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II. Abstract

Experimental autoimmune encephalomyelitis (EAE) is a widely exploited animal model 

of multiple sclerosis (MS) and is a valuable tool in understanding the cellular and 

molecular basis of autoimmunity and inflammation in the central nervous system 

(CNS). Like MS, the primary pathogenic event in EAE is the infiltration of 

encephalitogenic CD4'' T cells into the brain and spinal cord, particularly autoantigen- 

specific, IL-17-producing Thl7 cells, and IFN-y-producing Thl cells. Once these cells 

enter the CNS, they mediate damage to axons through targeted destruction of the 

myelin sheath, and thus contribute to neuronal dysfunction. Recently is has come to 

light that cells of the innate immune system, such as natural killer (NK) cells, and 

macrophages, may also play a critical role in the induction of EAE through modulation 

of the encephalitogenicity of CD4* T cells.

It was demonstrated that IFN-y-producing NK cells infiltrated the CNS before the onset 

of EAE, and significantly, before the entry of Thl and Thl7 cells. The infiltration of 

IFN-y-producing NK cells was associated with an increase in production of the Ml- 

related cytokine, TNF-a, by microglia. In vitro studies revealed that NK cells were 

potent activators of microglia, and could simultaneously enhance microglial mRNA 

expression of the Ml markers iNOS, TNF-a and MHC II, and reduce the expression of 

the M2 markers MRCl and ARGl.

While depletion of NK cells continuously throughout, or at the effector stage of EAE 

had no effect on clinical scores, depletion of NK cells at the induction of disease 

significantly diminished the severity of EAE. This attenuation was associated with a 

significant reduction in the infiltration of Thl and Thl7 cells into the brain. In contrast, 

depletion of NK cells at the induction of EAE had no effect on the progression of 

disease in IFN-y’^' mice, confirming that the observed effects of NK cells early in EAE 

are mediated by IFN-y.

Very late antigen-4 (VLA-4) is a critical mediator of the encephalitogenicity of CD4"^ T 

cells in EAE and is required for the infiltration of these cells into the CNS. Blockade of 

VLA-4 using a monoclonal antibody against the a4 subunit, CD49d, was effective in 

reducing clinical scores in EAE when administered at the effector phase of active
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disease and completely preventing the development of EAE when administered at the 

time of adoptive transfer of MOG-specific cells. Co-incubation experiments revealed 

that NK cells, through polarisation of macrophages to the Ml phenotype, could 

enhance VLA-4 expression on CD4^ T cells, thus providing a mechanism for the 

observed pathogenicity of IFN-y-producing NK cells early in EAE.

IL-4 is the signature cytokine of Th2 cells and is required for M2 polarisation of 

macrophages, which are instrumental in the resolution of inflammation. This study 

identified a suppressive role for IL-4 in EAE. Culturing MOG-specific cells with 

exogenous IL-4 enhanced the mRNA expression of the M2 markers MRCl and ARGl, 

and reduced expression of the Ml marker iNOS. IL-4 also reduced expression of \/LA-4 

by CD4^ T cells in the culture. In vivo, MOG-specific cells re-stimulated with MOG, IL-ip 

and IL-23 with exogenous IL-4 failed to transfer EAE, and recipient mice displayed 

diminished expression of MHC II by microglia. This was associated with a reduced 

infiltration of Thl and Thl7 cells into the brain. Further in vitro assays revealed that IL- 

4 could reduce VLA-4 expression by CD4'^ T cells in two ways; directly, or through 

induction of M2 macrophages, which suppressed the expression of this integrin by 

CD4^T cells in culture.

Collectively, the results from this thesis establish a crucial role for cells of the innate 

immune system in the induction of EAE. NK cells, by virtue of innate IFN-y production, 

can polarise microglia to the Ml phenotype and contribute to neuroinflammation. In 

the periphery, IFN-y-producing NK cells can induce the Ml state in macrophages, 

which in turn enhance VLA-4 expression by CD4^ T cells. In contrast, the induction of 

the M2 state in macrophages by IL-4 can reduce expression of this integrin and thus 

prevent disease.
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I. Lay Abstract

EAE is an animal model for MS, and has been widely used to gain an understanding of 

the biological events which are responsible for the illness. A commonality between 

EAE and MS is the infiltration of CD4^ T cells into the brain and spinal cord. These cells, 

which can produce inflammatory proteins, called cytokines, like IFN-y (Thl cells) or IL- 

17 (Thl7 cells) target and destroy myelin, a fatty substance which surrounds neurons 

and is crucial for their function. Destruction of myelin can lead to neuronal death 

which correlates with the motor, sensory and autonomic deficits in MS.

CD4^T cells constitute part of the adaptive immune system, which is so-called due to 

its ability to recognise and remember specific antigens or foreign substances and 

mount a tailored response against the offending agent. MS and EAE are autoimmune 

diseases, in which the adaptive immune system erroneously targets self-antigens and 

causes damage to the host. In MS and EAE, the self-antigens in question are 

components of the myelin sheath, for example myelin oligodendrocyte glycoprotein 

(MOG) .For many years, the autoantigen-specific, adaptive, CD4"^ T cells have been 

considered the primary disease-causing cells. However, more recent evidence suggests 

that cells of the innate immune system, which is the first line of defence against 

foreign agents, may also have an important role to play. Of particular interest are two 

cell types, called NK cells and macrophages. This study has highlighted a role for these 

cells in modulating the disease-causing ability, or encephalitogenicity, of CD4"^ T cells.

Flow cytometric analysis of the brains of mice with EAE revealed that IFN-y-producing 

NK cells infiltrated the CNS before the onset of EAE, and significantly, before the entry 

of Thl and Thl7 cells. The infiltration of IFN-y-producing NK cells was associated with 

an increase in production of an inflammatory cytokine, TNF-a, by microglia, the 

resident immune cells of the CNS. Microglia and macrophages, while distinct in their 

origin, share an important characteristic, namely the capacity to adopt distinct 

"activation states" in response to their environment. Exposure to IFN-y or the bacterial 

component EPS induces the classical or Ml activation state, which is associated with 

the production of pro-inflammatory cytokines and nitric oxide, which are required for 

pathogen destruction. Conversely, the M2 or alternative activation state is induced by



exposure to the anti-inflammatory cytokine IL-4, and is associated with resolution of 

inflammation and wound healing. As TNF-a is the signature cytokine of the Ml 

activation state, the correlation between IFN-y-producing NK cell infiltration and TNF-a 

production by microglia suggested that NK cells may play a role in microglial 

activation. In vitro studies revealed that NK cells were potent activators of microglia, 

and could simultaneously enhance microglial mRNA expression of the Ml markers 

iNOS, TNF-a and MHC II, and reduce the expression of the M2 markers MRCl and 

ARGl.

To further investigate the role of NK cells in the pathogenesis of EAE, these cells were 

depleted from mice with EAE using an antibody against asialo GMl, which induces NK 

cell death in vivo. While depletion of NK cells continuously throughout, or at the 

effector stage of EAE had no effect on clinical scores, depletion of NK cells at the 

induction of disease significantly diminished the severity of EAE. This attenuation was 

associated with a significant reduction in the infiltration of Thl and Thl7 cells into the 

brain. In contrast, depletion of NK cells at the induction of EAE had no effect on the 

progression of disease in genetically modified mice deficient in IFN-y, confirming that 

the observed effects of NK cells early in EAE are mediated by IFN-y.

The integrin very late antigen-4 (VLA-4) is a critical mediator of the encephalitogenicity 

of CD4'^ T cells in EAE and is required for the infiltration of these cells into the CNS. 

Blockade of VLA-4 using a monoclonal antibody against the a4 subunit, CD49d, was 

effective in reducing clinical scores in EAE when administered at the effector phase of 

active disease and completely preventing the development of EAE when administered 

at the time of adoptive transfer of MOG-specific cells. Co-incubation experiments 

revealed that NK cells, through polarisation of macrophages to the Ml phenotype, 

could enhance VLA-4 expression on CD4^ T cells, thus providing a mechanism for the 

observed pathogenicity of IFN-y-producing NK cells early in EAE.

IL-4 is required for M2 polarisation of macrophages, which are instrumental in the 

resolution of inflammation. This study identified a suppressive role for IL-4 in EAE. 

Culturing MOG-specific cells with exogenous IL-4 enhanced the mRNA expression of 

the M2 markers MRCl and ARGl, and reduced expression of the Ml marker iNOS. IL-4
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also reduced expression of VLA-4 by CD4^ T cells in the culture. In vivo, MOG-specific 

cells re-stimulated with MOG and exogenous IL-4 failed to transfer EAE, and recipient 

mice displayed diminished expression of the Ml marker MHC II by microglia. This was 

associated with a reduced infiltration of Thl and Thl7 cells into the brain. Further in 

vitro assays revealed that IL-4 could reduce VLA-4 expression by CD4^ T cells in two 

ways; directly, or through induction of M2 macrophages, which suppressed the 

expression of this integrin by CD4"^T cells in culture.

Collectively, the results from this thesis establish a crucial role for cells of the innate 

immune system in the induction of EAE. NK cells, by virtue of innate IFN-y production, 

can polarise microglia to the Ml phenotype and contribute to neuroinflammation. In 

the periphery, IFN-y-producing NK cells can induce the Ml state in macrophages, 

which in turn enhance VLA-4 expression by €04"^ T cells. In contrast, the induction of 

the M2 state in macrophages by IL-4 can reduce expression of this integrin and thus 

prevent disease.
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VI. Aims and Hypothesis

Aims I

1) To investigate the effect of IFN-y and IL-4 on mRNA expression of Ml and M2 

markers in macrophages, microglia and astrocytes.

2) To elucidate the metabolic profiles of IFN-y and IL-4-polarised cells.

Hypothesis I

1) The mRNA expression of Ml and M2 markers in response to treatment with IFN-y 

and IL-4 respectively will be similar in macrophages, microglia and astrocytes.

2) The similarities in mRNA expression profiles will be mirrored in the metabolic 

phenotypes in these cell types.

Aims II

1) To investigate the kinetics of NK cell infiltration into the CNS of mice with EAE.

2) To examine IFN-y production by NK cells in the CNS of mice with in EAE.

3) To determine the effect of NK cell depletion at different time points on the severity 
of EAE.

Hypothesis II

1) The temporal profile of NK cell infiltration into the CNS will mirror that of CDA"^ T 

cells, and will be present in highest numbers in the peak of EAE.

2) IFN-y production by NK cells in the CNS of mice with in EAE will be high at the peak 

of disease.

3) NK cell depletion at all timepoints in EAE will result in reduction in disease severity.

Aims III

1) To establish whether the pattern of CNS NK cell infiltration and IFN-y production 

correlated with an upregulation in the Ml state in microglia.
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2) To investigate the effect of NK cell co-incubation with glia and macrophages on cell 

phenotype.

3) To examine the effect of NK cell co-incubation with macrophages on cell phenotype 

and consequently VLA-4 expression on CD4^T cells.

4) To determine the effect of \/LA-4 blockade at the induction and effector phases of 

EAE.

Hypothesis III

1) NK cell infiltration and IFN-y in the CNS will positively correlate with an increase in 

the expression of Ml markers in microglia.

2) Incubation of glia and macrophages with NK cells will result in polarisation of the 

former to the Ml phenotype.

3) Incubation of glia and macrophages with NK cells will result in polarisation of the 

former to the Ml phenotype and will therefore elicit an increase in VLA-4 expression 

by CD4^T cells.

4) VLA-4 blockade will diminish EAE severity.

Aims IV

1) To assess the effect of IL-4 addition on the M1/M2 polarisation status of a MOG- 

specific culture.

2) To examine the effect of IL-4 addition to a culture of MOG-specific cells on 

encephalitogenic function of CD4'^ T cells through assessment of VLA-4 expression and 

cytokine production.

3) To assess the effect of IL-4 addition to a culture of MOG-specific cells on their ability 

to induce EAE in recipient mice.

4) To investigate microglial activation/infiltration of CD4'^ T cells in the brains of 

recipient mice that received MOG-specific cells treated with IL-4.
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5) To elucidate the direct effect of IL-4 on VLA-4 expression on CD4"^ T cells, as well as 

indirectly through induction of M2-polarised innate cells.

Hypothesis IV

1) IL-4 addition will induce the M2 state in a MOG-specific culture.

2) IL-4 addition to a culture of MOG-specific cells will reduce expression of VLA-4 and 

pathogenic cytokine production.

3) IL-4 addition to a culture of MOG-specific cells will reduce their ability to induce EAE 

in recipient mice.

4) Microglial activation/infiltration of CD4^ T cells in the brains of recipient mice that 

received MOG-specific cells treated with IL-4 will be reduced.

5) Direct application of IL-4 to 004"^ T cells will reduce VLA-4 expression, as will 

incubation with M2-polarised innate cells.
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Vll. Value of Research

Despite the fact that MS was first characterised in 1868, and that its animal model EAE 

was developed in the early 1930s, the etiology of MS remains unclear. While 

compounds that prevent T cell egress from the lymph nodes (Fingolimd) or infiltration 

into the CNS (Natalizumab) have been successful in reducing MS symptoms in a subset 

of patients, neither have been capable of curing the disease, nor even halting its 

progession in a large number of cases. This highlights a need to understand the early 

events underlying MS pathogenesis, and identify the cellular interactions responsible 

for the observed encephalitogenicity of CD4^T cells. Here a role for innate cells in the 

initiation of EAE has been presented. Prior to the appearance of CD4^ T cells in the 

CNS, NK cells infiltrate and produce IFN-y, thus contributing to neuroinflammation 

through induction of the inflammatory Ml state in glia. In the periphery, these IFN-y 

producing cells also elicit an enhancement in the Ml state in macrophages, which can 

enhance CD4"^ T cell encephalitogenicity through induction of VLA-4 expression by 

these cells. In contrast, EAE can be prevented through polarisation of innate cells to 

the M2 phenotype (using IL-4), which reverses the VLA-4 induction observed with 

exposure to IFN-y from NK cells.

Taken together, these data uncover a novel role for innate immune cells in the 

initiation of EAE. It is yet to be elucidated whether or not these early events also occur 

in MS. If so, the work in this thesis further highlight the need for the development of 

prophylactic therapies which will target the early Ml polarisation of innate immune 

cells, and thus prevent the enhancement of VLA-4 expression of CD4^ T cells prior to 

their migration to the CNS, which ultimately results in irreversible neurodegeneration.
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1.1 Multiple Sclerosis

Multiple Sclerosis (MS) is a chronic, debilitating inflammatory disorder of the central 

nervous system (CNS) which was first described by Jean-Martin Charcot in 1868 

(Murray, 2009). MS is a demyelinating disease, which is thought to be caused by 

infiltration of CD4^ T cells into the CNS which mediate damage to the myelin sheath 

(Lassmann et al., 2001). It affects an estimated 2 million people worldwide and most 

commonly occurs in persons aged 20 to 50 years (Milo and Kahana, 2010). The CNS 

location of the demyelinating "lesions" determines the presentation of symptoms, 

which range from sensory (chronic pain) to motor (spasticity, rigidity and ambulatory 

deficits) to autonomic (micturition deficits, sexual dysfunction) to emotional 

(depression, fatigue) (Thompson et al., 2010). MS disease course varies from patient to 

patient. Figure 1.1 outlines the four main types of MS, and their progression in 

descending order of incidence.
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Figure 1.1 Types of multiple sclerosis (Lublin and Reingold, 1996)

Relapsing-remitting MS (RRMS) accounts for 85% of cases, and is characterised by episodic 
relapses that are punctuated by periods of remission, which may be partial or complete. After 
a number of years, a proportion of these patients may enter a phase of progressively 
worsening MS, with or without attacks. This type of MS has been called secondary-progressive 
MS (SPMS). Approximately 15% of patients experience primary progressive MS (PPMS) which 
is associated with a slow, gradual worsening of symptoms over time. A small number of these 
patients may relapse, and this type of MS is termed progressive-relapsing MS (PRMS). PRMS is 
the least common form of the disease. (Murray, 2006).



Demyelination and inflammatory events that occur in the immediate vicinity of 

demyelinating lesions are thought to account for periods of relapse, and conversely, 

resolution of inflammation and limited remyelination by oligodendrocyte precursor 

cells are thought to be responsible for the intermittent periods of remission. The 

irreversibility of disability in patients with progressive disease has been found to 

correlate with axonal loss, which can be substantial over a lifetime with MS (Bjartmar 

et al., 2003).

1.1.1 MS therapies

MS is presently an incurable disease; however a number of therapies have been 

developed with the aim of managing symptoms, with varying degrees of success. 

Interferon beta (IFN-P), which received FDA approval in 1993 (Paty and Li, 1993) is 

thought to lessen the severity of disease by exerting anti-inflammatory effects on the 

damaged CNS and also by reducing blood-brain barrier (BBB) permeability (Comabella 

et al., 2009). Glatiramer acetate (GA) received FDA approval 3 years later in 1996 

(Comi et al., 2001). GA is thought to act by binding to MHC molecules, thereby 

preventing the T cell response to several myelin antigens (Schrempf and Ziemssen, 

2007).

Two more recent therapies act by preventing the infiltration of encephalitogenic cells 

into the CNS. Natalizumab (Tysabri®) is a monoclonal antibody against the a4 subunit 

of very late antigen 4 (VLA-4 - a dimer of a4 and pi integrins), which is expressed on 

almost all activated leukocytes and facilitates travel across the blood-brain barrier. 

Natalizumab received FDA approval in 2004, but was later withdrawn from the market 

when it was linked with a small number of cases of a rare, fatal neurological disorder 

called progressive multifocal leukoencephalopathy (PML). Despite the high risk (1:100) 

of developing the condition after 2 years of use, the benefits are regarded to outweigh 

the risk and so natalizumab re-entered the market in 2009 (Clifford et al., 2010).

Fingolimod (FTY720, Gilenya), which received FDA approval in 2010 is the first oral 

drug for MS (all aforementioned therapies are administered through subcutaneous or 

intramuscular injection). Fingolimod is a functional antagonist of the sphingosine-1



phosphate receptor 1 (SlPRl), inhibits SlPl-mediated egress of lymphocytes from the 

secondary lymphoid organs, and thus prevents their trafficking into the CNS. The route 

of administration and (on average) 50% reduction in relapse frequency have made 

fingolimod a promising therapy for MS (Kappos et al., 2010).

As RRMS is the most common form of MS, these disease modifying drugs are only 

effective in ameliorating this type of disease, and unfortunately there are very few 

treatments for the progressive forms of MS. One is mitoxantrone, which received FDA 

approval as a therapy for SPMS in 2000. It was originally developed as an anti-cancer 

drug, used in the treatment of acute myeloid leukaemia and symptomatic hormone- 

refractory prostate cancer. Its efficacy in MS is due to its ability to inhibit antigen 

presentation and the secretion of pro-inflammatory cytokines, as well as its 

downregulation of macrophage-mediated myelin degradation. Some of the side 

effects (cardiotoxicity) mean that the life-time dosage of this drug is limited, however, 

in many cases it is the only option available to patients with SPMS (Fox, 2004).

Despite these advances in MS treatment, the fact still remains that MS is an incurable 

disease, and once patients reach the phase of severe disability, as precipitated by 

irreversible neurodegeneration, treatment is no longer possible. As the damaging 

events leading to the development of MS can occur prior to the onset of clinical 

symptoms, it would seem that the best strategy for the management of MS is probably 

a preventative one. Furthermore, recent evidence has challenged the simple paradigm 

that MS is caused by dysregulation of the adaptive immune system, indeed innate 

immune cells such as macrophages, microglia and NK cells may also play an important 

role in the pathogenesis of MS and should be considered in the development of future 

therapies (Haghikia et al., 2013).

1.2 Murine Experimental Autoimmune Encephalomyelitis

Experimental autoimmune encephalomyelitis (EAE) is a widely-exploited animal model 

of autoimmunity and is most commonly used in the study of MS (Baxter, 2007). The 

model was first described in primates by Thomas M. Rivers (Rivers and Schwentker, 

1935). The condition is associated with a progressive ascending paralysis, and a clinical



score, usually between 0 and 5, ranging from a limp tail (1) to tetra paralysis (5)) (Lalor 

etal., 2011).

The disease can be induced either actively or by adoptive transfer of autoantigen- 

specific T cells. In active induction, the animal is immunised subcutaneously with a 

myelin antigen, with a concomitant intraperitoneal injection with the microbial 

product pertussis toxin (PT). The use of PT became more widespread in the 1970s; 

prior to that the disease incidence was low and followed an unpredictable course, 

even in a genetically-homogeneous population. The exacerbative effect of pertussis 

toxin is thought to be due to a reduction in the integrity of the blood-brain barrier and 

greater ease of infiltration of encephalitogenic T cells into the CNS (Hofstetter et al., 

2002). In adoptive transfer (also referred to as "passive EAE"), an experimentally naive 

"donor" mouse is immunised subcutaneously with myelin antigen without PT. 

Encephalitogenic T cells are isolated from these animals, restimulated with the myelin 

antigen in vitro for 72 h, and injected intraperitoneally or intravenously into a 

"recipient" mouse (Stromnes and Goverman, 2006).

The disease course depends upon the strain of mouse and also the particular antigen 

used. The two most commonly-used mouse models are a chronic progressive form of 

the disease induced by immunisation of C57BL/6 mice with myelin oligodendrocyte 

glycoprotein (MOG) in complete Freund's adjuvant (CFA) and a relapsing remitting EAE 

induced in the SJL/J strain using proteolipid protein (PLP) in CFA (Gold et al., 2006). 

The most common forms of EAE in the literature are outlined in Table 1.1



Induction Agent Species/strain Disease course Pathology
MOG35-
55/immunodominant 
peptide* in CFA with 
Ptx or transfer of 
MOG-specific cell 
lines

Mouse (C57BL/6, 
Biozzi ABH, SJL, 
B.IO PL)
Rat (Dark Agouti, 
Lewis)

Monophasic, 
chronic in C57BL/6 
mice.
Relapsing- 
remitting EAE in 
SJL mice.
*MOGi.2i can 
induce chronic
relapsing EAE in 
Biozzi ABH mice. 
*MOGi.i25 can 
induce chronic
relapsing EAE in 
Dark Agouti and 
Lewis rats.

Multifocal areas of 
inflammatory cell 
infiltration, 
demyelination in 
cervical spinal cord 
white matter.

MBP84-
104/immunodominant 
peptide in CFA with 
Ptx or transfer of 
MBP-specific cell 
lines

Mouse (C57BL/6, 
PU, SJL, B.IO PL) 
Rat (Dark Agouti, 
Lewis)

Monophasic, 
chronic. 
Relapsing- 
remitting in SJL 
mice and Lewis 
rats.

Severe 
inflammation 
particularly in 
lumbar regions of 
spinal cord, little 
demyelination.

PLPi39.i5i,PLPi78-
igi/immunodominant 
peptide in CFA

Mouse (SJL) Relapsing-
remitting

Inflammation in 
optic nerve, 
brainstem, spinal 
cord, cerebellum 
and cortex, 
followed by 
resolution of the 
inflammation with 
concurrent 
progression of 
white matter 
demyelination.

Table 1.1 The most common types of EAE



Demyelination in EAE usually occurs perivenously in the spinal cord and brain. 

Localisation of inflammatory lesions depends on which autoantigen is selected for 

induction of the disease. In MBP and PLP-mediated EAE, inflammation is predominant 

in lumbar regions, whereas in the MOG-mediated disease, inflammation is more 

clearly seen in the cervical region of the spinal cord (Sriram and Steiner, 2005).

EAE is certainly not a flawless model of MS. While a number of transgenic models 

facilitate the study of spontaneously developed EAE, most forms of EAE require active 

immunisation with CNS antigens in the presence of strong adjuvants. The 

immunostimulatory effects of such adjuvants are unlikely to occur under normal 

physiological conditions, even in infection. Furthermore, MS is an extremely 

heterogeneous disease, with patterns of demyelination and axonal degeneration 

varying widely from patient to patient. This is in stark contrast with the predictable 

and homogeneous disease course observed in an inbred mouse strain (Gold et al., 

2006). Despite the fact that EAE does not faithfully recapitulate all aspects of MS, it 

has been an invaluable tool in the understanding of CNS inflammation and the 

development of a number of therapies for MS (natalizumab, for example), it reflects 

the increased female susceptibility to MS, and is characterised by similar white and 

grey matter pathology to the human disease. The examination of a number of disease 

models should continue to provide new insights into CNS autoimmunity and prove 

instrumental in the ongoing development of new therapies (Steinman and Zamvil, 

2005).

1.3 The role of T cells in MS/EAE

1.3.1 Type 1T helper (Thl) cells

The development of EAE and MS is primarily dependent on the action of T cells 

positive for the cluster of differentiation 4 (CD4"^) immunophenotype. T helper cell 

differentiation is outlined in Figure. Induction of EAE preferentially promotes the 

activation of T cells that express major histocompatibility complex (MFIC) Class II, 

which can bind one or more myelin peptide-derived antigens. Within this grouping, it 

was originally thought that a further subtype, the T helper 1 (Thl) effector T cells were
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the primary effector T cells responsible for EAE pathology. This theory was supported 

by a number of observations. Adoptive transfer of myelin-specific Thl cells was 

sufficient to induce disease (Lovett-Racke et al., 2011). Interferon gamma (IFN-y), the 

primary Thl cytokine, was found to enhance disease severity when it underwent 

clinical trials as an MS treatment in the 1980s (Panitch et al., 1987). Thl differentiation 

requires interleukin-12 (IL-12), which is a heterodimer of p35 and p40, and mice 

deficient in IL-12p40 are resistant to EAE (Gran et al., 2002). However, this paradigm 

was challenged by the finding that both mice deficient in IFN-y and IL-12p35 were still 

susceptible to EAE (Ferber et al., 1996, Gran et al., 2002). The latter result was 

particularly surprising as both IL-12p35‘^' and IL-12p40'^‘ mice fail to produce the IL-12 

p70 heterodimer, and in both of these knockouts, differentiation of Thl cells during a 

primary immune response cannot occur (Becher et al., 2002). This apparent paradox 

was resolved by the discovery of IL-23, a heterodimer of pl9 and IL-12p40 (Oppmann 

et al., 2000).

1.3.2 Thl7 cells

The newly-discovered IL-23 was found to be vital for the differentiation of a distinct 

T cell subset, which could produce IL-17A, IL-17F and IL-6, as well as contribute to 

autoimmune inflammation. These Thl7 cells were found to surpass Thl cells in 

encephalitogenicity - PLP-specific draining lymph node (DLN) cells cultured with IL-23 

induced severe EAE, which was absent in mice that received the same number of 

antigen-specific DLN cells cultured with IL-12. Furthermore, IL-23pl9‘^ mice were 

resistant to EAE, in spite of the fact that these mice had an intact Thl response, as well 

as detectable Thl cells in the CNS (Langrish et al., 2005). Since their discovery, Thl7 

cells have also been found to play a role in the pathogenesis of a number of 

autoimmune diseases such as psoriasis (Lowes et al., 2008), rheumatoid arthritis (Shen 

et al., 2009) and of course, MS (Fletcher et al., 2009).

For almost a decade after their identification, the factor that was responsible for Thl7 

encephalitogenicity was debated. IL-17A seemed like a likely candidate, until the 

discovery that Thl7 cells, which produced abundant levels of IL-17A and IL-10 in 

response to stimulation with transforming growth factor beta (TGF-P) and IL-6, were



not pathogenic. The addition of anti-IL-10 to these cells did not restore pathogenicity, 

suggesting that IL-17A production is not sufficient to cause EAE (McGeachy et al., 

2007). A study by El-Behi and colleagues proposed that the elusive encephalitogenicity 

factor \was granulocyte macrophage colony-stimulating factor (GM-CSF), which is 

produced by Thl7 cells in response to IL-ip and IL-23. It had already been 

demonstrated that GM-CSF deficient mice were resistant to EAE (McQualter et al., 

2001) and that GM-CSF deficient CDA"^ T cells were incapable of transferring EAE to 

naive hosts, even in the presence of GM-CSF from other sources (Ponomarev et al., 

2007c). In this study, it was also shown that GM-CSF production by CD4^ T cells can 

induce IL-23 expression by APCs, resulting in maintenance of the Thl7 phenotype and 

amplification of the inflammatory response. Interestingly, Thl cells were also found to 

produce GM-CSF in response to IL-ip, however it is possible that as a large proportion 

of Thl cells in the CNS originated from Thl7 cells, that both the Thl7 and "ex-Thl7" 

cells are responsible for GM-CSF production and pathogenicity, with the classical Thl 

cells assuming a less important role (El-Behi et al., 2011a).

STATl
STAT4
T-bet

IL-12

• IFN-V

T naive

IL-4

* • IL-4

•• IL-5

IL-13

• • IL-17A

• • IL-17F 

GM-CSF

IL-10
RORa

IL-22

Figure 1.2 The differentiation of T helper cell subsets

Antigen-activated naive CD4*T cells (Tnaive) adopt distinct phenotypes as directed by cytokine 
cues within the local microenvironment and by transcription factors (in bold).
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1.3.3 CD8"Tcells

CD8^ T cells (also referred to as cytotoxic T-lymphocytes (CTLs)) recognise antigens 

presented on MHC class I, and kill the antigen-bearing cells through the perforin and 

Fas pathways (Mosmann et al., 1997). These cells have been identified in MS lesions, 

those that are myelin-reactive are present in higher numbers in MS patients 

(McFarland and Martin, 2007) and a model of EAE induced by adoptive transfer of 

CD8*T cells alone has been developed (Ji and Goverman, 2007).

1.3.4 v6T cells

Whereas the vast majority of T cells express a T cell receptor (TCR) made up of an ap 

heterodimer, a small subset express a yS TCR. These cells can act as an innate source 

of IFN-y and IL-17, thus providing the first line of defence against infection (Ribot et al., 

2010). Although the role of y6 T cells in EAE/MS is contentious, the majority of the 

data would suggest a pathogenic role for these cells, especially early in disease, yd T 

cells have been found in the CSF of recently-diagnosed MS patients (Burns et al., 

1995). v6 T cells have also been detected in the CNS of mice with EAE, and the 

proportion of these cells rose and fell with corresponding peaks and troughs in disease 

activity (Rajan et al., 1996). In agreement with this, EAE is less severe in a transgenic 

model which renders the yS TCR unresponsive (TCRd'^'). y6 T cell pathogenicity may be 

attributed to the fact that IL-17 from these cells can also augment further IL-17 

production by CD4"^ T cells (Sutton et al., 2009).

1.4 The role of integrins in T cell pathogenicity in MS/EAE

Under physiological conditions, the CNS is protected from the aberrant entry of large 

molecules and peripheral immune cells by the blood-brain barrier (BBB). This barrier 

has a number of unique features that contribute to its formidable integrity; (i) the CNS 

microvessels are continuous and unfenestrated, (ii), they are surrounded by 

endothelial cells which are connected by "tight junctions", (iii) the abluminal faces of 

these endothelial cells are protected by a "basement membrane, containing mural 

cells and pericytes and (iv) astrocytes extend processes called "end-feet" that in turn 

ensheath these cells (Daneman and Prat, 2015)
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However, in EAE and MS, the potency of the BBB is compromised. Specifically, the 

tight junction proteins claudin 1 and 3 are lost, with downregulation of laminin in the 

basal membrane (Abbott et al., 2006). An early event in both EAE and MS is the 

infiltration of peripheral leukocytes into the CNS compartment. Whether or not this is 

a cause or effect of BBB permeability is yet to be determined. Entry of peripheral 

leukocytes into the CNS is sequential; first the cells loosely tether to the endothelial 

cells which can then be activated and enhance their expression of cell adhesion 

molecules and chemokines. This in turn strengthens the association between the 

endothelial cells and leukocytes, which now undergo arrest and adhesion. The 

leukocytes can then extravasate in either a para- or trans-cellular manner (Sallusto et 

al., 2012).

1.4.1 VLA-4 (a4pi integrin)

The processes of arrest and adhesion have been of particular interest to those 

engaged in a search for promising therapeutic targets in MS. In a seminal paper 

published in the early 1990s, Yednock and colleagues described complete prevention 

of EAE in Lewis rats by the administration of an antibody against a4pi integrin (also 

known as very late antigen 4 or \/LA-4) (Yednock et al., 1992a). a4pi integrin is 

expressed on most leukocytes, including activated CD4* T cells. The ligand for a4pi 

integrin is vascular cell adhesion molecule-1 (VCAM-1), which is upregulated by 

activated endothelial cells. The signalling induced by interaction of VLA-4 with VCAM-1 

on endothelial cells is outlined in Figure 1.3. VLA-4 is a heterodimer, composed of 

CD49d (a4 integrin) and CD29 (pi integrin). The blockade of either subunit has proven 

effective in the reduction of EAE severity in a number of species, including mice, rats 

and guinea pigs. This is due to the fact that functional blocking of these molecules 

leads to instantaneous detachment of disease-causing intraluminally attached T cells, 

and this provides the scientific basis for the development of natalizumab (Engelhardt 

and Ransohoff, 2012).

12



mmmmmmmmimmt

mmmmmmmm
\

Rho

Leukocyte

Endothelial
mmmceii

Actin
re-organisation

Figure 1.3 Membrane topology and signalling of VCAM-1

VCAM-l expression is upregulated on activated endothelial cells. Binding with VLA-4 on 

leukocytes triggers downstream signalling which culminates in actin reorganisation, allowing 

for leukocyte transmigration.

1.4.2 LFA-1 (aLp2 integrin)

Another adhesion protein implicated in the pathogeneses of both MS and EAE is aLp2 

integrin, also known as lymphocyte function-associated antigen 1 (LFA-1). LFA-1 is a 

heterodimer, composed of CDlla (aL integrin) and CD18 (P2 integrin). LFA-1 binds to 

intercellular adhesion molecule-1 (ICAM-1) on endothelial cells, and high 

immunoreactivity for both of these molecules has been reported in MS brain tissue, 

particularly in chronic active lesions (Cannella and Raine, 1995).

