al.,
2007). However, any links between MS and viral or environmental factors re-

main inconclusive.
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Geoepidemilogical and immigration studies have proposed environmental fac-
tors as one of the vital and highly important risk factors for MS (Ebers 2008;
Kahana et al., 2009). Two environmental factors that are likely to be involved
in MS pathology are certain infectious agents like Epstein-Barr virus and in-
sufficient sunlight exposure (insufficient vitamin D and UV radiation) (Ebers
2008; Kahana et al., 2009). Along with these two factors, smoking has been
also identified as a risk factor for developing secondary progressive MS
(SPMS) (Healy et al., 2009). However, it is not clear and is still under investi-
gation that how these factors contribute to the initiation and development of
MS.

1.5.3 Clinical subtype and symptoms of MS

MS is mediated by inflammatory lymphocytes which transmigrate into the CNS
and cause tissue damage and neurological impairment. Many studies have
demonstrated the presence of multiple leukocytes (lymphocytes, macro-
phages, and DCs) in the MS lesion suggesting their contribution to the for-
mation of the CNS lesion (Skundric et al., 2006; McFarland and Martin 2007;
Peterson and Fujinami, 2007, Skundric et al., 2015). Based on the extent of
gradual decrease in inflammation over time, MS lesions are typically classified
as acute, subacute and chronic (Newcombe et al., 1993). The loss or inhibition
of motor neurons and demyelination of nerve fibres results in impaired APs,
thus gives rise to a wide variety of symptoms associated with MS. And the
location of the lesions within the CNS determines the nature of the symptoms.
Numbness of the face and body are often one of the first symptoms of MS.
However, in some patient’s vision problems such as blurred or double vision
or vision loss can also be the first symptom, which are caused by inflammation
and lesions of the optic nerve. Almost 80% of the MS patients suffer from fa-
tigues, however other symptoms include bladder dysfunction, stiff muscles
and painful muscle spasms. Some MS patients can also suffer from speech
problems, have difficulty with balance and feel dizzy most of the time. Further-
more, some patients can have problems with memory, concentration, infor-

mation processing and reasoning. Many patients suffer from emotional
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changes, including depression, stress, anxiety and mood swings (Michalski et
al., 2010; Kister et al., 2013).

MS has very heterogeneous clinical presentations and has been classified as
four clinical subtypes on the basis of both the initial and the current clinical
disease course (Noseworthy et al., 2000): relapsing-remitting MS (RRMS),
secondary progressive MS (SPMS), primary progressive MS (PPMS) and pro-
gressive relapsing MS (PRMS). RRMS is characterised by clinical symptoms
or relapses followed by improvement. During this disease course patients ex-
perience episodes of neurological disability and recovery that can last for many
years (Noseworthy et al., 2000). 80-85% of the MS patients have RRMS,
which is most typical in young patients. RRMS usually begins with a clinically
isolated syndrome (Miller et al., 2005) with unilateral optic neuritis, a brainstem
syndrome or partial myelitis. Clinical symptoms and episodic inflammation de-
velop gradually over several days and peaks after 1-2 weeks, followed by
gradual and subsequent improvement over several weeks or months. After 10
to 25 years of RRMS, the majority of these patients (90%) will enter a second-
ary progressive disease course with or without attacks, called SPMS. Itis char-
acterized by a steady decline in neurological function (Noseworthy et al.,
2000). A minority of patients (10-15%) have PPMS from onset. If any patient
following the initial onset of MS exhibits steady neurological function decline
without relapses and increase in symptom severity, they are described as hav-
ing PPMS. This subtype is mostly a non-inflammatory subtype (Lublin and
Reingold, 1996; Compston and Coles, 2002). PRMS is an uncommon subtype
of MS, which affects around 5% of the patients. It is characterised by a pro-

gressive decline of neurological function with more severe attacks.

1.5.4 Drugs and treatment for MS

Over the past 20 years many drugs have been identified as disease-modifying
therapies (DMT) for MS, which mainly target the inflammatory component of
the disease. Several follow-up studies have evaluated the efficacy of DMTs
and have shown that these treatments are only partially effective in halting the

disease process, decrease the relapse rate and reduce the number of MRI
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lesions in patients with RRMS (The IFN- 8 Multiple Sclerosis Study Group.,
1993; Johnson et al., 1995; Jacobs et al., 1996; PRISMS Study Group, 1998).
There is no treatment currently available to prevent or cure MS.

There are several DMTs which are shown to improve outcome by delaying
disease progression significantly (Freedman., 2011). IFNs are cytokines that
are normally released from lymphocytes in response to pathogens. Beta-inter-
feron (IFN-B) is used as the first line of therapy with several drugs on the mar-
ket. There are four IFN-B drugs that are approved as a treatment for MS,
Avonex and Rebif (IFN-B1a) and Betaseron and Extavia (IFN-B1b); (Loma and
Heyman., 2011). The mechanism of IFN-B’s action on MS disease is not fully
understood but it has been demonstrated to block IFN-y mediated disintegra-
tion of endothelial tight junctions (Minagar et al., 2003) and to reduce BBB
permeability to inflammatory cells in vitro (Kraus et al., 2004; Markowitz, 2007).
Based on the observation from other studies IFN-B is believed to inhibit T-cell
proliferation and increase the release of IL-10, reduce T-cell migration from
the periphery to the CNS, and alter the T cell cytokine secretion profile toward
anti-inflammatory responses (Markowitz, 2007). MRI data of MS patients with
RRMS have demonstrated that treatment with IFN-3 reduced disease severity
and episode duration by reducing the size of the lesions in the CNS (Gupta et
al., 2005).

Glatiramer acetate (GA) also belongs to the first line of therapy for MS. GA, a
synthetic polypeptide with 40-100 amino acids, is composed of random se-
guences of four amino acids (tyrosine, glutamate, alanine, and lysine), which
are common in myelin basic protein (MBP). GA is an immune modulator which
is believed to shift the immune responses from Th1l to Th2 type, thus shifting
of proinflammatory responses towards anti-inflammatory responses (Farina et
al., 2005; Johnson, 2010).

Other drugs available for MS treatment in the market include Alematzumab,
Daclizumab and Rituximab, which are monoclonal antibodies targeting CD52*
lymphocytes, CD25" NK and T cells and CD20* B cells, respectively (Butt-
mann and Rieckmann, 2008; Barten et al., 2010; Nicholas et al., 2011). Fin-
golimod (Gilenya) is another immunomodulating drug approved for treat-

ing MS. It blocks sphingosine-1-phosphates receptor in T cells that results in
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an inhibition of T-cell migration from lymphoid tissue into the peripheral circu-
lation and CNS (Nicholas et al., 2011). Mitoxantrone (Novantrone) is an im-
munosuppressive cytotoxic agent that inhibits B-cell, T-cell, and macrophage
proliferation and impairs antigen presentation and production of proinflamma-
tory cytokines (Nicholas et al., 2011; Loma and Heyman, 2011). Natalizumab
is @ monoclonal antibody of vascularate cell adhesion molecule 1. It works by
blocking very late antigen (VLA) -4 on the surface of the lymphocytes and
eventually blocks the transmigration of inflammatory lymphocytes to the CNS
via BBB (Steinman, 2005). Natalizumab being one of the most popular drugs
for MS has recently shown to develop progressive multifocal leukoencephalo-
pathy in patients following treatment with this drug and therefore led to its re-
duced use currently (Loma and Heyman, 2011).

In recent years, apart from the conventional treatments a new form of treat-
ment known as the autologous haematopoietic stem cell transplantation
(AHSCT) has shown promises to ameliorate and terminate MS disease activity
(Burman, J. et al., 2017; Muraro, P.A. et al., 2017; MStrust., 2019). AHSCT
uses high doses of chemotherapy to wipe out the existing erroneous immune
system in the MS patient’s body, and then rebuilt the immune system using
the transplanted stem cells collected from patients’ blood before the chemo-
therapy to stop the immune system to attack the myelin and causes inflamma-
tion in the brain and spinal cord (Burman, J. et al., 2017; Muraro, P.A. et al.,
2017; MStrust., 2019).

Despite the presence of the above treatments, there are limitations of the cur-
rent available drugs with side effects and many non-responding patients. Even
though AHSCT has shown success in treating MS, it is a highly costly treat-
ment and has several risks and side effects, which includes being immuno-
compromised and susceptible to infection immediately after the conditioning
chemotherapy and until the immune system has been rebuilt by the stem cells
following the transplantation stage (Broder, M.S. et al., 2017). There are
chances of developing other autoimmune conditions such as autoimmune thy-
roiditis and other chemotherapy related side effects such as fatigue, weakness
and a temporary loss of appetite, increased risk of bleeding and bruising and

worsening of the MS symptoms (Burman, J. et al., 2017; Muraro, P.A. et al.,
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2017; MStrust., 2019). Use of high dose of chemotherapy can cause longer
term side effects such as lowered fertility, or early menopause. Furthermore,
there is also a risk of dying due to the procedure. Thus, further studies are
required to identify new therapeutic targets and treatments for better cure of
MS patients. In addition, most of the DMTs, including IFN- B -1b and GA
(Baren et al., 2010), are effective only on RRMS but not on PPMS. Combina-
tion therapy strategies have also been suggested to target a range of disease
mechanisms because of the complex and heterogeneous nature of MS path-
ogenesis. Unfortunately, the large, randomised, controlled trials based on pre-
vious promising preliminary studies have shown negative or conflicting results.
Thus, further studies are required to understand better of MS pathogenesis

and to identify new therapeutic targets and treatments for patients.
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1.6 Animal models of MS disease

EAE is the most commonly used animal model for the inflammatory demye-
linating disease of the CNS like MS because of its immunopathological resem-
blance, EAE is characterized by mononuclear cell infiltration into the CNS and
demyelination observed in MS (Lindsey, 2005; Comabella and Khoury, 2011).

Over the past 50 years, an immense amount of research has been carried out
to establish and develop an animal model of MS disease in an effort to study
and understand the pathogenesis of encephalomyelitis. Patients, when given
a repeated injection of Pasteur’s vaccine (consisting of a suspension of dried
spinal cord collected from rabbit with rabies), displayed encephalomyelitis that
was different from that of rabies. Following that, encephalomyelitis had been
demonstrated when rabbits and monkeys were administered with series of in-
jections of neural tissues which indicated the encephalomyelitis resulted from
the unintentional induction of an autoimmune response against neural anti-
gens (Koristchoner et al.,1925; Rivers et al., 1933; Rivers et al., 1935).

Induction of EAE became easier and more trustworthy when complete
Freund's adjuvant (CFA) was introduced. CFA is an emulsion of mineral oil
containing dried mycobacteria such as mycobacterium tuberculosis (M. tuber-
culosis) and was first developed in 1940’s by Jules Freund (Derelanko and
Auletta., 2014). Injecting antigen in CFA induces a strong activation of local
cells, and therefore a vigorous and prolonged immune response against the
antigen (Freund and McDermott 1942; Freund, 1947; Freund, 1956). In 1946,
Kabat et al reported the induction of EAE in 3 out of 4 monkeys using three
weekly injections of rabbit brain emulsion in CFA. Following that, success of
EAE induction using CFA was reported in rabbits, monkeys, and guinea pigs
(Kabat et al., 1947; Morgan et al.,1947; Morisson et al.,1947; Freund et
al.,1947) and in many other species like dogs, cats, rats, sheep, goats, pigs,
chickens, and pigeons (Lindsey et al., 2005). However, there was a failure in
the initial attempt of inducing EAE in mice until later in 1949 when Olitsky and
Yager successfully induced EAE in mice. Many of the mice developed the
neurologic symptoms after 3-5 injection of brain tissue in CFA around 3 weeks
after the first injection. In 1955, Pertussis vaccine injected separately in addi-

tion to the CFA was demonstrated to induce higher incidence of EAE (Lee et
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al., 1955), and purified pertussis toxin is now routinely used in addition to CFA
(William., 2005).

1.6.1 Mouse strain and CNS antigen in EAE induction

In recent years, murine EAE is often induced by a combination of subcutane-
ous injection of an emulsion of myelin protein in CFA, which provides a depot
for sustained release of self-antigen, together with an intraperitoneal injection
of pertussis toxin, which helps in disrupting BBB (Hofstetter et al., 2002; Lin-
thicum et al., 1982). The immunisation thus enabling the infiltration of immune

cells into the CNS, imitating the primary wave of the RRMS in humans.

EAE is induced by autoimmune response against specific CNS antigens such
as myelin proteins. Most commonly used are MBP and (PLP), and MOG. Im-
munization with PLP, MBP, or peptides corresponding to the immunodominant
epitopes of MBP (MBPss-104), MOG (MOGo2-106), or PLP (PLP139-151 and
PLP17s-101) induces EAE in SJL mice strains (Miller et al., 2007). Similarly, im-
munization with the peptide corresponding to the immunodominant epitope of
MOG (MOGss-s5) induces EAE in C57BL/6 mice (Miller et al., 2007).

There is a wide variation in its susceptibility to EAE among the different strains
of the mice. In addition, different mouse models exhibit different disease phe-
notype such as relapsing-remitting, acute and chronic EAE. Relapsing EAE is
normally seen in the SJL or F1 hybrid of SJIL mouse immunised with MBP/PLP,
which allows assessment of the pathogenesis and immunoregulation of T cell—
mediated demyelination as well as the efficacy of various immunoregulatory
therapy strategies in a relapsing autoimmune disease setting (McRae et al.,
1992). EAE in C57BL/6 mice immunised with MOG/PLP displays a chronic-
progressive clinical course (Tompkins et al., 2002), while in other mouse
strains such as H-2" (PL/J and B10.PL), immunised with MBP/PLP, the dis-
ease is normally acute and self-limiting, and is not characterized by clinical

relapses (Miller et al., 2007).

Active induction of EAE by immunization with myelin antigens emulsified in

CFA has both induction and effector phases occurring in the same animal. In
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mice, peripheral immunization with myelin antigens leads to the breakdown of
peripheral tolerance and allows the activation of myelin antigen-specific T cells
in the secondary lymphoid organs. This is followed by myelin specific T cell
proliferation and effector cell differentiation enabling emergence from the sec-
ondary lymphoid organs. The integrin expressed by the effector T cells allow
them to cross the BBB and the CNS resident antigen presenting cells present-
ing the myelin antigens cause the reactivation of the effector T cells (Kawa-
kami et al., 2004). Once the effector T cells are reactivated, they produce pro-
inflammatory cytokines like IFN-y, IL-17, granulocyte-macrophage colony-
stimulating factor (GM-CSF), and TNF-qa, that causes damage to the nerve
tissues. Furthermore, pathogenic T cells produce chemokines that recruit non-
specific cellular effectors like y® T cells, monocytes, macrophages, and neu-
trophils into the CNS (Lees et al., 2008; Kroenke et al., 2008). Thus, the acti-
vation of these inflammatory cells and the damage they mediate are critical for
the damage of the myelin-sheathed axonal tracts and the formation of CNS

lesions.

In addition to active induction of EAE, it can also be induced using passive
induction by adoptive transfer of pre-activated myelin-specific T cells into na-
ive mice (Stinissen et al., 1998). In this type of induction, activation of autore-
active cells specific for the CNS are induced in one group of animals and then
the activated autoreactive cells are transferred to a second group of naive an-
imals (Lavi and Constantinescu., 2005). In passive EAE, the effector phase is
directly introduced by the adoptive transfer of activated myelin-specific Th1l or
Th17 cells collected from already immunized mice into naive mice (Cross et
al., 1990; Raine et al., 1984; Zamvil et al., 1985). Thus, passive induced EAE
is considered to be an important tool contributing in the characterization of the

function of T effector cells in developing EAE.

Even though the clinical features of passive and active induction of EAE are
similar, more reagents are required for passive induction in comparison to the
active induction. However, there are many advantages of using passive induc-
tion over active induction including: 1. The time point of introduction of enceph-
alitogenic T cells to the recipient mice is the same as the day of adoptive trans-

fer. 2. No antigen depot is present in vivo to lead continuous de novo activation
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of naive T cells. 3. In vivo encephalitogenic T cells can be easily tracked. 4. A

good tool to study the infiltration of antigen specific T cells in the CNS.

While there is a wide range of EAE models which are key to our understanding
of the heterogeneous clinical symptoms in different patients, it is very im-
portant to consider the advantages and disadvantages of the active and pas-
sive EAE induction methods and choose the right mice strain for different pur-
posed studies. In the SJL/J mouse, both active induction and adoptive transfer
of disease typically take a relapsing—remitting form which is very useful in stud-
ying immunoregulation and epitope spreading, while EAE in C57BL/6 mouse
displays chronic—progressive disease following active or passive EAE induc-
tion which is a very popular model for studying MS due to the availability of

transgenic and knockouts on the H-2° background (Derik et al., 2012).
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1.7 Current understanding of the role of immune cells and molecules in
MS and EAE development

In the CNS, acute inflammatory response occurs when there is an acute injury
or infection (Carlson et al., 1998) while chronic inflammatory response is a
characteristic of autoimmune like MS and neurodegenerative diseases like
Alzheimer’s (Heneka and O'Banion., 2007). MS is a chronic immune-mediated
demyelinating disease which inflicts varying degrees of disability depending
on the CNS damage inflicted (sensorimotor, cerebellar, visual, cognitive and
neuropsychiatric) (Lim and Constantinescu., 2010). The main pathophysiolog-
ical features of MS include increased BBB permeability, infiltration and accu-
mulation of inflammatory molecules and cells in the CNS, axonal and myelin

sheath damage, loss of oligodendrocytes, and formation of lesion in the CNS.

Based on current findings it is believed that autoimmune-driven processes are
involved in initiating MS and myelin specific CD4* Thl and Th17 cells act as
driving force in the autoimmune processes, but also other cell types like CD8*
T cells, B cells, macrophages and NK cells contribute to the pathogenesis of
MS (Sospedra and Martin., 2005; Kasper and Shoemaker., 2010), such as
myelin stripping, degeneration of axonal cytoskeleton, and/or damage to oli-
godendrocytes in MS lesions (Hickey et al., 1991). As apoptosis is involved in
the regulation and elimination of auto-reactive T and B cells and macrophages
from the circulation and prevents their migration into the CNS, irregular regu-
lation of apoptosis and other immune function can lead to CNS inflammation
and related tissue damage (Zipp, 2000; Pender., 2007). MS lesion are mostly
found in the white mater, in close proximity to the ventricle of the cerebellum,
brain stem, spinal cord and optic nerve (Compston and Coles., 2008). How-
ever, this lesion often disperses to other areas of the white matter as well as
grey matter but in a lesser extent (Geurts et al., 2005). During the early stage
of the disease remyelination of the axons occur, as the oligodendrocytes form
new myelin sheaths on demyelinating axons and enable them to keep func-
tioning. However, with progression of the disease the number of oligodendro-
cytes decreases due to immune mediated apoptosis and remyelination fails as

the extent of myelin damage becomes severe.
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Over the years, extensive research has been carried out both in vitro and in
vivo in order to understand the complex events entailed in MS pathogenesis.
The exact cause of MS is still unclear however what we do understand about
MS is that the immune system plays a big role in the disease. Our current
understanding of the immunopathology of MS is that the inflammation associ-
ated to MS is a consequence of an increased BBB permeability which allows
autoreactive myelin-specific T cells to enter the CNS. EAE pathophysiology is
similar to that of MS, except the initiating antigen. In MS/EAE the CNS anti-
gens get released into the periphery via the cervical lymph nodes where they
are activated. These antigens are then presented to T cells by APCs such as
DC within the periphery and initiate the activation and expansion of T cells
(Wucherpfennig & Strominger., 1995; Furtado et al., 2008). DCs contributes
to EAE pathogenesis by producing and releasing inflammatory mediators such
as TNF-q, IL-6 and IL-1B, which can contribute to inflammation and axonal
damage, and IL-12 and IL-23 which promote Th1l and Th17 differentiation re-
spectively (Bailey-Bucktrout et al., 2007). Both healthy subjects and MS pa-
tients contain auto reactive T cells but compared to the healthy subjects the T
cells are more activated and have a memory phenotype in MS (Diaz-Villoslada
etal., 1999). The activated T cells in MS migrate towards the BBB and interact
with BBB via adhesion molecules to enter the CNS (Furtado et al., 2008; Piccio
et al. 2002). After entering CNS, the T cells are restimulated by local and infil-
trating APCs (microglia/astrocytes/B cells/DCs) (Steinman, 1999). These acti-
vated inflammatory T cells then initiate damage of myelin and ODC lysis by
secreting immune molecules such as IFN-y and IL-17, and by activating resi-
dent CNS cells to release cytotoxic molecules like ROS and reactive nitrogen
species (RNS) (Lorenz et al., 2003). All these processes lead to further demy-
elination and damage of the axons, the hallmark of MS and EAE. Interestingly
partial or full remyelination, mainly mediated by ODCs entering the demyelin-
ated area, occurs simultaneously as demyelination is ongoing and involves
many of the same types of immune and CNS cells and molecules (Rodriguez.,
2007) (Figure 1.10).
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Figure 1.12: Inmunopathogenesis of MS or EAE. Naive CD4" T cells are activated in the pe-
ripheral lymphoid organ by APCs such as DCs, activated T cells then cross the damaged BBB
and enter the CNS. Following the entry CD4'T cells are then reactivated by infiltrating and
CNS APCs. Reactivated, CD4* T cells release pro-inflammatory mediators which amplify local
inflammation by activating resident microglia and astrocytes as well as further recruiting
other immune cells such as B cells, DCs, and macrophages from periphery. In summary these
inflammatory cascades eventually lead to the process involved in myelin and axonal damage.

1.7.1 Dendritic Cells (DCs) in MS

Many studies have demonstrated the role of DCs, in the pathogenesis of MS.
Recent data suggests DCs are abundantly present within the brain lesions of
MS patients and regions of CNS inflammation during EAE development, par-
ticularly in the meninges and perivascular infiltrate, appearing just before dis-
ease onset (Huang et al., 1999; Suter et al., 2000; Bailey et al., 2007). During
MS/EAE DCs display an altered phenotype and/or function by production and
release of pro-inflammatory cytokines such as IL-6, TNF-a, IFN-y, IL-1B
(Huang et al., 1999) IL-12 and IL-23 (Vaknin-Dembinsky et al., 2008) which
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promote Thl and Th17 differentiation respectively (Huang et al., 1999; Bailey
et al., 2007).

EAE induction in naive C57BL/6j mice was also achieved by an adoptive trans-
fer of DCs with MOGss.-s5 peptide with or without PTX and CFA injection (Weir
et al., 2002), which confirms DCs are the main APCs involved in the initiation
of EAE through activation of myelin-specific T cells. Once the auto reactive
CD4* T cells are activated by APCs they migrate into the CNS where they
undergo reactivation to exert its functions that induce disease pathogenesis.
Another important side of DC functioning is that, it contributes to MS/EAE path-
ogenesis through secreting a glycoprotein known as osteopontin, which is in-
volved in chemotaxis, activation and differentiation of immune cells (Hur et al.,
2007). Isolated DCs from MS patients and inflammatory plaques of EAE mod-
els have shown to express osteopontin in an increased level (Hur et al., 2007)
which has been linked to T cells differentiation specially towards Th17 pheno-
type (Murugaiyan et al., 2008). Thus, DCs being the primary APCs directing
T-cell differentiation and functions, are considered extremely important in di-

recting the immune pathology characteristic of MS.

1.7.2 Macrophages/Microgliain MS

Macrophage accumulation and microglial activation is one of the key features
seen in MS/EAE inflammation. Both macrophage and microglia are known for
their function to promote antigen presentation and reactivation of encephalito-
genic T cells. Macrophages are involved in the development of MS/EAE; how-
ever, there are reports of both detrimental and protective effects. Inhibition of
inflammatory responses in macrophages by administration of an anti-inflam-
matory drug semapimod in EAE mice has demonstrated to supress the pro-
duction of inflammatory cytokines such as TNF-q, IL-6, IL-13 and NO and de-
creases the EAE severity, indicating the crucial contribution of macrophages
to the pathogenic response of EAE (Martiney et al., 1998). Recent studies
have suggested different roles for different phenotype of macrophages during
the development of MS and EAE. A correlation between M1 cells with EAE
clinical severity was observed, with the highest accumulation of M1 cells ob-

served during the peak clinical severity. In contrast, alternatively activated M2
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macrophages function as anti-inflammatory cells to supress EAE severity
(Vaknin et al., 2011).

Accumulation of microglia has been observed within the demyelinated regions
in a cuprizone induced demyelinating model (Remington et al., 2007), sug-
gesting an important role of microglia cells in CNS demyelination. Microglial
cells have been often found to be activated even before the onset of MS/EAE
symptoms and cellular infiltration into the brain. During the disease they are
regarded as an effective APCs which can potentiate the demyelination pro-
cess by presenting myelin antigens to the infiltrating lymphocytes. During
MS/EAE, microglial cells get activated immediately and act as the major
source of pro-inflammatory cytokines and chemokines including TNF-a, IL-6
and IL-23p19 which directly causes tissue damage or recruitment of more leu-
kocytes (Aloisi., 2001). In response to IL-23 or IL-13, microglia also act as a
source of IL-17, contributing to the inflammation (Kawanokuchi et al., 2008).

During MS/EAE, besides their detrimental functions, macrophages/microglia
can also help in recovery by removing tissue debris via phagocytosis of de-
graded myelin products within active inflammatory lesions (Shechter et al.,
2009). This is an essential step in EAE recovery as myelin debris can inhibit
axonal regeneration and oligodendrocyte precursor cell differentiation, pre-
venting remyelination (Kotter et al., 2006).

1.7.3 T cellsin MS

CD4* T cells are regarded as the main effector cells in the development of MS
and EAE. However, CD4* T cells can be neuroprotective or pathogenic de-
pending on the cells they interact with and the microenvironment (Peterson
and Fujinami., 2007) they are in. For a long time, MS/EAE was considered a
Thl-cell mediated disease with IFN-y the main mediators of the inflammation
causing MS/EAE lesions (Compston and Cole., 2008), as adoptive transfer of
myelin-specific CD4* Th1l cells into naive mice were sufficient to induce EAE,
whereas Th2 cells were not (Merrill et al., 1992). Abundant IFN- y was also
detected in MS/EAE lesions (Lees and Cross., 2007) and treatment of MS

patients with IFN-y also displayed more severe disease (Panitch et al., 1987).
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Surprisingly IFN-y KO mice developed more severe EAE with higher mortality
rate when compared with the WT controls (Ferber et al., 1996). This estab-
lished, Th1l cells are unlikely to be solely responsible for the inflammation and
demyelination observed in MS/EAE development and that other mechanisms
are also involved. Further research demonstrated the involvement of numer-
ous other cell types and subsets, with Th17 cells playing a vital role in MS and
EAE pathogenesis (McFarland and Martin., 2007). Th17 cells secrete the pro-
inflammatory cytokines IL-17, IL-6 and are regulated by IL-23 (Langrish et al.,
2005, Steinman., 2007). Differentiation of Thl cells requires IL-12, a study in-
duced EAE in p35 and p40 deficient mice (the two protein subunits that com-
pose IL-12) and found IL-12p40 deficient mice were resistant to EAE (Segal
et al., 1998) however IL-12p35 deficient mice developed the disease (Becher
et al., 2002). The IL-12p40 chain is also a component of IL-23 along with the
IL-23p19 subunit and deletion of IL-12p19 developed resistance to EAE, de-
termining the importance of IL-23 in development of EAE. In addition, IL-23
has been demonstrated to be essential for the development and expansion of
Th17 cells. EAE induction by adoptive transfer of Th1l7 cells (Jager et al.,
2009) further confirmed Th17 cells as the key mediators of EAE pathogenesis
along with Thl cells.

In addition to Th cells, Treg cells have been also linked to MS pathology as
they have demonstrated to supress the effector functions of myelin-specific
CD4* and CD8* T cells and thus play a protective role in MS/EAE (Kohm et
al., 2002; McGeachy et al., 2005). In healthy individuals Treg cells control the
auto-reactive T cells while in MS patient’s dysfunction in the regulatory capac-
ities of the Treg cells suppress the activation of such cells (Viglietta et al.,
2004). Adoptive transfer of either purified Tregs, or Tregs isolated from EAE
mice have shown to reduce the EAE severity and decreased CNS infiltration,
associated to IL-10 production (Kohm et al., 2002; McGeachy et al., 2005). In
addition, increased susceptibility of EAE has been demonstrated when Treg
cells were depleted using an anti-CD25 monoclonal antibody (Reddy et al.,
2005) confirming the importance of Treg cells in ameliorating disease severity

and contributing to recovery.
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Initially CD4* T cells were thought to be the only responsible T cell for the
pathogenesis of MS and EAE; however, several studies demonstrated the
higher prevalence of CD8" T cells compared to CD4* T cells within MS/EAE
lesions near the demyelinated axons (Lassmann et al., 2007; Deb et al., 2010).
It is now evident from different studies that CD8* T cell can induce EAE in
C57BL/6 mice and potentially involved in EAE development (Sun et al., 2001;
Goverman., 2011). Van Oosten and colleague (1997) further demonstrated
the failure of a clinical trial to reduce MS through depletion of CD4* T cells
using a monoclonal anti-CD4 antibody. The study demonstrated no change in
lesion development and or relapse rate. However, depletion of both CD4 and
CD8* T cells using anti-CD52 monoclonal antibody reduced further develop-
ment of lesion and reduced the relapse rate (Coles et al., 1999) demonstrating
the involvement of CD8* T cells in MS/EAE pathogenesis. However, the exact
mechanism of CD8* T cells in MS /EAE pathogenesis is still unclear. It is
known that once activated, CD8* T cells can produce inflammatory mediators
such as IFN-y, IL-17 and TNF-a. which would contribute to the inflammatory
response. During MS/EAE contribution of CD8* T cells in tissue damage by
directly targeting oligodendrocytes, astrocytes and axons/neurons has been
demonstrated in several studies (Mars et al., 2011). Under inflammatory con-
ditions CNS resident cells, including astrocytes and microglia can express
MHC-1 molecules within MS lesions (Hoftberger et al., 2004) and thus can pro-
vide the means for CD8* T cell expansion and activation, along with peripheral
APCs which have migrated into the CNS. Furthermore, CD8* T cells can in-
duce demyelination via MHC | molecules present on neurons and ODCs via
Fas-FasL signalling and perforin (Kivisékk et al., 1999). Perforin secreted by
the cytotoxic T cells causes the generation of holes in the membranes of cells,
resulting in cellular lysis, and is often the cause of ODC death (Kivisakk et al.,
1999), cytoplasmic vacuolation, and the breakdown of the nuclear envelope.
Moreover, perforin mRNA is expressed in the cerebrospinal fluid (CSF) cells
and blood mononuclear cells of MS patients (Kivisdakk et al., 1999;

Matusevicius et al., 1998).
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1.7.4 B cells, NK and NKT cells in MS

Although T cell, DCs, macrophages are important for MS, the importance of
other immune cells such as B cells, NK and NKT cells should not be over-
looked (Piccio et al., 2002; Nowak et al., 2009; Sayed et al., 2010). The pres-
ence of immunoglobulin in the CSF of MS patients and elevated levels immu-
noglobulin and B cells in MS lesions clearly suggests the involvement of B
cells in MS pathology (Cepok et al., 2005; Morris-Downes et al., 2002). Under
normal physiological condition B cells are unable to cross the BBB, however
they can enter the CNS during an inflammatory response to enhance the in-
flammation in the CNS (Knopf et al., 1998).

During MS/EAE B cells act as APCs for auto-reactive T cells, by co-stimulating
and recruiting T cells and by the production of myelin-specific antibodies that
results in myelin destruction (Jagessar et al., 2012). Autoantibodies produced
by B cells plays important role in CNS demyelination, and an extensive anti-
body and complement deposition has been observed in pattern Il lesions in
50% of the patients (Lucchinetti et al., 2000). Autoantibodies to MOG and other
myelin proteins (PLP and MBP) are also involved in demyelination through
fixation and activation of the complement cascade (Piddlesden et al., 1991).
Furthermore, B cells can produce cytokines such as IL-6, which in combination
with TGF-f can facilitate the generation of pathogenic Th17 cells and the pro-
duction of pro-inflammatory cytokines (Bettelli et al., 2008). In addition, B cells
can also promote a Thl response by enhancing IFN-y production (Menard et
al., 2007), all together this suggests an involvement of B cells in MS/EAE path-
ogenesis. However, a beneficial property of B cells in EAE recovery has been
also demonstrated in a different study. It has shown that in absence of B cells,
EAE mice did not demonstrate to recover but rather displayed higher clinical
severity due to lack of IL-10 producing B cells, which are fundamental for EAE
remission (Matsushita et al., 2008). Furthermore IL-10 derived from B cells
has shown to down-regulate Thl responses and ameliorate EAE pathogene-
sis (Fillatreau et al., 2002). Taken together these studies suggest contrasting
functions of B cells during MS/EAE likely due to the presence of unique B cell

subsets or the stage of disease pathogenesis.
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In EAE, both NK/NKT cells has been regarded to have protective roles. A drug
Linomide which enhances NK cells activities have shown to limit EAE devel-
opment (Karussis et al., 1993) while another study has shown that addition of
anti-NK cell antibodies worsens disease severity (Matsumoto et al., 1998).
Both studies suggest an involvement of NK cells in suppressing EAE. Unlike
conventional T cells, NKT cells recognize antigen presented via CD1d on the
surface of APCs, and activated cells can produce IFN-y, IL-2, IL-4 and IL-17
and directly kill infected cells. Furthermore, adoptive transfer of spleen cells
derived NKT cells to C57BL/6 TCR knockout mice showed to induce recovery
from passive EAE (Fritz et al., 2011), which strongly suggests a protective role
NKT cells.

1.8 IL-16 cytokine

Many immune cytokines play important roles in the pathogenesis and regula-
tion of various immune mediated disease including MS. Thus, understanding
the exact role of these immune molecules in MS development, are key to de-
velop therapeutic strategies for MS patients. IL-16 is one of these cytokines
which play an important role in regulation of autoimmune inflammation
(Skundric et al., 2005, Skundric et al., 2006).

In 1982, IL-16 was first identified as a lymphocyte chemoattractant factor se-
creted by lymphocytes (Cruikshank and Cruickshank, 1982; Cruikshank et al.,
2000). IL-16 is located on chromosome 7 in mice and chromosome 15 in hu-
mans and is highly conserved. Murine IL-16 protein exerts the same biological
activity as human IL-16 on human T cells (Cruikshank et al., 2000). In human,
IL-16 is generated as a precursor protein known as pro-IL-16, which is consti-
tutively produced by unstimulated peripheral T lymphocytes, it is made up of
631-amino acid precursor, with a molecular mass between 68-80kDa. This
pro-IL-16 is then enzymatically cleaved by active caspase 3, releasing the bi-
oactive form of IL-16, which consists of a 121 amino acid peptide with a mo-
lecular mass of 17kDa (Zhang et al., 1998; Wu et al., 1999 Cruikshank et al.,
2000). Bioactivity of IL-16 only occurs after auto-aggregation of IL-16 in di-
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mers/tetramers (Cruikshank et al., 2000) and a bioactive IL-16 is the only cy-
tokine that contains PDZ domains, which allow for protein-protein interactions
(Wilson et al., 2003). These PDZ domains are located in the C-terminal region
of the protein. Both CD8* and CD4* cells have been reported to produce IL-16
(Berman et al., 1985) but we now know that IL-16 is also produced by other
immune cells including B cells and monocytes (Kaser et al., 2000; Elssner et
al., 2004). IL-16 can be released upon stimulation of cells, however the release
mechanism is unclear and not completely understood (Laberge et al., 1995;
Cruikshank et al., 2000;). Activation and release of IL-16 is regulated mostly
among T cell subsets and the mechanism behind its secretion varies between
different cell types. The resting CD8* cells contain active caspase-3, which
cleaves pro-IL-16, resulting in a pool of preformed, bioactive IL-16. In contrast,
resting CD4"* cells only contain pro-caspase-3 and therefore only have pro-IL-
16 (Cruikshank et al., 2000; Laberge et al., 1996). TCR mediated or cytokine
induced activation of CD4"* cells leads to enzymatic cleavage of pro-caspase-
3 into active caspase-3 resulting in release of bioactive miL-16 (Wilson et al.,
2004, Skundric et al., 2006, Skundric et al., 2005; Wu et al., 1999).

