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ABSTRACT 

 
Multiple sclerosis (MS) is a debilitating neurodegenerative disorder that currently affects 
over 3000 Nova Scotians, and is characterized by the autoimmune-mediated destruction 
of myelin and axons in the central nervous system. Symptoms include loss of balance, 
impaired vision or speech, fatigue, and paralysis. Connective tissue components such as 
proteoglycans are known to be major inhibitors of remyelination and are found at the 
border of active demyelinating MS lesions. This thesis sought to characterize the 
immunomodulatory properties of the proteoglycan antagonist surfen (bis-2-methyl-4-
amino-quinolyl-6-carbamide) using both in vitro and in vivo models relevant to the study 
of MS. Surfen decreased murine T cell proliferation whether activated in vitro by co-
stimulation with anti-CD3/anti-CD28-coated T cell expander beads or in vivo by injecting 
mice with anti-CD3 antibody (Chapter 3). We extended these studies to two murine 
models that mimic aspects of MS. In the Experimental Autoimmune Encephalomyelitis 
(EAE) model, surfen treated mice displayed a reduction in clinical scores that were 
associated with decreased cellular infiltration of both CD45+CD3+CD4+ T cells (spinal 
cord and cerebellum) and F4/80+CD11b+ myeloid cells (spinal cord; Chapter 4). Several 
potential mechanisms of action for surfen were identified including the selective 
regulation of T cell effector functions, decreased production of chemotactic cytokines 
that facilitate cellular infiltration, and a marked reduction in proteoglycan mRNA 
expression that positively correlated with clinical improvement. When these in vivo 
results were compared in vitro to murine bone-marrow derived macrophages (BMDMs), 
surfen produced a similar decrease in chemokine concentrations. Reductions in the pro-
inflammatory mediators Interleukin (IL)-6, Tumor Necrosis Factor (TNF), and Nitric 
Oxide (NO) were also observed in BMDMs. Surfen produced a selective increase in the 
pro-inflammatory cytokine IL-12p40 in EAE, and IL-1β in BMDMs, suggesting that 
surfen has immunomodulatory capabilities that are likely mediated by macrophages. In 
contrast to EAE, surfen delayed remyelination when administered directly into a 
demyelinated lesion created by injecting lysolecithin into the corpus callosum of the 
murine brain, an effect associated with worsening disease (Chapter 5). The opposing 
effects of surfen observed in EAE and the lysolecithin model imply differing effects of 
proteoglycans on the inflammatory and repair-remyelination phases of MS. 
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1.1 Overview of Multiple Sclerosis  

Multiple sclerosis (MS) is a chronic neuroinflammatory disease of the central 

nervous system (CNS) affecting the lives of over 100 000 Canadians and an estimated 2.5 

million people worldwide (Evans et al., 2013; Multiple Sclerosis International 

Federation, 2013). Acknowledged as the most common neurological disease in young 

adults, MS is characterized by autoimmune-mediated destruction of the myelin sheath 

that surrounds axons in the CNS which often leads to irreversible clinical disability. The 

pathological hallmarks of MS include demyelination, gliosis, perivascular infiltration by 

inflammatory cells, and ultimately axonal and neuronal loss (Frohman et al., 2006; 

Ludwin, 2006; Trapp et al., 1998). Focal areas of inflammatory-mediated demyelination 

called plaques produce the primary symptoms of MS, which include difficulty walking, 

poor coordination of voluntary muscle movement, fatigue, tremor, abnormal skin 

sensations, loss of sight, cognitive deficits, depression, and bladder dysfunction 

(Compston and Coles, 2008; Noseworthy et al., 2000). The lifetime economic burden 

associated with MS has been assessed at approximately $1.6 million per patient (The 

Canadian Burden of Illness Study Group, 1998). 

While there is no cure for MS, Health Canada has approved 13 drug treatments 

collectively referred to as disease-modifying therapies (DMTs). The mechanisms of 

action for each DMT are diverse and include pleiotropic effects on multiple immune cell 

subsets, reflecting the complexities inherent in reprogramming the inflammatory response 

(Wingerchuk and Carter, 2014). Substantial neuroinflammation and axonal degradation 

has been shown to occur sub-clinically before the onset of detectable symptoms (Kappos 

et al., 1999; Kuhlmann et al., 2002). Early administration of DMTs delay disease 

progression by reducing the growth and manifestation of new plaques (Cocco et al., 

2015; Kavaliunas et al., 2015). Nevertheless, many DMTs are associated with 

immunosuppressive side effects and fail to directly address progressive disease that 

corresponds structurally to gliosis, oligodendrocyte death, diffuse axonal injury, and a 

hostile extracellular microenvironment (Kuhlmann et al., 2017; Lassmann et al., 2012).  

Components of the peripheral and CNS extracellular microenvironment in MS 

will serve as the focus of this thesis, with attention directed towards a class of complex 

extracellular matrix (ECM) macromolecules called proteoglycans (PGs). The diversity in 
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which PGs function is significant in the context of MS pathophysiology. PGs have been 

reported to inhibit remyelination, promote neuroinflammation, and are found at the 

border of MS plaques (Lau et al., 2012; Sobel and Ahmed, 2001). Moreover, PGs play 

integral roles in the regulation of inflammation by facilitating cellular infiltration, 

immune cell regulation, signaling, and the production of soluble factors (Sarrazin et al., 

2011).  

Whether PGs could serve as putative therapeutic targets in the context of MS has 

yet to be fully explored using a PG antagonist. The actions of PGs can be blocked 

pharmacologically by administering surfen, a compound 372 Daltons in molecular weight 

with the chemical structure of a bis (2-methyl, 4-amino, 6-quinolyl) amide (Hunter and 

Hill, 1961). The overarching objectives of this work are two-fold: 1) To characterize the 

effect of surfen on the function of T cells and macrophages, two primary effector cells in 

MS and 2) evaluate the efficacy of surfen in mouse models of chronic neuroinflammation 

and focal demyelination that mimic aspects of MS. Taken together, these studies aim to 

further our understanding of PG biology in MS.  

1.2 Diagnosis and Natural History of MS 

Clinical presentation of symptoms is heterogeneous between patients and often 

accompanied by a differential diagnosis that comprises other idiopathic demyelinating 

disorders such as transverse myelitis, neuromyelitis optica, and acute disseminated 

encephalomyelitis (Miller et al., 2008). No single test can definitively confirm a 

diagnosis of MS (Rovira et al., 2015). A neurological exam is taken into consideration 

alongside magnetic resonance imaging (MRI) with the contrast enhancing agent 

gadolinium (Polman et al., 2011). Plaques typical of MS appear as bright T1-weighted 

areas of inflammation, indicative of a compromised blood brain barrier (BBB; Rovira et 

al., 2015).  

Diagnostic criteria call for evidence of plaque activity separated by time and 

location within the CNS (Otto et al., 2008; Polman et al., 2011). Given that initial disease 

presentation reflects only a small proportion of preexisting pathology, these criteria are 

often met with the first MRI. Occasionally a lumbar puncture is performed in more 

complex cases to test for the presence of immunoglobulin G (IgG) bands in cerebrospinal 
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fluid (CSF) as an additional verification of a MS diagnosis, although a small percentage 

of patients with clinically definite MS do not show evidence of oligoclonal bands in their 

CSF (Link and Huang, 2006).  

1.2.1 Clinical Subtypes of MS 

During diagnosis, the status of “clinically isolated syndrome” is conferred to 

describe neurologic symptoms that last for at least 24 hours and are associated with 

plaque activity on MRI (Polman et al., 2011). Administration of a DMT is often provided 

at this point since an estimated 80% of patients experiencing a clinically isolated 

syndrome move on to develop MS and early intervention limits future disease 

progression (Cocco et al., 2015; Kavaliunas et al., 2015; Tedeholm et al., 2015; Trojano 

et al., 2003). When clinically definite MS is established the patient is classified into one 

of four broad subtypes: relapsing-remitting MS (RRMS); secondary-progressive MS 

(SPMS); primary-progressive MS (PPMS); and progressive-relapsing MS (PRMS; Lublin 

et al., 2014).  

Approximately 85% of patients initially present with RRMS, which involves 

periods of increased disease activity (relapse) followed by episodic recovery (remission). 

Eventually the mechanisms underlying endogenous repair fail and roughly 50% of 

patients transition into SPMS at the median age of 54 where symptom severity 

progressively worsens for the remainder of the individual’s life (Koch et al., 2010; 

Scalfari et al., 2014). Progressive deterioration is also the central feature within 10% of 

the patient population living with PPMS; however, onset is aggressive, presents later in 

life (median age of 40), and remission is notably absent (Koch et al., 2010). PRMS 

represents the 5% of cases that feature acute relapses in addition to progressive disease, 

which may or may not recover (Koch et al., 2009; Lublin et al., 2014). A small 

proportion of the population who remain stable were previously designated as having 

benign MS; however, recent evidence points to significant cognitive deterioration and the 

classification is now only used retrospectively (Rovaris et al., 2008; Zivadinov et al., 

2016).  
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1.2.2 Proposed Etiology and Environmental Risk Factors  

The precise etiology of MS is unknown although several pieces of evidence point 

to the combined effect of genetic and environmental risk factors. Genome-wide 

association studies have identified over 110 loci associated with MS susceptibility, with 

HLA-DRB1*1501 and HLA-DRB5*0101 haplotypes displaying the strongest association 

amongst Caucasians, pointing to a strong immune component (Beecham et al., 2013; 

International Multiple Sclerosis Genetics Consortium et al., 2011). The observation that 

females develop MS in a 3:1 ratio to males has led to investigations on the influence of 

chromosome inactivation and differential gene dosage of regulatory transcription factors 

such as FoxP3 located on the X chromosome (Nie et al., 2015). However, similar X-

linked inactivation patterns have also been reported in age-matched healthy female 

controls (Chitnis et al., 2000). Other factors could account for the higher incidence of MS 

in females such as changes in lifestyle, metabolism, occupation, birth control, etc. The 

concordance rate for MS is 25% in monozygotic twins and only 5% for dizygotic twins 

implying a large role for environmental risk factors in disease development (Willer et al., 

2003).  

Well established risk factors for MS include Vitamin D deficiency, cigarette 

smoking, increased body mass index, and exposure to Epstein-Barr virus (EBV; Amato et 

al., 2017). Evidence associating low levels of the Vitamin D precursor 25-

hydroxyvitamin D3 with onset of MS has largely stemmed from epidemiological studies. 

Latitude appears to be a major factor in MS risk with northerly countries that are farthest 

from the equator displaying the highest prevalence and incidence rates in the world 

(Jelinek et al., 2015; Simpson et al., 2011). The Nurse’s Health Study (n=200 000) and 

US military (n=7 million) cohorts have associated higher serum levels of Vitamin D (100 

nM or higher) with a 40% reduced risk of developing MS (Munger et al., 2006, 2004). 

Perhaps the most convincing study linked several single nucleotide polymorphisms 

associated with decreased 25-hydroxyvitamin D3 production to an increased 

susceptibility of developing MS (Mokry et al., 2015).  

Although clinical trials have been notoriously difficult to control given that 

Vitamin D is endogenously synthesized following exposure to ultraviolet light from the 

sun, data from phase III trials of the DMT interferon beta-1b associated higher 25-
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hydroxyvitamin D3 levels with reduced disease severity over 5 years (Ascherio et al., 

2014). Vitamin D supplementation is now standard clinical practice, with recommended 

doses of up to 4000 international units (IU) per day. New clinical trials are underway 

investigating the effect of high-dose Vitamin D (up to 10 000 IU/day) on disease activity 

(Smolders et al., 2010; Sotirchos et al., 2016).   

Lifestyle factors such as smoking and increased body mass index are also linked 

to an increased risk of developing MS that range from 8 to 15%, respectively (Amato et 

al., 2017). Smoking has been associated with accelerated transitions from clinically 

isolated syndrome to clinically definite MS and progression from RRMS to SPMS (Di 

Pauli et al., 2008; Manouchehrinia et al., 2013; Ramanujam et al., 2015). Higher body 

mass index is also associated with disease progression as well as poor responsiveness to 

interferon Beta-1b treatment (Kvistad et al., 2015; Tettey et al., 2016).  

Lastly, molecular mimicry by EBV is a candidate mechanism for autoimmunity 

that points to failed immune regulation in the periphery (Pender and Burrows, 2014; 

Wandinger et al., 2000; Woulfe et al., 2014). Virtually all individuals with clinically 

definite MS are positive for EBV; however, most of the general population is also 

infected. In the case of MS, it is hypothesized that cross-reactivity occurs when antigen 

presenting cells encounter EBV antigens that contain peptide sequences homologous with 

myelin basic protein (MBP), a major constituent of the myelin sheath, and present them 

to myelin-reactive naïve CD4+ T cells in the context of human leukocyte antigen (HLA) 

class II molecules (Lang et al., 2002). 

Taken together, these susceptibility factors point to the involvement of 

dysregulated immunomodulatory mechanisms. Unfortunately, epidemiological studies do 

not equate to causation and the varied methodologies and regional biases make 

widespread generalization difficult. Nevertheless, the sum benefit of smoking cessation, 

reducing body mass index, and vitamin D supplementation can statistically reduce risk of 

MS onset by up to 60% (Amato et al., 2017) and are worthwhile endeavors for improved 

quality of life.  
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1.3 Neuroinflammation in MS  

Autoimmune-mediated demyelination is thought to be initiated in MS by the 

infiltration of myelin-specific T cells into the CNS following their activation in peripheral 

lymphoid tissues (Kuhlmann et al., 2017; Lassmann, 2011). The absence of adhesion 

molecules on resting endothelium of the BBB prevent the migration of primed T cells 

under normal conditions and fail to provide the necessary reactivation required for an 

inflammatory response. This raised the question of how a myelin-specific T cell might 

enter the CNS, which has been considered an immune privileged organ that mounts 

various mechanisms to limit immune cell infiltration. Today we understand that immune 

privilege does not confer absolute protection and lymphocytes are capable of crossing the 

BBB under healthy conditions, albeit in small numbers, performing a surveillance 

function in the CNS for potential pathogens (Anthony et al., 2003; Galea et al., 2007). 

Furthermore, mouse studies using a model of MS called experimental autoimmune 

encephalomyelitis (EAE) demonstrate that reactivation of primed myelin-specific T cells 

occurs principally in the subarachnoid space by antigen presenting cells (APCs) such as 

perivascular macrophages and dendritic cells (Greter et al., 2005; Kivisäkk et al., 2009). 

The combination of genetic and environmental factors in conjunction with a myelin-

specific T cell conducting immune surveillance may represent the first step in the 

inflammatory cascade leading to demyelination in MS.  

The reactivation of myelin-specific T cells produces a second wave of 

inflammation that activates endothelial cells to upregulate adhesion molecules, while T 

cells and glia produce chemotactic factors such as chemokine (C-C motif) ligand 2 

(CCL2) capable of recruiting subsequent waves of T cells, B cells, and monocytes across 

the BBB and into the CNS parenchyma (Cannella and Raine, 1995; Simpson et al., 1998; 

Tanuma et al., 2006). These immune subsets produce soluble pro-inflammatory 

mediators such as interleukin-1beta (IL-1β), interleukin-6 (IL-6), and tumor necrosis 

factor (TNF) that compromise the integrity of the myelin sheath, producing 

demyelination and subsequent axonal damage (Brosnan et al., 1995; Trapp et al., 1998).  

T cells can be subdivided into CD4+ and CD8+ subsets that are functionally 

responsible for delayed-type hypersensitivity responses and class-I restricted cellular 

lysis of antigen-specific targets, respectively (Chitnis, 2007). CD4+ T cells also play an 
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important role in B cell differentiation, hence their subsets have been termed T “helper” 

cells. T cell signaling requires two signals, one from the T cell receptor which has bound 

to the cognate antigen, and the second from costimulatory molecules interacting with 

ligands expressed by antigen presenting cells (APCs) such as macrophages, microglia 

(brain macrophages), or dendritic cells (Bö et al., 1994; Bretscher and Cohn, 1970).  

In the presence of the appropriate cytokine milieu, CD4+ T cells can differentiate 

into T-helper 1 (TH1), TH2, TH17, and T regulatory (TREG) subsets that orchestrate the 

neuroinflammatory response in MS (Chitnis, 2007). During disease progression, 

encephalitogenic TH1 subsets produce pro-inflammatory cytokines such as IL-2, 

interferon-gamma (IFN-γ), and TNF. Both IFN-γ and TNF are potent pro-inflammatory 

activators of macrophages, microglia, and astrocytes that then go on to contribute to 

inflammation and tissue damage (Brosnan et al., 1995; Chung and Benveniste, 1990; 

Tanuma et al., 2006). Similarly, TH17 subsets are considered inflammatory and produce 

IL-17, IL-22, TNF, and the chemokine CCL20. Although the roles for each of these TH17 

cytokines and CCL20 in MS are still an active area of research, they have been associated 

with deleterious inflammation both in MS plaques and EAE mouse studies (Brucklacher-

Waldert et al., 2009; Komiyama et al., 2006).  

In contrast to TH1 and TH17 responses, TH2 subsets produce IL-4, IL-5, IL-10, and 

IL-13 capable of dampening inflammation. The net benefit of the production of TH2 

cytokines has been demonstrated by DMTs such as glatiramer acetate that exert their 

effects in part by shifting from TH1 to TH2 subsets (Duda et al., 2000). Nevertheless, IL-4 

and IL-5 also activate B cells which have been implicated in the pathogenesis of MS (Li 

et al., 2015). Whether these TH2 subsets promote recovery or contribute to damage may 

be related to the type of MS and stage of disease. Progressive MS has been associated 

with B cell-mediated pathology, while on the other hand several DMTs that are 

efficacious early in RRMS promote TH2 responses (Duda et al., 2000; Fraussen et al., 

2016; Serafini et al., 2004). In addition to TH2 subsets, TREG cells have been shown to 

play an important role in the regulation of TH1 and TH17 responses; however, they often 

fail to overcome inflammation in the context of MS (Haas et al., 2005; Viglietta et al., 

2004).   
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Aside from CD4+ T cells, which are the dominant inflammatory T cell subtype, 

cytotoxic CD8+ T cells are responsible for oligodendrocyte death and axonal transection, 

therefore contributing to both demyelination and irreversible clinical deficits (Babbe et 

al., 2000; Huseby et al., 2012). Moreover, CD8+ T cells are present in greater numbers 

than CD4+ T cells in actively demyelinating plaques. Neurons and oligodendrocytes are 

considered vulnerable to CD8+ cytotoxicity in part due to increased expression of HLA-

class I molecules on the cell surface during heightened inflammation (Höftberger et al., 

2004). Taken together, both CD4+ and CD8+ T cells are important contributors to the 

pathogenesis of MS.  

Infiltrated macrophages and resident microglia represent another important 

effector cell in MS that are also capable of eliciting both damage and repair. In the 

context of inflammation, macrophages are a primary source of the TH1 inducing cytokine 

IL-12, as well as a variety of other cytokines such as TNF, IL-1β, and IL-6 (Fujiwara and 

Kobayashi, 2005). Moreover, macrophages also produce ECM proteins, including 

proteoglycans that create a myelin microenvironment that is inhibitory to repair by 

oligodendrocytes (Lau et al., 2012; Sobel and Ahmed, 2001; van Horssen et al., 2006). In 

addition to inflammation, phagocytic macrophages are responsible for the clearance of 

myelin debris from the demyelinating plaque (Bogie et al., 2011). This was initially 

considered pathogenic, but recent evidence in both MS and animal models has shown that 

the clearance of myelin promotes repair via the recruitment of oligodendrocyte precursor 

cells, which differentiate into mature oligodendrocytes capable of remyelinating denuded 

axons (Boven et al., 2006; Miron et al., 2013; Rawji et al., 2016). Moreover, myelin-

laden macrophages are capable of inhibiting TH1 responses in EAE, suggesting that 

macrophages have immunomodulatory capabilities in MS (Bogie et al., 2011).  