Interference with LFA-1 in EAE has yielded conflicting results. In one study, it was 

reported that actively-induced EAE was reduced in CDlla'^' mice. Interestingly, while 

transfer of MOG specific cells from CDllamice to WT mice resulted in a similar 

reduction in disease severity was reported with active induction, transfer of WT cells 

to CDlla'^' mice resulted in more pronounced disability (Dugger et al., 2009). A 

possible explanation for this anomaly was provided by a study the following year in 

which the authors demonstrated that these knockout mice have a deficit in thymic
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regulatory T (Treg) cell generation. Thus, the enhanced disease in the CDlla'^' mice 

may thus be due to enhanced expansion and activation of encephalitogenic cells in the 

absence of a full Treg cell cohort (Giiltner et al., 2010).

More recently it has been proposed that encephalitogenic Thl7 cells preferentially 

require LFA-1 to enter the spinal cord parenchyma, unlike Thl cells, which have been 

conclusively proven to depend upon VLA-4 for this process. In a4 integrin-deficient 

mice, Thl7 cells can enter supraspinal regions of the CNS and cause an "atypical" 

ataxic syndrome. The treatment of these mice with anti-CDlla completely abolished 

Thl7 cells entry into the CNS and reversed clinical symptoms (Rothhammer et al., 

2011).

1.5 Natural killer Cells

Natural killer (NK) cells were identified in 1975 as a subset of lymphoid cells that were 

cytolytically reactive towards allogeneic and syngeneic tumour cells (Kiessling et al., 

1975, Herberman et al., 1975). They were identified as lymphocytes on the basis of 

their morphology and presence of lymphoid markers. The speculation that they were a 

subpopulation of T cells was abandoned when it was discovered that they did not 

express T cell antigen receptors or the CDS complex. NK cells were henceforth 

regarded as effector cells of the innate immune system. However, recent evidence has 

suggested that NK cells are in fact endowed with a certain degree of immunological 

adaptivity and have a type of antigen-specific memory (Vivier et al., 2011).

1.5.1 NK cell maturation

Despite the wealth of knowledge in the literature regarding NK cell function, the 

sequence of events leading to NK cell maturation has not yet been wholly defined, 

however, the basic mechanism seems to be largely conserved between rodents and 

primates. First, the haematopoietic stem cell (HSC) becomes committed to the 

lymphoid versus the myeloid lineage, forming a common lymphoid progenitor (CLP). 

This cell can give rise to T cells, B cells, dendritic cells (DCs) and NK cells. The first step 

in the generation of NK cells appears to be related to the acquisition of the IL-15 

receptor complex, which is comprised of the IL-15 receptor a (IL-15Ra), IL-2R3 (CD122)
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and IL-2 receptor common y (IL-2Rvc) chains which allow the NK precursor (NKP) cell 

to become responsive to IL-15. IL-15 is required for subsequent NK cell development 

and survival (Kim et al., 2002). In the mouse, these cells can progress to the immature 

NK cell (INK) stage, which is characterised by the acquisition of NKl.l and activating 

receptor NKG2D expression. A fully functional, mature NK cell gains cell surface 

expression of receptors of the Ly49 family, which recognise major histocompatibility 

complex I (MHCI) proteins and are similar to the killer cell immunoglobulin-like 

receptors (KIRs) in humans. Mature NK cells also express members of the DX5 family, 

such as CD49b, the a2 subunit of VLA-2 (Fathman et al., 2011).

Human NK precursors become immature NK cells with the acquisition of CD161, which 

is the human equivalent of the murine NKl.l marker. However, progression to a fully 

mature state differs between mice and humans, due to the existence of two distinct 

subsets of human NK cells, the separation of which is based on degrees of expression 

of CD16 and CD56 (Caligiuri, 2008). These were first identified in the early 1980s 

(Lanier et al., 1983) and have since been well characterised. CD16'^CD56‘^™ cells are 

considered to be the more "mature" cell, and the remainder are the immature CD16 

0056^”^'®^' subset. Both cell types express the activating receptor NKp46, but CD56'*™ 

cells are considered the more mature cell type by virtue of their expression of KIRs, 

which are absent on the CD56^'^'®^' subset. They also differ in their expression of the 

inhibitory receptor CD94/NKG2A, which is more highly expressed on cells

(Polietal., 2009).

Recent evidence suggests that the bone marrow is the primary site of NK cell 

development and maturation in mice (Fathman et al., 2011). However, a small 

population of CD127-expressing NK cells have been found to develop in the thymus, 

and a population of immature NK cells also reside in the liver (Sun and Lanier, 2011). It 

is also likely that NK cell development does not occur solely in the bone marrow in 

humans. The first challenge to this simple paradigm was the discovery of a population 

of 0056*^'^'®'^* cells in the lymph nodes and tonsils (Caligiuri, 2008). It is still unclear 

whether or not these populations are distinct NK cell lineages in mouse and human, or 

are merely less mature cells that originated in the bone marrow and migrated to these 

sites early in development.
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1.5.2 NKcell distribution

NK cells are widely distributed in mammals in both lymphoid and non-lymphoid 

organs, although whether this is due to their recirculation or their development in situ 

is not yet clear. The following murine organs have appreciable NK cell populations, 

ordered according to NK cell population size: spleen > lung > bone marrow > 

peripheral blood mononuclear cells (PBMCs) > lymph nodes > liver > thymus (Gregoire 

et al., 2007). There is also some evidence to suggest the presence of NK cells in healthy 

epithelial tissue such as the skin in humans (Ebert et al., 2006) and the gut in mice 

(Reynders et al., 2011). NK cells have also been detected in the uterus during 

pregnancy in both humans and mice. They can develop in situ or migrate from the 

periphery to the decidua (uterine lining during gestation) in response to trophoblast 

chemokine secretion. Their role in the uterus is unclear, although it has been 

suggested that they may contribute to vascular modifications during pregnancy (Shi et 

al., 2011a).

1.5.3 NK cell function

NK cells in both rodents and primates display a striking functional heterogeneity, 

reflected by differential expression of inhibitory receptors across the NK cell 

population (Colucci et al., 2002). CD16"^CD56'°"cells contain more intracellular perforin 

and are more efficient cytotoxic cells, whereas the CD16 CD56'^'®^ subset produce 

greater amounts and a wider variety of cytokines, however they can also become 

cytotoxic after prolonged stimulation (Strowig et al., 2008). The most common NK cell- 

produced cytokines are IFN-y, tumour necrosis factor alpha (TNF-a), GM-CSF, IL-13 and 

IL-10 (Fluntington et al., 2007).

NK cells can rapidly mobilise and migrate to the site of infection or trauma. For 

example, these cells have been shown to migrate in large numbers to the synovial fluid 

surrounding the damaged joint in human patients with rheumatoid arthritis and in 

mice with collagen-induced arthritis, where they are thought to exacerbate the 

inflammatory status of the site (Soderstrdm et al., 2010).
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NK cells, as well as being competent cytokine producers, also express a large array of 

cytokine receptors on their cell surface. IL-2 enhances the proliferation and 

cytotoxicity of NK cells in vitro and in vivo, and can also enhance responsiveness to IL- 

12 by (i) upregulating cell surface expression of the IL-12 receptor and (ii) enhancing 

IL-12-mediated IFN-y production (Wang et al., 2000). The cytokines TNF-a, 11-1(3, IL-15 

and IL-18 (previously referred to as interferon-y-inducing factor or IGIF) can also 

synergise with IL-12 to enhance IFN-y production which is crucial in modulating the 

adaptive immune response to viral invasion and other insults (Biron et al., 1999).

The direct cytolytic activity of NK cells is mediated by perforin, a protein which induces 

the formation of pores in the target cell, an action which ultimately results in 

apoptosis of that cell. After the formation of an immune synapse, NK cell secretory 

granules migrate to the point of contact with the target cell, fuse with the NK cell 

membrane, and release their contents into the synapse (Stinchcombe and Griffiths, 

2007). The potential for self-destruction is tightly controlled by a tolerance mechanism 

mediated by inhibitory receptors for major histocompatibility complex (MHC) class 1 

molecules, which are present on healthy cells (Figure 1.4). NK cells express a suite of 

such inhibitory receptors. The NKG2A/CD94 receptor is conserved in rodents and 

primates. This heterodimeric receptor recognises HLA-E in humans and the murine 

homologue QAl*’. The Ly49 family of receptors, expressed only in mice, recognise 

polymorphic epitopes on H-2D and H-2K class 1 molecules. The killer cell 

immunoglobulin-like receptors (KIR, also collectively known as CD158), expressed only 

in primates, recognize polymorphic epitopes on human leukocyte antigen classes HLA- 

A, HLA-B, and HLA-C (Ravetch and Lanier, 2000). Infected cells or tumour cells lose 

expression of MHCI and this loss of self (along with potential cell-surface expression of 

viral haemagglutinin (HA) which ligates with an activating receptor in the example of a 

virally infected cell) leads to NK cell activation and targeted cell killing (Figure 1.5 (A) 

and (B)). The activating NKp46 receptor is expressed in both primates and rodents 

(Kim et al., 2005).
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Figure 1.4 NK cell tolerance

Healthy cells express self antigens through MHC I, which ligate with the inhibitory receptor 
CD94/NK62A on the surface of the NK cell. This leads to tolerance.

PfRFORiN ANDGRANZYMES

B

Figure 1.5 NK cell killing

In the case of viral infection, the host cell loses self antigen expression. This lack of binding to 
the NK cell inhibitory receptor, coupled with the ligation of viral HA with the NK cell activating 
receptor, NKP46 results in a loss of tolerance, activation of the NK cell, release of lytic granules 
and subsequently death of the target cell.
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1.6 The role of NK cells in EAE/MS

One of the first observations that NK cells might be implicated in the pathogenesis of 

MS was made by Benczur and colleagues in the late 1970s, who found that the 

cytolytic activity, reactivity to interferon and viral infection (as replicated with Poly l:C 

stimulation) of NK cells taken from MS patients was greatly reduced relative to healthy 

age-matched controls. This was particularly evident in the male subjects with 

progressive, rather than relapsing, disease (Benczur et al., 1980). The advent and 

widespread use of flow cytometry allowed further characterisation of this apparent 

MS-related NK cell deficit, and it was later found that the number of circulating NK 

cells was in fact lower in active relapsing MS patients than controls (Munschauer et al., 

1995). Subsequent studies elaborated on this finding, discovering that this reduction 

in NK cell number and functional activity seemed to reflect increased susceptibility to 

the formation of active lesions and clinical attack or relapse (Kastrukoff et al., 1998, 

Kastrukoff et al., 2003).

The general consensus in the literature to date is that the role of NK cells in MS is a 

protective one, and that NK cell killing activity dampens autoimmunity. Recently, the 

focus has shifted to the immature CD56^'®^ subset, as it has been found that a number 

of disease modifying therapies, like IFN-(3 and natalizumab, as well as those currently 

in clinical trials, such as daclizumab and alemtuzumab, can elicit an expansion of this 

subset of NK cells in the peripheral blood (Chanvillard et al., 2013). Interestingly, this 

population of NK cells is the predominant one in the cerebrospinal fluid (CSF) of 

patients with neuroinflammatory disorders, including MS (Hamann et al., 2013).

The specific targets of CD56^'®^ immunoregulatory NK cells have recently been 

identified. Nielsen and colleagues recently demonstrated that both CD56'^'®^ NK cells 

kill activated, but not resting, autologous CD4^ T cells by inducing apoptosis through 

degranulation (Nielsen et al., 2012). More specifically, these cells seem to 

preferentially transfer the less well-known Granzyme K, which causes mitochondrial 

dysfunction and subsequent, caspase-independent apoptosis in activated T cells (Jiang 

etal., 2011).
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The role of NK cells in the pathogenesis of EAE is considerably more controversial. 

There are two dominant schools of thought regarding the role of NK cells in EAE. One 

is that NK cells are inherently protective in the disease state, and modulate the 

magnitude of autoimmunity through direct cytolytic activity against encephalitogenic T 

cells (Xu et al., 2005). A potential mechanism may involve CD94-NKG2A inhibitory 

receptors expressed by NK cells interacting with MHC molecule Qa-l-Qdm on 

activated T cells; disruption of the inhibitory Qa-1-NKG2A interaction may allow NK 

cell-dependent elimination of activated autoreactive cells (Lu et al., 2007b). A more 

recent study has demonstrated that NK cells may also kill aberrantly-activated 

microglia through this CD94-NKG2A: Qa-l-Qdm interaction (Hao et al., 2010b). It has 

been suggested that antibody-mediated targeting of this interaction may prove 

clinically useful; anti-NKG2A treatment was shown to diminish progression of both 

actively induced and adoptively-transferred EAE progression by skewing the 

proportion of IL-17 and IFN-y producing CD4^ T cells toward the more protective IL-4 

and IL-lO-secreting CD4"^ subpopulations (Leavenworth et al., 2010b). The other school 

of thought suggests that NK cells promote EAE by secreting IFN-y, thus directing 

differentiation of naive CDA'^T cells and Thl polarisation (Tian et al., 2012).

Considering the relative ease with which NK cells can be depleted from mice, thus 

offering indirect insight into the role they may play in EAE, there is still huge variation 

in the reported outcomes of depletion experiments. These are outlined in Table 1.2. 

The two antibodies most commonly used in the depletion of NK cells are anti-NKl.l 

and anti-asialo GMl. Administration of the monoclonal anti-NKl.l in vivo induces 

apoptosis in NK 1.1-expressing cells (NK and NKT cells) (Asea and Stein-Streilein, 1998). 

This alloantigen is not expressed in certain mouse strains, like the BALB/C or SJL strain 

and so is most commonly used in C57BL/6 mouse models. Asialo GMl is the more 

concise name for asialo ganglio-N-tetraosylceramide, which is a glycolipid, similar in 

structure to a ganglioside, but without a sialic acid group. Asialo GMl is expressed on 

murine, human, bovine and hamster NK cells (Naiki et al., 1974) and administration of 

the polyclonal antibody anti-asialo GMl causes complement-dependent lysis of these 

cells (Shimada and Iwata, 1987).
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Reference Antibody Administration Effect

(Zhang et al., 1997b) Anti-NKl.l -Id PI Increase in MOG-induced 
EAE in C57BL/6 mice

(Hao et al., 2010b) Anti-NKl.l -2 d PI, every 5d 
thereafter

Increase in MOG-induced 
EAE in C57BL/6 mice

(Xu et al., 2005) Anti-NKl.l -Id, 14d PI Increase in PLP-induced
EAE in SJL mice

(Winkler-Pickett et al., 
2008)

Anti-NKl.l -3d to-Id PI Decrease in MOG-induced 
EAE in C57BL/6 mice

(Shi et al., 2000) Anti-NKl.l -2 d PI, every 5d 
thereafter

Decrease in MOG-induced 
EAE in C57BL/6 mice

(Matsumoto et al., 
1998b)

Anti-asialo
GMl

-7, -3, 0, 7, 14d 
PI

Increase in MBP-induced
EAE in Lewis rats

(Winkler-Pickett et al., 
2008)

Anti-asialo
GMl

-3d to-Id PI Decrease in MOG-induced 
EAE in C57BL/6 mice

Table 1.2 Reported effects of NK cell depletion in EAE

The discrepancies regarding the reported effect of NK cell depletion on EAE in the 

literature are most likely due to a difference in the administration regimen, species as 

well as differing EAE induction and clinical score regimes. Anti NKl.l-mediated 

depletion is effective for up to 7 days (Carroll et al., 2001) after that the efficacy may
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begin to wane, confounding the interpretation of some of the results. Similarly, 

according to the guidelines provided by Wako Chemicals, the distributor of the anti- 

asialo GMl antibody used in these studies, one should expect a "gradual dimunition" 4 

days after the initial injection. As such, these data should be viewed in light of such 

facts and interpreted carefully. The role of NK cells in the pathogenesis of EAE still 

remains elusive despite almost two decades of research.

1.7 An introduction to IFN-y

The interferons (IFNs) were originally identified as molecules that could inhibit viral 

replication (Isaacs and Lindenmann, 1957). Where once they were characterised 

according to the secretory cell type, now they are classified according to structure and 

receptor specificity. The type 1 IFNs (IFN-a, IFN-p, IFN-oj and IFN-i) and bind to a 

heterodimeric receptor comprised of IFNARl and IFNAR2 chains. IFN-y on the other 

hand, is the only type 2 IFN and binds to the IFN-y receptor (IFNGR) which is made up 

of two ligand-binding IFNGRl chains and two signal-transducing IFNGR2 chains (Pestka 

et al., 2004). Type 1 and 2 IFN signalling is outlined in Figure 1.6. IFN-y is produced by a 

host of immune cell types, including Thl cells, CDS"^ cytotoxic T cells, NK cells, NKT cells 

and some professional antigen presenting cells (APCs), like macrophages and dendritic 

cells. The production of IFN-y is induced by exposure of these cells to cytokines 

produced by APCs, IL-12 and IL-18 in particular. When IFN-y binds to its receptor, the 

Janus kinase/ signal transducer and activator of transcription (JAK/STAT) signalling 

pathway is initiated, with eventual activation of the transcription factor STATl, and 

transcription of immune effector genes (Schroder et al., 2004).

IFN-y signalling is immunostimulatory. Not only can it enhance antigen presenting 

capacity and thus 004"^ T cell activation by upregulating expression of MFIC I and II in 

APCs, it can also act upon naive CD4^ cells themselves, influencing Thl differentiation 

(Boehm et al., 1997). IFN-y as well as certain Toll-like receptor (TLR) agonists are 

capable of inducing classically-activated, Ml-type macrophages and microglia 

(discussed in Section 1.13.1). The ability of IFN-y to orchestrate such an array of 

cellular programs means has made it a subject of intense research in the field of 

inflammatory disease. Of particular interest in this context is its role in MS and EAE.
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Figure 1.6 Signalling induced by ligation of Type 1 and Type 2 interferons with their 

cognate receptors

Binding IFN-a with its receptor (composed of IFNARl and IFNAR2 subunits), leads to 
activation of JAKl and TYK2 recruitment and phosphorylation of STATl and STAT2. STATl and 
STAT2 form a heterodimer, to which IRF9 binds, and which translocates o the nucleus and 
induces transcription of Type 1 IFN-stimulated genes. Binding of IFN-y with its receptor 
(composed of IFNGRl and IFNGR2 subunits) leads to activation of JAKl and JAK2, recruitment 
and phosphorylation of STAT 1, which forms a homodimer and translocates to the nucleus and 
induces transcription of IFN-y-responsive genes.
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1.8 The role of IFN-y in MS/EAE

The role of IFN-y in both MS and EAE is controversial, and it is still unclear whether it is 

pathogenic or protective in either disease state (Arellano et al., 2015). As IFN-p was 

found to have a beneficial therapeutic effect in the treatment of MS, and there were 

some reports of a deficient IFN-y production in patients affected by the disease 

(Neighbour et al., 1981), administration of the cytokine as a therapy for MS underwent 

clinical trials in the mid-1980s. This treatment caused a significant increase in clinical 

severity in these patients, with enhanced MHC II expression in circulating monocytes, 

proliferation in peripheral blood leukocytes and augmented NK cell activity (Panitch et 

al., 1987). Microarray analysis of MS lesions revealed increased transcription of a 

number of genes that code for pro-inflammatory cytokines, notably IL-6, IL-17 and IFN- 

y (Lock et al., 2002).

In the relapsing-remitting EAE model, transgenic expression of IFN-y in murine 

oligodendrocytes prevented remission and resulted in chronic demyelination (Renno 

et al., 1998). However, the discovery that EAE could occur in the absence of IFN-y 

(Ferber et al., 1996) or the IFNGR (Willenborg et al., 1996), suggested that while this 

cytokine certainly plays a role in the pathogenesis of EAE, it is not essential. In 

agreement with these studies, it was reported that administration of a neutralising 

antibody against IFN-y exacerbated EAE (Billiau et al., 1988).

1.9 An introduction to IL-4

IL-4 is a pleiotropic cytokine with a diverse array of effects on the immune response. 

IL-4 is produced by activated T cells, eosinophils and basophils, and shares many 

features with IL-13, namely sequence homology, cell surface receptors and signalling 

induced by receptor binding (Mueller et al., 2002). IL-4 receptor (IL-4R) complexes 

themselves lack intrinsic kinase activity, but dimerisation of the receptor complexes 

following ligand binding leads to activation of the JAKs and eventual tyrosine 

phosporylation of STAT-6 (Mikita et al., 1996). An outline of the signalling cascade can 

be seen in Figure 1.7. IL-4 signalling is perhaps most well known for its vital role in 

regulating Th2 differentiation (Swain et al., 1990) which is instrumental in the 

orchestration of an immune response to allergy and parasitic infection (Yazdanbakhsh

24



et al., 2002) and also in inducing the "alternative" or "M2" activation state in 

macrophages (Gordon, 2003) and microglia (Ponomarev et al., 2007a). A reciprocal 

inhibition can occur between the archetypal Thl cytokine IFN-y and the IL-4, the 

primary Th2 cytokine whereby IL-4 can inhibit Thl cells and IFN-y can inhibit Th2 cells 

(Maggi et al., 1992). This antagonism also occurs within the Ml/classical and 

M2/alternative states, which is discussed in detail in Sections and 1.13.1 and 1.13.2.

Type 1 
IL-4R

IL-4

vc
mm

Type 2
IL-4R IL-4/13

Survival and 
proliferation

Induction of 
IL-4-responsive genes

Nucleus

Figure 1.7 IL-4 signalling

The Type 1 IL-4 receptor is composed of the common yC and the IL-4Ra subunits, and the Type 
2 IL-4 receptor is composed of the IL-4Ra and the IL-13Ra subunits. The Type 1IL-4R mediates 
its effects through JAKl and JAK2, while the Type 2 IL-4R associates with TYK2 and JAKl. On 
both cases, ligation of the receptor leads to phosphorylation of STAT6, which forms a 
homodimer and translocates to the nucleus where it induces gene transcription. Binding of IL- 
4 to the Type 1 receptor also induces activation of the PI3K/AKT pathway which is important in 
the regulation of the cell cycle.
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1.10 The role of IL-4 in EAE/MS

The literature concerning a direct role for IL-4 in modulating neuroinflammation is 

sparse; however, on the whole, it seems that IL-4 may be protective in MS and EAE 

(Singh et al., 1999). It has been reported that administration of the MS-modifying 

therapy GA enhanced serum levels of IL-4 in patients (Oreja-Guevara et al., 2012). 

Circulating numbers of a T cell subset that co-express surface B7-1 and intracellular IL- 

4 were also found to be decreased in MS patients (Kipp et al., 2000).

The data on the role of IL-4 in EAE, while similarly scant, are certainly more convincing. 

Firstly, IL-4-deficient C57BL/6 mice exhibit significantly enhanced EAE scores. This 

exacerbation is associated with an increase in perivascular inflammation, 

demyelination and mRNA expression of IFN-y, IL-1 and TNF-a (Falcone et al., 1998). 

This was further investigated in a study in which chimera mice were generated by 

transplanting WT bone marrow into IL-4^ mice. The IL-4 deficiency was thus CNS- 

specific and induction of EAE in these mice, in agreement with the previous study, was 

more severe than WT chimeras, with an earlier onset. On analysis of the IL-4-deficient 

CNS, this enhancement in EAE severity corresponded with an increase in infiltrating 

peripheral lymphocytes and macrophages (Ponomarev et al., 2007a).

Consistent with these studies was the observation that administration of IL-4 for 5 

days before immunisation of Lewis rats with MBP significantly reduced EAE clinical 

scores (Der Meide, 1999), as did IL-4 administration following transfer of MBP-specific 

lymph node cells to these animals (Racke et al., 1994). Furthermore, incubation of 

PLP-stimulated spleen cells with IL-4 failed to transfer EAE to SJL/J mice (Young et al., 

2000). Taken together these data suggest that IL-4 is protective in CNS autoimmunity, 

although the principal cellular source of this cytokine, as well as the mechanism 

underlying this protection, have yet to be determined.
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1.11 Microglia

"By reason of its difference in characteristics and origin from nerve cells (first element) 

and neuroglia (second element), the microglia constitute the true "third element" of 

the CNS".

Pio del Rio-Hortega, 1932 (Rezaie and Male, 2002)

Microglia are a class of CNS-resident mononuclear phagocytes which were named and 

characterised by Pio del Rio-Hortega in 1932. Microglia account for 10 to 15% of all 

glial cells, and despite ontogenic distinction, are often referred to as the "tissue 

specific macrophages of the CNS" (Nayak et al., 2014). The origin of microglia has 

been a subject of debate for decades. It has been agreed that microglia are of 

mesodermal origin, unlike neurons, oligodendrocytes and astrocytes, all of which 

originate in the neuroectoderm. Whereas macrophages are derived from "classic" 

haematopoietic stem cells that persist in the bone marrow and reach their eventual 

destination through the bloodstream, microglial precursors infiltrate the future brain 

from the yolk sac very early in embryonic development (before embryonic day 8 in the 

mouse) (Ginhoux et al., 2010). However, until recently, microglial ancestry was not 

completely defined. A recent study, using transgenic mice, has suggested that the 

elusive microglial progenitor is in fact an erythromyeloid precursor that exists solely in 

the embryo and whose developmental fate is restricted to macrophages and 

erythrocyte lineages. One the other hand, the haematopoetic stem cells from which 

most tissue macrophages (including perivascular brain macrophages) arise are 

multipotent and located in the bone marrow (Kierdorf et al., 2013).

1.12 Macrophages

Macrophages are highly plastic, phagocytic cells of the innate immune system which 

are found in all tissues and display striking functional diversity (Wynn et al., 2013). The 

discovery of these cells is credited to the Russian zoologist Ilya Mechnikov (commonly 

anglicised to Elie Metchnikoff). In the early 1880s, he made an observation that the 

insertion of thorns into starfish larvae induced recruitment of phagocytic cells from
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the haemolymph to the site of entry. He published these findings in 1883 in a journal 

edited by Carl Claus, who coined the term "phagocytosis" the following year. 

Metchnikoff won a Nobel Prize for this work in 1908 (Cavaillon, 2011).

Recent work has contributed to the hitherto incomplete understanding of macrophage 

origin and homeostasis. Until recently, the widely-accepted dogma, advocated by van 

Furth's mononuclear phagocyte system (1968), was that tissue macrophage numbers 

are constantly replenished from blood monocytes. While under certain conditions, 

such as inflammation, and in certain tissues, like the skin and gut, monocytes can in 

fact contribute to the tissue-resident macrophage pool, they can self-renew in many 

tissues in the adult mammal under steady-state conditions. This suggests that these 

cells may have a different ontogeny, and indeed recent studies have shown that many 

tissue macrophages (with the above exceptions) arise from an embryonic progenitor 

which seeds developing tissue prenatally. Unlike bone marrow-derived macrophages, 

which enter a monocytic intermediate stage during differentiation, these cells use an 

entirely different pathway to become mature macrophages in embryonic tissue. 

However, even within the macrophage populations of embryonic origin there is some 

ontogenic distinction; microglia arise from the yolk sac, whereas it is believed that 

Langerhans cells arise from the foetal liver. It has been suggested that most other 

macrophages of embryonic origin are derived from the foetal liver with some small 

contribution from the yolk sac (Ginhoux and Jung, 2014).

Macrophages engage in a diverse array of functions, not all of which are immune- 

related. Macrophages are extremely competent phagocytes, and exploit this ability 

not only in the removal of pathogens, but also in the clearance of cellular debris, 

apoptotic cells, as well as approximately 10^^ erythrocytes/day. A suite of receptors on 

their cell surface, such as scavenger, phosphatidylserine, thrombospondin, integrin 

and complement receptors mediate these crucial homeostatic mechanisms (Mosser 

and Edwards, 2008).
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1.13 Activation States

Microglia and macrophages, while ontogenically distinct, share a number of functional 

characteristics; they are both competent phagocytes and both can adopt 

phenotypically distinct "activation states" in response to their particular 

microenvironment. Recent evidence suggests that macrophages and microglia exhibit 

a spectrum of activation, and the extremes of this spectrum are broadly outlined in 

Figure 1.8.
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Figure 1.8 An outline of the Ml and M2 activation states in microglia and 
macrophages

Microglia and macrophages can adopt phenotypically distinct activation states in response to 
their microenvironment. In response to exposure to IFN-y or LPS, cells can adopt the pro- 
inflammatory Ml or classical activation state which is required for pathogen elimination. In 
contrast, stimulation with the anti-inflammatory cytokines IL-4 or IL-13 induces the M2 or 
alternative activation state which is associated with wound healing and repair.
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1.13.1 Classical/ Ml Activation

Microglia and macrophages have a number of cell surface pattern recognition 

receptors (PRRs) which recognise pathogen-associated molecular patterns (PAMPs) 

and danger-associated molecular patterns (DAMPs), which activate the cells to initiate 

a defensive response, which usually takes the form of the Ml or classical activation 

state. IFN-y and lipopolysaccharide (IPS), a component of Gram negative bacteria and 

a TLR4 agonist, can induce this activation state. This state is characterised by the 

production of pro-inflammatory cytokines such TNF-a, IL-ip, IL-6 and IL-12 as well as 

upregulation of the production of nitric oxide (NO) (as evidenced by the transcriptional 

upregulation of the inducible nitric oxide synthase gene (NOS2)), and the upregulation 

of the cell surface expression of MHC II (Colton, 2009) (Murray et al., 2014). This 

cytotoxic phenotype is instrumental in the destruction of the offending agent, 

however its dysregulation can be damaging to neurons and aberrant microglial 

activation has been implicated to some degree in a number of neurodegenerative 

conditions, such as Alzheimer's disease (AD), Parkinson's disease (PD) and MS (Block 

and Hong, 2005). Macrophages that reside in, or infiltrate the CNS and undergo the 

switch to Ml can also contribute to the damage that occurs in neurodegeneration 

(Amor et al., 2010). In the periphery, macrophage activation syndrome, a complication 

of paediatric rheumatic diseases such as systemic juvenile idiopathic arthritis and 

systemic Juvenile lupus erythematosus can prove fatal (Bennett et al., 2012).

1.13.2 Alternative/ M2 activation

In the early 1990s, Siamon Gordon and colleagues identified a macrophage phenotype 

induced by exposure to the Th2-type cytokines IL-4 and IL-13 that was distinct from 

the classically activated state (Stein et al., 1992). Later TGF-P and IL-10 were identified 

as two further induction agents for this "alternative" activation state that antagonised 

the classical state by engaging in processes required for parasitic containment, 

resolution of inflammation and tissue repair. Unsurprisingly, microglia can also adopt 

this phenotype, however in this case, the anti-inflammatory cytokines responsible for 

the induction of this "M2" state come not from Th2 cells as in the periphery, but 

primarily from other microglia, astrocytes and even neurons (Colton, 2009). Like the
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classical activation state, the alternative activation state has a number of defining 

markers. One is the upregulation of arginase (ARGl), an enzyme that competes with 

the archetypal Ml enzyme iNOS for substrate, namely L-arginine. Whereas iNOS 

converts L-arginine to L-hydroxyarginine which can be further broken down to yield 

destructive NO free radicals, ARGl converts it to L-ornithine which can give rise to 

polyamines and proline, involved in cell proliferation and collagen production 

respectively. Alternative activation is also associated with alterations in the pattern of 

expression of cell membrane receptors involved in both phagocytosis and trafficking to 

the membrane. One such receptor is the mannose receptor (MRCl), which is involved 

in the uptake of a number of mannosylated glycoproteins and particulates (Varin and 

Gordon, 2009). Two other commonly cited markers of the alternative activation state 

are found in inflammatory zone 1 (FIZZl) and chitinase 3-like 3 (CHI3I3). Although both 

markers are induced by IL-4 and IL-13, their roles in the alternative response are not 

well known. FIZZl (also known as resistin-like molecule alpha (RELM-a)) has recently 

been implicated in a model of murine pulmonary fibrosis, and has exhibited 

chemoattractive activity toward bone marrow derived cells (Liu et al., 2014). CHI3L3 

(also called YMl) is a catalytically inactive member of the mammalian chitinase family 

and has been recently shown to be an important regulator of Thl7 responses to 

helminth infection. Overexpression of this protein in the lungs increased IL-17 

production and neutrophil recruitment, thus controlling local anti-worm immunity 

(Sutherland et al., 2014).

It is thought that the M2 state can be further subdivided into a number of related 

phenotypes although there is a lack of consensus on the exact categorisation of these 

subtypes. It is almost universally accepted however, that on exposure to factors such 

as TGF-p or IL-10 that microglia and macrophages begin to wind down their classical 

inflammatory phenotype and return to their original "monitoring state". This 

phenomenon is often referred to as "acquired deactivation" (Saijo and Glass, 2011). A 

question that still remains unanswered is which factors act as the molecular switch 

between the activation states, and until this is addressed, modulation of 

microglial/macrophage activation as a therapy for (neuro)inflammation will be 

impracticable.
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1.13.3 Activation-induced changes in cellular morphology

Microglia in a "monitoring state" (the term "resting state" is misleading as microglia by 

their very nature are never really at rest), adopt a ramified morphology, maintain 

homeostasis and engage in immunosurveillance as their processes sample their 

surroundings. Pio del Rio-Hortega's original drawings show that microglia abandon this 

branched morphology when activated and adopt a more rounded, amoeboid shape. 

The simple paradigm that microglial activation state can be determined based on 

morphology is probably untrue; it is likely that a number of intermediate, transitional 

states also exist that share morphological and phenotypic features with other states 

(Lynch, 2009). Although traditionally the morphological change with activation was 

associated with microglia rather than macrophages, recent work has shown that they 

also alter their shape in response to activating stimuli in vitro - they become more 

round with IFN-y and LPS treatment and more elongated with IL-4 and IL-13 treatment 

(McWhorter et al., 2013)

1.14 The role of microglia in EAE/MS

Aberrant microglial activation is observed in the CNS in both MS and EAE. Clusters of 

microglia, referred to in the literature as "microglial nodules" appear in the normal

appearing white matter (NAWM) very early in MS lesion development, even before 

the observation of demyelination, astrogliosis and demyelination (van Horssen et al., 

2012).