IL-16 protein exhibits selective and potent chemoattractant activity only in
CD4* cells, particularly Thl subset cells (Lynch et al., 2003). In addition to its
chemotactic function, IL-16 also exerts proinflammatory and immunomodula-
tory properties that include chemoattraction and activation of T cells (Cruik-
shank et al., 2000). Significant increase in the number of CD4* cells in pleural
effusion were observed after 12 hours of an intrapleural injection of recombi-
nant human IL-16 protein, which reached to its peak after 24 hours of the in-
jection (Quin et al., 2005). Bioactive IL-16 protein also functions as a growth
factor. Marked increase in CD4* cell proliferation was observed when they
were cultivated with both IL-16 and IL-2 in vitro. However, adding only IL-2 did
not alter the proliferation (Parada et al., 1998).

Expression of the CD4 receptor on cell surface is required for IL-16 bioactivi-
ties (Cruikshank et al., 2000). However recently, IL-16 demonstrated to induce
migration in human lung epithelial cells (A549) via the CD9 receptor (Blake et
al., 2018). Not much researches have been done on association of IL-16 with

CD9 receptor, but it has been studied and established that any cell that have
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CD4 receptor will respond to IL-16 protein. However, cross-linking of the CD4
receptors is thought to be necessary, since only the multimeric forms (dimers
and tetramers) of IL-16 induce bioactivity, not the monomer (Cruikshank et al.,
2000). CD4 is described as a protein which is predominantly expressed in T
cells and involved in recognising antigen in the context of MHC class Il (Panes,
1989). CD4 molecule is also expressed by some mononuclear cells (e.g. mon-
ocytes and macrophage) involved in regulation of innate and adoptive immune
responses (Skundric et al., 2015). The activation of the CD4 receptor by IL-16
results in phosphorylation of STAT 6, a protein in the cytoplasm, which then
translocates into the nucleus and exerts its effects by activating or repressing
target genes (Liu et al., 2007). In addition to its effect on T cells, IL-16 is known
to induce intracellular calcium rises, auto-phosphorylation of p56'*, IL-2Ra. ex-

pression and cytokine production (Skundric et al., 2015).

Furthermore IL-16 has been also identified to have dual effect on inflammation.
Some studies designate IL-16 as a pro-inflammatory cytokine, which attracts
CD4* cells (Center et al., 1996; Nicoll et al., 1999). When rhIL-16 was culti-
vated in vitro with human monocytes the secretion of the pro-inflammatory cy-
tokines IL-1p and TNF-a was observed (Mathy et al., 2000). However, other
studies have indicated an anti-inflammatory function of IL-16 as the treatment
with rhIL-16 in a mouse model of human synovial tissue from subjects with
rheumatoid arthritis (RA), resulted in a decrease in mRNA expression IL-103
and TNF-a (Klimiuk et al., 1999). In addition, in mouse models of encephalo-
myelitis and renal ischemia-reperfusion injury, anti-IL-16 treatment blocked the
influx of CD4" cells and improved the severity of the disease (Skundric et al.,
2005; Wang, et al., 2008).

Interestingly, in addition to its role in inflammation, a neuronal form of IL-16
known as neuronal IL-16 precursor (NIL-16) have been identified and charac-
terised (Kurschner & Yuzaki., 1999). NIL-16 is a larger splice variant of the
immune cell-derived IL-16 precursor protein, pro-IL-16, with two extra PDZ do-
mains in the N-terminal region (Kurschner & Yuzaki., 1999). They are selec-
tively expressed in post-mitotic neurons of the hippocampus and cerebellum
(Fenster et al., 2007), which are cleaved by caspase-3 similar to pro-IL-16 in

immune cells and results in the release of mature IL-16 (Kurschner & Yuzaki.,
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1999). Furthermore, NIL-16 induces the upregulation of the transcription factor
c-fos, (Kurschner and Yuzaki, 1999; Fenster et al., 2010), enhances neurite
outgrowth (Fenster et al., 2010) and interacts with neurotransmitter receptors
and several ion channel proteins (Kurschner & Yuzaki., 1999; Fenster et al.,
2007).

1.8.1 Role of IL-16 in immune-mediated diseases

Recent research suggests that IL-16 plays an important role in the develop-
ment of many autoimmune diseases including RA, systemic lupus erythema-
tosus (SLE), Graves’ disease (GD) and MS.

SLE, commonly known as lupus, is an autoimmune connective tissue disease
which affects almost any organ of the body. Patients with lupus have a hyper-
active immune system that generates auto-antibodies that attack tissue
throughout the body including kidney, brain, heart, lungs as well as blood, skin
and joints. This disease is characterised by periods of illness or periods of
wellness or remission (Lee et al., 1998). Research has indicated high levels of
IL-16 in the blood plasma of patients with SLE compared to healthy patients
and the level of IL-16 has been correlated with the severity of the disease (Lard
et al., 2002). However, the exact function of IL-16 in SLE is currently not

known.

RA is a chronic systemic inflammatory disease which primarily affects the syn-
ovial membranes and articular structures of the joints causing severe pain and
resulting in swollen and deformed joints (Fraz et al., 1998). A massive influx
of immune cells into the synovial area of joints of RA patients indicated the
involvement of chemotactic signal in local recruitment of these inflammatory
immune cells. Studies of RA patients demonstrated a high level of IL-16 in the
synovial fluid compared with osteoarthritis, non-rheumatoid arthritis, and other
healthy controls (Fraz et al., 1998). Furthermore, the studies demonstrated
production of IL-16 by synovial fibroblast cells and the associated chemoat-

traction of CD4" cells into the synovial tissue in RA patients but not in healthy
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controls or patient with non-inflammatory or non-autoimmune disease like os-
teoarthritis (Blaschke et al., 2001). This research finding indicates a patho-
genic role for IL-16 in RA disease.

GD is an autoimmune disease that affects the thyroid and the production of
autoantibodies, thus resulting in hyperthyroidism. It causes thyroid induced
ophthalmopathy and dermopathy (Pritchard et al., 2002). Increased production
of regulated on activation normal T cell (RANTES) and IL-16 has been demon-
strated in the fibroblast of GD patients (Pritchard et al., 2002), suggesting a
possible involvement of IL-16 in GD.

1.8.2 Role of IL-16 in MS

As previously discussed, MS is a neurodegenerative autoimmune disease
which has been shown to be modulated by CD4* and CD8* T cells as well as
macrophages/microglia (Bever et al., 2003; Mereli et al., 1991). CD4* T cells
are considered to have crucial role in the pathogenesis of MS/EAE, as myelin-
specific autoimmune T cells can initiate inflammation, and cause damage to
oligodendrocyte and axons leading demyelination. Interestingly in MS/EAE le-
sions, major cellular sources of intrathecally produced IL-16 include CD4* and
CD8* T cells, B cells and activated resident microglia (Skundric et al., 2005a;
Skundric et al., 2005b; Skundric et al., 2006).

In the CNS of RRMS patients, both pro- and secreted IL-16 has been found to
be in elevated within the MS lesion in comparison to the controls (Skundric et
al., 2006). Increased level of IL-16 has been correlated to the elevated levels
of T-bet* and active-caspase-3* infiltrating cells observed in the MS lesion
(Skundric et al., 2006). IL-16 immunoreactivity has been observed in CD4*
Thl cells, CD8* T cell, B cells and occasionally in microglia (Skundric et al.,
2006). Furthermore, IL-16 has been found to be secreted by CD8* CTLs col-
lected from MS patients when stimulated with the appropriate peptide such as
PLP (Biddison et al., 1997). In vitro studies have also demonstrated a regula-
tory role for IL-16 in EAE through chemoattaraction of myelin-specific CD4* T

cells, (Biddison et al., 1998). Furthermore, a correlation between increased
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production of secreted IL-16 and CD4* Th1l cell mediated neuroinflammation,
and phosphorylation of axonal cytoskeleton has been observed within the MS
lesion (Skundric et al., 2005; Skundric et al., 2006). In addition, current re-
search evidence suggests IL-16 contributes to ongoing neuroinflammation by
regulating the migration of CD4 expressing T cells regardless of their activa-
tion state and chemoattracting additional waves of CD4* T cells, which is of
critical importance for immune modulation and potential therapy of MS (Biddi-
son et al., 1998; Skundric et al., 2006).

During EAE, co-immuno-precipitation of IL-16 with CD4 was observed in the
CNS of relapsing EAE mice (Skundric et al., 2005a), and elevated levels of IL-
16 in the CNS of EAE mice were correlated with the levels of infiltrated CD4*
T cells (Skundric et al., 2005b). In addition, increased IL-16 levels along with
an increased active-caspase-3 and CD4* levels were correlated with stages
of clinically active disease (Skundric et al., 2005b). Subsequently, production
of bioactive IL-16 has been also observed when T cells isolated from EAE im-
munised mice has been restimulated or polyclonally activated with
PHA/MOGss-s5. (Skundric et al., 2005b). Further research have also demon-
strated that in mice with relapsing EAE, CD4* T cells produce pro- and bioac-
tive IL-16 and subsequently release it locally, which then binds to CD4 receptor
and selectively chemoattracts CD4* T cells and regulates CD4* cell migration
regardless of their activation state (Skundric et al., 2005b). However, during
the remission stage of the disease IL-16 levels were significantly reduced in
the EAE mice which was consistent with the clearance of infiltrating cells from
the CNS (Skundric et al., 1993). Skundric et al., (2005a) further demonstrated
that treatment with anti-IL-16 ameliorates RREAE disease as well as diminish-
ing the infiltration of CD4* T cells in CNS, the result of which is reduced levels
of demyelination and ultimately the sparing of axons. These findings from both
MS and EAE studies clearly suggest a role for IL-16 in MS pathogenesis
through CD4* Thl cell mediated neuroinflammation.
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1.9 Research Hypothesis and Aims

Current research findings suggest a crucial role of IL-16 produced by infiltrat-
ing CD4* T cells in CNS neuroinflammation and the development of MS/EAE
relapses (Skundric et al., 2005). Despite different studies providing an under-
standing of the possible role of IL-16 in mediating immune responses, little is
known about the exact role and underlying mechanisms of IL-16 function in
CNS compartment. Based on the previous studies we now clearly understand
that IL-16 has some role in inflammatory CNS diseases like MS, however
whether this role is beneficial or detrimental yet to be fully investigated. Fur-
thermore, a recent observation by Shrestha et al., in 2014 has demonstrated
that immune cell-derived IL-16 is neuroprotective against kainate- and oxygen-
glucose deprivation (OGD)-induced excitotoxicity in organotypic slice cultures
(Shrestha et al., 2014). Thus, we hypothesise that IL-16 may have a protective
role during MS/EAE and carried out this study as an approach to fully under-
stand the pattern of IL-16 regulation and its functions both under inflammatory

and normal conditions is essential.
The primary aims of this study therefore are:

e To establish EAE as a research model for MS disease for this study,
and to characterise the changes of immune responses associated with
EAE onset and progression.

e To determine the expression of IL-16 and its receptor CD4 in spleen,
lymph node and CNS tissues of EAE and control mice over the course
of the disease, and to investigate whether the expression level of IL-16
correlates with neuroinflammation in the CNS of EAE mice.

e To determine the cellular localisation of IL-16 within the spleen/lymph
node of naive, PBS and MOGss-ss immunised mice.

e To determine the cellular localisation of IL-16 within the spinal cord and
brain of naive, PBS and MOGss-s5s immunised mice.

e To assess the expression and cellular localisation of IL-16 in primary
hippocampal cultures.

e To determine the effect of rIL-16 on hippocampal neuronal excitability

and synaptic activity.
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2 Materials and Methods

2.1 Lab chemicals and consumables

Table 2.1: List of lab chemicals, consumables and their suppliers

Product Supplier
Eppendorf Applied Biosystems (UK)
Micro Amp Fast Optical 96-Well reaction
plates

Optical adhesive cover

BD FACS Canto system

BD FACS Diva Software

Fixation and Permeabilization Solution Kit with
BD Golgi Stop

Mycobacterium tuberculosis

TMB substrate solution

BD Bioscience (UK)

Epoch plate reader

BioTek (USA)

Avidin-HRP
Cell stimulation cocktail plus protein transport
inhibitor

eBioscience (UK)

Acetone

Haematoxylin

Phosphatase inhibitor cocktail 100x
riL-16

Fisher Scientific (UK)

KS 250 basic IKA shaker
T25 basic IKA homogeniser

Labortechnik (Germany)

B-27 serum replacement

cDNA reverse transcription Kit

Foetal Bovine Serum (FBS)

High Capacity cDNA Reverse Transcription Kit
L-glutamine

Neurobasal-A medium

Penicillin streptomycin

RNAlater

SYBR Select Master Mix

TRIzol reagent

Life Technologies/Invitro-
gen (UK)

CD4* T cell Isolation Kit (mouse) MACS Miltenyi Biotec
CD11b Microbeads Kit (mouse/human) (UK)

LS Column

MACS MultiStand

Histoclear National Diagnostics
Hydromount (USA)
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Bovine albumin serum (BSA)

Complete Freunds Adjuvant (CFA) Conca-
navalin A (conA)

Eosin Y

D-glucose

DPX mounting medium

Ethylene glycol tetra acetic acid (EGTA)
Ethylene-di-amine tetra-acetic acid (EDTA)
Ethanol

Guanosine-5’-triphosphate (GTP)
HEPES

Gill 2 haematoxylin

Magnesium adenosine Triphosphate (MgATP)
Methanol

Normal serum

Paraformaldehyde (PFA)

Papain

Phosphatase inhibitor cocktail 2
Phosphatase inhibitor cocktail 3
Poly-L-lysine

Potassium methyl sulphate (KMeSO3)
Protease inhibitor

RBC lysis buffer

gPCR primers

Sodium chloride (NaCl)

Sodium hydroxide (NaOH)

Triton X-100 solution

Tris buffered saline (TBS)

Trypan blue

Tween-20

Hyderogen chloride (HCI)

Sigma-Aldrich (UK)

CL2 Centrifuge
Cryostat

Thermo Scientific (UK)

Pertusis Toxin

Tocris Bioscience (UK)

Avidin/Biotin Kit

HRP Substrates: Peroxidase Substrate, Im-
mPACT AMEC Red

ImmEdge TM PEN

Microscope glass slides,

M.O.M Immunodetection Kit

Vectashield mounting medium with DAPI

Vector Lab (UK)

OCT mounting medium
Slide cover slip/cover glass

VWR (UK)
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2.2 Experimental animals

C57BL/6J wild type mice were bred in-house at the University of Strathclyde
animal unit (Biological Procedure Unit), originally obtained from Charles River
UK. The mice were housed in cages with access to water and standard diet
ad libitum under standard laboratory conditions (temperature 21 °C, humidity
45-65%) with a 12-hour light starting at 7am -12 hours’ dark cycle starting from
7pm. All animal care and experimental procedures were conducted in accord-
ance with the UK Home Office guidelines Animals Act 1986 (Scientific Proce-
dures) and were conducted under a Project License to Dr Hui-Rong Jiang

(PPL70/8520 “Pathophysiology of autoimmune diseases”).

2.3 Induction and clinical observation of EAE

To induce EAE, 6-8 weeks old female C57BL/6J mice were immunized sub-
cutaneously on day 0 with 100ug of MOGss-s5in 50 pl of PBS emulsified with
50 ul of CFA (4.4-5.5mg/ml Mycobacterium tuberculosis). The injection site
was shaved and sprayed with 70% ethanol prior to immunisation and each
mouse received two injections with 50ul on each side of the lower back. PBS
control mice received 50ul of PBS emulsified in 50 pl of CFA without MOG
peptide. In addition, 100ng pertussis toxin (PTX) in 100ul PBS was adminis-
tered intraperitoneally on Day 0 and Day 2. Naive control mice received no
injections. Weights and the clinical symptoms were monitored and recorded
daily after immunisation. Clinical symptoms were scored appropriate to the O-
4 scale shown in Table 2.2 (Jiang et al., 2012).

Table 2.2: Clinical score and signs during EAE

Clinical Score Clinical Sign
Grade 0 Normal gait, tail moves and can be raised
Grade 1 Loss of tail tone, normal gait
Grade 2 Hind limb weakness
Grade 3 Hind limb paralysis
Grade 4 Hind limb paralysis & forelimb
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2.4 Immunohistochemistry (IHC)
2.4.1 Tissue preparation for IHC

Naive, PBS and MOGss.s5s immunised mice were sacrificed via asphyxiation in
a CO2 chamber at day 12 (EAE onset), 16 (EAE peak) and 26 (EAE resolution)
post immunisation. Following the perfusion with PBS; spleen and inguinal
lymph nodes were removed from using a tweezer. To collect the brain, the
head was removed using scissors making sure not to damage the cortical re-
gion of the spinal cord below. An incision was made in the skin near the brain
stem and the skin was pulled back exposing the skull. The occipital region of
the skull was cut and using curved tweezers the skull was removed in sections
by positioning the tweezers underneath the skull, not touching the brain and
lifting upwards. Once the skull had been carefully removed, the brain was then
detached from the optic nerve and surrounding nerve fibres by carefully posi-
tioning scissors underneath the brain. The brain was removed from the skull
cavity by inserting curved tweezers underneath the brain and gently lifting it
out. Spinal cords were removed by hydrostatic pressure using a 19G needle
and PBS. After collection all the organs were placed in Optimal Cutting Tem-
perature compound (OCT) mounting medium and frozen on dry ice for before
being cut into 7 uM thick sections on a Shandon cryotome (Thermo Scientific)

for immunohistochemistry.

2.4.2 Tissue sectioning for IHC

Spleen, lymph node, spinal cord or brain were harvested from naive, PBS and
MOG35-55 immunised mice at different time points post immunisation. The
tissues were then cut into 7uM thick sections using cryostat (Thermo Scientific;
UK) and collected on properly labelled glass slides. Once air dried, slides were

stored at -20°C until required for the immunohistochemical staining.
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2.4.3 Solutions used for IHC

Phosphate buffered saline (PBS): 10x PBS was prepared dissolving 80g NaCl,
29 KCl, 14.4g Na2HPO4, 2.4g KH2PO4 in 1000ml dH20: pH 7.4; 1x PBS was
prepared using 100 ml of 10 times PBS in 900ml of dH20.

Tris buffered saline (TBS): 10x TBS was prepared dissolving 24g Tris base,
88g NaCl in 1000ml dH20; pH 7.4; 1x TBS was prepared using 100 ml of 10
times TBS in 900ml of dH20.

Immunohistochemistry (IHC) fixative solution: 75% acetone and 25% absolute
ethanol kept at -20°C.

IHC blocking buffer (BB): 5% foetal bovine serum v/v (FBS, 2.5ml) and 1%
Bovine serum albumin w/v (BSA, 5mg) in 50 ml of PBS.

Tris buffered saline-Tween (TBS-T): 1x TBS + 0.05% Tween 20 (500pl).

Scott’s tap water substitute (STWS): 2g NaHCO3, 20g MgSO4 in 1000ml dH20.

2.4.4 Haematoxylin and eosin (H&E) staining

Tissue sections were first fixed in ice cold IHC fixative solution for 10 minutes
before being rehydrated in TBS for a further 10 minutes. Tissues were then
stained in Gill 2 haematoxylin for 10 minutes and then washed under running
water for 5 minutes. Tissue sections were further differentiated with 2 dips in
0.1% Hydrochloric acid in 70% ethanol and then washed under running water
for 3 minutes. This was followed by blueing in STWS for 3 minutes followed
by another 5 minutes wash before being incubated in Eosin Y solution for 6
minutes. Then the tissue sections were washed in running water and were
periodically checked under a microscope until desired staining was obtained.

Tissue was then dehydrated through dipping in 70% and 95% ethanol followed
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by 5 minutes in 100% ethanol. The slides were then cleared in histoclear for 5

minutes and mounted with Histomount.

2.4.5. Immunoenzyme staining

Tissue sections were stained with different cell-surface marker antibodies
listed in Table 2.5. Frozen slides were first left on bench for 10 minutes to allow
the tissues to come up to RT prior to the fixation in ice cold fixative for 10
minutes. After fixation, the tissues were allowed to air dry at RT for another
20-30 minutes before being rehydrated in TBS for 25 minutes. After the rehy-
dration step, the tissues were blocked with IHC BB for 45-60 minutes. Tissues
were then washed and incubated with Avidin solution for 15 minutes followed
by a brief wash in TBS and further incubation with a Biotin solution for 15
minutes. After another brief rinsing of the slides in TBS, the tissues were then
directly incubated with appropriately pre-diluted specific primary antibodies in
BB. The slides were placed in a moisture chamber and incubated overnight at
4° C. Next day the slides were allowed to equilibrate to RT for 30minutes be-
fore being washed (3 x 5minutes) in TBS-T. During this time the slides were
placed on the shaker at 100 rpm speed (IKA KS 250 basic; Labortechnik) to
ensure appropriate flow of TBS-T. After washing, the tissues were then incu-
bated with relevant biotin secondary antibodies (Table 2.6) for 30-45 minutes
at RT. The tissues were then carefully washed in TBS-T and incubated at RT
with horseradish peroxidase for 30 minutes. This is followed by another wash-
ing step before incubation with AMEC ImmPACT Red Peroxidase System at
RT for about 1-2 minutes. Tissues were then briefly washed in TBS and coun-
terstained with haematoxylin for 15-30 seconds before being washed again
and mounted with hydromount medium. The stained slides were viewed using
a bright field microscopy (Nikon Eclipse 50). Images of three different magni-
fications (x10, x20, and x40) were taken using a digital camera (Nikon Digital
Sight DS-U3) connected with a computer containing NIS Element F 3.2 imag-

ing software.

63



2.4.6 Immunofluorescence staining

Frozen slides were first left on bench for 10 minutes to allow the tissues to
come up to RT prior to the fixation in ice cold fixative for 10 minutes. After
fixation, the tissues were allowed to air dry at RT for another 20-30 minutes
before being rehydrated in TBS for 25 minutes. Following rehydration, the tis-
sues were blocked with IHC BB for 45-60 minutes. Tissues were then washed
and incubated with Avidin solution for 15 minutes followed by a brief wash in
TBS and further incubation with a Biotin solution for 15 minutes. After another
brief rinsing of the slides in TBS, the tissues were then directly incubated with
appropriately pre-diluted primary antibodies (listed in Table 2.3) of interest in
IHC BB. The slides were placed in a moisture chamber and incubated over-
night in 4° C cold room. The following day, slides were washed with TBS-T (3
x 10 minutes). The tissues were then incubated for 1 hour with relevant fluo-
rescent secondary antibodies (listed in Table 2.4) specific for the primary an-
tibodies added. Tissues were washed in TBS-T (3 x 10 minutes) and mounted
with Vectashield including DAPI and sealed with clear nail varnish. Images of
the tissue sections were obtained using an epifluorescent microscope (Nikon

Eclipse TE2000-S) connected to NIS-Elements image software.

Table 2.3: Primary antibodies used in immunohistochemistry

Antibody Host Supplier Cat. No. Immunogen/cells
species
IL-16 | Rabbit Fisher PA5-20670 IL-16
MAP-2 | Chicken | Millipore AB5543 Neuron dendrites
NeuN | Mouse Millipore MAB377 Neuron cell body
GFAP | Mouse Cell signalling | 36708 Astrocyte
CD45 | Rat eBioscience 14-0451-85 Immune cells
CD4 | Rat eBioscience 14-0042-85 CDA4T Cells
CD8 | Rat BD 550281 CDS8 T Cells
F4/80 | Rat eBioscience 14-4801-85 Macrophages
CD11b | Rat eBioscience 14-0112-85 Pan Macrophages
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Table 2.4: Secondary antibodies used during immunohistochemistry

Antibody Host Conjugate Supplier Cat. No.
species
Anti-Rat | Mouse Biotin eBioscience | 13-4813-85
Anti-Rab- | Goat Biotin BD 550338
bit
Anti-Rat | Goat Alex-Fluor 488 | Thermo A-11006
Fisher
Anti-Rat | Chicken | Alex-Fluor 555 | Thermo A-21434
Fisher
Anti-Rab- | Donkey | Alexa-Fluor Thermo A-21206
bit 488 Fisher
Anti- | Donkey | Alex-Fluor 555 | Thermo A-31570
Mouse Fisher

Table 2.5: Isotype control antibodies used in immunohistochemistry

Species Isotype Supplier
Rat 19G2 Vector
Rabbit IgG Vector
Mouse lgG1 eBioscience
Goat 19G R&D

2.4.7 Immunoenzyme stained section quantification:

Spleen/lymph node and spinal cord: Tissue sections from spleen/lymph

node (Figure 2.1 A) and spinal cord (Figure 2.1 B) were stained for specific
cell markers and counterstained with haematoxylin and bright field images of
right half of each tissue sections were taken at x10 magnification. Scale of
images was set using ImageJ to the scale bar applied by Nikon NIS-Elements
imaging software and the images were analysed using ImageJ software. 10
regions of interest (ROI) each with a dimension of 243 ym x247 ym was as-
signed consistently tissue sections of the spleen/lymph node and spinal cord

to cover the whole image of tissue.

For spinal cord sections, 6 ROIs were assigned in the white matter region
which includes the lesion or an equivalent area, and 4 ROIs in the grey matter.
All cells expressing the desired marker (red) associated to haematoxylin nuclei

(blue) were counted in each ROI and the cell counts were expressed as a
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percentage out of the total number of cells stained with haematoxylin nuclei
(blue) present in the field of view of the total ROI assigned in the tissues (Fig-
ure 2.1 A&B). Each cell markers were assessed in tissues collected from either
3 or 5 mice per group and were quantified using the described method to rep-
resent the data as an average of the total number of mice assessed, with n

representing the number of animals.
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Figure 2.1: Quantification of CD4* cells in spleen/lymph node and spinal cord tissue using
Imagel. Representative image showing the quantification of CD4" cells in the EAE (A) spleen
and (B) spinal cord tissue section.

Brain: Brain tissue sections were stained for the specific cell markers and
counterstained with haematoxylin. Bright field images of brain cerebellum and
hippocampus were taken. To quantify the percentage CD4*/CD45" cells out of
total cells in each region, images of two different areas of cerebellar white
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matter and two different areas of the hippocampal dentate gyrus (where the
most immune cell infiltrations were seen) were taken at x20 magnification. To
quantify the percentage of IL-16" cells, images of cerebellar white matter,
granular layer and molecular layer (Figure 2.2A) and hippocampal C1, C2, C3
and two areas of Dentate Gyrus (Figure 2.2B) were taken at x20 magnification.
Scales of images were set using ImageJ to the scale bar applied by Nikon
NIS-Elements imaging software and the images were analysed using ImageJ
software. 3 ROIs, each with a dimension of 250 um x 230 ym, were assigned
in each image (Figure 2.4). All cells expressing the desired marker (red) asso-
ciated to haematoxylin nuclei (blue) were counted in each ROI and the cell
counts were expressed as a percentage out of the total number of cells stained
with haematoxylin nuclei (blue) present in the field of view of the 3 ROIs (Fig-
ure 2.3). Each cell markers were assessed in tissues collected from either 3
or 5 mice per group and were quantified using the above described method to
present the data as an average of the total number of mice assessed, with n

representing the number of animals.
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Figure 2.2: Images showing the brain regions A) cerebellum (white matter, molecular layer,
and granular layer + purkinje cells) and B) hippocampus (CA1, CA2, CA3 and 2 parts of dentate
gyrus) were quantified for IL-16 positive cells.
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Figure 2.3: Quantification of IL-16 positive cells in brain tissue using Imagel. Representative
image showing the quantification of IL-16" cells in hippocampal CA2 region of EAE brain tissue
section.

2.4.8 Immunofluorescence stained section quantification

Spleen/lymph node and spinal cord: Tissue sections from spleen/lymph

node (Figure 2.4 A) and spinal cord (Figure 2.4 B) were stained for specific
cell surface markers (CD45/CD4/CD11b/F4/80) along with IL-16, and then
mounted with Vectashield with DAPI. To quantify the percentage CD45* cells
co-expressing IL-16, epifluorescence images of right half of spleen/lymph
node tissue sections were taken at x20 magnification and spinal cord tissue
sections were taken at x10 magnification. Scales of images were set using
ImageJ to the scale bar applied by Nikon NIS-Elements imaging software and
the images were analysed using ImageJ software. 3 ROIs each with a dimen-
sion of 290 ym x 306 um were assigned on spleen/lymph node tissue sections,
and 10 ROIs (6 in white matter and 4 in grey matter) were assigned on spinal
cord tissue section. All cells expressing both CD45 (red) and IL-16 (green)
associated to DAPI (blue) were counted in each ROI and similarly cells ex-
pressing CD45 (red) associated to DAPI (blue) was also counted in each ROI
using ImageJ cell counter tool (Figure 2.4 A&B). The co-localised cell counts
were expressed as a percentage out of the total number of cells expressing
CD45 (red) associated to DAPI (blue) in the field of view of the total ROI as-
signed in the tissues (Figure 2.4 A&B). Each cell markers were assessed in

tissues collected from either 3 or 5 mice per group and were quantified using
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the described method to present the data as an average of the total number

of mice assessed, with n representing the number of animals.
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Figure 2.4: Quantification of IL-16 expression by CD45" cells using ImageJ. Representative
image showing the quantification of IL-16 co-localised with CD45" cells in the EAE (A) spleen
and (B) spinal cord tissue sections.

Brain: Brain tissue sections (Figure 2.5 A) were stained for specific cell sur-
face markers (CD45/CD4/CD11b/F4/80) along with IL-16, and then mounted
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with Vectashield with DAPI. To quantify the percentage CD45" cells co-ex-
pressing IL-16, the tissue sections were imaged using Meso Lens microscope
which allowed us to obtain subcellular details from wide-field epifluorescence
images at x4 magnification. Scales of images were set using ImageJ and also
were analysed using ImageJ software. 1 ROI with a dimension of 3280 um x
3104 ym was assigned on hippocampus and cerebellum of the brain tissue
sections and cells expressing both CD45 (red) and IL-16 (green) associated
to DAPI (blue) and cells expressing CD45 (red) associated to DAPI (blue) were
counted in each ROI using ImageJ cell counter tool (Figure 2.5 A&B). The co-
localised cell counts were expressed as a percentage out of the total number
of cells expressing CD45 (red) associated to DAPI (blue) in the field of view of
the ROI for the hippocampus and the cerebellum of the brain tissue sections
respectively (Figure 2.6 A&B). Each cell markers were assessed in tissues
collected from either 3 or 5 mice per group and were quantified using the de-
scribed method to represent the data as an average of the total number of

mice assessed, with n representing the number of animals.
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Figure 2.5: Quantification of IL-16 expression by CD45* cells in brain tissue section using
Imagel. Representative image showing the quantification of IL-16 co-localised with CD45*
cells in the (A) Hippocampus and (B) Cerebellum of EAE brain tissue section.

2.5 Serum Isolation

Mice were sacrificed at EAE onset, peak and resolution stages of the disease.
Immediately after sacrificing the mice, blood was collected from each mouse
and placed on ice. Whole blood samples were centrifuged for 15 minutes at
4°C at 13000 rpm. Serum was carefully removed and placed in fresh tube for
ELISA assay.
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2.6 Cell preparation from whole blood

Blood collected from each mouse was transferred to eppendorf tubes contain-
ing 0.5 ml PBS containing EDTA (5mM) and placed on ice before transferring
to a 15ml tube. 10ml of 1x red blood cell (RBC) lysis buffer prepared in distilled
water was then added to each sample and incubated for 10 minutes with oc-
casional shaking. The lysis buffer reaction was stopped by adding 20ml of PBS
to each sample. Cells were then centrifuged at 1400 RPM at 4°C for 5 minutes.
The supernatant was discarded, and the pellet was re-suspended in appropri-
ate buffer and counted for FACS staining and analysis.

2.7 Cell preparation from spleen and inguinal lymph node

Mice were sacrificed at three time points during the course of the disease (on-
set, peak and resolution) and spleens and inguinal lymph nodes were har-
vested and placed in sterile PBS for cell culture. Next tissues were disrupted
using the back of a syringe plunger to form a cell suspension. The suspension
was then filtered through sterile nitrex nylon mesh (Cadisch precision
meshes). Suspension was spun at 1400 RPM at 4°C for 5 minutes and the
spleen pellet was resuspended in 5ml RBC lysis buffer for 5 minutes.
Spleen/lymph node suspension was then re-filtered, spun and resuspended in
complete RPMI media (RPMI-1640 (Lonza; UK) with 10% FCS (Biosera Gold;
UK), 100mg/ml streptomycin, 100 U/ml penicillin and 2mM L-glutamine). Cells

were counted and re-suspended to an appropriate concentration for culture.

2.8 Spleen and inguinal lymph node stimulation

Cell suspensions from spleens and lymph nodes were cultured in 24 well tis-
sue culture plates at 2x10° cells/well. Cells were cultured with media alone,
media with 50 pg/ml MOGss-s5 or media with 50 pg/ml conA and incubated at
37°C in a cell incubator with 5% CO2 for 24 and 72 hrs. Supernatants were
collected for assessment of different cytokines using ELISA.
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2.9 Brain and Spinal cord lysate preparation

Cerebellum, cerebrum with the brain stem and spinal cord were collected in
individual bijous containing 1x protease and phosphatase inhibitor cocktail
prepared in PBS solution. The tissue samples were then homogenised, and
the homogenates were transferred to 1.5 ml eppendorf tubes. Samples were
then centrifuged at 13000 rpm for 15 minutes and the supernatant from each
sample was collected in 1.5ml fresh eppendorf tubes, which were used on the

same day for ELISA.

2.10 CD11b isolation

To isolate CD11b cells, blood samples, spleens and CNS (spinal cord and
brain) tissues harvested from EAE peak mice were pooled and processed as
described in sections 2.8 and 2.9 respectively. Cells were counted and resus-
pended in cell isolation buffer (1x PBS with 0.5% BSA and 2 mM EDTA) to get
appropriate final concentration. Cell suspension was then briefly centrifuged
at 336 RPM for 10 minutes. As described by the manufacturer, supernatant
was then completely pipetted off before re-suspending the cell pellet in buffer
(90ul of buffer per 107 total cells) and then mixed and incubated with (10pl per
107 total cells) CD11b microbeads for 15 minutes at 4°C. After the incubation,
cells were then washed once by adding buffer (1-2ml of buffer per 10’ total
cells) and centrifuged at 300xg for 10 minutes. Supernatant was then com-
pletely pipetted off and cells were resuspended in buffer (108 total cells in 500
ul of buffer). To perform cell separation, LS column was placed in the magnetic
field of the MACS Separator. The column was prepared by rinsing with 3ml of
buffer before adding the prepared cell suspension. The CD11b negative unla-
belled cells passing through the column were collected in a suitable tube and
the wash steps were performed three times with 3ml of buffer each time. To
collect the CD11b positive micro-bead attached cells, column was removed
from the MACS separator and placed on top of a collection tube, 5ml of buffer
was then added to the top of the column, and cells were then washed off the

column with pressure using a plunger. Isolated cells were then incubated with
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media alone or with LPS for 24 hours, and supernatants were collected for

assessment of IL-16 levels using ELISA.

2.11 Enzyme Linked Immunosorbent Assay (ELISA)

ELISA was used to examine the level of soluble protein levels in the samples
using paired antibodies together with recombinant protein as the standard.
High binding 96 well plates (Greiner Bio-One) were coated with 50ul specific
capture antibodies (using concentrations as mentioned on the certificate of
analysis; Table 2.6) diluted in PBS and incubated overnight at 4°C (IL-16 in-
cubated overnight at RT). The plates were then aspirated and washed 3 times
with ELISA wash buffer (1x PBS with 0.05% Tween-20) before incubation with
assay diluent (1x PBS with 10% Foetal calf serum) for 1 hour at RT. The plates
were then again aspirated and washed 3 times before adding 50ul of recom-
binant standards (diluted in assay diluent) and the samples (lymphocyte cell
culture supernatant, blood serum or CNS lysate) in each well, and incubated
at RT for 2 hours. The plates were aspirated and washed and then the match-
ing detection antibodies were added for 1 hour at RT (2 hours for IL-16) fol-
lowed by another wash step. Following that, avidin-HRP was added to each
well and incubated for 30 minutes at RT, which is followed by a final wash
step. TMB substrate solution was then added to each well until a definitive
blue colour had developed and stop solution (1M sulphuric acid) was added to
stop any further reaction. The plate was read at 450 nm in Epoch plate reader

using the Gen5 1.10 software.
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Table 2.6: Antibodies used in ELISA

Antibody Supplier Cat No.
IL-6 capture eBioscience 14-7061
IL-6 detection eBioscience 13-7062
IL-6 recombinant eBioscience 14-8061
IL-10 capture eBioscience 14-7101
IL-10 detection eBioscience 13-7102
IL-10 recombinant eBioscience 14-8101
IL-16 capture R&D DY1727
IL-16 detection R&D DY1727
IL-16 recombinant R&D DY1727
IL-17A capture eBioscience 14-7175
IL-17A detection eBioscience 13-7177
IL-17A recombinant eBioscience 14-8171
IFN-y capture eBioscience 14-7313-68B
IFN-y detection eBioscience 13-7312-68C
IFN-y recombinant eBioscience 39-8311-60

2.12 Cell staining for fluorescence activated cell sorting (FACS) analysis

Whole blood from each mouse was collected and processed following the
method mentioned in section 2.6 cells were counted and re-suspended in
FACS buffer (1% BSA in PBS) to appropriate concentrations and then 0.5 x106
cells were transferred to each FACS tube. Cells were then washed adding
FACS buffer followed by centrifugation at 1400 RPM at 4°C for 5 minutes and
the supernatant was discarded. Cells were then incubated with 100ul of a-
mouse CD16/CD32 Fc antibody (eBioscience, UK) for 5 minutes at 4°C in the
fridge to block non-specific Fc receptors. After the incubation the appropriate
antibodies (Tables 2.7 and 2.8) diluted in 100ul FACS buffer were added to
each tube and incubated in the dark at 4°C for 30 minutes. Cells were washed
twice in 1ml FACS buffer and re-suspended in 0.5ml FACS buffer. Cells were
analysed using BD FACS Canto system and BD FACS Diva software.
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Single spleen cells were prepared following the method as mentioned on sec-
tion 2.8, 2x10° cells/well were cultured in 24 well plated. Cells were treated
with cell stimulation cocktail (PMA and ionomycin) which contained protein
transport inhibitors (Brefeldin A and Monensin) to stimulate the cells to pro-
duce cytokines and trap them inside the cells. After 18 hrs, 0.5 x10° cells from
each sample were collected and added to each FACS tube with 1ml FACS
buffer. Samples were centrifuged at 1400 rpm for 5 minutes at 4°C and the
supernatant was removed. Cells were then stained with specific cell surface

marker antibodies listed in Table 2.7.