1.4 Disease Modifying Therapies in MS 

MS therapies target the early inflammatory phase of the disease of RRMS and are 

successful in prolonging remission and controlling relapse rate during the initial phases of 

the disease. The first DMTs were introduced in the 1990s and include IFNβ-1a, IFNβ-1b, 

and glatiramer acetate (Ransohoff et al., 2015). Both classes of interferon DMTs are 

thought to share similar mechanisms of action that include a TH1-TH2 shift, a reduction of 
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cellular infiltration, restoration of TREG function, and the enhanced apoptosis of T-cells 

(Korporal et al., 2008; Noronha et al., 1993). The use of beta-interferons infers that 

modulation of multiple immune pathways is a promising path forward in the treatment of 

MS.  

With a short half-life in the periphery, glatiramer acetate relies on blood-derived 

monocytes, lymphocytes, and dendritic cells to impart neuroprotective and 

immunomodulatory effects in the CNS by promoting an anti-inflammatory milieu 

(Aharoni, 2013; Liu et al., 2007). The effects of glatiramer acetate include increases in 

FoxP3 expression, and the generation of anti-inflammatory factors such as IL-10 and 

TGF-β by TREG cells that confer neuroprotection (Aharoni et al., 2010; Haas et al., 2009; 

Miller et al., 1998). Although glatiramer acetate reduces plaque load, acts at peripheral 

and central sites, decreases pro-inflammatory gene expression, acts as a decoy for 

reactive lymphocytes, and polarizes cells towards an anti-inflammatory TH2 phenotype, it 

does not improve chronic neuropathology; clinical trials show no benefit in progressive 

MS (Wolinsky et al., 2007). The next generation of DMTs that came soon after focused 

on limiting the transmigration of lymphocytes into the CNS.  

Efforts to limit pro-inflammatory T cells from entering the CNS include a 

humanized monoclonal antibody against the adhesion molecule α4-integrin 

(natalizumab), preventing the transmigration of T cells across the BBB, and a 

sphingosine 1-phosphate receptor modulator (fingolimod) that prevents the egress of T 

cells from peripheral lymphoid tissues (Kappos et al., 2010; Polman et al., 2006). 

Clinically, both biologics reduce plaque burden in RRMS and the number of relapses by 

limiting lymphocyte infiltration into the CNS (Brinkmann et al., 2010; Niino et al., 2006).  

Within the last decade treatment options for MS have increased over two-fold and 

include several different approaches to target inflammation. These include a monoclonal 

anti-CD52 antibody (alemtuzumab) that promotes cellular cytolysis of lymphocytes, 

monocytes, and dendritic cells (Cohen et al., 2012), teriflunomide which displays a 

cytostatic effect on proliferating lymphocytes by blocking pyrimidine synthesis 

(Confavreux et al., 2014), and dimethyl fumarate that demonstrates anti-inflammatory 

and cytoprotective effects (Gold et al., 2012). These next generation therapies have 

improved clinical outcomes relative to interferons or glatiramer acetate (Ransohoff et al., 
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2015). The efficacy of the DMTs discussed here are, however, limited to RRMS patients. 

Furthermore, adverse events are commonly associated with MS therapeutics, which can 

include immunosuppression, depression, hepatic injury, cardiotoxicity, type I 

hypersensitivity reactions, infusion reactions, localized tissue damage, teratogencity, 

seizures, and progressive multifolcal leukoencephalopathy (Ransohoff et al., 2015; MS 

Coalition 2016). The ideal MS therapeutic of the future will aim to selectively modulate 

inflammation whilst minimizing side effects. There are currently multiple clinical trials 

underway to test the efficacy of a host of new compounds whose therapeutic potential in 

MS have yet to be proven.  

1.5 Animal Models of MS  

There are several animal models of demyelination which have been used in drug 

development as pre-clinical models for MS. These models include both immune mediated 

and chemically induced demyelination. Experimental autoimmune encephalomyelitis 

(EAE) features immune-mediated demyelination, while chemical models include 

administration of lysolecithin, cuprizone and ethidium bromide into CNS white matter 

tracts (Lassmann and Bradl, 2017). Chemical models result in complete remyelination 

with minimal immune responses, allowing investigation of the remyelination process, 

while immune mediated models produce partial remyelination but mimic the 

inflammatory milieu observed in MS.   

1.5.1 Experimental Autoimmune Encephalomyelitis  

EAE is a T cell mediated model of chronic neuroinflammation that is 

characterized by demyelination and ascending paralysis that recapitulate several 

neuropathological features seen in MS. Murine EAE studies have played an important 

role in the development of three Health Canada approved therapies for MS: natalizumab, 

glatiramer acetate, and mitoxantrone (Baxter, 2007). EAE has been successfully induced 

in many species including rodents, guinea pigs, and non-human primates, using a variety 

of antigens such as proteolipid protein, MBP, or myelin oligodendrocyte glycoprotein 

amino acids 35-55 (MOG35-55). These antigens comprise various components of the 
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myelin sheath that envelop axons within the CNS; however, whole myelin has also been 

used to induced EAE (Baxter, 2007). 

Mouse models of EAE can include relapsing-remitting and chronic clinical 

courses used to model aspects of relapsing-remitting disease in MS (McCarthy et al., 

2012). A relapsing-remitting disease course is possible by immunizing SJL mice 

immunized with proteolipid protein, producing a spontaneous biphasic disease course 

featuring motor deficits followed by moderate periods of recovery (Miller et al., 2007). In 

contrast, C57BL/6 mice immunized with MOG35-55 produce a chronic disease course 

followed by minimal recovery and was used for this thesis (Berard et al., 2010). While 

each mouse strain/antigen combination produces a different time course and duration of 

maximal clinical severity, ascending hindlimb paralysis is common to all the models. 

Notwithstanding the chronic nature of the MOG35-55 model, to date there are no EAE 

models that reflect disease processes associated with SPMS or PPMS.  

1.5.1.2 Induction of EAE 

EAE can be induced by active or passive immunization which involves either 

immunization with an antigen, or the adoptive transfer of sensitized T cells from actively 

immunized animals into naïve recipient mice, respectively (Pender, 1995). In actively 

induced EAE, a myelin peptide is emulsified with complete Freund’s adjuvant (CFA) 

containing mineral oil and heat-killed Mycobacterium tuberculosis to bolster a strong 

immune response (Lassmann and Bradl, 2017). Pertussis toxin (PTX) is also 

administered and is necessary to promote peripheral inflammation, prevent T cell anergy, 

and is thought to aid in increasing the permeability of the BBB (Chen et al., 2006; 

Kamradt et al., 1991). The ability of these adjuvants to produce immune activation 

independent of the antigen itself call for the use of CFA and PTX controls in EAE studies 

to monitor for non-specific side effects that could alter interpretation of immunological 

data.  

1.5.1.3 EAE Disease Phases   

The development of clinical signs in EAE occurs over three phases: 1) the 

induction phase, 2) the effector phase, and 3) the recovery phase. The induction phase of 
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the disease involves the priming of myelin-specific CD4+ T cells following active 

immunization with myelin antigens along with CFA and PTX. By contrast, the effector 

phase involves the migration of myelin-specific CD4+ T cells into the CNS via a 

disrupted BBB accompanied by an influx of peripheral immune cells into the CNS 

parenchyma. Demyelinated plaques in EAE are predominantly composed of CD4+ T 

lymphocytes and macrophages with very few CD8+ T cells and B cells, a marked 

difference between EAE and MS (Brown and Sawchenko, 2007). EAE neuropathology is 

primarily limited to the spinal cord and cerebellum, with little forebrain involvement, in 

contrast to the plaque patterns observed in MS (Brown and Sawchenko, 2007; Höftberger 

et al., 2015).  

Lastly, the recovery phase varies between EAE subtypes but usually involves the 

presence of TREG subsets that attempt to dampen CNS inflammation by reducing 

proliferation and cytokine production by encephalitogenic TH1 and TH17 subsets 

(Koutrolos et al., 2014). These phases permit a better understanding of the mechanisms 

underlying candidate MS therapeutics, as the distinct immunological profiles associated 

with each phase can inform the point in the MS disease course at which a drug may be 

most efficacious.  

1.5.2 Chemical Models of Demyelination  

1.5.2.1 Lysolecithin  

Lysolecithin (lysophosphatidylcholine, generated by phospholipase A2) is a 

detergent capable of solubilizing lipid rich membranes, producing complete 

demyelination after injection of a 1% solution into various white matter tracts of rodents 

including the dorsal columns of spinal cord, caudal cerebellar peduncle, and corpus 

callosum (Lau et al., 2012; Miron et al., 2013; Woodruff and Franklin, 1999). In mice, 

remyelination commences by day 7 following lysolecithin injection into the spinal cord 

and total remyelination is completed by 1 month (Jeffery and Blakemore, 1995; Keough 

et al., 2015). Lysolecithin spares astrocytes and axons which can metabolize the agents 

but is toxic to oligodendrocytes, resulting in a relatively pure lesion (Jeffery and 

Blakemore, 1995).   
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1.5.2.2 Cuprizone  

Cuprizone is a copper-chelator administered in the diet of rodents for 4-6 weeks, 

which produces widespread demyelination that is prominent in the corpus callosum.  

Complete remyelination occurs within 4 weeks of reverting to a normal diet (Ludwin, 

1978). The curprizone model also selectively targets oligodendrocytes by the disruption 

of mitochondrial complex IV. This mechanism of demyelination is particularly relevant 

to MS, as mitochondrial dysfunction has been recognized as a contributor to both 

demyelination and axonal degeneration (Mahad et al., 2008; Schoenfeld et al., 2010; 

Ziabreva et al., 2010).  

1.5.2.3 Ethidium bromide  

Ethidium bromide can be injected into the spinal cord dorsal columns or the 

caudal cerebellar peduncle where it produces complete demyelination by 2 weeks 

following administration with remyelination not taking place until 3-4 months later 

(Woodruff and Franklin, 1999).  Because ethidium bromide is a DNA damaging agent, it 

affects all cell types including astrocytes, and most remyelination is carried out through 

the migration of Schwann cells into the demyelinated region (Merrill, 2009; Woodruff 

and Franklin, 1999). However, in MS the principal cells responsible for remyelination are 

oligodendrocytes, calling into question the validity of this model.  

1.6 The MS Plaque  

The MS plaque is composed of a heterogeneous population of immune cells that 

produce distinct patterns of demyelination.  Classic active plaques (pattern I), common in 

early RRMS, feature macrophage-mediated demyelination and marked inflammation 

produced by MHC class I/II restricted TH cells along with activated microglia (Barnett 

and Prineas, 2004; Lassmann et al., 2001; Lucchinetti et al., 2000). In contrast to the 

inflammatory nature of active pattern I plaques, slowly expanding (pattern II) and 

inactive plaques (patterns III and IV) enlist neurodegenerative mechanisms also found in 

stroke, spinal cord injury, and Alzheimer's disease (Friese et al., 2014; Lucchinetti et al., 

1996). Accounting for roughly 50% of the plaque load in progressive MS, slowly 

expanding pattern II lesions comprise antibody-mediated mechanisms. Lesions feature a 
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demyelinated core with immunoglobulin deposition, complement activation, astrocytic 

scar tissue, and patent axonal injury (Bramow et al., 2010; Kutzelnigg et al., 2005; 

Lucchinetti et al., 2000). Pattern III and IV plaques feature oligodendrocyte death and 

early stage axonal degeneration, with the primary difference between patterns being the 

extent of oligodendrocyte and axonal death.  

When considered in the context of patterns III and IV, DMTs cannot 

accommodate the extent and duration of the inflammation in combination with 

degenerative pathology (Dutta and Trapp, 2014). Therefore, shifting focus from single 

targeted pharmacological approaches (i.e. monoclonal antibodies) in MS to therapeutics 

that target components of the CNS which regulate multiple aspects of inflammation and 

repair, such as extracellular matrix proteins, may produce a greater effect on reducing 

plaques that feature neurodegenerative processes.  

1.7 The Extracellular Matrix  

The ECM of the CNS is mainly composed of glycosaminoglycans (GAGs), either 

bound to proteins as PGs or as unbound hyaluronan (Lau et al., 2013). GAGs are linear 

polysaccharides made of repeating disaccharide units and an amino sugar that comprise 

heparin, heparan sulphate (HS), hyaluronic acid, chondroitin sulphate, dermatan sulphate 

and keratan sulphate (Bülow and Hobert, 2006). Proteoglycans are a large family of 

signaling molecules composed of a core protein covalently linked to GAG side chains 

associated both with cells (in storage granules or on the cell surface) and with the ECM 

(Esko et al., 2009). Two major classes of PGs include chondroitin sulphate PGs (CSPGs) 

and heparan sulphate PGs (HSPGs). The CSPG family is comprised of aggrecan, 

versican, neurocan, and brevican. HSPGs include perlecan, syndecan, serglycin, and 

agrin (Bülow and Hobert, 2006; Esko et al., 2009).  

Proteoglycans are highly variable structures due to chemical modification of their 

GAG side chains. For example, the disaccharide backbone of HS is composed of 

galactosamine (either N-acetylated or N-sulphated) complexed with either of the uronic 

acids (Bishop et al., 2007). As many as 26 enzymes participate in the biosynthesis of HS 

side chains, which occurs in the endoplasmic reticulum, Golgi apparatus and trans-Golgi 

apparatus (Bishop et al., 2007; Esko et al., 2009). Key reactions include deacetylation of 
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the N terminus, O-sulphation, and addition of a negatively charged sulphate group (N-

sulphation (Bishop et al., 2007).   

There is great structural heterogeneity among HS side chains in terms of chain 

length and the extent of chemical modification. The HS side chains are attached to core 

proteins by enzymes in the Golgi apparatus to form HSPGs. Members of HSPGs found 

within the ECM are made up of agrin, collagen XVIII and perlecan. Cell surface HSPGs 

form syndecans (linked to a transmembrane core protein, syndecans 1-4) or glypicans 

(linked via glycosylphosphatidylinositol to a membrane protein, glypicans 1-6; Capila 

and Linhardt, 2002; Kolset and Tveit, 2008). Once expressed on or outside the cell, 

endosulphatases can remove sulphate groups, and enzymes can cleave the core protein or 

the HS side chains (heparatinase fulfilling this second role; Dhoot et al., 2001; Morimoto-

Tomita et al., 2002).  

HSPG family members bind to a range of proteins, known collectively as heparin-

binding proteins (Capila and Linhardt, 2002). It was initially thought that binding 

between HSPGs and heparin-binding proteins was non-specific, based on the high 

negative charge of the GAG side chains. However, binding is now known to occur 

through specific binding motifs in heparin-binding proteins that contain the sequences 

XBBXBX or XBBBXXBX in which B refers to basic amino acids (arginine, lysine or 

histidine) and X is an aromatic or aliphatic amino acid (Hileman et al., 1998; Torrent et 

al., 2012). 

There is a high degree of binding specificity based on binding sequences in 

GAGs, protein folding and three-dimensional configuration that depends on charge-

charge interactions as well as hydrogen bonding (Cardin et al., 1989; Hileman et al., 

1998). A bioinformatics screen for mouse immune system related proteins with heparin 

binding motifs identified 235 candidates, most of which (154 or 66%) were intracellular, 

with 18% on the cell surface and 10% extracellular (Simon Davis and Parish, 2013). 

Many of these intracellular candidates are key signaling molecules, implying a role for 

intracellular HS in signal transduction and cell function. There are also heparin binding 

motifs in several cytokines including IL-1α, IL-9 and TGFβ. Moreover, chemokines 

represent a large family with heparin binding motifs that include CCL17, CCL19, 

CCL25, CCL28, C-X-C Motif Chemokine Ligand 5 (CXCL5) and CXCL12, as well as 
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cytokine receptors (IL-2Rα, IL-7R) and C-C chemokine receptor type 3 (CCR3), CCR7 

and CXCR5 chemokine receptors (Simon Davis and Parish, 2013).  

Components of the innate immune system identified in this study include toll-like 

receptors (TLR-1, 2, 4, 6, 8 and 13) and several components of the complement system 

(including C4b, C5, C7, C8a, C8b and the complement receptor CD93; Simon Davis and 

Parish, 2013). Taken together, the broad base of studies reviewed here establish a key 

regulatory role for PGs in modulating the immune system.  Functions include regulation 

of leukocyte adhesion, cytokine and chemokine function and sensing tissue injury. From 

a broader perspective, these interactions play key roles in embryonic development 

(Häcker et al., 2005), homeostasis (Bülow and Hobert, 2006) and disease progression 

(Simon Davis and Parish, 2013).  

1.8 Proteoglycans in MS 

The ECM of the CNS is mainly composed of GAGs, either bound to proteins as 

PGs or unbound in the form of hyaluronan (Lau et al., 2013). Interspersed among this 

network of PGs are additional glycoproteins like tenascins, thrombospondin and 

osteonectin. Transmembrane syndecans and glypicans are found in the cell membranes of 

neurons and glial cells. The HSPGs perlecan, agrin and collagen XVIII are mainly found 

in basement membranes around cerebral blood vessels in normal CNS tissues (Barros et 

al., 2011). In the developing brain, ECM proteins are readily detected, where they are 

used to guide the migration and targeting of neurons. However, after development control 

brain samples show minimal expression of PGs in the extracellular matrix by 

immunohistochemistry apart from the perivascular basement membranes (Barros et al., 

2011; Reichardt and Tomaselli, 1991).  

CSPG expression is increased following injury to the CNS by several resident 

cells, including macrophages/microglia, reactive astrocytes, and neurons. Members of the 

lectican family of CSPGs have been associated with MS plaques (Sobel and Ahmed, 

2001; van Horssen et al., 2006). In the centre of active pattern I plaques their expression 

is decreased and found in macrophages, suggesting that they had been phagocytosed and 

may modulate macrophage function. By contrast, their expression is increased in 

association with reactive astrocytes in pattern II plaques. It has been suggested that this 
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expression might impede axonal outgrowth (Sobel and Ahmed, 2001; van Horssen et al., 

2006). Hyaluronan also accumulates in MS plaques and inhibits myelin repair in EAE by 

preventing the differentiation of oligodendrocyte precursor cells (OPCs; Back et al., 

2005). Lau and colleagues (2011) demonstrated that macrophages/microglia are a 

primary source of CSPGs in the spinal cord lesions of mice that received lysolecithin, 

although reactive astrocytes at the lesion edge are an additional source. This study also 

confirmed that CSPGs are profoundly inhibitory to OPCs in vitro. The administration of 

systemic xyloside, which inhibits CSPG by cleaving their GAG sidechains, accelerates 

remyelination and increases recruitment of OPCs in a murine lysolecithin model of 

demyelination (Lau et al 2011).   

Several HSPGs normally associated with basement membranes (laminin, collagen 

type IV and fibronectin) are deposited in the parenchyma of pattern I and pattern II 

plaques, but not in chronic inactive pattern III plaques (van Horssen et al., 2006). 

However, unlike CSPGs, the roles of HSPGs during inflammation and repair in the CNS 

remain unexplored. Taken together, these studies suggest that PG expression in the ECM 

of the CNS impedes both axonal regeneration and impairs attempts at remyelination by 

oligodendrocytes.  