Microglia begin to proliferate and become activated before the onset of clinical signs 

in EAE (Ponomarev et al., 2005). These cells upregulate the cell surface markers 

MHC II, CD40, and CD86 at this time, and at the second stage of disease activation, a 

further upregulation in these markers occurs, with a reduction in proliferation. CD40 

seems to play a key role in the ability of activated microglia to exert their detrimental 

effects in EAE, as CD40-deficient microglia were shown to be unable to reach a level of 

full activation, and this was associated with a reduction in myelin-specific T cell 

expansion, as a well as a reduction in leukocyte infiltration into the CNS. This microglial
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CD40 deficiency resulted in an improvement in clinical symptoms. (Ponomarev et al., 

2006).

It is thought that "priming" of microglia occurs in MS and EAE, a preconditioning event 

where a disease-causing stimulus "primes" microglia, with a second stimulus 

provoking over-activation and thus a more severe response. Recent evidence suggests 

the priming mechanism may be complement component 3 (C3)-dependent (Ramaglia 

et al., 2012). Selective inhibition of microglial release of nitrite, pro-inflammatory 

cytokines and chemokines has been shown to both ameliorate the disease and limit 

axonal and myelin damage in EAE (Heppner et al., 2005). Dipyridamole, a drug which 

has been shown to attenuate LPS-induced increase in TNF-a production in adult 

human microglia, as well as preventing the switch to an amoeboid morphology was 

effective in significantly reducing clinical signs in EAE. This amelioration was associated 

with reduced immunoreactivity for ionized calcium binding adaptor molecule 1 (lba-1), 

indicative of a decline in microglial activation (Sloka et al., 2013).

Microglia act as antigen presenting cells (APCs) as well as mediating CNS damage 

through the production of pro-inflammatory cytokines such as TNF-a and cytotoxic 

factors such as NO (Benveniste, 1997). Recent work suggests that microglial activation 

is necessary for EAE onset, whereas infiltration of peripheral monocytes correlates 

with progression to the paralytic stage of the disease, without contributing to the 

resident microglial pool (Ajami et al., 2011b). Microglial phagocytosis of neuronal 

debris in MS has been proposed as a mechanism through which microglia may present 

neuronal antigens, thus contributing further to exacerbation of autoimmune processes 

and worsening of the disease state (Huizinga et al., 2012). However, a more recent 

study, which allowed discrimination between monocyte-derived macrophages and 

resident microglia, suggested that while macrophages are highly phagocytic and 

inflammatory, microglia remain quite inert during the demyelination stage of EAE and 

rather engage in clearance of debris (Yamasaki et al., 2014).

A putative trigger of microglial activation with T cell infiltration, as well as IFN-y, may 

be GM-CSF. This cytokine is secreted by Thl7 cells (El-Behi et al., 2011b) and Thl cells
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and has been shown to be critical for development of T cell encephalitogenicity. GM- 

CSF-deficient mice are resistant to the onset of the EAE, and in the disease state, it has 

been shown that microglia require this cytokine for their activation. This provides 

further evidence for the importance of microglial activation in the onset of EAE 

(Ponomarev et al., 2007b).

It seems however, that microglia may also adopt the more anti-inflammatory, 

reparatory M2 phenotype during remyelination. In a murine model of demyelination 

achieved through stereotaxic injection of lysolethicin into the corpus callosum, 

microglial phenotype was examined at days 3, 10 and 21 post-lesion which correspond 

with key steps in the remyelination process. At day 10, the initiation of remyelination, 

vastly more cells were positive for the M2 marker ARGl than the Ml marker iNOS. 

Correlative analysis was also performed on post-mortem human brain tissue. M2 

microglia were found to promote oligodendrocyte proliferation, and depletion of 

these cells ablated this effect. A blockade of oligodendrocyte differentiation is a 

hallmark of chronic MS lesions (Miron et al., 2013). A similar study demonstrated that 

administration of ex-vivo M2-polarised monocytes suppressed severe EAE (Mikita et 

al., 2011). Taken together, these findings suggest that a therapy aimed at manipulating 

M2 polarisation might enhance not only neuroprotection, but regeneration in the CNS, 

thus encouraging recovery in multiple sclerosis. This further highlights the importance 

of fully understanding the intricacies of the multi-faceted phenomenon of microglial 

activation, as these cells undeniably present a promising target for therapeutic 

intervention not only in MS, but other neurodegenerative conditions.

1.15 The role of macrophages in EAE/MS

Macrophages are typically found in early and late "active demyelinating" MS lesions, 

and have been found to contain myelin degradation products. Uptake of myelin gives 

these cells a so-called "foamy" appearance. (Lucchinetti et al., 2011). The activation 

status of these foamy macrophages is not clear-cut. It has been suggested that their 

degree of activation is dependent on micro-location within the lesion - cells on the 

outer rim are more reactive for MOG, whereas those located in the inner rim as well 

as perivascular cells have high expression of a number of anti-inflammatory markers,
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such as mannose receptor, IL-1 receptor antagonist (IL-lra) as well as the pleiotropic 

cytokine IL-6. Interestingly, when foamy macrophages were artificially generated in 

vitro through the incubation of macrophages isolated from human PBMCs with pure 

myelin, these cells were found to mount an entirely different response to LPS 

stimulation than cells treated with LPS alone. Not only did the myelin uptake reduce 

LPS-induced IL-12p40 and TNF-a mRNA expression, but incubation of control cells with 

myelin induced an upregulation in the mRNA expression of the M2 associated 

chemokine CCL18 (Boven et al., 2006). However, more recent data has suggested that 

the modulation of cytokine release that had been previously observed in macrophages 

incubated with myelin was in fact due to LPS insensitivity which was induced by LPS 

contamination in the myelin preparations (Glim et al., 2010).

1.16 Astrocytes

Astrocytes are the most numerous cell type in the brain and engage in a diverse array 

of functions, they are a vital element in the maintenance of the BBB, they maintain 

homeostasis of fluids, ions, pH and neurotransmitter tone in the synaptic interstitial 

fluid, they regulate local CNS blood flow, and can store glycogen to sustain neuronal 

activity during periods of hypoglycaemia and high neuronal function (Sofroniew and 

Vinters, 2010). Astrocytes also exhibit a degree of functional and structural 

heterogeneity and can be broadly classified on the basis of their location in the brain; 

protoplasmic astrocytes reside in the grey matter, and fibrous astrocytes can be found 

in the white matter (Miller and Raff, 1984).

Astrocytes are reactive and a commonality in a number of CNS insults is "reactive 

astrogliosis", the degree of which correlates with the severity of the trauma. Mild-to- 

moderate astrogliosis, as can occur following a mild trauma, is characterised by 

upregulation of glial fibrillary acidic protein (GFAP), with preservation of individual 

domains. Severe astrogliosis, as occurs at lesion sites or in the case of 

neurodegeneration is also associated with increased GFAP expression, with enhanced 

proliferation and a resulting disruption of individual cellular domains. In the case of 

overt tissue damage and inflammation, the severe astrogliosis can be accompanied by
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the formation of a glial scar, which is thought to act as a neuroprotective barrier from 

infiltrating cells and infectious agents (Pekny et al., 2014).

While astrocytes were classically regarded as supportive, damage-limiting cells, more 

recent evidence has suggested they might also have a role in innate CNS immunity. 

Astrocytes express a number of TLRs, the NOD-like receptors NODI and 2, scavenger 

receptors as well as components of the complement system. Furthermore, treatment 

of cultured astrocytes with poly l:C, which is structurally similar to double-stranded 

viral RNA, induces production of the cytokines TNF-a, IL-6, IFN-p, GM-CSF and TGF-P as 

well as secretion of the chemokines CCL2, CCL5, CCL20, CXCL8 and CXCLIO (Farina et 

al., 2007).

1.16.1 Can astrocytes adopt Ml/M2-like activation states?

Interestingly, apart from the reactive astrogliosis that is observed in CNS trauma, 

astrocytes have also been demonstrated to adopt some of the phenotypic 

characteristics of the M1/M2 activation states described in microglia and 

macrophages. In response to exposure to archetypal inducers of the classical 

activation state, IPS and IFN-y, astrocytes were found to upregulate mRNA expression 

of the Ml markers IL-ip, TNF-a, and iNOS. Furthermore, the astrocytes were also 

found to respond in a similar manner to microglia and macrophages to IL-4 

stimulation, with increases in expression of the M2/alternative markers ARGl, MRCl, 

FIZZl, Yml and IL-10 (Jang et al., 2013). The roles of these differentially polarised 

astrocytes in vivo have yet to be determined, although these is some evidence that 

M2-like astrocytes can upregulate ARGl expression in a model of spinal cord injury 

(Ahn et al., 2012a) and EAE (Ahn et al., 2012b) which may help to regulate 

neurodegeneration.

1.17 The role of astrocytes in EAE/MS

During MS, astrogliosis and glial scar formation causes the "sclerosis" for which the 

disease is named. However, despite the fact that astrocytes are one of the constituent 

cell types in the MS plaque, astrocytes have often been overlooked as a potential
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participant in disease pathogenesis (Brosnan and Raine, 2013). However, recent 

developments in the field of the neuromyelitis optica (NMO) research have led to the 

re-evaluation of the putative role of astrocytes in neurodegenerative conditions. NMO, 

like MS is an inflammatory demyelinating disease which attacks the optic nerve and 

spinal cord. Unlike MS, NMO is most commonly observed in Asian populations. A key 

finding in NMO research was the identification of antibodies against the water channel 

aquaporin-4 (AQP4) in the circulation of NMO patients as a biomarker for the disease 

(Lennon et al., 2004). In the CNS, expression of AQP4 can be found on astrocytic end- 

feet at the BBB, and binding of antibodies to these sites lead to activation of the 

complement cascade, destruction of perivascular astrocytes with eventual apoptosis 

of oligodendrocytes and demyelination (Parratt and Prineas, 2010).

Astrocyte activation in autoimmune neurodegeneration is not restricted to glial scar or 

direct modulation of demyelination, however. Astrocytes can also respond to 

inflammatory mediators like IFN-y, and upregulate expression of MHC II. It has been 

proposed that astrocytes may act as non-traditional antigen-presenting cells (APCs) 

and thus reactivate, and induce proliferation of, myelin-specific T cells (Carpentier et 

al., 2005). However, there has been some controversy surrounding these findings, as 

astrocytes are weak APCS, and these in vitro data have not been successfully 

recapitulated in vivo. What is more likely is that astrocytic modulation of the adaptive 

immune response in the damaged CNS is more to do with chemoattraction of 

peripheral leukocytes, as astrocytes have been shown to upregulate expression of 

ICAM-1 in response to IFN-y (Satoh et al., 1991) and in active MS lesions (Brosnan et 

al., 1995). Furthermore, astrocytes can mount a differential response to IL-17 

exposure, characterised by production of the chemokines CCL2, CCL12, CXCLl, and 

CXCL2 (Sarma et al., 2009). CCL2-positive astrocytes have also been detected in the 

CNS of EAE mice, and peaks in production of this chemokine corresponding with 

periods of relapse (Glabinski et al., 1997). Taken together these data suggest that 

apart from mediating the formation of a damage-limiting glial scar, astrocytes may 

also serve to recruit more effective APCs to the site of CNS lesions, with a less 

important role in restimulation of myelin-specific cells.
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1.18 Metabolic Signatures of Polarised Cells

Recent evidence suggests that immune cell activation is also accompanied by 

fundamental changes in their metabolic profiles.

1.18.1 Glucose metabolism

Cellular energy is largely derived from the metabolism of glucose, which is 

metabolised to pyruvate through glycolysis (see Figure 1.9).
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Figure 1.9 The conversion of glucose to pyruvate in glycolysis

Glycolysis involves a series of nine distinct enzyme-catalysed reactions resulting in the 

conversion of glucose to pyruvate, with production of the high energy molecules ATP and 

NADH.
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Pyruvate can then be metabolised to CO2 in the tricarboxylic acid (TCA) cycle through 

the process of oxidative phosphorylation. This yields a large amount of energy in the 

form of adenosine triphosphate (ATP); up to 36 ATP molecules per one molecule of 

glucose. Pyruvate can also be converted to organic acids or alcohols (such as lactate or 

ethanol) in a reductive process known as fermentation. Fermentation can occur 

anaerobically but is less efficient than the TCA cycle/oxidative phosphorylation, and 

yields only two molecules of ATP for every glucose molecule (Lunt and Vander Heiden, 

2011). Despite this compromise in ATP load, glucose fermentation can occur even in 

the presence of oxygen. This was first observed in cancer cells in 1924 by Otto 

Warburg (Warburg et al., 1924).

It seems that this metabolic reprogramming from oxidative phosphorylation to aerobic 

glycolysis occurs when cells are engaged in processes which require a rapid and large 

energy supply, such as activation and proliferation. Interestingly, this phenomenon is 

not unique to transformed cells. In a series of experiments carried out by Karl Brand 

and colleagues, it came to light that rat thymocytes, when stimulated with the 

mitogen concanvalin A, not only exhibited a 53-fold increase in glucose uptake, but 

also converted 90% of this glucose to lactate. Approximately 1% was oxidised to CO2. 

This was in stark contrast to resting cells, which metabolised only 56% to lactate and 

oxidised 27% to CO2 (Brand, 1985). Mitogen stimulation was also unsurprisingly 

associated with and 8- to 10-fold increase in the induction of a number of glycolytic 

enzymes, namely hexokinase, phosphofructokinase-1, pyruvate kinase and lactate 

dehydrogenase (Greiner et al., 1994).

1.18.2 Glucose metabolism and 004"^ T cell function

More recently, it has been shown that not only is cell differentiation/polarisation 

characterised by a distinct metabolic profile, but that alteration of metabolic 

parameters can in turn impact upon polarisation and differentiation itself. CD4"^ T cells 

can be broadly categorised as effector or regulatory cells, the balance between which 

can influence the magnitude of the immune response. It has been found that naive 

604"^ T cells that have been treated such that they adopt the effector Thl, Thl7 and
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Th2 phenotypes exhibited high glucose transporter 1 (GLUT 1) expression as well as 

high rates of glycolysis. Additionally, it was found that effector T cells were enriched in 

transgenic mice in which GLUTl was overexpressed, and that the cytokine secretion 

from these cells was more prolific than those from wild-type counterparts. Conversely, 

the Treg cell subset exhibited significantly lower levels of both glycolysis and GLUTl 

expression than their effector counterparts, as well as more fatty acid oxidation. 

Furthermore, inhibition of the protein kinase mechanistic target of rapamycin 

(mTOR), which can result in the increased oxidation of fatty acids, promoted Treg 

differentiation, and the addition of fatty acids to the culture medium during early 

effector T cell generation strongly inhibited Thl differentiation (by reducing Tbet 

expression). This was also associated with reduced production of the T helper 

cytokines IFN-y, IL-17 and IL-4 (Michalek et al., 2011). Consistent with these findings is 

the observation that hypoxia-inducible factor 1-a, (FIIF-la) which is a vital transcription 

factor in the expression of glycolytic genes, is required to promote Thl7 (versus Treg) 

differentiation (Shi et al., 2011b).

1.18.3 Glucose metabolism and macrophage function

Distinct metabolic profiles have also been observed in differentially-polarised 

macrophages. Macrophages that upregulate the Ml state upregulate glycolysis. This 

process can speedily fulfil the considerable energy requirements of engaging in 

microbicidal activity and cytokine production. Conversely, the M2-polarised 

macrophages display a low glycolytic rate and instead rely upon the more efficient, if 

slower, oxidative glucose metabolism pathway. This provides the sustained energy 

required for the resolution of inflammation, tissue remodelling and repair (Biswas and 

Mantovani, 2012).

A number of recent studies have investigated, in depth, the processes that underlie 

these metabolic changes with activation. Rodriguez-Prados and colleagues reported a 

large increase in peritoneal macrophage glucose uptake and lactate production with 

Ml activation, neither of which were seen in response to M2-inducing stimuli. This 

was accompanied by a corresponding increase in both the amount of fructose 2,6-
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bisphosphate detected and a switch from the liver type phosphofructokinase 2 (L- 

PFK2) to the more active and ubiquitous form of the enzyme (uPFK2). Interestingly 

there was a reciprocal interaction between the Ml state and this enzyme - interfering 

with uPFK2 using siRNA led to a reduction of the protein levels of the Ml markers 

iNOS and COX-2. The Ml-associated increase in glycolytic flux and corresponding 

change in enzymatic activity was absent in cells deficient in HIF-la (Rodn'guez-Prados 

et al., 2010). HIF-la promotes the expression of a number of glycolytic enzymes as 

well as the expression of the glucose transporters GLUT 1 and 3, and the 

monocarboxylate transporter 4 (MCT4) which transports lactate out of the cell 

(Porporato et al., 2011).

The interplay between polarisation and metabolism was further investigated in a more 

recent study by Haschemi and colleagues, in which a sedoheptulose kinase called 

carbohydrate kinase-like protein (CARKL) was proposed as a suppressor of Ml 

macrophage polarisation through control of glucose metabolism. CARKL is responsible 

for the production of sedoheptulose-7 phosphate, which is an intermediate of the 

pentose phosphate pathway (PPP). Overexpression of this protein in macrophages led 

to a blunted pro-inflammatory cytokine response and reduced MHCll expression in 

response to LPS stimulation in tandem with an enhanced IL-10, macrophage migration 

inhibitory factor (MIF) and IL-4R expression. The authors also investigated the 

metabolic profiles of these cells by examining extracellular acidification rate (ECAR) 

and oxygen consumption rate (OCR) as proxy markers of glycolysis and oxidative 

phosphorylation respectively. In cells which expressed normal CARKL levels, LPS 

induced a large increase in ECAR relative to both the control and IL-4 treated cells, and 

while IL-4 treated cells displayed similar OCR to the control cells, it was reduced in LPS- 

treated cells. The overexpression of CARKL, however, reduced the robust increase in 

ECAR with LPS treatment and also increased OCR relative to the cells with normal 

CARKL expression (Haschemi et al., 2012) Consistent with these findings was the 

observation that experimental knockdown of this kinase primed macrophages to 

adopt a state similar to the Ml state prior to LPS stimulation, with increased glycolysis 

and reduced OCR. Taken together these data provide further evidence for the 

metabolic reprogramming of macrophages in response to polarising stimuli (Porporato
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et al., 2011). The reported effects of macrophage polarisation on the subsequent 

metabolic phenotype are summarised in Figure 1.8.

Ml macrophage
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ECAR (Haschemi et al., 2012)
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Figure 1.10 Macrophage polarisation and glucose metabolism

While the pro-inflammatory Ml or classical activation state is associated with an increase in 

glycolysis, the M2 state is associated with a reduced glycolytic rate and preferential utilisation 

of oxidative metabolism.

1.18.4 Glucose metabolism and microglial function

In spite of the many similarities between microglial and macrophage activation states, 

much less is known about the correlation between microglial activation and any 

putative changes in metabolic profile. It has been reported, however, that the 

immortalised BV2 microglial cell line exhibits an increase in ECAR and a decrease in 

OCR with IPS treatment, which is consistent with the macrophage data (Voloboueva et 

al., 2013). Another more recent paper, reported greater uptake of glucose in BV2 cells 

with LPS and IFN-y treatment, as well as enhanced activity of hexokinase, which 

catalyses the conversion of glucose to glucose 6-phosphate, the first step in glycolysis. 

The authors also reported an increase in lactate production with the application of the 

Ml-polarising stimuli. Taken together these data indirectly suggest an increase in 

glycolysis with LPS and IFN-y treatment (Gimeno-Bayon et al., 2014). It should be 

noted that while microglial cell lines which have a number of advantages over primary
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microglia, namely higher yields, shorter processing time and lower cost, the BV2 

microglial line, in particular, has exhibited an often markedly different inflammatory 

profile to primary cultures and thus may not be an ideal tool in this context (Stansley 

etal., 2012).

1.18.5 Glucose metabolism and astrocyte function

While it has been suggested that astrocytes may adopt Ml/M2-like states in response 

to the polarising stimuli IFN-y and IL-4 respectively, it has not yet been investigated 

whether these interventions could affect astrocytic glucose metabolism. That is not to 

say that astrocytic governance of CNS metabolism has not been extensively 

researched. In response to periods of intense neuronal activity, astrocytes have been 

found to undergo glycolysis, convert glucose to lactate, which is subsequently taken up 

by neurons to fulfil their energy demands (Pellerin and Magistretti, 1994). 

Interestingly, the Ml product NO can act upon astrocytes to upregulate glycolysis 

(Almeida et al., 2001). This finding was elaborated upon by a later study, in which the 

endothelial cell was proposed as a cellular source of NO. Synthesis of glycolytic 

enzymes in the astrocytes in response to NO was found to be under the control of HIF- 

la (Brix et al., 2012).

1.18.6 Glucose metabolism and EAE

There has also been some investigation into changes in glucose metabolism in 

neurodegenerative disease states. In general, it seems activated immune cells that 

either cause, or migrate to the site of neuroinflammation, display enhanced glycolysis. 

Radu and colleagues used 2-[18F] Fluoro-2-deoxy-D-glucose positron emission 

tomography ([18F]FDG PET) in tandem with computed tomography (CT) to visualise 

inflammatory infiltrates in the spinal cord and show that they exhibited increased 

glycolytic rates in EAE (Radu et al., 2007). HIF-la is important for generation of Thl7 

cells. Unsurprisingly, cells prepared from HIF-la knockout mice were significantly less 

capable of transferring EAE to WT recipients than cells from WT mice. These authors 

also showed that treatment of cells from WT mice with the glycolytic inhibitor 2-DG 

significantly reduced their capacity to transfer EAE to WT recipient mice (Shi et al..
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2011b). The metabolic profiles of encephalitogenic cells in MS are more difficult to 

characterise and thus not much is known about the relative contributions of aerobic 

glycolysis or oxidative phosphorylation to glucose metabolism in the CNS of affected 

individuals. The only consistent observation is that glucose metabolism is perturbed in 

the brains of patients, and that elevated pyruvate levels in the blood have been 

tentatively associated with relapse. However these studies have focused on neuronal 

metabolism, rather than the profiles of infiltrating cells (Mathur et al., 2014). Taken 

together, these data suggest that cells that are pathogenic in EAE preferentially 

depend upon aerobic glycolysis as a means of glucose metabolism and further 

investigation into this process in MS pathogenesis may well present a hitherto 

unexploited route for therapeutic intervention.
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Chapter 2: Materials and Methods
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2.1 Animals

C57BL/6 mice were purchased from Harlan, with the exception of those from which 

glia were isolated, which were obtained from an inbred strain of C57BL/6 mice from 

the BioResources Unit, Trinity College Dublin. IFN-y'^ mice were provided by Rachel 

McLoughlin from a colony established from breeding pairs from Jackson laboratories. 

All mice were housed in groups in a specific pathogen free (SPF) environment. A 12 h 

light/dark cycle was employed. Temperature was maintained at 20 °C to 22 °C. Water 

and irradiated laboratory food were provided od libitum. All mice were maintained 

according to European Union regulations, and experiments were performed under 

license from the Department of Health and Children and with approval from the 

Trinity College Dublin BioResources Ethics Committee. All tests were conducted under 

national law and European Union directives on animal-based experiments.

2.2 Cell Counting

Cell counts were obtained by diluting cells (1: 10) with Trypan Blue or ethidium 

bromide acridine orange EBAO (Sigma-Aldrich, UK). An aliquot (10 pi) of the cell 

suspension was loaded onto a disposable haemocytometer (Hycor Biomedical, UK). 

Viable cells, which exclude the Trypan Blue dye, appear white under a light 

microscope. The live cells were counted. When stained with EBAO, viable cells appear 

green under a fluorescent microscope, whereas the dead cells appear red. The live 

cells were counted.

In both cases, the cells in the top left hand section and bottom right hand section 

(both of which are large squares made up of 16 smaller squares) were counted and the 

average was calculated. The number of cells in 1 ml was calculated by multiplying the 

value by lO'*.

2.3 Isolation and culture of murine mixed glia

Neonatal C57BL/6 mice were decapitated under sterile conditions in a laminar flow 

hood. Brains were removed and were mechanically dissociated by vigorous chopping 

with a sterile scalpel (Swann-Morton, UK) in pre-warmed complete DMEM (cDMEM, 

see appendix, GIBCO, UK). The chopped tissue in medium was transferred to a 15 ml
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Falcon tube (Sarstedt Ltd., UK) and triturated using a sterile Pasteur pipette (Fisher 

Scientific, UK). A single cell suspension was obtained by applying the triturated 

material through 40 pm cell strainers (BD Plastipak, USA) placed on top of 50 ml Falcon 

tubes (Sarstedt Ltd., UK) and flushing through with pre-warmed cDMEM. The cells 

were centrifuged (1250 rpm; 5 min). The supernatant was then discarded; cells were 

resuspended in cDMEM (250 pi) and seeded onto 6-well tissue culture plates (Fisher 

Scientific, UK) at a density of 1 brain per plate. The wells were topped up with medium 

(750 pi) 2 h later. The medium was changed if necessary and cells were used between 

days 10 and 12 (or at which time they had reached > 80% confluence).

2.4 Isolation and culture of primary murine astrocytes

For primary astrocyte culture, brains were harvested from neonatal C57BL/6 mice as 

per Section 2.3. Cells were then seeded (1 ml) onto the centre of T25 cm^ tissue 

culture flasks (Sigma-Aldrich, UK). The flasks were topped up with cDMEM (8 ml) 2 h 

later. The medium was changed if necessary and on day 14 (or the point at which the 

microglia had begun to detach from the base), flasks were placed on a shaker for 2 h 

to dislodge any remaining cells. The supernatants containing the microglial cells were 

discarded. The remaining astrocytes were detached from the flasks by application of 

trypsin-EDTA (2 ml; Hyclone, USA) for up to 5 min. The trypsin was deactivated by the 

addition of cDMEM (5 ml). The supernatants containing the cells were poured off and 

centrifuged (1250 rpm; 5 min). The cells were counted using Trypan Blue (1;10) as per 

Section 2.2.1 and seeded onto 6 well tissue culture plates at a density of 2 x 10^ 

cells/250pl/well. The wells were topped up with medium (750 pi) 2 h later, and left to 

incubate for 48 h before treatment. The cells were cultured in a humidified 

atmosphere of 95 % air and 5 % CO2 at 37 °C. Astrocytic cultures were typically >90% 

pure.

2.5 Isolation and culture of primary murine microglia

For primary microglial culture, brains were harvested from neonatal mice as per 

Section 2.3. Cells were then seeded (1 ml) onto the centre of T25 cm^ tissue culture 

flasks. The flasks were topped up with cDMEM (8 ml) 2 h later. The following day, 

cDMEM (1 ml) containing lOx growth factors (M-CSF (100 ng/ml) and GM-CSF
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(lOOng/ml), R&D Systems, UK) was added to each flask. The media was changed 5 to 6 

d later without further addition of growth factors. On day 14 (or the point at which the 

microglia had begun to detach from the base), flasks were placed on a shaker for 2 h 

to dislodge any remaining cells. The supernatants containing the cells were poured off 

and centrifuged (1250 rpm; 5 min). The cells were counted using Trypan Blue (1:10), 

resuspended, and seeded onto 6-well tissue culture plates at a density of 2 x 10^ 

cells/250pl/well. The wells were topped up with medium (750 pi) 2 h later, and left to 

incubate for 2 d before treatment or co-incubation. The cells were cultured in a 

humidified atmosphere of 95 % air and 5 % CO2 at 37 °C. Astrocytic cultures were 

typically >80% pure.

2.6 Maintenance of L929 cell line

L929 cells were kindly donated by Professor Luke O'Neill. L929 cells are a murine 

fibroblast cell line which produces M-CSF, used for the in vitro differentiation of bone 

marrow derived-macrophages (BMDMs). L929 cells were cultured in T175 cm^ flasks 

(Fisher Scientific, UK) until confluent and harvested using heat-activated trypsin-EDTA. 

The cells were centrifuged (850 x g; 4 min). The resulting pellet was resuspended in 

cDMEM and the cells were counted using Trypan Blue. The cells were seeded in 

cDMEM (40 ml) in T175 cm^ flasks at a density of 0.5 x 10® cells/ml and maintained in 

culture for 1 week, at which time the L929 conditioned media was removed and the 

cells reseeded at 0.5 x 10® cells/ml in a fresh T175 cm^ flask. To remove any remaining 

cells, the conditioned media was centrifuged (850 x g; 4 min). The upper 80 % of 

supernatant was collected and filter-sterilised using a syringe filter (0.22 pM, Millipore, 

Germany). This medium was stored at -20 °C for future use in BMDM culture. L929- 

comditioned medium is routinely used as an alternative source of M-CSF to avoid the 

costs associated with the use of recombinant growth factors.

2.7 Isolation and culture of murine bone marrow-derived macrophages (BMDMs)

Following CO2 asphyxiation, hind limbs were removed from adult C57BL/6 mice. The 

skin and muscle were removed to expose the femur and tibia (whole, still joined at the 

patella). The femur and tibia were separated through mechanical dislocation at the 

patella. Both bones were snipped at either end to create a continuous "tube" of bone.
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A 23 gauge needle (BD Microlance, USA) was attached to a 20 ml syringe (BD Plastipak, 

USA) containing cDMEM. The media containing the flushed bone marrow was 

collected in a 50 ml Falcon tube. The cell suspension was then passed through a 40 pm 

cell strainer. The cells were centrifuged (1250 rpm; 5 min). The supernatant was 

discarded and the pellet was resuspended in sterile Red Blood Cell Lysis Buffer (1.5 ml; 

see appendix) for 3 min. and centrifuged at (1250 rpm; 5 min). The pellet was 

resuspended in medium (10 ml) and counted by diluting 1:10 with EBAO as per Section 

2.2.2. The cells were then seeded out at a density of 0.5 x 10^/ml in 30 ml medium 

supplemented with 20 % L929-conditioned medium. On day 3, L929-supplemented 

cDMEM (20 ml) was added to the flasks and on day 6, the medium was poured off the 

cells and replaced with L929-supplemeted cDMEM (25 ml). On day 8 (or the time at 

which the cells were 100% confluent), the cells were gently scraped in the medium 

from the base of the flask. The cell suspension was poured into a 50 ml Falcon tube 

and centrifuged (1250 rpm; 5 min). The supernatant was discarded and the pellet was 

resuspended medium (10 ml). The cells were counted by diluting 1 : 10 with EBAO, and 

then plated on a 6 well plate at a density of 2.5 x 10^ / ml in cDMEM with 10 % L929 

conditioned medium and incubated for 48 h a humidified atmosphere of 95 % air and 

5 % CO2 at 37 °C.

2.8 In vitro M1/M2 polarisation of cells

After the 48 h plating period, medium was removed from microglia, astrocytes and 

BMDMs replaced with cDMEM alone, cDMEM containing IFN-y (50 ng/ml, R&D 

Systems, UK) or IL-4 (20 ng/ml, R&D Systems, UK). Cells were incubated with these 

treatments for 24 h before harvesting as per Section 2.18.

2.9 Isolation of peritoneal macrophages (PMacs) from murine peritoneal exudate 
cells (PEC)

Following CO2 asphyxiation, adult C57BL/6 mice were placed on their backs on a 

polystyrene board and the paws were fastened down. The abdomens were sprayed 

down with alcohol. Using a forceps, the abdominal skin was tented and a small incision 

was made, taking care not to pierce the peritoneal sac. A 27 gauge needle was 

attached to a 10ml syringe containing ice-cold sterile PBS (Sigma-Aldrich, UK) and
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inserted into the peritoneal cavity. The PBS was injected into the peritoneal cavity, and 

then the mouse was gently agitated to dislodge any cells. A 19 gauge needle was then 

attached to another 10ml syringe and the PBS was recovered, placed into a 15ml 

Falcon tube and put on ice immediately to reduce cell adhesion to the plastic. The cell 

suspension was then centrifuged (1250 rpm; 5 min). The pellet was resuspended in 

complete RPMI (1 ml; cRPMI, see appendix) and cell number was determined by 

counting the cells in EBAO (1: 10). The cells were plated out a density of 1 x 

10V200pl/well in cRPMI a 96-well flat bottomed plate (Fisher Scientific, UK). The cells 

were incubated at 37°C for 2 h. The typical proportion of adherent cells that remained 

after this time was determined empirically through counting 6 wells reserved for this 

purpose. The non-adherent cells were aspirated and the adherent cells were rinsed 

twice with cRPMI (GIBCO, UK) before treatment for 6 h with medium alone or IL-4 (20 

ng/ml.
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2.10 Removal of spleen and lymph nodes

The murine spleen and brachial, axillary, mesenteric and inguinal lymph nodes were 

located according to Figure 2.1 and stored in ice-cold medium until further processing.

Figure 2.1 Location of murine lymph nodes (Adapted from Dunn, T.B. 1954. Normal 
and pathologic anatomy of the reticular tissue in laboratory mice, with a classification 
and discussion of neoplasms. J. Nat. Cancer Inst. 14: 1281-1434)

2.11 Isolation of murine CD3^ T cells

Spleens were removed from adult C57BL/6 mice as per Section 2.10. The tissue was 

mechanically dissociated, applied to a 40 pm cell strainer and flushed through with 

cRPMI for T cell culture. The resulting suspension was centrifuged (1250 rpm; 5 min) 

and the supernatant was discarded. The supernatant was aspirated and the cells were 

resuspended in pre-warmed medium (1 ml) and counted. CD3^ T cells were isolated 

using the CD3"^ T Cell Isolation Kit (Miltenyi Biotec, Germany) as per the manufacturer's 

instructions. Briefly, the cells were centrifuged at (1250 rpm; 5 min). The resulting 

pellet was resuspended in MACS buffer (see appendix, 40 pi per 10^ cells). Biotin- 

Antibody Cocktail (10 pi per 10^ cells) was added, and the cells incubated at 4 °C for 5 

min. MACS buffer (80 pi per 10^ cells) and Anti-Biotin Microbeads (20 pi per 10^ cells)
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were added and cells were incubated for another 10 min at 4 °C. The suspension was 

then applied the MS MACS column (Miltenyi Biotec, Germany), which had been 

previously rinsed through with MACS buffer (3 ml). The effluent was collected, and this 

fraction represented the enriched CD3"^T cells. The cells in MACS buffer collected from 

the column were centrifuged (1250 rpm; 5 min). The pellet was resuspended in cRPMI 

forT cell culture (1 ml) and counted using EBAO (1:10).