For staining of intracellular antigens, the Fixation and Permeabilization Solu-
tion Kit with BD Golgi Stop was used according to the manufacturers’ instruc-
tions. Cells were first stained with surface marker antibodies and washed, fol-
lowed by incubation in fixation/permeabilization solution for 20 minutes at 4
°C. Cells were then washed two times with BD Perm/Wash buffer to maintain
cell permeabilization and then incubated with the appropriate intracellular an-
tibodies for 30 minutes at 4°C in the dark. Following two more wash steps in
BD perm/wash solution, cells were resuspended in staining buffer and ana-
lysed as above as mentioned in 2.2.11. Cells were analysed using BD FACS
Canto system and BD FACS Diva software. To analyse the FACS data the
graph’s axis parameters were initially set to side scatter in the Y-axis and for-
ward scatter in the X-axis. A polygonal lymphocyte gate was then drawn
around the cells discarding the dead cells at the left corner of the graph. By
double-clicking on the polygonal lymphocyte gate in the graph window a new
graph was opened to displaying only the subset of cells that fall in the polygo-
nal lymphocyte gate. Two-parameter density plots were then obtained from
this gated lymphocyte, to display two measurement of fluorescence parame-
ters, one on the x-axis and one on the y-axis depending on which cell types
we have shown in Figure-2.6 , the lymphocytes determined by forward and
side scatter were stained with CD4(Pe-Cy7) and CD25 (FITC) to identify the T
cell and activated T cell populations. This data was then visualized with density
plot where the graph was split into four quadrants allowing us to determine the
cells single positive for each marker and both double negative and double pos-

itive. In this graph 13.8% of the lymphocyte’s population is made up of CD4*
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T cells and 1.06% activated CD4* T cells. When the expression levels do not
show distinct populations or are not mutually exclusive the appropriate con-
trols were used to help us determine the positive and negative populations.

S 1.06%

CD25

Figure 2.6: Two-parameter (dual colour fluorescence) density plot. Spleen cells collected
from naive was stained with CD4 and CD25. The lymphocytes were determined by the for-
ward and side scatter profile and T cell and activated T cell percentages were determined
using different gating methods.

Table 2.7: Antibodies used in FACS analysis

Antibody Conjugate Manufacturer Cat No.
IL-16 PE Biolegend 519106
IL-17A APC eBioscience 17-7177-81
CD3 FITC eBioscience 11-0032-82
CD4 FITC eBioscience 53-0041-80
Percy5.5 45-0042-82
CD8 Percy5.5 eBioscience 45-0081-82
CD11c FITC eBioscience 11-0114-82
CD19 APC eBioscience 17-0193-83
CD25 488 eBioscience 53-0251-82
CD40 Percp 710 eBioscience 46-0401-80
CD45 PE eBioscience 12-0451-82
B220 FITC eBioscience 11-0452-82
F4/80 Percy5.5 eBioscience 45-4801-80
IFN-y FITC BD Pharma 554411
MHC-II APC eBioscience 17-5909-42
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Table 2.8: Isotype control antibodies used in FACS

Species Isotype Conjugate | Manufacturer | Cat No.
Rat IgG1 FITC eBioscience 11-4301-81
Rat IgG2a PE eBioscience 12-4321-82
Percp-cy5.5 46-4321-82
Rat IgG2b PE eBioscience | 25-4031-81
Hamster IgG PE eBioscience 12-4888-81

2.13 Primary hippocampal culture

2.13.1 Solutions used for primary hippocampal culture

Poly-L-lysine (PLL): 10x stock solution (0.1mg/ml) was prepared by dissolving

5mg of the PLL powder in 50 ml of water. 1ml of this solution is diluted in 9ml
of water to give a final concentration of 0.01mg/ml and the solution was filter
sterilized using Millex syringe-driven filter unit (0.22 pm).

H enzyme solution: 116 mM NaCl, 5.4 mM KCI, 26 mM NaHCOs, 1.3 mM
NaH2PO4, 2 mM MgS04, 2mM CacCl2, 0.5 mM EDTA, 25 mM D-glucose; pH
to 7.4. The solution was stored at -20 °C until required during culture.

Hippocampal culture media (prepared on the day of the culture): 97% Neuro-
basal A (48.5 ml) supplemented with 2% B27 supplement (1ml) and 1% L-

glutamine (0.5 ml).

2.13.2 Preparations for primary hippocampal culture

Poly-L-lysine (0.01 mg/ml) coating of the autoclaved sterile coverslips or 6-
well plate was achieved by applying 200ul to each coverslip and 1ml in each
well of six well plate and air drying at RT for 1 hr followed by several washes
in autoclaved water. Coverslips were then allowed to rest on a sterile paper
towel and allowed to dry in the tissue culture cabinet prior to plating into sterile
33 mm petri dishes (2-3 coverslips per dish). To obtain the hippocampal con-
ditioned medium (HCM) some petri dishes were plated with only one coverslip

in each dish.
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2.13.3 Method for primary hippocampal culture

To culture the hippocampal neurons, 1-2-day-old C57BL/6J mice pups of ei-
ther sex were killed by cervical dislocation followed swiftly by decapitation in
accordance with Schedule 1 procedures of the UK Home Office guidelines,
Animals Act 1986 (Scientific Procedures). A size 11 scalpel blade was used to
pierce the skin and the skull down in the middle. The skull was then removed
using small curved tweezers and using a small spatula the brain was carefully
lifted out of skull and placed onto sterile filter paper. The brain was then gently
cut into two hemispheres using a scalpel. One half of the hemisphere was then
flipped onto its side and the cortex removed to reveal the hippocampus. The
upper and lower sections of the hippocampus are then removed using the
scalpel and collected in a petridish containing H-enzyme solution. In the same

way, the hippocampus is collected from the second hemisphere.

Following this, the tissue was suspended in a pre-warmed filter sterilized so-
lution of papain (7.5 mg of papain in 5 ml H-enzyme solution) and incubated
at 37°C for 20 minutes. Enzymatic digestion was brought to an end by trans-
ferral of the hippocampal tissue into filter sterilised 1% bovine albumin serum
solution, (60 mg of BSA in 6ml of H-enzyme). The tissue was then triturated
using a series of three flame polished sterile glass pasteur pipettes of decreas-
ing tip diameter until no clumps of cells remained visible. A pellet of cells was
recovered by centrifugation (2000 rpm, 2 minutes, RT) and the resulting pellet
was re-suspended in 1ml of hippocampal culture medium. Clustered cells are
then gently broken down using a pipette. Following suspension in media, 10yl
of media from the top and bottom was taken in two eppendorf and mixed with
10pl of Trypan blue. The cells were then loaded onto a haemocytometer
(Hawksley, UK), cell concentration was counted and subsequently diluted to a

final density of 5.5 x 10° cells/ml.

Once the specific concentration was obtained, cells were plated onto sterilized
Poly-L-lysine coated coverslips (100 ul per coverslip) or six well plate (1ml per
well of 6-well plate). Cells were allowed to adhere to the coverslips or 6-well
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plates at 37°C / 5% COz for 1 hour, following which excess cells were removed
by pipetting off any remaining media and then carefully adding 2ml of hippo-
campal culture media per petri dish. The cultures were incubated in hippocam-
pal media at 37°C / 5% COz for 11-15 days in vitro (DIV). All the steps for the
preparation of the culture were carried out under sterile conditions inside the
laminar flow hood (Walker Safety Cabinets LTD, UK). The cultures were reg-
ularly checked under bright field microscope to ensure they were growing
properly without any occurrence of contamination or cell death. Medium col-

lected from dishes that had one coverslip made up the HCM.

2.14 Immunocytochemistry in primary hippocampal cell cultures

Primary hippocampal cultures (11-15 DIV) were washed thrice with PBS and
then fixed in ice-cold 4% paraformaldehyde for 10 mins. The cultures were
then washed with PBS and treated with ice cold 100% methanol for 10 minutes
prior to the permeabilization with 0.01% Triton-X (in PBS) for 10 minutes. Fol-
lowing this, the cultures were washed and then treated with blocking buffer
solution (5% FCS in PBS) for 1 hour to block any non-specific binding sites.

Primary antibodies (Table 2.3) were prepared at the appropriate dilution in
blocking buffer to identify particular cellular components. The antibody solution
(100 ul) was applied directly to the coverslip and incubated overnight (16-20
hours) at 4° C in a moisture box. The following day the cultures were washed
thrice with PBS and then directly incubated for 1 hour in a dark room with
appropriate fluorescent secondary antibodies prepared in BB at optimal dilu-
tions. Some coverslips were used as controls and were treated with secondary
antibody alone (Table 2.4) to confirm that non-specific staining was not occur-
ring. To remove the excess secondary antibodies, all coverslips were washed
thrice with PBS and mounted onto microscope slides using 5ul of Vectashield
mounting medium containing DAPI and allowed to set. Once set, the edges of
the coverslips were sealed using black nail varnish and upon drying, the slides

were wrapped with foil paper and stored at 4°C until imaged.
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The immunostaining was imaged using an OLYMPUS BX51W1 microscope
with a Q-imaging digital camera and using Win Flour v3.4.4 imaging software
(J Dempster, University of Strathclyde). Cells were imaged using a 40x water
immersion lens with appropriate excitation filters used to visualize Alexa Flour
488 (A488) and Alexa Flour 555 (A555) signals respectively.

2.15 Whole cell patch clamping in primary hippocampal culture
2.15.1 Electrophysiology rig for patch clamping

The set-up for allowing whole cell patch clamp recording consists of a faraday
cage preventing interference from external electrical noise. Inside the cage, a
submerged recording chamber, an inverted microscope (Nikon Eclipes TS100,
Japan) equipped with 40x objective lens and a manipulator (MP-225 Sutter
instrument company, USA) were mounted on an anti-vibration table (Intacell
Isolate System). A computer with the Clampex software to analyse the signals
from the cells, a vacuum pump, the amplifier and the external solution collec-

tion reservoir all were placed outside the faraday cage, (Figure 2.7).
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Figure 2.7: Images showing the set-up used in patch clamp electrophysiology. It is consists
of a fara-day cage, inside the cage, a submerged recording chamber, an inverted microscope
equipped with 40x objective lens and a manipulator mounted on an anti-vibration table. A
computer with the Clampex soft ware to analyse the signals from the cells, a vacuum pump,
the amplifier and the external solution collection reservoir all were placed outside the faraday
cage.

2.15.2 Whole cell patch clamping

The coverslip with cultured cells was submerged in the chamber (Figure 2.8)
which was continuously perfused with freshly prepared HEPES-based salt so-
lution (HBSS) which contained (in mM): NaCl 140, KCI 5, MgClz2 2, CaCl2 2,
HEPES 10, d-glucose 10, pH 7.4, 310 mOsm. Cells were visualised using
bright field microscopy and healthy cells (smooth cell surface) were chosen for
patch clamping. Borosilicate glass micropipettes (1.5 mm O.D x 0.86 mm I.D.
Harvard Apparatus, 4-6 MQ) were pulled with an electrode puller (DMZ-Uni-
versal, Germany) and filled with internal solution which contained (in mM)
KMeSO4 130, KCI 20, Mg-ATP 4, Na-GTP 0.3, EGTA 0.3, HEPES 10, pH 7.2,
290 mOsm was placed in the head stage which is attached to the microma-

nipulator. With the help of the micromanipulator, the glass electrode was
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moved into the external solution over the coverslip and then carefully moved
towards the cell soma (Figure 2.10). Once the tip of glass micropipette touched
the membrane, a slight negative pressure was applied to obtain a gigaohm
seal. Once a gigaohm seal was obtained, careful and gentle suction was ap-
plied to rupture the membrane patch to obtain the whole cell configuration.
Signals in the experiments were captured by an Axopatch 200B amplifier (Mo-
lecular Devices, USA), digitized at 10 kHz and filtered at 2 kHz. To analyse
for Na* and K* currents, experiments were conducted in voltage clamp mode
using Clampex software with 14 depolarization steps (-90mV to +40mV) every
10s from an initial holding potential of -70mV. Spontaneous excitatory postsyn-
aptic currents (SEPSCs) were recorded over a 3-minute baseline period at a
holding potential of -70mV. All neuronal recordings were obtained from cul-

tures that had been treated in one of the three conditions outlined below.

- rIL-16 treatment: A petri dish containing a single hippocampal co-
verslip was treated with recombinant IL-16 (rIL-16, 300pg/ml) and then
allowed to incubate for 1 hour in an incubator before carrying out elec-
trophysiological recordings.

- rIL-16 recovery: A single coverslip was treated as outlined above and
then transferred in a petri dish with HCM and left in an incubator for 3
hours and then used for recording.

- rIL-16 control: As an appropriate vehicle control for rIL-16 treatment,
the hippocampal coverslips were treated with only water (300pg/ml) for

1 hour in an incubator before carrying out recording.

Sodium and potassium currents were analysed offline using Clampfit 10.3 soft-
ware and MiniAnalysis software, for SEPSCs (Synaptosoft, USA) where n rep-
resents the number of cells recorded from a minimum of 5 separate cultures.

All data are expressed as mean + S.E.M.
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Figure 2.8: Image showing a coverslip with cultured cells submerged in the chamber for
patch clamp electrophysiology. The cells within the red circles are dead cells and the cells
within the black border are healthy cells which were patched.

2.16 Western blotting

2.16.1 Solutions used for western blot

Western blot transfer buffer: 10x stock transfer buffer was prepared by dissolv-
ing 480mM Tris base, 390mM Glycine and 0.06% (w/v) Sodium dodecyl sul-
phate (SDS) in dH20. 1x transfer buffer was prepared using 100 ml of 10x
transfer buffer in 900ml of dH20.

Western blot wash buffer (PBST): 1x PBS+0.1 % Tween 20.

Western blot blocking buffer: 10 ml of PBST with 5% semi skimmed milk
(0.59).

Western blot secondary antibody diluent: 20 ml of PBST with 1% semi
skimmed milk (0.29).

Western blot resolving gel buffer: 2x buffer was made using 750mM Tris base,
4mM EDTA and 0.2% w/v SDS in dHz20; pH 8.9.

Western blot stacking gel buffer: 2x buffer was made using 250mM Tris base
,4mM EDTA and 0.4% w/v SDS in dH20; pH 6.8.
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Western blot running buffer: 10X buffer was made using 250mM Tris Base,
1,92M Glycine and 1% SDS in dH20

Western blot resolving gel 2x: 5ml of 2x resolving gel buffer, 4ml of 30% Acryla-
mide (Carl Roth GmbH and Co.) and 0.8 ml dH20 was mixed well before add-
ing 8ul Tetramethylethylenediamine (TEMED) and 200 pl of 10 % ammonium
persulfate (APS; 0.1 g in 1 mL PBS).

Western blot stacking gel 2x: 3 ml of stacking gel buffer, 0.9 ml Acrylamide,
and 1.95 ml dH20 was mixed well before adding 7.5 ul TEMED and 150 pl 10
% APS.

Western blot SDS loading buffer: 4x buffer was made using 0.4% w/v bromo-
phenol blue, 200mM Tris base, 40% glycerol and 8% w/v SDS in dH20. 1x
buffer was prepared using 100 ml of 4x SDS loading buffer in 900ml of PBS
and 25mM dDithiothreitol (DTT).

2.16.2 Sample preparation

Hippocampal cultures were grown in a 6-well plate as described earlier. At
DIV13, 3 wells were treated with rIL-16 (300pg/ml, 1hr) with the other 3 wells
treated with vehicle (1h) to act as a control followed by brief wash in ice-cold
(x2) PBS. 500yl lysis buffer (50mM Tris, 150mM NaCl, 1mM EDTA, 1% Triton
X-100, 0.5% sodium deoxycholate, 1:100 protease inhibitor and phosphatase
inhibitor cocktail 2 & 3; pH 7.4) was then added to each well and cells were
successively scraped from one well and then added to the next well until all
cells were collected from all 3 wells and transferred to an eppendorf tube. Cell
lysates were then centrifuged at 16,000 rpm at 4°C for 10 minutes and super-
natant were transferred to fresh eppendorf and stored at -20°C for future use
to quantify protein and carry out western blot.
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2.16.3 Protein quantification

The total protein concentration was analysed using a Bradford protein assay
using BSA as a protein standard to develop a standard curve with concentra-
tions ranging from 0 - 20 pg/ml. Samples and the protein standard BSA were
prepared in triplicate and then transferred to cuvettes and absorbance were
read in spectrometer at 595 nm. A standard curve was plotted and used to
calculate the amount of protein in 10 pl of each sample with 5 g of total cel-
lular protein used for each experiment. The samples were then made up in x4
loading buffer and then heated to 95°C for 5 mins before storing them at -20°C

until used.

2.16.4 SDS-polyacrylamide gel electrophoresis

Glass plates were cleaned and assembled in the appropriate casting frames.
Resolving gel (4.6 ml) were poured between assembled plates and allowed to
set for 10 minutes. While waiting for the resolving gel to set, stacking gels were
prepared. Once the resolving gel was set, the SDS was discarded and stack-
ing gels were poured on top of the set resolving gel. A comb was then inserted,
and everything was allowed to set for approximately 30 minutes before the
comb was removed. The gel cassettes were then assembled in a Bio-Rad
Mini-PROTEAN IITM 46 electrophoresis tank. Both inner and outer tanks were
filled with running buffer. A molecular weight marker (15ul) was loaded into the
first lane followed by samples (30 pul) into each lane using a Hamilton syringe.
The gel electrophoresis was then run at 90 V for approximately 30 minutes
followed by 150 V for 1 hour and 30 minutes or until the dye had run to the
bottom of the gel.

2.16.5 Blotting to sample into nitrocellulose membrane

Once the gel had finished running, it was transferred to a nitrocellulose mem-
brane. Nitrocellulose membrane was soaked in transfer buffer and the gels
were arranged in a transfer cassette in following order: 1. sponge; 2. blotting

paper; 3. nitrocellulose; 4. gel; 5. blotting paper; 6. sponge. The assembled

87



cassette was then placed in a Bio-Rad Mini Trans-Blot tank and filled with

transfer buffer and run overnight at 120 mA.

2.16.6 Western blotting

Following the protein transfer to nitrocellulose, the membranes were then in-
cubated in western blot blocking buffer for 1 hour on a shaker with 100 RPM
to block non-specific binding. The membrane was then directly incubated over-
night at 4° C with appropriately pre-diluted specific primary antibodies (Table
2.11) in PBS-T. Next day, the membranes were washed (4 x 5minutes) in PBS-
T. During this time, the membranes were placed on the shaker at 100 rpm
speed (IKA KS 250 basic; Labortechnik) to ensure appropriate flow of PBS-T.
After washing, the membranes were then incubated with relevant fluorophore
conjugated secondary antibodies (Table 2.12) prepared in diluent for 50
minutes at RT. The membranes were then carefully washed in PBS-T before
scanning and capturing the images using Odyssey scanner (Licor; UK). The
captured images were then normalised to Anti-B Actin and quantified using an

Odyssey scanner (Licor; UK).
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Table 2.9: Primary antibodies used in western blotting

Antibody Host Supplier Cat. No. Marker
Anti-Glutamate | Rabbit | Abcam | ab109450 Glutamate
Receptor 1 Receptor 1
Anti-Glutamate | Rabbit | Abcam | ab76321 Phospho S845
Receptor
1(Phospho S845)
Anti-Sodium | Rabbit | Sigma SAB450271 | Sodium channels
Channel Pan 3
Anti-Phospho- | Rabbit | Millipore | 04-823 Phospho S845
Glutamate 1
Anti-B Actin | Mouse | Abcam | Ab8226 B-Actin

Table 2.10: Secondary antibodies used during western blotting

Antibody Host Conjugate | Supplier Cat. No.
Anti-Rabbit | Donkey IR Dye LI-COR, 926-32213
UK
Anti-Mouse | Donkey IR Dye LI-COR, 926-32212
UK

2.17 Statistical analysis

All statistics were carried out using Graph Pad Prism software. All data are

expressed as mean £ S.E.M in all experiments. EAE clinical data and percent-

age weight change was analysed using 2-way ANOVA with repeated measure

with Bonferroni post-hoc test. Statistical analysis of all other data was per-

formed using a 1-way ANOVA with Bonferroni post hoc. A p value < 0.05 was

taken as indicative of statistical significance.
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3. Analysing the expression of IL-16 In

lymphoid organs and CNS

3.1 Introduction

MS is an autoimmune, demyelinating disease which affects over 2.5 million
people worldwide (Christophi et al., 2009). EAE is the most commonly used
animal model for studying MS because of its close immunopathological re-
semblance (Lindsey et al., 2005; Comabella and Khoury., 2011). In MS/EAE
the inflammatory response is driven by myelin specific T cells crossing the
BBB to the CNS. Following the entry, the T cells are reactivated by APCs to
release pro-inflammatory mediators and cytokines which induce activation of
resident microglia and astrocytes as well as other immune cells such as B
cells, DCs and macrophages, which then produce more inflammatory cyto-
kines and chemokines involved in myelin and axonal damage (Ransohoff et
al., 1993; Sun et al., 1997 and Oh et a., 1999).

IL-16 is a cytokine which was initially identified as a lymphocyte chemoattract-
ant factor in T cells (Cruikshank and Center., 1982; Cruikshank et al., 2000).
IL-16 is predominantly produced by CD4* and CD8* cells, (Berman et al.,
1985) as a precursor protein known as pro-IL-16, which gets enzymatically
cleaved by caspase 3, releasing the bioactive form of IL-16 (Zhang et al.,
1998). Other cells that can produce IL-16 include monocytes/macrophages,
DCs, mast cells, fibroblasts and microglia (Skundric et al., 2015). IL-16 is also
the ligand for the CD4 receptor and cell surface expression of CD4 is required
to exert the bioactivities of IL-16 observed in immune cells (Skundric et al.,
2015). Through interaction with CD4, IL-16 can chemoattract a variety of CD4*
immune cells. In addition, IL-16 has been also designated as a pro-inflamma-
tory cytokine that exhibits immunomodulatory properties, including the activa-

tion of T cells (Cruikshank et al., 2000) and macrophages.

Several studies have suggested that IL-16 plays an important role in the de-

velopment of various autoimmune diseases including MS (Biddison et al.,
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1997; Skundric et al., 2005; Skundric et al., 2015). With IL-16 found to be se-
creted from MS patient derived cytotoxic T lymphocytes (CTLs) when stimu-
lated with the myelin specific antigen proteolipid protein (PLP), suggesting a
role for IL-16 in MS disease (Biddison et al., 1997). Furthermore, anti-IL-16
antibody treatment also showed to ameliorate relapses in EAE mice and di-
minish the CNS infiltration by CD4* T cells. Importantly, a recent observation
demonstrated that conditioned media from lymphocyte preparations contain-
ing IL-16 is neuroprotective against kainate-induced excitotoxicity and neu-
ronal death, which further suggests that IL-16 may play a protective role in
certain CNS diseases (Shrestha et al., 2014). However, the exact role of IL-16
in the CNS during MS/EAE initiation and progression is likely to be complex

and requires further investigation.
The aims of this chapter therefore are:

1: To establish EAE as a research model for CNS neuroinflammatory disease
such as MS for this study, and to characterise the immunological changes as-

sociated with EAE onset and progression.

2: To characterise the expression of IL-16 and its receptor CD4 in spleen,
lymph node and CNS tissues of EAE and control mice over the course of the
disease, and to determine whether the expression level of IL-16 correlates with
neuroinflammation in the CNS of EAE mice.
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3.2 Results

3.2.1 MOGs3ss55induced EAE in C57BL/6J mice

EAE was induced in 7-8-week-old C57BL/6J female mice through s.c admin-
istration of MOGss-s5 peptide emulsified in CFA on day O, followed by i.p in-
jection of PTX on day 0 and 2 (Figure 3.1). Naive and PBS immunised mice
were also included as controls to determine the symptoms observed in EAE

mice were MOGss.-s5 specific.

Day 0
MOG +CFA s.c Day 12
PTXi.p ONSET

\ \/

P = 1 *

Day 2 Day 16 Day 26
PEAK RESOLUTION

C57BL/6j
Female mice  PTX

Figure 3.1: EAE induction and time course of disease development. On day 0, 7-8 weeks old
C57BL/6J female mice were injected with MOGss.ss peptide emulsified in CFA, followed by
intraperitoneal (i.p) injection of PTX on day 0 and 2. Symptomatic onset of EAE began at day
12, progressed and reached the peak at day 16 before gradually recovered by from day 18
until day 26.

Mice were monitored daily for clinical signs of EAE development and disease
severity was scored daily post immunization using the previously described
scoring system (Table 2.2). Early symptoms of EAE development include de-
veloping paralysis starting at the tail with normal mice being able to hold their
tail up in the air (Figure 3.2 A), whereas in EAE mice the tail began to lose its
strength and became limp (Figure 3.2 B; EAE score=1). As the disease pro-
gressed, the mice displayed hind limb weakness (Figure 3.2 C; EAE score =2)
and eventually complete hind limb paralysis (Figure 3.2 D; EAE score =3).
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Score O Score 1 Score 2 Score 3

Figure 3.2: EAE clinical symptoms. Clinical symptoms were evident as mice developed paral-
ysis. (A) 0: no sign of symptoms; (B) 1: complete loss of tail tone; (C) 2: hind limb weakness;
(D) 3: hind limb paralysis.

Mice from naive and PBS immunised groups, did not develop any EAE clinical
signs, and therefore all mice within these groups maintained a clinical score of
0 over the full-time course (Figure 3.3). In contrast, mice immunized with
MOGss-s5 developed a monophasic disease course with EAE onset occurring
around day 12 when the mice started to exhibit loss of tail tone (Figure 3.3 A).
35% of MOGass-55 immunised mice displayed clinical signs of EAE at day 12
post immunisation and the incidence increased to 100% by day 15 post im-
munisation (Figure 3.3 B). Disease severity reached its peak at day 16 when
the mean clinical score of the group reached 2.1+ 0.2. After day 16, mice be-
gan to gradually recover, with a steady decrease in clinical score. However full
recovery was never achieved within the 26-day period and mice still displayed

an average clinical score of 0.5 at day 26.

In addition, the weight of individual mice from each group was monitored
throughout. Mice were weighed on day 0 and every 2 days after immunization
and then twice a day from the onset of clinical symptoms. The relative per-
centage weight change calculation revealed naive and PBS mice, which did
not develop EAE, steadily gained weight over the course of time (Fig. 3.3 C)
whereas the MOGss-55 immunised mice started to lose weight just before EAE
onset around day 11. Between days 12-17 when the mice reached the maxi-
mum disease severity they were at their lightest weight. After this, as the mice

reached their recovery stage they started regaining weight.
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Figure 3.3: Monophasic disease course displayed by EAE mice. (A) Mean EAE clinical score
of mice as assessed using the scoring system described previously. (B) Percentage of disease
incidence. (C) Percentage weight change of all animals in each group. Data represents mean
+ S.E.M. Naive, (n=11); EAE (n=15); PBS (n=11). Statistical significance was determined by
two-way repeated measures ANOVA with Bonferroni post-hoc test. *P<0.05, **P <0.01
**%Pp<0.001 versus naive and PBS control groups. n=number of animals.
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3.2.2 Cellular infiltration in CNS tissues of EAE mice

Histological analysis was used to investigate the extent of inflammation and
the levels of cellular infiltration in the spinal cord and brain tissues over the
course of EAE. H&E staining was carried out on these tissues harvested from
naive, PBS immunised mice at day 16 post immunisation (equivalent time to
day 16; EAE peak of MOGss-ss immunised mice) and MOGss-s5 immunised
mice at day 12 (EAE onset), day 16 (EAE peak) and day 26 (EAE resolution)

post immunisation.

No signs of cellular infiltration were observed in spinal cord tissues collected
from naive (Figure 3.4A) and PBS day 16 mice (Figure 3.4B). In MOGss.55
immunised mice, cellular infiltration was first observed in the inflammatory le-
sions of spinal cord tissues at day 12 of EAE (Figure 3.4C), predominantly
within the WM. The inflammation was increased further at day 16 of EAE (Fig-
ure 3.4D). By the time EAE reached the day 26 (Figure 3.4F) there was cellular

infiltration within the spinal cord.
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Figure 3.4: Cellular infiltration observed in the spinal cord of EAE mice. Spinal cord sec-
tions were stained with H&E to show the extent of inflammation and cellular infiltration in
(A) naive mice, (B) PBS mice at day 16 post immunisation and MOG3ss.ss mice at (C) day 12,
(D) day 16, and (E) day 26. n=3 for all groups. Primary images X10 magnification, scale
bars = 100um; Secondary images X20 magnification, scale bars = 100um.
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As observed with spinal cord tissues, signs of cellular infiltration were also
absent within the brain tissues of naive (Figure 3.5A) and PBS day 16 mice
(Figure 3.5B). The brain tissues collected from MOG3s.ss immunised mice (Fig-
ure 3.5 C-D) demonstrated similar levels of cellular infiltration as seen in the
spinal cord of the mice. Cell infiltration was observed mostly within the cere-

bellum of day 16 EAE mice, particularly in WM.
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Figure 3.5: Cellular infiltration observed in the brain of EAE mice. Brain sections were
stained with H&E to show the extent of inflammation and cellular infiltration in (A) naive, (B)
PBS mice at day 16 post immunisation and MOG3s.ss immunised mice at (C) day 12, (D) day
16, and (E) day 26 post immunisation. n=3 for all groups. Primary images X10 magnification,
scale bars = 100um; Secondary images X20 magnification, scale bars = 100um.
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3.2.3 Immune cell infiltration in the CNS of EAE mice

To further examine the extent of inflammation and immune cell infiltration in
the CNS over the course of EAE, tissue sections were stained with anti-CD45
(a marker for immune cells) using IHC. CDA45 is known to be expressed on
almost all hematopoietic cells and is positive for microglial cells in the CNS.
However, the CD45 antibody used in our lab has always showed to have spec-
ificity for only hematopoietic cell and was never tested positive for microglia
cells in the CNS of naive and PBS mice, thus we commonly use this as a
marker for infiltrating immune cell to check the extent of inflammation in the
CNS of EAE mice. As expected, no evidence of CD45* cells and inflammation
were observed in the CNS of naive (Figure 3.6B; 3.7B; 3.8B) and PBS day 16
mice (Figure 3.6C; 3.7C; 3.8C). An isotype control was also included to deter-
mine the specificity of the CD45 antibody and that also produced a negative
result (Figure 3.6A; 3.7A; 3.8A).

In the spinal cord of MOGss-s5 immunised mice, expression of CD45 was evi-
dent at day 12 of EAE predominantly within the WM as clusters of cells forming
the inflammatory lesions, which further increased when the clinical symptoms
reached its peak at day 16 (Figure 3.6E). As the disease started to resolve,
the expression of CD45 was decreased at day 26 (Figure 3.6F). We next quan-
tified the number of CD45* cells in relation to total cell number within the com-
parable ROI in the spinal cord tissue sections at different EAE time points (Fig-
ure 3.6G). The data revealed CD45" cells accounted for 59 + 2% of total cells
in spinal cord of EAE mice at day 12, which increased to 67+ 2% at day 16
during the EAE peak stage and then reduced to 22 + 1% at EAE resolution at
day 26, with both EAE day 12 and day 16 significantly higher than EAE day
26.

97



Isotype PBS

A. Control B. Naive c. Day 16
e
X
100pm 100um 100km
o
N
X
m i . 100pm ! W
EAE EAE
EAE
D. Day 12 E. Day16 F. Day 26
o
X o :
s 100pm- 1?;”“ 100pm
o ? ¥y :
5 e P
100’ 100um
G. I — |

801 HH#t#
? HHHE Kkk
8 60- i
(&)
=
2 40
o HitH
g -
(_) 20'
<

0

Naive PBS EAE EAE EAE
Day 16 Day 12 Day 16 Day 26

Figure 3.6: Immune cell infiltration in the spinal cord of EAE mice. Spinal cords harvested
from (B) naive, and (C) PBS, or (A, D-F) MOGss.ss immunised mice were stained with isotype
control or anti-CD45 (Amec Red) and counterstained with haematoxylin (blue). Arrows indi-
cate infiltration of immune cells. Data are representative of each group. n=3 for all groups.
Images X20 magnification, scale bars = 100um. (G) Percentage of infiltrating CD45 positive
cells in spinal cord tissues of control and different stages of EAE mice has been quantified
using the cell counter tool of Image J software and result expressed as mean * S.E.M. Statis-
tical significance was determined by one-way ANOVA with Bonferroni post-hoc. Significance
determined by post hoc test. ***P<0.001 versus naive, *#P<0.001 versus PBS day 16,
"P<0.001 versus EAE day 26.

98



Following the examination of CD45 expression on spinal cord sections, sagi-
tally processed brain sections were next checked for CD45 expression. As ob-
served with the spinal cord tissue, no signs of CD45" cells or inflammation
were present within the brain regions of naive and PBS day 16 mice (Figure
3.7B & C and 3.8B & C). In EAE mice, CD45 expression was assessed mainly
within two regions of brain: the hippocampus (Figure 3.7) and the cerebellum
(Figure 3.8). In the hippocampus, CD45" cells were observed in all stages of
EAE mice (Figure 3.7D, E &F). Quantification of the number of CD45* cells in
relation to total cell number within the comparable ROI in the hippocampus of
EAE mice (Figure 3.7G) revealed that CD45* cells accounted for 44 + 2% of
total cells at day 12 post immunisation, which was increased to 61 £+ 1 % at
day 16, before falling back to 16 + 1% at day 26. The quantification also con-
firmed that both EAE day 12 and day 16 had significantly higher percentage
of CD45" in comparison to EAE day 26. In the cerebellum of EAE mice (Figure
3.8G) quantification of the number of CD45" cells in relation to total cell num-
ber within the comparable ROI in the cerebellum at different EAE time points
demonstrated, CD45* cells accounted for 58 + 2% of total cells at day 12 which
increased to 66 + 2 % at EAE day 16 before dropping back to 23 + 3% at day
26.The quantification also revealed both EAE day 12 and day 16 had signifi-
cantly higher percentage of CD45* in comparison to EAE day 26.
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Figure 3.7: Immune cell infiltration in the hippocampus of EAE mice. Brains harvested from
(B) naive, and (C) PBS, or (A, D-F) MOGss.ss immunised mice were stained with isotype control
or anti-CD45 (Amec Red) and counterstained with haematoxylin (blue). Arrows indicate infil-
tration of immune cells. Data are representative of each group. n=3 for all groups. Images
X20 magnification, scale bars = 100um. (G) Percentage of infiltrating CD45 positive cell at
each stage of EAE has been quantified using the cell counter tool of Image J software and
result expressed as mean * S.E.M. Significance determined by one-way ANOVA with Bonfer-
roni post hoc test. *P<0.05, ***P<0.001 versus naive, *P<0.05, ##P<0.001 versus PBS day 16,
""P<0.01, " P<0.001 versus EAE day 26.
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Figure 3.8: Immune cell infiltration in the cerebellum of EAE mice. Brains harvested from (B)
naive, and (C) PBS, or (A, D-E) MOG3ss.ss immunised mice were stained with isotype control or
anti-CD45 (Amec Red) and counterstained with haematoxylin (blue). Arrows indicate infiltra-
tion of immune cells. Data are representative of each group. n=3 for all groups. Images X20
magnification, scale bars = 100um. (G) Percentage of infiltrating CD45 positive cell at each
stage of EAE has been quantified using the cell counter tool of Image J software and result
expressed as mean + S.E.M. Significance determined by one-way ANOVA with Bonferroni post
hoc test. **P <0.01, ***P<0.001 versus naive, P <0.01, ##P<0.001 versus PBS day 16,
""P<0.01, ""P<0.001 versus EAE day 26.
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3.2.4 Identification of immune cell phenotype in the peripheral lymphoid

organs of EAE and control mice

To investigate the correlated systemic inflammatory response in EAE mice, spleno-
cytes were collected from the naive, and PBS or MOGss.ss immunised mice at day 16
post immunisation and analysed using FACS.