1.9 Rationale and Objectives  

 PGs have been well characterized in the literature, including their expression in 

MS, yet few compounds have been tested to therapeutically target them in animal models 

of human disease. Recently, the small molecule CSPG antagonist fluorosamine was 

tested in both EAE and the lysolecithin model and improved both clinical outcomes and 

remyelination (Keough et al., 2016). However, a drug that binds both CSPGs and HSPGs 

has yet to be explored in animal models of MS.   

Surfen (bis-2-methyl-4-amino-quinolyl-6-carbamide) was first described in 1938 

as an excipient used in the production of depot insulin (Figure 1.1; Umber et al., 1938). 

Early work describes its modest ability to neutralize heparin in experimental rabbits 

(Hunter and Hill, 1961), to inhibit infection of experimental mice with trypanosomal 

microorganisms (Williamson and Rollo, 1959) and its ability to bind with growth factors 

(Schuksz et al., 2008). Surfen contains four quinoline rings with positively charged 
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amino or methyl groups that facilitate its binding to the negatively charged GAG side 

chains of PGs.  

Given the recent evidence that multiple immune mediators bind HS, including 

chemokines, interleukins, growth factors, and complement, surfen was identified as a 

potential tool to further understand both HSPG and CSPG biology in the context of MS 

using the EAE and lysolecithin animal models.   

 

Hypothesis: 

Surfen will limit T cell function, ameliorate EAE severity, and reduce demyelination 

following administration in mouse models of MS.  

 

The objectives of this thesis are:  

1) To determine the effect of surfen on in vitro and in vivo T cell activation and 

function, including proliferation, activation marker expression, and cytokine 

production (Chapter 3).  

2) To determine the effect of surfen on a MOG35-55 model of EAE, including T cell 

and macrophage profiles (Chapter 4).  

3) To determine the effect of surfen on remyelination using a lysolecithin mouse 

model of demyelination (Chapter 5).  
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Figure 1.1: Structure of surfen (Bis-2-methyl-4-amino-quinolyl-6-carbamide). 

Exact Mass: 372.170 
Molecular Weight: 372.432 

Elemental Analysis: C, 67.73; H, 5.41; N, 22.57; O, 4.30 
Boiling Point: 1258.04 [K] 
Melting Point: 1047.76 [K] 
Critical Temp: 1173.4 [K] 
Critical Pres: 26.76 [Bar] 
Critical Vol: 1058.5 [cm3/mol] 
Gibbs Energy: 823.59 [kJ/mol] 

Log P: 2.48 
MR: 110.34 [cm3/mol] 

Henry's Law: 25.11 
Heat of Form: 384.03 [kJ/mol] 

tPSA: 117.89 

+ + 
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CHAPTER 2  
METHODS 
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2.1 Animal Care 

Female C57BL/6 mice (6-8 weeks of age) were purchased from Charles River 

Canada (St. Constant, QC) and were used for all primary T cell, macrophage, EAE, and 

lysolecithin experiments. All mice were housed in the Carleton Animal Care Facility at 

Dalhousie University. The animal holding rooms were on a 12-hour light/dark cycle and 

fed a standard diet of rodent chow and water ad libitum. This work received approval 

from the Dalhousie University Committee on Laboratory Animals and was completed in 

accordance with guidelines from the Canadian Council on Animal Care. 

2.2 General Reagents 

Acetic acid, ammonium sulphamate (H6N2O3S), bovine serum albumin (BSA), 

brefeldin A from penicillium, complete Freund’s adjuvant (CFA), concanavalin A, 

dimethyl sulfoxide (DMSO), chondroitinase ABC, cysteine hydrochloric acid (HCL), 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), eriochrome cyanine, 

Mycobacterium tuberculosis H37RA, Dulbecco’s Modified Eagle’s Medium (DMEM), 

10% buffered formalin, Griess reagent for nitrite, ketoprofen, L-α-

Lysophosphatidylcholine from egg yolk, phosphate buffered saline (PBS; pH 7.4), 

pertussis toxin from Bordetella pertussis, Roswell Park Memorial Institute 1640 medium 

(RPMI), heparinase-III, ionomycin, lipopolysaccharide (LPS) from E. coli 0111:B4, 

papain from papaya latex, phorbol 12-myristate 13-acetate (PMA), sodium azide (NaN3), 

sodium citrate, sodium nitrite (NaNO2), sodium phosphate (NaH2PO4), SIGMAFAST® 

protease inhibitor cocktail tablets, surfen (bis-2-methyl-4-amino-quinolyl-6-carbamide 

hydrate), and Triton-X-100 were obtained from Sigma-Aldrich Canada (Oakville, ON).  

Fetal bovine serum (FBS), 10,000 U/ml penicillin/10,000 μg/mL streptomycin solution, 

200 mM L-glutamine, 1M 4-(2-hydroyethyl)-1-piperazineethanesulfonic acid (HEPES) 

buffer solution, and 0.4% trypan blue dye solution were obtained from Invitrogen Canada 

(Oakville, ON). Ethylene diamine tetraacetic acid (EDTA) was purchased from EM 46 

Industries Inc. (Hawthorne, NY). Anhydrous ethyl alcohol was obtained from 

Commercial Alcohols (Brampton, ON). Purified functional grade anti-mouse CD28 

(clone 37.51), purified functional grade anti-mouse CD16/32 (clone 93), and 7-amino-

actinomycin D (7-AAD) were purchased from eBioscience (San Diego, CA, USA). 
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Neutral red was obtained from Fisher Scientific (Nepean, ON). Bio-Rad Protein Assay 

Dye Reagent, complementaroy deoxyribonucleic acid (cDNA) iScript, and Arium Total 

ribonucleic acid (RNA) extraction kits were obtained from Bio-Rad Laboratories Inc. 

(Mississauga, ON). All cell culture plastics were obtained from Sarstedt Inc. (Montreal, 

QC) unless otherwise specified.  

2.3 Antibodies  

2.3.1 Used for Flow Cytometry  

Phycoerythrin (PE)-conjugated anti-CD25 antibody (Ab), fluorescein 

isothiocyanate (FITC)-conjugated anti-CD69, PE-conjugated anti-mouse CD3e (clone 

eBio500A2), APC-conjugated anti-mouse IFN-γ (clone XMG1.2) were all purchased 

from eBioscience Inc. (San Diego, CA, USA). Alexa Fluor® 488-anti-mouse CD4 

(RM4-5), PE-anti-mouse CD3e (145-2C11), PerCP/Cy5.5-anti-mouse CD8a (53-6.7), 

APC-anti-mouse CD45 (30-F11), and APC-F4/80 (BM8) were obtained from Biolegend 

(San Diego, CA, USA). FITC-anti-mouse CD11b (M1/70) was purchased from BD 

Bioscience (Mississauga, ON).  

2.3.2 Used for Immunofluorescence 

An unconjugated primary mouse anti-CSPG polyclonal Ab was obtained from 

Sigma-Aldrich Canada (Oakville, ON). An unconjugated rabbit anti-Iba-1 polyclonal Ab 

was obtained from Wako Chemicals (Wako, Tx, USA). Conjugated fluorescent 

secondary donkey anti-mouse IgG H&L (Alexa Fluor® 555) and donkey anti-rabbit IgG 

H&L (Alexa Fluor® 488, pre-adsorbed) Abs were obtained from Abcam (Cambridge, 

UK). 

2.3.3 Used for Enzyme-Linked Immunosorbent Assay (ELISA) 

 Capture and biotin-conjugated detection antibodies against mouse IFNγ and IL-2 

were obtained from eBioscience (San Diego, CA). Multiplexed-ELISA kits for eotaxin, 

G-CSF, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 

(p40), IL-12 (p70), IL-13. IL-17A, KC, CCL2, CCL3, CCL4, CCL5, and TNF were 

obtained from Bio-Rad Laboratories Inc. (Mississauga, ON). 
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2.4 Preparation of Surfen  

 A stock solution of surfen was prepared in DMSO at a concentration of 60 mM 

and stored at -20oC in the dark. Surfen binds avidly to cell culture plastics, therefore it 

was necessary to store it in opaque glass vessels or microcentrifuge tubes pre-saturated 

with serum-containing medium or a working solution of surfen (i.e. 20 μM in PBS). 

During experiments, all cell culture plastics were exposed to serum containing media 

before surfen administration into solution to prevent surfen binding. Pipettes and syringes 

were saturated with a surfen solution before use. Fresh working solutions of surfen were 

prepared for each experiment.  

2.5 Cell Culture 

Cells were maintained at 37oC with 5% CO2 in 95% humidity unless otherwise 

specified.  Before use, cell suspensions were centrifuged for 5 min at 500 x gravity (g) 

unless otherwise specified. Cell viability for in vitro experimentation was determined 

using 0.1% trypan blue dye solution (v/v) in PBS. When multiple animals were harvested 

for ex vivo experimentation, cell counts were performed using a Countess® automated 

cell counter (Thermo Fisher Scientific, Waltham, MA, USA). 

2.5.1 Primary Murine T Cell Isolation (Chapter 3)  

Mice were euthanized by cervical dislocation and axillary, brachial, and inguinal 

lymph nodes were isolated under aseptic conditions in a laminar floor hood using sterile 

Dumont #10 curved forceps (Fine Science Tools, Foster City, USA). Isolated lymph 

nodes from 2 mice were placed in individual wells of a 6-well plate, containing 4 mL of 

ice cold PBS per well. The tissue was subsequently homogenized in each well using the 

grooved end of a plunger from a 10 mL syringe. The homogenate was separated from 

tissue debris with a pipette, washed with 10 mL of PBS, and centrifuged to collect cells. 

Erythrocytes were removed via osmotic shock with 20 sec exposure to 4 mL of hypotonic 

0.2% NaCl solution followed by addition of 4 mL of hypertonic 1.6% NaCl solution and 

2 mL of PBS to restore the solution to an isotonic state. Cells were centrifuged, 

resuspended in 1 mL of MACS® buffer (2% BSA [w/v], 2 mM EDTA in PBS, pH 7.4), 

and cell viability assessed with a hemocytometer based on exclusion of trypan blue. 
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Next, a pre-separation filter (Miltenyi Biotech, Auburn, CA) was placed on a 15 

mL polypropylene tube and pre-activated with 1 mL of MACS® buffer to prevent loss of 

cells on the membrane. Contents of the homogenized lymph nodes were passed through 

the filter to produce a single-cell suspension. Cells were then centrifuged, resuspended in 

450 µL of MACS® buffer, and incubated with 50 µL of a biotin-conjugated Ab cocktail 

for 10 min at 4°C. This cocktail contained Abs against CD11b (marker for monocytes, 

macrophages and neutrophils), CD11c (dendritic cells, monocytes, macrophages, 

neutrophils), CD19 (dendritic cells and B cells), CD45R (B cells, activated T subsets), 

CD49b (natural killer cells, platelets), CD105 (mesenchymal stem cells), MHC class II 

(dendritic cells, macrophages, B cells) and Ter-119 (mature erythrocytes and erythroid 

precursor cells) to enable the negative selection of CD3+ T cells. Following incubation, 

400 µL of MACS® buffer along with 100 µL of anti-biotin coated microbeads were 

added to the Ab cocktail and incubated for 15 min at 4°C. The cocktail was then washed 

with 10 mL of MACS® buffer and the cells were centrifuged.  

Cells were resuspended in 500 µL of MACS® buffer and run through a 

preactivated MACS® magnetic bead isolation LS column attached to a MACS® 

separator magnet (Miltenyi Biotech, Auburn, CA). The column was washed with 12 mL 

of MACS® buffer to elute unbound T cells. Cells were centrifuged and washed with 

RPMI-1640 medium (Invitrogen, Burlington, ON) supplemented with 10% heat-

inactivated FBS, 100 U/ml penicillin, 100 µg/ml streptomycin, 2 mM L-glutamine and 5 

mM HEPES (pH 7.4), hereafter referred to as complete RPMI (cRPMI). Cell viability 

was assessed with trypan blue dye exclusion, and was typically over 95%.  

2.5.2 CTLL-2 Cells (Chapter 3)  

Cytotoxic lymphoid line-2 (CTLL-2) cells were obtained from the American 

Tissue Culture Collection (ATCC; Manassas, VA, USA) and maintained in T75 tissue 

culture flasks containing HEPES-free RPMI-1640 medium supplemented with 10% heat-

inactivated FBS and 30 U/ml (6 ng/mL) of recombinant murine IL-2 (Pepro Tech Inc., 

Rocky Hill, NJ). 
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2.5.3 Murine L929 Fibroblasts (Chapter 4) 

Mouse L929 fibroblasts were obtained from ATCC (Manassas, VA, USA). Cells 

were maintained in T75 tissue culture flasks at 37oC and 10% CO2 in DMEM 

supplemented with 10% FBS, 100 U/mL penicillin, 100 µg/mL streptomycin, 2 mM L-

glutamine and 5 mM HEPES (pH 7.4) hereafter referred to as “complete DMEM.” At 

90% confluence, cells were passaged by detachment with trypsin-EDTA, followed by 

centrifugation and re-suspension in fresh DMEM media.  

2.5.4 Isolation of Primary Murine Bone-Marrow Derived Macrophages (BMDMs) 
(Chapter 4) 

Mice were euthanized by cervical dislocation and bone marrow flushed from both 

tibia and femurs under aseptic conditions with PBS using a 26G3/8 PrecisionGlide® 

needle (Becton Dickinson & Co, Mississauga, ON). A single cell suspension was 

generated by pressing an 18G1 PrecisionGlide® needle against the inside wall of a 15 mL 

polystyrene tube. Erythrocytes were removed by osmotic shock as previously described 

(section 2.4.1), centrifuged, and washed once in BMDM medium composed of 85% 

cRPMI and 15% L929-conditioned complete DMEM as a source of macrophage colony 

stimulating factor. Cells were counted and seeded in 6-well plates at a concentration of 1 

x 106 cells per well. BMDMs were differentiated over the course of 7 days in BMDM 

medium. Cells were supplemented with fresh BMDM medium after 3 days of culture, 

and on day 6 culture medium and non-adherent cells were removed and replaced with 

fresh BMDM medium. Cells were harvested for experimental use on day 7. Prior to use 

in experiments on day 7, the BMDMs were detached with EDTA (10 mM in PBS), 

centrifuged, and re-suspended in fresh cRPMI. The purity of BMDMs was 90% based on 

surface expression of the macrophage markers F4/80 and CD11b, as measured by flow 

cytometry (FACSCalibur, BD Bioscience, Mississauga, ON, Canada). 

2.6 Cell Seeding Conditions 

2.6.1 T Cells 

 T cells for 7-AAD viability staining (section 2.9.1), Oregon green cell division 

(section 2.11.2), cell surface staining with fluorescent Ab (2.13), and ELISA (section 
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2.17) were cultured in 200 μL of cRPMI medium at 1.5 x 105 cells/well in 96-well round-

bottom plates with at least 2 wells per treatment. In the case of tritiated-thymidine 

([3H]TdR) incorporation (section 2.11.1), T cells were cultured at 2.5 x 105 cells/well 

with a minimum of quadruplicate wells per treatment. For surfen binding assays, T cells 

were cultured at 5 x 106 cells/tube in 1.5 mL microcentrifuge tubes containing 1 mL of 

cRPMI medium.  

 CTLL-2 cells for [3H]TdR incorporation (section 2.11.1) were cultured at 1 x 104 

cells/well in 96-well round-bottom plates containing 200 μL of cRPMI medium with at 

least 4 wells per treatment. 

2.6.2 Macrophages  

For BMDM nitric oxide assays (Section 2.12), flow cytometry (section 2.13), and 

multiplexed ELISAs (section 2.17.2.1) cells were seeded in 24-well plates at 2.5x105 

cells/well in 1 mL of cRPMI medium. Cells were plated at 1 x 106 cells/well in a 6-well 

plate for quantitative real-time polymerase chain reaction (qRT-PCR; Section 2.15) in 3 

mL of cRPMI medium. For 7-AAD viability staining (section 2.9.1), MTT assays (2.9.2), 

and surfen binding (section 2.10), cells were plated in 96-well plates at 1.5 x 104 

cells/well in 100 µL cRPMI medium.  

For all experiments described, BMDMs were detached into solution using 1 mL 

of 10 mM EDTA for 10 min at RT, transferred to a 15 mL polystyrene tube where the 

volume was adjusted to 10 mL with PBS, centrifuged, and subsequently washed once 

with cRPMI prior to use. For 6-well plates, a cell scraper was used to ensure maximal cell 

detachment and collection.   

2.7 Cell Activation  

2.7.1 T Cell Activation  

 For all in vitro primary T cell and CTLL-2 experiments, surfen and vehicle 

treatments were administered 15 min prior to cell activation. T cells were activated using 

either Dynabeads® Mouse T-Activator anti-CD3/anti-CD28 Ab-coated beads 

(Invitrogen) for cell surface receptor-mediated activation used at a ratio of 1 bead for 

every 2 T cells as per manufacturer recommendations. Treatment with PMA and 
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ionomycin was used to bypass cell surface activation mechanisms. PMA and ionomycin 

were used at concentrations of 10 ng/mL and 100 ng/mL, respectively.  

2.7.2 Macrophage Activation  

In all experiments, BMDMs were activated with 100 ng/mL of LPS, except for 

the Griess assay and iNOS gene expression studies (Section 2.12.3) which used 500 

ng/mL. Treatment with surfen was administered 15 min following initial activation to 

avoid electrostatic interactions between the negatively charged LPS and positively 

charged surfen that could have altered binding kinetics.  

2.8 Flow Cytometry   

Fluorescence analysis of primary T cells, BMDMs, and in vivo anti-CD3 

experiments was performed with a FACSCaliber flow cytometer using BD CellQuest™ 

software (version 3.3; BD Biosciences) and a minimum of 1 x 104 counts per sample. 

Counts were gated on the live cell population within each sample, except for 7-AAD 

viability staining in which all cells were included, and data analyzed using FCS Express 

software (version 3.0; De Novo Software, Thornhill, ON).   

2.9 Cell Viability Assays 

2.9.1 7-AAD (Chapters 3 & 4) 

T cells were activated with anti-CD3/anti-CD28 expander beads, and treated with 

surfen (1, 2.5, 5, 10, or 20 µM) or vehicle (0.1 % DMSO) for 24 h. Following treatment, 

T cells were washed with PBS, resuspended in FACS buffer, and labeled with 7-AAD 

(0.25 µg in 5 µL) for 5 min. Samples were immediately analyzed by flow cytometry. 

Similarly, BMDMs were collected and treated with surfen (1, 2.5, 5, 10, 20 µM) or 

vehicle (0.1% DMSO) for 24 h. Labeling with 7-AAD was performed as described 

above.  

2.9.2 MTT Cell Metabolism Assay (Chapter 4) 

The metabolic activity of BMDMs treated with surfen (1, 2.5, 5, 10, 20 µM) or 

vehicle (0.1 % DMSO) was determined using an MTT assay, in which metabolically 

active cells reduce MTT from its yellow tetrazole form to purple formazan via the 
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activity of dehydrogenases (Berridge et al., 2005; Mosmann, 1983). Following 24 h of 

treatment with surfen, 10 µL of MTT solution (5 mg/ml in PBS) was added to each well 

and the BMDMs were incubated for 2 h at 37°C in a humidified 5% CO2 incubator. 