2.12 Co-incubation of PMacs and CD3^T cells

After the 6 h treatment with medium or IL-4 referred to in Section 2.9, the 

supernatants were removed from PMacs and cells were harvested for RNA isolation as 

per Section 2.18. The remaining cells were incubated with CDB"^ T cells 

(0.5 X 10^ PMac: 1 x 10^ CDS"^ T cells) in cRPMI for T cell culture in the presence of anti- 

CD3e (5 pg/ml, EBioscience, USA) for 72 h. At the end of the incubation period cells 

were extracellularly stained for CD4 and CD49d as per Section 2.38 before undergoing 

flow cytometric analysis as per Section 2.41.

2.13 Treatment of stimulated CD3^T cells with IL-4

A 96-round bottomed tissue culture plate (Fisher Scientific, UK) was coated with anti- 

CD3e (1 pg/ml) and incubated at 37°C for 2h. After this time, the plate was washed 

twice with PBS. CD3"^ T cells were isolated as per Section 2.11 and added to the plate at 

a density of 2.5 x 10V200|il/well and treated for 24 h with cRPMI for T cell culture with 

anti-CD28 (5pg/ml; EBioscience, USA) with or without IL-4 (20 ng/ml). After this time 

cells were harvested for RNA isolation as per Section 2.18 or stained extracellularly for 

CD4 and CD49d as per Section 2.38 before undergoing flow cytometric analysis as per 

Section 2.41.

2.14 Isolation and culture of murine natural killer (NK) cells

Spleens were removed from adult C57BL/6 mice as per Section 2.10. The tissue was 

mechanically dissociated, applied to a 40 pm cell strainer and flushed through with 

DMEM for NK cell culture. The resulting suspension was centrifuged (1250 rpm; 5 min) 

and the supernatant was discarded. The pellet was resuspended in sterile Red Blood
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Cell Lysis Buffer (1.5 ml) and incubated for 3 min. This mixture was then centrifuged 

(1250 rpm; 5 min). The supernatant was aspirated and the cells were resuspended in 

pre-warmed DMEM for NK cell culture (1 ml) and counted. NK cells were isolated using 

the NK cell Isolation Kit II (Miltenyi Biotec, Germany) as per the manufacturer's 

instructions. Briefly, the cells were centrifuged (1250 rpm; 5 min). The resulting pellet 

was resuspended in MACS buffer (40 pi per 10^ cells). Biotin-Antibody Cocktail (10 pi 

per 10^ cells) was added, and the cells incubated at 4 °C for 5 min. MACS buffer (80 pi 

per 10^ cells) and Anti-Biotin Microbeads (20 pi per 10^ cells) were added and cells 

were incubated for another 10 min at 4 °C. The suspension was then applied to the MS 

MACS column (Miltenyi Biotec), which had been previously rinsed through with MACS 

buffer (3 ml). The effluent was collected, and this fraction represented the enriched 

NK cells.

The cells in MACS buffer collected from the column were centrifuged (1250 rpm; 5 

min). The supernatant was discarded and the cells were resuspended in DMEM for NK 

cell culture with recombinant human IL-2 (100 ng/ml; Immunotools, Germany) at a 

density of 1x10^/ml. The cells were then plated out at a density of 2 x 10V200 pl/well 

on a 96-well round-bottomed tissue culture plate. The cells were split every 2 d with 

addition of fresh medium with IL-2, and cultured for 6 d in a humidified atmosphere of 

95 % air and 5 % CO2 at 37 °C.

On the day of co-incubation, cells (2 x 10^) were taken to assess purity using flow 

cytometry. The cells were stained extracellularly for CD3 and NKl.l as per Section 

2.38, before undergoing flow cytometric analysis as per Section 2.41. A representative 

dot plot is shown in Figure 2.2.
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Figure 2.2 Representative dot plot of typical NK cell purity following culture period

At the end of the 7-day culture period, NK cell (Live/Dead Aqua'CD3‘NKl.l^) purity was 
typically >95%.

2.15 Co-culture of murine BMDMs, mixed glia or microglia with NK cells

Co-culture experiments were performed as outlined in Figure 2.3.

Figure 2.3 Experimental design of NK cell co-culture with BMDMS, mixed glia or 
microglia

NK cells were cultured as per Section 2.14. On day 7, the cells were treated with IL-2 (100 
ng/ml) with or without additional IL-12 (20 ng/ml) for 24 h. The NK cells were then centrifuged 
(1250 rpm; 5 min), and the conditioned medium was collected from both treatment groups. 
The NK cells were washed and resuspended in fresh cDMEM for NK cell culture. The 
BMDMs/mixed glia/microglia were then incubated with either medium alone, IL-2 (100 ng/ml) 
with or without IL-12 (20 ng/ml), conditioned medium from either NK cell treatment groups.
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or the NK cells themselves. Cells were incubated for 24 h in a humidified atmosphere of 95 % 
air and 5 % CO2 at 37 °C.

The medium/NK cells were removed after 24 h and the BMDMs/mixed glia/microglia 

were harvested as per Section 2.18 for RNA isolation.

2.16 Generation of MOG-specific CD4^ T cells

MOG35-55 (100 |ig; Genscript, USA) was emulsified in CFA (Chondrex, USA) and 

emulsified as per Section 2.27. Adult female C57BL/6 mice were immunised with the 

emulsion as per in Section 2.28. After 10 d, the spleens inguinal, mesenteric, axial and 

brachial lymph nodes were removed as per Section 2.10. The organs were 

mechanically dissociated using a 40 pm cell strainer and resuspended in cRPMI at a 

density of 10 x loVml- The cells were stimulated with MOG (100 pg/ml) for 72 h. The 

CD4'^ T cells were then purified from these cultures using the CD4"^ T Cell Isolation Kit II 

(Miltenyi Biotec, Germany) as per the manufacturer's guidelines. Briefly, the cells were 

centrifuged (1250 rpm; 5 min). The resulting pellet was resuspended in MACS buffer 

(40 |il per 10^ cells). Biotin-Antibody Cocktail (10 pi per 10^ cells) was added, and the 

cells incubated at 4 °C for 10 min. MACS buffer (80 pi per 10^ cells) and Anti-Biotin 

Microbeads (20 pi per 10^ cells) was added and cells were incubated for another 15 

min at 4 °C. The suspension was then applied to the MS MACS column (Miltenyi 

Biotec), which had been previously rinsed through with MACS buffer (3 ml). The 

effluent was collected, and this fraction represented the enriched CD4'^ cells.

2.17 Co-incubation of MOG-specific CD4^ T cells, BMDMs and NK cells, and 

assessment of VLA-A expression

The MOG-specific CD4"^ T cells were resuspended at a density of 2.5 x lO^cells/ml and 

co-incubated at a 1:1 ratio for 24 h with either (a) medium alone, (b) IFN-y (50ng/ml), 

(c) NK cells (pre-treated with 100 ng/ml IL-2), (d) NK cells (pre-treated with 20ng/ml IL- 

12), (e) IFN-y -pre-treated BMDMs (50ng/ml), (f) BMDMs with IL-2 pre-treated NK cells 

or (g) BMDMs with IL-12 pre-treated NK cells. The cells were surface stained for CD4 

and VLA-4 as per Section 2.38 and underwent flow cytometric analysis as per Section 

2.41.
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2.18 Cell Harvesting and Supernatant Collection

In the case of adherent cells, supernatants were aspirated and transferred into 1.5 ml 

Eppendorf tubes (Sarstedt Ltd., UK). A master mix of RAl buffer (Machery-Nagel, 

Germany) and p-mercaptoethanol (Sigma-Aldrich, UK) was made up at a ratio of 100:1 

and 350 pi was added to each well. The cells were dislodged from the base of the plate 

using a cell scraper (Sarstedt Ltd., UK) and collected into separate labelled RNase-free 

microcentrifuge tubes (1.5 ml; Eppendorf, Germany). In the case of non-adherent cells, 

cells were dislodged from the base of the plate using a cell scraper. The cells in the 

supernatants were then transferred to RNase-free microcentrifuge tubes and 

centrifuges (11,000 x g; 5 min). The supernatants were aspirated and transferred to 

1.5 ml Eppendorf tubes. The RAl/p-mercaptoethanol mix (350 pi) was added to each 

pellet and the cells were resuspended in this lysis buffer. All cells and supernatants 

were stored at -20 °C until further analysis.

2.19 ELISA (Enzyme-Linked Immunosorbent Assay - R&D Systems, UK)

The concentrations of the cytokines IFN-y, IL-17A and GM-CSF were measured using 

commercially available ELISA kits (R&D Systems). A 96-well microplate (Sigma- 

Aldrich/NUNC, UK) was coated with Capture Antibody (50 pi) at the appropriate 

dilution in PBS. The plate was covered with a microplate sealer (Cruinn Diagnostics, 

Ireland) and left to incubate overnight at room temperature. The Capture Antibody 

was then aspired from all wells and the plate was washed with Wash Buffer (Tween-20 

in IL PBS; 500pl) 3 times. After the last wash, any remaining Wash Buffer left in the 

wells was removed by inverting the plate and blotting it on clean paper towels. The 

plates were then blocked by adding Blocking Buffer (1% BSA in PBS; 150 pi) to all wells. 

The plate was sealed and then left to incubate for 1 h at room temperature. The plate 

was washed again, as before. The standards and samples were diluted accordingly and 

50 pi aliquots were added to the plate in duplicate. The plate was sealed and left to 

incubate at room temperature for 2 h. The plate was washed again. At this point, 50pl 

of Detection Antibody diluted appropriately in Reagent Diluent (in this case the type of 

medium in which the cells were originally cultured) was added to all wells. The plate 

was sealed again and left to incubate at room temperature for a further 2 h. The plate
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was then washed and 50^1 of Streptavidin-HRP (1:2000 in Blocking Buffer; 50 pi) was 

added to each well. The plate was covered in tin foil and left to incubate for 20 

minutes at room temperature. The plate was washed and Substrate Solution (50 pi) 

was added. The plate was placed in the dark and periodically observed until the colour 

change had progressed to an appropriate degree. At this point, Stop Solution (IM 

Sulphuric Acid; 50 pi) was added to each well. The plate was read on a microplate 

reader set to an absorbance of 450nm. The standard curve was constructed in 

Microsoft Excel using standard values from which the blank had been subtracted. The 

concentration of protein (in pg/ml) in each sample was thus calculated and graphed 

using Graphpad Prism Version 5.

2.20 LDH Assay (Lactate dehydrogenase CytoTox 96® assay (Promega, USA))

Cell viability was assessed by indirect, relative measure of lactate dehydrogenase 

(LDH) concentration in the supernatants. LDH, which catalyses the conversion of 

pyruvate to lactate, and vice versa, is released upon cell lysis and so detection of this 

enzyme in the supernatant indicates the occurrence of cell death. Supernatants (50 pi) 

were transferred to a 96-well protein assay plate (Sarstedt) and incubated with LDH 

substrate mix (SOpI) for 30 min in the dark. Stop solution (50 pi) was added to each 

well and absorbance was read at 490nm using a BioTek EIxSOO Microtitre Plate Reader. 

Optical density (OD) values for each sample were graphed using Graphpad Prism.

2.21 RNA Extraction

The Nucleospin® RNA II Kit (Macherey-Nagel, Germany) was used to extract RNA from 

the harvested cells. The cells (in RAl buffer and p-mercaptoethanol) were applied to 

the NucleoSpin® Filter units (violet). The filtrate was collected and centrifuged 

(11000 X g; 1 min). The NucleoSpin® Filter units were discarded and 70 % molecular 

grade ethanol (Sigma-Aldrich) diluted in RNase-free water (Macherey-Nagel, Germany) 

was applied to the filtrate to adjust RNA binding conditions. NucleoSpin® column units 

(light blue), which bind the RNA, were placed in new 2 ml collection tubes. The filtrate 

was loaded and the tubes (containing the filter columns) were centrifuged (8000 x g; 

30 sec). The columns were placed in new collecting tubes and Membrane Desalting 

Buffer (350 pi) was loaded onto the columns to remove residual salt from the column's
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silica membrane. The samples were centrifuged again (11000 x g; 1 min). DNase 

Reaction Mixture (10:1 ratio of rDNase Reaction Buffer and rDNase; 95 pi) was applied 

directly to the centre of the silica membrane of the column and left at room 

temperature for 15 min. The purpose of DNase application was the digestion of DNA 

content in the samples. The silica membrane was then washed using RA2 buffer (200 

pi) and centrifuged (8000 x g; 30 sec). The column was transferred to a new collecting 

tube and washed again, this time with RA3 buffer (600 pi). It was then centrifuged 

again (8000 x g; 30 sec). The filtrate was discarded and the column was placed back 

into the same collecting tube. The column was washed once more with RA3 buffer 

(250 pi) and centrifuged (11000 x g; 2 min). The column was placed in a new (pre

labelled) RNase-free 1.5 ml microcentrifuge tube, and the RNA was eluted using in 

RNase-free water (40pl). The tubes were centrifuged (11000 x g; 1 min). The elute was 

reapplied to the column and the centrifugation step was repeated to maximise purity 

and yield. The columns were discarded, and the RNA elute was stored at -80 °C until 

quantification of RNA concentration.

2.22 Quantification of RNA Concentration

The RNA concentrations of each sample were determined using the Nanodrop 

Spectrophotometer ND-1000 (USA). Once the values were obtained, the 

concentrations of RNA in each sample (in pg/pl) were calculated and were equalised 

with the addition of appropriate amounts of RNase-free water.
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2.23 Reverse transcription for cDNA Synthesis

RNA was reverse transcribed into cDNA using high-capacity cDNA archive kit (Applied 

Biosystems, USA). The Master Mix was prepared according to Table 2.1 and stored on 

ice.

Solution Volume per sample

(|il)

lOx reverse transcription buffer 5

25x dNTPs 2

lOx random primers 5

Multiscribe™ Reverse Transcriptase 2.5

RNase-free water 10.5

Table 2.1 Components of Master Mix (for 25 pi sample)

RNA sample (25 pi) and Mastermix (25 pi) were added to labelled PCR tubes (Sarstedt). 

The contents were mixed by aspirating and dispensing using a pipette and bubbles 

were removed using the mini-centrifuge. The PCR tubes were placed in the thermal 

cycler (PTC-200, Peltier Thermal Cycler, USA) which subjected the samples to a 10 min 

25 °C cycle and a 2 h 37 °C cycle. The resulting cDNA was stored at -20 °C until 

amplification.

2.24 cDNA amplification by RT-PCR

The cDNA samples were diluted with RNase-free water (1:4) and aliquots (8 pi) were 

added to each well of a 96-well PCR plate (Thermo Scientific, USA). Master Mix (12 pi) 

was added to each well. The Master Mix contained Sensimix Probe II (10 pi; Bioline, 

UK) composed of a heat-inactivated DNA-polymerase, pure dNTPs and MgCl2 (6 mM), 

an endogenous control (1 pi; P-actin) and the appropriate primer per well (1 pi). These 

real-time PCR dye-labelled primers were delivered as Taqman® Gene Expression 

Assays (Applied Biosystems, USA) for the mouse genes listed in Table 2.2. Real-time 

PCR was performed using Applied Biosystems ABI Prism 7300 Fast Track Sequence 

Detection System vl.4.1. The plate was subjected to 40 cycles of the following
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temperature variations: Stage 1: 50 °C for 2 minutes, Stage 2: 95 °C for 10 minutes, 

Stage 3: 95 °C for 15 secs. Stage 4: 60 °C for 1 minute.

Gene Name TaqMan Gene Expression Assay

Number

Nos2 (iNOS) Mm00440502_ml

Tnf (TNF-a) Mm00443258_ml

Ciita (MHC II) Mm00482914_ml

Mrcl Mm00485148_ml

Argl Mm00475988_ml

Chi3l3 Mm00657889_mH

Ifng (IFN-y) Mm01168134_ml

1117a (IL-17A) Mm00439618_ml

p-actin Mm00607939_sl

Table 2.2 Gene Names and Gene Expression Assay Numbers of primers used for PCR

2.25 PCR Quantification

The expression of each target gene was determined using the efficiency-corrected 

comparative CT method. Target genes in different samples were compared to a 

reference gene (P-actin). These values were normalised to the control sample and the 

relative differences in expression of the target gene between the samples were 

expressed as a ratio.

2.26 Investigation of metabolic signatures of polarised cells: Using the Seahorse 
Extracellular Flux (XF24) Analyser (Seahorse Bioscience, USA)

The optimal cell numbers and concentration of inhibitors were determined empirically 

before the commencement of experiments:

BMDMs: 6x lOVwell

Microglia: 1 x lOVwell

Astrocytes: 1 x lOVwell

61



BMDMs, microglia and astrocytes were isolated and cultured as per Sections 2.7, 2.5 

and 2.4 respectively. On day 8/14 the cells were removed from their flasks and seeded 

in cDMEM (100 pi, with 10 % L929 conditioned medium in the case of the BMDMs) in 

specialised XF24 cell culture microplates (Seahorse Bioscience, USA). Cells were 

topped up with medium 2 h later. The background correction wells were left free of 

cells (as per Figure 2.4). The plate was left to incubate overnight at 37°C. The following 

day, the medium was removed and the cells were treated for 24 h with medium alone 

(500 pi), IFN-y (50 ng/ml) or IL-4 (20 ng/ml) in cDMEM (with 10 % L929 conditioned 

medium in the case of BMDMs). The sensor cartridge was hydrated by adding 

Seahorse XF Calibrant solution (1 ml; Seahorse Bioscience, USA) to each well of the 

utility plate and was left overnight in a no-C02 incubator at 37°C. The cell plate was 

removed from the incubator, the medium was removed and replaced with Seahorse 

XF Assay medium (supplemented with glucose; 25nM). The cell plate was then placed 

into the no-C02 incubator for 30 min. Oligomycin (Abeam, UK), FCCP (Sigma-Aldrich, 

UK) and antimycin A (Sigma-Aldrich, UK) were diluted to the previously determined 

concentrations in glucose-supplemented Seahorse medium, and were injected into the 

appropriate wells of the sensor cartridge according to Figure 2.4.

Figure 2.4 Seahorse cell plate layout and inhibitor concentrations

The plate was loaded according to the above diagram, with the omission of cells from the 
background correction wells, and the injection of the relevant compounds into the relevant 
ports.
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Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were 

subsequently measured using the XF24 extracellular analyzer (Seahorse Bioscience, 

USA). 3 baseline measurements were taken before and after sequential injection of 

mitochondrial inhibitors and antioxidants. 3 readings were also taken subsequent to 

the injection of each compound. ECAR and OCR were automatically calculated by the 

Seahorse XF24 software. Every point represents an average of 3-6 different wells. 

Sample ECAR and OCR plots can be seen in Figure 2.5.

Baseline Glucose Oligomycin Baseline Oligomycin FCCP AntimycinA

Time (min) Time (min)

Figure 2.5 Reference ECAR and OCR graphs provided by Seahorse Biosciences

ECAR is measured at baseline and subsequent to the addition of glucose and oligomycin, an 

ATP synthase inhibitor. OCR is measured at baseline and following the injection of oligomycin, 
FCCP (an uncoupling agent) and antimycin A (inhibitor of Complex III of the electron transport 
chain).

2.27 Emulsification of MOG for EAE induction

MOG35.55 peptide (at a quantity of 100 |ig per mouse; GenScript, USA) was emulsified 

in CFA (containing 4 mg/ml heat killed Mycobacterium tuberculosis- Chondrex, USA) 

and sterile PBS, such that 1/2 of the overall volume was CFA, 1/10 was MOG and the 

remainder was PBS. The aqueous layer (PBS and MOG) was placed into a 30 ml 

specimen tube first, on top of which the lipid layer (CFA) was applied. A tissue 

homogeniser (Kinematica Polytron PT 2100, Switzerland) was used to emulsify the 

MOG and CFA. The homogeniser tip was similarly inserted into the aqueous layer and 

the mixture was homogenised for 20 to 30 min. Emulsion of the peptide is hastened by 

low temperatures and therefore the specimen tube was kept on ice throughout the 

whole procedure. The suitability of the MOG emulsion was verified by dropping a
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small amount from the syringe into a Petri dish of PBS; when formed a solid, floating 

bolus that did not seep at the edges, it was deemed ready to inject.

2.28 Subcutaneous Injection

The emulsion (200 pl/mouse) was injected subcutaneously into WT or IFN-y'^' mice. 

Mice were restrained in a 50 ml Falcon tube with a section cut out to allow access to 

the loose skin of the back, which was grasped between the thumb and forefinger. The 

needle was inserted bevelled edge up into the fold of skin and the emulsification was 

administered.

2.29 Intraperitoneal Injection

On the same day, and on day 2, the animals were injected intraperitoneally with 

pertussis toxin (500 ng/mouse; 1:40 dilution in sterile PBS; Kaketsuken, Japan). 

Intraperitoneal injection was achieved by employing the "scruffing" restraint 

technique. The mouse was tilted downwards to expose the abdomen. The needle was 

inserted into the abdomen just right of the midline at a 30 ° angle, the abdominal skin 

was tented to avoid damage to the viscera, and the toxin was injected. The induction 

protocol for active EAE is outlined schematically in Figure 2.6 (A).
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A) Active EAE

Day

0
T'
2

monitor daily for EAE
-> 

~20

B) Passive EAE

Day

-13 -3

Spleen + LN cells 
+ MOG + IL-12/IL-1P + IL-23 

3 days

Figure 2.6 Schematic outlining the active and passive EAE protocols

EAE was induced either actively through subcutaneous administration of MOG emulsified in 
CFA with a concomitant intraperitoneal injection of pertussis toxin, or though adoptive 
transfer of cells taken from MOG-immunised donors.

2.30 NK cell depletion

NK cells were depleted from WT/IFN-y'^' mice using a rabbit anti-mouse asialo GMl 

polyclonal antibody (Cedarlane, Canada). A preliminary check of the efficacy of the 

antibody revealed a 72 % depletion of NK cells in the spleen 1 d post-administration, 

with optimal efficacy for up to 4 d. This considered, the frequency of administration 

was set at every 2 to 3 d. The timing of the administration was dependent on the
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group to which the mice were assigned (outlined in Figure 2.7). Mice received an 

intraperitoneal injection of a 1:10 dilution of antibody in sterile PBS (200 pi), while 

control mice received sterile rabbit serum (1:10 dilution in sterile PBS; 200 pi; Sigma- 

Aldrich, UK).

Induction of EAE

r~i—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
't______1^ 't__________11

Early Depletion Late Depletion
i±

Continuous Depletion

Figure 2.7 Timeline of NK cell depletion

NK cells were depleted through administration of anti-asialo GMl early in EAE (on days -1, 1 

and 4), continuously throughout EAE (on days -1, 1, 4 and every 3 d thereafter) or late in 

disease (on day 8 and every 3 d thereafter).

2.31 Adoptive Transfer/Passive EAE

Donor mice received MOG subcutaneously as in Section 2.28. After 10 d, the mice 

were sacrificed and the spleens and inguinal, mesenteric, axial and brachial lymph 

nodes were removed (as per Section 2.10) and placed in ice-cold cRPMI for T cell 

culture. Splenic and lymphoid tissues were separately mechanically dissociated and 

passed through 40 pm nylon strainers to obtain single cell suspensions. The cells were 

then centrifuged at 1250 rpm for 5 min, resuspended in medium (1 ml) and counted 

using EBAO (1: 10). Spleen and lymph node cells (at a ratio of 70:30) were cultured in 

cRPMI for T cell culture in the presence of MOG (100 pg/ml), IL-13 (10 ng/ml) and IL-23 

(10 ng/ml) for 72 h in a humidified atmosphere of 95 % air and 5 % CO2 at 37 °C. After 

the culture period the cells were washed twice with PBS and injected intraperitoneally 

into naive recipient mice at a density of 15 x 10® cells/mouse. The adoptive transfer 

method of inducing EAE is outlined schematically in Figure 2.6.
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2.31.1 Addition of IL-4 to cultures

In one experiment, the cells prepared as above were split into two groups, one 

cultured in the presence of MOG (100 pg/ml), IL-ip (10 ng/ml) and IL-23 (10 ng/ml) 

and one with MOG (100 |ig/ml), IL-lp (10 ng/ml), IL-23 (10 ng/ml) and additional IL-4 

(20 ng/ml).

2.32 Blockade of VLA-4

VLA-4 (a4Pi integrin) was neutralised using a monoclonal antibody against CD49d (04 

subunit, clone PS/2; Bio X Cell, USA). The antibody/ appropriate isotype control (rat 

lgG2b, Louis Boon) was injected (200 pg/mouse in PBS) intraperitoneally. In the active 

EAE experiment, the antibody was administered on day 7 post induction and every 3 d 

thereafter. In the adoptive transfer experiment the antibody was administered at the 

time of cell transfer and every 3 d thereafter.

2.33 Disease monitoring and clinical score regime

The animals were scored and weighed daily. Disease severity was scored as follows;

0: no clinical signs, 1: limp tail, 2: ataxic gait, 3: hind limb weakness, 4: hind limb 

paralysis, 5; moribund.

Any animals who reached a clinical score of greater than 4 or that lost over 20 % of 

their original body weight were euthanized by CO2 asphyxiation. The onset of 

symptoms was usually observed between days 8 and 10. The mean clinical scores and 

body weights were calculated and graphed. The experiments were terminated and the 

tissue harvested when at least one group had reached a uniform score of 4, or in the 

case of the NK cell infiltration timecourse experiment, at days 0, 3, 7, 11 and 17.

2.34 Intracardial saline perfusion

Once the mice had progressed to a uniform clinical score of 4, they underwent CO2 

asphyxiation. They were placed on their backs on a polystyrene board and the paws 

were fastened down. The abdomens were sprayed down with alcohol. Using a forceps, 

the abdominal skin was tented and a small incision was made under the diaphragm.
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The connective tissue at the base of the diaphragm was cut and thus disconnected 

from the ribcage. Two end vertical cuts were made on either side of the ribcage, which 

was pinned back to allow access to the thoracic cavity. The right atrium was cut, and a 

23 gauge needle attached to a 20 ml syringe filled with PBS was inserted directly into 

the protrusion of the left ventricle to extend straight up about 5 mm. The PBS was 

gently introduced into the circulatory system. Perfusion was deemed complete when 

the liver had paled in colour.

2.35 Removal of brain and spinal cord

The animal was placed on its front. The ears were pinched together and the mouse 

was decapitated with one clean incision, angling the scissors from behind the ears 

towards the throat. Care was taken to avoid transection of the cervical vertebrae with 

the head severed at the spinomedullary junction. The ears were removed and the skin 

around the skull was cut away. The cortex was partially visible through the skull and 

had a white appearance as a consequence of the perfusion. The head was held steady 

with a forceps and the skull was cut along the medial longitudinal fissure. The brain, 

exposed by pulling the skull away on either side using another forceps, was then 

removed from the cranial cavity anterior to the olfactory bulbs, and was stored in cold 

RPMI media on ice until dissociation.

The skin was pinched and tented just above the tail and a horizontal incision was 

made. The skin was cut away on either side of the spine (taking care to avoid piercing 

the bolus formed by the previously injected emulsified MOG peptide). The spinal cord 

was severed roughly at the level of the cauda equina. All connected tissue and the ribs 

were cut away, leaving behind just the spinal column itself. The spinal column was 

placed with the dorsal side facing up. The tip of the scissors was inserted into the 

hollow in the cervical vertebrae and the column was cut all the way along the midline 

up to the sacral vertebrae. Using a forceps, the spinal cord tissue was harvested and 

stored in cRPMI on ice until later dissociation.
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2.36 CNS tissue lysis

The brains and spinal cords were lysed using the Tissue Lyser II (Qiagen, Netherlands). 

Briefly, the organs were placed into 2 ml eppendorf tubes with cRPMI (1 ml) and a 5 

mm stainless steel bead. The tubes were placed into the 2 x 48 Tissue Lyser Adapter. 

The tissue was lysed for 3 min at 30 Hz, disassembled and rotated such that the tubes 

nearest the centre were placed in the outermost position. The 3 min lysing step was 

repeated and the samples were removed from the machine.

2.37 Percoll Gradients

The lysed samples were transferred to 15 ml Falcon tubes, which were topped up to 

10 ml with cRPMI and centrifuged (1250 rpm; 5 min). The supernatants were aspired 

and the pellets were resuspended in 40 % Percoll (5 ml; GE Healthcare, UK). 70 % 

Percoll (5 ml) was placed into separate 15 ml Falcon tubes. The 70 % layer was then 

overlaid with the 40 % Percoll/lysed tissue suspension. The tubes were then 

centrifuged at (1600 rpm; 20 min) with the centrifuge brake off. The tubes were 

removed from the centrifuge. The result of this density-dependent centrifugation is 

the separation of the myelin (which floats to the top) from the mononuclear cell 

fraction, which can be visualised as a cloudy collection of cells between the 40 %:70 % 

interface (Figure 2.9). The myelin was removed in one Pasteur aspiration and disposed 

of. The cloudy collection of cells was then aspired and transferred to another set of 15 

ml Falcons, which were topped up to 14 ml with cRPMI and centrifuged (1250 rpm; 5 

min). The supernatants were aspired and the pellets were resuspended in PBS (10 ml) 

and centrifuged again (1250 rpm; 5 min) to wash off any residual Percoll. The 

supernatant was discarded once more and the pellets were resuspended in cRPMI (1 

ml). When two separate staining panels were required, this was split into 2 x 500 pi 

aliquots and transferred to sealed polystyrene FACS tubes (BD Bioscience, USA) to 

facilitate the use of 2 different staining panels. For intracellular cytokine staining, the 

cells were stimulated with a mixture of PMA (10 ng/ml; Sigma-Aldrich, UK), ionomycin 

(1 |ig/ml; Sigma-Aldrich, UK) and Brefeldin A (5 pg/ml; Sigma-Aldrich, UK) for 5h at 37 

°C. an aliquot was taken from each sample for cell counts.
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Figure 2.8 Appearance of cells after density-dependent centrifugation in Percoll

Myelin, which is fatty, rises to the top and can be easily removed. Mononuclear cells appear in 
the interface between 40 % and 70 % Percoll.

2.38 Flow Cytometry: Extracellular Staining and Fixation

The FACS tubes were filled with PBS and centrifuged (1250 rpm; 5 min). The PBS was 

discarded and the necks of the tubes were dabbed on a pad of clean tissue paper. 

Live/Dead stain (50 pi; diluted 1:1000 with PBS, Life Technologies, USA) was added to 

all tubes, which were vortexed thoroughly and left in the dark for 30 min. The tubes 

were half-filled with PBS and an aliquot of the suspension was taken from one of the 

tubes for the Live/Dead compensation. The tubes were centrifuged again (1250 rpm; 

5 min). The PBS was poured off again and the tubes were dabbed as before. 

Extracellular Master Mix (50 pi; a mixture of the appropriate antibodies diluted in PBS) 

was added to all tubes, which were vortexed and left in the dark for 15 min. PBS (2 ml) 

was added to each tube, and they were centrifuged (1250 rpm; 5 min). The PBS was 

poured off and the tubes were dabbed as before. The cells were then fixed with 2 % 

paraformaldehyde (Thermo Scientific - diluted in PBS; 50 pi). The cells were washed 

and dabbed.
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2.39 Flow Cytometry: Permeabilisation and Intracellular Staining

Intracellular Master Mix (50|il; a mixture of the appropriate antibodies diluted in 0.5 % 

saponin in PBS) was added to each tube and vortexed, then left in the dark to incubate 

for 15 min. The cells were washed, but not dabbed in order to retain a small amount of 

liquid in the base of the tube for reading.

2.40 Flow Cytometry: Compensation and Fluorescence Minus One (FMO) Controls

Within a flow cytometer, the appropriate ranges of excitation and emission 

wavelengths are selected by bandpass filters. However, when emission spectra 

overlap, fluorescence from more than one fluorochrome may be detected. To correct 

for this spectral overlap, a process of fluorescence compensation is used. This ensures 

that the fluorescence detected in a particular detector derives is solely from the 

fluorochrome that is being measured. One compensation control per colour must be 

used (the antibody selected does not necessarily have to mirror that used in the stain, 

provided it is the right colour). With the exception of the Live/Dead compensation 

(which uses cells that have been stained with the Live/Dead antibody), compensation 

beads are used (BD Bioscience, USA). The beads are polystyrene microspheres that are 

coated with IgG (positive compensation beads) that react with all mouse or 

rat/hamster isotypes. Compensation beads (3 drops) were added to the unstained 

control tube, and diluted with enough PBS to ensure that there would be enough for 

50 pi in each tube (each tube representing a different fluorochrome). Antibody was 

added to each tube at the same concentration used in the stain.

FMO controls are used in multicolour experiments to allow for ease of identification of 

gating boundaries. The use of multiple fluorochromes in a panel can result in data 

spread, which can complicate the interpretation of results. For each fluorochrome, a 

tube containing cells was stained with every fluorochrome (at the same concentration 

as in the samples) except for the one under investigation.
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2.41 Flow Cytometric Analysis

Flow cytometric analysis was performed using a FACSCanto II flow cytometer (Becton- 

Dickinson, USA) and analysed with FlowJo software (Tree Star Inc., USA). Absolute cell 

numbers were determined by multiplying the total cell counts (taken after cell 

isolation) by the frequency of each cell type. The gating strategies are outlined in 

Figure 2.10.