First, we examined the CD4* and CD8* T cells (Figure 3.9A and B) and our data
showed that the percentages of CD4* and CD8" T cells out of total splenocyte popu-
lation in naive, PBS and EAE mice were similar. However, the percentage of CD4* T
cells co-expressing CD25, a marker for activated T cells, was significantly elevated in
the spleen of both PBS (1.30 + 0.02%) and EAE (1.24 + 0.05%) mice compared to
the naive control (0.90 + 0.04%) (Figure 3.9A). Similarly, significantly increased levels
of CD87CD25" cells were also observed in EAE mice (2.13 = 0.11%) in comparison
to naive control mice (1.39 = 0.06%) but no difference was observed between the
PBS (2.50 + 0.65%) and EAE mice or PBS and naive mice (Figure 3.9B).

B cells were also examined and no difference in the percentage of B cells were iden-
tified, as cells expressing both CD19 (B lymphocyte antigen) and B220 (antigen which
is expressed on B lymphocytes throughout their development), in naive (44.7 + 1.05%
of total cells), PBS day 16 (37.37 + 2.28% of total cells) or EAE day 16 (36.46 £ 1.95%
of total cells) mice groups (Figure 3.9E).

Following this, the percentage of DCs and their activation status were also evaluated
(Figure 3.9C). CD11c* cells were significantly elevated in EAE mice (1.27 £ 0.05%)
in comparison to naive (0.79 £ 0.03%) and PBS (0.90 + 0.10%) controls. However,
the percentage of CD11c" cells also expressing CD40 (a co-stimulatory molecule
found on APCs required for their activation) was found to be significantly elevated in
EAE mice (1.96 + 0.12%) in contrast to the naive controls (1.37 £ 0.08%) (Figure
3.9C). However, no difference was observed between the EAE and the PBS (1.98 +
0.32%) mice. CD11c*MHC-II* cells were also examined; the percentage of these cells
were significantly increased in both EAE (3.43 £ 0.18%) and PBS (3.28 + 0.30%) mice
in comparison to the naive controls (2.41 + 0.16%). Interestingly, the percentage of
MHC-II" DCs remained similar in all three groups (Figure 3.9D).

Thus, the data above suggested an active immune response in the periphery of both

PBS and EAE mice compared to the naive controls, this was also indicated by the

104



increased size of the inguinal lymph nodes, which is the closest lymph node for drain-
age of immunisation from the injection site at the lower back of the PBS and EAE

mice (Figure 3.8F).
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Figure 3.9: Phenotype of immune cells in the spleen of naive, PBS and EAE mice. Spleen cells
collected from naive, and PBS or MOG3s.s5s immunised mice at day 16 post immunisation was
stained for FACS analysis of (A)CD4 and CD25, (B) CD8 and CD25, (€C) CD11c and CD40 or (D)
CD11c and MHC-II, (E) B220 and CD19. (F) Representative images of inguinal lymph nodes
from naive, PBS peak and EAE peak mice. Data are representative of each group, naive n=4,
PBS n=4 and EAE n=6. Result presented as mean * S.E.M. Statistical significance was deter-
mined by one-way ANOVA with Bonferroni post hoc test *P<0.05, **P <0.01 versus naive and
PBS day 16. n=number of animals.

106



3.2.5 Antigen-specific cytokine production by EAE splenocytes

After showing the activation of immune cells in the spleen of both PBS and
MOGss-55 immunised mice, we then examined the MOGss-s5 specific cytokine
production from splenocytes obtained from naive and PBS or MOGg3s.55 im-
munised mice at day 12, day 16 and day 26 post immunisation. Splenocytes
from all groups of mice were cultured for 72 hrs with media alone or media
supplemented with MOGss-ss (50ug/ml) and the supernatants were analysed
by ELISA for expression of cytokines including IFN-y, IL-17, IL-6 and IL-10,
which are known to be important in EAE pathogenesis. Spleen cells from naive
and PBS mice when treated with either media alone or media supplemented
with MOGss-55 showed no or very low levels of any of the examined cytokines
at any time points. Spleen cells from EAE mice, when treated with media alone
showed no production of any of the examined cytokines except IFN-y at day
12. However, the levels of all the cytokines were significantly increased in the

supernatant of cells stimulated with MOG3s.ss.

Spleen cells from EAE mice cultured with media alone produced 549 * 245
pg/ml of IFN-y at day 12 post immunisation (Figure 3.10A). Upon MOGss-s5
stimulation spleen cells in the culture, showed increased IFN-y production,
with 1479 £ 24 pg/ml at day 12 post immunisation, which reduced to 659 + 43
pg/ml and 419 = 116 pg/ml. at day 16 and day 26 (Figure 3.10A). Spleen cells
from onset EAE mice at day 12 post immunisation produced 386 + 39 pg/ml
of IL-17 when re-stimulated with MOGss.-s5, which significantly increased to 584
+ 39 pg/ml as mice exhibited peak clinical symptoms at day 16 before decreas-
ing to 284 + 28 pg/ml during the resolution stage of EAE at day 26 (Figure
3.10B). Similarly, IL-6 production was only detected in EAE spleen culture fol-
lowing MOGss-ss stimulation, with 248 + 19 pg/ml of IL-6 at day 12 which was
significantly increased to 395 + 42 pg/ml at day 16 before dramatically de-
creasing to 115 * 25 pg/ml at day 26 (Figure 3.10C).
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While highest levels of antigen specific IFN-y, IL-17 and IL-6 production was
observed in splenocytes from onset and peak EAE mice, IL-10 production by
MOGss-55 stimulated splenocytes were lowest at 1147 + 39 pg/ml during the
onset of EAE, but the level gradually increased to 1427 + 37pg/ml during EAE
peak at day 16 before reaching the significantly highest level of 2191 +
208pg/ml at day 26 during the EAE resolution stage (Figure 3.10D).
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Figure 3.10: MOGs3s.ss induced cytokine production by EAE spleen cells. Spleen cell suspen-
sions prepared from naive, and PBS or MOG3s.ss immunised mice were incubated either with
RPMI alone or RMPI containing MOGs3s.ss (50 ug/ml). Supernatants were collected after 72
hours and were checked for (A) IFN-y, (B) IL-17, (C) IL-6 and (D) IL-10 levels by ELISA. Naive=3,
PBS n=4, EAE n=5. Result illustrated as mean * S.E.M. Statistical significance was determined
by two-way repeated measures ANOVA with Bonferroni post-hoc test *P<0.05, **P <0.01
***p<0.001 versus EAE peak; *P<0.05, #P <0.01, ##P<0.001 versus EAE resolution. n=number
of animals.
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3.2.6 IL-16 production by spleen/lymph node cells

We have established that spleen cells from EAE mice produce high levels of
antigen specific IFN-y, IL-17, IL-6 and IL-10, confirming the dynamic immune
responses during EAE development. Next, we focused on investigating the
production of IL-16 by spleen and inguinal lymph node cells from naive, PBS
and MOGss-s5 immunised mice. Since we did not know how long the cells
needed to be re-challenged with MOGss.s5 to produce the detectable levels of
IL-16, all cells were cultured for 24 and 72 hrs with media alone or media sup-
plemented with MOGs3-55 (50ug/ml).

Our data showed that spleen cells from naive, PBS and MOG3ss.s5s immunised
mice demonstrated consistent high levels of IL-16 in all three groups and
throughout EAE disease course with or without MOG3s-ss in the culture (Figure
3.11 and 3.12). Cells were also stimulated with conA as a positive control to
ensure cells were functional and cytokine production could be determined,
again the data showed no significant difference in IL-16 production in compar-
ison to MOGssss treated or untreated cells. Splenocytes re-challenged to
MOGss-s5 for 72 hrs (Figure 3.11B) demonstrated slightly higher levels of IL-
16 in comparison to the 24 hrs re-stimulation (Figure 3.11A); however, there

wasn’t a significant difference.

After 24 hours in culture, splenocytes from naive mice and PBS immunised
mice at day 16 post immunisation when cultured with media alone produced
426 + 43 pg/ml and 552 + 64 pg/ml of IL-16 (Figure 3.11A) and produced 221
+ 41 pg/ml and 306 = 33 pg/ml of IL-16 respectively upon MOGss-s5 re-chal-
lenge. Spleen cells from EAE mice cultured with media alone produced 363 +
45 pg/ml of IL-16 at day 12, and 500 + 24 pg/ml at day 16 which reduced to
138 + 24 pg/ml at day 26. Upon MOGss-s5 stimulation, the levels of IL-16 pro-
duced by splenocytes were 294 + 59 pg/ml, 271 £ 28 pg/ml and 110 + 28 pg/ml
respectively at day 12, day 16 and day 26 of EAE disease course. After 72
hours in culture, spleen cells from naive and PBS day 16 mice produced 227
*+ 30 pg/ml and 346 £ 25 pg/ml of IL-16 respectively when re-stimulated with
MOGss-s5 and 196 + 48 pg/ml, 350 + 34 pg/ml without any treatment (Figure
3.11B). Splenocytes from EAE mice cultured with media alone produced 741
*+ 43 pg/ml of IL-16 at day 12, which decreased to 378 + 44 pg/ml at day 16
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before reaching 308 £ 67 pg/ml at day 26. Upon MOG3s-s5 re-challenge the
levels of IL-16 produced by splenocytes were 599 + 21 pg/ml at day 12 and
further reduced to 329 £ 51 pg/ml at day 16 before reaching 196 + 50 pg/ml at
day 26.
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Figure 3.11: IL-16 production by spleen cells of naive, PBS and EAE mice. Spleen cell suspen-
sions prepared from naive, PBS and MOGss.ss immunised mice were incubated either with
RPMI alone or RPMI containing MOGs3s.ss (50 ug/ml). Supernatants were collected after (A)
24 and (B) 72 hours of culture and used to detect IL-16 production by ELISA. Naive=3, PBS
n=4, EAE onset/peak/resolution, n=6 in each stage. Results illustrated as mean + S.E.M. Sta-
tistical significance was determined by one-way ANOVA with Bonferroni post hoc test.
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Lymph node cells from naive, PBS and MOGss-s5 immunised mice were also
cultured for 24 and 72 hrs with or without MOGass-55 stimulation and superna-
tants were harvested for IL-16 level analysis. At day 26 no IL-16 was detected
in lymph node cells obtained from PBS or EAE mice culture in media alone or
even after MOGss-s5 re-challenge, and therefore data were not included in the
figure. After 24 hrs culture with media alone, lymphocytes from EAE mice pro-
duced 306 = 92 pg/ml of IL-16 at day 12 which further decreased to 134 + 22
pg/ml at day 16 and eventually produced undetectable level of IL-16 at day 26.
Upon MOGss-s5 stimulation, the level of IL-16 produced by lymphocytes was
150 £ 13 pg/ml and 93 £ 42 pg/ml at day 12 and day 16 respectively.

Lymphocytes collected from naive and PBS day 16 showed 71 + 30 and 109
+ 16 pg/ml IL-16 productions respectively when re-challenged with MOGa3s.s5
for 24 hours, whereas cells with media alone produced 46 + 16 pg/ml and 195
+ 52 pg/ml of IL-16 respectively (Figure 3.12A). The data thus demonstrated
similar findings from the spleen cells that IL-16 was constitutively produced by
lymph node cells, and there was no significant difference between any of the

groups.

After 72 hours in culture, naive lymphocytes demonstrated 222 + 28 pg/ml of
IL-16 productions when stimulated with MOGass-ss but 159 + 20 pg/ml of IL-16
with media only. Cells from PBS immunised mice at day 16 post immunisation
produced 341 + 28 pg/ml of IL-16 when cultured with media alone which was
decreased to 296 + 23 pg/ml with MOGss-s5 stimulation. In EAE mice, lympho-
cytes cultured with media alone produced 308 + 166 pg/ml of IL-16 at day 12
and at day 16. After re-stimulation with MOGass-s5, 256 + 170 pg/ml and 322 +
78 pg/ml of IL-16 were observed at day 12 and at day 16 respectively.

112



Day 12 Day 16
Il VOG 800
800+ Media ]
I ConA
__ 600+ —. 600
E 5
2 400- - £ 400+
© T <
= =
~ 200+ 200+ T
. j_'_-_-__._-__[
0' T T 0-
PBS EAE Naive PBS EAE
B.
800, HB MOG 800-
Media
ConA
_ 600+ - .. 600+
Bl :
2 4004 = 4004
4 =
2004 i i 200+ -
0- . , 0- _
PBS EAE Naive PBS EAE

Figure 3.12: IL-16 production by lymph node cells of naive, PBS and EAE mice. Lymph node
cell suspensions prepared from naive, PBS and MOGs3s.ss immunised mice were incubated ei-
ther with RPMI alone or RMPI containing MOG3s.s5(50 pg/ml). Supernatant were checked for
IL-16 production after (A) 24 and (B) 72hours by ELISA. All samples are analysed in triplicate;
Naive=3, PBS n=4, EAE n=6. Result illustrated as mean * S.E.M. Statistical significance was
determined by one-way ANOVA with Bonferroni post hoc test.
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3.2.7 Expression of IL-16 in spleen and lymph node tissues of EAE and
control mice

We have shown that spleen and lymph node cells spontaneously produced
considerate level of IL-16 under normal and inflammatory condition and
MOGss-55 stimulation in culture had no effect on this production. We next car-
ried out immunohistochemical staining to examine the expression and distri-
bution of IL-16 in spleen (Figure 3.13) and lymph node (Figure 3.14) tissue
under normal and inflammatory condition and to investigate whether expres-
sion levels correlate with inflammation. Expression levels in EAE mice at day
12, 16 and 26 were compared with control tissues of naive and PBS mice at
day 16 post immunisation. As previously we did not observe any difference in
CNS infiltration or MS/EAE specific peripheral cytokine production in PBS mice
at day 12, 16 and 26 post immunisations, so we decided to only assess PBS
mice at day16 post immunisation. We chose day 16 post immunisation as at
this time point EAE mice demonstrated the highest CNS infiltration and pro-

duction of MS/EAE specific peripheral cytokine.

While isotype control antibody had no positive staining (Figure 3.13A), IL-16
expression was observed in the tissues harvested from naive, PBS and EAE
mice at all stages (Figure 3.13B-F). We next quantified the percentage of IL-
167 cells out of the total cells within the comparable ROI in the tissue sections.
In the spleen of PBS (15 + 2%), EAE day 12 (15 + 1%) and EAE day 16 (19 +
1%) mice the percentage of IL-16* cells were significantly higher compared to
that of the naive (7 £ 0.3%) tissues. However, there were no differences be-
tween the percentages of IL-16* cells expressed in PBS and MOGss-s5 immun-
ised mice at any time point and also no difference in EAE mice between day
12, day 16 or day 26 (14 + 0.1%) as confirmed by quantitative analysis using
the Image J (Figure 3.13G).
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Figure 3.13: IL-16 expression in spleen tissues of naive, PBS and EAE mice. Spleens harvested
from (A and B) naive, (C) PBS and (D-F) MOGss.ss immunised mice were stained with isotype
control or anti-IL-16 (Red) and counterstained with haematoxylin (blue). Data are representa-
tive of each group. n=3 for all groups. Primary images X20 magnification, scale bars = 100um;
Secondary images X40 magnification, scale bars = 100um. (G) Percentage IL-16 positive cells
out of the total cells in the ROl in each group and at each stage of EAE has been quantified as
previously described using the cell counter tool of Image J software and result expressed as
mean + S.E.M. Statistical significance was determined by one-way ANOVA with Bonferroni
post hoc test *P<0.05, **P <0.01 versus naive.
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In lymph node tissues, IL-16 expression was also observed in naive, PBS and
EAE mice at all stages (Figure 3.14B-F). Analysis of percentage IL-16" cells
within the comparable ROI revealed that lymph node tissues from EAE day 16
mice accounted for 25 + 2% of IL-16" cells of the total cells which was signifi-
cantly higher than the naive lymph node tissues which was 15 + 2%. However,
there were no differences in percentage of IL-16* cells in tissues between na-
ive and PBS (17 2%), or between any of the PBS, EAE day 12 (20 + 1%),
day 16 or day 26 mice (16 + 1%) (Figure 3.14 G).
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Figure 3.14: IL-16 expression in lymph node tissues of naive PBS and EAE mice. Lymph nodes
were harvested from (A and B) naive (C) PBS and (D-F) MOG3ss.ss immunised mice and were
stained with isotype control or anti-IL-16 (Red) and counterstained with haematoxylin (blue).
Data are representative of each group. n=3 for all groups. Primary images X20 magnification,
scale bars = 100um; Secondary images X40 magnification, scale bars = 100um. (G) Percent-
age IL-16 positive cells out of the total cells in the ROl in each group and at each stage of EAE
has been quantified as previously described using the cell counter tool of Image J software
and result expressed as mean + S.E.M. Statistical significance was determined by one-way
ANOVA with Bonferroni post hoc test. Statistical significance was determined by one-way
ANOVA with Bonferroni post hoc test. *P<0.05 versus naive.
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3.2.8 Expression of CD4 in spleen and lymph node tissues of EAE and
control mice

Since IL-16 is a ligand for the CD4 receptor, we next examined the expression
and distribution of CD4" cells in the spleen (Figure 3.15) and lymph node (Fig-

ure 3.16) tissues under normal and inflammatory conditions.

As expected no positive expression was observed in the spleen and lymph
node tissues with isotype control antibody (Figure 3.15), CD4 expression was
observed in the spleen and lymph node tissues from naive, PBS and EAE
mice at different time point of the disease (Figure 3.15B-F). We next analysed
the percentage CD4" cells out of the total cells within the comparable ROl in
tissue sections. Percentage CD4" cells within the comparable ROI of spleen
tissues from PBS day 16 (20 £ 1%), EAE day 12 (19 £ 0.5%) and EAE day 16
(24 £ 0.4%) mice were significantly higher in comparison to the naive (12
0.3%) spleen tissues. No differences in percentage CD4* cell was observed in
the tissues from PBS day 16 or EAE day 12, EAE day 16 or EAE day 26 mice.
However, percentage of CD4" cells in tissues from EAE day 26 (13 £ 0.3%)

mice returned to the similar level as observed in naive control (Figure 3.15G).
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Isotype PBS
A. Control . Naive C. Day 16

Figure 3.15: CD4 expression in spleen tissues of naive, PBS and EAE mice. Spleens harvested
from (A and B) naive (C) PBS and (D-F) MOGs3s.ss immunised mice and were stained with iso-
type control or anti-CD4 (Red) and counterstained with haematoxylin (blue). Data are repre-
sentative of each group. n=3 for all groups. Primary images X20 magnification, scale bars =
100um; Secondary images X40 magnification, scale bars = 100um. (G) Percentage CD4 posi-
tive cells out of the total cells in the ROl in each group and at each stage of EAE has been
quantified as previously described using the cell counter tool of Image J software and result
expressed as mean * S.E.M. Statistical significance was determined by one-way ANOVA with
Bonferroni post hoc test Statistical significance was determined by one-way ANOVA with Bon-
ferroni post hoc test *P<0.05, **P <0.01 versus Naive, *P<0.05 versus PBS day 16.
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In lymph node tissues quantification of CD4* cells showed that EAE day 12
(25 £ 2%) and EAE day 16 (25 + 3%) mice had significantly higher percentage
of CD4" cells within the comparable ROl in comparison to the tissues collected
from naive (13 £ 1.3%) mice. Lymph nodes from EAE day 26 (24 + 2%) mice
did not show any statistical difference in percentage CD4* cells in comparison
to the naive and PBS day 16 (15 £ 0.5%) controls.

Isotype PBS
A. Control B. Naive C. Day16
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Figure 3.16: CD4 expression in lymph node tissues of naive, PBS and EAE mice. Lymph node
harvested from (A and B) naive (C) PBS and (D-F) MOGss.ss immunised mice and were stained
with isotype control or anti-CD4 (Red) and counterstained with haematoxylin (blue). Data are
representative of each group. n=3 for all groups. Primary images X20 magnification, scale
bars = 100um; Secondary images X40 magnification, scale bars = 100um. (G) Percentage CD4
positive cells out of the total cells in the ROl in each group and at each stage of EAE has been
quantified as previously described using the cell counter tool of Image J software and result
expressed as mean * S.E.M. Statistical significance was determined by one-way ANOVA with
Bonferroni post hoc test Statistical significance was determined by One-way ANOVA with Bon-
ferroni post hoc test. *P<0.05 versus naive.
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3.2.9 Serum level of IL-16 in EAE and control mice

After evaluating the expression and production of IL-16 by spleen and lymph
node cells we next collected blood from naive mice, PBS mice at day 16 post
immunisation and EAE mice at day 12, day 16 and day 26 post immunisation
stages and prepared serum samples to determine the level of IL-16 using
ELISA.

PBS control group didn’t show any significant difference in IL-16 levels in com-
parison to the naive controls (Figure 3.17). However, the levels of IL-16 at EAE
day 12 (560 + 105 pg/ml) and EAE day 16 (410 £ 62 pg/ml) were significantly
higher compared to that of the naive (137 + 18 pg/ml) and PBS day 16 (177
10 pg/ml) control groups as well as EAE day 26 (232 £ 15 pg/ml). However,
EAE day 26 had reduced IL-16 levels in comparison to EAE day 12 and day

16 but was not significantly different from naive and PBS day 16 groups.

Figure 3.17: Increased serum level of IL-16 in EAE mice. Blood collected from the naive mice,
PBS and MOGs3s.ss immunised mice were processed to obtain serum to determine the level of
IL-16 using ELISA. All samples were analysed in triplicate; naive n=3, PBS n=3, EAE n=5. Result
illustrated as mean + S.E.M. Statistical significance was determined by one-way ANOVA with
Bonferroni post hoc test. **P <0.01 ***P<0.001 versus naive, *P<0.05, “*P <0.001 versus PBS

day 16, "P<0.05, ""P<0.001 versus EAE day 26.
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3.2.10 Spinal cord and brain homogenate level of IL-16 in EAE and con-

trol mice

Next, we examined the protein levels of IL-16 in CNS tissues. Spinal cords
and brains (separated into cerebellum and cerebrum) were harvested from
naive mice, PBS immunised mice at day 16 post immunisation and MOGa3s-55
immunised mice at day 12, day 16 and day 26 post immunisation and tissues
were homogenised to obtain the supernatants as described in Materials and
Methods to determine the levels of IL-16 using ELISA.

Spinal cord of MOGss.ss immunised mice showed significantly elevated levels
of IL-16 at day 12 (1881+ 79 pg/ml) and day 16 (1873 + 313 pg/ml) compared
to the naive (76 £ 11 pg/ml) and PBS (59 * 8 pg/ml) controls, but the level was
reduced at the day 26 (313 £ 21 pg/ml) EAE mice and demonstrated no sig-
nificant difference in comparison to the control groups, however, both EAE day
12 and day 16 had significantly higher levels of IL-16 in comparison to day 26
(Figure 3.18 A).

IL-16 was also detected in the homogenised brain tissues of naive (cerebellum
482 + 61pg/ml; cerebrum 360+ 22 pg/ml) and PBS day 16 mice (cerebellum
445 + 28 pg/ml; cerebrum 428 + 36 pg/ml). However the levels were signifi-
cantly higher in brain tissues of EAE day 12 (cerebellum 1579 = 107 pg/ml;
cerebrum 1378 + 53 pg/ml), and day 16 (cerebellum 2421 + 89 pg/ml; cere-
brum 1906 + 88 pg/ml) mice and the level was reduced in tissues of at day 26
(cerebellum 652 + 75; cerebrum 530 + 8) EAE mice and showed no significant
difference in comparison to the control groups. However, EAE day 26 was
significantly lower than the EAE day 12 and EAE day 16 (Figure 3.18B and C).
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Figure 3.18 IL-16 level in CNS correlates with EAE progression. Supernatants from homoge-
nised (A) spinal cord, (B) brain cerebellum and (C) cerebrum were collected and prepared to
check for IL-16 levels using ELISA. All samples were analysed in triplicate in ELISA; naive n=3,
PBS n=3, EAE n=5 in each time points. Result illustrated as mean + S.E.M. Statistical signifi-
cance was determined by one-way ANOVA with Bonferroni post hoc test *P<0.05, **P <0.01
versus naive, #P<0.05, ###P<0.001 versus PBS day 16, ~~P <0.01, ~~~P<0.001 versus EAE day
26.
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3.2.11 IL-16 expression in the spinal cord tissues of EAE and control

mice

Our data showed increased level of IL-16 in the CNS tissues of EAE mice, so,

next we examined the localisation of IL-16 expression in CNS tissue.

Expression of IL-16 in murine spinal cord tissues were compared between na-
ive mice, PBS immunised mice at day 16 post immunisation and MOG3s.55
immunised mice at day 12, 16 and 26 post immunisations. While tissues
stained with isotype control antibody had no positive staining (Figure 3.19A),
IL-16 expression was observed in the spinal cord tissues of all EAE and control
mice (Figure 3.19 B-F). However, the levels of IL-16 expression were very
different in tissues of EAE mice compared to that of the naive and PBS day 16
controls. IL-16 was observed to be expressed in the GM of naive, PBS day 16
and EAE spinal cord tissues at all clinical stages; however, during EAE day 12
and EAE day 16, IL-16 expression was also observed within the WM of the

spinal cord, in close proximity to the infiltrating lesions (Figure 3.19D-F).

We next analysed, the percentage of IL-16" cells of the total cells within the
comparable ROI in spinal cord tissue sections. The total percentage of IL-16*
cells present in the spinal cord section were further divided to display the per-
centage IL-16* cells in the areas of GM, WM and lesion. The percentage IL-
16" cells within GM showed no significant difference between the naive (22 +
2%), PBS day 16 (23 + 2%) controls and EAE day 12 (21t 1%), day 16 (26
1.5%) and day 26 (171 1%). However a significant increase in the percentage
of IL-16" cells was observed within the WM and the lesion (or equivalent area
in control tissues) at in EAE day 12 (WM 17 + 1%; lesion 22 + 1%) and EAE
day 16 mice (WM 18 * 1%; lesion 25 + 1.37%) compared to the naive and
PBS day 16 controls as well as EAE day 26 mice which demonstrate little IL-

16 expression.
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Figure 3.19: IL-16 expression in the spinal cord of EAE mice. Spinal cords were harvested
from (A and B) naive and (C) PBS or (D-F) MOGss.ss immunised mice and stained with isotype
control or anti-IL-16 (Amec Red) and counterstained with haematoxylin (blue). White matter
(w) and grey matter (g) are indicated with arrows. Data are representative of each group.
n=5 for all groups. Primary images X10 magnification, scale bars = 100um; Secondary and
tertiary images X40 magnification, scale bars = 50um. (G) Percentage IL-16 positive cells in
each group and at each stage of EAE has been quantified as previously described using the
cell counter tool of Image J software and result expressed as mean + S.E.M. Statistical signif-
icance was determined by one-way ANOVA with Bonferroni post hoc test. ***P<0.001 versus
naive, ##P<0.001 versus PBS day16, P <0.01, ""P<0.001 versus EAE day 26.

127



3.2.12 CD4 expression in the spinal cord tissues of EAE mice

Following the investigation of IL-16 expression in spinal cord tissues, we next studied
the expression of its receptor CD4 in murine spinal cord tissues and compared the
percentage of CD4" cells between naive mice, PBS immunised mice at day 16 post
immunisation and MOGss.ss immunised mice at day 12, day 16 and day 26 post im-
munisation. As expected tissues stained with isotype control antibody had no positive
staining. CD4" cells were expressed in EAE spinal cord tissue during all three time
points but were absent in the naive and PBS day 16 controls (Figure 3.20). At EAE
day 12, CD4" cells were observed within close proximity of the inflammatory lesions
in the WM of the spinal cord and this pattern indicated the infiltration of CD4" cells
during the onset of EAE at day 12. However, as the disease severity reached its peak
at day 16, the expression of the CD4* cells increased and was observed within both
WM and GM of the spinal cord. However, as EAE reached resolution at day 26, the
CD4" cells were present in small clusters only within the WM of the spinal cord. In
agreement with these observations, analysis of percentage CD4" cells out of the total
cells within the comparable ROI in spinal cord tissue sections demonstrated dramatic
increase within the tissues of EAE day 16 mice (27 = 2%) in comparison to the EAE
day 12 (21 + 1%) and EAE day 26 mice (4 £ 2%) (Figure 3.20G), with both EAE day
12 and day 16 significantly higher than EAE day 26 mice.
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Figure 3.20: CD4 expression in spinal cord during EAE progression. Spinal cords were har-
vested from (A and B) naive and (C) PBS or (D-F) MOGss.ss immunised mice and stained with
isotype control or anti-CD4 (Amec Red) and counterstained with haematoxylin (blue). Data
are representative of each group. n=5 for all groups. Primary images X10 magnification, scale
bars = 100um; Secondary and tertiary images X20 magnification, scale bars = 50um. (G) Per-
centage CD4 positive cells in each group and at each stage of EAE has been quantified as
previously described using the cell counter tool of Image J software and result expressed as
mean + S.E.M. Significance determined by one-way ANOVA with Bonferroni post hoc test
***p<0.001 versus naive, " P<0.001 versus PBS day 16, “"P<0.001 versus EAE day 26.

130



3.2.13 IL-16 expression in the brain tissues of EAE and control mice.

After examining the expression of IL-16 in spinal cord tissues, we next utilised
IHC to determine IL-16 expression in sagittal sections of brain tissues. IL-16
expression was specifically assessed within the hippocampus (Figure 3.21)
and the cerebellum (Figure 3.22) as the immune cell infiltration was particularly

evident in these brain regions.

In the hippocampus, IL-16 was found to be expressed in the CA1-CA3 and
dentate gyrus regions of the hippocampus in all groups of mice. However,
quantification revealed an increased percentage of IL-16" cells within the hip-
pocampus (including both CA1-CA3 and dentate gyrus) of EAE day 12 (66 +
1%), and EAE day 16 (68 + 2%) mice in comparison to naive (60 = 1%) and
PBS day 16 (60 £ 1%) controls (Figure 3.21G).

No obvious cellular infiltration was observed in the CA1-CA3 regions in all
group, and region-specific quantification showed no significant difference in
the percentage of IL-16" cells in CA1, CA2 and CAS3 regions between any of
the groups. The quantification data revealed IL-16* cells accounted for 12 +
1%, 11 £ 1% and 9 + 1% of total cells in the CAL1l, CA2 and CAS3 region of
hippocampus respectively in naive mice, which was similar in the PBS day 16
mice where IL-16" cells accounted for 12 + 1%, 11+ 1%, and 10 + 1% of total
cells in the CA1, CA2 and CA3 region of hippocampus respectively. MOGas.-55
immunised mice at day 12 (CA1-12 + 1%, CA2-11 + 1%, CA3 -11 + 1%), day
16 (CA1-13 + 1%, CA2-13 + 1%, CA3 -11 + 1%) and day 26 (CA1-12 + 1%,
CA2-11 + 1%, CA3 -11 * 1%) also had similar percentage of IL-16" cells (Fig-
ure 3.21 H, I and J). However, in the areas close to the dentate gyrus, cellular
infiltration and lesions were observed and when quantified, significantly in-
creased IL-16" cell were observed in EAE day 12 (27 £ 1%) and EAE day 16
(29 = 2%) mice in comparison to naive (22 + 1%) and PBS day 16 (22 = 1%)
mice, but the level returned to levels similar to control during EAE resolution
stage at day 26 (22 + 1%) (Figure 3.21K). While quantifying the percentage of
IL-16" cells in the hippocampus, the lesions found in the surrounding areas of
the dentate gyrus were quantified separately, this data revealed that hippo-

campus without the lesion expresses the same percentage of IL-16" cells in
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all three mice groups however the level in lesions or equivalent areas was
increased by 5+ 1% and 7 £ 1% in tissues of EAE day 12 and day 16 respec-
tively, making them significantly higher than naive and PBS controls, as well
as EAE day 26 which did not demonstrate any lesion. This data further sug-
gests the increased IL-16 expression observed within the EAE day 12 and day
16 group was likely due to the contribution of the infiltrating immune cells and

the lesions found in the dentate gyrus.
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Figure 3.21: Increased expression of IL-16 in the hippocampus of EAE mice. Brains were har-
vested from (A and B) naive (C) PBS and (D-F) MOGss.ss immunised mice and stained with
isotype control or anti-CD4 (Amec Red) and counterstained with haematoxylin (blue) to ex-
amine the expression and level of IL-16. Data are representative of each group. n=5 for all
group. Images X20 magnification, scale bars = 50um. (G) The total percentage positive cell in
the hippocampus (H) C1, (I) C2, (J) C3 and (K) dentate gyrus in each group and at each stage
of EAE has been quantified as previously described using the cell counter tool of Image J soft-
ware and result expressed as mean + S.E.M. Statistical significance was determined by one-
way ANOVA with Bonferroni post hoc test *P<0.05, **P<0.01 versus naive, #P<0.05, #*P
<0.01versus PBS day 16, “"P<0.01 versus EAE day 26.

134



In the cerebellum, IL-16 expression was observed in all the groups, however
increased expression of IL-16 in areas in close proximity to the inflammatory
lesion. Quantification of percentage IL-16" cells of the total cells within the
comparable ROI in the cerebellum (Figure 3.22G) demonstrated significantly
elevated expression in EAE day 12 (51 + 1%) and EAE day 16 (53 + 4%) mice
in comparison to the naive (33 + 2%) and PBS day 16 (33 = 2%) controls.
However, in tissues of EAE day 26 mice, the percentage of IL-16* cells (39 =
2%) returned to levels similar to that seen in control groups and was signifi-
cantly lower than EAE day 12 and EAE day 16 mice

We further analysed the percentage IL-16* cells, based on different layers of
the cerebellum, with these being the WM, granule cells + purkinje cells in the
granular layer (GL) and molecular layer (ML). The data indicated significantly
higher percentage of IL-16" cells in the WM (Figure 3.22H), GL (Figure 3.22l)
and ML (Figure 3.22J) of EAE day 12 (WM 12 + 5%; GL 27+ 1%; ML 12 +
1%) and EAE day 16 (WM 16 + 7%; GL 29 + 1% ML 13 £ 1%) mice compared
to the naive (WM 5 + 2%; GL 22 + 1%; ML 7+ 1%) and PBS day 16 (WM 6 +
2%; GL 22 + 1% ML 6 + 1%) controls. However, this up-regulation was reduced
to levels similar to that of control groups at day 26 during EAE resolution stage
(WM 6 + 3%; GL 22 + 1%; ML 9 £ 1%). And the WM of EAE day 12 and day
16 had significantly higher percentage of IL-16* cells in comparison to EAE

day 26 mice.