Following incubation, the 96-well plates were centrifuged, supernatants discarded, and 

100 µL of DMSO was added to each well to dissolve the formazan and produce the 

coloured product. Plates were then shaken for 5 min at 550 g on a Microplate Genie 

(Montreal Biotech Inc., Montreal, QC). The absorbance at 570 nm was read on an Expert 

96 microplate reader (Biochrom ASYS, Cambridge, UK). Dehydrogenase activity is 

directly proportional to the absorbance reading that reflects the number of metabolically 

active cells in each well (Mosmann, 1983). Percent viability was determined by 

normalization to the untreated control (100% viable cells), and calculated using the 

formula ([T/C] x 100), where T is the absorbance value of the treatment well, and C is 

absorbance value of the untreated control.  

2.10 Surfen Cell Surface Binding Assay 

2.10.1 T Cells (Chapter 3) 

Following the T cell isolation procedure described in section 2.4.1, 5 x 106 cells 

were added to 1.5 mL tubes, resuspended in cRPMI, and incubated with surfen (5, 10, 20 

µM) or PBS as a negative control for 2 h at 37°C in a humidified 5% CO2 incubator. 

Cells were then washed twice with PBS, and plated onto black Costar® 96-well flat-

bottom polystyrene plates (Corning Inc., Corning, NY) at a concentration of 1 x 105 cells 

per well. Fluorescence was read at an emission wavelength of 488 nm in a SpectraMax® 

M3 luminescence spectrophotometer (VWR, Radnor, PA) using an excitation wavelength 

of 340 nm. 

2.10.2 Macrophages (Chapter 4) 

BMDMs were collected and treated with surfen (1, 2.5, 5 µM) or vehicle (0.1% 

DMSO) for 2 h. A separate group of BMDMs were pre-treated with heparinase-III (0.001 

U/ml) or chondroitinase ABC (10 U/mL) for 2 h and washed once with PBS before 

surfen or vehicle was added at the stated doses for an additional 2 h. The cells were 

washed twice in PBS to remove excess surfen, and fluorescence read at an emission 
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wavelength of 488 nm in a SpectraMax® M3 luminescence spectrophotometer using an 

excitation wavelength of 340 nm. 

2.11 T Cell Proliferation Assays  

2.11.1 Tritiated-thymidine ([3H]TdR) incorporation (Chapter 3)  

To assess [3H]TdR incorporation, cells were treated with either surfen (1, 2.5, 5, 

10, or 20 µM) or vehicle (0.02% DMSO) and stimulated with anti-CD3/anti-CD28 

expander beads or PMA/Ionomycin. Primary T cells were cultured for 24, 48 or 72 h 

while CTLL-2 cells were cultured for 48 h. For the last 6 h of incubation, cells were 

pulsed with 0.2 µCi of methyl [3H]TdR (MP Biochemicals, Irvine, CA). Cells were 

harvested immediately onto fiberglass filter mats with a Titertek Cell Harvester (both 

from Skatron Instruments, Sterling, VA). [3H]TdR incorporation into newly synthesized 

DNA was measured using a Beckman LS6000IC liquid scintillation counter (Beckman 

Coulter Inc., Mississauga, ON).  

2.11.2 Oregon Green Proliferation Assay (Chapter 3)  

Primary T cells were labeled with 2 µM Oregon Green 488 dye (Invitrogen) for 

15 min at RT. FBS was warmed to 37 oC and subsequently added to saturate excess dye. 

The cells were centrifuged, resuspended in 10 mL of warm cRPMI, and incubated for 30 

min at 37oC to ensure proper conjugation of the dye within the cells. Next, cells were 

centrifuged, plated as previously described in section 2.6, treated with either surfen (1, 

2.5, 5, 10, or 20 µM) or vehicle (0.2% DMSO) and stimulated for 72 h with anti-

CD3/anti-CD28 expander beads (7.5 × 104/well). Cells were analyzed by flow cytometry 

to calculate the percentage of proliferating cells using ModFit LT software (Verity 

Software House, Topsham, ME, USA).  

2.11.3 In Vivo Anti-CD3 Proliferation (Chapter 3)  

T cell activation was induced in vivo by injecting each mouse intraperitoneally 

(i.p.) with a 5 µg dose of anti-CD3 Ab in a volume of 200 μL PBS (eBioscience). Mice 

were pretreated once daily for three days with either vehicle (0.2% DMSO) or surfen (20 

mg/kg, i.p.), both dissolved in cRPMI.  A single anti-CD3 Ab injection (i.p.) was given 6 
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h following the final injection of surfen on day 3. Mice were euthanized 24h following 

administration of anti-CD3 Ab to harvest lymph nodes and obtain CD3+ T cells using 

methods described in section 2.4.1. Cells were counted and immediately pulsed with 

[3H]TdR (section 2.11.1) to measure proliferation.  

2.12 Macrophage Nitric Oxide (Griess) Assay (Chapter 4) 

BMDMs were activated with LPS (500 ng/mL), and treated with surfen (5µM) or 

vehicle (0.1% DMSO) for 24 h. Supernatants were collected and 100 µL of supernatant 

was combined with 100 µL of Griess reagent in individual wells of a 96-well flat bottom 

plate and incubated for 5 min at RT in the dark. Nitric oxide levels for each condition 

were measured by reading the absorbance at 570 nm using a ELx800 UV universal 

microplate reader (BioTek Instruments, Winooski, VT) and comparing it with known 

concentrations of sodium nitrite (Sigma-Aldrich) in PBS using SOFTmax® PRO 

software (version 4.3; Molecular Devices Corp., Sunnyvale, CA). 

2.13 Fluorescent Staining of Cell Surface Markers 

Primary T cells were collected, washed once with PBS, and labeled on ice with 

fluorochrome-conjugated Abs or isotype matched fluorochrome-conjugated control Abs 

at a concentration of 0.5 µg in 100 µL FACS buffer (containing 0.2% NaN3 and 1% BSA 

in PBS) for 45 min in the dark. Cells were then washed twice in FACS buffer, fixed in 

300 μL of paraformaldehyde solution, and analyzed by flow cytometry.  

In the case of BMDMs, cells were stained as described, washed twice with PBS 

containing 1% BSA (w/v), resuspended in a volume of 300 μL 1% BSA and immediately 

analyzed by flow cytometry.  

2.14 In Vivo Animal Models of Multiple Sclerosis (Chapter 5) 

2.14.1 Induction of EAE 

Eighty-one female 6-8 week-old C57Bl/6 mice were immunized on day 0 of the 

study with myelin oligodendrocyte glycoprotein fragment 35-55 (MOG35-55; Stanford

Protein and Nucleic Acid Facility, CA) dissolved in PBS and emulsified in a 1:1 ratio 

with complete Freund's adjuvant (CFA; Sigma) containing 10 mg/mL of Mycobacterium 
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tuberculosis H37RA. Pertussis toxin (PTX; Sigma, St. Louis, MO, USA), an immune 

adjuvant, was diluted in sterile Type I water and administered i.p. (500 ng/mouse) on day 

0, and again on day 2 after initial inoculation. Forty-eight age, sex, and weight matched 

C57Bl/6 mice served as antigen controls and received CFA plus PTX but not MOG35-55. 

On day 0, mice were briefly anesthetized with isoflurane (3 L/min, O2: 2 L/min) and 

injected subcutaneously (s.c.) bilaterally at the base of the tail with 100 μL of either the 

MOG35-55 emulsion (300 μg/mouse; EAE group) or CFA alone (200 µL/mouse; CFA 

group; Figure 1) under aseptic conditions in a biosafety level 2 cabinet. Care was taken to 

use a fresh needle for every injection to minimize skin irritation. A health check was 

carried out on day 3 and any animal with lower limb gait disturbances resulting from the 

immunization procedure was excluded from the study.  

2.14.1.2 Group Assignment and Administration of Surfen   

 The initial presentation of clinical signs occurred between days 7-11, at which 

point EAE mice were assigned to one of two groups in which the average clinical scores 

(based on presenting score) for these groups were the same. The antigen control 

(CFA+PTX) mice were assigned to two groups matched for weight. The EAE and 

CFA+PTX groups received either vehicle (2.5% DMSO dissolved in PBS [v/v], i.p. 

every other day (q.a.d); CFA-V, EAE-V) or surfen (5 mg/kg, i.p.; q.a.d; CFA-S, EAE-S). 

The weight and clinical score of each mouse was recorded daily beginning at day 7. 

Animals were euthanized on day 21. CNS tissues were harvested from these animals for 

subsequent analysis as described in detail below (Figure 2). 

2.14.1.3 Clinical Scores and Animal Maintenance 

The following grading scheme was used to clinically score the animals (Fiander et 

al., 2017): 0, no clinical signs; 0.5, hooked tail; 1, hooked tail with splay; 1.5, flaccid tail 

with splay; 2, minor walking deficits, mild ataxia; 2.5, severe walking deficits, chronic 

ataxia; 3, dropped pelvis in addition to severe walking deficits; 3.5, unilateral hindlimb 

paralysis; 4, bilateral hindlimb paralysis; 4.5, forelimb paralysis; 5, moribund (Figure 3). 

The humane endpoint was defined as weight loss greater than 20% for three consecutive 

days or a clinical score of 5 for three consecutive days, or both. The designation of 
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“moribund” indicated that the animal displayed severe lateral recumbency deficits in 

addition to hind limb paralysis and was incapable of independent feeding or hydration.  

Mice were supplied with DietGel® Recovery (ClearH20; Portland, ME, USA) and 

handfed Neutri-Cal® (Evsco Pharmaceuticals; Buena, NJ, USA) as a nutrient supplement 

when they were no longer able to reach food.  Lactated Ringer’s solution (50 U/Daily) 

was provided when a mouse reached a score ≥2.5 or when its weight fell 10% below 

baseline. A trained observer unaware of the treatment conditions recorded all clinical 

scores. 

2.14.1.4 Flow Cytometry  

Single-cell suspensions of immune cells were obtained from the spleen, spinal 

cord, and cerebellum. Fresh tissue was dissected, dissociated using a razor blade, and 

then filtered with 70 µm cell strainers to remove debris. Cells were washed in PBS 

containing 5 mM EDTA, and treated with ammonium chloride buffer for 30 min to lyse 

contaminating red blood cells. Cells were washed twice, blocked with anti-CD16/32 

antibody, and incubated with primary conjugated antibodies as indicated in the results. 

Following incubation cells were washed twice and fixed with 4% paraformaldehyde prior 

to flow cytometry acquisition and analysis. Flow cytometry data were collected with a 

FACSCalibur flow cytometer and CellQuest Pro software (BD Bioscience) or collected 

with a BD LSRFortessaTM cell analyzer using BD FACSDivaTM software (BD 

Bioscience). Post-acquisition data analysis was conducted using FCS 6 Express software 

(DeNovo Software, Los Angeles, CA). 

2.14.1.5 T Cell Restimulation Assay  

Antigen-specific CD4+ T cell responses to MOG35-55 peptide stimulation were 

analyzed by measuring interferon-gamma (IFN-γ) production. Splenocytes were 

harvested on day 21 from EAE and CFA control mice treated with either vehicle or 

surfen were cultured in complete RPMI medium in the presence of MOG35-55 peptide (20 

µg/mL) and anti-CD28 antibodies (1 µg/mL). At 18 h following T cell stimulation, cells 

were treated with Brefeldin A (B7651; Sigma-Aldrich, St. Louis, MO) and incubated for 

an additional 6 h prior to extracellular and intracellular staining for T cell markers (CD3, 



 34 

CD4, and CD8) and IFN-γ, respectively. The percentage of CD4+IFN-γ+ cells was 

analyzed via flow cytometry as described in section 2.14.1.4. 

2.14.2 Lysolecithin Induced Demyelination   

2.14.2.1 Administration of Lysolecithin into the Corpus Callosum  

Female C57BL/6 mice aged 10-12 weeks were anesthetized with isoflurane (3 

L/min, O2: 2 L/min) and placed in a stereotactic frame (Model 900, Kopf). The skin 

overlying the head was shaved and isopropyl alcohol and 2% betadine applied as 

antiseptic agents. A vertical incision 1 cm in length was made, beginning above the 

bregma and extending anteriorly to the lambdoid suture. The skin was retracted and two 

holes were drilled in the skull, one 2.3 mm posterior and 1.0 mm left of bregma, the other 

2.3 mm posterior and 1.0 mm right of bregma. Using a microinjection unit (Model 5000, 

Kopf), 1 μL of 1% lysolecithin [w/v] dissolved in PBS was injected on each side to a 

depth of 3.7 mm using a 2 μL Hamilton Neuros® 7001 syringe (Hamilton Company, NV, 

USA), to target the corpus callosum. To prevent backflow, the needle was kept in place 

and the lysolecithin permitted to diffuse into the parenchyma for 30 sec before the needle 

was retracted. The incision was then sutured with 5-0 prolene.   

2.14.2.3 Experimental Timeline  

Treatment was administered directly into the developing lesion either 2 or 7 days 

following lysolecithin injection (Figure 4). Mice were anesthetized with isoflurane and 

the incision was reopened. On the left side, 1 μL of vehicle (2% DMSO dissolved in 

PBS) was injected using a 2 μL Hamilton Neuros® 7001 syringe (Hamilton Company, 

NV, USA) through the existing hole at a depth of 3.7 mm. On the right side, 1 μL of 100 

μM surfen (Sigma-Aldrich) was injected in a similar manner through the existing hole at 

a depth of 3.7 mm. The needle was kept in place for 30s, retracted and the incision 

sutured. Dedicated syringes were used for lysolecithin, vehicle, and surfen administration 

to prevent cross-contamination.  

Sham control mice received an injection of either PBS or needle alone (needle 

was inserted but no injection was made) on the same days to control for the mechanical 
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damage of the procedure. Mice were euthanized 2, 7, 14, or 21 days after lysolecithin 

injection with a lethal dose of sodium pentobarbital (100 mg/kg, i.p.).  

2.15 Histology  

2.15.1 Preparation of Brain Tissue for Histology 

After the administration of sodium pentobarbital on days 2, 7, 14, or 21, mice 

under deep anesthesia were transcardially perfused with PBS (10.0 mL) followed by 10% 

buffered formalin (10 mL). This was completed by exposing the thoracic cavity and 

inserting a 25G1/4 PrecisionGlide® needle into the left ventricle followed by an incision 

into the right atrium to create a continuous circuit. The skull was then carefully resected 

with blunt forceps and the brain removed and placed in 10% formalin to post-fix for a 

minimum of 4 days.   

Following fixation, the brain was dehydrated overnight in a graded ethanol series 

of 70%, 95%, and 100%, followed by 100% xylene using a Leica ASP300 tissue 

processor (Leica Biosystems, Wetzlar, Germany). Tissue was subsequently embedded in 

Tissue Prep® embedding compound (paraffin; Fisher Scientific, Nepean, ON). Coronal 

sections 5 μm thick were cut at the level of the corpus callosum using a Leica RM2255 

fully automated rotary microtome (Leica Biosystems, Wetzlar, Germany). Serial sections 

were placed in a 40°C water bath for several minutes and mounted three per slide onto 

numbered Superfrost® glass slides (Fisher Scientific, Nepean, ON). Tissue was dried in a 

37°C oven for 2-3 days to ensure proper adherence to the slide before long-term storage 

at room temeperature.  

2.15.2 Eriochrome Cyanine and Neutral Red Myelin Staining  

Brain sections were deparaffinized in 100% xylene and rehydrated in a graded 

ethanol series of 100%, 95%, and 70%. Tissue sections were placed into Wheaton jars 

and submerged in tap water for ≈1 min. Next, sections were placed in eriochrome cyanine 

for 15 min, washed with tap water for ≈1 min, and differentiated in 0.5% ammonium 

hydroxide (NH4OH) for 5 s followed by rinsing with tap water.  The eriochrome solution 

consisted of 40 mL of 0.2% eriochrome [w/v] diluted in 0.5% aq. H2SO4 [v/v] brought to 

50 mL with 2% FeCl3 [v/v] dissolved in type I water. Tissue was counterstained with 1% 
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neutral red [w/v] for 2 min followed by the removal of excess stain with tap water for ≈1 

min. The tissue was dehydrated with a graded ethanol series of 70%, 95%, and 100%, 

cleared in 100% xylene, and coverslipped using Cytoseal (Stephen’s Scientific, 

Riverdale, NJ, USA). 

2.15.3 Immunofluorescence Staining  

 Brain sections containing lysolecithin lesions as determined by eriochrome cyanine and 

neutral red staining were deparaffinized in 100% xylene and rehydrated in a graded ethanol 

series of 100%, 95%, and 70%. Antigen retrieval was performed by submerging sections into 

sodium citrate buffer (11 mM sodium citrate, 0.05% Tween 20, pH 6.0) and placing them in a 

decloaking chamber (Biocare Medical, CA, USA) that reached 125°C for 20 min. Sections 

were washed three times with tris-buffered saline and Tween 20 (TBST; 0.05 M Tris/HCl, 0.15 

M NaCl, 0.05% Tween 20, pH 7.6; Agilent Technologies, CA, USA) and blocked for 1 h with 

donkey serum (Vector Laboratories Inc., CA, USA). Primary Abs were diluted in TBST and 

placed directly on each section and incubated for 18 h at RT in the dark using a Simport 

StainTray™ (Simport Scientific, Beloeil, QC). Next, sections were washed three times with 

buffer and fluorescent conjugated secondary Ab were diluted in TBST and placed directly on 

the sections for 2 h at RT in the dark. Lastly, sections were washed three times with TBST to 

remove excess secondary and immediately coverslipped using Vectashield® mounting medium 

for fluorescence with DAPI (Vector Laboratories Inc., CA, USA). Slides were sealed to 

prevent tissue desiccation using a generic nail polish.  

 Primary and secondary Ab concentrations were determined with titration experiments 

on lesioned tissue using the manufacturer recommended dilutations as a reference point. To 

ensure signal specificity, all immunohistochemistry was carried out in parallel with control 

sections incubated without primary antibody. 

2.15.4 Electron Microscopy  

 Following sacrifice on day 7, brains were removed from mice administered lysolecithin 

on day 0 and treatment on day 2 without transcardial perfusion. Brains were gross dissected 

using the needle tracks as a guide and the corpus callosum was resected and placed in a 

solution of 3.5% glutaraldehyde and post-fixed for a minimum of 1 week. The fixative was 
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removed and washed with Sorensen’s phosphate buffer (0.2M Na2HPO4, pH 7.4-7.6) for 2 min. 

The tissue was then treated with 1% osmium tetroxide (1 h, 4oC), rinsed in buffer solution (2 

min) and passed through a graded series of ethanols (70%, 100%, 100%, 15 min each) 

followed by treatment with propylene oxide (15 min on mixer, removed and repeated once).  

Embedding resin was then added to the tissue (1h on mixer, then added again for 1 more hour) 

and resin was also added to an embedding mold, prewarmed in a 70oC oven.  The tissue was 

transferred to the mold and kept at 70oC overnight before cooling to RT. Ultrathin sections 

were cut with a diamond knife using an ultra microtome. The resulting grids were then stained 

with uranyl acetate (8 min), washed three times in 30% ethanol (10 s each wash) and then 

stained with lead citrate (8 min) and washed three times in distilled water (10 s each wash). 

The grids were dried, mounted and examined with a Hitachi TT7700 transmission electron 

microscope. Electron photomicrographs were obtained for different lesions, and stored in 

image files, coded to blind their identity during image analysis (section 2.16.3 below).  