2.42 Statistical Analysis

Statistical analysis was carried out using Graphpad Prism. Data were expressed as the 

mean ± standard error of the mean (SEM). The statistical test used was determined by 

the number of groups in a particular experiment. For two groups, a Student's t-test 

was used. For three or more groups, a one-way ANOVA with a subsequent Newman 

Keuls post-hoc test was used. For analysis of EAE clinical scores, which had been split 

on two independent variables, namely day post-immunisation and treatment, a two- 

way ANOVA with a subsequent Bonferroni post-hoc test. Post-hoc tests were used to 

identify which means were significantly different. A p value of less than 0.05 was 

deemed significant.
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Figure 2.9 Gating strategies for flow cytometric analysis of CNS cell populations

This gating strategy allows for the hierarchical selection of singlets, live cells, NK cells, 
microglia, Thl and Thl7 cells.
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Figure 2.10 Cytokine production by CD4'^ T cells used to induce EAE by passive 

transfer

After 3 d in culture, MOG-specific CD4* T cells are typically positive for the pathogenic 
cytokines IFN-y and IL-17 in the proportions outlined above.
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FACS Antibody Fluorescent Label Dilution Supplier

Live/Dead Aqua Live/Dead 1/1000 Life Technologies

CD3 PE/APC/FITC 1/100 BD Biosciences

CD4 PE/APC/FITC 1/100 BD Biosciences

CDllb A780/FITC 1/100 BD Biosciences

CD45 PE 1/100 BD Biosciences

IFN-v PE/Pe-Cy7/FITC 1/50 BD Biosciences

IL-17 PE/Pe-Cy7 1/50 BD Biosciences

MHC II V450 1/100 eBioscience

NKl.l PerCPCyS.S 1/100 eBioscience

TNF-a PeCy7 1/50 BD Biosciences

CD49d PerCPeFluor7.10 1/50 BD Biosciences

Table 2.3 FACS antibodies

75



76



Chapter 3: Characterisation of the Ml and 
M2 phenotypes and corresponding 

metabolic profiles of BMDMs, microglia,
and astrocytes
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3.1 Introduction

Cells of the innate immune system, such as macrophages and microglia, can adopt 

phenotypically distinct activation states in response to their microenvironment. The 

classical or Ml activation state can be induced by exposure to IFN-y, a cytokine 

primarily released by Thl and NK cells, or to IPS, a component of Gram negative 

bacteria (Mosser and Edwards, 2008). This state is characterised by the upregulation 

of iNOS expression, enhancement of the expression of antigen presentation molecules 

such as MHC II (Schroder et al., 2004) and production of pro-inflammatory cytokines 

such as TNF-a, IL-6, IL-ip and IL-12. The products of the Ml state enable the activated 

cells to engage in anti-microbial activity and mount a speedy response against insult or 

infection (Sica and Mantovani, 2012). In contrast, the alternative or M2 activation 

state is induced by exposure to the anti-inflammatory cytokines IL-4 or IL-13, which 

are primarily released byTh2 cells, basophils, eosinophils (Martinez and Gordon, 2014) 

and Type-2 innate lymphoid cells (ILC2) (Zhu, 2015). M2-polarised cells display 

enhanced expression of ARGl, which competes with the Ml-associated enzyme iNOS 

for the substrate ornithine, as well as MRCl and chitinase-like proteins such as CFII3L3 

(Mantovani et al., 2007). The M2 state is associated with parasite encapsulation, tissue 

repair and remodelling (Mantovani et al., 2005).

Persistent Ml activation is a hallmark of a number of chronic, inflammatory, 

neurodegenerative diseases such as AD (Fleneka et al., 2015), PD (Lee et al., 2010), ALS 

(Murdock et al., 2015), MS (Peferoen et al., 2015) and its animal model EAE (Miron 

and Franklin, 2014). On the other hand, the M2 state is associated with the resolution 

of inflammation. Flarnessing microglial activation and orchestrating a switch from the 

inflammatory Ml state to the modulatory M2 state has proven effective in reducing 

pathology in a number of diseases, including EAE (Yu et al., 2015) and the APP/PSl 

model of AD (Kawahara et al., 2012).

The majority of a cell's energy is derived from the metabolism of glucose. Glucose is 

first broken down to pyruvate, which can then either enter the TCA cycle to undergo 

oxidative phosphorylation and yield up to 36 molecules of ATP for every molecule of 

glucose. Alternatively, in the absence of oxygen, glucose can undergo the
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comparatively speedy process of glycolysis to yield lactic acid or ethanol, resulting in 

the production of only 2 molecules of ATP per molecule of glucose (Vander Heiden et 

al., 2009). Despite this considerable reduction in ATP load, it has been demonstrated 

that even in the presence of oxygen, cells can undergo "aerobic glycolysis", a 

phenomenon that was first described in cancer cells in the 1920s by Otto van Warburg 

(Warburg et al., 1924).

Aerobic glycolysis is not confined to transformed cells, however. There is also a bias 

toward lactate production in proliferating cells; this has been observed in mitogen- 

stimulated, healthy human lymphocytes (Hedeskov, 1968), mouse lymphocytes (Wang 

et al., 1976) and rat thymocytes (Brand, 1985). It is still unclear why proliferating cells 

use the less the efficient process of glycolysis to produce ATP. However, the argument 

has been made that despite the reduction in the ratio of ATP:glucose, the speed at 

which glycolysis occurs translates to greater ATP production overall, thus facilitating 

the high-energy process of proliferation (Pfeiffer et al., 2001).

Recently it has come to light that cells of the innate immune system can adopt 

differential metabolic profiles, depending upon their polarisation status. This has 

perhaps been best established in macrophages. Ml macrophages display increased 

cytokine production and depend upon glycolysis to quickly fulfil the considerable 

energy demands of microbicidal activity, another feature of the Ml state. On the other 

hand, M2 macrophages display low glycolytic activity and preferentially utilise 

oxidative metabolism, which provides the sustained energy required for the resolution 

of inflammation, tissue remodelling and repair (Biswas and Mantovani, 2012).

Despite the many similarities between the activation states of macrophages and 

microglia, little is known about how polarisation may affect microglial metabolism. In 

the BV2 microglial cell line, treatment with Ml polarising stimuli IFN-y and IPS elicited 

an increase in glycolysis, as evidenced by increased lactate production, as well as 

increased activity of hexokinase, the enzyme that catalyses the first step in glycolysis 

(Gimeno-Bayon et al., 2014).

Astrocytes may also adopt Ml and M2-like states that have similar characteristics to 

those found in microglia and macrophages. In response to IPS and IFN-y, astrocytes
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can produce the archetypal Ml cytokines IL-ip, IL-6 and TNF-a. Furthermore, IL-4 

treatment can upregulate mRNA expression of the M2 markers MRCl and CHI3L3 

(Jang et al., 2013). It remains unclear whether astrocyte polarisation translates to a 

change in metabolic profile.

The simple Ml versus M2 paradigm (originally named for the polarisation induced by 

Thl and Th2 cytokines respectively) and the means by which these states are 

characterised have come under increasing criticism in recent years. As research into 

these states intensified, a greater number of intermediate states were identified, thus 

blurring the boundaries between the Ml and M2 phenotypes (Fleppner et al., 2015). 

Moving forward, the use of metabolic profiling may prove a novel method in the 

definition of innate cell phenotypes.

The advent of new technologies has refined the study of cellular metabolism. One of 

the most advantageous developments has been the introduction of the Seahorse 

Exctracellular Flux (XF) Analyzer. This instrument measures, in real time, the excretion 

of metabolic products. It can simultaneously measure pH and oxygen tension in a 

culture. Extracellular acidification rate (ECAR) is an indirect measure of glycolysis, as 

lactic acid is a by-product of this process. Conversely, oxygen consumption rate (OCR) 

is an indicator of oxidative metabolism. This allows for the characterisation of 

metabolic profile in a cell population, and investigation of the impact of polarising 

stimuli on glycolysis and oxidative metabolism (Wu et al., 2007).

Study aims

1) To investigate the effect of IFN-y and IL-4 on mRNA expression of Ml and M2 

markers in macrophages, microglia and astrocytes.

2) To elucidate the metabolic profiles of IFN-y and IL-4-polarised cells.
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3.2 Results

3.2.1 IFN-y and IL-4 enhance mRNA expression of Ml and M2 markers respectively in 

BMDMs

In order to characterise the M1/M2 mRNA expression profiles of BMDMs, cells were 

treated with IFN-y or IL-4 respectively for 24 h. Treatment with IFN-y significantly 

enhanced mRNA expression of the Ml markers iNOS, TNF-a and MHC II in BMDMs 

relative to controls and IL-4-treated cells (Figure 3.1 A-C; p<0.001; ANOVA). Treatment 

with IL-4 significantly enhanced mRNA expression of the M2 markers MRCl, ARGl and 

CHI3L3 relative to controls and IFN-y-treated cells (Figure 3.1 D-F; p<0.001; ANOVA).

3.2.2 IFN-y and IL-4 enhance mRNA expression of Ml and M2 markers respectively in 

microglia

Similar to the data on BMDM polarisation, IFN-y significantly enhanced mRNA 

expression of the Ml markers iNOS, TNF-a and MHC II in microglia relative to controls 

and IL-4-treated cells (Figure 3.2 A-C; p<0.01, p<0.001; ANOVA). Treatment with IL-4 

significantly enhanced mRNA expression of the M2 markers MRCl, ARGl and CHI3L3 

relative to controls and IFN-y-treated cells (Figure 3.2 D-F; p<0.001; ANOVA).

3.2.3 IFN-y and IL-4 enhance mRNA expression of Ml and M2 markers respectively in 

astrocytes

Having characterised the profile of Ml and M2 marker expression in BMDMs and 

microglia, the effect of IFN-y and IL-4 treatment on astrocytes was also examined. 

Treatment with IFN-y significantly enhanced mRNA expression of the Ml markers 

iNOS, TNF-a and MHC II in astrocytes relative to controls and IL-4-treated cells (Figure

3.3 A-C; p<0.001; ANOVA). Treatment with IL-4 significantly enhanced mRNA 

expression of the M2 markers MRCl, ARGl and CHI3L3 relative to controls and IFN-y- 

treated cells (Figure 3.3 D-F; p<0.001; ANOVA).
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3.2.4 IFN-y treatment significantly enhances baseline ECAR and reduces maximal 

respiration in BMDMS

Having verified that IFN-y and IL-4 induced the Ml and M2 states respectively in 

BMDMS, the corresponding ECAR and OCR profiles in response to these cytokines 

were examined. IFN-y treatment significantly enhanced baseline ECAR relative to 

control and IL-4-treated cells (Figure 3.4 C; p<0.05; ANOVA). Neither IFN-y nor IL-4 

treatment affected basal respiration (Figure 3.4 D; p>0.05; ANOVA), however maximal 

respiration was significantly reduced in IFN-y-treated BMDMS relative to control and 

IL-4-treated cells (Figure 3.4 E; p<0.01; ANOVA).

3.2.5 Microglia upregulate baseline ECAR in response to IFN-y and both basal and 

maximal respiration in response to IL-4, while neither treatment affects these 

parameters in astrocytes

In order to investigate whether the similarities in Ml and M2 marker expression 

between BMDMs, microglia and astrocytes were reflected in their metabolic profiles, 

ECAR and OCR were also investigated in microglia and astrocytes. IFN-y treatment 

enhanced baseline ECAR in microglia relative to control and IL-4-treated cells (Figure

3.5 C; p<0.05; ANOVA). IL-4 treatment enhanced basal and maximal respiration in 

microglia relative to control and IFN-y-treated cells (Figure 3.5 D-E; p<0.01, p<0.001; 

ANOVA). Baseline ECAR, basal respiration and maximal respiration in astrocytes were 

unaffected by either IFN-y or IL-4 treatment (Figure 3.6 C-E; p>0.05; ANOVA).

3.2.6 IFN-y increases ECAR/OCR and reduces OCR/ECAR ratio in macrophages, IL-4 

increases OCR/ECAR and reduces ECAR/OCR in microglia and astrocyte ratios are 

unaffected by either treatment

IFN-y treatment significantly increased ECAR/OCR ratio in BMDMs relative to control 

and IL-4 treated cells (Figure 3.7 A; p<0.01; ANOVA). IFN-y also significantly reduced 

OCR/ECAR ratio in BMDMs relative to control and IL-4-treated cells (Figure 3.7 B; 

p<0.05; ANOVA). Treatment with IL-4 significantly reduced the ECAR/OCR ratio in 

microglia relative to controls and IFN-y-treated cells (Figure 3.7 C; p<0.001; ANOVA). 

ECAR/OCR and OCR/ECAR ratios were unaltered by treatment with IFN-y or IL-4 in
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astrocytes (Figure 3.7 D-E; p<0.05; ANOVA). Treatment with IL-4 also significantly 

increased the OCR/ECAR ratio relative to controls and IFN-y-treated cells (Figure 3.7 D; 

p<0.001; ANOVA).
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Figure 3.1 IFN-y enhances mRNA expression of the Ml markers iNOS, TNF-a and 
MHC II, and IL-4 enhances mRNA expression of the M2 markers MRCl, ARGl and 

CHI3L3 in macrophages

BMDMs were incubated for 24 h with medium alone, IFN-y (50 ng/ml) or IL-4 (20 
ng/ml). Cells were harvested for assessment of mRNA expression of iNOS (A), TNF-a 
(B), MHC II (C), MRCl (D), ARGl (E) and CHI3L3 (F). ***p<0.001 versus control, 
^^^p<0.001 versus IL-4, **'**p<0.001 versus IFN-y; one-way ANOVA with Newman-Keuls 

post-hoc test. Data are presented as the mean ± SEM (n=4)
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Figure 3.2 IFN-y enhances mRNA expression of the Ml markers iNOS, TNF-a and 
MHC II, and IL-4 enhances mRNA expression of the M2 markers MRCl, ARGl and 

CHI3L3 in microglia

Microglia were incubated for 24 h with medium alone, IFN-y (50 ng/ml) or IL-4 (20 
ng/ml). Cells were harvested for assessment of mRNA expression of iNOS (A), TNF-a 
(B), MHC II (C), MRCl (D), ARGl (E) and CHI3L3 (F) ***p<0.001 versus control, 
^"^p<0.01, ^^^p<0.001 versus IL-4, **^**p<0.001 versus IFN-y; one-way ANOVA with 

Newman-Keuls post-hoc test. Data are presented as the mean ± SEM (n=4)
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Figure 3.3 IFN-y enhances mRNA expression of the Ml markers iNOS, TNF-a and 

MHC II, and IL-4 enhances mRNA expression of the M2 markers MRCl, ARGl and 
CHI3L3 in astrocytes

Astrocytes were incubated for 24 h with medium alone, IFN-y (50 ng/ml) or IL-4 (20 
ng/ml). Cells were harvested for assessment of mRNA expression of iNOS (A), TNF-a 
(B), MHC II (C), MRCl (D), ARGl (E) and CHI3L3 (F) ***p<0.001 versus control, 
*'^*p<0.001 versus IL-4, ******p<0.001 versus IFN-y; one-way ANOVA with Newman-Keuls 

post-hoc test. Data are presented as the mean ± SEM (n=4)
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Figure 3.4 IFN-y significantly enhances baseline ECAR and reduces maximal 
respiration in macrophages

BMDMs were seeded onto 24-well XF24 microplates and incubated for 24 h with 
medium alone, IFN-y (50 ng/ml) or IL-4 (20 ng/ml). ECAR (A) and OCR (B) were 
assessed using the Seahorse XF24 Analyser. ECAR measurements were taken every 8 
min, with addition of glucose (25nM) after 16 min and oligomycin (2 pM) after 40 min. 
ECAR was plotted at baseline (C). OCR measurements were also taken every 8 min, 
with addition of oligomycin (2 pM) after 16 min, FCCP (0.5 pM) after 40 min and 
antimycin A (4pM) after 64 min. Basal respiration was calculated by taking the final 3 
measurements from the initial 3 and obtaining the average per well (D). Maximal 
respiration was calculated by taking the final 3 measurements from those made after 
the addition of FCCP and obtaining the average per well (E). *p<0.05 versus control, 
'^p<0.05, '^'^p<0.01 versus IL-4; one-way ANOVA with Newman-Keuls post-hoc test. Data 
are presented as the mean ± SEM (n=4).
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Figure 3.5 IFN-y increases baseline ECAR and IL-4 increases maximal respiration in 
microglia

Microglia were seeded onto 24-well XF24 microplates and incubated for 24 h with 
medium alone, IFN-y (50 ng/ml) or IL-4 (20 ng/ml). ECAR (A) and OCR (B) were 
assessed using the Seahorse XF24 Analyser. Microglial baseline ECAR (C), basal 
respiration (D) and maximal respiration (E) were calculated as per Figure 3.7. *p<0.05, 
**p<0.01, ***p<0.001 versus ECAR of control microglia, '^p<0.05, versus ECAR of IL-4- 
treated microglia, ''''p<0.01, ''’'p<0.001 versus OCR of IFN-y-treated microglia; one-way 

ANOVA with Newman-Keuls post-hoc test. Data are presented as the mean ± SEM 
(n=4).
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Figure 3.6 Neither IFN-y nor IL-4 treatment affects ECAR or OCR in astrocytes

Astrocytes were seeded onto 24-well XF24 microplates and incubated for 24 h with 
medium alone, IFN-y (50 ng/ml) or IL-4 (20 ng/ml). Astrocyte ECAR (A), and OCR (B) 
were assessed using the Seahorse XF24 Analyser. Astrocyte baseline ECAR (C), basal 
respiration (D) and maximal respiration (E) were calculated as per Figure 3.7. There 

were no significant differences between any the parameters in control, IFN-y-treated 
or IL-4-treated astrocytes; one-way ANOVA with Newman-Keuls post-hoc test. Data 

are presented as the mean ± SEM (n=4).
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Figure 3.7 IFN-y increases ECAR/OCR and reduces OCR/ECAR ratio in macrophages, 
IL-4 increases OCR/ECAR and reduces ECAR/OCR in microglia and astrocyte ratios are 

unaffected by either treatment

Baseline ECAR and basal OCR values for each well were used to calculate the 
ECAR/OCR and OCR/ECAR ratios for BMDMs (A,B), microglia (C,D) and astrocytes (E,F). 
*p<0.05, **p<0.01, ***p<0.001 versus controls, ^p<0.05, ^^p<0.01 versus IL-4, 
*'^**p<0.001 versus IFN-y; one-way ANOVA with Newman-Keuls post-hoc test. Data are 

presented as the mean ± SEM (n=4).
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3.3 Discussion

Cells of the innate immune system display striking functional plasticity, and can be 

polarised to adopt distinct activation states. Recent evidence suggests that this 

plasticity is governed by metabolic adaptation, and that activation of innate cells may 

also be associated with distinct profiles in glucose metabolism. The present study has 

demonstrated for the first time that macrophages, microglia and astrocytes exhibit 

similar mRNA expression profiles in response to exposure to IFN-y and IL-4. IFN-y 

treatment enhanced expression of the Ml markers iNOS, TNF-a and MHC II, and IL-4 

treatment increased expression of the M2 markers MRCl, ARGl and CFII3L3 in all cell 

types. Despite these similarities, macrophages, microglia and astrocytes displayed 

different metabolic profiles in response to IFN-y and IL-4. While IFN-y enhanced ECAR 

and reduced OCR in macrophages, IL-4 did not affect OCR. Microglia exhibited a similar 

increase in ECAR with IFN-y treatment; however IL-4 drove a further increase in OCR in 

these cells. Astrocytes did not display any changes in metabolic profile under these 

polarising conditions. Taken together these data suggest that while macrophages, 

microglia and astrocytes display similar patterns of Ml and M2 marker expression, 

each cell type exhibits a different metabolic profile in response to exposure to IFN-y 

and IL-4.

It has been known for some time that macrophage and microglial phenotypes are 

intrinsically connected to metabolic processes; indeed the chief distinction between 

the Ml and M2 states is the manner in which arginine is catabolised. Exposure to the 

Ml-polarising stimulus IFN-y induces transcription of iNOS, which converts arginine to 

NO (Forstermann and Sessa, 2012). NO is involved in controlling microbial infections 

such as Mycobacterium tuberculosis (Nicholson et al., 1996) and parasitic infections 

caused by Leishmania major (Stenger et al., 1994), as well as modulating both acute 

and chronic inflammation (Wong and Billiar, 1994). On the other hand, IL-4 enhances 

transcription of ARGl, which converts arginine to the polyamine, ornithine. ARGl- 

expressing and ornithine-producing macrophages are required for wound healing 

(Albina et al., 1990).
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IFN-y-treated BMDMs exhibited increased mRNA expression of the Ml markers iNOS, 

TNF-a and MHC II as well as enhanced baseline ECAR, relative to control and IL-4- 

treated cells. This is in agreement with number of studies that have provided evidence 

showing that Ml macrophages upregulate glycolysis. For example, in response to IFN-y 

and IPS, peritoneal macrophages have been reported to increase both lactate output 

and the expression of two key regulators of glycolysis, HIF-la and uPFK2 (Rodn'guez- 

Prados et al., 2010). More recently, other groups have investigated the link between 

macrophage polarisation and ECAR. In line with the current data, an Ml-related 

increase in ECAR has been reported both relative to M2-polarised (Huang et al., 2014) 

and control BMDMs (Van den Bossche et al., 2014). However, while a combination of 

IPS and IFN-y was used to induce the Ml state in these papers, the present study has 

shown that IFN-y alone is sufficient to drive glycolysis in macrophages.

IFN-y-treated microglia exhibited a similar increase in mRNA expression of the 

archetypal Ml markers iNOS, TNF-a and MHC II to that observed in IFN-y-treated 

macrophages. Interestingly, the similarities between polarised microglia and 

macrophages were also reflected with regard to modulation of glycolysis. Baseline 

ECAR was also enhanced in IFN-y-treated microglia relative to control and IL-4-treated 

cells. The metabolic profile of polarised microglia is less well established, however, a 

very recent paper reported an LPS-induced increase the ECAR of BV2 cells relative to 

controls (Orihuela et al., 2015). Here, it has been shown for the first time that IFN-y 

can upregulate this parameter in primary microglia. Taken together these data suggest 

that, despite the ontogenic distinction between these two cell types, they exhibit 

comparable Ml activation profiles, in terms of both marker expression and glucose 

metabolism.

IL-4-treated microglia exhibited enhanced expression of the M2 markers MRCl, ARGl 

and CHI3L3, as well as a robust increase in both basal and maximal respiration relative 

to both control and IFN-y treated cells. At the time of writing, the only other available 

data on OCR in primary microglia was that from the previously cited paper by Orihuela 

and colleagues, who reported that a combination of IL-4 and IL-13 did not enhance 

basal OCR in either primary microglia or BV2 cells (Orihuela et al., 2015). The 

discrepancy between these observations may be accounted for by differences in both
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the M2-polarising stimuli (IL-4 and IL-13 versus IL-4 alone in the current study) and 

also the choice of mouse strain; the authors obtained microglia from CDl mice, which 

have been found to exhibit greater inflammatory responses than microglia from 

C57BL/6 mice (Nikodemova and Watters, 2011).

In contrast to the similarities in glycolytic response between microglia and 

macrophages, these cell types displayed distinct OCR profiles. While IL-4 enhanced 

mRNA expression of MRCl, ARGl and CHI3L3 in both BMDMs and microglia, basal 

respiration in BMDMs was unchanged by treatment with IL-4. Maximal respiration was 

however lower in IFN-y-treated cells relative to controls and IL-4-treated cells. This is 

in agreement with a study by Haschemi and colleagues, who failed to detect an IL-4- 

induced change in OCR, but did observe an IFN-y-related decrease in OCR in peritoneal 

macrophages (Haschemi et al., 2012).

The role of IFN-y in skewing macrophages toward a glycolytic phenotype was reflected 

in the ECAR:OCR ratio, which was significantly higher in IFN-y-treated BMDMs than 

controls or IL-4-treated cells. Consequently, the OCR:ECAR ratio was also significantly 

decreased in these cells. Taken together, these data suggest that in macrophages, it is 

not that IFN-y and IL-4-polarised cells display distinct bioenergetic profiles, rather that 

IFN-y treatment has opposing effects on metabolism, by driving glycolysis and thus 

inhibiting oxidative phosphorylation.

On the other hand, microglia respond to IL-4 treatment with a robust increase in 

maximal respiration, a parameter that is unaffected by IFN-y treatment. This is 

reflected in the OCR:ECAR ratio, which is significantly higher in IL-4-treated cells than 

controls or IFN-y-treated cells. Taken together, these data suggest that both glycolysis 

and oxidative metabolism in microglia are modulated independently by IFN-y and IL-4 

respectively.

There is increasing evidence to suggest that the M1/M2 dichotomy is not unique to 

macrophages and microglia; astrocytes can also respond to IFN-v/IL-4 and upregulate 

some of the common markers of both activation states (Hua et al., 2002, Jang et al., 

2013). Here is has been shown that, as previously demonstrated in microglia and 

macrophages, IFN-y treatment can enhance mRNA expression of iNOS, TNF-a and
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MHCll, and IL-4 can increase mRNA expression of MRCl, ARGl and CHI3L3 in 

astrocytes.

However, these similarities in marker expression between these cell types were not 

reflected in the bioenergetic status of polarised astrocytes; neither IFN-y nor IL-4 

treatment had any effect on either the ECAR or OCR profile in these cells. This may 

reflect a fundamental difference between the mechanisms of glucose utilisation 

between astrocytes and microglia/macrophages. In the brain, glucose metabolism is 

chiefly under the control of astrocytes, which are constitutively highly glycolytic 

(Bittner et al., 2010). It has been known for over twenty years that glutamate is a key 

mediator of glycolysis and lactate production is astrocytes, and that this astrocyte- 

derived lactate is integral to neuronal energy metabolism (Pellerin and Magistretti, 

1994). The literature surrounding the effect of cytokine exposure on astrocyte 

metabolism is contradictory; one study reported that while IFN-y and IL-4 treatment 

significantly increased and decreased glucose uptake respectively in astrocytes, 

neither treatment had any effect on lactate release (Belanger et al., 2011). In contrast, 

it has also been shown that treatment of primary murine astrocytes with LPS and IFN-y 

(Pellerin and Magistretti, 1994) as well as IFN-y alone (Garg et al., 2009), can enhance 

lactate production in astrocytes; the latter study also demonstrated that IL-4 could 

also elicit this increase. Prior to the current study, the role of IFN-y or IL-4 on the 

modulation of astrocyte oxygen consumption has not been addressed. However, it has 

been shown that at a high concentration (1 pg/ml) a combination of LPS and IFN-y can 

significantly reduce astrocyte OCR relative to controls after 8h but not 24 h of 

treatment (Ribeiro et al., 2015). It has also been demonstrated that astrocytic OCR 

increases with age (Jiang and Cadenas, 2014).

It is difficult to draw a conclusion on the role of IFN-y and IL-4 on modulating astrocytic 

metabolism. It seems that control of glycolysis is not differentially regulated by Ml or 

Ml cytokines. This is not to say that astrocytic glycolysis is not modulated in some way 

by cytokine tone in the brain, merely that astrocytic polarisation to the Ml or M2 

phenotype is not associated with a distinct metabolic profile, as demonstrated in 

microglia and macrophages.
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Taken together these data suggest that while microglia and macrophages share similar 

glycolytic signatures in response to IFN-y, oxidative phosphorylation is differentially 

modulated in these cells, with IL-4 inducing a boost in microglial OCR relative to 

controls, an effect that is absent in M2 macrophages. Instead, macrophage glycolysis 

and oxidative metabolism are differentially regulated by IFN-y alone. Furthermore, the 

bioenergetic profile of astrocytes was entirely unaffected by either manipulation. This 

suggests that these cell types undergo distinct fundamental changes in metabolism in 

response to Ml and M2-polarising stimuli, despite displaying similar profiles of marker 

expression. The effects of IFN-y and IL-4 on the polarisation and metabolic profiles of 

macrophages, microglia and astrocytes are summarised in Figure 3.8.

•t Baseline ECAR 
>i.Maximal respiration

^Baseline ECAR Basal respiration 
'T’Maximal respiration

Figure 3.8 The effect of treatment with IFN-y or IL-4 on the polarisation and 

metabolic profiles of macrophages, microglia and astrocytes.

IFN-y significantly enhanced mRNA expression of the Ml markers iNOS, TNF-a and MHC II, and 
IL-4 significantly upregulated mRNA expression of the M2 markers MRCl, ARGl and CHI3L3 in 
macrophages, microglia and astrocytes. IFN-y increased baseline ECAR and reduced maximal 
respiration in macrophages, however IL-4 had no effect on OCR. \A/hile IFN-y also enhanced 
baseline ECAR in microglia, it did not affect OCR. In contrast, IL-4 increased both basal and 
maximal respiration in microglia. Neither ECAR nor OCR in astrocytes were altered by either 
treatment.
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Chapter 4: NK cells infiltrate the CNS prior 
to disease onset in EAE and provide an 

early source of innate IFN-y
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4.1 Introduction

NK cells are innate lymphocytes named for their cytolytic activity, which can control 

tumour growth and microbial infection. NK cells can produce the pro-inflammatory 

cytokines IFN-y and TNF-a, as well as the immunosuppressive cytokine IL-10 and the 

growth factor GM-CSF in response to IL-12, IL-15 or IL-18 (Vivier et al., 2011). NK cells 

can mobilise effector cytokines, in particular IFN-y, rapidly after immunisation or viral, 

bacterial and parasitic infection, which is thought to be due to constitutive cytokine 

mRNA expression (Stetson et al., 2003).

NK cells possess a suite of inhibitory and activating receptors and integration of signals 

from these receptors governs NK cell effector function. NK cell inhibitory receptors 

recognise MHC I molecules, and these interactions are vital in the orchestration of self

tolerance. For example, the inhibitory NKG2A/CD94 receptor, which is conserved in 

rodents and primates, recognises HLA-E in humans and the murine homologue QAl*’. 

Loss of MHC I molecule expression occurs in tumour cells, virally-infected and 

autoreactive cells. Disturbance of this interaction causes NK cell activation, the release 

of cytotoxic perforin and granzymes, and death of the target cell (Anfossi et al., 2006).

Human NK cells differ from murine NK cells in that their function is determined by 

differential expression of CD56 and CD16. CD56'*"^ NK cells account for almost 90% of 

circulating peripheral NK cells in humans and express high levels of CD16, inhibitory 

killer immunoglobulin-like receptors (KIRs), and perforin. By virtue of these 

characteristics, CD56‘^'"' are more cytotoxic than 0056*’'^'®^' cells. These cells, in 

contrast, express low levels of CD16, KIRs, and perforin, with higher expression levels 

of a number of cytokine receptors and CD94/NKG2A. As a result cells are less

efficient killers, but are more effective cytokine producers, and assume a more 

immunoregulatory role (Beziat et al., 2011).

A deficit in NK cell function or NK cell number in the peripheral blood of patients is 

common in many human autoimmune disorders, such as MS, rheumatoid arthritis 

(RA), systemic lupus erythematosus (SLE), Sjogren's syndrome, and type I diabetes 

mellitus (TIDM) (Fogel et al., 2013). The reduction in circulating NK cell number has 

been conclusively associated with relapse in MS in particular (Kastrukoff et al., 2003).

99



Further weight to the theory that NK cells are protective in this disease has been 

provided by the observation that immunoregulatory NK cell subtype are

expanded in the peripheral blood of patients that have received the disease-modifying 

drugs IFN-p (Saraste et al., 2007), daclizumab (Bielekova et al., 2006) and natalizumab 

(Putzki et al., 2010).

The greater flexibility to investigate the potential role of NK cells in EAE, an animal 

model of autoimmunity, has generated both considerably more data and more 

controversy. A common approach has been to deplete NK cells using anti-NKl.l or 

anti-asialo GMl antibodies, which induce apoptosis (Asea and Stein-Streilein, 1998) 

and complement-dependent lysis (Shimada and Iwata, 1987) of NK cells respectively. 

Interestingly, NK cell depletion has generated conflicting reports of both exacerbation 

(Zhang et al., 1997a, Hao et al., 2010a, Xu et al., 2005, Matsumoto et al., 1998a) and 

amelioration (Winkler-Pickett et al., 2008, Shi et al., 2000) of clinical signs of EAE. 

These discrepancies may reflect differences in the antibodies used, inconsistencies in 

depletion regimen, and a focus on the peak of disease.

While much of the focus has been on the role of NK cells in modulating the adaptive 

immune response in the periphery, there is evidence that NK cells can also home to 

the CNS in EAE (Gan et al., 2012). The neuronal chemokine fractalkine (CX3CL1) is 

thought to be responsible for recruitment of NK cells to the inflamed CNS (Gan et al., 

2012). What is yet to be conclusively determined is the timing of NK cell infiltration 

into the CNS, and the contribution of these cells in modulating neuroinflammation.

Study aims

1) To investigate the kinetics of NK cell infiltration into the CNS of mice with EAE

2) To examine IFN-y production by NK cells in the CNS of mice with in EAE

3) To determine the effect of NK cell depletion at different time points on the severity 
of EAE
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4.2 Results

4.2.1 CDS'NKl.l^ cells infiltrate the brain and spinal cord and produce significant 

quantities of IFN-y prior to the onset of clinical signs of EAE

In order to determine the kinetics of NK cell infiltration into the CNS during EAE, FACS 

analysis was used to identify the CD3 NKl.l^ population among mononuclear cells 

from the brains and spinal cords of mice with active EAE (Figure 4.1 A and Figure 4.2 

A). The frequency and absolute number of CDS NKl.l"^ cells in the brains of mice was 

higher at day 7 post induction than days 0, 3, 11 or 17 (Figure 4.1 B, C; p<0.001; 

ANOVA). The frequency of CD3 NK1.1^ cells in the spinal cords of mice was also 

significantly higher at day 7 than days 0, 3, 11 or 17 (Figure 4.2 B; p<0.001; ANOVA). 

The absolute number of CDB NKl.l"^ cells in the spinal cords of mice was higher at day 

17 than days 0, 3 or 11 (Figure 4.2 C; p<0.05; ANOVA).