While quantifying the percentage of IL-16* cells in WM and ML, lesions found
in those regions were quantified separately, our data revealed that in the EAE
mice, cerebellum without the lesion had similar percentage of IL-16" cells as
observed in the cerebellum of naive and PBS mice (Figure 3.22H and J) how-
ever during EAE day 12 and EAE day 16, percentage of IL-16* cells were
increased by 10 £ 1% and 13 £ 1% respectively (Figure 3.22G), making the
total percentage of IL-16* cells in the cerebellum of EAE day 12 and day 16
mice significantly higher than naive, PBS as well as EAE day 26 mice. Sug-
gesting the increased IL-16 expression observed within the cerebellum of EAE
group was thus likely due to the inflammatory lesions found in molecular and

the granular layers of the cerebellum.
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Figure 3.22: Increased expression of IL-16 in the cerebellum of EAE mice. Brains were har-
vested from (A and B) naive (C) PBS and (D-F) MOGss.ss immunised mice and stained with
isotype control or anti-IL-16 (Amec Red) and counterstained with haematoxylin (blue) to ex-
amine the expression and level of IL-16. Data are representative of each group. n=5 for all
group. Images X20 magnification, scale bars = 100um. (G) The total percentage positive cell
in the cerebellum (H) white matter (I) granular layer with granular cells and purkinje cells in
each group (J) molecular layer and at each stage of EAE has been quantified as previously
described using the cell counter tool of Image J software and result expressed as mean +
S.E.M. Statistical significance was determined by one-way ANOVA with Bonferroni post hoc
test *P<0.05, **P <0.01 ***P<0.001 versus naive, *#P <0.01, ##P<0.001 versus PBS day 16,
"P<0.05, "P<0.01 and ~""P<0.001 versus EAE day 26.
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3.2.14 CD4 expression in the brain tissues of EAE mice

After examining the level of expression of IL-16, we also evaluated the extent of CD4
expression within the hippocampus (Figure 2.24) and cerebellum (Figure 2.25) of na-
ive mice, PBS immunised mice at day 16 post immunisation and MOGgs.ss immunised
mice at day 12, day 16 and day 26 post immunisation. As seen with the spinal cord
sections, both the hippocampus and the cerebellum of the brain also demonstrated
the similar pattern of CD4 expression in the EAE mice. The expression of CD4" cell
was absent in the naive and PBS day 16 controls; however, the level of expression
was increased in the tissues of EAE mice. Most of the CD4" cells were observed
within the close proximity of the inflammatory lesions in hippocampus and cerebellum.
In the hippocampus of EAE mice CD4" cells were observed near the surrounding ar-
eas of dentate gyrus. When the percentage CD4" cells out of the total cells within the
comparable ROI in the hippocampus of all mice groups were quantified 13 + 1% was
observed in tissues of EAE day 12 mice, this increased to 16 + 1% in EAE day 16
mice and then significantly dropped to 6 £ 1% in the EAE day 26 mice (Figure 2.24G).

Within the cerebellum IL-16 expression demonstrated the same trend as seen in the
hippocampus. Quantification of the percentage CD4* cells out of the total cells within
the comparable ROI in the cerebellum revealed CD4* cells accounted for 21 + 1% of
total cells in EAE day 12 mice which increased to 29 + 1% in EAE day 16 mice and
as the disease started to recover the level significantly dropped to 9 £ 0.5% in EAE
day 26 mice (Figure 2.25G).
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Figure 3.23: Expression of CD4 in hippocampus during EAE progression. Brains were har-
vested from (A and B) naive, and (C) PBS or (D-F) MOG3s.s5 immunised mice and stained with
isotype control or anti-IL-16 (Amec Red) and counterstained with haematoxylin (blue).CD4
expressions are indicated with arrows and data are representative of each group. n=5 for all
groups. Images are in X20 magnification, scale bars = 100um. (G) Percentage of IL-16 positive
cells in each group and at each stage of EAE has been quantified as previously described using
the cell counter tool of Image J software and result expressed as mean + S.E.M. Statistical
significance was determined by One-way ANOVA with Bonferroni post hoc test. *P<0.05,
***p<0.001 versus naive, *P<0.05, ##P<0.001 versus and PBS day 16, ~"P<0.01 versus EAE day
26.
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Figure 3.24: Expression of CD4 in cerebellum during EAE progression. Brains were harvested
from (A and B) naive, and (C) PBS or (D-F) MOGss.ss immunised mice and stained with isotype
control or anti-CD4 (Amec Red) and counterstained with haematoxylin (blue) to examine the
expression and level of CD4. CD4 expressions are indicated with arrows and data are repre-
sentative of each group. n=5 for all groups. Images are in X20 magnification, scale bars =
100um. (G) Percentage IL-16 positive cells in each group and at each stage of EAE has been
quantified as previously described using the cell counter tool of Image J software and result
expressed as mean + S.E.M. Statistical significance was determined by One-way ANOVA with
Bonferroni post hoc test *P<0.05, **P <0.01 ***P<0.001 versus Naive, #P<0.05 **#p<0.001
versus and PBS day 16, P<0.01, ""P<0.001versus EAE day 26.
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3.3 Discussion

EAE is the most commonly used animal model for studying MS because of its
close immunopathological resemblance to MS (Lindsey, 2005; Comabella and
Khoury, 2011). In this study we have used the MOGss.ss induced EAE model,
to investigate the potential role of IL-16 in CNS inflammation by studying the
expression and distribution of IL-16 and its receptor CD4, within the CNS and
lymphoid organs of EAE and control mice.

In accordance to the previous studies, C57BL/6J mice when immunised with
MOGss-55 + CFA and PTX developed an acute monophasic EAE (Almolda et
al., 2011; Farias et al., 2012 and Jiang et al., 2012). The onset of clinical signs
of EAE such as limp tail and gaited walk was first observed at day 12. By day
16 EAE severity reached a peak with 100% of MOGa3s-s5 immunised mice ex-
hibiting partial and complete paralysis of hind limbs before reaching a recovery
phase. Whereas, the naive control group which did not receive any injection
and the PBS control group which received PBS instead of MOGazs-s5 did not
develop any clinical signs of EAE (Figure 3.3).

During the early stage of EAE, the peripheral inflammation triggers the migra-
tion of circulating leukocytes across the BBB and blood-cerebrospinal fluid
barriers (BCSFB- which is formed by the epithelium of the choroid plexuses)
to gain access to the CNS.In CNS cerebrospinal fluid (CSF) is a predominant
route of T-cell trafficking. Vessels running in subarachnoid spaces of the lower
part of the spinal cord are the initial site of T-cell entry into the CSF during EAE
(Bartholomaus et al., 2009). CSF also plays a critical role in the distribution of
immune cells within the forebrain and midbrain during EAE (Schmitt et al.,
2012), with periventricular and superficial white matter structures being the
primary targets of early T-cell infiltration (Brown et al., 2007). In the brain, leu-
kocytes initially infiltrate distinctive extra ventricular CSF-filled compartments
of the forebrain and midbrain such as the velum interpositum and ambient cis-
terns, and certain basal cisterns. Leukocytes further infiltrates periventricular
and pericisternal parenchymal areas, along perivascular spaces or following a
downward CSF-to-tissue gradient. With H&E staining (Figure 3.4, 3.5) and
CD45 IHC (Figure 3.6, 3.7, 3.8) on CNS tissues we have further confirmed the
presence of infiltrating immune cells within the CNS during EAE, exhibiting a
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positive correlation between the severity of clinical symptoms and cellular in-
filtration in the CNS. On other hand control mice either from naive group or
PBS immunised group on other hand were unable to exhibit any signs of CNS
inflammation either clinically or histologically. Quantification of CD45* cell
number in the CNS further confirmed that the CNS tissues from mice with se-
vere clinical symptoms had higher CD45" infiltrating cells, with highest per-
centage of CD45* cells observed at the EAE peak tissues which gradually de-

creased as the disease started to recover.

Several studies have demonstrated how infection in the periphery can contrib-
ute to the development of CNS disease. It has been discussed in multiple stud-
ies that during MS, systemic infection can cause relapses of the disease and
the cytokines released during systemic inflammation can directly or indirectly
contribute to CNS inflammation (Matsumura & Yamagata 1996; Perry et al.,
2004; Moreno et al., 2011; Takahashi et al., 2013). The PBS immunised con-
trol group used in our study showed systemic inflammation was induced in
these mice with the presence of a similar general systemic response between
MOGss-s5 and PBS immunised mice. In comparison to naive controls, both
PBS and MOGss-s5s immunised mice, not only showed enlarged inguinal lymph
nodes (Figure 3.9F), but also demonstrated an increased activation of CD4*
and CD8* T cells with comparable percentage of CD4*CD25* and CD8*CD25*
(Figure 3.9 A, B). In addition, significantly higher percentages of DCs were
also observed in MOGss-s5 immunised mice in comparison to naive and PBS
controls. However, the percentage CD11c* cells co-expressing CD40 (a co-
stimulatory molecule found on APCs required for their activation) was found to
be significantly higher in MOGss-s5 immunised mice in contrast to the naive
control (Figure 3.9C). And percentage CD11c*MHC-II* were also elevated in
both PBS and MOGss-s5 immunised mice in comparison to the naive control
(Figure 3.9D). In contrast to CD4/CD8* cells and DCs, percentage of CD19* B
cells remained unchanged in all three mice groups with CD19* B cells co-ex-
pressing B220 (a molecule that regulates B-cell antigen receptor signalling)
also showing no difference in any of the mice groups (Figure 3.9E), suggesting
B cells are less likely involved in the immune responses activated by CFA and

PTX. Interestingly despite the presence of an active immune response in the
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periphery, PBS group did not demonstrate any CNS inflammation either clini-
cally (Figure 3.3A) or histologically (Figure 3.4B, 3.5B). Therefore, our data
suggest peripheral infection may contribute to MS/EAE severity after disease
onset, but general activation of systemic immune response is not enough to
initiate CNS inflammation. PBS immunised mice, which did not develop any
clinical signs of EAE, further confirmed the effectiveness and specificity of
CNS auto antigen MOGss-ss in inducing EAE.

To confirm the EAE cytokine profile, spleens from naive, and PBS or MOG3s-
s5 immunised mice were harvested at day 12, 16 and 26 post immunisations,
and cells were re-stimulated with MOGss-ss in vitro to examine the level of pro-
duction of IFN-y, IL-17, IL-6 and IL-10 (Figure 3.10). Only splenocytes from
mice originally immunised with MOGss.ss, but not naive or PBS immunised
mice, secreted increased level of IFN-y, IL-17, IL-6 and IL-10 when re-chal-
lenged with MOGss-ss in vitro for 72 hours. The cells treated with medium alone
showed little or no IFN-y, IL-17, IL-6 and IL-10 production from either EAE or
the control groups. This outcome further verifies the specificity of MOGassss in
initiating the autoimmune response specific to CNS and also confirms the ab-
sence of MOGss-s5 specific autoreactive T cells within the control groups. The
data suggest that the spleen cells from MOGs3s-s55 immunised mice have been
primed in vivo allowing them to recognise the MOG antigen in vitro and to
produce pro-inflammatory cytokines important in the immunopathogenesis of
MS/ EAE (Zorzella-Pezavento et al., 2013, Barbour et al., 2018). Our data
demonstrates increased levels of IFN-y, IL-17 and IL-6 (Figure 3.10A-C) at
EAE onset which further increases as it reaches the peak of the disease before
decreasing at the resolution stage. Both IFN-y and IL-17 have also shown to
play an important role in EAE induction as adoptive transferring of myelin-spe-
cific Thl and Th17 cells was able to induce EAE in naive mice (Merrill et al.,
1992; Jager et al., 2009). Hence our data agrees with these previous reports
that Thl and Thl7 cells play important roles in MS/EAE is development
through production of pro-inflammatory cytokines like IFN-y and IL-17.

Multiple studies have also demonstrated an elevated level of IL-6 within the
serum and brain sample from MS patients or EAE animals (Gijbels et al., 1990;

Maimone et al., 1997; Giralt et al., 2013). Furthermore, animals deficient with
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IL-6 cytokine, e.g. IL-6 gene deficient mice have shown full resistance to EAE,
demonstrating its importance in the development of the disease (Samoilova et
al., 1998). Our study demonstrates an increased production of IL-6 from sple-
nocytes of EAE mice after the MOGss-s5 re-challenge, thus agreeing with pre-
vious studies that IL-6 is important in MS/EAE development. IL-6 is required
for the differentiation of Th17 cells, the increased production of both IL-6 and
IL-17 by splenocytes of EAE onset and peak mice but not the EAE resolution
mice, may further suggest IL-6 mediates EAE development possibly through
its role in the differentiation of Th17 cells (Serada et al., 2008).

A significant role of IL-10 in MS/EAE remitting phase was evident when IL-10
deficient mice displayed an inability to recover from EAE (Kennedy et al., 1992;
Cao et al., 1999). MS patients suffering from acute relapses demonstrated
lower levels of IL-10 mRNA in peripheral blood mononuclear cells while pa-
tients with stable disease were shown to have increased IL-10 mRNA (van
Boxel-Dezaire et al., 1999). In contrast to IFN-y, IL-17 and IL-6, we found the
levels of antigen specific IL-10 production by splenocytes to be at the lowest
at disease onset stage, which increased at day 16 during EAE peak stage but
was highest at the resolution stage (Figure 3.10D), which is consistent with the

immunoregulatory nature of this cytokine in MS/EAE development.

While the roles of IFN-y, IL-17, IL-6 and IL-10 in the pathogenesis of MS/EAE
are well documented, less is known about IL-16. Several studies suggest an
involvement of IL-16 in MS/EAE development and understanding its role may
provide new insights into the immunopathogenesis of MS/EAE. Elevated lev-
els of IL-16 expression observed within the peripheral lymphoid organs of se-
vere relapse remitting and low-relapsing EAE model have been linked to the
pro-inflammatory function of IL-16, suggesting an important role of IL-16 in
MS/EAE regulation and disease progression (Skundric et al., 2005). Isolated
T cells from spleen and inguinal lymph node of MOGss-s5 immunised mice have
also shown to produce elevated levels of IL-16 upon in-vitro re-stimulation with
MOGss-55 antigen, similarly polyclonally activated naive splenocytes demon-
strated same levels of IL-16 expression in comparison to the control T cell
isolated from spleen of non-immunised mice (Skundric et al., 2005). Our data

demonstrated a production of IL-16 by cells from lymphoid organs from naive,
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PBS or MOGsss5 immunised mice, when they were cultured for 24 and 72
hours either with media alone or media supplemented with MOGs3s.s5 (Figure
3.11 and 3.12). Surprisingly, none of the groups showed any significant differ-
ence with each other even after the MOGss-s5 antigen re-challenge. It is well
studied that spleen and lymph nodes are highly vascular in nature, and they
have different compartments which contain distinct regions for immune cells.
Leukocytes in the lymphoid organs include different subsets of T and B cells,
DCs and macrophages. IL-16 is synthesised by a wide range of immune (T
cells, eosinophils, and dendritic cells) and some non-immune cells (fibroblasts,
epithelia) in the lymphoid organ and it is released when the cells are stimulated
with mitogens, antigens or vasoactive amine (histamine or serotonin) (Cruik-
shank et al., 1994, Baier et al., 1997). IL-16 production by the total spleen or
lymph node cell population remains unchanged upon in-vitro MOGss.ss re-chal-
lenge is possibly because the culture contains varieties of immune and non-
immune cells which are not specific to MS/EAE but are capable of producing
IL-16. This may suggest a functional difference between IL-16 and the other

established MS/EAE associated cytokine.

There are not many studies that have shown the expression and distribution
of IL-16 in lymphoid organ during MS or any other inflammatory disease but
few studies demonstrated that IL-16 is expressed within the peripheral human
lymphoid tissues (Chupp et., al 1998; Schwab et al., 2001), with lymph nodes
expressing majority of the IL-16 in the mantle zone corresponding to the T
cells zone, with few cells expressing IL-16 within the follicles in the germinal
centre (B cells zone) (Chupp et., al 1998; Schwab et al., 2001). Schwab et al
(2001) also indicated the mRNA expression of IL-16 in spleen tissues (Schwab
et al., 2001). Since we couldn’t determine any differences in levels of produc-
tion of IL-16 between the lymphoid cells obtained from EAE and the control
mice groups we thought it was important to check the distribution and pattern
of IL-16 and its receptor expression in the lymphoid organs of naive, PBS and
MOGss-s5 immunised mice, any changes in distribution and pattern in the three
different mice groups may give an insight to its role in MS/EAE. We utilised
immunohistochemistry on spleen and lymph node tissue to assess the distri-
bution of IL-16 expression and quantified the percentage of IL-16" cells using

the Image J cell counting tool. In agreement with previous findings we have
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also observed expression of IL-16 in all three mice with IL-16 expressed mostly
within the red and white pulp of the spleen (Figure 3.13) and within the para-
cortex and follicle of the lymph node (Figure 3.14) in a clustered form. In addi-
tion, distinct expression of IL-16 was also observed within close proximity to
the blood vessels in the EAE spleen (Figure 3.13B). When IL-16* cells were
quantified, we observed significantly increased percentage of IL-16" cells out
of the total cells within the tissues collected from the PBS day 16, EAE day 12
and EAE day 16 stage mice in comparison to the naive control. However, in
lymph node tissues a significantly higher percentage of IL-16* cells were only
observed in the tissues of EAE day 16 stage mice in comparison to the naive

controls.

While our data demonstrated comparable levels of IL-16 production by sple-
nocytes in all three mice groups which remained unaltered upon MOG3s.55 re-
challenge. However, IHC staining demonstrated the presence of increased
percentage of IL-16* cells out of total cells in the spleen (PBS day 16, EAE
day 12 and 16) and lymph node (EAE day 16) of PBS and MOGass.ss immun-
ised mice in comparison to the naive control (Figure 3.14). Our current under-
standing is that, while the antigen specific T cells might upregulate its expres-
sion of IL-16 after immunisation (Skundric et al., 2005) as also shown by IHC
in our study, its contribution to the overall production of IL-16 by the whole
splenocytes remained undetectable in culture. However, further investigation
Is required to understand the exact mechanisms contributing in this difference.

As CD4 is the proposed receptor for IL-16, we next assessed the CD4 expres-
sion in spleen and lymph node tissues, to check whether the expression level
of CD4 correlates with IL-16 expression during EAE. CD4, the receptor for IL-
16, is also a marker for T helper cells and an important component of the T
cell receptor complex that identifies antigen bound to MHC class Il molecules
(Janeway., 1991; Koretzky., 2010). Many studies on EAE have already pro-
vided convincing evidences on the relation of EAE development with MHC
class Il allele expression and suggested a pathogenic as well as protective
role of CD4* T cells in MS (Sonobe et al., 2007; Fletcher et al., 2010). Con-
sistent with the previous studies demonstrating that T cells were restricted to

the white pulp of the spleen (Mebius and Kraal, 2005), we too observed CD4
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to be expressed within the white pulp of the spleen in all three mice groups,
with PBS and EAE day 12 groups demonstrating significantly higher percent-
age of CD4* cells in comparison to naive controls (Figure 3.15), and the level
was further increased in EAE day 16 mice tissues. In comparison to naive
mice, the percentage of CD4" cells in lymph nodes was only observed to be
increased in tissues of EAE day 12 and day 16 mice but not PBS day 16 mice
or EAE mice during the resolution stage at day 26. The expression pattern and
region of distribution observed in all three groups were consistent with what
has been reported by others that CD4* T cells were primarily restricted within
the paracortex of lymph node (Figure 3.16). This data further explained that
increased expression of CD4* cells in lymphoid organs correlated with in-
creased IL-16 expression in the lymphoid tissues from PBS and MOGg3s.-55 im-
munised mice. The increased expression of IL-16 and CD4 in the spleen but
not the lymph node tissues of PBS immunised mice may suggest a more ro-
bust general activation of the immune system in the spleen than the local
lymph nodes.

MS/EAE pathogenesis has been shown to correlate with increased serum lev-
els of pro-inflammatory cytokines and often the presence of cytokines in blood
serum has been used as biomarker for the disease. Previously the serum level
of IL-16 was observed to be highly elevated in MS patients during the remis-
sion phase of the disease (Farrokhi et al., 2017), in agreement with previous
findings we have also observed elevated levels of IL-16 in the serum of MOGgss-
s5 immunised mice (Figure 3.17). However, the level of IL-16 was increased at
EAE day 12 which gradually reduced at EAE day 16, to a level which was still
significantly higher than the naive and PBS day 16 controls. The up-regulation
was decreased at EAE resolution stage and reached the same level as naive
and PBS day 16 controls. This data suggests a correlation of serum IL-16 to
the EAE pathogenesis as its level was elevated during the severe disease

stages and reduced as the disease started to recover.

To understand the function of IL-16 in CNS inflammatory diseases, it was im-
portant to first investigate the expression of IL-16 in spinal cord and the brain.
There is evidence of extensive production of both pro-IL-16 and active IL-16
in MS lesion and in the normal appearing grey and white matter of spinal cord
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of MS patients (Skundric et al., 2006; Skundric et al., 2015). Using western
blot analysis, both pro and secreted IL-16 have been found to be markedly
increased in the spinal cord of MS patients compared with healthy controls
(Skundric et al., 2006). To assess the protein level of IL-16 in the CNS, we
utilised ELISA on supernatants collected from CNS homogenates. And as an
approach to look into the regional expression of IL-16 and to further under-
stand its pattern of expression within the CNS tissues we have also carried out
immunohistochemical staining. IL-16 was detected in spinal cord homoge-
nates of all three mice groups; however, the level was elevated in spinal cord
at EAE day 12 which increased at EAE day 16 before reaching the same level
as the controls at resolution stage at day 26 (Figure 3.18A).

This trend was further confirmed using IHC which showed clear expression of
IL-16 within the spinal cord tissues (Figure 3.19). The expression pattern of IL-
16 within the GM of naive PBS and EAE mice was similar but during EAE day
12 and day 16, distinctive expression of IL-16 was observed in the WM sug-
gesting an increase in expression of IL-16 with the severity of EAE. Quantifi-
cation of IL-16" cells revealed a significantly higher percentage of IL-16* cells
within the spinal cord of MOGass-s5 immunised mice at EAE day 12 and day 16
time points, in comparison to the naive and PBS day 16 controls. And there
was no significant difference between naive and PBS day 16 mice. When the
quantification was carried out by regions (GM, WM and lesion) of spinal cord
tissue sections, the expression of IL-16 within the GM showed similar level of
expression among all three groups. However, when the cells expressing IL-16
in the WM was quantified, an increased percentage of IL-16* cells were pri-
marily found within the inflammatory lesion or equivalent area indicating a di-
rect link between IL-16* cells and cellular infiltration into the CNS. Naive and
PBS controls and EAE day 26 did not demonstrate any lesion or expression
of IL-16 within the WM (Figure 3.19G).

When we analysed the protein level of IL-16 within the brain using ELISA, it
was detected in naive, PBS and MOGssss immunised groups. Since each
brain regions are associated with specific functions and often involved in com-

plex roles, we focused particularly on cerebellum and hippocampus, regions
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closely associated to MS/EAE. Several reports revealed MS associated dam-
ages in cerebellum, and structural and functional alteration of hippocampus
(Roosendaal et al., 2010; Tornes el al., 2014; Weier et al., 2015). Because of
the difficulty in isolating hippocampus for preparing tissue homogenates for
ELISA assay, cerebellum and rest of the brain were harvested and prepared.
Both naive and PBS control mice tissues demonstrated similar level of IL-16.
However elevated level of IL-16 was apparent in MOGss.ss immunised mice at
day 12 during EAE onset, which then increased at day 16 during peak stage
before further reduction at resolution stage (Figure 3.18 B, C). We also ana-
lysed in situ expression of IL-16 within the brain tissues, it was found to be

expressed in different regions of brain tissues in all three mice groups.

Consistent with the ELISA data, increased percentage of IL-16" cells were ob-
served within the cerebellum and the hippocampus of MOG3s.55 immunised
mice. Within the hippocampus of all three mice groups, IL-16 was found in
CA1l, CA2, and CA3 region, predominantly within the pyramidal layers. In ad-
dition, IL-16 was also seen to be expressed in the granule cells of the dentate
gyrus (Figure 3.21). However, during EAE an increased expression of IL-16
was observed in the surrounding area of dentate gyrus, where the cellular in-
filtration and the lesions were observed. Within the cerebellum in all three mice
groups IL-16 was dispersed throughout the molecular layer and in the granule
cells within the granular layer as well as on the purkinje cells near the granule
cells, however during EAE IL-16 expression was predominantly found in the
WM of the cerebellum where the cellular infiltration and the lesions were ob-
served (Figure 3.22). The data are supported by previous studies which
demonstrated the association of IL-16 with patients following focal cerebral
infarctions, IL-16 was found to be expressed in brains by infiltrating immune
cells including neutrophils, CD8* T cells and activated CD68* microglia/mac-
rophages that have accumulated in lesion sites (Schwab et al., 2001). Similar
to the spinal cord data, the IHC quantification of IL-16* cells in brain tissue also
revealed an increased IL-16* cell percentage in proximity to the inflammatory
lesions. However immune infiltration into the brain was less than that observed
in the spinal cord and the change of the expression of IL-16 within the brain
lesion were also less in comparison to what have been observed in the spinal

cord, this suggests alterations in IL-16 expression in the CNS during EAE are
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likely to be originated from the immune cell infiltration. Thus, our results of in-
creased expression of IL-16 in CNS tissues of EAE mice at day 12 after im-
munisation correlates to the clinical and pathological changes during the de-

velopment of EAE.

We have shown that IL-16 is expressed within the CNS tissues, and the level
was significantly increased during the development of EAE. To understand the
specific function of IL-16 in neuroinflammation, we also investigated the ex-
pression of its receptor CD4 as it is required to exert its function. It is well
established that CD4* T cells are elevated in the CNS of EAE mice (Sonobe
etal., 2007; Hoglund et al., 2014). Our data agreed with previous studies, while
the expression of CD4 was found to be absent in naive and PBS day 16 spinal
cord tissues, increased expression was demonstrated in EAE mice tissues.
CD4* cells were first observed in the spinal cord tissues at EAE day 12, and
the quantification of the percentage of CD4* cells demonstrated an increase
during the peak of EAE severity at day 16, which later reduced at the resolution
stage of EAE at day 26 (Figure 3.20). Similar to the spinal cord, CD4 expres-
sion was evident only in the brain sections of MOGss-s5 immunised mice and
the percentage was increased in tissues of EAE peak mice (Figure 3.23 and
3.24). The findings were consistent with the clinical and pathological changes
observed during EAE development and confirms our current understanding of
the role of CD4* immune cells in CNS inflammation.

In conclusion, the up-regulation of IL-16 and its receptor observed in the lym-
phoid organs, and particularly in the CNS tissues of EAE mice in comparison
to the naive and PBS day 16 controls suggest that IL-16 may play a critical
role in the development of CNS inflammatory diseases. The positive correla-
tion of IL-16 expression with CD4 receptor in all the tissues of EAE mice indi-
cates an important role of IL-16/CD4 signalling pathway during the neuroin-
flammation. However, the presence of IL-16 in the CNS tissues of naive and
PBS control groups while its receptor CD4 was absent indicates an alternate
function of this cytokine under normal physiological state. Therefore, further
study is required to look at the expression of IL-16 by CNS resident cells as
well as infiltrating immune cells, which will help us to understand the function

of IL-16 cytokine in the CNS under normal and neuroinflammatory conditions.
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4.ldentifying the types of cells expressing IL-
16 in lymphoid and CNS

4.1 Introduction

MS/EAE pathology is characterised by demyelination in the WM and GM of
the brain and spinal cord which is known as the lesions and indicates loss of
myelin sheaths and ODCs. During the disease, inflammation is present at all
stages but pronounced at the peak stage of the disease. The immune system
plays a crucial role in the disease pathogenesis, with formation of early lesion
by invading peripheral immune cells and leakage of the blood—brain barrier.
Even though the exact aetiology is not clear, it is understood that during sys-
temic infection in the periphery naive T cells get activated by APCs, such as
DCs, the activated T cells then differentiate to adopt Thl or Th17 profile, char-
acterised by the production of IFN-y and IL-17 respectively (Zamvil & Stein-
man., 2003; Constantinescu et al., 2011; Cheng et al., 2017). Once the auto-
reactive T cells cross the BBB and enter the CNS they are re-stimulated with
myelin antigens presented by the local APCs. This then initiates an inflamma-
tory cascade resulting in the activation of CNS resident cells (microglia and
astrocytes), the recruitment of additional inflammatory cells (macrophages, NK
cells etc) and antibody production by plasma cells that are involved in myelin
and axonal damage (Zamvil and Steinman., 2003; Constantinescu et al.,
2011).

While many immune cells from the systemic inflammatory compartment mi-
grate to the CNS via BBB during MS/EAE and contribute towards the disease
pathogenesis, there are many CNS resident cells that are either targeted dur-
ing the disease or that directly take part in augmenting and inhibiting the dis-
ease. Neurons are the major type of cells that make up the CNS. They don’t
directly participate in the MS/EAE pathogenesis at the early stage of MS/EAE
the axons and the neurons are mostly protected, however as the disease pro-

gress, they are often damaged through direct or indirect targeting and gradual
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neuroaxonal loss occurs which correlates with the clinical symptoms of pro-
gressive paralysis. The augmented CNS inflammation, and demyelination of
the axon, makes the neurons more vulnerable to damage (Correale et al.,
2015). Astrocytes on the other hand are the second most abundant CNS res-
ident cells and have demonstrated to undergo activation and proliferation in
the WM lesion during CNS inflammation, suggesting playing a critical role in
disease progression. Microglia is regarded as the resident immune macro-
phages of the CNS, which play an important role in inflammatory and immune
responses in MS/EAE (Ponomarev et al., 2005), and often get activated at
very early stage of CNS injury (Kreutzberg., 1996; Luo et al., 2017). Destruc-
tion of myelin in the CNS has been associated with activated macrophage and
microglia in the pathogenesis of MS/EAE (Benveniste et al., 1997; Lassmann
et al., 2007).

In chapter 3, we investigated the expression of IL-16 cytokine in the lymphoid
organs and in the CNS under normal and inflammatory conditions using EAE
animal model. Our data suggested an increased percentage of IL-16* cells in
the lymphoid tissues of both PBS and MOGa3s-55 immunised mice in compari-
son to the naive control group. In CNS we demonstrated increased percentage
of IL-16* cells in MOGss-55 immunised mice in comparison to both naive and
PBS controls and the levels were associated with EAE clinical severity and
CNS inflammation. Furthermore, while IL-16 expression was primarily ob-
served in the GM of CNS in all groups of mice, its expression in the WM (par-
ticularly in lesions) was only observed in tissues of EAE mice. The altered
pattern of IL-16 expression in the CNS of EAE mice suggests a possible
change of its expression level and cellular localisation in tissues during inflam-
mation. High levels of IL-16 expression in CNS lesions indicate IL-16 is ikely
to be expressed by immune cells (T cells, macrophages, monocytes etc) as
well as the CNS resident cells (astrocytes, neurons or microglia). Identification
of the phenotype of cells expressing IL-16 in the CNS and in the periphery

would help to understand the role of the molecule in CNS inflammation.

154



Therefore, the aims of this chapter are:

Aim 1: To identify the phenotype of IL-16 expressing immune cells within
spleen and lymph node tissues, and whether this changes during systemic

and CNS inflammation.

Aim 2: To determine the phenotype of IL-16 expressing CNS resident and

infiltrating immune cells with or without CNS neuroinflammation.
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4.2 Results

In this chapter we have carried out double fluorescence immunohistochemistry
on lymphoid and CNS tissues to distinguish the cell types expressing IL-16.
Since we did not observe any difference in percentage of IL-16* cells within
the lymphoid tissues of MOGass-s5 immunised group over the course of EAE,
therefore we have only included the naive, and PBS or MOGss-s5 immunised
mice at day 16 post immunisation for co-localisation study in lymphoid organs.
However, for studies in CNS we have included both naive and PBS day 16

controls as well as all the time points of EAE mice (day 12, 16 and 26).
4.2.1 IL-16 expression on CD45" cells in spleen and lymph node tissues

Having established that IL-16 is expressed by spleen and lymph node cells in
all the examined animal groups, we next used double immunofluorescence
staining with CD45 and IL-16 in the spleen and lymph node tissues of naive,
PBS day 16 and EAE day 16 mice and studied the whether systemic and CNS
inflammation changes the expression pattern of IL-16. Expression of IL-16 by
CD45" cells was observed in both spleen (Figure 4.1) and lymph node (Figure
4.2) tissues from all groups of mice, and there was an increase in the CD457IL-
16" cells in PBS and EAE tissues. However not all CD45* cells co-expressed
IL-16 and only some IL-16* cells were co-localised with CD45* cells. We next
quantified the percentage of CD45*IL-16* cells out of the total CD45* cell pop-
ulation within the comparable ROI in the tissue sections using the Image J. In
the spleen tissues of PBS day 16 (16 + 1%) and EAE day 16 (20 £ 1%) mice
the percentages were significantly higher compared to that of naive (4 £ 0.5%)
mice. But there was no difference between the PBS day 16 and EAE day 16
mice groups (Figure 4.1D).

In the lymph node tissues, the percentage of CD45" IL-16* cells were 20 + 1%
and 20 £ 1.8% respectively for PBS day 16 and EAE day 16 groups, both
significantly higher in comparison to naive (4 + 0.5%) mice. Again, there was

no difference between PBS day 16 and EAE groups (Figure 4.2D).
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Figure 4.1: Expression of IL-16 by CD45" cells in the spleen tissues of naive, PBS and EAE
mice. Lymph nodes were harvested from (A) naive, and (B) PBS or (C) MOGss.ss immunised
mice at day 16 post immunisation and the tissues stained with anti-IL-16 (Green) and anti-
CD45 (Red). Data are representative of each group. n=3 for all groups. Images X20 mag-
nification, scale bars = 100um. (D) Percentage of IL-16 expressing CD45" cells within the
total CD45" cell population in the spleen tissue sections of naive, PBS and EAE spleen tis-
sues has been quantified using the cell counter tool of Image J software and result ex-
pressed as mean * S.E.M. Statistical significance was determined by one-way ANOVA with
Bonferroni post-hoc**P <0.01, ***P<0.001 versus naive.
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Figure 4.2: Expression of IL-16 by CD45* cells in the lymph node tissues of naive, PBS and EAE
mice. Lymph nodes were harvested from (A) naive and (B) PBS or (C) MOGss.ss immunised mice at
day 16 post immunisation and the tissues stained with anti-IL-16 (Green) and anti-CD45 (Red).
Data are representative of each group. n=3 for all groups. Images X20 magnification, scale bars =
100um. (D) Percentage of IL-16 expressing CD45* cells within the total CD45* cell population in
naive, PBS and EAE lymph node tissues has been quantified using the cell counter tool of Image J
software and result expressed as mean * S.E.M. Statistical significance was determined by one-

way ANOVA with Bonferroni post-hoc. ***P<0.001 versus naive.
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4.2.2 IL-16 expression on CD4" cells in spleen and lymph node tissues

Following the observation of immune cells (CD45) co-expressing IL-16, next
we wanted to determine the specific types of the immune cells such as CD4*
T cells, which is the key mediator of MS/EAE disease, and CD4 is also the

receptor required for IL-16 signalling and function.

IL-16 was observed to be expressed by some CD4* cells in both spleen (Fig-
ure 4.3) and lymph node (Figure 4.4) tissues from the three different mice
groups. However not many IL-16* cells were co-localised with CD4* cells and
therefore the percentage of CD4* IL-16* cells were comparatively low as con-
firmed through analysis of the percentage of the IL-16" CD4* cells out of the
total CD4* cells, in the comparable ROI of spleen tissue sections. However,
the percentage of IL-16* CD4* cells in the PBS day 16 (4 £ 0.5%) and EAE
day 16 (5 £ 0.3%) mice was significantly higher compared to that of naive (1.3
+ 0.2%) mice. And there was no difference between PBS day 16 and EAE day
16 mice group mice (Figure 4.3D).

In lymph node tissues, the percentage of IL-16* CD4* cells in the EAE day 16
(7 £ 1%) but not the PBS day 16 (6 £ 1%) mice was significantly higher com-
pared with that of the naive (1 £ 0.3%) mice. And no difference was observed
between PBS day 16 and EAE mice (Figure 4.4D).
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Figure 4.3: Expression of IL-16 by CD4" cells in the spleen tissues of naive, PBS and EAE mice.
Spleens were harvested from (A) naive and (B) PBS or (C) MOGss.ss mice at day 16 post immun-
isation and the tissues were stained with anti-IL-16 (Green) and anti-CD4 (Red). Data are rep-
resentative of each group. n=3 for all groups. Images X20 magnification, scale bars = 100um.
(D) Percentage of IL-16 expressing CD4* cells within the total CD4* cell population in naive, PBS
and EAE spleen tissues has been quantified using the cell counter tool of Image J software and
result expressed as mean + S.E.M. Statistical significance was determined by one-way ANOVA
with Bonferroni post-hoc. *P<0.05, **P <0.01 versus naive.
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Figure 4.4: Expression of IL-16 by CD4" cells IL-16 in the lymph node tissue s of naive, PBS
and EAE mice. Lymph nodes were harvested from (A) naive and (B) PBS or (C) MOGss.s5 im-
munised mice at day 16 post immunisation and the tissues were stained with anti-IL-16
(Green) and anti-CD4 (Red). Data are representative of each group. n=3 for all groups. Im-
ages X20 magnification, scale bars = 100um. (D) Percentage of IL-16 expressing CD4* cells
within the total CD4" cell population in naive, PBS and EAE lymph node tissues has been
quantified using the cell counter tool of Image J software and result expressed as mean +
S.E.M. Statistical significance was determined by one-way ANOVA with Bonferroni post-hoc.
*P<0.05 versus naive.
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4.2.3 IL-16 expression by Thl and Th17 splenic cells during EAE

IL-16 is thought to be predominantly produced by T cells and with co-localisa-
tion staining we have demonstrated that some CD4* cells express IL-16 in
both spleen and lymph nodes of naive, PBS and MOG immunised mice. To
further determine the type of T cell subsets involved in producing IL-16, we
next utilised FACS analysis to assess the expression of IL-16 in CD4* subsets:
Thl and Th17 cells on splenocytes derived from PBS and MOG3s.s5 immun-

ised mice at day 16 post immunisation.