2.16 Image Analysis 

2.16.1 Lysolecithin Lesion Quantification  

Slides were imaged using an Aperio AT2 Digital Pathology scanner at 20X 

magnification (Leica Biosystems, Wetzlar, Germany). This scanner is capable of 

recording photomicrographs of each section of the mouse brain at multiple levels of 

magnification (5X, 10X, 20X). The size of the lesion was determined using Aperio 

ImageScope software (Leica Biosystems, Wetzlar, Germany), in which the region of 

demyelination within the corpus callosum was manually traced with a Wacom Intuos® 

touch tablet (Wacom Co. Ltd, Kazo, Japan) and the area was calculated in μm2. The area 

of the lesion on each section was summed to represent the total lesioned area per 

hemisphere.  

2.16.2 Immunohistochemistry Quantification  

Representative photomicrographs of sections that displayed immunoreactivity in 

the lesioned area of the corpus callosum were captured at 100X amplification (10X 

objective and a 10X lens) using a Zeiss Axio Imager Z2 fluorescent microscope (Zeiss 

AG, Oberkochen, Germany). Image quantification was performed using ImageJ software 
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(NIH version). Briefly, preprocessing involved background substraction and application 

of a noise reduction filter. Next, a global threshold was set to define detection levels 

across all micrographs. Lastly, fluorescent intensities were quantified in terms of pixel 

counts translated to area by a scale bar.  

2.16.3 Electron Microscopy G-Ratio Quantification   

Myelination for individual nerve fibers in the corpus callosum (where all fibers 

are normally myelinated) was calculated using the ratio of the axon circumference to the 

full circumference (including myelin sheath, if present) of the fiber (G-ratio) using 

ImageTrak software (written by Dr. Peter Stys; http://www.ohri.ca/stys/imagetrak). 

Briefly, lesion electron photomicrographs were imported into the ImageTrak and each 

axon along with its respective myelin sheath was manually traced with a Wacom Intuos® 

touch tablet by an observer unaware of the treatment conditions. G-ratios were 

automatically calculated, and a minimum of 100 axons were counted per lesion. A ratio 

of 1 represents a completely denuded axon, whereas a ratio of 0.5 would be an average 

ratio of a large caliber axon.  

2.17 ELISA Protein Quantification  

2.17.1 In Vitro Plated Cytokine Assays (Chapter 3)  

T cells were treated with either surfen (10 μM) or vehicle (0.1% DMSO) and 

activated with anti-CD3/anti-CD28 expander beads for 24 h. Supernatants were harvested 

and analyzed for the cytokines IL-2 and IFN-γ by sandwich-ELISA kits (BD 

Biosciences). In brief, Costar® 96-well flat-bottom high binding chemistry enzyme 

immunoassay plates (Corning Inc., Corning, NY) were coated overnight at 4°C with 

capture Ab diluted in coating buffer (0.1 M Na2CO3 [pH 9.5]). Plates were then washed 3 

times with wash buffer (0.05% Tween-20 [v/v] in PBS) and blocked with assay diluent 

(10% FBS [v/v] in PBS) for 1 h at ambient temperature. Plates were then washed again 

(3X) and supernatants and recombinant cytokine standards were added and incubated 

overnight at 4°C. Plates were washed as described and incubated with biotinylated 

detection Ab and streptavidin-HRP together for 1 h. Plates underwent five 1 min washes 
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prior to the addition of the substrate solution (tetromethylbenzidine) to reduce 

background noise.  

After sufficient color had developed (15-30 min), stop solution (0.3 M sulfuric 

acid) was added to the wells, and the absorbance of the plates was read at 450 nm on a 

ELx800 UV universal microplate reader using KCJunior software (version 1.17; BioTek 

Instruments, Inc.). Further analysis of the absorbance readings was performed using 

SOFTmax® PRO software (version 4.3; Molecular Devices Corp., Sunnyvale, CA) to 

quantify the cytokine concentrations in relation to the experimental standards.  

2.17.2 Multi-plexed ELISA 

Multiplexed ELISAs were conducted using the Bio-Plex® suspension array 

system that utilizes Luminex® xMAP® multiplexing technology to detect up to 100 

cytokines in a single sample with a dynamic range capable of detecting 1-32 000 pg/mL 

of protein. The system works by using fluorescent monodisperse polystyrene beads 

conjugated with antibodies against a specific cytokine epitope. A flow cytometer 

equipped with a dual laser detector measures fluorescence emitted from the surface of 

monodisperse polystyrene beads and matches the spectra to a specific epitope while a 

high-speed digital signal processor quantifies the fluorescent signal (Houser, 2012).  

2.17.2.1 BMDM Supernatants (Chapter 4) 

BMDMs were collected, treated with either surfen (5 μM) or vehicle (0.1% 

DMSO), then activated with LPS, and incubated for 24 h. A separate cohort of BMDMs 

was identically treated with surfen or vehicle but not activated with LPS to serve as 

negative controls. Culture supernatants were then collected and stored at -80oC prior to 

analysis. Cytokine levels in the supernatants were assessed using a Bio-Plex Pro™ 

premixed 8-plex mouse cytokine kit (Bio-Rad, Hercules, CA, USA) that measures the 

level of the cytokines IL-1β, IL-6, IL-10, TNF and the chemokines KC, CCL2, CCL4, 

CCL5.  A standard curve was constructed using a 4-fold dilution series of beads with a 

known fluorescence spectrum unique to each cytokine. Standards were reconstituted in a 

standard diluent that closely matches the medium of the supernatant.  
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Magnetic anti-cytokine Ab conjugated beads (50 µL/well) were added to the wells 

of a 96-well plate and washed twice with 100 µL of assay buffer.  Each sample was 

measured in duplicate wells, by adding 50 µL of undiluted supernatant to each well. The 

plate was covered and incubated in the dark at room temperature (RT) on a shaker set at 

850 rpm for 30 min followed by 3 washes.  Next, biotinylated detection Ab was added to 

each well and incubated in the dark at RT on a shaker set at 850 rpm for 30 min followed 

by 3 washes.  Lastly, streptavidin-PE (50 µL) was added to the wells and incubated in the 

dark at RT on a shaker set at 850 rpm for 10 min.  Lastly, beads were washed 3 times, 

resuspended in assay buffer and analyzed with the Bio-Plex® 200 Suspension Array 

System (Bio-Rad).  Data was acquired using Bio-Plex Manager software version 6.1 with 

five-parameter logistic regression curve fitting (Bio-Rad).  

2.17.2.2 EAE Spinal Cords (Chapter 5) 

Protein extracts from EAE and CFA control spinal cord tissue were obtained by 

homogenization in 500 μL of PBS containing SIGMAFAST® protease inhibitor cocktail 

tablet (2 mM 4-[2-aminoethyl] benzenesulfonyl fluoride, 14 mM E-64, 130 μM bestatin, 

1 μM leupeptin, 0.3 μM aprotinin, and 1 mM EDTA). Tissue was homogenized on ice for 

1 min using a Pro 200 handheld homogenizer (Pro Scientific Inc., CT, USA). 

Homogenates were centrifuged at 10 000 x g for 10 min, supernatants collected, and 

protein concentrations determined using a Bradford protein assay. The supernatants were 

adjusted to a working concentration of 500 μg/mL in PBS containing protease inhibitor 

and stored at -80oC prior to use.  

A Bio-Plex Pro™ premixed 23-plex mouse cytokine kit was used to measure 

eotaxin, G-CSF, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, 

IL-12 (p40), IL-12 (p70), IL-13. IL-17A, KC, CCL2, CCL3, CCL4, CCL5, and TNF. 

Standards were reconstituted with PBS buffer containing protease inhibitor and a 0.1% 

BSA [w/v] carrier. The remainder of the assay was performed as described in section 

2.17.2.1.  
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2.18 Quantitative Reverse-Transcription Polymerase Chain Reaction (qRT-PCR) 

 All qRT-PCR experiments were conducted in accordance with the Minimum 

Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) 

guidelines (Bustin, 2010; Taylor et al., 2010).  

2.18.1 Tissue Preparation for RNA Extraction  

2.18.1.2 BMDMs (Chapter 4) 

 BMDMs were collected, treated with either surfen (1, 2.5, 5 μM) or vehicle (0.1% 

DMSO), then activated with LPS for 4 h. A separate cohort of BMDMs was treated with 

surfen but not activated to serve as negative controls. Supernatants were removed, cells 

washed with PBS, and 345 μL of RLT cell lysis buffer (Qiagen, Toronto, ON) was 

administered to each well. Lysis buffer from each sample was collected into RNase free 

1.5 mL microcentrifuge tubes and temporarily stored at -80°C until RNA extraction 2-3 

days later.  

2.18.1.3 EAE Spinal Cord (Chapter 5)  

Following death, the spinal cord from each animal was collected, immediately 

submerged in RNAlater stabilization reagent (Qiagen, Toronto, ON), and stored at -20 °C 

until RNA extraction 1-2 months later.  

2.18.2 RNA Extractions and Quality Control  

2.18.2.1 BMDMs 

RNA was harvested using an RNeasy Mini Kit purchased from Qiagen (Toronto, 

ON) following the procedures outlined by the manufacturer. The purity and concentration 

of each RNA sample was determined using a NanoDrop 2000 device (ThermoFisher 

Scientific, MA, USA). The purity of the sample was based on the ratio of absorbance at 

280 nm over 260 nm (A280/A260 ratio) with a value between 1.7-2.0 considered acceptable 

(Taylor et al., 2010). Samples were then stored at -80°C for future use.  
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2.18.2.2 EAE Spinal Cord 

Spinal cord tissues from EAE and CFA control mice were removed from 

RNAlater stabilization reagent and placed in 2 mL tubes containing 1.5 mm triple-pure 

zirconium beads (Benchmark Scientific Inc., NJ, USA) and 1 mL of PureZol™ RNA 

isolation reagent (Bio-Rad Laboratories Inc., Mississauga, ON). Spinal cord tissues were 

thoroughly homogenized by placing the bead-filled tubes into a BeadBug microtube 

homogenizer (Benchmark Scientific Inc., NJ, USA) for 45 sec at 4000 rpm. Total RNA 

was extracted from the homogenized PureZol™ RNA reagent using an Aurum™ Total 

RNA Fatty and Fibrous Tissue kit (Bio-Rad) following the procedures outlined by the 

manufacturer.  

To measure the concentration, quality and overall purity of isolated total RNA, an 

Experion RNA StdSens Analysis Kit (Bio-Rad, Hercules, CA, USA) was used in 

conjunction with an Experion bioanalyzer system. Total RNA (1 µL) from each spinal 

cord was run on an Experion RNA StdSens chip equipped with a dynamic range capable 

of detecting RNA concentrations from 5-5000 ng/µL. Briefly, a florescent dye interacts 

directly with the nucleic acids that are quantified by detection of laser-induced 

fluorescence using microfluidic electrophoresis technology to create a virtual gel for 

quantification to take place. Quality of the RNA samples was determined using an RNA 

quality indicator (RQI) that reports a number between 1 (very degraded RNA) to 10 

(intact RNA). Any given sample must have obtained a RQI value ≥7 to be considered 

acceptable for downstream qRT-PCR experiments (Figure 4A; Taylor et al., 2010). RQI 

values are determined by comparing the ribosomal peaks of the 28S region, 18S region, 

and the pre-18S region from the electropherogram of the RNA sample relative to a series 

of standardized degraded RNA samples (Figure 4B). Conditional upon passing quality 

control, total RNA from each sample was aliquoted and stored at -80 °C.  

2.19 cDNA Synthesis  

             Following total RNA isolation, approximately 500 ng of RNA from BMDM 

samples and 1000 ng of RNA from EAE and CFA control spinal cords were reverse 

transcribed using an iScript Advanced cDNA synthesis kit (Bio-Rad, Hercules, CA, 

USA). The iScript reaction mix (4 µL) and iScript reverse transcriptase (1 µL) were 
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added to 10 μL of nuclease-free water and 5 μL of input RNA. The reaction was 

incubated in a Bio-Rad T100TM Thermocycler using the following reaction protocol: 20 

min at 46°C, 1 min at 95°C, and 5 min at 25°C. Once synthesized, cDNA was stored at -

20°C for future use. A no-RT control reaction was included in every run to control for 

genomic DNA carryover by replacing reverse transcriptase volume with nuclease-free 

water.  

2.20 qRT-PCR Experimental Protocol   

Transcript expression studies were conducted using SsoAdvanced Universal 

SYBR Green Supermix® (Bio-Rad, Hercules, CA, USA). Mouse KiCqStart® SYBR® 

Green Primers were purchased from Sigma-Aldrich Canada (Oakville, ON; Table 1). 

Each primer set contained a GC content of between 50-60%, no secondary structure, 

melting temperature between 60°C ± 5°C, and was between 18-24 base pairs long (Table 

1). Before experimentation, the optimal annealing temperature for each primer set was 

determined with a temperature gradient that ranged from 53.0°C – 65°C in 2° increments 

using a CFX 96 Touch™ real-time PCR detection system with CFX manager 2.1 

software (Bio-Rad, Hercules, CA, USA). The temperature which produced the lowest 

quantitation cycle value was chosen as the optimal annealing temperature for that specific 

primer pair. Next, the linear dynamic range of the samples was established for each 

primer set by pooling 2 μL of cDNA from each sample cDNA sample and making a two-

fold serial dilution series that ranged from 1/5 to 1/640. Primer efficiency was calculated 

using the pooled cDNA standard curve and was kept within 90-105% with an R2 value 

>0.980. Subsequent cDNA dilutions were specific to each primer set based on efficiency 

results. 

Housekeeping genes were determined by calculating a geNorm “m-value”. The 

m-value represents the maximum amount of heterogeneity across experimental groups 

that can be tolerated by any given housekeeping gene and must be a value ≤ 1 (Taylor et 

al., 2010). For BMDMs the optimal housekeeping gene was determined to be GAPDH 

whereas EAE and CFA control spinal cord tissues required GAPDH along with HPRT1 

to determine relative expression. The gene B2M was also tested but produced an m-value 

>1 for spinal cord tissues.  
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PCR amplification and fluorescence detection were performed in triplicate using a 

CFX 96 Touch™ real-time PCR detection system with CFX manager 2.1 software. PCR 

cycling conditions were 95°C for 30 sec, followed by 40 cycles of 95°C for 30 sec and 

the experimentally determined annealing temperature (Table 1) for 20 sec. To confirm 

that the PCR reaction had produced the appropriate products, a melt curve analysis was 

conducted with temperatures ranging from 65-95°C in 0.5°C increments for 5 sec each. 

Results are expressed as relative changes from the housekeeping calibrators and 

calculated using the 2-ΔΔCt method (Livak and Schmittgen, 2001). 

2.21 Statistical Analyses 

 Where two groups were compared, Student’s t-test and Mann Whitney U test 

were used to calculate differences between groups with normal and non-Gaussian 

distributions, respectively. Comparison between three or more groups was performed 

using a one-way ANOVA with Tukey’s post-hoc analysis. EAE curves were analyzed 

using a two-way ANOVA followed by Bonferroni’s post-hoc analysis. Correlations were 

computed between clinical scores and either protein concentrations or mRNA levels 

using a Spearman correlation. Area under the curve and the number of days with a 

clinical score greater than 2.5 were used as additional measures of EAE disease severity, 

as per the recommendations of Baker & Amor (2012). All statistics were computed using 

GraphPad Prism version 7.0 for Macintosh (GraphPad Software, San Diego, CA).  

Differences between groups for all tests were considered statistically significant at an 

alpha level of less than 0.05.   
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Figure 2.1: Timeline for CFA, MOG35-55 and PTX injections, determinations of 
bodyweight and clinical score, group assignments and sacrifice. Female adult C57BL/6 
mice (6-8 weeks old) were immunized with MOG35-55 emulsified in a 1:1 ratio with CFA 
containing 0.5 mg/ml of Mycobacterium tuberculosis H37RA (EAE group). Age, sex, 
and weight matched C57BL/6 mice served as antigen controls and received CFA and 
pertussis toxin but not MOG35-55 (CFA group).  On day 0, MOG35-55 (300 μg/mouse) or 
CFA alone (200 µL/mouse) was injected s.c. bilaterally at the base of the tail. PTX, an 
immune booster, was diluted in saline and administered i.p. (500 ng/mouse) on day 0, and 
again on day 2 to both groups. A health check was carried out on day 3 and scoring began 
on day 7. Initial presentation of clinical signs occurred between days 7-11, at which point 
mice in both the EAE and CFA groups were subdivided and randomly assigned to either 
a treatment group (5 mg/kg surfen, q.a.d) or a vehicle group (2% DMSO, q.a.d). The 
weights and clinical scores of each individual mouse were recorded daily over 21 days, at 
which point mice were euthanized and tissues were collected for downstream analyses.  
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Figure 2.2: Experimental group assignment, techniques, and associated time points 
analyzed. (A) Female C57BL/6 mice were injected with CFA+PTX alone (n=47) or 
immunized with MOG35-55 and received either vehicle (2% DMSO) or surfen treatment (5 
mg/kg/day, p.o). (B) Tissue was harvested at day 21 and processed for qRT-PCR, Bio-
Plex multi-plexed ELISAs, and flow cytometry.  
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Figure 2.3: Grading scheme for clinical disease course in EAE. The following grading 
scheme was used to clinically score the animals (CS): 0, no clinical signs; 0.5, hooked 
tail; 1, hooked tail with splay; 1.5, flaccid tail with splay; 2, beginning of walking deficits 
with mild ataxia; 2.5, severe walking deficits with chronic ataxia; 3, dropped pelvis in 
addition to severe walking deficits; 3.5, unilateral hindlimb paralysis; 4, bilateral 
hindlimb paralysis; 4.5, forelimb paralysis 5, moribund. All clinical scores were recorded 
by an observer unaware of the treatment conditions. Mouse pictures from Peggy Ho 
(Stanford University).  
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Figure 2.4: Experimental timeline of lysolecithin induced demyelination and treatment 
with surfen. 
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Figure 2.5: Experion automated electrophoresis RNA quality control system. (A) Results 
table detailing concentration, 28S/18S data, and RNA quality indicator (RQI) (B) Virtual 
gel of representative RNA samples from cerebellum, and spinal cord tissue. 
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Table 2.1: Primers used for qRT-PCR. For each respective sample, a total of 1000 ng of 
total RNA was reverse transcribed to generate first-strand cDNA and amplified using 
SsoAdvanced Universal SYBR Green Supermix® (Bio-Rad, Hercules, CA, USA). 
Mouse KiCqStart® SYBR® Green Primers were purchased from Sigma-Aldrich Canada 
(Oakville, ON).  
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CHAPTER 3  
 

MURINE T CELL ACTIVATION IS REGULATED BY SURFEN (BIS-2-
METHYL-4-AMINO-QUINOLYL-6-CARBAMIDE) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Portions of this manuscript appeared in the following publication:  
Warford, J., Doucette, C.D., Hoskin, D.W., Easton, A.S., 2014. Murine T cell activation 

is regulated by surfen (bis-2-methyl-4-amino-quinolyl-6-carbamide). Biochem. 
Biophys. Res. Commun. 443, 524–30. Reprinted with copyright permission.  
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manuscript.  
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3.1 Introduction 

There is considerable interest in characterizing the biological function of 

proteoglycans, given their ubiquitous expression and ability to bind hundreds of proteins 

including proteases, adhesion molecules, cytokines and chemokines. The interaction is 

often charge-based since proteoglycans and their GAG side chains have a high affinity 

for cationic (basic) proteins; however, this is not the only mechanism because 

proteoglycans can also bind to anionic (acidic) proteins (Xu and Esko, 2014). The major 

classes of GAG side chains in proteoglycans are heparan sulphate, heparin, chondroitin 

sulphate, dermatan sulphate, keratin sulphate and hyaluronic acid (Proudfoot, 2006). 