The frequency of IFN-y-positive NK cells (CD3‘NKl.l*IFN-y"^) was significantly higher in 

the brains of mice on days 7, 11 and 17 than at days 0 or 3 (Figure 4.3 B; p<0.05, 

p<0.01; ANOVA). The absolute number of IFN-y-producing NK cells was significantly 

higher in the brains of mice on day 7 than days 0, 3, 11, or 17 (Figure 4.3 C; p<0.001; 

ANOVA). These data indicate that NK cells infiltrate the CNS before the onset of 

disease and provide an early source of IFN-y.

4.2.2 CD3*CD4*IFN-y^ and CD3^CD4*IL-17* cells infiltrate the brain at the peak of 

disease

Infiltration of Thl (CD3^CD4*IFN-y^) cells and Thl7 (CD3"CD4^IL-17") cells during the 

development of EAE was analysed in the brain using FACS (Figure 4.4 A and Figure 4.5 

A). The frequency and absolute number of CD3^CD4^IFN-y^ cells and CDS'^CDA^IL-IT'^ 

cells were significantly higher in the murine brains at day 17 than days 0, 3, 7 or 11 

(Figure 4.4 and Figure 4.5 B, C; p<0.001; ANOVA). Taken together, these data indicate 

that CD4*T cells infiltrate the brain later in EAE than NK cells.

4.2.3 Neither continuous nor late depletion of NK cells delays the onset of EAE

In order to elucidate the role of NK cells in the development of EAE, anti-asialo GMl 

antibody was used, which depletes NK cells through complement-mediated lysis.
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Continuous NK cell depletion delayed the onset of EAE by 3 d with a corresponding 

increase in weights relative to control mice though this did not reach statistical 

significance (Figure 4.6 A, B; p<0.05; ANOVA). Late depletion of NK cells did not affect 

the clinical course of EAE (Figure 4.6 E, F; p<0.05; ANOVA).

4.2.4 Early NK cell depletion reduces the severity of EAE, and is associated with a 

reduction in the number of CD4'^ T cells and microglia in the brain

As NK cells were found to infiltrate the CNS early in EAE, the effect of NK cell depletion 

at this time was examined. The clinical scores of mice that were depleted of NK cells at 

the time of EAE induction were significantly lower than control mice on days 10-14 

(Figure 4.6 C; p<0.05, p<0.01, p<0.001; ANOVA), and their percentage weight change 

was significantly higher than control mice on day 11 (Figure 4.6 D; p<0.05; ANOVA).

FACS analysis was used to compare the number of 604"^ T cells and microglia in the 

brains of control and NK-depleted mice with EAE. The absolute numbers of 

CD3^CD4"lFN-y^ cells, CD3"CD4"lL-17" cells and microglia (CDllb^CD45'°'") were 

significantly lower in the brains of mice that were depleted of NK cells at the time of 

EAE induction relative to control mice (Figure 4.7 B, D, F; p<0.05, p<0.01; t-test). These 

data provide indirect evidence of a role for NK cells in promoting 604"^ T cell infiltration 

and microglial proliferation in the brains of mice with EAE.

4.2.5 The onset of active EAE is delayed, with enhanced severity, in IFN-y'^' mice

Flaving demonstrated that IFN-y-secreting NK cells infiltrate the CNS early in EAE and 

that depletion of NK cells at this time reduces disease severity, the role of IFN-y in EAE 

was examined using transgenic mice. The onset of EAE was delayed in IFN-y'^' mice; the 

mean day of onset in these mice was day 10 post induction versus day 7 in the control 

mice, however this was not statistically significant (Figure 4.8 A; p<0.05; ANOVA). The 

percentage weight change was lower in the IFN-y'^’ mice relative to control mice 

between days 21 and 25 (Figure 4.8 B; p<0.001;ANOVA). These data suggest that IFN-y 

may be pathogenic in the induction of EAE, but protective at the effector stage of 

disease.
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4.2.6 Early NK cell depletion does not affect the clinical course of actively induced

EAE in IFN-y'^' mice

As NK cells were shown to produce IFN-y early in EAE, the hypothesis that IFN-y is 

responsible for NK-mediated pathogenicity at this time was tested through depletion 

of NK cells from IFN-y'^' mice with EAE at the induction of disease. Disease severity was 

compared with untreated IFN-y mice. Early NK cell depletion did not alter the clinical 

scores or percentage weight changes in IFN-y'^' mice (Figure 4.8 C, D; p>0.05; ANOVA). 

This suggests that NK cell pathogenicity at the induction of disease is mediated, at 

least in part, by IFN-y.
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Figure 4.1 CDS'NKl.l^ cells infiltrate the brain prior to the onset of clinical signs of 
EAE

EAE was induced in C57BL/6 mice by immunization with MOG (100 pg/mouse) 
emulsified in CFA. Groups of 4 mice were sacrificed on days 0, 3, 7, 11 and 17. 
Mononuclear cells were isolated from the brains. Results are presented as 
representative FACS plots (A), mean frequency (B) or absolute numbers (C) of CD3‘ 
NKl.l"^ cells in the brain. ***p<0.001 versus day 0, "^'^'^p<0.001 versus day 3, ''''p<0.01, 
''''''p<0.001 versus day 11, **p<0.01,*****p<0.001 day 17; one-way ANOVA with Newman- 

Keuls post-hoc test. Data are presented as the means ± SEM (n=4).
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Figure 4.2 CDS'NKl.l^ cells infiltrate the spinal cord prior to the onset of clinical signs 

of EAE

EAE was induced in C57BL/6 mice by immunization with MOG (100 pg/mouse) 
emulsified in CFA. Groups of 4 mice were sacrificed on days 0, 3, 7, 11 and 17. 
Mononuclear cells were isolated from the spinal cords. Results are presented as 
representative FACS plots (A), mean frequency (B) or absolute numbers (C) of CD3' 
NKl.l"^ cells in the spinal cord. *p<0.05, **p<0.01, ***p<0.001 versus day 0, '^p<0.05, 
'^"^p<0.01, '^'^'^p<0.001 versus day 3, ''p<0.05, ''''''p<0.001 versus day 11, *'“**p<0.001 

versus day 17; one-way ANOVA with Newman-Keuls post-hoc test. Data are presented 
as the means ± SEM (n=4)
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Figure 4.3 The number of CDB'NKl.l^IFN-y^cell increases in the brain early in EAE

EAE was induced in C57BL/6 mice by immunization with MOG (100 pg/mouse) 
emulsified in CFA. Groups of 4 mice were sacrificed on days 0, 3, 7, 11 and 17. 
Mononuclear cells were isolated from the brains and stimulated with PMA (10 ng/ml), 
ionomycin (1 pg/ml) and brefeldin A (5 pg/ml) for 5 h. Results are presented as 
representative FACS plots (A), mean frequency (B) or absolute numbers (C) of CD3 
NKl.l^IFN-y"^ cells in the brain. **p<0.01, ***p<0.001 versus day 0, "^p<0.05, 
^*p<0.0l/^'^p<0.001 versus day 3, ''''''p<0.01 versus day 11, ^^**p<0.001 versus day 17; 

one-way ANOVA with Newman-Keuls post hoc test. Data are presented as the means ± 
SEM (n=4).

106



Day 0 Day 3 Day 7 Day 11 Day 17

IFN-y

B

V 3.0 
sn

Q
O
+
COQ
O

0o
0
if ''■5

o

0.0

$$$
+++
***

0 3 7 11 17
Day post induction

ISOOn

Q "q) 
O o

Q Z O £
750-

AAA 
$$$ 
+ + +

0 3 7 11 17
Day post induction

Figure 4.4 CD3^CD4^IFN-v^ cells infiltrate the brain at the peak of disease

EAE was induced in C57BL/6 mice by immunization with MOG (100 pg/mouse) 
emulsified in CFA. Groups of 4 mice were sacrificed on days 0, 3, 1, 11 and 17. 
Mononuclear cells were isolated from the brains and stimulated with PMA (10 ng/ml), 
ionomycin (1 pg/ml) and brefeldin A (5 pg/ml) for 5 h. Results are presented as 
representative FACS plots (A), mean frequency (B) or absolute numbers (C) of 
CDS'^CDA'^IFN-v^ cells in the brain. *p<0.05,***p<0.001 versus day 0, ^"^"^p<0.001 versus 
day 3, ^^^p<0.001 versus day 7, ’'''''p<0.001 versus day 11; one-way ANOVA with 

Newman-Keuls post-hoc test. Data are presented as the means ± SEM (n=4).
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Figure 4.5 CD3*CD4*IL-17* cells infiltrate the brain at the peak of disease

EAE was induced in C57BL/6 mice by immunization with MOG (100 pg/mouse) 
emulsified in CFA. Groups of 4 mice were sacrificed on days 0, 3, 7, 11 and 17. 
Mononuclear cells were isolated from the brains and stimulated with PMA (10 ng/ml), 
ionomycin (1 pg/ml) and brefeldin A (5 pg/ml) for 5 h. Results are presented as 
representative FACS plots (A), mean frequency (B) or absolute numbers (C) of 
CD3'^CD4'^IL-17'^ cells in the brain. ***p<0.001 versus day 0, '^^'^p<0.001 versus day 3, 
^^^p<0.001 versus day 7, ^*‘*p<0.001 versus day 11; one-way ANOVA with Newman- 

Keuls post-hoc test. Data are presented as the means ± SEM (n=4).
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Figure 4.6 Neither continuous nor late depletion of NK cells affects the clinical course 
of EAE, while early depletion of NK cells delays the onset and reduces the severity of 
EAE

C57BL/6 mice were immunised with MOG (100 pg/mouse) emulsified in CFA and 
injected with anti-asialo GMl antiserum (10 pl/mouse) or rabbit serum continuously 
(on day -1, 1, 3 and every 3 d thereafter), early (on day -1, 1 and 3) or late (on day 8 
and every 3 d thereafter; arrows denote timing of injections). Mice were assessed for 
the development of EAE by clinical score (A, C, E) and % weight change (B, D, E). 
*p<0.05, **p<0.01, ***p<0.001 versus control mice; two-way ANOVA with Bonferroni 
post-hoc test. Data are presented as the mean ± SEM (n=6)
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Figure 4.7 Early NK cell depletion reduces the number of CDllb^CD45'°'" cells and the 

infiltration of CD3*CD4*IFN-v* and CD3*CD4^IL-17* in the brains of mice with EAE

C57BL/6 mice were immunised with MOG (100 |ig/mouse) emulsified in CFA and 
injected with anti-asialo GMl antiserum (10 pl/mouse) or rabbit serum on day -1, 1 

and 3. Animals were sacrificed on day 13. Mononuclear cells were isolated from the 
brains and stimulated with PMA (10 ng/ml), ionomycin (1 pg/ml) and brefeldin A (5 
|ig/ml) for 5 h. Thl cells (CD3'^CD4'^IFN- y"^), Thl7 cells (CD3"^CD4'^IL-17'^) and microglia 
(CDllb''CD45'°'") were identified using FACS (A, C, E). Absolute numbers of 
CD3^CD4lFN-y^ cells (B) CD3^CD4lL-17^ cells (D) and CDllb^CD45'°" cells (F) were 

calculated from original mononuclear cell counts. *p<0.05, **p<0.01 versus control 
mice; t-test. Data are presented as the means ± SEM (n=3).
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Figure 4.8 IFN-v'^' mice exhibit a delayed onset and increased severity of active EAE 
relative to WT mice, however EAE clinical scores in IFN- y'^' mice are unaffected by 

NK cell depletion

WT and IFN-y'^' C57BL/6 mice were immunised with MOG (100 pg/mouse) emulsified 
in CFA. Mice were assessed for the development of EAE by clinical score (A) and % 
weight change (B). IFN-y ^' C57BL/6 mice were immunised with MOG (100 pg/mouse) 
emulsified in CFA and injected with anti-asialo GMl antiserum (10 pl/mouse) or rabbit 
serum on day -1, 1, and 3 (arrows denote timing of injections). Mice were assessed for 
the development of EAE by clinical score (C) and % weight change (D). ***p<0.001 
versus control (WT) mice; two-way ANOVA with Bonferroni post-hoc test. Data are 
presented as the mean ± SEM (n=4). There were no significant differences in the 
clinical scores or percentage weight changes between the NK cell-depleted and control 
IFN-y '^' mice, p>0.05; ANOVA. Data are presented as the mean ± SEM (n=5).
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4.3 Discussion

Cells of the adaptive immune system, in particular CD4* T cells, have long been 

considered the primary disease-causing lymphocytes in MS, and the animal model, 

EAE. HovA/ever, in recent years, this dogma has been increasingly challenged by 

mounting evidence that cells of the innate immune system may also play an important 

role in CNS inflammation. One such candidate is the NK cell, an innate cytotoxic 

lymphocyte that has been presented in this study as a having a crucial pathogenic role 

early in EAE.

4.3.1 NK cell infiltration into the CNS in EAE

Previous studies have reported detection of NK cells in the CNS of mice with EAE at the 

peak of disease (Huang et al., 2006). However until now, the kinetics of NK cell 

infiltration from disease induction to development of clinical signs has not been 

examined. The present study revealed that NK cell numbers peaked in the brain and 

spinal cord at day 7 post-induction, which preceded the onset of clinical signs of EAE. 

At this time NK cells accounted for almost 30% of all live mononuclear cells isolated 

from the brain. In contrast, NK cells only accounted for only 5% of cells detected the 

brain at the peak of disease. This highlights some of the deficiencies of previous 

studies that focused on NK cell infiltration into the CNS at the peak of disease.

Rapid NK cell activation is a feature of many inflammatory responses. For example, in 

the well-established murine cytomegalovirus model (MCMV), there is rapid 

proliferation of NK cells, peaking only a few days after infection, and a speedy 

contraction when the cells undergo apoptosis (Robbins et al., 2004). This phenomenon 

is not confined to peripheral insults. In a mouse model of ischemic stroke, NK cells 

were found to rapidly infiltrate the brain following experimental occlusion of the 

middle cerebral artery, where they enhanced lesion size by killing ischemic neurons, 

and through release of IFN-y, a strong inducer of neuroinflammation (Gan et al., 2014). 

The present study demonstrated a pathogenic role for brain-infiltrating NK cells early 

in EAE. A high frequency of these cells secreted IFN-y by day 7, which persisted at least 

until day 17. Early in the course of EAE, NK cells seemed to be the primary source of 

IFN-y. In contrast, the maximum infiltration of IFN-y-secreting CD4'^ T cells (Thl cells)
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did not occur until the peak of disease at day 17. A similar gradual increase in 

infiltration of Thl7 cells was also observed, with maximum numbers detected on day 

17. These data are in agreement with previous work from our laboratory, which 

demonstrated that Thl and Thl7 cells were found to be present in the CNS in highest 

numbers later in EAE (Murphy et al., 2010). Taken together, these data present NK 

cells as an important, early source of IFN-y in the CNS in EAE.

4.3.2 The effect of NK cell depletion on the pathogenesis of EAE

A role for NK cells in the pathogenesis of EAE was further established through the use 

of anti-asialo GMl, a polyclonal antibody that depletes NK cells through complement- 

mediated lysis (Shimada and Iwata, 1987). Previous studies have used antibodies 

against NKl.l to examine the role of NK cells in EAE, however this antigen is also 

expressed on NKT cells and a small subset of yS T cells (Haas et al., 2009), which 

complicated interpretation of results. The present study revealed that administration 

of anti-asialo GMl in vivo resulted in depletion of NK cells that persisted for up to 4 

days, with a gradual diminution in effect after this time. Administration of the 

antibody on days -1, 1 and 3 ensured depletion of NK cells up until their time of 

maximum observed CNS infiltration and IFN-y production at day 7.

Crucially, the results revealed that early depletion of NK cells delayed the onset of EAE 

by almost 3 days and significantly reduced the severity of disease until day 14. These 

data are in agreement with the observations made by Winkler-Pickett and colleagues, 

who reported that NK cell depletion by anti-asialo GMl reduced the severity of MOG- 

induced EAE (Winkler-Pickett et al., 2008). In contrast, Matsumoto and colleagues 

reported that a similar method of early NK cell depletion led to enhanced disease 

severity; however, this discrepancy may be accounted for by the fact that the 

experimental animals the authors used were Lewis rats, not mice, the induction agent 

was MBP, not MOG, and the clinical course of EAE was transient, with complete 

recovery by day 21 (Matsumoto et al., 1998a).

Interestingly, removal of NK cells (and consequently a source of IFN-y) early in disease 

had an impact on the cellular environment in CNS of these animals. On day 13 of EAE, 

the total number of cells in the brains of the NK cell-depleted animals was significantly
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lower than in the brains of untreated mice. This translated to a striking reduction in 

number of infiltrating Thl and Thl7 cells into the brains of depleted mice. 

Furthermore, the number of microglia was also reduced in the brains of these mice. It 

is possible that this reduction in microglial number with NK cell depletion was due to a 

consequential reduction in IFN-y in the CNS, as microglia have been found to 

proliferate in response to exposure to IFN-y (Grau et al., 1997). Microglial proliferation 

and activation are hallmarks of a number of neuroinflammatory disorders and can 

contribute to pathology in the CNS (Kreutzberg, 1996). The anti-viral drug ganciclovir, 

which is capable of abrogating microglial proliferation, has been successful in reducing 

disease severity in EAE (Ding et al., 2014). The combined reduction in CD4"^ T cell 

infiltration and attenuation of aberrant microglial proliferation may provide an 

explanation as to why NK cell depletion was efficacious in reducing EAE severity.

4.3.3 The role of IFN-y in the pathogenesis of EAE

The role of IFN-y in EAE is contentious. Before the identification of Thl7 cells as the 

primary pathogenic lymphocytes in EAE (Leavenworth et al., 2010a, Langrish et al., 

2005), IFN-y-producing Thl cells were thought to be the primary pathogenic mediator 

in EAE. Indeed, MOG-specific Thl cells can transfer disease (O'Connor et al., 2008). 

However, EAE can still be induced in mice with a disrupted IFN-y gene (Ferber et al., 

1996), and administration of a monoclonal antibody against IFN-y can exacerbate EAE 

severity (Billiau et al., 1988). In this study, the absence of IFN-y at the induction of EAE 

translated to delayed onset of disease, however, in the effector stage the transgenic 

mice exhibited enhanced disease severity. Taken together, these observations suggest 

that IFN-y may play a pathogenic role at the induction stage, and a protective one at 

the effector stage of EAE.

NK cells have thus far been presented as a vital early source of IFN-y in EAE. It is 

therefore possible that the reduced EAE severity and attenuation in 

neuroinflammation observed with depletion of NK cells at the induction of disease was 

related to a reduction in IFN-y, which was previously observed to be pathogenic early 

in EAE. Indeed, in contrast to wild-type mice, NK cell depletion at the induction of EAE
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had no effect on the clinical course in IFN-y'^' mice, confirming that NK cells are 

pathogenic early in EAE by virtue of their production of IFN-y.

Depletion of NK cells throughout the course of EAE did not have a significant effect on 

clinical scores, although mean EAE onset was delayed by 3 days, and tended toward a 

slight increase in severity later on, similar to the pattern seen in the IFN-y'^' mice. This 

suggests that IFN-y from NK cells may be protective later in EAE and removal of NK 

cells at this time may in turn lessen the beneficial effects of early depletion. The fact 

that the effect of continuous NK cell depletion is less profound than the absence of 

IFN-y is likely to be due to compensatory production of this cytokine by other cell 

types, for example T cells.

Taken together, these data uncover an important role for NK cells in the induction of 

EAE. IFN-y-producing NK cells infiltrate the CNS before the onset of disease. Removal 

of NK cells early in EAE leads to an attenuation of clinical signs, and reduced numbers 

of CD4^ T cells and microglia in the CNS. The novel finding that this effect is lost in IFN- 

y knockout mice provides strong evidence that NK cells are an early, innate, source of 

IFN-y, a factor which likely contributes to their observed pathogenicity in the induction 

phase of EAE.

Anti-asialo GMl

r

NK
1

j

cellr • •

IFN-y

'I' early EAE severity 
Microglial number 

't' Thl/Thl7 infiltration

Figure 4.9 A role for NK cells early in EAE

IFN-y from NK cells contributes to severity early in EAE through enhancement of microglial 
number and CD4* T cell infiltration in the brain. Depletion of NK cells early in EAE using a 
polyclonal antibody against asialo GMl therefore reduces disease severity
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Chapter 5: Induction of the Ml phenotype 
and CD4^ T cell encephalitogenicity by NK

cells
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5.1 Introduction

Microglia are the principal CNS-resident immune cells, and have long been a subject of 

interest in the context of neurodegenerative and autoimmune conditions, such as MS 

and EAE. Like peripheral macrophages, microglia can adopt phenotypically distinct 

activation states in response to their particular environment. Broadly, microglial 

activation can be categorised as Ml or M2. The classical or Ml state is induced by 

exposure to LPS or IFN-y, and is characterised by the production of NO, the pro- 

inflammatory cytokines TNF-a, IL-ip, IL-6 and IL-12, and upregulation of MFIC II 

expression. The alternative or M2 state is induced by exposure to IL-4 and IL-13, and is 

associated with an increase in expression of ARGl, MRCl, and chitinase-like proteins 

(Colton, 2009). There is much evidence to suggest that microglial activation is an 

important feature of MS, with clusters of activated microglia, referred to as "nodules" 

appearing in the CNS before the onset of demyelination (van Horssen et al., 2012). 

Early microglial activation is also a feature of the animal model EAE, with appearance 

of Ml microglia in the CNS before the onset of disease (Ponomarev et al., 2005). In the 

absence of substantial inflammatory infiltrates composed of CD4^ T cells, which are 

not detected in the CNS until later in disease, it is still unclear what is responsible for 

this early glial activation.

The scope of NK cell interaction with other facets of the immune system extends 

beyond cytotoxicity. NK cell cytokine production has been found to modulate both the 

innate and adaptive arms of the immune response to insult. NK cell-derived IFN-y plays 

an important role in Thl differentiation in Leishmania major infection (Scharton and 

Scott, 1993). Depletion of NK cells in mice infected with Toxoplasma gondii proved 

fatal, as the reduction in IFN-y impaired the generation of an adequate Thl response 

(Goldszmid et al., 2007). NK cells can also modulate the Thl response indirectly 

through activation of DCs. Secretion of IFN-y by NK cells contributed to DC maturation 

and production of IL-12, a cytokine which is also required for Thl differentiation 

(Gerosa et al., 2002).

IFN-y is also potent inducer of the Ml macrophage phenotype. The theory that 

production of IFN-y by NK cells could induce this pro-inflammatory state in
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macrophages persisted for some time before direct evidence \was provided by Prajeeth 

and colleagues. They demonstrated that co-incubation of NK cells vwith Leishmanio- 

infected macrophages led to an increase in the expression of the archetypal Ml 

marker iNOS, an effect that did not require cell-cell contact, and which was lost if the 

NK cells were obtained from IFN-y-deficient mice (Prajeeth et al., 2011). However, the 

specifics of non-cytotoxic NK cell interactions with other immune cells in the context 

of autoimmunity have not yet been established.

VLA-4 was first identified as an important player in the homing of CD4"^T cells to the 

inflamed CNS in 1992. This integrin interacts with VCAM-1, which allows 

transmigration of inflammatory cells across the BBB. It was found that antibody- 

mediated blockade of this molecule prevented both leukocyte infiltration and clinical 

paralysis in the EAE model (Yednock et al., 1992b). VLA-4 is a dimer of CD29 and 

CD49d and a monoclonal antibody against the latter, called natalizumab, is currently 

used as a treatment for relapsing-remitting MS. Despite withdrawal of the drug from 

the market following the development of a fatal progressive multifocal 

leukoencephalopathy (PML) in a number of patients, natalizumab was returned to the 

market in 2006 and still remains one of the leading treatments for MS (Goodin, 2006).

On resting CD4* T cells, integrins such as VLA-4 are locked in the low-affinity state. 

Only when the cell is activated, for example by exposure to growth factors or 

chemokines, or with ligation of the T cell receptor, will the integrin adopt the high- 

affinity state that facilitates ligand binding and ultimately, cell adhesion (Sixt et al., 

2006). Exposure to cytokines can also determine integrin expression; naive CD4"^T cells 

cultured under Thl polarising conditions (with IL-2, IL-12, IFN-y, anti-IL-4) have higher 

VLA-4 expression than those cultured under Th2 polarising conditions (with IL-2, IL-4, 

anti-IL-12 and anti-IFN-y) (Sasaki et al., 2009). While the detection of VLA-4^ CD4^ T 

cells in the CNS is a hallmark of both EAE (Soilu-Hanninen et al., 1997) and MS 

(Brosnan et al., 1995), little is known about how VLA-4 expression is modulated to 

enhance encephalitogenicity in this context.

120



Study aims

1) To establish whether the pattern of CNS NK cell infiltration and IFN-y production 

correlated with an upregulation in the Ml state in microglia.

2) To investigate the effect of NK cell co-incubation with glia and macrophages on cell 

phenotype.

3) To examine the effect of NK cell co-incubation with macrophages on cell phenotype 

and consequently \/LA-4 expression on 004"^ T cells.

4) To determine the effect of VLA-4 blockade at the induction and effector phases of 

EAE.
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5.2 Results

5.2.1 Production of TNF-a by microglia increases in the brain at the time of enhanced 

NK cell infiltration on day 7

In order to examine the time-course of Ml microglial activation in the brains of mice 

with EAE, FACS analysis was used to assess expression of the Ml-related cytokine TNF- 

a in microglia (CDllb'^CD45'°'" cells, Figure 5.1 A). Interestingly, the frequency of 

CDllb''CD45'°"TNF-a'^ cells was significantly higher at day 7 than days 0, 3, 11 or 17 

(Figure 5.1 B; p<0.001; ANOVA). The absolute number of CDllb^CD45'°'"TNF-a^ cells 

was significantly higher at day 7 than days 3 or 11 (Figure 5.1 C; p<0.01; ANOVA). This 

correlated with the increase in NK cell infiltration into the CNS described in Figure 4.1.

5.2.2 Treatment of NK cells with recombinant IL-12 significantly enhances IFN-y 

production

Having demonstrated that NK cell infiltration into the CN5 in EAE corresponded with 

an increase in microglial activation, in vitro assays were used to examine the effect of 

NK cell co-incubation on microglial phenotype. A preliminary experiment investigated 

IFN-y production by NK cells in response to IL-2, which is required for their expansion 

and purification in culture with or without additional IL-12, which has been found to 

stimulate IFN-y production by NK cells. NK cells treated with additional IL-12 produced 

significantly more IFN-y than those treated with IL-2 alone (Figure 5.2, p<0.001; 

ANOVA).

5.2.3 Incubation with NK cells induces microglial cell death

As NK cells are by their very nature cytotoxic, the levels of microglial cell death in 

response to NK cell co-incubation were examined using an LDH assay. The LDH OD was 

significantly higher in the supernatants taken from microglia that had been co

incubated with NK cells treated with IL-2 with or without additional IL-12 than in those 

from any other treatment group (Figure 5.3, p<0.001; ANOVA). Interestingly, there 

was no increase in LDH OD in the supernatants taken from microglia incubated with 

conditioned medium taken from NK cells (p>0.05; ANOVA) suggesting that NK cells kill 

microglia in a contact-dependent manner.
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5.2.4 Conditioned medium from NK cells enhances the Ml state and reduces the M2 

state in microglia

In order to circumvent the NK cell-mediated microglial cytotoxicity observed with 

direct co-incubation, the effect of NK-conditioned medium on microglial phenotype 

was examined. Conditioned medium taken from NK cells treated with IL-2 and IL-12 

significantly enhanced microglial mRNA expression of the Ml markers iNOS, TNF-a and 

MHC II (Figure 5.4 A-C), and reduced expression of the M2 markers MRCl and ARGl 

(Figure 5.4 D, E) relative to all other treatment groups, including those cells that were 

incubated with conditioned medium taken from IL-2-treated NK cells (p<0.001; 

ANOVA). Conditioned medium from IL-2-treated NK cells also increased mRNA 

expression of TNF-a relative to control microglia and those treated with IL-2 with or 

without additional IL-12 (p<0.001; ANOVA). Taken together these data present a role 

for NK cells in enhancing the Ml, and reducing the M2 phenotype in microglia.

5.2.5 NK cells or NK cell-conditioned medium enhance the Ml state and reduce in 

the M2 state in mixed glia

NK cells were found to kill microglia in a contact-dependent manner; however it was 

unclear if this cytotoxicity would be preserved in the presence of astrocytes. As such 

the co-incubation was repeated, this time using a mixed glial preparation. Mixed glial 

preparations are usually composed primarily of astrocytes, with about 20% microglia. 

Addition of NK cells did not induce any changes in LDH OD in supernatants taken from 

mixed glia (Figure 5.5; p>0.05; ANOVA). Instead, the addition of NK cells treated with 

IL-2 with/without IL-12 enhanced the mRNA expression of the Ml markers iNOS, TNF- 

a and MFIC II relative to the other treatment groups (Figure 5.6 B, D, F; p<0.05, p<0.01, 

p<0.001; ANOVA). The expression of MHC II was also significantly higher in the mixed 

glia that were incubated with NK cells treated with IL-2 and IL-12 than those incubated 

with IL-2-treated NK cells (p<0.01; ANOVA).

Only conditioned medium from NK cells treated with both IL-2 and IL-12 increased 

mRNA expression of iNOS , TNF-a and MHC II relative to control mixed glia, and cells 

treated with IL-2 with or without IL-12 (Figure 5.6 A, C, E; p<0.001; ANOVA). iNOS 

mRNA expression was also higher in mixed glia incubated with medium from NK cells
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treated with IL-2 and IL-12 than in mixed glia incubated with medium from IL-2-treated 

NK cells (p<0.001; ANOVA).

On analysis of the mRNA expression of the M2 marker MRCl, it was found that both 

NK cells treated with IL-2 alone and those treated with additional IL-12 significantly 

reduced mRNA expression of MRCl in mixed glia relative to all other treatment groups 

(Figure 5.6 H; p<0.05; ANOVA). Conditioned medium from IL-2 and IL-12 treated NK 

cells significantly downregulated MRCl expression relative to all other groups, 

including the cells that were incubated with conditioned medium from NK cells treated 

with IL-2 alone (Figure 5.6 G; p<0.05; ANOVA). These data suggest that, similar to the 

observations made in primary microglia, NK cells can enhance the Ml phenotype and 

reduce the M2 phenotype in mixed glia.

5.2.6 NK cells or NK cell-conditioned medium enhances the Ml state and reduces 

the M2 state in BMDMs

Having demonstrated that NK cells can drive the Ml phenotype and reduce the M2 

phenotype in both microglia and mixed glia, the effect of NK cell co-incubation on 

peripheral macrophages was examined. Addition of NK cells did not induce any 

changes in LDH OD in supernatants taken from BMDMs (Figure 5.7, p>0.05; ANOVA). 

Instead, the addition of NK cells treated with IL-2 alone or with additional IL-12 

increased expression of iNOS (Figure 5.8 B) relative to all the other treatment groups, 

whereas only the addition of NK cells treated with both cytokines elicited an 

upregulation in expression of MHC II in BMDMs, which was significantly higher than 

that detected in all other treatment groups (Figure 5.8 D; p<0.01, p<0.001; ANOVA). 

The addition of NK cells also elicited a significant reduction the mRNA expression of 

the M2 markers MRCl (Figure 5.8 F) and CHI3L3 (Figure 5.8 H) relative to all other 

control groups (p<0.001; ANOVA).

Incubation with conditioned medium from NK cells treated with IL-2 and IL-12 

increased the mRNA expression of iNOS (Figure 5.8 A) and MHC II (Figure 5.8 C) in 

BMDMs relative to all the other treatment groups, including BMDMs incubated with 

conditioned medium from NK cells that were treated with IL-2 alone (p<0.001; 

ANOVA). Only conditioned medium from NK cells treated with both IL-2 and IL-12
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significantly reduced mRNA expression MRCl in BMDMs relative to all other treatment 

groups (Figure 5.8 E; p<0.001; ANOVA). NK cell conditioned medium had no effect on 

expression of CHI3L3 in BMDMs (Figure 5.8 G; p>0.05; ANOVA). These findings 

demonstrate that NK cells are also capable of driving Ml polarisation and reducing M2 

polarisation of macrophages.

5.2.7 IFN-y from NK cells can drive Ml polarisation of macrophages and enhance 

expression of VLA-4 by MOG-specific CD4* T cells

Thus far it has been shown that NK cells are most numerous in the brain early in EAE, 

and that depletion of these cells at the induction of disease leads to a reduction in EAE 

severity. NK cells can induce the pro-inflammatory Ml state in glia, which may partially 

account for the reduction in clinical scores with NK cell depletion, but does not entirely 

explain the corresponding reduction in CD4^ T cell number in the brain. Flaving found 

that NK cells can also polarise peripheral macrophages to the Ml state, the possibility 

that NK cells may have a role in the periphery that directly or indirectly influences the 

encephalitogenic capacity of CD4^ T cells was investigated.

In agreement with the ELISA data in Figure 5.2, the frequency of CDB'NKl.l^IFN-y'^ NK 

cells was significantly enhanced with IL-12 treatment (Figure 5.9 A, B; p<0.001; 

ANOVA). MFIC II was significantly upregulated in BMDMs that had been treated with 

IFN-y or co-incubated with NK cells treated with IL-2 with or without IL-12, relative to 

control BMDMs (Figure 5.9 C, D; p<0.001; ANOVA).