Our data revealed the percentage of IL-16 expressing CD4* cells out of the
total CD4* population was significantly increased in MOGss-s5 immunised mice
with 1.4 + 0.11% in comparison to 0.76 + 0.07% in the PBS immunised mice
group (Figure 4.5A). But when we assessed the percentage of CD4" cells
within the total spleen cell population, there was no significant difference be-
tween the PBS (10.4 + 0.3%) and MOGss-55 (11.6 = 0.8%) immunised groups

(Figure 4.5B) which is consistent to our data in Chapter 3.

To determine if the Th17 and Th1l subsets express IL-16, CD4 population was
gated and expression of IL-16 by IL-17 and IFN-y expressing cells was ana-
lysed. When we assessed Thl7 cells, no difference in percentage of CD4*
cells expressing IL-17 alone or IL-17 and IL-16 together was observed be-
tween the PBS day 16 (3.1 + 0.1% and 1.3 + 0.2% respectively) and the EAE
day 16 (3.3 £ 0.6% and 1.9 + 0.2% respectively) groups (Figure 4.5C).

Similar pattern of expression was also observed in Th1 cells, with no difference
in the percentage of CD4* cells expressing IFN-y alone or IFN-y and IL-16
together between the PBS day 16 (3.2 + 0.3% and 2.7 + 0.2% respectively)
and EAE day 16 (3.4 £ 0.3% and 3.1 + 0.2% respectively) MOG immunised
groups (Figure 4.5D).
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Figure 4.5 IL-16 expression by Thl and Th17 CD4+ T cell subsets within the spleen: Spleen
cells collected from PBS and MOGss.ss immunised mice at day 16 post immunisation was
stained for FACS analysis of (A) CD4 and IL-16, (B) CD4, (C) IL-17 and IL-16, and (D) IFN-& and
IL-16. Data are representative of each group, PBS n=5 and EAE n=5. Result illustrated as mean
+ S.E.M. Statistical significance was determined by one-way ANOVA with Bonferroni post hoc
test **P <0.01 versus PBS.
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4.2.4 IL-16 expression on CD11b* cells in spleen and lymph nodes tis-

sues

The fact that some but not all IL-16* cells are CD4* T cells suggest IL-16 is
also expressed by other immune cells. We utilised double fluorescence stain-
ing with CD11b and IL-16 in the spleen and lymph node tissues of naive, PBS
day 16 and EAE day 16 mice and studied is expression by monocytes/macro-
phages.

IL-16 was observed to be expressed by some but not all CD11b* cells in both
spleen (Figure 4.6) and lymph node (Figure 4.7) tissues in all three mice
groups. However similar to CD4* cells, not many CD11b* cells expressed IL-
16. We next quantified the percentage of CD11b" cells expressing IL-16 out of
the total CD11b* cells in the comparable ROl in the tissue sections. In the PBS
day 16 (34 =+ 2%) and EAE day 16 (37 £ 2%) mice the percentage CD11b™" IL-
16" cells were significantly higher compared to that of naive (23 + 0.7%) mice
spleen tissues. But there was no difference between the PBS day 16 and EAE
day 16 mice groups (Figure 4.6D).

Similarly, the percentage of CD11b* IL-16" cells out of the total CD11b* cells
in the comparable ROI in the lymph node tissues of PBS day 16 (28 + 1%) and
EAE day 16 (30 £ 0.8%) mice was significantly higher in comparison to that of
the naive (15 £ 1%) mice. And there was no difference between the PBS and
EAE (Figure 4.7D).
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Figure 4.6: Expression of IL-16 by CD11b* cells in the spleen tissues of naive, PBS and EAE
mice. Spleen were harvested from (A) naive (B) PBS and (C) MOGss.ssimmunised mice at day
16 post immunisation and the tissues were stained with anti-IL-16 (Green) and anti-CD11b*
(Red). Data are representative of each group. n=3 for all groups. Images X20 magnification,
scale bars = 100um. (D) Percentage of IL-16 expressing CD11b* cells within the total CD11b*
cell population in naive, PBS and EAE spleen tissues has been quantified using the cell coun-
ter tool of Image J software and result expressed as mean * S.E.M. Statistical significance
was determined by one-way ANOVA with Bonferroni post-hoc. *P<0.05 versus naive.
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Figure 4.7: Expression of IL-16 by CD11b’ cells in the lymph node tissues of naive, PBS and
EAE mice. Lymph nodes harvested from (A) naive and (B) PBS or (C) MOGss.ss immunised
mice at day 16 post immunisation and the tissues were stained with anti-IL-16 (Green) and
anti-CD11b* (Red). Data are representative of each group. n=3 for all groups. Images X20
magnification, scale bars = 100um. (D) Percentage of IL-16 expressing CD11b" cells within
the total CD11b" cell population in naive, PBS and EAE lymph node tissues has been quan-
tified using the cell counter tool of Image J software and result expressed as mean + S.E.M.
Statistical significance was determined by one-way ANOVA with Bonferroni post-hoc. **P
<0.01 versus naive.
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4.2.5IL-16 expression on F4/80* cells in spleen and lymph node tissues

We next utilised double immunofluorescence staining with F4/80 and IL-16 to
examine if mature macrophages express IL-16 in the spleen and lymph node
tissues of naive, PBS day 16 and EAE day 16 mice.

IL-16 was observed to be expressed by some F4/80* cells in both spleen (Fig-
ure 4.8) and lymph node (Figure 4.9) tissues in all three mice groups. Quanti-
fication of the percentage of F4/80*IL-16* cells out of the total F4/80" cells in
the comparable ROI in tissues sections demonstrated that spleen tissues from
EAE day 16 (13 £ 0.3%) mice had significantly higher percentage of F4/807IL-
16" cells than that of the naive (9 £ 1%) mice, however there was no difference
between the PBS day 16 (12% * 0.4%) and the naive controls or EAE day 16
mice groups (Figure 4.8D).

Lymph node tissues of PBS day 16 (9 = 0.9%) and EAE day 16 (10 £ 0.3%)
mice demonstrated significantly higher co-expression with F4/80 in compari-
son to the lymph node tissues of naive (5 + 0.6%) mice, but there was no
difference between the co-expression observed with in the lymph node tissues
of PBS day16 and EAE day 16 mice groups (Figure 4.9D).
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Figure 4.8: Expression of IL-16 by F4/80" cells in the spleen tissues of naive, PBS and EAE mice.
Spleens were harvested from (A) naive and (B) PBS or (C) MOG3s.ss immunised mice at day 16 post
immunisation and the tissues were stained with anti-IL-16 (Green) and anti-F4/80" (Red). Data are
representative of each group. n=3 for all groups. Images X20 magnification, scale bars = 100um.
(D) Percentage of IL-16 expressing F4/80" cells within the total F4/80" cell population in naive, PBS
and EAE spleen tissues has been quantified using the cell counter tool of Image J software and result
expressed as mean * S.E.M. Statistical significance was determined by one-way ANOVA with Bon-
ferroni post-hoc. *P<0.05 versus naive.
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Figure 4.9: Expression of IL-16 by F4/80" cells in the lymph node tissues of naive, PBS and EAE
mice. Lymph nodes were harvested from (A) naive and (B) PBS or (C) MOGss.ss immunised mice at
day 16 post immunisation and the tissues were stained with anti-IL-16 (Green) and anti-F4/80"
(Red). Data are representative of each group. n=3 for all groups. Images X20 magnification, scale
bars = 100um. (D) Percentage of IL-16 expressing F4/80" cells within the total F4/80" cell population
in naive, PBS and EAE lymph node tissues has been quantified using the cell counter tool of Image
J software and result expressed as mean + S.E.M. Statistical significance was determined by one-
way ANOVA with Bonferroni post-hoc. *P<0.05 versus naive.
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4.2.6 Expression of IL-16 on CD45* cells in spinal cord tissues

The infiltrating immune cells forming the lesions in the CNS include a variety
of activated immune cells such as CD4* and CD8* T cells, B cells, and mono-
cytes/macrophages. In chapter 3 we have demonstrated the accumulation of
immune cells within the lesions of EAE spinal cord tissue sections and IL-16
is shown to be expressed by several types of immune cells in the spleen and
lymph nodes (Figures 4.1-4.9). Next, we investigated if these infiltrating im-
mune cells in the CNS tissues expressed IL-16 using double immunofluores-
cence staining in tissues of naive mice, PBS immunised mice at day 16 post
immunisation and MOGss-ss immunised mice at day 12, day 16 and day 26

post immunisation.

There was no co-localisation of IL-16 with CD45 within the white matter of
naive and PBS spinal cord tissue sections due to the absence of both CD45
and IL-16 within this region. However, IL-16 was expressed by CD45* cells
within the lesions predominantly in the white matter of spinal cord tissues in all
EAE group mice (Figure 4.10). Quantification of the percentage of CD45" IL-
167 cells out of the total CD45" cells in the comparable ROI revealed no differ-
ence between the naive and PBS day 16 mice. However, spinal cord tissue
sections from EAE day 12 (14 + 1%) and EAE day 16 (15 + 1%) demonstrated
significantly higher percentage in comparison to the EAE day 26 (8 + 0.9%)
mice (Figure 4.10F).
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Figure 4.10: Expression of IL-16 by CD45" cells in the spinal cord tissues of naive, PBS and
EAE mice. Spinal cords were harvested from (A) naive (B) PBS day 16 and EAE (C) day 12 (D)
day 16 and (E) day 26 mice and the tissues were stained with anti-IL-16 (Green) and anti-
CD45" (Red). Data are representative of each group. n=5 for all groups. Primary images x10
and secondary images X20 magnification, scale bars = 100um. Dotted white line indicating
the edge of the tissue section (F) Percentage of IL-16 expressing CD45* cells within the total
CDA45* cell population in naive, PBS and EAE spinal cord tissues has been quantified using the
cell counter tool of Image J software and result expressed as mean + S.E.M. Statistical signif-
icance was determined by one-way ANOVA with Bonferroni post-hoc. **P <0.01 versus EAE
day 26.
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4.2.7 IL-16 expression on CD4* cells in spinal cord tissues

CD4* T cells are the key immune cells that are thought to orchestrate and drive
the immune response resulting in inflammation within CNS during MS/EAE. T
cells not specific for myelin antigens can enter the CNS but only T cells specific
for CNS antigens are able to persist within the CNS and initiate the recruitment

of other inflammatory cells (Nowak et al., 2009; Sayed et al., 2010).

Having shown that the spinal cord of naive and PBS immunised mice had no
CD45" cells to express IL-16 and that many CD45* cells in the spinal cord of
MOGss-55 immunised co-expressed IL-16, we next planned to examine the
specific phenotype of infiltrating immune cells using double immunofluores-
cence staining. Out data showed that CD45" cells were absent within the spi-
nal cord tissue sections of naive and PBS (day 16) mice, so we didn’t include
them while examining the co-expression by CD4" cells or any other specific
immune cells. Our data demonstrated IL-16 was expressed by some CD4*
cells within the lesions predominantly in the white matter of spinal cord tissues

from MOGss-ss immunised mice (Figure 4.11).

We next quantified the percentage of CD4*IL-16" cells out of the total CD4*
cell population in the comparable ROI. In the spinal cord tissues of EAE day
12 (19 = 0.6%) and EAE day 16 (15 % 0.4%) mice the percentage was signifi-
cantly higher compared to that of EAE resolution stage mice at day 26. But
there was no difference between the EAE day 12 and EAE day 16 mice groups
(Figure 4.11D).
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Figure 4.11: Expression of IL-16 by CD4" cells in the spinal cord tissues of naive, PBS and EAE
mice. Spinal cords were harvested from EAE (A) day 12, (B) day 16 and (C) day 26 mice and
the tissues were stained with anti-IL-16 (Green) and anti-CD4 (Red). Data are representative
of each group. n=5 for all groups. Primary images x10 and secondary images x20 magnifica-
tion, scale bars = 100um. Dotted white line indicating the edge of the tissue section. (D) Per-
centage of CD4" cells expressing IL-16 within the total CD4* cell population in naive, PBS and
EAE spinal cord tissues has been quantified using the cell counter tool of Image J software
and result expressed as mean + S.E.M. Statistical significance was determined by one-way
ANOVA with Bonferroni post-hoc. ***P <0.001 versus EAE day 26.
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4.2.8 IL-16 expression on CD11b* cells in spinal cord tissues

In MS/EAE apart from T cells many immune cells including monocyte/macro-
phages infiltrate into the CNS from the periphery and local activation of micro-
glia and macrophages occurs, which actively participate in initiating inflamma-

tion and demyelination.

Having shown that CD4" cells expressed IL-16 within the spinal cord of MOGss.
55 immunised mice we next examined the co-expression of IL-16 with CD11b*
cells (Figure 4.12). Our data demonstrated IL-16 was expressed by CD11b*
cells predominantly within the lesion in the white matter of spinal cord tissues
of MOGss-55 immunised mice. Quantification of the percentage of CD11b*IL-
16" cell out of the total CD11b* cells in the comparable ROI revealed that the
percentage of both EAE day 12 (23 + 1%) and EAE day 16 (21 + 1%) mice
was significantly higher in comparison to that of EAE day 26 (9 + 0.9%) mice.
However, there were no differences between the EAE day 12 and EAE day 16

mice groups (Figure 4.12D).
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Figure 4.12: Expression of IL-16 by CD11b* cells in the spinal cord tissues of naive, PBS and
EAE mice. Spinal cords were harvested from EAE (A) day 12, (B) day 16 and (C) day 26 mice
and the tissues were stained with anti-IL-16 (Green) and anti-CD11b (Red). Data are repre-
sentative of each group. n=5 for all groups. Primary images x10 and secondary images x20
magnification, scale bars = 100um. Dotted white line indicating the edge of the tissue section.
(D) Percentage of CD11b* cells expressing IL-16 within the total CD11b* population in naive,
PBS and EAE spinal cord tissues has been quantified using the cell counter tool of Image J
software and result expressed as mean + S.E.M. Statistical significance was determined by
one-way ANOVA with Bonferroni post-hoc. ***P <0.001 versus EAE day 26.

179



4.2.9 IL-16 expression on F4/80* cells in spinal cord tissues

Following the examination of CD11b* macrophage/microglia cells expressing
IL-16, we next examined the co-expression of IL-16 with F4/80* mature mac-
rophages. Our data demonstrated IL-16 was expressed by F4/80* cells pre-
dominantly within the lesion in the white matter of spinal cord tissues from
MOGss-55 immunised mice (Figure 4.13). Quantification of percentage F4/80*
cells expressing IL-16 out of the total F4/80* cells, of the comparable ROI in
the spinal cord tissue sections revealed both EAE day 12 (10 £ 0.7%) and EAE
day 16 (5 + 0.6%) mice had significantly higher percentage of F4/80" cells
expressing IL-16 in comparison to that of EAE day 26 (1 £ 0.7%) mice. Fur-
thermore, the percentage of co-expressing cells in the spinal cord tissues of
EAE day 12 mice was significantly higher in comparison to that of EAE day 16
mice (Figure 4.13D).
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Figure 4.13: Expression of IL-16 by F4/80" cells in the spinal cord tissues of naive, PBS and
EAE mice. Spinal cords were harvested from EAE (A) day 12, (B) day 16 and (C) day 26 mice
and the tissues were stained with anti-IL-16 (Green) and anti-F4/80 (Red). Data are repre-
sentative of each group. n=5 for all groups. Primary images x10 and secondary images X20
magnification, scale bars = 100um. Dotted white line indicating the edge of the tissue section.
(D) Percentage of F4/80" cells expressing IL-16 within the total F4/80" cell population in naive,
PBS and EAE spinal cord tissues has been quantified using the cell counter tool of Image J
software and result expressed as mean * S.E.M.in naive, PBS and EAE spinal cord tissues has
been quantified using the cell counter tool of Image J software and result expressed as mean
+ S.E.M. Statistical significance was determined by one-way ANOVA with Bonferroni post-
hoc. ***P <0.001 versus EAE day 26; #*P<0.01 versus EAE day 16.
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4.2.10 IL-16 expression on neurons in spinal cord tissues

Although IL-16 was clearly expressed by immune cells in the periphery lym-
phoid organs and infiltrating into the CNS tissues, constitutive expression of
IL-16 in the spinal cord and brain tissues suggests its expression by CNS res-
ident cells. Thus, next we studied the colocalization of IL-16 with neurons and

glia cells in the CNS tissues under normal and diseased condition.

Neurons being the major type of CNS resident cells do not play an active role
in the pathogenesis of MS/EAE. However, as a result of MS/EAE pathology
the demyelination of axons makes both neurons and axons vulnerable to dam-
ages. So, we wanted to examine if neurons in the spinal cord tissue sections
expressed IL-16. And to investigate this, we utilised double immunofluores-
cence staining with NeuN (marker for neurons that stains nucleus and the cy-
toplasm of most neurons) and IL-16 in spinal cord tissues of naive mice, PBS
immunised mice at day 16 post immunisation and MOG3s-s5 immunised mice
at day 12, day 16 and day 26 post immunisation. To further investigate if the
expression pattern changes over the course of the disease and with the extent
of the disease, here we have included tissues collected from all three time
points of the EAE disease course.

IL-16 was observed to be expressed by NeuN* cells within the grey matter of
spinal cord tissues of all groups of mice examined (Figure 4.14). As there are
no neuronal cell bodies within the white matter, so NeuN expressing IL-16 was
not observed in that region of spinal cord. Quantification of the percentage of
NeuN* cells expressing IL-16 expressing out of the total NeuN* cells, within
the comparable ROI in the spinal cord tissue sections, did not demonstrate
any differences between the naive (34 + 23%) and PBS day 16 (33 + 23%)
mice groups. Spinal cord tissue sections collected from EAE day 12 (33 + 2
%), EAE day 16 (35 £+ 3%) and EAE day 26 (33 £ 2%) mice groups also had
similar percentage of NeuN" IL-16" cells as observed in the control groups
(Figure 4.14F).
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Figure 4.14: Expression of IL-16 by NeuN* cells in the spinal cord tissues of naive, PBS and
EAE mice. Spinal cords were harvested from (A) naive (B) PBS day 16 and EAE (C) day 12 (D)
day 16 and (E) day 26 mice and the tissues were stained with anti-IL-16 (Green) and anti-
NeuN (Red). Data are representative of each group. n=5 for all groups. Primary images x10
and secondary images X20 magnification, scale bars = 100um. Dotted white line indicating
the edge of the tissue section. (F) Percentage of IL-16 expressing NeuN* cells within the total
NeuN® cell population in naive, PBS and EAE spinal cord tissues has been quantified using the
cell counter tool of Image J software and result expressed as mean + S.E.M. Statistical signif-
icance was determined by one-way ANOVA with Bonferroni post-hoc.
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4.2.11 IL-16 expression on astrocytes in spinal cord tissues

Apart from the neurons, glial cells are also predominantly found in the CNS.
Astrocytes are the star shaped glial cells which intertwine with all other neigh-
bouring neuronal and non-neuronal cells in the CNS by filling the space be-
tween neurons. Activation and proliferation of astrocytes during MS/EAE have
a critical contribution in augmenting inflammation and disease progression. To
investigate the expression of IL-16 by astrocytes we next utilised double im-
munofluorescence staining with GFAP (marker for astrocytes) and IL-16 in the
spinal cord tissue sections.

Our data demonstrated IL-16 was expressed by GFAP* cells predominantly
within the lesion in the white matter of spinal cord tissues sections of MOGas-
s5 immunised mice (Figure 4.15). There was no co-localisation of IL-16 with
GFAP within the white matter in the spinal cord tissue sections of naive and
PBS day 16 mice due to the absence of IL-16 within this region. Quantification
of the percentage of GFAP*IL-16* cells out of the total GFAP* cells in the com-
parable ROI revealed no difference between the naive and PBS day 16 mice.
However, both spinal cord tissue sections of EAE day 12 (22 + 2%) and EAE
day 16 (23 = 12%) mice demonstrated significantly higher percentage in com-
parison to the EAE day 26 (3 + 0.52%) mice (Figure 4.15D).
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Figure 4.15: Expression of IL-16 by GFAP* cells in the spinal cord tissues of naive, PBS and
EAE mice. Spinal cords were harvested from (A) naive (B) PBS day 16 and EAE (C) day 12 (D)
day 16 and (E) day 26 mice and the tissues were stained with anti-IL-16 (Green) and anti-
GFAP (Red). Data are representative of each group. n=5 for all groups. Primary images x10
and secondary images X20 magnification, scale bars = 100um. Dotted white line indicating
the edge of the tissue section. (F) Percentage of IL-16 expressing GFAP* cells within the total
GFAP? cell population in naive, PBS and EAE spinal cord tissues has been quantified using the
cell counter tool of Image J software and result expressed as mean + S.E.M. Statistical signif-
icance was determined by one-way ANOVA with Bonferroni post-hoc. ***P <0.001 versus EAE
day 26.
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4.2.12 I1L-16 expression on CD45" cells in brain tissues

Earlier we have demonstrated that CD45" cells co-expressed IL-16 predomi-
nantly within the lesions of spinal cord tissues from MOGgss-s5s immunised mice,
to investigate if this is consistent within the brain tissues, we next examined
the co-expression of IL-16 with CD45" cells in brain tissue sections collected
from control and EAE mice. IL-16 co-expression with CD45 and various other
immune cell markers was specifically assessed within the regions of hippo-
campus (area near dentate gyrus) (Figure 4.16) and the cerebellum (white
mater) (Figure 4.17) where the cellular infiltration and lesions were observed
in this EAE model.

Our data demonstrated IL-16 was expressed by CD45* cells predominantly
within the lesion in the hippocampus (area near dentate gyrus was studied)
and the cerebellum (white matter) of brain tissues from MOGss-ss immunised
mice. There was no co-localisation of IL-16 on CD45" cells within the naive
and PBS day 16 hippocampus (area near dentate gyrus) or the cerebellum
(white matter) of the brain tissue sections due to the absence of CD45* cells
within this region. Quantification of the percentage of CD45*IL-16" cells out of
the total CD45* cell population within the comparable ROI in the hippocampus
revealed no difference between the naive and PBS day 16 mice. However, the
percentage of CD45%IL-16" cells in the EAE mice at day 12 and day 16 was
significantly higher with 19 + 1% and 22 + 1% respectively in comparison to
that of EAE day 26 mice, which had 3.4 + 3% of CD45™* cells co-expressing IL-
16 (Figure 4.16F).

In the cerebellum (white matter), quantification revealed significantly higher
percentage of CD45" cells co-expressing IL-16 in EAE mice at day 12 (24 +
2%) and day 16 (28 + 1%) in comparison to EAE mice at day 26 (5.6 = 4.4%)
(Figure 4.17F).
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Figure 4.16: Expression of IL-16 by CD45" cells in the hippocampus (area near dentate gyrus)
of naive, PBS and EAE mice. Brains were harvested from (A) naive (B), PBS day 16 and EAE
(C) day 12, (D) day 16 and (E) day 26 mice and the tissues were stained with anti-IL-16 (Green)
and anti-CD45 (Red). Data are representative of each group. n=5 for all groups. Scale bars of
the images = 100um. (F) Percentage of CD45" cells expressing IL-16 in naive, PBS and EAE
hippocampus (area near dentate gyrus) has been quantified using the cell counter tool of
Image J software and result expressed as mean * S.E.M. Statistical significance was deter-
mined by one-way ANOVA with Bonferroni post-hoc. **P <0.01, ***P <0.001 versus EAE day
26.
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Figure 4.17: Expression of IL-16 by CD45" cells in the cerebellum (white matter) of naive,
PBS and EAE mice. Brains were harvested from (A) naive, (B) PBS day 16 and EAE (C) day 12,
(D) day 16 and (E) day 26 mice and the tissues were stained with anti-IL-16 (Green) and anti-
CD45 (Red). Data are representative of each group. n=5 for all groups. Scale bars of the im-
ages = 100um. (F) Percentage of CD45" cells expressing IL-16 in naive, PBS and EAE cerebel-
lum (white matter) has been quantified using the cell counter tool of Image J software and
result expressed as mean + S.E.M. Statistical significance was determined by one-way ANOVA
with Bonferroni post-hoc. *P <0.05, ***P <0.001 versus EAE day 26.
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4.2.13 IL-16 expression on CD4" cells in brain tissues.

Some CD4* cells have been observed to co-express IL-16 within the spinal
cord of MOGss.s5 immunised mice, to determine if such expression is con-
sistent within the brain, we next examined the co-expression of IL-16 with
CD4* cells in brain tissues. Our data showed that CD45" cells were absent
within the brain tissues sections of naive and PBS day 16 mice, so these tis-
sues were not included in our study examining the co-expression of IL-16 with
various immune cells. As mentioned in section 4.2.13, IL-16 co-expression
was specifically assessed within the regions of hippocampus (near the dentate
gyrus) (Figure 4.18) and the cerebellum (white mater) (Figure 4.19).

Our data demonstrated IL-16 was expressed by CD4* cells predominantly
within the lesion in the hippocampus and cerebellum of brain tissue sections
from MOGss-55 immunised mice. Quantification of the percentage of CD4"IL-
16 cells out of the total CD4* cells in the comparable ROI revealed both EAE
mice at day 12 (14 + 1%) and day 16 (14 + 2%) had significantly higher per-
centage in comparison to the EAE mice at day 26 which didn’t demonstrate

any CD4* cells co-expressing IL-16.

In the cerebellum, quantification revealed significantly higher percentage of
CD4* cells co-expressing IL-16 in EAE mice at day 12 (27 + 1%) and day 16
(31 £ 1%) in comparison to EAE mice at day 26 which didn’t demonstrate any

CD4* cells co-expressing IL-16.
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Figure 4.18: Expression of IL-16 by CD4" cells in the hippocampus (area near dentate gyrus)
of EAE mice. Brains were harvested from EAE (A) day 12, (B) day 16 and (C) day 26 mice and
the tissues were stained with anti-IL-16 (Green) and anti-CD4 (Red). Data are representative
of each group. n=5 for all groups. Scale bars of the images = 100um. (D) Percentage of CD4*
cells expressing IL-16 in naive, PBS and EAE hippocampus (area near dentate gyrus) has been
quantified using the cell counter tool of Image J software and result expressed as mean +
S.E.M. Statistical significance was determined by one-way ANOVA with Bonferroni post-hoc.
**%p <0.001 versus EAE day 26.
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Figure 4.19: Expression of IL-16 by CD4" cells in the cerebellum (white matter) of EAE mice.
Brains were harvested from EAE (A) day 12, (B) day 16 and (C) day 26 mice post immunisa-
tion and the tissues were stained with anti-IL-16 (Green) and anti-CD4 (Red). Data are rep-
resentative of each group. n=>5 for all groups. Scale bars of the images = 100um. (D) Percent-
age of CD4+ cells expressing IL-16 in naive, PBS and EAE cerebellum (white matter) has been
quantified using the cell counter tool of Image J software and result expressed as mean +
S.E.M. Statistical significance was determined by one-way ANOVA with Bonferroni post-hoc.
***p <0.001 versus EAE day 26.
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4.2.14 IL-16 expression on CD11b* cells in brain tissues.

Having shown that CD11b* cells co-expressed IL-16 within the spinal cord of
MOGss-55 immunised mice we also utilised double immunofluorescence stain-
ing in brain tissue sections to examine the co-expression of IL-16 with CD11b*
cells. IL-16 co-expression was specifically assessed within the regions of hip-
pocampus (area near the dentate gyrus) (Figure 4.20) and the cerebellum
(white mater) (Figure 4.21).

Our data demonstrated IL-16 was expressed by CD11b* cells predominantly
within the lesion in the area near the dentate gyrus and the white matter of
cerebellum regions of brain tissue sections from MOG3ss.s5 immunised mice.
Quantification of the percentage of CD11b* cells expressing IL-16 out of the
total CD11b* cells in the comparable ROI revealed both EAE mice at day 12
(50 £ 3%) and day 16 (59 = 3%) had significantly higher percentage of CD11b*
IL-16* cells in comparison to the EAE mice at day 26 which didn’t demonstrate
any CD11b* cells co-expressing IL-16 (Figure 4.20D).

In the cerebellum (white matter), quantification revealed significantly higher
percentage of CD11b™* cells co-expressing IL-16 in EAE mice at day 12 (50 +
3%) and day 16 (59 + 3%) in comparison to EAE mice at day 26 which didn’t
demonstrate any CD11b* cells co-expressing IL-16. And the co-expression
was significantly higher in EAE day 12 mice in comparison to the EAE day 16
mice (Figure 4.21D).
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Figure 4.20: Expression of IL-16 by CD11b* cells in the hippocampus (area near dentate
gyrus) of EAE mice. Brains were harvested from EAE (A) day 12, (B) day 16 and (C) day 26
mice and the tissues were stained with anti-IL-16 (Green) and anti-CD11b (Red). Data are
representative of each group. n=5 for all groups. Scale bars of the images = 100um. (D) Per-
centage of CD11b” cells expressing IL-16 in naive, PBS and EAE hippocampus (area near den-
tate gyrus) has been quantified using the cell counter tool of Image J software and result
expressed as mean + S.E.M. Statistical significance was determined by one-way ANOVA with
Bonferroni post-hoc. ***P <0.001 versus EAE day 26.
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Figure 4.21: Expression of IL-16 by CD11b* cells in the cerebellum (white matter) of EAE
mice. Brains were harvested from EAE (A) day 12, (B) day 16 and (C) day 26 mice and the
tissues were stained with anti-IL-16 (Green) and anti-CD11b (Red). Data are representative
of each group. n=5 for all groups. Scale bars of the images = 100um. (G) Percentage of
CD11b+ cells expressing IL-16 in EAE cerebellum (white matter) has been quantified using
the cell counter tool of Image J software and result expressed as mean + S.E.M. Statistical
significance was determined by one-way ANOVA with Bonferroni post-hoc. ***P <0.001 ver-
sus EAE day 26; #P <0.05 versus EAE day 12.
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4.2.15 IL-16 expression on F4/80* cells in brain tissues

Expression of IL-16 by F4/80* cells was studied next using immunofluores-
cence staining in brain tissue section of EAE day 12, day 16 and day 26 mice.
Surprisingly our data revealed the absence of F4/80* cells within the brain tis-
sue sections of all three time points of EAE mice, thus no co-expression with

IL-16 was observed in either the hippocampus (area near dentate gyrus) (Fig-

ure 4.22) or the cerebellum (white matter) (Figure 4.23).

Figure 4.22: F4/80" cells were undetected and did not express IL-16 in the hippocampus
(area near dentate gyrus) of EAE mice. Brains were harvested from EAE (A) day 12, (B) day
16 and (C) day 26 mice and the tissues were stained with anti-IL-16 (Green) and anti-F4/80
(Red). Data are representative of each group. n=5 for all groups. Images X20 magnification,
scale bars = 100um.
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Figure 4.23: F4/80" cells were undetected and did not express IL-16 in the cerebellum (white
matter) of EAE mice. Brains were harvested from EAE (A) day 12, (B) day 16 and (C) day 26
mice and the tissues were stained with anti-IL-16 (Green) and anti-F4/80 (Red). Data are rep-
resentative of each group. n=5 for all groups. Images X20 magnification, scale bars = 100um.
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4.2.16 IL-16 expression on neurons in brain tissues

In this chapter we have shown that the neurons expressed IL-16 in the spinal
cord tissue sections, to investigate if this is consistent within the brain tissues,
we next utilised double immunofluorescence staining to examine the co-ex-
pression of IL-16 with NeuN in brain tissue sections. IL-16 co-expression was
specifically assessed within the pyramidal layer of CA3 region of the hippo-
campus (Figure 4.24) and the granular layer and the Purkinje cells of the cer-
ebellum (Figure 4.25) mainly because the neurons in these regions demon-
strated the expression of IL-16 as shown in Chapter 3.

Our data again confirmed that IL-16 was expressed by neurons within the brain
tissue sections from naive, PBS day 16, EAE (day 12, 16 and 26) mice groups.
Quantification of the percentage NeuN* IL-16* cells out of the total NeuN*
cells, within the comparable ROI in the pyramidal layer of CA3 region of hip-
pocampus, did not demonstrate any difference between the naive (52 + 2%)
and PBS (49 = 3 %) mice. Brain tissue sections from EAE mice at day 12 (48
+ 3%), day 16 (48 £ 2 %) and day 26 (47 £ 2%) also had similar levels of

percentage as with the other two mice groups (Figure 4.24F).

Similarly, co-expression quantified within the ROI in the GL and Purkinje cell
of cerebellum did not demonstrate any difference between naive (26 + 2%),
PBS day 16 (28 = 2%) mice and any of the EAE mice at day 12 (29 £+ 2%), day
16 (28 + 2 %) and day 26 (30 + 2 %) (Figure 4.25F).
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Figure 4.24: Expression of IL-16 by NeuN* cells in the in the hippocampus (pyramidal cells
in CA3 region) of naive, PBS and EAE mice. Brains were harvested from (A) naive, (B) PBS
day 16 and EAE (C) day 12, (D) day 16, and (E) day 26 mice and the tissues were stained with
anti-IL-16 (Green) and anti-NeuN (Red). Data are representative of each group. n=5 for all
groups. Scale bars of the images = 100um. (F) Percentage of NeuN* cells expressing IL-16 in
naive, PBS and EAE hippocampus (pyramidal cells in CA3 region) has been quantified using
the cell counter tool of Image J software and result expressed as mean + S.E.M. Statistical
significance was determined by one-way ANOVA with Bonferroni post-hoc.
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Figure 4.25: Expression of IL-16 by NeuN* cells in the cerebellum (granule cells in the gran-
ular layer and Purkinje cells) of naive, PBS and EAE mice. Brains were harvested from (A)
naive, (B) PBS day 16, and EAE (C) day 12 (D) day 16 and (E) day 26 mice and the tissues were
stained with anti-IL-16 (Green) and anti-NeuN (Red). Data are representative of each group.
n=5 for all groups. Scale bars of the images = 100um. (F) Percentage of NeuN’ cells expressing
IL-16 in naive, PBS and EAE cerebellum (granule cells in the granular layer and Purkinje cells)
has been quantified using the cell counter tool of Image J software and result expressed as
mean * S.E.M. Statistical significance was determined by one-way ANOVA with Bonferroni
post-hoc.
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4.2.17 IL-16 expression on astrocytes in brain tissues

Earlier in this chapter we have shown that during EAE, astrocytes within the
lesion of the white matter of EAE spinal cord tissue sections co-expressed IL-
16. Here we examined the co-expression of IL-16 with GFAP in the brain tis-
sues of control and EAE mice. IL-16 co-expression was specifically assessed
within the region where the cellular infiltration and lesions were observed in
the hippocampus (area near the dentate gyrus) (Figure 4.26) and the cerebel-

lum (white mater) (Figure 4.27).