Surfen (bis-2-methyl-4-amino-quinolyl-6-carbamide) was first described in 1938 

as a component of depot insulin (Umber et al., 1938); however, subsequent studies have 

revealed its efficacy in binding to the GAG side chains of proteoglycans. Surfen contains 

four quinoline rings that contain positively charged amino or methyl groups. When 

characterized further, surfen was found to bind with greatest avidity to heparin, followed 

by dermatan sulphate, heparan sulphate and chondroitin sulphate (Schuksz et al., 2008). 

There are now a handful of studies on the biological effects of surfen, many of which 

relate to its ability to block the interaction between proteoglycan side chains and 

signaling proteins. These include effects on growth factors (fibroblast growth factor and 

vascular endothelial growth factor) and fibrils associated with the binding of human 

immunodeficiency virus (HIV)-1 to target cells (Roan et al., 2010; Schuksz et al., 2008; 

Xu et al., 2011). 

The capacity of surfen to bind to many different targets raises the possibility that 

it may influence immune function. This opening chapter of my thesis details the effects 

of surfen on murine T cell activation, as an initial attempt to describe its 

immunomodulatory properties. The results informed our approach to the more complex 

animal models detailed in subsequent chapters. This chapter shows that surfen decreases 

T cell proliferation in vitro and in vivo and that these effects are related to cell surface 

binding. These results have implications for the function of proteoglycans in regulating T 

cell activation and they hold potential for downstream therapeutic development, based on 

detailed work in animal disease models, as we go on to describe. Although GAG 

synthesis, secretion and cell surface expression on T cells has been documented in several 
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studies (Christmas et al., 1988; Fadnes et al., 2012; Jones et al., 2005; Levitt and Ho, 

1983; Shao et al., 2013; Steward et al., 1990; Teixé et al., 2008), the effects of a 

proteoglycan antagonist on T cells had not been reported prior to the publication of this 

work. 

3.2 Results 

3.2.1 Surfen reduces T cell proliferation in vitro and in vivo 

CD3+ murine T cells were stimulated with T cell expander beads, which resulted 

in an increase in proliferation as measured by [3H]TdR incorporation that peaked at 48 h 

(Figure 3.1B). The presence of surfen during activation resulted in a dose-dependent 

reduction in [3H]TdR incorporation. For wells stimulated for 24, 48, or 72 h, 

incorporation was significantly reduced at 10 and 20 µM compared to vehicle (Figure 

3.1). Confirmation of the anti-proliferative effects of surfen was obtained by staining T 

cells with Oregon Green 488 dye, and analyzing the percentage of T cells undergoing 

proliferation for a period of 72 h (Figure 3.2A). Comparable dose-dependent reductions 

in proliferation were observed at 2.5, 5, 10 and 20 µM relative to vehicle. To assess 

whether the reduced T cell proliferation could be due to a toxic effect of surfen, T cells 

were stained with the viability marker 7-ADD (Figure 3.2B). At a dose of 20 µM surfen 

significantly reduced the percentage of viable cells by ≈ 33% relative to vehicle controls. 

By comparison, 20 µM surfen reduced proliferation via Oregon green dilution by ≈ 80% 

and [3H]TdR incorporation by ≈ 88% compared to vehicle controls. The marked 

reduction in proliferation relative to cell death indicates that the effects of surfen are 

largely not due to toxicity. 

To assess the in vivo efficacy of surfen, mice were treated with vehicle (2% 

DMSO, i.p.) or surfen (20 mg/kg, i.p.) for 3 days followed by anti-CD3 Ab injection (5 

μg, i.p.) 6 h after the last treatment with surfen. T cells were isolated 24 h later and tested 

for [3H]TdR incorporation in culture (Figure 3.3). Administration of anti-CD3 Ab 

induced significant uptake of [3H]TdR in vehicle controls relative to naïve mice that 

received no treatment or anti-CD3 Ab. In contrast, [3H]TdR incorporation in T cells from 

surfen treated mice remained similar to levels observed in naïve control mice and was 

significantly reduced relative to CD3 stimulated T cells from vehicle treated mice (Figure 
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3.3A). This effect is also present when the data is expressed as a proliferation index, 

dividing anti-CD3 proliferation results by those observed in naïve untreated mice (Figure 

3.3B). As additional confirmation, there was a significant reduction in total cell counts 

for the lymph nodes removed from surfen treated mice relative to vehicle controls (Figure 

3.3C). These data show that surfen reduces T cell proliferation following activation in 

vitro and in vivo. 

3.2.2. Surfen reduces CD25 expression in vivo but not in vitro 

T cells were labeled to detect the proportion of cells that express the cell-surface 

activation markers CD25 and CD69. T cells from mice treated with anti-CD3 Ab (5 μg, 

i.p.) and surfen (20 mg/kg, i.p.) exhibited reduced CD25 expression with no significant 

effect on CD69 compared to vehicle treated mice (Figure 3.4A). By contrast, there was 

no observed reduction in CD25 or CD69 in isolated T cells stimulated in vitro with T cell 

expander beads in the absence or presence of 10 µM surfen (Figure 3.4B). Additional 

information was obtained using CTLL-2 cells, whose growth is IL-2 dependent (Doucette 

et al., 2015). Surfen between 1-20 µM had no significant effect on [3H]TdR incorporation 

in these cells (Figure 3.5A). Surfen treatment (10 µM) also had no significant effect on 

IL-2 (Figure 3.5B) or IFN-γ (Figure 3.5C) production following anti-CD3/anti-CD28 

activation. 

3.2.3 The inhibitory effect of surfen is receptor dependent and inhibited by heparin 
sulfate 

Since surfen had effects on T cell receptor driven proliferation, the binding 

kinetics of surfen were assessed. Previous work by Schuksz et al. (2008) had 

demonstrated that surfen emits a fluorescent signal when excited at 340 nm, with an 

emission maximum of 488 nm. Following incubation of murine T cells with surfen for 2 

h, a dose-dependent increase in fluorescence was observed (Figure 3.6A). As a positive 

control, surfen (20 μM) was incubated with its high affinity binding partner heparin at 

doses that ranged from 500 mg/mL to 62.5 mg/mL (Figure 3.6B). Again, a dose 

dependent increase in fluorescence was obtained. 

Next, PMA/ionomycin was used to bypass surface receptor activation (Figure 

3.7A). Co-treatment with surfen increased proliferation at 10 μM but had no effect at 
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other doses (2.5, 5, 20 µM). To explore the binding of surfen to GAGs and proteoglycans 

on T cells, it was combined with heparin sulfate at increasing doses which induced a 

dose-dependent reduction in the ability of 10 µM surfen to inhibit T cell proliferation 

after stimulation with T cell expander beads (Figure 3.7B) or its ability to stimulate T cell 

proliferation after PMA/ionomycin treatment (Figure 3.7C). Heparin sulfate alone had no 

effect on either response. 

3.3 Discussion 

3.3.1 Summary of results 

When activated primary murine T cells were treated with surfen there was a dose-

related inhibition of T cell proliferation (2.5-20 µM), as assessed from [3H]TdR 

incorporation (Figure 3.1) and the fluorescence of cells stained with Oregon Green 488 

dye (Figure 3.2A). The impact of surfen could not be attributed solely to cell toxicity 

given the marked decrease in proliferation relative to cell death, although some toxicity 

was detected (Figure 3.2B).  Surfen treatment in vivo had an identical effect on T cells 

that were activated by treating mice with anti-CD3 Ab. Surfen co-treatment (20 mg/kg) 

reduced T cell proliferation (Figure 3 A, B) and total cell counts in isolated lymph nodes 

(Figure 3.3C). 

The molecular mechanisms include downregulation of CD25 (the α-subunit of the 

IL-2 receptor), which would reduce the ability to utilize growth-promoting IL-2 when 

studied in vivo (Figure 3.4A) but not in vitro (Figure 3.4B). Surfen had no effect on T cell 

release of the cytokines IL-2 and IFN-γ and did not reduce proliferation of IL-2-

dependent CTLL-2 cells (Figure 3.5). The effects of surfen on T cell receptor signaling 

appear to depend on binding to GAGs, since surfen increased its fluorescence following 

addition to T cells (Figure 3.6A). When receptor activation was bypassed by treating T 

cells with PMA/ionomycin, surfen induced a significant increase in proliferation (10 µM) 

or else had no effect (2.5, 5, 20 µM; Figure 3.7A). Moreover, the inhibitory effect of 10 

µM surfen was blocked by co-treatment with the soluble GAG heparin sulfate in a dose-

dependent manner (Figure 3.7 B, C). These data point to an inhibitory effect of surfen on 

T cell activation in vitro and in vivo, but point to possible stimulatory effects when 

surface receptor activation is bypassed. 
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3.3.2 Functional effects of surfen in other studies 

Surfen antagonizes the effects of fibroblast growth factor (FGF) and vascular 

endothelial growth factor (VEGF), since both bind to heparan sulphate proteoglycans 

(HSPG) to potentiate interactions with receptor tyrosine kinases (Xu et al., 2011). Surfen 

reduced FGF binding to Chinese hamster ovary cells and downstream phosphorylation of 

ERK in vascular endothelial cells (with an IC50 of about 5 µM; Schuksz et al., 2008). 

Tubule formation by vascular endothelial cells treated with FGF and VEGF was 

prevented by surfen, suggesting an ability to inhibit the formation of vascular tubes 

during angiogenesis (Schuksz et al., 2008). Surfen inhibits the ability of VEGF to 

phosphorylate its receptor (VEGF-receptor 2) in primary mouse brain microvascular 

endothelial cells, and reduces the ability of VEGF to increase vascular permeability when 

injected into mouse skin (Xu et al., 2011). 

Surfen also interferes with the ability of SEVI (semen-derived enhancer of viral 

infection) fibrils to bind to target cells, where they increase infectivity with HIV particles. 

In this example, surfen was shown to interact directly with the SEVI fibrils despite their 

net positive charge. This direct interaction bypassed the ability of surfen to prevent SEVI 

fibrils binding to cell surface HSPG (Roan et al., 2010).  

3.3.3 The function of GAGs in T cells 

GAGs have been implicated in several aspects of T cell function. T cells have 

been shown to synthesize both HSPGs and CSPGs (Shao et al., 2013). Some of this is 

cell associated and detected on the cell surface, while a component is released into the 

extracellular space. Although resting T cells synthesize proteoglycans, T cell activation 

results in a marked increase in mRNA expression, synthesis, release and surface 

expression (Christmas et al., 1988; Fadnes et al., 2012; Jones et al., 2005; Shao et al., 

2013; Steward et al., 1990; Teixé et al., 2008). The main categories of HSPG are the 

syndecans and glypicans, while versican form the major category of CSPG (Esko et al., 

2009). The function of T cell surface proteoglycans has been explored in several 

contexts. Syndecan-2 and 4 have been shown to act as co-receptors for the entry of HIV-1 

(Bobardt et al., 2003; De Francesco et al., 2011; Gallay, 2004; Poiesi et al., 2008). Other 

studies show involvement of T cell surface HSPG with the entry of human T cell 
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leukemia virus (HTLV)-1 (Jones et al., 2005; Tanaka et al., 2012). Interestingly, the 

genetic deletion of the heparan sulphate biosynthetic enzymes N-deacetylase/N-

sulphotransferase-1 and -2 (Ndst1 and Ndst2) produced hyper-responsivity following 

activation with as little as 25 ng/mL of anti-CD3 (Garner et al., 2008). The increased 

proliferation of NDST1 null T cells correlated with decreases in cell surface heparan 

sulfate using FGF Ab binding as a surrogate marker (Garner et al., 2008). This could 

partially explain the stimulatory effect of surfen when cell surface signaling is bypassed 

(Figure 3.7A). 

Several exogenous proteins have been found to bind either to T cells or to T cell 

lines in a HSPG-dependent fashion. These include histones (Watson et al., 1999), 

cyclophilin B (Allain et al., 2002; Vanpouille et al., 2007) and the chemokine CCL5 

(Oravecz et al., 1997). Binding of a dendritic cell ligand (dendritic cell-associated 

heparan sulphate proteoglycan-dependent integrin ligand) to syndecan-4 on T cells 

reduces T cell proliferation and IL-2 production (Akiyoshi et al., 2010; Chung et al., 

2013, 2011, 2009, 2007). Binding of thrombospondin-1 to CD47 on Jurkat cells also has 

inhibitory effects on T cell function (Kaur et al., 2011). Binding of cyclophilin B to T cell 

HSPG induces integrin-mediated T cell adhesion to the extracellular matrix (Allain et al., 

2002). The binding of human group IIA phospholipase A2 to HSPG on T cells in the 

early stages of apoptosis results in the generation of arachidonic acid (Boilard et al., 

2003). Binding of RANTES to T cell HSPG inhibits entry of HIV-1 (Oravecz et al., 

1997). Cross-linking of syndecan-2 and -4 on human T cells inhibits T cell proliferation 

and TNF production (Jones et al., 2005). 

The function of secreted proteoglycans in the context of T cell function is less 

well described. However, secreted proteoglycans are complexed to perforin (Masson et 

al., 1990), granzyme A (Spaeny-Dekking et al., 2000) and granzyme-B (Veugelers et al., 

2006), all of which are involved in the function of cytotoxic T cells and natural killer 

cells. Exogenous CSPG has been found to enhance CNS inflammation during 

experimental autoimmune encephalomyelitis, while a disaccharide product of CSPG has 

the opposite effect (Zhou et al., 2010). In addition, T cell proliferation is inhibited when 

proteoglycan synthesis is inhibited by treatment with xyloside (Christmas et al., 1988).  
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3.3.4 Implications of this work 

The implication of this work is that endogenous proteoglycans and their GAG 

side chains are involved in promoting T cell proliferation following activation. The 

apparent binding of GAGs by surfen results in reduced expression of CD25 in vivo and a 

net inhibitory effect on T cell proliferation in vitro and in vivo (Figures 3.1-3.3). 

However, surfen had the opposite effect on T cells activated with PMA/ionomycin, a 

treatment that induces receptor-independent increases in protein kinase C activity and 

intracellular calcium (Figure 3.7). In this circumstance, the postulated binding of GAGs 

by 10 µM surfen resulted in an increase in T cell proliferation, suggesting that GAGs also 

play a role in regulating endogenous inhibitory mechanisms such as checkpoint inhibitor 

CTLA-4 and/or PD-1 (Ceeraz et al., 2013).  

The precise nature of the GAGs and proteoglycans involved are not known, 

although surfen has a preferential affinity for HSPG (Schuksz et al., 2008). Surfen can 

also interact directly with cationic peptides involved in signaling, as shown for the study 

with SEVI fibrils (Roan et al., 2010), raising the possibility that its effects on T cell 

activation are independent of proteoglycans or GAGs. However, the inhibitory effect of 

heparin sulfate shows that when GAG binding sites on surfen are occupied by a 

competing moiety, it no longer exerts effects on T cell proliferation, whether inhibitory or 

stimulatory (Figure 3.7 B, C). This suggests that GAG interactions are the primary 

mechanism for the actions of surfen on murine T cells. It is intriguing that in an earlier 

study (Christmas et al., 1988) the treatment of T cells with xyloside, which inhibits 

proteoglycan synthesis, also inhibited T cell proliferation, consistent with a stimulatory 

effect of proteoglycans and/or GAGs. Taken together, surfen demonstrated the ability to 

modulate T cell function that holds potential for the treatment of T cell-mediated diseases 

such as MS.  
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Figure 3.1: Surfen reduces proliferation of activated murine T cells in vitro. 
Tritiated thymidine ([3H]TdR) incorporation was measured 24 (A), 48 (B) and 72 h 
(C) following treatment with 1, 2.5, 5, 10, and 20 µM surfen and stimulation with 
anti-CD3/anti-CD28 beads. Surfen (10 and 20 μM) reduced [3H]TdR incorporation 
across all timepoints while 5 μM had effects at 48 and 72 h.  Data shown as mean ± 
SEM, n=4 for all experiments. Significance is relative to vehicle control (*p<0.05). 
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Figure 3.2: Effects of surfen on T cell proliferation and viability. (A) Surfen (2.5, 5, 10, 
and 20 µM) significantly reduced the % of proliferating T cells following stimulation 
with anti-CD3/anti-CD28 beads for 72 h as measured by Oregon Green incorporation. 
(B) Cell viability was measured with 7-AAD dye and found to be significantly reduced 
by surfen (5, 10, and 20 µM) 24 h following stimulation. Data shown as mean ± SEM, 
n=4 for all experiments. Significance is relative to vehicle control (*p<0.05). 
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Figure 3.3: Prophylactic administration of surfen (25 mg/kg) reduces the in vivo 
proliferation of murine T cells stimulated with anti-CD3 Ab. To assess the in vivo 
efficacy of surfen, T cells were isolated from mice pre-treated with vehicle (2% DMSO, 
i.p.) or surfen (20 mg/kg, i.p.) for 3 days followed by an anti-CD3 Ab injection (5 μg, 
i.p.) 6 h after the last treatment with surfen and harvested 24 h later. (A) Surfen 
significantly reduced [3H]TdR incorporation to the levels of naïve mice relative to anti-
CD3 vehicle controls. (B) Surfen reduced the proliferation index (proliferation of 
treatment group/no treatment controls) relative to anti-CD3 vehicle controls. (C) Surfen 
reduced total lymphocyte cell count relative to anti-CD3 vehicle controls. Data shown as 
mean ± SEM, n=4 for all experiments. Significance is relative to vehicle control 
(*p<0.05). 
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Figure 3.4 Effects of surfen on murine T cell surface expression of CD25 and CD69 in 
vivo and in vitro. (A) Prophylactic administration of surfen (25 mg/kg, i.p.) followed by 
an injection of anti-CD3 (5 μg, i.p.) reduced CD25, but not CD69, on T cells in vivo 
relative to anti-CD3 vehicle controls. (B) Surfen (10 μM) has no effect on CD25 or CD69 
surface expression on T cells stimulated with anti-CD3/anti-CD28 beads in vitro for 48 h. 
Data shown as mean ± SEM, n=≥6 or n=3 for in vivo and in vitro experiments, 
respectively. Significance is relative to vehicle control (*p<0.05). 
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Figure 3.5 The anti-proliferative effects of surfen on murine T cell proliferation are 
independent of IL-2 and does not change IFN-γ production. (A) Surfen does not affect 
[3H]TdR incorporation within the IL-2 dependent CTLL-2 cell line following stimulation 
with anti-CD3\anti-CD28 beads for 48 h. Cytokine production of IFN-γ (B) and IL-2 (C) 
from stimulated primary murine T cells remained unchanged following treatment with 
surfen (10 μM) for 48 h. Data shown as mean ± SEM, n=3 for all experiments. 
Significance is relative to vehicle control (*p<0.05). 
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Figure 3.6 Surfen binding to the surface of murine T cells and heparin. (A) 
Murine T cells were incubated with increasing doses of surfen, washed thoroughly 
to remove unbound surfen, and then read in a with a plate reader (excitation 
340nm, emission 488nm). There was minimal signal for untreated T cells (zero 
dose) but a dose-dependent increase in fluorescence following the addition of 
surfen. (B) As a positive control, surfen (20 μM) was added to increasing doses of 
heparin and produced dose-dependent increases in fluorescence. Data shown as 
mean ± SEM, n=3 for all experiments.  
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Figure 3.7 Effects of surfen on murine T cells treated with PMA/ionomycin or anti-
CD3/anti-CD28 expander beads and the inhibitory effect of heparin sulfate on 
proliferation. (A) Surfen (10 μM) significantly increased [3H]TdR incorporation in T 
cells treated with PMA/ionomycin. By contrast, surfen (10 µM) added in combination 
with heparin sulfate following stimulation with T cell expander beads (B) or co-treatment 
with PMA/ionomycin (C) reversed the anticipated proliferative responses.  Data shown 
as mean ± SEM, (A) and (C) show means of replicate experiments (n=3-4) while (B) is 
representative of 3 independent experiments.  Significance (*p<0.05) is relative to 
vehicle (A) or to 10 µM surfen treatment alone (B, C). 
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CHAPTER 4  
 

ADMINISTRATION OF THE PROTEOGLYCAN ANTAGONIST SURFEN 
AMELIORATES EAE SEVERITY WITH ASSOCIATED EFFECTS ON 

MACROPHAGE FUNCTION 
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4.1 Introduction  

Having demonstrated the ability of the proteoglycan antagonist surfen to reduce T 

cell proliferation in vitro and in vivo (Chapter 3), we extended these studies into a mouse 

model of CD4+ T cell-mediated chronic neuroinflammation called experimental 

autoimmune encephalomyelitis (EAE). This model recapitulates several pathological 

features reminiscent of MS such as multifocal areas of cellular infiltration, 

demyelination, clinical disability, and axonal degeneration (Lassmann and Bradl, 2017). 