Flaving verified that NK cells were producing IFN-y and that BMDMs had adopted the 

Ml state, the effect of these elements on expression of the integrin VLA-4 on CD4"^ T 

cells was investigated using FACS (Figure 5.10 A). Interestingly, VLA-4 expression was 

significantly higher in CD4'' T cells cultured with BMDMs in the presence of NK cells 

treated with IL-2 with or without additional IL-12 relative to all other groups (Figure 

5.10 B; p<0.05, p<0.01, p<0.001; ANOVA). VLA-4 expression was also significantly 

higher in CD4^ T cells co-incubated with IFN-y-treated BMDMs than those co

incubated with IL-2 and IL-12-treated NK cells (p<0.01; ANOVA). These data reveal a 

role for NK cells in polarising Ml macrophages and thus enhancing CD4^T cell VLA-4 

expression.
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5.2.8 Neutralisation of VLA-4 at the induction and effector phases of EAE significantly 

attenuates disease

In order to examine the role of \/LA-4 in the pathogenesis of EAE, a monoclonal 

antibody against the a4 subunit of the integrin was administered during both active 

and passive EAE. Administration of anti-CD49d antibody led to a significant 

attenuation of EAE in the active model from day 13 onwards (Figure 5.11 A, p<0.01, 

p<0.001; ANOVA). This was reflected in the percentage weight change, which was 

significantly higher in the antibody-treated mice than controls from day 15 onwards 

(Figure 5.11 B, p<0.05, p<0.01, p<0.001; ANOVA). Administration of the antibody in the 

adoptive transfer EAE model completely prevented the development of disease, an 

effect which persisted for 17 d after the last dose of anti-CD49d. The clinical scores of 

the control mice were significantly higher than the mice that received the antibody 

from day 11 onwards (Figure 5.11 C; p<0.05, p<0.001; ANOVA). The percentage weight 

changes were significantly lower in control mice than the antibody-treated mice, also 

from day 11 onwards (Figure 5.11 D, p<0.05, p<0.01, p<0.001; ANOVA). These data 

suggest that VLA-4 blockade is most beneficial at the induction stage of disease.
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Figure 5.1 Production of TNF-a by CDllb^CD45'°'" cells increases in the murine brain 

early in EAE

EAE was induced in C57BL/6 mice by immunization with MOG (100 |ig/mouse) 
emulsified in CFA. Groups of 4 mice were sacrificed on days 0, 3, 7, 11 and 17. 
Mononuclear cells were isolated from the brains and stimulated with PMA (10 ng/ml), 
ionomycin (1 pg/ml) or brefeldin A (5 pg/ml) for 5 h. Results are presented as 
representative FACS plots (A), mean frequency (B) or absolute numbers (C) of 
CDllb'^CD45'°'"TNF-a'^ cells in the brain. *p<0.05, ***p<0.001 versus day 0, '^'^p<0.01, 
'''^'^p<0.001 versus day 3, ''''p<0.01, ''''''p<0.001 versus day 11, ******p<0.001 versus day 17; 

one way ANOVA with Newman-Keuls post-hoc test. Data are presented as the means ± 
SEM (n=4).
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Figure 5.2 Addition of IL-12 significantly enhances IFN-y production by NK cells

NK cells were treated for 24 h with IL-2 (100 ng/ml) with or without additional IL-12 
(20 ng/ml). The supernatants were collected for assessment of IFN-y concentration by 
ELISA. ***p<0.001 versus IL-2-treated NK cells. Data are presented as the means ± 
SEM (n=3).
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Figure 5.3 Incubation with NK cells, but not conditioned medium from NK cells, 
induces microglial cell death

Microglia were incubated for 24 h with medium alone, IL-2 (100 ng/ml) with or 
without IL-12 (20 ng/ml), NK cells treated with IL-2 with or without IL-12, or 
conditioned medium from NK cells. The supernatants were collected for assessment of 
LDH concentration by colorimetric assay. ***p<0.001 versus controls, IL-2 with or 
without IL-12, conditioned medium taken from either NK cell group, ^^p<0.001 versus 
IL-2-treated NK cells; one-way ANOVA with Newman-Keuls post-hoc test. Data are 
presented as the mean ± SEM (n=4).
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Figure 5.4 Incubation with conditioned medium from NK cells increases mRNA 
expression of the Ml markers iNOS, TNF-a and MHC II and reduces mRNA expression 

of the M2 markers MRCl and ARGl in microglia

Microglia were incubated for 24 h with medium alone, IL-2 (100 ng/ml) with or 
without IL-12 (20 ng/ml), or conditioned medium collected from NK cells treated with 
IL-2 with or without IL-12. Cells were harvested for assessment of mRNA expression of 
iNOS (A), TNF-a (B), MHC II (C) MRCl (D) and ARGl (E) by PCR. ***p<0.001 versus 
control, IL-2 with or without IL-12, "^^"^p<0.001 versus conditioned medium from IL-2 
treated NK cells; one-way ANOVA with Newman-Keuls post-hoc test. Data are 
presented as the mean ± SEM (n=4).
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Figure 5.5 NK cells are not cytotoxic towards mixed glia

Mixed glia were incubated for 24 h with medium alone, IL-2 (100 ng/ml) with or 
without IL-12 (20 ng/ml), NK cells treated with IL-2 with or without IL-12, or 
conditioned medium from NK cells. The supernatants were collected for assessment of 
LDH by colorimetric assay. There were no significant differences between the LDH OD 
detected in the supernatants from any of the treatment groups; one-way ANOVA with 
Newman-Keuls post-hoc test. Data are presented as the mean ± SEM (n=4).
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Figure 5.6 NK celts or NK cell-conditioned medium increases mRNA expression of the 
Ml markers iNOS, MHC II and TNF-a in mixed glia

Mixed glia were treated/incubated with NK cells as described in Figure 5.5. Cells were 
harvested for assessment of mRNA expression of iNOS (A, B), TNF-a (C, D) MHC II (E, F) 
or MRCl (G, H) by PCR. *p<0.05, ***p<0.001 versus control, IL-2 with or without IL-12, 
'^p<0.05, ^^^p<0.001 versus conditioned medium from IL-2 and IL-12 treated NK cells, 
****p<0.001 versus IL-2-treated NK cells; one-way ANOVA with Newman-Keuls post-hoc 

test. Data are presented as the mean ± SEM (n=4).
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Figure 5.7 NK cells are not cytotoxic towards BMDMs

BMDMs were incubated for 24 h with medium alone, IL-2 (100 ng/ml) with or without 
IL-12 (20 ng/ml), NK cells treated with IL-2 with or without IL-12, or conditioned 
medium from NK cells. The supernatants were collected for assessment of LDH 
concentration by colorimetric assay. There were no significant differences between 
the LDH OD detected in the supernatants from any of the treatment groups; one-way 

ANOVA with Newman-Keuls post-hoc test. Data are presented as the mean ± SEM 
(n=4).
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Figure 5.8 NK cells or NK cell-conditioned medium increases mRNA expression of the 

Ml markers iNOS and MHC II in BMDMs and reduces mRNA expression of the M2 

markers MRCl and CHI3L3 in BMDMs

BMDMs were treated/incubated with NK cells as described in Figure 5.9. Cells were 
harvested for assessment of mRNA expression of iNOS (A, B), MHC II (C, D) MRCl (E, F) 
or CHI3L3 (G, H) by PCR. ***p<0.001 versus control, IL-2 with or without IL-12, 
"^*^p<0.001 versus conditioned medium from IL-2-treated NK cells, ****p<0.001 versus IL- 

2-treated NK cells; one-way ANOVA with Newman-Keuls post-hoc test. Data are 
presented as the mean ± SEM (n=4).
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Figure 5.9 Treatment of NK cells with IL-12 enhances IFN-y production, and 
upregulates expression of the Ml marker MHC II by BMDMs

NK cells were treated for 24 h with IL-2 (100 ng/ml) with or without additional IL-12 
(20 ng/ml) after which time IFN-y^ NK cells (CDS’NKl.l^IFN-y*) were identified using 
FACS (A) and expressed as a frequency of the total CD3 NKl.l"^ population (B). BMDMs 
were incubated with medium alone, IFN-y (50 ng/ml) or NK cells that had been pre
treated with IL-2 with or without additional IL-12 for 24 h, after which time they were 
assessed for MHC II expression using FACS (C). MHC ll-expressing BMDMs 
(CDllb'^CD45^'®*’MHCir) were expressed as a percentage of the total CDllb^CD45^'®^ 
population (D). ***p<0.001 versus IL-2, '^'^'^p<0.001 versus controls, ''''''p<0.001 versus 

IL-2-pre-treated NK cells. Data are presented as the mean ± SEM (n=4)

135



Control + IFN-v + NK + NK+ IL-12

Q
U

4: 0%

'miC;

+ BMDM +IFN-V +NK + BMDM + NK + lL-12 + BMDM

CD49d (VLA-4)

B 25.0n

Q <
^ >
tor 12.5

?
Q
O

0.0'

IFN-y
NK(IL-2)
IL-12
M<J)

A
+ + + 
## 
$$
■kif

—I—
+

-I----------T-

+ +
+

-T“
+

T I"

+ + 
+

+ +

Figure 5.10 NK cell-derived IFN-y promotes Ml macrophage polarisation which 
increases \/LA-4 expression on MOG-specific CD4* T cells

MOG-specific CD4'' T cells were incubated for 24 h with medium alone, IFN-y (50 

ng/ml), NK cells treated with IL-2 (100 ng/ml) with or without additional IL-12 (20 

ng/ml), IFN-y-pre-treated BMDMs or BMDMs with NK cells pre-treated with IL-2 with 
or without additional IL-12. VLA-4-expressing 004"^ T cells (CD3'^CD4'^CD49d (VLA-4)"^) 
were identified using FACS (A) and VLA-4-expressing CD4^ T cells were expressed as a 
percentage of the total CD3*CD4^cell population (B). **p<0.01 versus control, ^^p<0.01 

versus IFN-y, ***p<0.01 versus IL-2 pre-treated NK cells, ^p<0.05, ^"^'^p<0.001 versus IL-12 

pre-treated NK cells, ''p<0.05 versus IFN-y-treated BMDMs; one-way ANOVA with 
Newman-Keuls post-hoc test. Data are presented as the mean ± SEM (n=4)
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Figure 5.11 Blockade of \/LA-4 in active EAE from day 7 significantly attenuates EAE, 
while blockade of VLA-4 in recipient mice up until day 12 completely attenuates EAE 
induced by cell transfer

C57BL/6 mice were immunised with MOG (100 pg/mouse) emulsified in CFA and 
injected with anti-VLA-4 (200 pg/mouse) or isotype control on day 7 and every 3 d 
thereafter (arrows denote timing of injections). Donor mice were immunised with 
MOG (100 pg/mouse) and CFA. After 10 d, spleens and LNs were taken and cultured in 
a 70:30 ratio in the presence of MOG (100 pg/ml), IL-ip (10 ng/ml) and IL-23 (10 
ng/ml) for 72 h. Cells were washed and injected into recipient mice at a density of 15 x 
loVmouse. Mice were injected with anti-VLA-4 (200 pg/mouse) or isotype control on 
the day of transfer and every 3 d thereafter (arrows denote timing of injections). Mice 
were assessed for the development of EAE by clinical score (A, C) and % weight change 
(B, D). *p<0.05, **p<0.01, ***p<0.001 versus clinical scores or % weight change of 
control mice with EAE. Data are presented as the mean ± SEM (n=6).
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5.3 Discussion

The data in Chapter 4 showed that NK cells were an important early innate source of 

IFN-y in the development of EAE. Depletion of NK cells at the induction of EAE 

significantly reduced disease severity, which correlated with a reduction in the number 

of CD4^ T cells and microglia detected in the CNS. The results presented in this chapter 

provide a potential mechanism for the pathogenicity of NK cells in EAE. The findings 

demonstrate that NK cells can polarise both glia and macrophages to the pro- 

inflammatory Ml phenotype. Crucially, NK cell-mediated induction of the Ml 

phenotype in macrophages was found to upregulate VLA-4 expression on CD4* T cells.

5.3.1 A role for NK cells in enhancing the Ml activation state in microglia

The study on NK cell kinetics during the course of EAE described in Chapter 4 revealed 

that production of TNF-a by microglia increased on day 7, before the onset of disease. 

TNF-a is a signature cytokine of the classical or Ml activation state in microglia, and its 

production can be induced by exposure to LPS or IFN-y (Saijo and Glass, 2011). An 

increase in TNF-a production in the CNS is a characteristic of many neurodegenerative 

conditions, such as PD (Mogi et al., 1994), AD (Fillit et al., 1991) and MS (Beck et al., 

1988). TNF-a has also been shown to play an important role in the pathogenesis of 

EAE, and its production in the CNS has largely been attributed to microglia and 

infiltrating macrophages (Renno et al., 1995). In agreement with the present study, 

TNF-a has shown to have a role in EAE; mice deficient in TNF-a display delayed onset 

of disease relative to wild type controls (Kbrner et al., 1997). It is possible that the 

upregulation in TNF-a production by microglia was induced by NK cells, which 

infiltrated the CNS and produced IFN-y by day 7. Further support for this theory is 

provided by the observation that Thl cells, which have traditionally been considered 

as the main source of IFN-y in the CNS in EAE, did not infiltrate the brain in significant 

numbers until later in disease. While it has been known for some time that microglial 

activation is an early event in EAE (Ponomarev et al., 2005), the present study has 

identified a role for NK cells in this activation.

To date there has been little published data on putative interactions between 

microglia and NK cells, however the results on NK cell infiltration into the CNS
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suggested a possible role for NK cells in polarising microglia to the Ml state. In 

agreement with this, NK-conditioned medium, containing IFN-y, was found to increase 

mRNA expression on the Ml markers iNOS, TNF-a and MHC II by primary microglia. 

Furthermore, the addition of NK cell-conditioned medium also reduced mRNA 

expression of the M2 markers MRCl and ARGl. Interestingly, direct co-incubation of 

NK cells with microglia was highly cytotoxic. The observation that NK cells can kill 

microglia in vitro has also been reported by Lunemann and colleagues, who used a 

similar co-incubation system to demonstrate the cytotoxic effect of human NK cells on 

human microglia in culture (Lunemann et al., 2008). However, while these authors 

used a NK: microglia ratio of 10:1, cytotoxic activity in the present study was observed 

with a cell ratio of 1:1.

5.3.2 A role for NK cells in enhancing the Ml activation state in mixed glia

In contrast to the observations made in primary microglia, incubation of NK cells with 

a mixed glial culture (containing microglia and astrocytes) did not induce cell death. 

This suggests a potential role for astrocytes in protecting microglia from NK cell- 

induced cytotoxicity. It has been demonstrated that astrocytes may play a role in 

suppressing deleterious microglial responses; astrocytes can reduce microglial 

production of pro-apoptotic factors and NO in response to exposure to amyloid-p (Ap) 

(von Bernhardi and Eugem'n, 2004). TGF-p from astrocytes can also dampen aberrant 

microglial activation (Herrera-Molina and von Bernhardi, 2005). While there have been 

very few studies on NK cell-astrocyte interactions, a recent study which used real-time 

technology to profile human NK killing of NT2A cells (an astrocyte-like cell line). Here it 

was revealed that while NK cells could kill NT2A cells, it took almost 5 days to achieve 

maximum cytotoxicity. Furthermore, killing activity was dampened if the NK cells were 

activated while in culture with NT2A cells, suggesting that astrocytes may suppress NK 

cell killing (Moodley et al., 2011).

The incubation of NK cells with the mixed glial culture elicited an increase in mRNA 

expression of the Ml markers iNOS, TNF-a and MHC II as well as a reduction in 

expression of the M2 marker MRCl. In agreement with the microglial data, 

conditioned medium from NK cells enhanced mRNA expression of the Ml markers
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iNOS, TNF-a and MHC II, and reduced expression of the M2 marker MRCl in mixed 

glia. Taken together, these data provide strong evidence for a novel role for NK cells in 

preferentially enhancing the pro-inflammatory Ml state in glia.

5.3.3 A role for NK cells in enhancing the Ml activation state in macrophages and 

VLA-4 expression by CD4‘^ T cells

Although ontogenically distinct, microglia share many characteristics with their 

peripheral equivalent, the macrophage, among which is the ability to become 

activated and assume the Ml phenotype in response to IFN-y or IPS. While it has been 

widely assumed that NK cells, by virtue of their IFN-y production, may be capable of 

polarising Ml macrophages, there is little direct evidence of this in the literature. In 

agreement with the observations made in both primary microglia and mixed glia, NK 

cells were found to polarise BMDMs to the Ml phenotype, as demonstrated by 

increased mRNA expression of iNOS and MHC II. NK cells also had the complementary 

effect of downregulating the M2 state, specifically expression of MRCl and CHI3L3.

It is possible that the observed pathogenicity of NK cells early in EAE is due in part to 

polarisation of glia and macrophages to the pro-inflammatory Ml phenotype, with 

downregulation of the immunomodulatory M2 phenotype. Indeed, it has been 

conclusively shown that Ml microglia and macrophages can contribute to the 

pathogenesis of EAE. Targeted deletion of activated microglia has proven efficacious in 

reducing the severity of EAE (Heppner et al., 2005), as has administration of 

minocycline, which selectively inhibits Ml polarisation of microglia (Popovic et al., 

2002). Ml microglia can secrete a number of chemotactic factors, including CCL2, also 

known as monocyte chemoattractant protein-1 (MCP-1), which can disrupt BBB 

integrity and enhance infiltration of peripheral inflammatory macrophages (Dogan et 

al., 2008). Infiltration of Ml macrophages into the CNS can contribute to axonal loss 

(Hendriks et al., 2005). Conversely, it has been shown that the therapeutic efficacy of 

IL-33 administration in EAE is due in part to M2 macrophage polarisation (Jiang et al., 

2012). Ml microglia can also provide a CNS-resident source of the p40 subunit 

common to the cytokines IL-12 and IL-23, thus enhancing T cell encephalitogenicity in 

EAE (Becher et al., 2003). Finally, Ml microglia and macrophages can present antigen
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through upregulated expression of MHC molecules, as well as the co-stimulatory signal 

via CD40, CD80/86, thus re-stimulating T cells that have entered the CNS and 

enhancing disease via epitope spreading (McMahon et al., 2005).

In Chapter 4, the results demonstrated that depletion of NK cells early in EAE was 

associated with reduced numbers of CD4^ T cells in the brain. The results from the 

current chapter suggest that NK cells may enhance 004"^ T cell encephalitogenicity in 

EAE via induction of Ml macrophages, as NK-polarised BMDMs were capable of 

enhancing expression of the integrin VLA-4 on MOG-specific CD4^ T cells.

5.3.4 The role of the integrin VLA-4 in the pathogenesis of EAE

VLA-4 (a4pi integrin) is a member of the integrin-like cell adhesion molecule family 

and is expressed by a range of haematopoietic cells, T and B lymphocytes, monocytes, 

NK cells, eosinophils and neutrophils (Smith, 2008). VLA-4 has two known natural 

ligands, VCAM-1 and fibronectin, and is involved in leukocyte trafficking and 

extravasation to inflammatory sites (Lin and Castro, 1998). Of particular interest in the 

context of this study is the interaction of VLA-4 with VCAM-1 on endothelial cells, 

which is required for CD4"^ T cells to gain entry to the CNS in MS and EAE. Blockade of 

this interaction using a monoclonal antibody against a4 integrin (CD49d) can prevent 

EAE (Yednock et al., 1992b) and a humanised form of this antibody, natalizumab, is a 

current therapy for MS (Goodin, 2006). VLA-4 expression has been found to be of 

particular importance in facilitating Thl cell entry to the CNS. Thl7 cells also utilise 

VLA-4 to gain access to the spinal cord, but can still enter the brain and cause an ataxic 

form of EAE following administration of anti-VLA-4. Thl7 infiltration is only completely 

prevented with concurrent blockade of LFA-1 (aLp2 integrin) (Rothhammer et al., 

2011).

In agreement with the early observations made by Yednock and colleagues, 

administration of an antibody against VLA-4 at the time of cell transfer and every 3 

days thereafter was effective in completely preventing EAE in the present study. This 

abrogation of clinical signs persisted for almost 20 days after the last dose of anti-VLA- 

4. While the administration of the antibody from day 7 (2 days prior to onset) onwards 

successfully reduced the mean clinical scores of mice with active EAE, the attenuation
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was not complete. These data were consistent with a recent study by Mindur and 

colleagues who also reported that treatment with anti-VLA-4 2 days before onset 

reduced, but did not abolish, clinical signs in active EAE. The later the antibody was 

administered, the less effectively it suppressed disease (Mindur et al., 2014). Taken 

together, these data suggest that treatment with anti-VLA-4 would be most efficacious 

if administered early in disease.

For VLA-4 to assume its high affinity state, "inside-out" signalling must be triggered by 

exposure to growth factors, chemokines (for example, those secreted by activated 

endothelial cells) or ligation of the T cell receptor (Sixt et al., 2006). Although it has 

been consistently shown that T cell encephalitogenic potential is determined by 

the expression of VLA-4, the mechanisms through which its expression is modulated in 

the context of EAE are still unclear.

5.3.5 Conclusions

In the present study, it was demonstrated that VLA-4 expression was significantly 

enhanced on 004"^ T cells cultured with Ml macrophages, particularly if NK cells were 

present to induce Ml polarisation. In Chapter 4, NK cells were presented as an 

important mediator of pathogenicity in the induction phase of EAE, by virtue of early 

IFN-y production. In this chapter, two distinct mechanisms through which IFN-y- 

producing NK cells are pathogenic early in EAE have been presented; through 

enhancement of the pro-inflammatory Ml state in glia, and through induction of Ml 

macrophages with consequential enhancement of CD4"^ T cell encephalitogenicity 

(Figure 5.12). Collectively, these findings suggest a hitherto unidentified, crucial role 

for NK cells in the induction of EAE.
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Figure 5.12 A role for NK cells in modulating glial and macrophage polarisation and 
CD4^ T cell encephalitogenicity in EAE

Treatment of NK cells with IL-2 additional IL-12 enhances IFN-y production, which enhances 
Ml polarisation of macrophages and thus VLA-4 expression by CD4+ T cells, which contributes 
to EAE pathogenesis. Blockade of VLA-4 can prevent EAE. NK cells kill microglia in a contact- 
dependent manner, which is prevented by the presence of astrocytes. However, IFN-y 
secreted by NK cells can increase Ml polarisation of glia without affecting cell viability.
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Chapter 6: The role of IL-4 in EAE
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6.1 Introduction

IL-4 is a pleiotropic cytokine with a diverse array of roles in regulation of the immune 

response. IL-4 is produced by Th2-polarised CD4'' T cells, granulocytes, monocytes, 

basophils and eosinophils (Luzina et al., 2012). IL-4 is structurally and functionally 

similar to IL-13, and the type II IL-4 receptor is composed of IL-4Ra and IL-13Ra 

subunits. The type I IL-4 receptor, on the other hand, is composed of IL-4Ra and the 

common yC subunit. The availability of each chain on the particular cell surface 

determines the signalling pathway. The yC subunit is preferentially expressed on 

haematopoietic immune cells and signalling through the type I receptor complex is 

mediated by STAT6 (Kaplan et al., 1996).

IL-4 is required for the generation of Th2 cells (Swain et al., 1990). Development of 

these cells can be inhibited by disruption of either the IL-4 (Kopf et al., 1993) or STAT6 

gene (Kaplan et al., 1996). Like IFN-y from Thl cells, production of IL-4 by Th2 cells can 

act as an autocrine growth factor for further expansion of these cells. Furthermore, 

Thl-produced IFN-y and Th2-produced IL-4 can act as reciprocal inhibitory cytokines 

on the opposing cell type (Fernandez-Botran et al., 1988).

The Thl/Th2 nomenclature is mirrored in macrophages, which can adopt the Ml state 

in response to stimulation with the archetypal Thl cytokine IFN-y, and the M2 state in 

response to stimulation with the primary Th2 cytokine, IL-4 (Gordon, 2003). Ml 

macrophages engage in Type 1-polarised responses such as production of effector 

molecules like ROS and RNS, as well as pro-inflammatory cytokines, which rapidly 

eliminate pathogens. In contrast, M2 macrophages participate in Type 2-polarised 

functions, are immunoregulatory, required for parasite encapsulation, tissue repair 

and remodelling (Mantovani et al., 2005).

Like IFN-y, the role of IL-4 in EAE is controversial. Studies using IL-4-deficient mice have 

generated conflicting reports of increased (Falcone et al., 1998), and unchanged 

(Liblau et al., 1997) clinical severity relative to control mice. This may reflect 

differences in the induction agents and also inconsistencies in the scoring protocols 

used. The paper by Falcone and colleagues reported a very weak EAE in the control 

C57BL/6 mice in response to immunisation with a preparation of guinea pig myelin in
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CFA. Susceptibility to EAE was enhanced in the BALB/C strain, which exhibited similar 

EAE clinical scores to their IL-4'^ littermates. Liblau and colleagues reported a more 

robust EAE in the PL/J strain, which was not significantly altered in the IL-4 deficient 

mice. This was in agreement with a paper published in the same year that reported 

that IL-4''' mice on a C57BL/6 background exhibited comparable MOG-induced EAE 

scores to their non-transgenic littermates (Bettelli et al., 1998).

The observation that IL-4 deficiency did not greatly affect the clinical course of EAE is 

somewhat surprising, as IL-4 has traditionally been associated with the generation of 

Th2 cells, which do not transfer EAE, and can even abrogate the development of 

established EAE (Kuchroo et al., 1995). Furthermore, IL-4 polarises M2 macrophages, 

which have been found to be protective in EAE (Liu et al., 2013, Mikita et al., 2011, 

Denney et al., 2012). Flowever, while Th2 responses are diminished in the absence of 

IL-4, Th2-like lineages can still be isolated from these animals (Brewer et al., 1996). 

This is likely due to the preservation of IL-13, which also plays an important role in 

generation of Th2 responses (McKenzie et al., 1998) and can also induce M2 

macrophages in the absence of IL-4 (Gordon, 2003).

Study aims

1) To assess the effect of IL-4 addition on the M1/M2 polarisation status of a MOG- 

specific culture.

2) To examine the effect of IL-4 addition to a culture of MOG-specific cells on 

encephalitogenic function of CD4^ T cells through assessment of VLA-4 expression and 

cytokine production.

3) To assess the effect of IL-4 addition to a culture of MOG-specific cells on their ability 

to induce EAE in recipient mice.

4) To investigate microglial activation/infiltration of 004"^ T cells in the brains of 

recipient mice that received MOG-specific cells treated with IL-4.

5) To elucidate the direct effect of IL-4 on VLA-4 expression on CD4"^ T cells, as well as 

indirectly through induction of M2-polarised innate cells.
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6.2 Results

6.2.1 Addition of IL-4 increases M2 and reduces Ml polarisation in a culture of MOG- 

specific cells

Having described a role for IFN-y production by NK cells in the induction of EAE 

through polarisation of Ml macrophages in Chapter 5, the role of the M2-polarising 

cytokine IL-4 in EAE was next examined. Addition of IL-4 to a culture of spleen and 

lymph node cells from mice immunised with MOG and CFA, and re-stimulated with 

MOG, IL-ip and IL-23, reduced the mRNA expression of the Ml marker iNOS relative 

to control cells (Figure 6.1 A; p<0.01; t-test) and increased the mRNA expression of the 

M2 markers MRCl and ARGl relative to control cells (Figure 6.1 B, C; p<0.05, p<0.001; 

t-test).

A common readout of the pathogenic capacity of a MOG-specific culture is the 

production of pro-inflammatory cytokines, such as IL-17A, IFN-y and GM-CSF. The 

addition of IL-4 to the culture reduced MOG-specific IL-17A production relative to 

control cells (Figure 6.1 D; p<0.001; t-test). The production of IFN-y and GM-CSF was 

unaffected by addition of IL-4 (Figure 6.1 E, F; p>0.05; t-test).

6.2.2 Addition of IL-4 reduces the expression of VLA-4 on MOG-specific CD4^ T cells

It was demonstrated in Chapter 5 that NK cell-derived IFN-y contributed to 

pathogenicity in EAE through induction of Ml macrophages and enhancement of VLA- 

4 expression on CDA"^ T cells. In Figure 6.1, it was shown that IL-4 increased M2 

polarisation and reduced expression of the Ml marker iNOS in the MOG-specific 

culture. Here, FACS analysis revealed that the addition of IL-4 to the culture also 

reduced VLA-4 expression on CD4"^ T cells relative to control cells (Figure 6.2; p<0.001; 

t-test), thus providing a potential mechanism through which IL-4 can suppress 

pathogenicity in passive EAE.

6.2.3 Addition of IL-4 to a culture of MOG-specific cells inhibits their ability to 

transfer EAE

Addition of IL-4 to a culture of spleen and lymph node cells from mice immunised with 

MOG and CFA, and re-stimulated with MOG, IL-lp and IL-23, prevented their ability to
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induce EAE following transfer to naive mice. This was reflected in the clinical scores, 

which were significantly lower than those of mice that received control cells Figure 

6.3 A; p<0.001; ANOVA), and also in the percentage weight change, which was 

significantly higher in the mice that received IL-4-treated cells than those that received 

control cells from day 9 onwards (Figure 6.3 B; p<0.001; ANOVA).

6.2.4 MHC II expression by microglia is reduced in the brains of mice that received 

MOG-specific cells cultured with IL-4

The effect of IL-4 addition to the culture on the neuroinflammatory status of recipient 

mice was compared with mice that received cells cultured with MOG, IL-ip and IL-23 

in the absence of IL-4. The frequency and number of MHC ll-expressing mcroglia 

(CDllb'^CD45'°'^MHCir) were reduced in the brains of mice that received IL-4-treated 

MOG-specific cells relative to those that received control cells (Figure 6.4 B, C; p<0.01, 

p<0.001; t-test).

6.2.5 The infiltration of CD3*CD4*IFN-v^ and CD3^CD4*IL-17* cells is reduced in the 

brains of mice that received MOG-specific cells cultured with IL-4

The infiltration of Thl (CD3^CD4^IFN-v^) cells and Thl7 (CD3*CD4*IL-17^) cells into the 

brains of recipient mice was analysed using FACS. The frequency and number of 

CDB'^CDA'^IFN-y"^ cells and CDB^CDA'^IL-IT^ cells were reduced in the brains of mice that 

received MOG-specific cells cultured with IL-4 relative to those that received MOG- 

specific cells cultured in the absence of IL-4 (Figure 6.4 E, F, Figure 6.4 H, I; p<0.05, 

p<0.001; t-test). This suggests that IL-4 reduces infiltration of CD4"^ T cells into the 

brain in EAE, which is in agreement with the data in Figure 6.2 showing that addition of 

IL-4 can reduce VLA-4 expression on CD4"^ T cells in a MOG-specific culture.

6.2.6 IL-4 reduces VLA-4 expression and the mRNA expression of IFN-y and IL-17 in 

stimulated CD3^T cells

As the MOG-specific cultures used in adoptive transfer EAE are a heterogeneous 

population of spleen and lymph node cells, the cellular target of IL-4 was still 

unknown. In order to determine the mechanism through which IL-4 suppresses EAE, 

CD3"^ T cells were isolated and stimulated with anti-CD3 and anti-CD28 in the presence
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or absence of IL-4. Treatment of anti-CD3 and anti-CD28-stimulated CD3"^ T cells with 

IL-4 reduced \/LA-4 expression, as assessed by FACS (Figure 6.5 B; p<0.001; t-test) and 

mRNA expression of IFN-y (Figure 6.5 C) and IL-17 as assessed by PCR, relative to 

control cells (Figure 6.5 D, p<0.05, p<0.01; t-test). This suggests that IL-4 could act 

directly on pathogenic T cells and reduce their encephalitogenicity through reduction 

of cytokine production and integrin expression.

6.2.7 Incubation of stimulated CD3^ T cells with M2 macrophages reduces expression 

of VLA-4

Having demonstrated in Chapter 5 that Ml macrophages can enhance expression of 

VLA-4 expression on CD4^ T cells, a potential role for IL-4 in polarising M2 

macrophages and thus reducing VLA-4 expression on CD4^ T cells was examined. 

Peritoneal macrophages were treated with medium alone or IL-4 for 6 h, then washed 

and incubated with CD3'" T cells in the presence of anti-CD3. M2 polarisation of 

peritoneal macrophages was verified by analysis of mRNA expression of the Ml 

marker iNOS, and the M2 markers MRCl, ARGl, and CHI3L3. IL-4 treatment 

significantly enhanced expression of MRCl, ARGl and CHI3L3 and reduced expression 

of iNOS relative to controls (Figure 6.6 A-D; p<0.05, p<0.01, p<0.001; t-test). 

Incubation of stimulated 603"^ T cells with IL-4-polarised peritoneal macrophages 

reduced expression of VLA-4 on CD4^ T cells relative to controls and those incubated 

with untreated peritoneal macrophages (Figure 6.6 F; p<0.001; ANOVA). These 

findings provide an alternative mechanism through which IL-4 suppresses CD4* T cell 

encephalitogenicity in EAE; indirectly through M2 macrophages.
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Figure 6.1 IL-4 increases mRNA expression of M2 markers MRCl and ARGl and 
reduces mRNA expression of the Ml marker iNOS and IL-17A production in a MOG- 
specific culture

Donor mice were immunised with MOG and CFA. After 10 d, spleen and LN cells were 
cultured for 72 h in a 70:30 ratio with MOG (100 pg/ml), IL-ip (10 ng/ml) and IL-23 (10 
ng/ml) in the presence or absence of IL-4 (20 ng/ml). Cells were harvested for 
assessment of mRNA expression of (A) iNOS (B) MRCl and (C) ARGl by PCR. 
Supernatants were harvested for assessment of IL-17A (D), IFN-y (E) and GM-CSF (F) 
concentrations by ELISA *p<0.05, **p<0.01, ***p<0.001 versus control; t-test. Data 
are presented as the mean ± SEM (n=3).
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Figure 6.2 IL-4 reduces expression of VLA-4 by CD4'^ T cells in a MOG-specific culture

Donor mice were immunised with MOG and CFA. After 10 d, spleen and LN cells were 
cultured for 72 h in a 70:30 ratio with MOG (100 pg/ml), IL-ip (10 ng/ml) and IL-23 (10 
ng/ml) in the presence or absence of IL-4 (20 ng/ml). VLA-4-expressing cells were 
identified using FACS (A) and expressed as a frequency of the total CD3'^CD4"^ 
population (B). ***p<0.001 versus control; t-test. Data are presented as the mean ± 
SEM (n=3).
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Figure 6.3 IL-4 prevents the ability of MOG-specific cells to transfer EAE to recipient 
mice

Donor mice were immunised with MOG and CFA. After 10 d, spleen and LN cells were 
cultured for 72 h in a 70:30 ratio with MOG (100 pg/ml), IL-ip (10 ng/ml) and IL-23 (10 
ng/ml) in the presence or absence of IL-4 (20 ng/ml). Cells were washed and injected 
into recipient mice (15 x lOVmouse). Mice were assessed for the development of EAE 
by (A) clinical score and (B) % weight change. ***p<0.001 versus controls; two-way 
ANOVA with Bonferroni post-hoc test. Data are presented as the mean ± SEM (n=6)
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Figure 6.4 Adoptive transfer of IL-4-treated MOG-specific cells reduces MHC II 
expression by CDllb*CD45'°* cells, and the number of infiltrating CD3*CD4*IFN-v^ 

and CD3*CD4^IL-17'" cells in the brains of recipient mice

Donor mice were immunised with MOG and CFA. After 10 d, spleens and LN cells were 

cultured for 72 h in a 70:30 ratio in the presence of MOG (100 pg/ml), IL-ip (10 ng/ml) 
and IL-23 (10 ng/ml) in the presence or absence of IL-4 (20 ng/ml). Cells were washed 
and injected into recipient mice (15 x lOVmouse). Mice were sacrificed on day 13. 
CDllb*CD45'°'^MHC ll\ CD3"CD4*IFN-v^ and CD3*CD4lL-17^ cells were identified in 

the brains using FACS (A, D, G) and expressed as a frequency (B, E, H) of the total 
CDllb^CD45'°'^/ live cell population. The absolute number of CDllb^CD45'°'"MHC iT, 

CD3"^CD4^IFN-v"^ and CD3^CD4'^IL-17"^ cells were calculated from total mononuclear cell 

counts in the brains (C, F, l).*p<0.05, **p<0.01, ***p< 0.001 versus controls; t-test. 