There was no co-localisation of IL-16 on astrocytes within the naive and PBS
day 16 hippocampus (area near dentate gyrus) or the cerebellum (white mat-
ter) of the brain tissue sections due to the absence of IL-16 within this region
(Figure 4.26 A and B). Our data demonstrated IL-16 was expressed by astro-
cytes predominantly within the lesion in the brain tissue sections from MOG3s.
s5 immunised mice (Figure 4.26 C, D and E). Quantification of percentage
GFAP* IL-16" cells out of the total GFAP* cells within the comparable ROI in
the hippocampus (area near dentate gyrus) of the brain tissue sections re-
vealed that EAE mice at day 12 (19 + 1%) and day 16 (22 + 1%) had signifi-
cantly higher percentage of GFAP* cells expressing IL-16 within the hippo-
campus in comparison to the mice at day 26 (11 £ 1%) (Figure 4.26F)

Similarly, co-expression quantified within the ROl in the cerebellum (white mat-
ter) of the brain tissues demonstrated EAE mice at day 12 (25 + 1%) and day
16 (29 = 1%) had significantly higher co-expression in comparison to EAE mice
at day 26 (20 £ 1 %). However, EAE mice at day 16 demonstrated significantly
higher percentage of co-expressing cell population in comparison to EAE day
12 mice (Figure 4.27F).
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Figure 4.26: Expression of IL-16 by GFAP* cells in the hippocampus (area near dentate gy-
rus) of naive, PBS and EAE mice. Brains were harvested from (A) naive, (B) PBS day 16, and
EAE (C) day 12 (D) day 16 and (E) day 26 mice and the tissues were stained with anti-IL-16
(Green) and anti-GFAP (Red). Data are representative of each group. n=5 for all groups. Scale
bars of the images = 100um. (F) Percentage of GFAP* cells expressing IL-16 in naive, PBS and
EAE hippocampus (area near dentate gyrus) has been quantified using the cell counter tool
of Image J software and result expressed as mean * S.E.M. Statistical significance was deter-
mined by one-way ANOVA with Bonferroni post-hoc. **P <0.01, ***P <0.001 versus EAE day
26.
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Figure 4.27: Expression of IL-16 by GFAP* cells in the cerebellum (white matter) of naive,
PBS and EAE mice. Brains were harvested from (A) naive, (B) PBS day 16 and EAE (C) day 12,
(D) day 16 and (E) day 26 mice and the tissues were stained with anti-IL-16 (Green) and anti-
GFAP (Red). Data are representative of each group. n=5 for all groups. Scale bars of the im-
ages = 100um. (F) Percentage of GFAP* cells expressing IL-16 in naive, PBS and EAE cerebel-
lum (white matter) has been quantified using the cell counter tool of Image J software and
result expressed as mean + S.E.M. Statistical significance was determined by one-way ANOVA

with Bonferroni post-hoc. *P <0.05, ***P <0.001 versus EAE day 26; #P <0.05 versus EAE day
12.
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4.2.18 Summary of IL-16 expression by immune cells in lymphoid organs
and CNS

Earlier in this chapter we have shown co-expression of IL-16 on different im-
mune cells in the spleen, lymph node and CNS tissues of MOG3s-55 immunised
mice at different stages of EAE. Here we have compared the percentage of
IL-16 expression in various immune cells in these tissues collected from
MOGss-55 immunised mice at day 16 after immunisation to determine the im-
mune cell population with highest level of IL-16 expression during CNS inflam-

mation.

Our data revealed that co-expression of IL-16 was significantly higher on
CD11b* cells in comparison to the CD4* and F4/80* cells in all the different

types of tissues we have assessed.

In spleen (Figure 4.28A) 37 + 1% of the total CD11b* cells co-expressed IL-16
while only 5 + 1% of the total CD4" cells and 13 £ 1% of the total F4/80* cells
co-expressed IL-16. Similar trend of co-expression was also observed in the
lymph node (Figure 4.28B), with 30 = 0.5% of total CD11b* cells co-expressing
IL-16 whereas only 7 + 0.5% of the total CD4* cells and 10 + 0.3% of the total
F4/80* cells co-expressed IL-16.

In spinal cord (Figure 4.28C), 21 + 0.5% of the total CD11b* cells co-expressed
IL-16, however 17 + 0.5% of the total CD4* cells and 5 + 0.6% of the total
F4/80* cells co-expressed IL-16.

In the hippocampus (Figure 4.28D) 58 + 1% of the total CD11b* cells co-ex-
pressed IL-16, while only 14.4% of the total CD4" cells co-expressed IL-16.
F4/80" cells were not detected in the brain, so no co-localisation was observed
with F4/80. In the cerebellum (Figure 4.28E) 70 + 1% of total CD11b* cells co-
expressed IL-16 and 31 + 1% of total CD4* cells co-expressed IL-16.
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Figure 4.28: Increased co-expression of IL-16 on CD11b* cells in comparison to CD4* and
F4/80" cells. Percentage CD11b" cells co-expressing IL-16 in (A) spleen, (B) lymph node, (C)
spinal cord and (D) brain tissues from MOGss.ssimmunised mice at day 16 post immunisation
was higher than that of CD4* and F4/80". Percentage positive cells co-expressing IL-16 has
been quantified using the cell counter tool of Image J software and result expressed as mean

+ S.E.M. n=5 for all group.

Statistical significance was determined by one-way ANOVA with

Bonferroni post-hoc. **P <0.01, ***P <0.001 versus CD11b* cells; *#P <0.001, #P <0.01 versus

F4/80" cells.
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4.2.19 IL-16 expression and production by CD11b* cells

As CD11b* cells were observed to be the dominant cell population with highest
co-expression of IL-16, suggesting CD11b* cells may be the main mediating
cells for the function of IL-16 during CNS inflammation, so next we wanted to
study if CD11b* cells secrete IL-16 after an inflammatory stimulus.

Before checking the cell function we utilised double immunofluorescence
staining in isolated CD11b* cells from spleen, blood and CNS cell suspensions
of EAE day 16 mice to examine if they expressed IL-16. Our data demon-
strated co-localisation of IL-16 in the CD11b* cells isolated from spleen (Figure
4.29A), blood (Figure 4.29B) and CNS tissues (Figure 4.29C). However not all
CD11b* cells expressed IL-16 while all IL-16 was co-localised with CD11b*

cells here as there should be no other cells after the isolation process.

To examine if CD11b* cells produced IL-16, CD11b* cells were isolated and
cultured (spleen 10 x 10° /ml; blood 2.5 X 108 /ml; and CNS 0.5 x 10° /ml) for
24 hours with either media alone or media supplemented with LPS (50 pug/ml)
and supernatants were harvested for ELISA assay to assess the levels of pro-
duction of IL-16. CD11b* cells isolated from spleen cell suspension produced
2776.1 + 185.7 pg/ml and 2755.2 + 178.7 pg/ml of IL-16 respectively when
cultured with media alone and upon LPS stimulation, with no significant differ-
ence between the media and LPS cultures for both tissue cells (Figure 4.30A).
CD11b" cells isolated from whole blood cells produced 140.0 £ 3.5 pg/ml of
IL-16 when cultured with media alone and again LPS stimulation did not alter
the production of IL-16, with CD11b* cells producing 150.6 pg/ml of IL-16 (Fig-
ure 4.30B). Similarly, IL-16 production by CD11b* cells isolated from CNS cell
suspension was also unaltered upon LPS stimulation, with cells cultured with
media alone produced 987.8 + 137.3 pg/ml of IL-16 while stimulated cells pro-
duced 898.0 + 93.7 pg/ml of IL-16 (Figure 4.30C). Interestingly the amount of
IL-16 produced per million cells in the spleen, blood and CNS varies dramati-
cally (Figure 4.30D), with CNS CD11b* cells (media: 796 + 187.4 pg/ml; LPS:
1975.5 + 274.6 pg/ml) producing the highest levels of IL-16 in comparison to
spleen (media: 277.61 + 18.77 pg/ml; LPS: 275.52 + 17.82 pg/ml) and blood
(media 56 = 8.75 pg/ml ; 60.24 + 9.08 pg/ml) CD11b* cells. The data indicate
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the potential different functions of CD11b* cells depending on the tissues they

reside.
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Figure 4.29: CD11b" cells isolated from spleen, blood and CNS of EAE mice co-expressed IL-
16. CD11b* cells were isolated from (A) spleen (B) blood (C) CNS cell suspension of EAE mice
were stained with anti-IL-16 (Green) and anti-CD11b (Red). Data are representative of each
group. n=2 for all groups. Images X20 magnification, scale bars = 100um.
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Figure 4.30: IL-16 production by CD11b* isolated from of EAE mice was unaltered upon LPS
stimulation. CD11b" cells were isolated from (A) spleen, (B) blood and (C) CNS cells suspension
and incubated either with media alone or media containing LPS (50 ug/ml) and then checked
for IL-16 production. (D) Graph represents the level of IL-16 produced per million cells of
spleen, blood and CNS. n=2 for all group. Result illustrated as mean + S.E.M.
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4.3 Discussion

Despite the recent research on IL-16 in MS/EAE (Skundric et al., 2005;
Skundric et al., 2015), the precise cellular source and expression levels of IL-
16 have not been conclusively determined. In this chapter we proceeded to
identify the cellular sources of IL-16 in tissues collected from mice immunised
with PBS or MOGss-s5. Our study in this chapter demonstrates that IL-16 pro-
tein is expressed by various immune cells in the lymphoid tissues and by CNS
resident cells as well as infiltrating immune cells in the CNS tissues. Consistent
with previous study where IL-16 up-regulation has been observed in the pe-
ripheral lymphoid organs (lymph node and spleen) and CNS tissues collected
from mice with relapsing EAE (Skundric et al., 2005), we have also observed
elevated level of IL-16 expression in MOGssss immunised mice when com-
pared with naive controls. In spleen and lymph nodes both EAE (day 16) and
PBS (day 16) mice had the elevated levels of IL-16 in comparison to naive
control. Whereas in the CNS of EAE mice at onset (day 12) and peak (day 16)
stage of the disease had the highest percentage of IL-16 expression in com-
parison to both naive and PBS (day 16) controls, with increased expression
predominantly within the lesion. While quantification of IL-16* cells without in-
cluding the EAE lesion, demonstrated similar percentage of IL-16* cells in both
EAE and control mice groups. This observation in CNS tissues indicated that
the expression of IL-16 by some CNS resident cells was unaltered with or

without neuroinfammation.

Previously many studies have indicated the expression of various cytokines
by neurons in the CNS including IFN- vy, IL-1B, IL-6 and TNF-a, which have
been linked to the modulation of synaptic plasticity, learning and memory as
well as inflammation-related CNS disorders such as MS (Donzis & Tronson,
2014; Gruol, 2015; Vezzani & Viviani, 2015). Expression of IL-16 particularly
within the grey matter of the CNS tissues indicated the possibility of its expres-
sion by CNS resident neurons. To investigate this further, we utilised double
fluorescence staining in the CNS tissues with NeuN (a neuronal marker) and
IL-16. In our study we have observed co-localisation of IL-16 with NeuN* cells
in the CNS tissues of naive, PBS or EAE mice and the quantification confirmed

similar number of NeuN* cells co-expressing IL-16 in these mice within the
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spinal cord (Figure 4.14) as well as in the hippocampus (Figure 4.24) and the
cerebellum (Figure 4.25) of the brain. Our data is consistent with previous
study by Kurschner et al., (1999), who have demonstrated the expression of
NIL-16 (a larger neural-specific splice variant of the lymphocyte IL-16) in post-
mitotic neurons of the mammalian hippocampus and cerebellum. While the
study mentioned that NIL-16 is a cytosolic protein which has been only de-
tected in hippocampus and the cerebellum, we observed IL-16 expression on
neurons in the hippocampus, cerebellum as well as other regions (data not
shown) of the murine brain. This expression pattern may be due to an IL-16
antibody that is not selective for NIL-16 but is nevertheless interesting given
the proposed role of IL-16 in MS/ EAE. Furthermore, we are the first to demon-
strate the expression of IL-16 on neurons within the murine spinal cord tissues.
It is unclear how NIL-16 contributes in maintenance of neuronal homeostasis
and in regulation of autoimmune mediated neuroinflammation but, what is
known about NIL-16 is that it get processed by caspase 3 similar to that of
lymphocyte IL-16 and once released NIL-16 serve as a signalling molecule
through interaction with CD4 expressed on neurons. In our study we have ob-
served the expression of CD4 in the CNS of EAE mice only, but not in any of
the control mice, suggesting the function of IL-16 in CNS possibly through CD4
dependent and independent pathways.

While we did not observe any change in IL-16 expression by neurons within
the grey matter of the CNS tissues from naive, PBS and MOGzss-55 immunised
mice, however the number of other types of cells expressing IL-16 within white
matter regions of EAE spinal cords and brain demonstrated a significant in-
crease in comparison to the controls. As increased IL-16* cells in the EAE
spinal cord and brain was localised within the white matter regions where most
immune cell infiltration are observed, and lesions develops during EAE path-
ogenesis, we hypothesized that IL-16 is likely expressed by infiltrating immune
cells and possibly activated CNS resident cells present in the lesions in the
CNS. To confirm this, we utilised co-localisation staining with cell types that
are known to be present at high levels in EAE inflammatory lesions in the white
matter using antibodies again GFAP; an astrocytic marker, CD45; an immune
cell marker, CD4; T cell marker and CD11b/F4/80, monocytes/macrophage

and microglia marker.
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Astrocytes being the CNS resident cell, are well documented to have associ-
ation with MS/EAE pathogenesis and the reactivity of astrocyte around inflam-
matory lesions are extensive (Correale & Farez., 2015). During EAE activated
astrocytes can produce IL-1 which targets vascular endothelial growth factor
A (VEGF-A) in astrocytes and induces the loss of BBB function and eventually
leads to CNS inflammation (Argaw et al., 2006; Argaw et al., 2009). Further-
more, activated astrocytes also induces or up-regulates astrocytic secretion of
cytokines such as TNF-a, IL-1B, and IL-6 which have been linked to CNS in-
flammation during MS (Ponath et al., 2018). Furthermore, astrocytes in
MS/EAE play a dual function by promoting axonal degeneration and demye-
lination but also creating a tolerant environment to aid remyelination (Williams
et al., 2007). While no previous reports have demonstrated the expression of
IL-16 by astrocytes, we did not observe any GFAP* cells co-expressing IL-16
within the spinal cord (Figure 4.15 A and B) and brain (Figure 4.26 + 4.27 A
and B) tissues of naive and PBS control mice. To the best of our knowledge,
this study is the first to determine the expression of IL-16 on GFAP* astrocytes
within the lesions in spinal cord (Figure 4.15 C, D and E) and brain (Figure
4.26 +4.27 C, D and E) tissue sections of MOG3s-s5s immunised mice. The data
suggest IL-16 may be involved in specific astrocyte function during the devel-
opment of neuroinflammation. Apart from the astrocytes, CD45 immune cells
population consisting CD4*, CD11b* and F4/80* cells are also present at high
levels in EAE inflammatory lesions that predominantly occur in the white mat-
ter, which we support here. Before investigating the expression of IL-16 by
these immune cells in the CNS tissues, we examined the lymphoid tissues to
identify whether the phenotype of IL-16 expressing immune cells within spleen
and lymph node, changes during systemic and CNS inflammation. In agree-
ment with previous study which indicated that IL-16 is synthesized by a various
immune cell (Cruikshank et al., 2000), we have also observed co-expression
of IL-16 with CD45* cells in the lymphoid issues (Figure 4.1 and 4.2).

Lesions found in the CNS are the main pathological hallmarks of MS/EAE
which is consist of inflammatory cells, demyelination, reduced oligodendrocyte
numbers, transected axons, and gliosis (Duffy et al., 2014). After substantial
discoveries it is now accepted hypothesis that MS/EAE is mediated by activa-
tion of autoreactive myelin-specific T cells that enter the CNS and initiate
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and/or propagate a chronic inflammatory response (Compston and Coles,
2008). In the peripheral immune system naive CD4* T cells differentiate into
effector T helper cells under the influence of IL-12, IL-6, and TGF-3 secreted
by APCs (macrophages/microglia, DCs, and B cells) and co-stimulatory mol-
ecules (CD40, CD80, CD86) present on APCs. Once in the CNS, activated T
cells and M1 macrophages/microglia promote demyelination, axonal damage,
and the formation of disease plaques, while M2 macrophages/microglia and
Tregs have anti-inflammatory, regulatory properties and inhibit disease pro-
gression by facilitating tissue repair (Zamvil & Steinman., 2003; Con-
stantinescu et al., 2011; Cheng et al., 2017).

Even though previous studies have repeatedly mentioned that IL-16 originates
from T cells, DCs and eosinophils (Cruikshank et al., 2000, Skundric et al.,
20005b), here in our study we have demonstrated co-expression of IL-16 with
CD11b* (Figure 4.6 and 4.7) and F4/80* (Figure 4.8 and 4.9) monocytes and
macrophages in addition to CD4* cells (Figure 4.3 and 4.4) in the lymphoid
tissues of naive, PBS and EAE mice. We observed increased percentage of
immune cells (CD45) and its different phenotype CD4, CD11b and F4/80 ex-
pressing IL-16 in the lymphoid tissues of PBS (day 16) and EAE (day 16) in
comparison to the naive mice. With CD4* T cells and its subsets Th17 and
Th1 being the key producer of pro-inflammatory cytokines IL-17 and IFN-y and
the main contributors in MS/EAE initiation and progression, we next utilised
FACS analysis on spleen cells derived from PBS and MOGss.55 immunised
mice at day 16 post immunisation, to determine the type of T cell subsets (Thl
and Th17) involved in producing IL-16. We have observed an increased per-
centage of CD4* cells to be IL-16* during EAE in comparison to PBS (Figure
4.5A). While previously over 70% of unstimulated human peripheral blood
CD4* cells have been detected to be IL-16* (Chupp et al., 1998, Ren et al.,
2005), the percentage is low in the tissues we studied. However, this may be
due to the cells originating from different organs, as for our studies we have
used spleen cells, whereas previous studies are on cells from blood. It is also
possible that difference in research method and analysis may have caused the
discrepancy. In 2014 Nischwitz and colleagues demonstrated mRNA expres-
sion of IL-16 in MOGss-s5 stimulated Th17 and Thl cells derived from spleen
CD4* T cells of naive 2D2 mice (Nischwitz et al., 2014). In agreement with the
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literature, in our present study we report IL-16 expression on Th17 (IL-17) (Fig-
ure 4.5C) and Thl (INF-y) (Figure 4.5D) in both PBS and MOGg3s-s5 immunised
groups. However, during EAE there was no significant difference in cells ex-
pressing both IL-16 and Th17/Thl in comparison to PBS. This could be pos-
sibly because both PBS and EAE mice are systemically activated, however
comparison with naive mice would have further confirm that if this is due to the

systemic inflammation.

In our study increased expression of IL-16 on immune CD4* T cells and mac-
rophages was also observed in the CNS lesions of EAE mice. The data con-
firm the previous findings that in the CNS of two different strains of EAE mice
(relapsing remitting F1 and low relapsing B6), IL-16 has been found to be el-
evated within the lesion in comparison to the controls, and the elevation of IL-
16 within the lesion has been correlated with the levels of infiltrated CD4* cells
(Skundric et al., 2005). Furthermore, co-immuno-precipitation of IL-16 with
CD4 was also observed in the CNS of both the relapsing EAE mice (Skundric
et al., 2005b). IL-16 was up-regulated within the CNS of EAE mice of both F1
and B6 background, and the level was peaked during the active stage of the
disease but reduced during the remission stage of the disease, consistent with
the clearance of infiltrating cells from the CNS (Skundric et al., 1993; Skundric
et al., 2005). Even though IL-16 in the EAE lesions has been repeatedly stud-
ied with CD4* cells and correlated with the CD4* cell infiltration, in the MS
lesions, CD3*, CD4* and CD8* T cells, B cells, DCs and occasionally activated
resident microglia has been also demonstrated to be the major cellular sources
of intrathecally produced IL-16 (Skundric et al., 2005a; Skundric et al., 2006).
This present study is the first to demonstrate co-expression of IL-16 with CD45
immune cells population, CD11b* and F4/80* apart from CD4* cells in the spi-
nal cord and brain tissues of EAE mice.

Although MS is a disease of CNS, both brain and spinal cord are involved in
immunopathogenesis, lesions were predominantly localised in the spinal cord
tissues in the EAE model used for this study. Despite the reduced lesion and
levels of infiltrating immune cells, the brain undergoes damage which leads to
decreased mobility and cognitive impairment. In consistent with the literature

we have also observed massive lesion and expression of IL-16 in the white
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matter of the EAE spinal cord tissues with elevated percentage of CD45* im-
mune cells (Figure 4.10) and its different subtypes; CD4*(Figure 4.11),
CD11b" (Figure 4.12) and F4/80* (Figure 4.13) cells expressing IL-16 in a mo-
nophasic trend over the course of the EAE. However, brain tissues had com-
paratively smaller lesion with less infiltrating immune cells observed within the
cerebellum and hippocampus. Furthermore we observed the similar monoph-
asic trend in percentage of CD45* cells expressing IL-16 (Figure 4.16 and
4.17) in EAE over the course of the disease but as we checked for the different
phenotypes of immune cells;CD4 (Figure 4.18 and 4.19) and CD11b (Figure
4.20 and 4.21) we found them co-expressing IL-16 only at the onset (day 12)
and the peak (day 16) stage of EAE, however no co-localisation of IL-16 was
observed with the F4/80* cells (Figure 2.22 and 4.23). In both spinal cord and
brain tissues during the peak stage of the EAE at day 16 we observed the
highest IL-16 co-expression with CD45 immune cell population and with all
other assessed phenotypes of infiltrating immune cells (except F4/80 in the
brain tissues).

In addition, CNS tissues from both EAE onset (day 12) and EAE peak (day 16)
demonstrated the highest co-expression of IL-16 with infiltrating immune cells
in comparison to the EAE resolution (day 26) mice which had little to none
accumulation of infiltrating immune cells in the CNS. In agreement with the
previous studies our finding clearly indicates the correlation of IL-16 expres-
sion level with the levels of the infiltrating immune cells, and therefore the se-
verity of neuroinflammation in the CNS. But as we further analysed our data
to identify which phenotype of infiltrating immune cells expressed the highest
percentage of IL-16 in the lymphoid organs (Figure 4.28) and CNS tissues
(Figure 4.28), we found the percentage of IL-16 co-expression with CD11b*
cells was higher in comparison to CD4* and F4/807 cell population, suggesting
during MS/EAE CD11b* cells might be the main mediating cells for IL-16’s
action in the CNS. According to Skundric et al (2005) the low relapsing EAE
model (B6 mice) with less infiltrating CD4* T cells but more macrophages did
not demonstrate IL-16 expression in spinal cord during the acute stage of the
disease as macrophages do not readily produce IL-16, however relapsing-re-
mitting EAE model (F1 mice) with higher high numbers of infiltrating CD4* T

cells in the spinal cord lesions expressed the highest amount of IL-16, as T
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cells constitutively contains pro-IL-16 and upon cleavage with activated
Caspase-3 they secrete bioactive IL-16 (Skundric et al., 2005). Whilst previous
finding correlated the production of IL-16 to infiltrating CD4* T cells and also
established infiltrating CD4* T cells as the main producer of IL-16 during EAE,
but with our EAE disease model we observed appreciable levels of infiltration
of both CD4* and CD11b* cells and the percentage of cells co-expressing IL-
16 was higher with CD11b* than that of the CD4* cells. This should be noted
that even though CD11b is a commonly used marker for microglia/macro-
phage, it is basically a cell surface integrin of many leukocytes including mon-
ocytes, neutrophils, natural killer cells, granulocytes and macrophages
(McFarland et al., 1992). Based on what we observed in our co-expression
study within the CNS it could be potentially other subtypes of cells with CD11b
integrin on their cell surface, apart from microglia/macrophage co-expressing
IL-16 in the CNS lesion during EAE. Further research required for better un-
derstanding this.

As we have observed the CD11b" cells expressing the highest amount of IL-
16 in all tissues from different organs so, next we isolated CD11b* cells from
spleen, blood and CNS tissues from day 16 EAE mice and further confirmed
the expression of IL-16 (Figure 4.29). LPS is an initiator of classical activation
in macrophages/microglia (Song et al., 2003) via TLR4 receptors expressed
on the surface of monocyte/microglia (Zhou et al., 2005). Once activated these
cells migrate to sites of inflammation where they encounter and degrade path-
ogens (Mosser et al., 2003). LPS-treated cells along with untreated cells, are
commonly used to study the production cytokine by activated macro-
phages/microglia (Schutte et al., 2009). Similarly, as an approach to identify if
activated CD11b" cells produce altered levels of IL-16, we cultured our isolated
CD11b* cells and stimulated with LPS, and measured IL-16 using ELISA.
While cells cultured in media alone produced higher levels of IL-16, surpris-
ingly we did not observe any difference between the unstimulated and stimu-
lated groups (Figure 4.30). These data indicate CD11b* cells during EAE ex-
press IL-16, but they are not releasing or secreting further amount of IL-16
through the TLR4 pathway which usually initiates the production of pro-inflam-
matory cytokine by macrophages. The above data together with our findings
of the consistent levels of IL-16 production by medium or antigen stimulated T
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cells suggest IL-16 is a unique cytokine, which behaves differently from other
immunomodulatory cytokines. However, this could be due to the inability of in
vitro culture system to mimic the activation in vivo which showed increased IL-

16 in neuroinflammation.

In summary, we have established that IL-16 is expressed by various immune
cells in the lymphoid organs and by the CNS resident and infiltrating immune
cells in the CNS during EAE. And the expression levels of IL-16 in the CNS
changes over the course of the disease with IL-16 being more prominent at
the peak stage. Furthermore, the correlation of IL-16" cells with the severity of

EAE indicates a role of IL-16 in the CNS neuroinflammation.

We have also demonstrated that the co-expression of IL-16 with all the as-
sessed infiltrating immune cells correlated with the level of co-expression ob-
served in the lymphoid tissues from EAE mice. And both Thl and Th17 cells
being the main mediator of EAE exhibited, similar levels of IL-16" cell percent-
age in the spleen cells of PBS and EAE mice. The high percentage of CD11b*
cells expressing IL-16 suggest monocytes and macrophages may be the main
mediating cells for the function of IL-16 during CNS inflammation in our EAE
disease model. In addition, we have demonstrated co-expression of IL-16 with
neurons and astrocytes of the CNS resident cells. The findings in this chapter
suggest a role by IL-16 in CNS inflammation possibly through the complex
interactions of the immune and CNS cells. However, the exact function of IL-
16 in the CNS under normal and diseased conditions are not clear and require

further investigation.
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5. Investigating the function of rIL-16 In

primary hippocampal cultures

5.1 Introduction

Itis well documented that immune factors including cytokines and chemokines
play a vital role within the peripheral immune system, but it is now established
that these immune factors play a critical role in the CNS under normal physio-
logical as well as pathophysiological conditions (Spooren et al., 2011; Arisi,
2014). While the CNS has been once considered an immune privileged site, it
IS now accepted to have communication with the immune system, with the
innate and adaptive immune system contributing in CNS development, func-
tion and disease progression (Louveau et al., 2015). The cytokines and chem-
okines produced by the peripheral immune system usually get trafficked to the
CNS via BBB, unlike the immune factors, there are neuroimmune factors (cy-
tokines and chemokines) that are released by CNS resident cells such as as-
trocytes and microglia (Kettenmann et al., 2011; Smith et al., 2012; Jensen et
al., 2013; Choi et al., 2014) and occasionally by neurons depending on the
condition and the physiological state (Tsakiri et al., 2008; Wei et al., 2013). In
general, the production of these neuroimmune factors is low, and in steady
state conditions they assist in physiological functions including neurite out-
growth, neurogenesis, synaptic pruning, neurotransmission and synaptic plas-
ticity (Vezzani & Viviani, 2015). However, elevated levels of these neuroim-
mune factors have been observed during many neuroinflammatory diseases
including Alzheimer’s disease (AD) and MS, (Zheng et al., 2016; Laurent et
al., 2018; Selles et al., 2018, Zephir,2018) and have been shown to impair
neuronal activity and viability. During CNS inflammation many neuroimmune
factors are produced (Dong & Benveniste 2001; Fitch & Silver, 2008), making
the situation even more complex, and making it difficult to identify the exact
cell source and the exact target of these neuroimmune factors. To achieve a

clear understanding on the potential role of these factors, it is necessary to
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study them individually and identify the exact function which can also contrib-

ute in development of new therapeutic strategies.

In the previous chapters, it has been demonstrated that IL-16 is expressed in
the CNS of control mice under normal physiological conditions as well as at
elevated levels in EAE mice. Having established that IL-16 is widely expressed
by neurons in the CNS under physiological and pathophysiological conditions,
we next wanted to determine its function in the CNS by examining whether it
modulates neuronal excitability and synaptic activity. In addition to the immune
system-derived IL-16 (Chupp et al., 1998; Keane et al., 1998), a neuronal form
of IL-16 (NIL-16) has been also identified in the CNS (Kurschner & Yuzaki
1999). NIL-16 is a multi-PDZ domain protein expressed only in post-mitotic
neurons of the hippocampus and cerebellum (Kurschner & Yuzaki 1999). NIL-
16 is identified and characterized as a longer splice variant of the immune cell-
derived IL-16 precursor protein and unlike immune system derived IL-16, NIL-
16 has two additional PDZ domains located within the neuron-specific N-ter-
minal region (Fenster et al., 2007). NIL-16 has dual functions in the nervous
system, by serving as a signalling molecule that is secreted after cleavage by
caspase-3 and as a cytosolic scaffolding protein that is involved in clustering
and anchoring neurotransmitter receptors /ion channels in the plasma mem-
brane (Ponting et al., 1997; Sheng and Wyszynski et al., 1997; Kurschner &
Yuzaki 1999). Using a yeast two-hybrid approach, it was shown that the N-
terminal region of NIL-16 selectively interacts with a variety of neuronal ion
channels, including subunits of NMDA receptor subunits (NR2A-D), inward
rectifier and voltage-gated K * channels (Kir2.1, 2.3 and Kir4.1, 4.2), as well as
the Ca?* channel a1C subunit and A-type K* channel subunits (Kv4.1-3) (Kur-
schner & Yuzaki., 1999). In addition, co-expression of NIL-16 with Kv4.2 in
COS-7 cells induces Kv4.2 to form dense intracellular clusters and results in
a significant reduction in whole-cell A-type current densities (Fenster et al.,
2007).

A study by Fenster et al (2010) has demonstrated that IL-16 treatment on cer-
ebellar granule neurons (CGNSs) can result in CD4-dependent up regulation of
the transcription factor Fos. Furthermore, IL-16 treatment on CGNs also led to

increased neurite outgrowth, both in presence and absence of CD4 receptors
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(Fenster et al., 2010). In addition, previous work from our laboratory revealed
a neuroprotective role of IL-16 in an excitotoxicity model, with brain slices pro-
tected against kainate- and oxygen-glucose deprivation (OGD)-induced neu-
ronal cell death in presence of IL-16 (Shrestha et al., 2014). Furthermore, we
have established that IL-16 is present in the CNS under normal physiological
conditions, while its receptor CD4 is absent. Despite IL-16 being reported to
interact with multiple ion channels, its function on neuronal excitability and
synaptic transmission is yet to be investigated and therefore, the exact role of
IL-16 in CNS remains unclear and it remains be determined what role IL-16

plays both under normal physiological condition and during CNS disorder.
Therefore, the aims of this chapter were:

Aim 1: To determine the consequence of rIL-16 treatment on hippocampal

neuronal excitability and synaptic activity.

Aim 2: To assess the expression and subcellular localisation of IL-16 and its

putative receptor, CD4, in primary hippocampal cultures.

229



5.2 Results

5.2.1rIL-16 treatment significantly reduced sePSC frequency and ampli-

tude in primary mouse hippocampal cultures

Having shown the presence of IL-16 in the CNS of naive mice under normal
physiological condition, we examined the consequence of IL-16 treatment on
neuronal synaptic activity in primary mouse hippocampal cultures. In this chap-
ter we utilised patch clamp electrophysiology to investigate the effect of rIL-16
treatment on synaptic activity by monitoring SEPSCs. A previous study from
our laboratory demonstrated that conditioned media from mouse lymphocyte
preparations (LCM) contains IL-16 (Shrestha et al., 2014). Based on that find-
ing, another colleague from our laboratory recently established, following an
18h incubation, LCM contains 360 + 51 pg/ml of IL-16. Thus, to investigate the
function of IL-16, we exposed our primary hippocampal mouse culture to
300pg/ml of rIL-16. Treatment of rIL-16 (300 pg/ml, 1h) impaired sEPSC fre-
quency to 21.6 + 6.4% of vehicle control (n=8, p< 0.001, Figure 5.1 A-C), an
effect that was absent when rIL-16 was denatured (dIL-16) prior to application
(97.0 £ 16.0% of vehicle control, n=6 neurons, Figure 5.1 A-C). In addition, rIL-
16 treatment reduced sEPSC amplitude (58.3 = 6.0% of vehicle control, n=8
patch neurons, p<0.05, Figure 5.1 2A, B & D) with dIL-16 treatment having no
effect (99.5 = 7.2% of vehicle control, n=6 neurons).
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Figure 5.1: riL-16 treatment significantly reduced sEPSC frequency and amplitude. Repre-
sentative traces displaying sEPSCs in (A) the absence and (B) presence of rIL-16 (300 pg/ml,
1h) respectively. (C + D) Bar charts revealing the effect of riL-16 (300 pg/ml, 1h) on sEPSC
frequency and amplitude respectively. n= number of neurons from at least 5 different cultures
illustrated as mean * S.E.M. Significance determined by one-way ANOVA with Bonferroni post
hoc test. *P < 0.05 vs vehicle control, ***P < 0.001 vs vehicle control.
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5.2.2 rIL-16 treatment decreased S831 but not S845 GluAl phosphoryla-

tion in primary mouse hippocampal cultures

Protein phosphorylation is one of the key mechanisms required for regulating
ionotropic glutamate receptors and plays an essential role in receptor expres-
sion as well as in modulating the functional properties of the ionotropic recep-
tors (Wnag et al., 2014). With rIL-16 significantly reducing both the frequency
and amplitude of SEPSCs compared to vehicle controls, we next utilised west-
ern blot technique on our primary hippocampal culture and examined GluAl
subunit expression and its phosphorylation state following exposure to riL-16.
GluAl S831 phosphorylation was decreased in riL-16 (300pg/ml, 1h) treated
cultures (54.8 + 6.7% of vehicle control, n=3, p<0.05, Figure 5. 2 B) whereas
GIluAl (105.1 £ 27.4% of vehicle control, n=3, Figure 5.2 A) and GIuAl S845
phosphorylation (74.1 + 19.3% of vehicle control, n=3, Figure 5.2 C) were un-
affected by rIL-16 treatment.
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Figure 5.2: riL-16 treatment reduced $831 but not S845 GluA1 phosphorylation. Representa-
tive image and bar chart show (A) no differences between the expression of GIuA1 subunit in
vehicle control and rIL-16 treated cultures, (B) significant reduction in S831 GluA1 phosphor-
ylation in rIL-16 treated cultures compared to vehicle controls, and (C) no difference in S845
GIluA1 phosphorylation in vehicle control and riIL-16 treated cultures. Data taken from 3 dif-
ferent cultures illustrated as mean + S.E.M. Significance determined by one-way ANOVA with
Bonferroni post hoc test. *P < 0.05 vs vehicle control.
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5.2.3rIL-16 treatment significantly reduced Na* currents, but not K* cur-

rents in primary mouse hippocampal cultures

Having established that rIL-16 impairs SEPSC frequency and amplitude, using
patch clamp electrophysiology, we also examined whether IL-16 modulation
of Na* and K* channel function contributed to these effects. riL-16 (300 pg/ml,
1h, n=16) significantly impaired Na* current density (P<0.001, Figure 5.3 C &
E) compared to vehicle controls (n=15) with peak Na* current density (at -
40mV) being 9.7 = 1.8% of vehicle control (n=16, p<0.001, Figure 5.3 C & E).
rIL-16 inhibition of Na* current density was partially reversed upon a 3h wash-
out (n=9, P<0.05) with peak Na* current density being 40.5 + 6.9% of vehicle
control (n=16, P<0.05, Figure 5.3 E). Corresponding to the effects observed
on sePSC frequency and amplitude, exposure to denatured rlL-16 had no ef-
fect on Na* current density with peak Na* current density being 103.2 + 11.1%
of vehicle control (n=9, Fig. 3C). In contrast to the effects of IL-16 on Na* cur-
rent density, K* current density was unaffected following rIL-16 exposure with
peak K* current density (at +30mV) being 82.6 + 16.4% of vehicle control (Fig-
ure 53D & F).
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Figure 5.3: rIL-16 treatment inhibited Na+ channel but not K+ channel function in primary
mouse hippocampal cultures. Representative traces of (A) Na* currents and (B) K* currents in
the absence and presence of IL-16. (C + D) I-V curve revealing riL-16 (300 pg/ml, 1h) inhibits
Na* current density but has no effect on K* current density. (E + F) Bar chart summarising the
effect of riL-16 on peak Na™ current density but no effect of rIL-16 on peak K* current density.
Data taken from at least 3 different cultures illustrated as mean * S.E.M. Significance deter-
mined by one-way ANOVA with Bonferroni post hoc test. ***P < 0.001 vs vehicle control, *P
<0.05vsriL-16.
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5.2.4 rIL-16 treatment did not alter Na* channel expression in primary

mouse hippocampal cultures

With rIL-16 significantly reducing Na* current density, we next utilised western
blotting on our primary hippocampal cultures to investigate whether this effect
is due to altered Na*® channel expression. However, rlL-16 treatment
(300pg/ml, 1h) revealed no change in total Na* channel expression (89.8 +