Macrophages and CD4+ T cells are the primary infiltrating cells found within the CNS 

parenchyma of EAE mice and their response to the administration of surfen will serve as 

the focus of this chapter.  

The secretion of proteoglycans has been well established in cell culture studies 

using enzymatic digestion of GAG side chains to study their function in T cells, 

macrophages, and B cells (Laskin et al., 1991; Shao et al., 2013; Wrenshall et al., 1999). 

Approximately 70% of peritoneal macrophage cell surface proteoglycans are CSPGs 

sensitive to treatment with chondroitinase ABC, and the remaining 30% consist of 

HSPGs (Wegrowski et al., 2006). Despite the prominence of CSPGs on the cell surface, 

the secretion of HSPGs is higher in liver Kuppfer cells relative to CSPGs following 

stimulation with LPS (Laskin et al., 1991). Whether this ratio of HSPG to CSPG 

secretion is maintained in other resident tissue macrophages is unknown but peritoneal 

macrophages (Uhlin-Hansen et al., 1993) and Kuppfer cells (Laskin et al., 1991) appear 

to release similar amounts of CSPGs following LPS stimulation, implying the same for 

HSPGs. Increased secretion of HSPGs is consistent with the observation that most 

proteoglycan ligands bind to HSPGs and not CSPGs (Esko et al., 2009). Virtually all 

cells are capable of producing proteoglycans, including neurons, astrocytes, and 

microglia (Lander et al., 1998; McKeon et al., 1999; O’Callaghan et al., 2015). 

Proteoglycans are potent immunomodulators capable of directly modifying the 

inflammatory response. The addition of heparan sulphate to murine peritoneal 

macrophages stimulates the release of the pro-inflammatory cytokines interleukin (IL)-1, 

IL-6, IL-12 and TNF (Wrenshall et al., 1999). By contrast, chondroitin sulphate has little 

effect on cytokine expression but is more effective than heparan sulphate in stimulating 

nitric oxide (NO) release (Wrenshall et al., 1999). Proteoglycans play pivotal roles in 
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axonal guidance during neurodevelopment. CSPGs direct axonal guidance by providing 

inhibitory signals whereas HSPGs bind with high affinity to growth factors to attract 

axons towards their location (Shen, 2014). These properties lead to the hypothesis that 

proteoglycans could be therapeutically targeted for axonal regeneration following CNS 

injury. CSPG degradation by chondroitinase in mouse models of spinal cord injury 

resulted in expedited recovery accompanied by axonal regeneration and restored post-

synaptic activity below the lesion (Bradbury et al., 2002; Massey et al., 2008).  

Comparable studies have not been completed with heparitinase treatment in spinal 

cord but HSPGs are involved in CNS injury. For example, accumulation of the HSPG 

perlecan following a mechanical stab injury in mouse brain delays recovery (De Yébenes 

et al., 2002). An ex vivo study using gliotic brain tissue as a substrate for neuronal 

cultures found a modest improvement in neurite outgrowth following heparitinase 

treatment although chondroitinase ABC was more efficacious, suggesting CSPGs are a 

less permissive substrate (Mckeon et al., 1995). Additionally, transgenic mice that 

overexpress heparitinase exhibit impaired inflammatory responses to systemic LPS 

challenge and intracortical injections of amyloid beta, signifying the importance of 

HSPGs in coordinating the neuroinflammatory response (Zhang et al., 2012).  

Literature related to the involvement of proteoglycans in MS is limited. 

Accumulation of CSPGs and HSPGs have been described in both active MS lesions and 

EAE in the form of gliotic scars which are thought to prevent endogenous repair by 

oligodendrocytes (Haist et al., 2012; Sobel and Ahmed, 2001; van Horssen et al., 2006).  

Several studies point to a deleterious role for proteoglycans in EAE. The small molecule 

CSPG synthesis inhibitor fluorosamine ameliorates EAE when administered either 

prophylactically (before disease induction) or therapeutically (after onset of clinical 

signs) and is associated with decreased splenocyte proliferation and versican mRNA 

expression (Keough et al., 2016). Equivalent GAG antagonists selective for HSPGs have 

not been tested in EAE. However, one EAE study administered heparitinase systemically 

immediately following immunization, resulting in reduced clinical severity that was 

attributed to a TH2 anti-inflammatory response (Bitan et al., 2010). In another study an 

amino acid co-polymer structurally similar to the disease modifying therapy glatiramer 

acetate bound HSPGs on antigen presenting cells with high affinity, reducing their 
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capacity to produce chemokines and providing a possible mechanism for this 

compound’s ability to reduce EAE severity (Koenig et al., 2013).  

Although the genetic deletion of select proteoglycan core protein genes in EAE 

remains largely unexplored, preliminary work points to a protective function for some 

CSPGs and HSPGs. Mice deficient in the CSPG enzyme chondroitin 6-O-sulfate 

transferase-1 display exacerbated EAE severity whereas its overexpression is protective. 

Recovery was attributed to reduced neuroinflammation and cellular infiltration; however, 

no direct evidence of inflammatory mediators was collected (Miyamoto et al., 2014).  

Similarly, upregulation of the CSPG neurocan has been correlated with increased 

neurogenesis in the subventricular zone during EAE (Sajad et al., 2011). Lastly, the 

HSPG syndecan-1 has been implicated in the recruitment of encephalitogenic TH17 cells 

into the CNS via the choroid plexus (Zhang et al., 2013). Syndecan-1 null mice show 

increased EAE severity and augmented levels of IL-6, CCL20, and laminin on 

endothelium indicative of basement membrane disruption (Zhang et al., 2013). Given the 

ubiquitous nature of proteoglycans, a protective phenotype is not unexpected. However, 

none of these studies ruled out the possibility of compensatory responses by other 

proteoglycan family members. Taken together, further investigation is required before 

therapeutics targeting proteoglycans can be considered for MS.  

In this chapter, we report for the first time the effects of the proteoglycan 

antagonist surfen in a chronic model of MOG35-55 induced EAE. In contrast to previous 

inhibitors described such as fluorosamine, surfen binds with greatest avidity to heparin, 

followed by dermatan sulphate, heparan sulphate and chondroitin sulphate (Schuksz et 

al., 2008). We show that administration of surfen following the onset of clinical 

symptoms ameliorates EAE severity by reducing chemokine-mediated cellular infiltration 

of CD4+ T cells and myeloid cell populations while promoting an IL-4 mediated TH2 

response. We also demonstrate direct effects of surfen on the ability of bone-marrow 

derived macrophages (BMDMs) to produce chemokines and selected pro-inflammatory 

mediators. The reduced expression of a variety of HSPG transcripts was positively 

correlated with clinical improvement, whereas variable expression of different CSPGs 

was observed.  
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This study provides additional evidence that peripherally administered 

proteoglycan antagonists could represent a viable approach to preventing immune 

infiltration in MS.  

4.2 Results  

Eighty-four mice were separated into two groups and received either myelin 

oligodendrocyte glycoprotein amino acids 35-55 (MOG35-55) + complete Freund’s 

adjuvant (CFA) + pertussis toxin (EAE group) or CFA + pertussis toxin alone as an 

antigen control (CFA group). Following the onset of clinical signs, mice in each group 

were assigned to receive an intraperitoneal injection of either vehicle (2% DMSO, i.p.; 

CFA-V, EAE+V) or surfen (5 mg/kg, i.p.; CFA-S, EAE+S) every second day until the 

study concluded on day 21. All mice immunized with EAE developed clinical 

impairment from days 7-11 (Figure 4.1A). CFA mice remained asymptomatic for the 

duration of the study (data not shown). 

4.2.1 Administration of surfen reduces clinical severity in EAE from days 13-21  

Surfen significantly ameliorated EAE clinical severity from days 13-21, reducing 

the mean clinical score from 3 (significant gait impairment with partial hind limb 

paralysis) to a score of 2 (mild ataxia; Figure 4.1A). A limitation of the EAE 10-point 

ordinal scoring scale used for this study is that the degree of clinical severity is not 

equivalent between each interval (Fiander et al., 2017). For example, a mouse with a 

clinical score of 2 is not “half as sick” compared to bilateral paralysis observed in a 

mouse with a clinical score of 4. To address the limitation of using ordinal intervals, the 

median number of days any given mouse spent with a clinical score ≥ 2.5 was calculated. 

A score of 2.5 or higher represents substantial gait impairment associated with varying 

degrees of paralysis and is correlated to demyelination within the spinal cord (Fiander et 

al., 2017). Relative to EAE-V mice, administration of surfen reduced the median number 

of days that EAE-S mice displayed substantial clinical impairment (Figure 4.1B).  

Clinical impairment in EAE-V mice was accompanied by significant weight loss 

between days 13-19, peaking at 17% loss on day 14 relative to baseline weights obtained 
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at the onset of clinical signs (Figure 4.1 C). Weights of EAE-S (Figure 4.1C) and CFA 

mice (Figure 4.1D) remained stable throughout their respective immunization periods.  

4.2.2 Administration of surfen (5 mg/kg) reduces the precentage of CD45+CD3+ 
CD4+ T cells in EAE spinal cord and cerebellum at day 21 

Cellular infiltration by CD4+ T cells is a significant pathological event in the EAE 

model that facilitates chronic neuroinflammation (Furtado et al., 2008; O’Connor et al., 

2008). Flow cytometry was used to assess the percentage of CD45+CD3+CD4+ T cells in 

spleen, spinal cord, and cerebellum of EAE and CFA control mice at day 21 (Figure 4.2, 

Panel A). No differences between groups were observed in the spleen. Administration of 

surfen significantly reduced the percentage of CD45+CD3+CD4+ T cells in the spinal cord 

and cerebellum of EAE-S mice relative to EAE-V. Both EAE groups showed a marked 

increase in CD45+CD3+CD4+ T cells in spinal cord and cerebellum relative to CFA 

control mice. A representative dot plot of our gating strategy is shown in Figure 4.2B. 

Given the significant role of CD8+ T cells in chronic active MS lesions (Babbe et 

al., 2000), and the recognition of their ability to induce EAE independent of CD4+ T cell 

subsets (Huseby et al., 2001), flow cytometry was used to assess CD45+CD3+CD8+ T 

cells in spleen, spinal cord, and cerebellum of EAE and CFA mice at day 21 (Figure 4.3). 

No differences between groups were observed in the spleen. The percentage of 

CD45+CD3+CD8+ T cells was significantly increased in the spinal cord of both EAE 

groups relative to CFA controls. Nevertheless, EAE-V and EAE-S mice were not 

statistically different. No differences between groups were observed in cerebellum. A 

representative gating strategy for CD8+ T cells is shown in Figure 4.2B.  

4.2.3 Administration of surfen inhibits immune regulatory mechanisms associated 
with the EAE recovery phase  

Following sustained chronic paralysis, EAE mice have been previously shown to 

enter a recovery phase whereby TH2 and TREG responses act to dampen pre-established 

TH1-mediated inflammation (Issazadeh et al., 1995; Kennedy et al., 1992; Kohm et al., 

2002). Expression of mRNA for the T cell transcription factors Tbet (TH1 response), 

GATA3 (TH2 response), RORγt (TH17 response), and FoxP3 (TREG response) were 

measured at day 21 post-immunization in CFA and EAE spinal cord using qRT-PCR 
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(Figure 4, Panel A). Relative to CFA controls, EAE-V mice showed a marked increase in 

Tbet, GATA3, and FoxP3 mRNA expression consistent with a recovery response. By 

contrast, expression of these transcripts in EAE-S mice was significantly reduced 

compared to EAE-V controls and remained at CFA control levels for all three 

transcription factors. No significant differences in RORγt mRNA expression between 

groups were observed.  

Next, mRNA expression for the cytokines IL-12p40, IL-10, and TGFβ were 

measured as surrogate markers for TH1, TH2, and TREG responses, respectively (Figure 

4.4, Panel B). IL-12p40 acts as a co-receptor for both IL-23 and the biologically active 

IL-12p70 and is thought to negatively feedback onto IL-12p70 to reduce its availability 

(Cua et al., 2003; Mattner et al., 1993). Both IL-10 and TGFβ are immunomodulatory 

and capable of dampening TH1-mediated inflammation (Johns and Sriram, 1993; Zhang 

et al., 2004). IL-12p40, IL-10, and TGFβ mRNA were all significantly elevated in EAE-

V spinal cord, but levels in EAE-S mice were significantly reduced compared to the 

EAE-V group. EAE-S mice were not significantly different from CFA controls at day 21. 

The expression of these TH1/TH2/TREG mRNA aligns with the upregulation of Tbet, 

GATA3, and FoxP3, respectively, as well as the reductions seen in surfen treated EAE 

mice (Figure 4.4, Panels A and B).  

 Protein concentrations of TH1/TH17 associated cytokines were obtained from 

spinal cord on day 21 post-immunization and measured using multi-plexed ELISA 

(Figures 4 and 5). There were no significant differences between groups for 

concentrations of the TH1 associated cytokine IFN-γ and TH17 associated IL-17 (Figure 

4.4, Panel C). Concentrations of the TH1 cytokine IL-12p40 were significantly elevated in 

EAE-V mice relative to CFA controls, while levels in EAE-S mice reduced to those seen 

in the CFA controls (Figure 4.5, Panel A). By contrast, concentrations of IL-12p70 were 

significantly higher in EAE-S mice compared to the EAE-V group. Similarly, 

concentrations of IL-12p70 were elevated in the CFA-S treatment group (227.9 ± 36.2 

pg/mL) relative to CFA-V (127.2 ± 15.1 pg/mL), but did not reach statistical significance 

(Figure 4.5, Panel A). The ratio of IL-12p40 to IL-12p70 was significantly higher in 

EAE-V mice relative to CFA controls, while levels in the EAE-S group were unaltered 

(Figure 4.5B). This indicates that EAE-V mice produced significantly more IL-12p40 
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relative to IL-12p70 compared to other groups. There were no significant differences 

between groups for IL-2 production (Figure 4.5C).  

To address antigen-specific T cell responses, primary T cells were isolated from 

the spleens of mice with EAE or from CFA controls at day 21 post-immunization. These 

were, re-stimulated with MOG35-55 antigen for 24 h, and the percentage of CD4+IFNγ+ T 

cells was assessed with flow cytometry as a surrogate marker for immune activation 

(Figure 4.5, Panel D). There was a significant increase in the percentage of IFNγ CD4+ 

antigen-responsive T cells in both EAE groups relative to CFA and healthy wildtype 

controls. No significant differences were observed between EAE-V and EAE-S groups. 

Concanavalin A (ConA) was added to naïve splenocytes as a positive control and 

produced an increase in the frequency of non-specific IFN-γ CD4+ T cells.  

Next, concentrations of the TH2 cytokines IL-4, IL-5, IL-10, and IL-13 were 

examined in spinal cord at day 21 using multi-plexed ELISAs (Figure 4.6). 

Concentrations of IL-4 were significantly increased in EAE-S mice relative to EAE-V 

and CFA control groups (Figure 4.6, Panel A). Similarly, mean levels of IL-5 were 

elevated in EAE-S (43.1 ± 6.0 pg/mL) mice compared to EAE-V (27.4 ± 5.4 pg/mL) but 

this was not statistically significant (Figure 4.6, Panel A). By contrast, no significant 

differences in the concentrations of IL-10 or IL-13 were observed between EAE-V, EAE-

S, or CFA control groups (Figure 4.6, Panel B). 

4.2.4 Administration of surfen (5 mg/kg) reduces the percentage of F4/80+CD11b+ 
myeloid populations in EAE spinal cord at day 21 

Circulating monocytes transmigrate into the CNS parenchyma to become tissue 

macrophages that work alongside resident microglia to navigate both inflammatory and 

restorative processes throughout the EAE disease course (Boven et al., 2006; Vainchtein 

et al., 2014; D. Y. S. Vogel et al., 2013). There are no reliable markers capable of 

distinguishing between infiltrated tissue macrophages and resident microglia within 

inflamed tissues (Yamasaki et al., 2014). Therefore, microglia and macrophages in the 

context of CNS tissues will be collectively referred to as myeloid cells. Myeloid cell 

populations were assessed in the spleen, spinal cord, and brain of EAE and CFA mice by 

flow cytometry using the surface markers F4/80 and CD11b (Figure 4.7A). No significant 

differences between groups were observed for spleen. The percentage of F4/80+CD11b+ 



 76 

myeloid cells was significantly decreased in the spinal cord, but not cerebellum, of EAE-

S mice relative to EAE-V. Both EAE treatment groups displayed a higher percentage of 

myeloid cells in spinal cord and cerebellum relative to CFA control mice. A 

representative gating strategy for F4/80+CD11b+ myeloid cells is shown in Figure 4.7B. 

4.2.5 Administration of surfen reduces chemokine mRNA expression and protein 
concentrations in EAE spinal cord  

Myeloid cells constitute a major source of chemokines in EAE and these soluble 

factors play a central role in orchestrating cellular infiltration into the parenchyma (Fife 

et al., 2000). mRNA levels were determined for CCL2, CCL3, CCL4, and CCL5 in spinal 

cord at day 21 using qRT-PCR (Figure 4.8, Panel A). EAE-V mice showed nearly a two-

fold increase in mRNA expression for all four cytokines relative to CFA controls. By 

contrast, levels in EAE-S mice did not increase and remained at control levels.  

Multi-plexed ELISAs were used to determine protein concentrations of CCL2, 

CCL3, CCL4, and CCL5 in EAE spinal cord at day 21 (Figure 4.8, Panel B). As with 

mRNA expression, concentrations of CCL2 were significantly increased in EAE-V mice, 

but these increases were decreased in both EAE-S and CFA control groups. 

Concentrations of CCL3 were significantly increased in EAE-V mice relative to CFA 

controls while EAE-S mice had significantly lower levels compared to EAE-V, although 

significantly elevated relative to CFA controls. In contrast to other chemokines, 

concentrations of CCL4 were significantly increased in EAE-S and CFA-S mice 

compared to the EAE-V group (Figure 4.8, Panel A) Lastly, concentrations of CCL5 

were significantly increased in EAE-V mice relative to EAE-S and CFA groups. EAE-S 

mice displayed elevated mean CCL5 concentrations (152.9 ± 36.6 pg/mL) relative to 

CFA controls (CFA-V = 48.39 ±  9.0 pg/mL, CFA-S = 91.75 ±  22.14 pg/mL) that were 

not statistically significant.  