Data are presented as the mean ± SEM (n=6).
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Figure 6.5 IL-4 reduces expression of CD49d, and mRNA expression of IFN-y and IL- 
17A by anti-CD3 and anti-CD28-stimulated CD3^T cells

CD3"^ T cells were isolated from murine spleens and stimulated for 24 h with anti-CD3 
(1 pg/ml) and anti-CD28 (5 pg/ml) in the presence or absence of IL-4 (20 ng/ml). VLA- 
4-expressing CD4^ T cells (CD3^CD4*CD49d"^) were identified using FACS (A) and 
expressed as a frequency of the total population (B) or harvested for assessment 
of mRNA expression of IFN-y (C) and IL-17A (D) by PCR. *p<0.05, **p<0.01, ***p<0.001 
versus control; t-test. Data are presented as the mean ± SEM (n=3).
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Figure 6.6 Incubation with M2 peritoneal macrophages reduces \/LA-4 expression on 
CD3^T cells

Peritoneal macrophages (PMacs) were incubated with medium alone (MO) or IL-4 (20 
ng/ml; M2). After 6 h cells were harvested and assessed for mRNA expression of iNOS 

(A), MRCl (B), ARGl (C) and CHI3L3 (D) by PCR. PMacs were washed twice with PBS 
and incubated for 72 h with CD3* T cells in the presence of anti-CD3 (5 pg/ml). VLA-4- 

expressing CD4"^ T cells (CD3'^CD4*CD49d"^) were identified using FACS (E) and 
expressed as a frequency of the total 004"^ population (F). '*p<0.05, **“p<0.01, 

**'*'*p<0.001 versus controls; t-test. ***p<0.001 versus CD3 alone, "^"^'^p<0.001 versus CD3 

and PMacs; one-way ANOVA with Neuman-Keuls post-hoc test. Data are presented as 
the mean ± SEM (n=3)
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6.3 Discussion

The data in Chapters 4 and 5 demonstrated that NK cells are pathogenic in EAE 

through production of IFN-y, which polarises Ml macrophages and enhances VLA-4 

expression on CD4"^ T cells. This chapter focused on assessing the modulatory role of 

the M2-polarising cytokine IL-4 in the pathogenesis of EAE. The data show that IL-4 can 

confer protection against passive EAE through the induction of M2 macrophages and a 

reduction in VLA-4 expression on 004"^ T cells. Crucially, this highlights an important 

role for M2 macrophages in the control of EAE, through suppression of pathogenic T 

cells.

Addition of IL-4 to a culture of MOG-specific cells completely prevented the transfer of 

disease in the passive EAE model. IL-4, even in the presence of MOG, IL-ip and IL-23, 

was successful in polarising cells to the M2 phenotype, as reflected by the enhanced 

mRNA expression of MRCl and ARGl, and reduced mRNA expression of iNOS in the 

culture. Analysis of the cytokine production by MOG-specific cells at the end of the 

culture period revealed that the addition of IL-4 also significantly reduced IL-17A 

production. While IL-17A has an important role in the encephalitogenicity of CD4"^ T 

cells in EAE (Langrish et al., 2005), IL-4-treated cells still produced 60% of that detected 

in the supernatants from cells cultured with MOG, IL-ip and IL-23 in the absence of IL- 

4, suggesting that the complete prevention of disease by cell transfer was unlikely to 

be entirely due to this observed reduction in IL-17A. Furthermore, the production of 

GM-CSF, which has more recently emerged as a critical factor in the 

encephalitogenicity of IL-23-polarised Thl7 cells (El-Behi et al., 2011a), was not 

reduced in the supernatants taken from cells cultured with additional IL-4.

In Chapter 5, it was shown that Ml macrophages enhanced VLA-4 expression by MOG- 

specific CD4"^ T cells. It was also demonstrated that VLA-4 plays an important role in 

the pathogenesis of EAE; blockade of the integrin using a monoclonal antibody against 

CD49d significantly reduced EAE severity in both the active and passive models. Vitally, 

neutralisation of VLA-4 at the time of cell transfer completely prevented EAE for 

almost 20 days after the last dose of antibody. Here it was hypothesised that IL-4- 

mediated enhancement of the M2 state in these cultures may oppose the stimulatory

158



effects of Ml macrophages on CD4"^ T cell VLA-4 expression, and help to explain the 

failure of the IL-4-treated cultures to transfer disease. Indeed, on analysis of the CD4^ 

population in the culture, VLA-4 expression was indeed reduced by addition of IL-4.

The absence of clinical signs in mice that received MOG-specific cells cultured with IL-4 

also corresponded with an alteration in some of the neuroinflammatory readouts of 

disease. Firstly, these mice exhibited diminished expression of the Ml marker MHCll 

on microglia relative to mice that received cells cultured with MOG, IL-ip and IL-23 in 

the absence of IL-4. Microglial activation is an important contributor to the 

pathogenesis of EAE, and interventions that prevent microglial activation are 

efficacious in reducing disease severity (Bhasin et al., 2007). Crucially, the recipient 

mice that received IL-4-treated cells also displayed a striking reduction in the 

infiltration of both Thl and Thl7 cells into the brain. This is in agreement with the 

previous observation that the expression of VLA-4 by 004"^ T cells in the culture was 

significantly reduced by the addition of IL-4. VLA-4 expression is required for CD4'' T 

cells to gain access to the brain in EAE (Yednock et al., 1992b).

So far, it has been demonstrated that addition of IL-4 to a culture of MOG-specific cells 

prevents the transfer of EAE. IL-4 induced the cells to adopt an M2-like phenotype and 

reduced VLA-4 expression by CD4^ T cells. As the MOG-specific culture is a 

heterogeneous population of splenic and lymph node cells, it was still unclear whether 

IL-4 was acting directly on CD4^ T cells to reduce VLA-4 expression, or whether this 

occurred indirectly through M2 macrophages. Interestingly, the addition of IL-4 

directly to stimulated CD3"^ T cells was sufficient to reduce VLA-4 expression, as well as 

mRNA expression of both IFN-y and IL-17. This is in agreement with a study by Sasaki 

and colleagues, who reported that murine CD4^T cells cultured in Th2 conditions (with 

IL-4) displayed significantly reduced VLA-4 expression relative to those cultured in Thl- 

polarising conditions (with IL-12 and IFN-y). Furthermore, this reduction in VLA-4 

expression in the Th2-polarised cells could be prevented by the inclusion of anti-IL-4 to 

the culture (Sasaki et al., 2009). This suggests that IL-4 may act directly on CD4*T cells 

in the culture to attenuate encephalitogenicity via reduction of VLA-4 expression.
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The observation that the IL-4-treated MOG-specific culture still maintained an M2 bias 

even in the presence of MOG, IL-ip and IL-23 suggested a potential role for M2- 

polarised innate cells in preventing EAE by cell transfer. In order to address this, 

peritoneal macrophages were treated with IL-4, and then incubated with T cells 

in the presence of anti-CD3. Peritoneal macrophages which had been treated with IL-4 

successfully adopted the M2 state, as shown by significant upregulation in expression 

of the M2 markers MRCl, ARGl and CHI3L3, as well as reduced mRNA expression of 

the Ml marker iNOS. Crucially, interaction with these M2 macrophages significantly 

reduced VLA-4 expression by CD4^ T cells. These data are consistent with those 

presented in Chapter 5, which demonstrated a role for Ml macrophages in enhancing 

VLA-4 expression on CD4* T cells.

Taken together, the results in this chapter indicate a suppressive role for IL-4 in the 

induction of EAE, through induction of M2 macrophages and a reduction of VLA-4 

expression by CD4'^ T cells.
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Figure 6.7 IL-4 can prevent the transfer of EAE through induction of M2 macrophages 
and reduction of VLA-4 expression by CD4^ T cells

IL-4 reduces mRNA expression of the Ml marker iNOS with a concurrent reduction in 

the M2 markers MRCl, ARGl and CHI3L3 in macrophages. M2 macrophages can 

impede CD4+ T cell encephalitogenicity through a reduction in VLA-4 expression. This 

prevents EAE induced by cell transfer. As such, the sequelae of EAE, such as infiltration 

of Thl and Thl7 cells, as well as microglial activation (MHC II expression), are also 

reduced.
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While it is widely accepted that the vital pathogenic event of both EAE and MS is the 

infiltration of myelin-reactive CD4^ T cells into the CNS, the contribution of the innate 

immune system to the generation of T cell encephalitogenicity must not be neglected. 

This study has identified a role for NK cells, macrophages and microglia in mediating 

the pathogenic events preceding the CNS invasion of CD4"^ T cells. The findings 

revealed that NK cells infiltrated the brain and spinal cord before the onset of EAE, and 

produced IFN-y, which enhanced Ml activation of microglia. In the periphery, NK cell- 

produced IFN-y polarised macrophages to the Ml phenotype, which in turn enhanced 

CD4"^ T cell expression of VLA-4, an integrin which is required for the infiltration of 

these cells into CNS. In contrast, IL-4-mediated M2 polarisation of macrophages 

downregulated expression of VLA-4 on CD4^ T cells and thus prevented the 

development of EAE. Taken together, these findings highlight the potential of targeting 

both the innate and adaptive arms of autoimmunity in the development of future 

therapies for MS.

7.1 The role of NK cells in the pathogenesis of EAE

The role of NK cells in the pathogenesis of EAE is controversial, as evidenced by the 

lack of consensus in the literature regarding their contribution to disease. Most of the 

current opinions are derived from studies on NK cell depletion using antibodies against 

NKl.l or asialo GMl. Administration of anti-NKl.l induces apoptosis of NKl.l- 

expressing cells, such as NK and NKT cells (Smyth et al., 2000) and anti-asialo GMl 

induces complement-mediated lysis of NK cells (Shimada and Iwata, 1987). Prior to the 

present study, the proposed role of NK cells in EAE could be divided into two opposing 

schools of thought. The first suggests that NK cells protect against EAE either through 

killing of autoreactive T cells (Xu et al., 2005, Lu et al., 2007a) and microglia (Flao et 

al., 2010a) or prevention of CD4"^ T cell proliferation (Zhang et al., 1997a). In these 

studies, the authors observed that administration of anti-NKl.l enhanced the severity 

of EAE. The second school of thought is governed by the underlying principle that NK 

cells may contribute to EAE pathogenicity by producing IFN-y, thus promoting auto- 

aggressive Thl cells (Shi et al., 2000, Vollmer et al., 2005, Winkler-Pickett et al., 2008). 

In these studies, the depletion of NK cells using either anti-asialo GMl or anti-NKl.l 

was found to be ameliorative, thus reducing EAE clinical scores.
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It is likely that the lack of consensus regarding the effect of NK depletion on the clinical 

course of EAE is due to discrepancies in the species, depleting antibodies and 

administration regimen used in these studies. The findings of the present study favour 

the latter theory that NK cells are pathogenic in EAE, specifically early in disease. 

Administration of anti-asialo GMl significantly reduced the clinical severity of disease 

when administered before induction, and subsequently on days 1 and 3 post

induction. However, administration of the antibody continuously throughout disease 

or at the effector stage of disease (from day 7 onwards) had no significant effect on 

disease outcome. This is in agreement with the previously cited studies by Shi and 

colleagues, and Winkler-Pickett and colleagues, who both reported that the depletion 

of NK cells did not alter the clinical severity of EAE if administered after disease 

induction.

In agreement with the observation that NK cells were pathogenic early in EAE, the 

present study found that NK cells infiltrated the brain and spinal cord in significant 

numbers before the onset of disease. On day 7, NK cells accounted for almost 30% of 

live cells detected in the brains of mice with EAE. At this time around half of the CNS- 

infiltrating NK cells were IFN-y-positive. Interestingly, the appearance of IFN-y- 

producing NK cells in the brain corresponded with a substantial increase in the 

frequency of TNF-a-positive microglia. TNF-a is a signature cytokine of the IFN-y- 

induced Ml state and can contribute to EAE pathology through induction of apoptosis 

in oligodendrocytes, as well as enhancing demyelination. Furthermore, TNF-a levels in 

the CSF have been found to positively correlate with disease severity in MS patients 

(Finsen et al., 2001). Further investigation revealed that Thl cells, which have 

classically been perceived as the dominant source of IFN-y in the CNS of mice with EAE 

(Wheeler et al., 2006), were not detected in significant numbers in the brain until the 

peak of disease. This suggests that NK cells may be responsible for the early activation 

of microglia in EAE which has been reported here and in previous studies (Ponomarev 

et al., 2005, Ajami et al., 2011a).
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7.2 The role of NK cells in enhancing the Ml phenotype in glia

The novel finding that early NK cell infiltration into the CNS corresponded with an 

increase in the production of the Ml cytokine TNF-a by microglia led to further 

investigation of the role of NK cells in glial polarisation. In agreement with the kinetics 

study, incubation of microglia with NK cell-conditioned medium, which was found to 

contain IFN-y, elicited an upregulation in mRNA expression of TNF-a and MHC II as 

well as the archetypal Ml marker iNOS. Furthermore, this conditioned medium 

elicited a corresponding decrease in the mRNA expression of M2 markers MRCl and 

ARGl. Interestingly, the co-incubation of microglia and NK cells induced high levels of 

microglial cytotoxicity, as evidenced by the significant enhancement in the detection 

of LDH in the co-culture supernatants. That NK cells can kill microglia in vitro has been 

demonstrated before in human cells (Liinemann et al., 2008) albeit with a much higher 

ratio of NK cells to microglia than used in the current study.

In contrast, NK cells did not prove cytotoxic when incubated with a mixed glial culture 

(containing microglia and astrocytes). Instead, similar to the observations made in 

primary microglia, the addition of NK cells or NK cell-conditioned medium enhanced 

mRNA expression of the Ml markers iNOS, MHC II and TNF-a, with a corresponding 

reduction in the mRNA expression of the M2 marker MRCl. This suggests that isolated 

primary microglia may be particularly vulnerable to the cytotoxic effects of NK cells, 

but protected in the presence of astrocytes. Under physiological conditions, microglial 

function is likely to be influenced by adjacent astrocytes, as evidenced by the fact that 

conditioned medium from astrocytes can diminish aberrant microglial activation and 

restore a ramified morphology to activated cells (Mailer et al., 2001). The presence of 

astrocytes in the mixed glial cultures may therefore explain why there was no 

significant increase in the detection of LDH in the co-culture supernatants after the 

addition of NK cells. Taken together, these data suggest that NK cells may play a role in 

enhancing Ml activation in microglia, which is a pathological hallmark of a number of 

neurodegenerative diseases and can contribute to neuronal loss in AD (Lynch, 2014), 

PD (Moehle and West, 2014), ALS (Frakes et al., 2014) MS (Strachan-Whaley et al., 

2014) and EAE (Prinz and Priller, 2014). Harnessing microglial activation and 

orchestrating a switch from the inflammatory Ml state to the modulatory M2 state
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has proven effective in reducing EAE severity. Administration of galectin-1 or 

intracerebroventricular administration of galectin-l-treated microglia significantly 

reduced EAE clinical scores, which was attributed to the ability of galectin-1 to 

deactivate Ml microglia (Starossom et al., 2012). More recently, a small molecule 

inhibitor of microglial activation, inflachromene, has also been found to suppress EAE 

(Lee et al., 2014). Finally, adoptive transfer of M2-polarised microglia can alleviate 

disease severity in ongoing EAE (Zhang et al., 2014).

NK cell depletion reduced the number of microglia in the brain, and as microglia have 

been found to proliferate in times of inflammatory stress such as EAE (Ding et al., 

2014), this suggests that the pathogenic role of NK cells early in disease may be 

mediated through effects on microglia. However, this was unlikely to account for the 

reduced number of infiltrating 004"^ T cells in the brains of NK-depleted mice.

7.3 The role of NK cells in inducing the Ml phenotype in macrophages and enhancing 

\/LA-4 expression by CD4* T cells

It has been suggested that NK cells may play a role in polarisation of macrophages to 

the Ml phenotype in the literature, although little direct evidence to support this 

hypothesis has been provided. Most of the available studies on the interplay between 

macrophages and NK cells have focused on how macrophage phenotypes impact upon 

NK cell activation rather than the effect of NK cells on macrophage phentoype. For 

example, during infection with Salmonella, macrophages become polarised to the Ml 

state and produce IL-12, and thus enhance IFN-y production by NK cells (Lapaque et 

al., 2009). The current study provided evidence of a definitive role for NK cells in 

polarising Ml macrophages. Incubation of BMDMs with either NK cells or NK cell- 

conditioned medium enhanced mRNA expression of the Ml markers iNOS and MHC II, 

and reduced expression of the M2 markers MRCl and CHI3L3. Like microglia. Ml 

macrophages have also been implicated in the pathology of EAE (Hu et al., 2015), 

although most of the focus has been placed on brain-resident or brain-infiltrating 

macrophages, which can be difficult to distinguish from microglia (Greter et al., 2015).
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7.4 A crucial role for \/LA-4 in CD4+ T cell encephalitogenicity in EAE

VLA-4 (aZpi integrin) is a critical mediator of the encephalitogenicity of CD4^ T cells in 

EAE and is required for the infiltration of these cells into the CNS (Baron et al., 1993). 

Such is the importance of VLA-4 in T cell invasion of the CNS, a humanised monoclonal 

antibody against a2 integrin (CD49d), also called natalizumab, is one of the leading 

treatments for MS (Castro-Borrero et al., 2012), and it has been well accepted for over 

20 years that blockade of this integrin can abolish clinical signs of EAE (Yednock et al., 

1992b). Crucially, expression of CD49d was highest in CD4^ T cells that were incubated 

with NK cells and macrophages (which had adopted the Ml state as a result). Taken 

together, these data suggest that NK cells are pathogenic early in EAE through Ml 

polarisation of glia and macrophages, the latter of which can enhance expression of 

CD49d on CD4^T cells.

The role of CD49d in mediating pathogenicity in EAE was also confirmed in this study 

through administration of anti-CD49d in both the active and passive models of EAE. 

Administration of the antibody after the induction of active EAE (from day 7 onwards) 

significantly reduced the clinical scores. However, it is important to note that even 

with administration of the antibody before the onset of disease, an EAE incidence of 

30 % was still observed. This was in agreement with a recent study by Mindur and 

colleagues, who reported reduced efficacy against EAE when anti-VLA-4 was 

administered later in disease (Mindur et al., 2014). In contrast, the current study 

showed that administration of the antibody at the time of adoptive transfer of MOG- 

specific cells and every 2 days until day 12 completely prevented EAE for almost 20 

days after the final administration of antibody. This suggests that prevention of T cell 

infiltration is most efficacious at the induction of disease and explains some of the 

shortcomings of current therapies for MS that can only be administered once disease 

has begun to manifest.

7.5 NK cells: an early source of IFN-y in EAE

NK cell pathogenicity was found to be due to early IFN-y production, as evidenced by 

the fact that early NK cell depletion did not affect the course of active EAE in IFN-y'^’ 

mice. The suggestion that the role of NK cells in EAE was primarily mediated by
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cytokine production rather than cytotoxicity was also made by Winkler-Pickett and 

colleagues, who reported that studies in perforin knockout mice revealed no 

regulatory role in primary EAE induction (Winkler-Pickett et al., 2008).

NK cells can rapidly mobilise IFN-y after immunisation or infection, which is thought to 

be due to constitutive expression of IFN-y mRNA transcripts (Stetson et al., 2003). The 

role of IFN-y in EAE is contentious, however. A pathogenic role is consistent with the 

observations that administration of IFN-y to MS patients worsened disease severity 

(Panitch et al., 1987), and transgenic expression of IFN-y in murine oligodendrocytes 

prevented remission from EAE (Renno et al., 1998). However, EAE can still occur in 

mice with a disrupted IFN-y gene (Ferber et al., 1996), and administration of anti-IFN-y 

exacerbated disease in both the active (Billiau et al., 1988) and passive (Duong et al., 

1992) forms of EAE. This suggests a complex role for IFN-y in the pathogenesis of EAE. 

Data from the current study have demonstrated that EAE onset is delayed in IFN-y 

mice, with increased severity later in disease. This suggests that IFN-y is pathogenic 

early in EAE, but protective later. In a recent publication from our laboratory, it was 

demonstrated that MOG-specific cells from IFN-y ^ mice failed to transfer disease to 

WT mice (Dungan et al., 2014). Cultures of spleen and lymph node cells from IFN-y'^ 

mice immunised with MOG and CFA were found to have a reduction in Ml 

macrophages and VLA-A expression on CDA"^ T cells, suggesting that IFN-y is required 

for the induction of disease through Ml polarisation and enhancement of the 

encephalitogenicity of CDA"^ T cells. The current study suggests that NK cells provide an 

early innate source of IFN-y. This is in agreement with a recent study in which NK cells 

have been proposed as the principal early innate source of IFN-y in experimental 

autoimmune uveitis (EAU) (Chong et al., 2015).

Thus far, a pathogenic role for NK cells early in EAE has been presented, which was 

attributed to production of IFN-y, a cytokine whose role in Ml polarisation of innate 

immune cells was extensively characterised in Chapter 3. A bias toward the Ml state is 

a hallmark of a number of inflammatory pathologies, and in this study the Ml 

macrophage has been highlighted as a critical mediator of T cell encephalitogenicity. 

IL-4 on the other hand, is capable of inducing the M2 state, which is associated with 

resolution of inflammation and tissue repair, and which was also characterised in
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innate immune cells in Chapter 3. The Ml and M2 states are two extremes of what is 

often referred to as a "continuum" of activation (Martinez and Gordon, 2014), and 

interventions which skew the immune response toward the latter have been 

successful in reducing pathology in a number of animal models of autoimmune 

disorders such as the APP/PSl model of AD, (Heneka et al., 2013), the mutant 

superoxide dismutase (mSODl) model of ALS (Liao et al., 2012) and EAE (Liu et al., 

2013).

7.6 A role for IL-4 in reducing the encephalitogenicity of CD4^ T cells

The addition of IL-4 to a culture of MOG-specific cells re-stimulated with MOG, IL-ip 

and IL-23 induced an M2 bias in the culture, as demonstrated by increased expression 

if MRCl and ARGl, and reduced expression of iNOS. Interestingly, the addition of IL-4 

to the culture reduced VLA-4 expression by MOG-specific 004"^ T cells. The detection of 

the M2 state in combination with reduced VLA-4 expression by CD4"^ T cells is in 

agreement with data from Chapter 5, in which Ml macrophages were conversely 

shown to enhance VLA-4 expression on MOG-specific CD4^ T cells. Vitally, culture of 

MOG-specific cells with exogenous IL-4 suppressed their ability to transfer EAE to 

naive recipient mice. Analysis of the brains of recipient mice on day 13 post transfer 

revealed that the mice that received MOG-specific cells cultured with MOG, IL-ip and 

IL-23 with exogenous IL-4 displayed reduced expression of the Ml marker MHC II on 

microglia. This was associated with a marked attenuation of the infiltration of Thl and 

Thl7 cells relative to mice that received cells that were cultured with MOG, IL-ip and 

IL-23 without IL-4. The latter observation of a diminished infiltration of CD4^ T cells 

into the brain is likely due to the observed reduction in expression of VLA-4, which has 

a crucial role in enhancing CD4"^ T cell entry to the CNS.

As the MOG-specific culture used in adoptive transfer model of EAE was a 

heterogeneous population of spleen and lymph node cells, it was initially unclear 

whether IL-4 was acting directly on CD4'^ T cells to reduce VLA-4 expression, or 

whether this effect was mediated by M2-polarised innate cells. Subsequent in vitro 

assays revealed that IL-4 could act directly upon CD4* T cells to elicit a reduction in 

VLA-4 expression, which is in agreement with a previous study which detailed the
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suppressive effect of IL-4 on \/LA-4 expression by committed Thl cells (Sasaki et al., 

2009) and type I CDS'’ T cells (Sasaki et al., 2008). However, incubation of CD4' T cells 

with M2-polarised macrophages also elicited a decrease in expression of VLA-4. Taken 

together, these data suggest that the observed loss of encephalitogenicity by the 

MOG-specific cultures with addition of IL-4 is due to either a direct suppression of VLA- 

4 expression on CD4'' T cells, indirectly through induction of M2 macrophages, or a 

combination of the two.

7.7 Conclusions

Overall, the findings of this study highlight a crucial role for cells of the innate immune 

system in the induction of EAE (Figure 7.1). NK cells infiltrate the CNS before disease 

onset and contribute to local neuroinflammation by virtue of innate IFN-y production, 

which can polarise glia to the Ml state. In the periphery, IFN-y-producing NK cells also 

mediate EAE pathogenesis through polarisation of macrophages to the Ml phenotype 

and enhancement of VLA-4 expression by CD4'^ T cells. Conversely, the induction of the 

M2 phenotype in macrophages by IL-4 can attenuate expression of this integrin and 

thus prevent the development of disease.
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Figure 7.1 Schematic detailing the proposed mechanism of action of NK-derived 
IFN-y and recombinant IL-4 in modulating CD4^T cell encephalitogenicity in EAE

NK cells enter the CNS early in EAE and produce IFN-y, which polarises microglia to the Ml 
phenotype. In the periphery, IFN-y from NK cells polarises macrophages to the Ml phenotype, 
which interact with CD4* T cells and enhance VLA-4 expression, thus allowing pathogenic CD4* 
T cells to infiltrate the brain. In contrast, IL-4 can induce M2 activation of macrophages, which 
suppress VLA-4 expression by CD4^ T cells, thus preventing their infiltration into the brain.
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Appendix II: List of Materials

2-ME

Ammonium chloride 

Anti-asialo GMl 

Anti-CD3 

Anti-CD28

Anti-CD49d (Clone PS/2)

Antimycin A

BFA

BSA

CD3+ T cell Isolation Kit 

CDA^^T cell Isolation Kit 

cDNA Archive Kits 

Cell scrapers

Cell strainers (40 pm, 70 pm) 

CFA

Compensation Beads

DMEM

EBAO

ELISA kits

ELISA plates

Ethanol (molecular grade) 

FACS antibodies 

Falcon tubes (15 ml, 50 ml) 

FBS

Sigma-Aldrich

Sigma-Aldrich

Cedarlane

EBioscience

EBioscience

Bio X Cell

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Miltenyi Biotec

Miltenyi Biotec

Applied Biosystems

Sarstedt

Fisherbrand

Chondrex

BD Bioscience

Gibco

Sigma-Aldrich

R&D Systems

Sigma Aldrich/NUNC

Sigma Aldrich

BD Bioscience/EBioscience

Fisher Scientific

Gibco
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FCCP

Haemocytometer 

lonomycin 

LDH Assay Kit 

L-glutamine 

Live/Dead Stain 

Microplate Sealers

Microcentrifuge tubes (1.5 ml, RNAse free) 

MOG

Needles (19, 23 and 27 gauge)

NK cell Isolation Kit 

Non-essential amino acids 

Nucleospin RNA Isolation Kits 

Oligomycin 

Pasteur pipettes 

PBS (sterile)

PBS tablets 

PCR plates 

PCR tubes

Penicillin/Streptomycin

Percoll Plus

Petri dish

PFA

PMA

Potassium bicarbonate

Protein Assay Plates (96-well, flat-bottomed)

Sigma-Aldrich

Hycor Biomedical

Sigma-Aldrich

Promega

Sigma-Aldrich

Life Technologies

Cruinn Diagnostics/Greiner

Eppendorf

Genscript

BD Microlance

Miltenyi Biotec

Hyclone

Machery-Nagel

Abeam

Fisher Scientific

Sigma-Aldrich

Sigma-Aldrich

Fisher Scientific

Sarstedt

Hyclone

GE Healthcare Life Sciences 

Gibco

Thermo Scientific 

Sigma-Aldrich 

Sigma-Aldrich 

Sarstedt
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PT Kaketsuken

RAl buffer Machery-Nagel

Rabbit serum (sterile) Sigma-Aldrich

Recombinant human IL-2 Immunotools

Recombinant mouse GM-CSF R&D Systems

Recombinant mouse IFN-y R&D Systems

Recombinant mouse IL-ip R&D Systems

Recombinant mouse IL-4 R&D Systems

Recombinant mouse IL-12 R&D Systems

Recombinant mouse IL-23 R&D Systems

Recombinant mouse M-CSF R&D Systems

RPMI Sigma-Aldrich

Saponin Sigma-Aldrich

Scalpels Swann-Morton

Syringes (hypodermic; 1 ml, 5 ml, 10 ml, 20 ml) BD Plastipak

Sodium pyruvate Flyclone

Syringe filter (0.22 pm) Millipore

Taqman Gene Expression Assays Applied Biosystems

Tissue culture flasks (T25, T75, T175) Fisher Scientific

Tissue culture plates Fisher Scientific

Trypan Blue Sigma-Aldrich

Trypsin-EDTA Flyclone

XF24 calibration buffer Seahorse Bioscience

XF24 cartridges Seahorse Bioscience

XF24 cell culture plates Seahorse Bioscience

XF24 assay medium Seahorse Bioscience
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Appendix III: List of Solutions

Buffers

Blocking Buffer (ELISA)

100ml PBS 

IgBSA

Lysis Buffer for PCR

100:1 ratio of RAl buffer (Machery-Nagel) and p-mercaptoethanol (Sigma-Aldrich)

MACS Buffer

Sterile PBS (500 ml, Sigma-Aldrich)

PCS (0.05 %/2.5 ml) GIBCO)

EDTA (2 mM, Sigma-Aldrich)

PBS

5 tablets (Sigma-Aldrich) per 1 L dH20

Red Blood Cell Lysis Buffer

8.3 g ammonium hydrochloride (NH4CI; Sigma-Aldrich)

1 g potassium bicarbonate (KHCO3 Sigma-Aldrich)

0.037 g EDTA (Sigma-Aldrich)

1 LdHjO

Filter sterilised before use
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Stop Solution (ELISA)

IM H2SO4

Substrate Solution (ELISA)

1:1 mixture of hydrogen peroxide and tetramethybenzidine (Sigma-Aldrich)

Wash buffer (ELISA)

1 L PBS

500 pi Tween-20

Medium

Complete DMEM

Dulbecco's Modified Eagle Medium (with 2.5 mM L-glutamine and 15 mM HEPES, 3.15 
g/L glucose, GIBCO)

FBS (10%, heat activated (56°C, 60 min); Hyclone)

Penicillin/streptomycin (100 pg/ml; Hyclone)

DMEM for NK cell culture

Dulbecco's Modified Eagle Medium (with 2.5 mM L-glutamine and 15 mM HEPES, 3.15 

g/L glucose, GIBCO)

Penicillin/streptomycin (10000 U/ ml, Hyclone)

Foetal bovine serum (FBS, 10 %, GIBCO)

2-mercaptoethanol (50 pM, Sigma-Aldrich)

Non-essential amino acids (0.1 mM, Hyclone)

Sodium pyruvate (2 mM, Hyclone)
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Complete RPMI (cRPMI)

Roswell Park Memorial Institute (RPMI)-1640 medium (Sigma-Aldrich)

L-glutamine (2.5 mM, Sigma-Aldrich)

Foetal bovine serum (FBS, 10 %, GIBCO)

Penicillin/streptomycin (10000 U/ ml, Hyclone)

Complete RPMI (cRPMI) for T cell culture

Roswell Park Memorial Institute (RPMI)-1640 medium (Sigma-Aldrich)

L-glutamine (2.5 mM, Sigma-Aldrich)

Foetal bovine serum (FBS, 10 %, GIBCO)

Penicillin/streptomycin (10000 U/ ml, Hyclone)

2-mercaptoethanol (50 pM, Sigma-Aldrich)

Percoll Gradients

Percoll PLUS (GE Healthcare Life Sciences)

Dulbecco's Phosphate Buffered Saline (PBS) (Sigma-Aldrich)

10 X Dulbecco's Phosphate Buffered Saline (PBS) (Sigma-Aldrich)

For 100 ml

40% Percoll - 40 ml Stock Isotonic Percoll (36 ml Percoll PLUS + 4 ml lOx PBS (Sigma- 
Aldrich)) + 60 ml PBS

70% Percoll - 70 ml Stock Isotonic Percoll (63 ml Percoll PLUS + 7 ml lOx PBS (Sigma- 
Aldrich)) + 30 ml PBS.
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