8.2% of vehicle control, n=3, Figure 5.4) when compared to vehicle control.
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Figure 5.4: rIL-16 treatment had no effect on Na* channel expression. Representative image
and bar chart show no differences between total sodium channel expression in vehicle control
and rlL-16 treated cultures. Data taken from 3 different cultures illustrated as mean + S.E.M.
Significance determined by one-way ANOVA with Bonferroni post hoc test.
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5.2.5 IL-16 actions on primary mouse hippocampal cultures were CD4-

independent

Having shown that IL-16 exposure impairs neuronal excitability and synaptic
activity and given that IL-16 is proposed to mediate its effects via both CD4-
dependent and independent mechanisms (Kurschner and Yuzaki, 1999; Fen-
ster et al., 2010), we next examined both IL-16 and CD4 expression in our
primary hippocampal cultures. Immunocytochemical staining was performed
to examine IL-16 expression and determine the cellular localisation of IL-16 in
mouse primary hippocampal cultures (11-13 DIV). Epifluorescent microscopy
revealed that IL-16 was expressed in neurons as shown by co-expression with
the neuronal somatodendritic marker, MAP-2 (Figure 5.5 A) and the neuronal
nuclei marker, NeuN (Figure 5.5 B). However, co-expression of IL-16 with
NeuN confirmed IL-16 is expressed only in the cell body of the neurons but not
in the dendrites. Furthermore, co-staining with astrocytic marker, GFAP re-
vealed IL-16 was not expressed by astrocytes as no co-expression was ob-
served with GFAP (Figure 5.5 C). However, CD4 expression was not observed
in neither neuron (Figure 5.6 A) nor astrocytes (Figure 5.6 B) under our exper-
imental conditions, whereas positive CD4 staining was evident in control lym-

phocyte preparations (Figure. 5.6 C).
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Figure 5.5: Expression of IL-16 by neurons but not by astrocytes in primary mouse hippo-
campal cultures. Representative images showing (A) MAP-2 (red) and IL-16 (green) and a
merged image (yellow) revealing IL-16 expression by neurons, (B) NeuN (red) and IL-16
(green) and a merged image (yellow) revealing IL-16 expression is restricted to the cell body.
(C) Astrocytes (red) do not express IL-16 (green). Images are representative of 5 different cul-
tures. Magnification x20, scale bar.
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Figure 5.6: CD4 was undetected in primary mouse hippocampal cultures. Representative
images showing (A) MAP-2 (red) and CD4 (green) and a merged image reveal no CD4 expres-
sion in neurones. (B) GFAP (red) and CD4 (green) and a merged image reveal no CD4 expres-
sion in astrocytes. (C) CD45 (red) and CD4 (green) and a merged image (yellow) revealing CD4
expression by CD45%ve lymph node derived immune cells. Magnification x20, scale bar.
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5.3 Discussion

Involvement of IL-16 in the development of MS and CNS inflammation has
been proposed and well documented in several studies. However, most stud-
ies suggest a critical role of IL-16 in exacerbation of CNS inflammation,
whereas previously our laboratory showed a neuroprotective role of IL-16 in
an excitotoxicity model (Shrestha et al., 2014). To elucidate how IL-16 func-
tions and protects the neurons under excitotoxic conditions, first we need to
understand how IL-16 functions in steady state condition, and as an approach
to investigate the function of IL-16 we incubated primary mouse hippocampal
cultures with rlL-16 (300ng/ml) for 1 hour at 37 °C, 5% CO2 in an incubator
and carried out patch clamp electrophysiology. To the best of our knowledge,
no previous studies have shown the effects of rIL-16 on neuronal excitability
and synaptic activity or the mechanisms underlying the effects within the CNS.
Patch clamp electrophysiology allowed us to determine if rIL-16 is involved in
spontaneous neurotransmitter release (SEPSCs) and in modulation of ion
channels. We demonstrated that exposure of mouse hippocampal cultures to
rlL-16, resulted in a significant decrease in both sEPSC frequency and ampli-
tude (Figure 5.1 C + D), suggesting a role of IL-16 in modulating synaptic ac-
tivity, through reduction of both SEPSC frequency and amplitude. It is well es-
tablished that a change in the frequency suggests a presynaptic locus of ac-
tion, possibly via impairing spontaneous release (Han and Stevens, 2009),
whereas alteration in amplitude suggests postsynaptic mechanism of action
including alterations in AMPA receptor surface expression (Turrigiano,
2012).Thus we thought that rIL-16 may be regulating the surface expression
of AMPA receptor through internalisation and this may be a possible mecha-
nism through which IL-16 acts. To determine whether AMPA receptor internal-
isation accounts for the changes seen in the rlL-16 treated neurons, western
blot analysis was utilised to measure the cell surface expression of GIuR1 in
neurons of our primary mouse hippocampal culture system. Our data demon-
strated no significant differences in levels of GIuA1 expression in rIL-16 treated
cultures in comparison to the vehicle control (Figure 5.2 A). As we didn’t ob-
serve any difference in GIuAl levels between the rIL-16 treated cultures and

the vehicle treated controls (Figure 5.7 A, B), we next investigated the levels
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of phosphorylated S845 (pS845) GIuAl and S831 (pS831) GluAl, as the ser-
ine residues S831 and S845 in GIuAl C-terminal of AMPARs are the major
phosphorylation sites, with S831 phosphorylated by protein kinase C (PKC)
and calmodulin dependent protein kinase Il (CaMKII), and S845 phosphory-
lated by protein kinase A (PKA) (Mao et al., 2011; Lu and Roche et al., 2012).
Our data demonstrated cultures treated with rlL-16 had reduced GIuAl S831
phosphorylation (Figure 5.2 B) with no effect observed on S845 phosphoryla-
tion (Figure 5.2 C). S831 phosphorylation leads to membrane insertion of AM-
PARs and trafficking of receptors to synaptic membrane to strengthen the ex-
citatory connection, hence in our study we have observed reduced phosphor-
ylation in this site, which may be an underlying cause for reduced sEPSCs
amplitude (Lu and Roche et al., 2012). While this is the first time that IL-16
have been demonstrated to modulate GluA1, but interaction of IL-16 with other
glutamate receptor subtypes have been observed previously, with NIL-16 co-
immunoprecipitating with the NR2A NMDA subunit when both were overex-
pressed in cell lines (Kurschner and Yuzaki, 1999). Furthermore, there are
several reports on cytokines including IL-1B, IL-6 and TNF-a increasing and/or
decreasing glutamate receptor function and expression (O’Connor and
Coogan, 1999; Viviani et al., 2003; Yang et al., 2005; Liu et al., 2013; Wiger-
blad et al., 2017), suggesting that modulation of glutamate receptor function
and expression, is a common mechanism of action utilised by many cytokines
and not just distinctive to IL-16. It is well known that in hippocampal cultures,
spontaneous glutamate release acts on postsynaptic receptors to mediate
SEPSCs, but it has been also observed that synaptically-driven action potential
firing also contributes to the spontaneous neurotransmitter release (Chanaday
and Kavalali, 2018). So, next we examined whether IL-16 modulates Na* and
K* channel function. We revealed for the first time that exposure to rIL-16 for
1 hour impairs Na* channel function (Figure 5.3 C+ E) but K* channel function
remains unaltered (Figure 5.3 D + F). Furthermore, we have also showed that
the inhibition of Na* channel function is not due to reduced Na* channel ex-
pression (Figure 5.4). While we are the first to show reduction in Na* channel
function in primary mouse hippocampal culture upon rlL-16 exposure, there
are several reports on other cytokines including IL-1B (Liu et al., 2006; Zhou
et al., 2011) and TNF-a (Chen et al., 2015; Leo et al., 2015) being involved in
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modulating Na* channel function in both peripheral and central neurons. In
contrast to our understanding regarding Na* channel function, we observed no
effect on steady state K* current upon rIL-16 treatment, which contradicts
previous studies where NIL-16 have been observed to interact with multiple K*
channel subtypes including members of the Kir2 and Kir4 family via its PDZ
domain (Kurschner and Yuzaki, 1999) and furthermore, reduced surface ex-
pression of Kv4.2 subunit of A-type K* channels was also observed in the
presence of NIL-16 in both COS-7 and hippocampal neurons (Fenster et al.,
2007). Thus, our data suggest that exposure to rIL-16 can impair neuronal
excitability via inhibition of Na* channel function but is without effect on K*
channel function. IL-16 is proposed to modulate neuronal function through
both CD4-dependent and -independent pathways (Kurschner and Yuzaki,
1999; Fenster et al., 2010). We also examined the reported selective IL-16
expression within our primary mouse hippocampal culture and under our ex-
perimental conditions, IL-16 was observed to be expressed in the neuron (Fig-
ure 5.5 A + B) but not in the astrocytes (Figure 5.5 C), and our finding is con-
sistent with previous study that showed cerebellar granule neurons and hippo-
campal neurons contain NIL-16, a larger splice variant of immune cytokine IL-
16 (Kurschner and Yuzaki, 1999; Skundric et al., 2006). However, we demon-
strated that CD4 was absent in mouse hippocampal cultures (Figure 5.6 A +
B) indicating that the observed synaptic effect by IL-16 were CD4-independ-
ent. This result is consistent with our previous finding in chapter 3, where we
have shown CD4 was undetected in the CNS tissues from naive C57BL/6J
mice. In a recent study, CD4 was observed to expressed by CGNs, however
this was absent in CD4-deficient mice (Fenster et al., 2010). Increased c-fos
expression following IL-16 treatment was absent in CD4-deficient mice,
whereas increased neurite outgrowth was still present, indicating that 1L-16
mediates its effects through both CD4-dependent and independent pathways.
Furthermore, it has been also proposed that IL-16 interaction with immune
cells is CD4-independent (Mathy et al., 2000), thus our finding that IL-16 me-
diates its effects in mouse hippocampal cultures via CD4-independent mech-
anisms is in agreement with these studies and further supports the idea that

other receptors may exist for IL-16 function.
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In summary, we provide evidence that exposure of mouse primary hippocam-
pal cultures to rlL-16 impairs neuronal excitability and synaptic activity via
CD4-independent mechanisms. These data extend our current understanding
of how IL-16 modulates CNS function under normal physiological condition
and highlight that IL-16 does not function solely as a CD4-dependent chemo-

attractant, but also has direct CD4-independent effects on neuronal function.
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6. General Discussion

Over the past two decades a growing number of studies have shown an in-
volvement of immune regulatory factors in the CNS function and disease. The
immune system functions in a unique way within the CNS in comparison to the
peripheral organs. The CNS which was once considered an immune privileged
site, is now accepted to have bidirectional communication between the CNS
and the immune system, with the innate and adaptive immune system involved
in modulating the action, differentiation, and survival of neuronal cells, while
the neurotransmitter and neuropeptide release play a crucial role in influencing

the immune response (Szelény, 2001).

Cytokines are the key signalling molecules that are involved in complex com-
munications between the immune system and the CNS. They are inflamma-
tory mediators that are categorised as either pro- or anti-inflammatory cyto-
kines (Szelényi, 2001; Deverman and Patterson, 2009). By binding to their
receptors on immune cells, cytokines exhibit a variety of roles including mod-
ulating cell viability, cell proliferation, cytokine secretion, phagocytosis, cell ad-
hesion and cell migration. In addition to coordinating innate and adaptive im-
mune responses throughout the body, cytokines and their receptors are also
present in the CNS under both normal and pathological state (Szelény, 2001).
Over expression of various cytokines in the CNS tissues is a common feature

of many neurotoxic and neurodegenerative disorders (Szelény, 2001).

Within the CNS, while cytokines are often released by infiltrating immune cells
during inflammatory CNS disorders, CNS resident cells including astrocytes,
microglia and neurons, can also produce and release cytokines (Arisi, 2014).
These cytokines are involved in a complex cross-talk between the immune
and CNS cells and modulate several physiological functions including neurite
outgrowth, neurogenesis, synaptic development and synaptic plasticity (Vez-
zani & Viviani, 2015; de Miranda et al., 2017; Levin & Godukhin, 2018). Inflam-
mation in CNS disrupts the normal pathway which maintains the homeostatic
environment (Tansey and Wyss-coray, 2008), thus may function as a trigger

to reveal the previously existing problems or worsen the previous functional
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defaults in the CNS, and eventually leads to various clinical symptoms for neu-
rological dysfunctions (Deverman & Patterson, 2009). Furthermore, immune
cell infiltration into the CNS territory and elevated levels of immune cytokines
have been considered an important part of the pathological process in many
neuroinflammatory and neurodegenerative disorders such as like AD and MS
(Schwartz et al., 2014). Recent studies have demonstrated that during CNS
injuries and recovery, these cytokines play an important role in activation of
glia through altered gene expression (Farina et al., 2007; Rothhammer & Quin-
tana., 2015). They also mediate inflammatory processes that increase the BBB
permeability, initiate the apoptosis of oligodendrocytes, astrocytes and neu-
ronal cells, and damage myelin and myelinated axons (Tansey & Wyss-coray,
2008).

In addition to their immune-regulating properties, cytokines may also direct
neurotoxic and neuroprotective effects (Tansey & Wyss-coray, 2008).
Whether a cytokine has helpful or harmful effects depends entirely on the cell
source from where it is released, and the dynamics, degree of cytokine re-
lease, pathophysiological circumstance and the presence of other factors that
are expressed along with it (Deverman & Patterson, 2009). To date we have
limited knowledge regarding the functions of cytokines in CNS under normal
and diseased conditions. Studies of the pro-inflammatory cytokines such as
TNF-a and IL-1B suggest that they not only regulate neuroinflammation but
also perform a distinct set of CNS specific functions within the brain and the
spinal cord which include modulation of synaptic plasticity, learning and
memory (Gosselin & Rivest, 2007; Donzis &Tronson, 2014; Gruol, 2015). In
addition to these cytokines, other cytokines including IL-16 a formerly identi-
fied lymphocyte chemoattractant factor (Center et al., 1982) and a natural sol-
uble ligand to the CD4 molecule, have been also linked to neuroinflammatory
disease. IL-16 was identified as a T-cell-derived cytokine that induces CD4-
dependent migration and proliferation of immune cells (Center and Cruick-
shank., 1982, Parada et al., 1998, Liu et al., 1999), it is also produced by other
immune cells including B cells and monocytes (Kaser et al., 2000; Elssner et
al., 2004). Based on its potential in recruiting CD4"* cells, IL-16 is considered

an inflammatory cytokine and has been implicated in the regulation of many
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immune-mediated diseases including MS/EAE (Glass et al., 2006). Interest-
ingly, in addition to its role in inflammation, the neuronal variant IL-16 protein,
NIL-16, has been found to be selectively expressed in hippocampal and cere-
bellar neurons, and is cleaved by caspase-3 similar to pro-IL-16 in immune
cells and results in the release of mature IL-16 (Kurschner & Yuzaki., 1999).
Furthermore, NIL-16 induces the upregulation of the transcription factor c-fos,
(Kurschner and Yuzaki, 1999; Fenster et al., 2010), enhances neurite out-
growth (Fenster et al., 2010) and interacts with neurotransmitter receptors and
several ion channel proteins (Kurschner & Yuzaki., 1999; Fenster et al., 2007).
In addition, we recently revealed that immune cell-derived IL-16 is neuropro-
tective against kainate- and oxygen-glucose deprivation (OGD)-induced exci-
totoxicity in organotypic slice cultures (Shrestha et al., 2014). Despite recent
findings, the exact role of IL-16 in CNS function and its involvement in CNS

diseases remains unclear.

Therefore, the main purpose of our study was to examine the expression and
distribution of IL-16 in the CNS tissues and investigate whether the expression
levels correlate with the severity of neuroinflammation in EAE. To get an in-
sight into its function in the CNS, we also determined its effect on neuronal
excitability and synaptic transmission under physiological conditions using pri-
mary mouse hippocampal cultures. We hope that this investigation has pro-
vided new knowledge about the potential role of IL-16 in the CNS under normal
and diseased conditions. In this chapter, we have summarised the major find-

ings of this study, followed by the general discussion.
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6.1 Major findings

The major findings in this thesis are listed below:

1.

10.

Spleen/lymph node cells from EAE and control mice constitutively pro-
duced IL-16.

. IL-16 and CD4 expression was observed in spleen and lymph node

tissues of EAE and control mice.

CD45* CD4* CD11b* and F4/80* cells in spleen and lymph node tis-
sues of both EAE and control mice expressed IL-16.

Serum levels of IL-16 correlated with EAE progression.

Elevated levels of IL-16 was observed in the spinal cord and brain ho-

mogenates of EAE mice in comparison to the controls.

Increased IL-16 and CD4 expression was observed in the spinal cord
and brain (hippocampus and cerebellum) tissues during EAE. IL-16
expression was also observed in control spinal cord and brain tissues,

while CD4 expression was absent.

. Infiltrating CD45*, CD4* CD11b* cells as well as CNS resident astro-

cytes expressed IL-16 in the spinal cord and brain (hippocampus and
brain) tissues during EAE.

spinal cord and brain (hippocampus and brain) tissues during EAE.

IL-16 expression was also observed on infiltrating F4/80* cells in spi-

nal cord tissues but not in brain tissues during EAE.

IL-16 expression was also observed on CNS resident neurons in the
spinal cord and brain (hippocampus and cerebellum) tissues of both

EAE and control mice.
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11.CD11b" cells co-expressed the highest percentage of IL-16 in lym-
phoid and CNS tissues of EAE day 16 mice.

12.CD11b" cells isolated from EAE spleen, blood and CNS expressed IL-
16, but did not secrete elevated levels of IL-16 upon LPS stimulation

in comparison to unstimulated cells.

13.rIL-16 treatment significantly reduced seEPSC frequency and ampli-

tude in primary mouse hippocampal cultures.

14.rIL-16 treatment decreased S831 but not S845 GIluAl phosphorylation

in primary mouse hippocampal cultures.

15.rIL-16 treatment significantly reduced Na* current, but not K* current

in primary mouse hippocampal cultures.

16.rIL-16 treatment did not alter Na* channel expression in primary

mouse hippocampal cultures.

17.1L-16 actions on primary mouse hippocampal cultures were CD4-inde-

pendent.
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6.1.1 IL-16 and its receptor CD4 in the CNS, spleen and lymph node

In this study, to determine whether IL-16 is involved in the development of
CNS inflammation, we comparatively analysed the levels of expression and
distribution of IL-16 and its receptor CD4 in the lymphoid and CNS tissues of
EAE mice. In good agreement with previous reports (Chupp et al., 1998;
Schwab et al., 2001; Skundric et al., 2005; Skundric et al., 2006), our study
confirmed elevated expression of IL-16 and CD4 in the CNS, and the expres-
sion levels correlated with the severity of clinically active disease stages in
EAE. While previous report indicated the expression of IL-16 in the CNS tis-
sues from MS patients/ EAE mice using western blot analysis (Skundric et al.,
2005; Skundric et al., 2006), here in this study we showed both extent of ex-
pression and distribution through immunohistochemistry (Chapter 3). Con-
sistent with previous studies (Skundric et al., 2005; Skundric et al., 2006), our
study has indicated CNS expression of IL-16 in both grey and white matter of
EAE mice while its expression in the tissues of naive and PBS control mice

was only limited within the grey matter (Chapter 3).

Furthermore, a previous study has established the comparison in expression
levels of IL-16 during the acute, remission, relapse and chronic stages of two
different relapsing EAE model (severe relapsing-remitting [(B6 x SJL) F1], and
low-relapsing (B6)) and demonstrated the highest level of IL-16 at relapsing
stage of the disease in both models (Skundric et al., 2005). However here in
our study we have established a comparison between the onset, peak and
resolution stages of the EAE and in agreement with a previous study in MS
patients (Skundric et al., 2006) our study demonstrated IL-16 expression to be
notably higher in the white matter lesion of EAE mice, with IL-16 being most

prominent during the peak stage of the disease.

In addition, for the first time we have also revealed that IL-16 expression levels
were similar in the grey matter of both the EAE and control mice. When we
assessed CNS expression of CD4 we found similar pattern of expression
within white matter lesion of EAE mice, but CD4 was absent in the naive and

PBS controls. Furthermore, in consistent with previous reports (Skundric et al.,
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2005; Skundric et al., 2006) CNS expression of IL-16 corresponded to in-
creased CD4 expression in EAE mice (Chapter 3). Previous studies also
demonstrated that mice treated with anti-IL-16 showed to have reduced num-
ber of CD4* T cells and improved paralysis and histopathology of relapsing
EAE (Skundric et al., 2005). Thus, expression of similar levels of IL-16 and
CD4 in the CNS of EAE mice agrees with previous findings that IL-16 is a CD4*
cell-specific chemoattractant cytokine (Center et al., 1982; Skundric et al.,
2005), and further suggest that the additional activities of IL-16 during the CNS
inflammation in the regions of CNS white matter are likely through mediating
CD4* T cells.

Increased IL-16 expression in the CNS lesions during EAE disease stages
suggested that infiltrating inflammatory cells may produce IL-16. Indeed, our
study revealed IL-16 to be expressed by infiltrating CD45* immune cells in the
lesions of CNS tissues (Chapter 4) and further investigations suggested that
IL-16 is expressed by infiltrating CD4* cells (Chapter 4) which agrees with pre-
vious report (Skundric et al., 2016). Furthermore, our study also demonstrated
IL-16 expression by infiltrating CD11b* cells and occasionally by infiltrating
F4/80* cells (Chapter 4), possibly due to less extensive infiltration by F4/80*
cells in the CNS than that of CD11b* cells. Infiltrating CD4*IL-16* and
CD11b"*IL-16" and F4/80*IL-16* cells were observed throughout the white mat-
ter of spinal cord. Similarly, in the brain CD4*IL-16* cells CD11b*IL-16* cells
were observed most frequently around blood vessels penetrating white matter
and scattered within the white matter parenchyma, however we did not ob-
serve F4/80* cells infiltrations in the brain. Thus, despite previous study con-
firming CD4* cells being the key local source of IL-16 in the CNS during EAE
(Skundric et al., 2005), our data support increased levels of IL-16 production
in the CNS after neuroinflammatory response are predominantly by mono-

cytes and macrophages.

Furthermore, in contrast to previous observation where activated macro-
phages did not produce IL-16 (Cruikshank et al., 2000), we observed reduced
IL-16 production by infiltrating macrophages (Chapter 4). However, produc-

tion of IL-16 by microglia during CNS infarction has been previously reported
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(Schwab et al., 2001). And microglia have been previously identified within the
lesion site in MS tissues (Ulvestad et al., 1994), which are involved in tissue
destruction through expression and production of inflammatory cytokines in-
cluding TNF-a, IL-1B, IL-2, IL-6 and IL-12, as well as scavenging of dead cells
and myelin debris, and tissue repair (Goldmann & Prinz 2013). As microglia
cells often express low levels of CD11b, our data of increased expression of
IL-16 by CD11b+ cells at onset and peak stage of disease in EAE mice also
support the expression of IL-16 by microglia cells. While we were unable to
further confirm the co-localization of IL-16 by Iba-1 expressing microglia cells,
we used a culture system to determine whether CD11b* cells produce IL-16.
Surprisingly, when we analysed IL-16 secretion by in-vitro LPS stimulated
CD11b" cells isolated from blood, spleen and CNS of EAE mice, we did not
observe any difference in secretion of IL-16 between the stimulated or unstim-
ulated CD11b* cells. As we did not check if poly(l:C) stimulated CD11b* cells
secrete IL-16, so it is difficult to come to any conclusion regarding the mecha-
nistic secretion of IL-16 and whether the cells respond differently in vivo and

in vitro, thus further investigation is required.

Although this study supports the role of CD11b* cells in producing IL-16 in
CNS of EAE mice, some other CNS resident cells also elaborate and locally
release IL-16. We examined IL-16 production by CNS resident neurons and
astrocytes. IL-16 expression by NeuN™* cells were observed in the CNS of both
EAE and control mice, particularly within the grey matter. Although previously
no other studies have reported the co-localisation of IL-16 immunoreactivity
with neurons, but it is known that there is a neuronal form of IL-16, NIL-16, a
longer splice variant of immune IL-16 that is contained only within the neurons
of the cerebellum and the hippocampus (Kurschner et al., 1999), which sup-
ports our observation of IL-16 expression in NeuN* cells. IL-16 expression has
been also observed with GFAP™ cells in the white matter lesion however only
during EAE. It is a well-established that astrocytes (Allaman et al., 2011; Nair
et al., 2008) undergo activation through altered gene expression, hypertrophy
and proliferation and release various cytokines during MS (Farina et al., 2007,

Rothhammer & Quintana., 2015). It is therefore likely that the increased ex-
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pression of IL-16 observed with GFAP* cells only in EAE mice is due the pres-
ence of activated astrocytes in EAE lesion. Following that we also tried to
check some other CNS resident cells including oligodendrocyte (oligl/olig2)
and microglia (Ibal) for the production of IL-16, however it was unsuccessful
due to limitation of time and antibody specificity issues. As we observed the
highest IL-16 co-expression with CD11b* but comparatively lower with F4/80*
cells, analysis of IL-16 co-expression with microglia-specific markers such as
Ibal would have been useful to investigate the contribution of microglia in the

production of IL-16 and EAE regulation.

Consistent with previous reports (Chupp et., al 1998; Schwab et al., 2001,
Skundric et al., 2005), our study has also confirmed the expression of IL-16
within the spleen and lymph node tissues. Like CNS, (Skundric et al., 2005),
highest levels of expression were observed in the peripheral lymphoid organs
of EAE onset and peak mice in comparison to the controls. In addition, similar
pattern of CD4 expression was also observed in the tissues of both the EAE
and control mice, further suggesting a correlation between the lymphoid and
CNS expression of IL-16 and its receptor CD4. Despite reporting the correla-
tion of IL-16 expression and the extent of CD4 expression in the lymphoid tis-
sues of EAE mice, we did not observe any difference in IL-16 secretion by
splenocytes or lymphocytes obtained from EAE and naive or PBS mice upon
in-vitro incubation with or with of MOGass-s5. In 2014, Nischwitz and colleagues
using real-time PCR revealed MOGss.55 specific Th17 cells expressed more
IL-16 than Th1 cells, however, when we utilised FACS analysis in spleen cells
obtained from EAE and PBS mice we did not observe a significant difference
in IL-16 expression by Thl and Th17 subset of T cells, between the EAE and
the control groups. This may indicate MOGss.ss Specific auto-reactive CD4* T
cells or its subset Thl or Th1l7 are not the main producer of IL-16 in EAE,
unlike other MS/EAE specific cytokines such as IL-6, IL-10, IL-17 and IFN-y
which have been observed to be produced by EAE splenocytes and lympho-

cytes upon in-vitro MOGss.-s5 stimulation.

From this current study what we understand is that peripheral inflammation

increases expression and release of IL-16 by different immune cells which in
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turn induces activated CD4 cell migration into CNS. Following the CNS infil-
tration, the CD4* T cells further recruit/activate other immune cells and local
cells such as astrocytes, which releases more IL-16 in the CNS, and further
induces CD4+ T cell migration thus act as a contributor in MS/EAE pathogen-

esis.

6.1.2 Function of IL-16 signalling pathway in CNS

Meanwhile in our study we have also established that neurons extensively ex-
pressed IL-16 within the grey matter of CNS under normal physiological con-
dition in naive mice, which suggested IL-16 may have a role in neuron func-
tions. As we investigated further, we established a novel finding of IL-16 me-
diating its effects in mouse hippocampal cultures via CD4-independent mech-
anisms. In this study by using the primary hippocampal cultures, we estab-
lished IL-16 modulates synaptic activity through the reduction of both SEPSC
frequency and amplitude indicating a postsynaptic mechanism of action
(Chapter 5). It is well established that GIuA1l phosphorylation is required for
the expression in the postsynaptic membrane (Henley and Wilkinson, 2016),
and we further demonstrated IL-16 exposure reduced GIuAl S831 phosphor-
ylation but had no effect on S845 phosphorylation or total GIuUAL in the primary
mouse hippocampal cultures, which indicates that reduced postsynaptic
GluAl expression underlies the IL-16 modulation of SEPSCs (Chapter 5). Be-
cause many other cytokines including IL-1, IL-6 and TNF-a can increase or
decrease the glutamate receptor function and expression (O’Connor and
Coogan, 1999; Nelson et al., 2001; Viviani et al., 2003; Yang et al., 2005; Liu
etal., 2013; Wigerblad et al., 2017), the modulation of glutamate receptor func-
tion and expression is not unique to IL-16. It is rather a common mechanism

of action utilised by many cytokines.

It is well documented that SEPSCs are mediated by spontaneous glutamate
release acting on postsynaptic receptors, and synaptically-driven action po-
tential firing also contributes to the spontaneous neurotransmitter release ob-

served in hippocampal cultures (Gan et al., 2011; Chanaday and Kavalali,
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2018). In our study we have established that IL-16 impairs neuronal excitability
via inhibition of Na* channel function but is without effect on K* channel func-
tion and the inhibition of Na* channel function is not due to reduced Na* chan-
nel expression (Chapter 5). While we are the first to demonstrate the effect of
IL-16 effect on Na* channel, but there are reports of other cytokines including
IL-1B (Liu et al., 2006; Zhou et al., 2011) and TNF-a (Chen et al., 2015; Leo et
al., 2015) regulating Na* channel function in both peripheral and central neu-
rons. Many studies have reported that blocking of Na* channels can prevent
axonal degeneration within white matter tracts in a variety of disease models
(Stys et al., 1992, Imaizumi et al., 1998, Agrawal, et al., 1996, Rosenberg et
al., 1999, Garthwaite, et al., 2002), including EAE (Kapoor et al.,2003; Lo et
al., 2003). So, the role of IL-16 in reducing Na* channel function can be bene-
ficial during EAE.

Previous study demonstrated NIL-16 interacts with multiple K* channel sub-
types including members of the Kir2 and Kir4 family via its PDZ domain (Kur-
schner and Yuzaki, 1999). Furthermore, Kv4.2 expression is reduced in the
presence of NIL-16 in both COS-7 and hippocampal neurons (Fenster et al.,
2007). However, in the present study, IL-16 exposure had no effect on the
steady state outward K+ current observed in hippocampal neurons (Chapter
5).

To identify if the effect of IL-16 observed in the hippocampal culture is due its
interaction with CD4 receptor, we also examined IL-16 and CD4 expression
within our culture system. In consistent with our previous observation in the
CNS of naive and PBS mice, under our experimental conditions in mouse hip-
pocampal cultures, IL-16 expression was observed in neurons, and CD4 was
absent (Chapter 5), indicating that the observed effects were CD4-independ-
ent. It has been proposed that IL-16 modulates neuronal function through both
CD4-dependent and -independent pathways (Kurschner and Yuzaki, 1999;
Fenster et al., 2010). A very recent study demonstrated the presence of CD4
in CGNs using western blot, but this was absent in CD4-deficient mice (Fen-
ster et al., 2010). Furthermore, while NIL-16 induced the upregulation of the

transcription factor c-fos, (Kurschner and Yuzaki, 1999; Fenster et al., 2010),
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enhanced neurite outgrowth (Fenster et al.,2010) and interacts with neuro-
transmitter receptors and several ion channel proteins (Kurschner & Yuzaki.,
1999; Fenster et al., 2007), this effect was absent in CD4-deficient mice,
whereas increased neurite outgrowth was still present. The findings indicate
that IL-16 mediates its effects through both CD4-dependent and independent
pathways. Another study also proposed that IL-16 interacts with immune cells
via a CD4-independent manner (Mathy et al., 2000). Hence our finding that IL-
16 mediates its effects in mouse hippocampal cultures via CD4-independent
mechanisms agrees with this and further supports the idea that other receptors
may exist for IL-16 function. Therefore, it is likely IL-16 contributes to the CNS
function under normal physiological condition through mediating CNS resident
cells.

6.2 Future Work

Increased expression of IL-16 in the CNS during EAE, and the correlation ob-
served between the levels of IL-16 in the CNS and the extent of infiltrating
immune cells has confirmed IL-16 may have an important function in the de-
velopment of CNS inflammation. Furthermore, we have shown that IL-16 im-
pairs neuronal excitability and synaptic activity via CD4-independent mecha-
nisms in primary mouse hippocampal cultures. Further investigations are re-
quired to fully elucidate the exact action and the underlying mechanisms of IL-
16 in both the immune and the CNS systems during the development of EAE
before considering it a potential novel therapeutic target in the treatment of
MS.

= When we assessed the production of IL-16 by splenocytes and observed
a constant level of IL-16 with no significant difference between the EAE
and the control groups cultured in the media or media supplemented
MOGss-s5 groups. This was unusual in comparison to the antigen specific
production of many other important cytokines (IL-17, IFN-y, IL-16 and IL-
10) we have assessed, which are known for MS/EAE pathogenesis. It is

not clear whether the difference of IL-16 levels between the treatment
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groups were too small to be assessed by ELISA, thus in the future g°PCR

can be an useful method to check this.

We have utilised FACS analysis and assessed the expression of IL-16 in
CD4* cells and two MS/EAE relevant T-cell subsets: Thl and Th17 cells
on splenocytes derived from PBS and MOGss-s5 immunised mice mainly
because of the previous findings in the area. However, it is not known
whether Treg cells express IL-16 and we did not assess Treg cells which
are also relevant to MS/EAE and are known for playing protective role dur-
ing inflammation through production of anti-inflammatory cytokines. Since
we did not observe any difference between the Thl and Th2 cells express-
ing IL-16, so accessing Treg cells for IL-16 expression will help us better
understand and compare all the T cell subsets and will also allow us to

establish whether IL-16 have a pathogenic or protective role in MS/EAE.

We have established expression of IL-16 in the CNS during EAE by infil-
trating immune cells including CD4*, CD11b* and F4/80* cells and CNS
resident cells including neurons and astrocytes, however as we analysed
the percentage of each type of cells co-expressing IL-16 we found there
were still a good percentage of IL-16" cells which did not co-localise with
any of the assessed cell types. On other hand, we rarely observed any co-
localization of CD11c* (marker for dendritic cells), CD8* (marker for CD8 T
cells), B* cells with IL-16 during our study (data not shown) and were una-
ble to repeat these experiments further due to the time limitation and anti-
body availability. Similarly, determining the expression of IL-16 by other
CNS resident cells relevant to MS/EAE such as Ibal (marker specific to
microglia), oligl and olig2 (marker for mature and progenitor oligodendro-
cyte) will allow us to improve our understanding of contribution of different
CNS resident cell types in IL-16 expression and in CNS inflammation and

progression of MS/EAE.

We have demonstrated IL-16 modulates neuronal excitability and synaptic
activity via CD4-independent mechanisms in primary mouse hippocampal

cultures. However, in a very recent study IL-16 has been shown to induce
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migration in human lung epithelial cells (A549) via the CD9 receptor (Blake
et al., 2018). Therefore, by utilising immunohistochemistry or western blot
techniques it would be interesting to check if this receptor is expressed in
the mouse hippocampal cultures used in our study and test for the effect
of rIL-16 on these receptors. The findings also add the complexity of IL-16

action in CNS inflammation with its potential effect on epithelial cells.

= Finally, we have established that IL-16 expression level correlates with
CNS inflammation, and CD11b* cells as the main source of IL-16 in our
EAE model. While our current findings support IL-16 as a contributor to
MS/EAE pathogenesis, we are not certain the exact function of IL-16 and

the underlying mechanisms. This would require further investigation.

6.3 Conclusion

In summary, although we established an expression and distribution pattern
for IL-16 and CD4 in CNS and peripheral lymphoid tissues during EAE and
also established that CD11b* cells as the main source of IL-16 during EAE,
many questions still remains unclear, including the processing of IL-16 in the
CNS in vivo, as well as the molecular mechanism underlying the mediatory
roles of IL-16 in CNS, and whether IL-16 is beneficial or detrimental under
pathophysiological conditions. And thus, merits further initiatives and research
approaches to determine the function of IL-16 in modulating MS/EAE. How-
ever, our novel findings suggest IL-16 is produced by mainly neurons in the
CNS in-vitro and modulate neuronal excitability and synaptic transmission de-
spite the absence of its receptor CD4 in the CNS under normal physiological
condition. These data extend our current understanding of how IL-16 modu-
lates CNS function and highlight that IL-16 does not function solely as a CD4-
dependent chemoattractant, but also has direct CD4-independent effects on
neuronal function. In conclusion we can say IL-16 is a shared molecule be-
tween the immune and nervous systems engaged in the regulation of CNS
inflammation as well as the neuronal and synaptic functions. Thus, like many

other cytokines IL-16 is clearly involved in neuroimmune cross-talk.
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