4.2.6 Surfen treatment reduces chemokine production in LPS stimulated bone-
marrow derived macrophages  

To determine whether surfen influences chemokine production specifically in 

macrophages, BMDMs were derived from healthy C57BL/6 female mice aged 8-12 

weeks. To assess whether surfen has toxic effects on BMDMs, cell viability was assessed 
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using MTT assays and uptake of 7-AAD via flow cytometry (Figure 4.9). Maximum cell 

death was seen with 20 µM surfen (≈ 40% reduction in viability compared to untreated 

cells), with significant death with 10 µM surfen in both 7-AAD (Figure 4.9A) and MTT 

(Figure 4.9B) assays. The 10 and 20 µM doses of surfen were therefore excluded in all 

subsequent experiments.  

When surfen binds to GAGs this causes a marked increase in fluorescence 

emission at 488 nm when cells are excited at 340 nm (Schuksz et al., 2008). Therefore, 

fluorescence was used to assess the ability of surfen to bind to GAGs on the surface of 

BMDMs (Figure 4.9C). Adding surfen at increasing concentrations (1, 2.5, 5 µM) to 

BMDMs produced an increase in fluorescence that reached significance at 5 μM. 

Although increases in fluorescence emission at 488 nm suggest binding to proteoglycans 

instead of non-specific binding, the assay was repeated using cells that had been treated 

with heparinase-III or chondroitinase ABC, enzymes which remove heparan sulphate and 

chondroitin sulphate moieties respectively. Both treatments induced a significant 

reduction in surfen binding at 5 μM (Figure 4.9C), providing evidence for specific 

binding to cell associated GAGs at this dose.   

 Having established the appropriate doses for surfen and its affinity for the cell 

surface of macrophages, BMDMs were stimulated with LPS and treated with 5 μM 

surfen for 24 h. Supernatants were analysed for chemokine production using a multi-

plexed ELISA. An initial pre-screen of 23 cytokines with pooled supernatants from each 

group indicated changes in the chemokines CCL2, CCL4, and CCL5. When repeated 

with biological replicates, the concentrations for all three cytokines were markedly 

increased following stimulation of BMDMs with LPS (Figure 4.9, Panel D. Treatment 

with 5 μM surfen in the presence of LPS significantly reduced the concentrations of 

CCL2, CCL4, and CCL5 by 4-fold, 2-fold, and 3-fold, respectively (Figure 4.9, Panel D). 

There were no differences in chemokine concentrations when BMDMs were stimulated 

with LPS dissolved in medium or LPS combined with DMSO vehicle (0.02% DMSO). 

4.2.7 Effects of surfen administration on pro-inflammatory cytokine production in 
EAE spinal cord   

Pro-inflammatory mediators are produced by many cellular subsets in EAE, 

including T cells and myeloid cells. Collectively, chronic exposure to these mediators 
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contributes to disease progression (Furtado et al., 2008; Valentin-Torres et al., 2016). 

Levels of mRNA expression were determined for IL-1β, IL-6, and TNF in spinal cord at 

day 21 using qRT-PCR (Figure 4.10, Panel A). Expression of mRNA for IL-1β was 

significantly elevated in EAE-V mice relative to CFA groups and WT controls. IL-1β 

mRNA expression in EAE-S mice was not significantly different from any comparison 

group. Similarly, mRNA expression for IL-6 was significantly elevated in EAE-V mice 

relative to CFA mice and WT controls whereas EAE-S mice were not significantly 

different from any comparison group. Expression of mRNA for TNF was significantly 

elevated in EAE-V mice relative to EAE-S mice and CFA controls. EAE-S mice showed 

elevated mean TNF expression (0.4 ± 0.2) relative to CFA controls (CFA-V = 0.01 ± 

0.003, CFA-S = 0.02 ± 0.004) that was not statistically significant (Figure 4.10, Panel A).  

Aside from classic pro-inflammatory mediators, reactive oxygen species such as 

nitric oxide play an active role in producing tissue damage (Cross et al., 1994). Therefore, 

inducible nitric oxide synthase (iNOS) mRNA expression was evaluated in EAE spinal 

cord at day 21 post-immunization (Figure 4.10, Panel B). Several mice in the EAE-V and 

EAE-S groups showed elevated iNOS mRNA expression relative to CFA and WT 

controls; however, there were no significance differences between groups. Similarly, 

arginase-1 was also increased in EAE but the groups were not significantly different from 

each other (Figure 4.10, Panel B).    

 Multi-plexed ELISA was used to evaluate protein concentrations of IL-1β, IL-6, 

TNF and IL-1α in the spinal cords of EAE and CFA mice at 21 days post-immunization 

(Figure 4.8, Panels C and D). No significant differences were observed between 

treatment groups for concentrations of IL-1β, IL-6, or TNF (Figure 4.10, Panel C). 

However, concentrations of IL-1α were significantly higher in EAE-V mice relative to 

CFA controls while significant increases were not observed in the EAE-S mice (Figure 

4.10D).  

4.2.8 Divergent effects of pro-inflammatory cytokine production in BMDMs 
following treatment with surfen (5 μM)   

 A prominent source of pro-inflammatory mediators in the context of EAE are 

macrophages/myeloid cells. To complement findings from EAE spinal cord, BMDMs 

were stimulated with LPS (100 ng/mL) and treated with either vehicle (0.02% DMSO) or 
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surfen (5 μM) for 4 h. Levels of mRNA expression were determined for IL-1β, IL-6, and 

TNF by qRT-PCR (Figure 4.11, Panel A). Treatment with surfen (5 μM) profoundly 

reduced mRNA expression for all three pro-inflammatory mediators relative to vehicle 

treatment. No statistical differences in mRNA expression were found between LPS-

stimulated vehicle and medium-treated cells, while mRNA expression for cells treated in 

the absence of LPS was not detected. Expression of mRNA for the TH2 cytokine IL-4 

was not detected 4 h post stimulation with LPS (data not shown).  

 A separate cohort of BMDMs were stimulated with LPS and treated with either 

vehicle (0.02% DMSO) or surfen (5 μM) for 24 h and protein concentrations in the 

overlying supernatants determined using multi-plexed ELISA (Figure 4.11, Panels B, C, 

and D). As with BMDM pro-inflammatory mRNA expression data (Figure 4.11, Panel 

A), concentrations of IL-6 and TNF were significantly reduced following treatment with 

surfen (5 μM) relative to LPS stimulated vehicle controls (Figure 4.11, Panel B). No 

statistical differences were found between LPS treated BMDMs exposed to medium 

alone and vehicle alone. Minimal changes were found in cells that did not receive LPS 

treatment.  

By contrast, treatment with surfen produced a marked increase in the 

concentration of IL-1β relative to both LPS stimulated and unstimulated cells (Figure 

4.11, Panel C. The remaining groups showed minimal changes in IL-1β concentrations, 

including the LPS stimulated cells not exposed to surfen. The selective increase in the 

concentration of IL-1β following treatment with surfen was associated with significantly 

decreased concentrations of IL-10 (Figure 4.11, Panel D). Relative to unstimulated 

controls, LPS-stimulated medium and vehicle treatments significantly increased IL-10 

concentrations, which were reduced to background levels by surfen treatment (Figure 

4.11, Panel D).  

4.2.9 Nitric oxide production is reduced by surfen in BMDMs  

BMDMs stimulated with LPS increase the production of iNOS, which catalyzes 

the production of NO from L-arginine (MacMicking et al., 1997). The production of NO 

represents a major defence against bacterial pathogens and combines with oxygen free 

radicals to generate peroxynitrite radicals that influence the surrounding 
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neuroinflammatory milieu (Fordham et al., 2007). To assess the impact of surfen on this 

aspect of macrophage activation, BMDMs were stimulated with a higher than normal 

dose of LPS (500 ng/mL) to induce detectable levels of iNOS transcripts. Cells were then 

treated with either vehicle (0.02% DMSO) or surfen (5 μM) for 4 h and iNOS mRNA 

expression was quantified with qRT-PCR (Figure 4.12A). Treatment with surfen 

decreased iNOS mRNA expression in BMDMs relative to vehicle and medium controls. 

Samples of cells that were not stimulated with LPS did not produce detectable levels of 

iNOS mRNA expression.   

The Griess assay was used to quantify soluble nitrite production as a surrogate for 

NO (Figure 4.12B). BMDMs were stimulated with 500 ng/mL LPS and treated with 

either vehicle (0.02% DMSO) or surfen (1, 2.5, and 5 μM) for 24 h. Supernatants were 

collected, combined with Griess reagent, and measured at an absorbance of 570 nm. 

Treatment with surfen produced a significant dose-dependent decrease in nitrite 

production relative to vehicle controls (Figure 4.12B). No statistical differences in nitrite 

production were found when comparing LPS-stimulated cells treated with medium alone 

or vehicle alone. Nitrite production was not detected in cells that were not stimulated 

with LPS (data not shown).  

4.2.10 Heparan sulphate proteoglycan mRNA expression is reduced following the 
administration of surfen (5 mg/kg) with differential effects on chondroitin sulphate 
proteoglycans in EAE spinal cord 

Proteoglycans are well established immune mediators that have a variety of roles 

in chemotaxis and immune cell function. However, the relationship between HSPGs and 

EAE clinical severity is poorly understood. Expression of the HSPGs perlecan, agrin, 

serglycin, syndecan I, syndecan IV, and the HSPG enzyme NDST1 was assessed in 

spinal cord tissue using qRT-PCR (Figure 4.13, Panels A and B). Administration of 

surfen produced a striking reduction in HSPG mRNA expression in EAE-S mice relative 

to EAE-V mice. This relationship extended to CFA controls where CFA-S mice also 

showed reductions in HSPG expression relative to CFA-V mice, except for NDST1.  

However, mRNA expression for the CSPGs neurocan, aggrecan, and versican 

were varied following administration of surfen (Figure 4.13, Panel C). Neurocan 

expression did not change in any of the groups tested whereas aggrecan was significantly 
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reduced in EAE-V mice relative to the CFA control mice. Conversely, versican was 

increased in EAE-V mice relative to CFA control mice. Surfen significantly reduced 

mRNA expression for aggrecan and versican relative to EAE-V mice and was not 

significantly different from the levels seen in CFA control mice.  

To assess the impact of proteoglycan mRNA expression on EAE severity, each 

transcript was correlated with clinical scores (Table 4.1). Strong positive correlations 

(Spearman’s rho (rs) >0.8) were found between NDST1, perlecan, syndecan I, syndecan 

IV and clinical scores. Agrin showed a modest positive correlation (rs = 0.5). Aggrecan 

showed a significant negative correlation with clinical score (rs = -0.76). Similarly, 

neurocan was also negatively correlated with clinical score (rs = 0.53). Lastly, versican 

was positively correlated with clinical score (rs = 0.7).  

4.3 Discussion  

4.3.1 Summary of findings  

This study demonstrates that surfen, a proteoglycan antagonist, successfully 

ameliorated EAE severity (Figure 4.1) and was associated with a marked reduction in 

cellular infiltration by CD45+CD3+CD4+ T cells in spinal cord and cerebellum (Figure 

4.2). Analysis of T cell effector function in the spinal cord showed that surfen reduced 

mRNA expression for TH1, TH2, and TREG transcription factors and differentiation-

associated cytokines relative to vehicle treated EAE mice (Figure 4.4). Nevertheless, only 

a subset of cytokines related to T cell function displayed elevated protein concentrations 

in EAE spinal cord compared to CFA controls (Figures 4.4 and 4.5). Surfen differentially 

regulated the subunits of IL-12 in EAE by decreasing concentrations of IL-12p40 and 

increasing IL-12p70 relative to vehicle (Figure 4.5, Panel A). However, surfen also 

produced a significant increase in the TH2 associated cytokine IL-4 in EAE, suggesting 

that surfen has immunomodulatory properties (Figure 4.6, Panel A).  

Surfen-mediated reductions in cellular infiltration in EAE spinal cord were not 

limited to CD45+CD3+CD4+ T cells and extended to F4/80+CD11b+ myeloid populations 

(Figure 4.7A). To determine a potential mechanism for the observed decreases in cellular 

infiltration by T cells and myeloid cells, we evaluated mRNA expression and protein 

concentrations of chemokines in the spinal cord at day 21. Surfen significantly reduced 
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chemokine production in EAE mice relative to vehicle treatment, remaining at the levels 

of CFA controls (Figure 4.8). We extended this work in vitro using LPS-stimulated 

BMDMs to model the specific effects of surfen on chemokine production by myeloid 

cells and found similar reductions (Figure 4.9, Panel D). These findings suggest that 

surfen exerts its effects, at least in part, by directly modulating myeloid cell function.  

Transcripts for the pro-inflammatory cytokines IL-1β, IL-6, and TNF was 

increased in EAE spinal cord, with a significant reduction in TNF mRNA expression in 

surfen treated EAE. However, this mRNA expression data did not translate into protein 

production as pro-inflammatory cytokine concentrations in EAE spinal cord were no 

different from levels in CFA spinal cord in day 21 mice, apart from an increase in IL-1α. 

Surfen treatment during EAE reduced the concentration of IL-1α to CFA control levels 

(Figure 4.10). By contrast, cytokine expression was broadly increased in LPS-stimulated 

BMDMs, and treatment with surfen reduced concentrations of IL-6 and TNF, as well as 

NO activity as measured by the Griess assay (Figures 4.11 and 4.12). Interestingly, surfen 

significantly increased IL-1β concentrations but decreased IL-10 relative to vehicle and 

medium controls, pointing again to the ability of surfen to selectively regulate myeloid 

function (Figure 4.12, Panels C and D). Lastly, we show that surfen potently decreased 

HSPG mRNA transcripts in both EAE and CFA controls (Figure 4.13, Panels A and B). 

Surfen had diverse effects on CSPG expression, reducing versican and preventing the 

inhibition of aggrecan that may serve a protective role (Figure 4.13, Panel C). Reductions 

in the mRNA expression of HSPGs and the CSPG versican produced by surfen were 

significantly correlated with clinical improvement (Table 1).  

4.3.2 Surfen treated EAE mice do not show typical immune phenotypes associated 
with the EAE recovery phase  

 Protein concentrations of IFNγ, IL-2, and IL-17 in EAE spinal cord were reduced 

to the levels of CFA controls by day 21 (Figure 4.10). The decrease of these cytokines to 

control levels may be explained, at least in part, by the immunological phases that 

comprise the clinical disease course in actively-induced EAE. Three phases define EAE 

clinical progression: the induction phase (days 0-7), effector phase (days 8-16), and 

recovery phase (days 17-21; Barthelmes et al., 2016; Miller et al., 2007). The induction 

phase encompasses the priming of MOG35-55-specific T cells and their subsequent 
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reactivation within the CNS. Upon initiation of an adaptive immune response, the 

effector phase fosters the production of inflammatory mediators that produce 

demyelination and axonal damage. Finally, the recovery phase features reduced 

concentrations of pro-inflammatory mediators and an increased TH2/TREG response that 

can promote repair. In our study, mice were sacrificed at the end of the recovery phase to 

enable the observation of the entire EAE clinical course.  

The recovery phase of EAE features an upregulation of anti-inflammatory 

mediators capable of dampening the CD4+ TH1 and TH17 responses. During this period, 

TH2 and TREG subsets simultaneously produce mediators that generate immune 

dysregulation in an effort to promote repair (Issazadeh et al., 1995; Kennedy et al., 1992; 

Kohm et al., 2002). The accumulation of IL-10 and TGFβ secreting FoxP3+ TREG cell 

subsets late in EAE progression is considered one of the definitive features of the 

recovery phase (McGeachy et al., 2005; O’Connor et al., 2007). In addition to IL-10, 

TREG subsets also produce the potent immunomodulator transforming growth factor beta 

(TGFβ). TGFβ is thought to act by inducing anergy in T cell effector cells and reducing T 

cell proliferation (Johns and Sriram, 1993; Selvaraj and Geiger, 2008; Zhang et al., 

2006). Blockade of TGFβ with neutralizing antibodies has been shown to prevent 

recovery in EAE (Johns and Sriram, 1993). 

Analysis of T cell effector cell function in spinal cord showed significantly 

increased mRNA expression of the T cell transcription factors Tbet (TH1 response), 

GATA3 (TH2 response), and FoxP3 (TREG response) in vehicle treated EAE mice (Figure 

4.3, Panel A). Similar increases were noted for the T cell differentiation factors IL-12p40 

(TH1), IL-10 (TH2/TREG), and TGFβ (TREG; Figure 4.3 Panel B). However, these increases 

were not seen in surfen treated EAE mice, with levels comparable to the CFA antigen 

controls for each of these transcripts. This raises two questions. First, why did vehicle 

EAE mice fail to recover clinically despite the indication of TREG and TH2 responses? 

Secondly, how did surfen reduce clinical severity without increasing TREG and TH2 

transcripts?   

 Mice do not clinically recover in MOG35-55 induced EAE, the model used in this 

study, but do show evidence of TREG and TH2 responses during the recovery phase. Failed 

clinical recovery in this instance may reflect irreparable axonal injury caused by 
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heightened inflammation during the earlier effector phase. The sustained production of 

IL-12p40 concentrations in vehicle treated EAE spinal cords at day 21 compared to 

surfen provides evidence of ongoing inflammatory activity during the effector phase 

(Figure 4.4, Panel A).  

As previously mentioned, IL-12p40 is a subunit of both the TH1-differentiating 

cytokine IL-12p70 and the TH17-differentiating cytokine IL-23. Biologically active IL-

12p70 is a heterodimer comprised of both p40 and p35 subunits, whereas IL-23 includes 

p40 and p19 (Cua et al., 2003). Genetic deletion of IL-12p40 profoundly ameliorates 

EAE severity, whereas mice deficient in p35 display aggravated disease severity relative 

to wildtype EAE controls (Gran et al., 2002). Therefore, continuous production of IL-

12p40 by EAE-V mice during the recovery phase could account for the clinical disability 

of vehicle EAE mice by promoting sustained damage, an effect that was significantly 

reduced in the surfen treated EAE mice.  

 In addition, administration of surfen significantly increased IL-4 production in 

EAE mice relative to the vehicle group, showing that there is induction by surfen 

treatment of some factors that mediate a TH2 response (Figure 4.5, Panel A). This is 

consistent with a previous report describing ex vivo TH2 responses following heparitinase 

treatment in EAE (Bitan et al., 2010). Peak gene expression for IL-4 occurs early in the 

effector phase and is capable of reducing TH1 and TH17 mediated inflammation if 

produced at sufficiently high levels (Kennedy et al., 1992). Therefore, it is likely that 

GATA3 mRNA expression occurs before day 21 in surfen treated EAE mice to account 

for this result. Mice null for IL-4 display enhanced EAE severity during the effector 

phase, but enter the recovery phase at the same time as their wildtype littermates (Falcone 

et al., 1998). Consequently, IL-4 serves a protective role in the effector phase that occurs 

before the recovery phase (Falcone et al., 1998). An early increase in IL-4 production 

during the effector phase following surfen treatment may have protected mice from 

inflammatory injury, reducing inflammation to levels that negated the need for TREG gene 

expression typical of the recovery phase. The finding that concentrations of IL-4 

remained elevated in surfen treated EAE mice at day 21 and concentrations of IL-12p40 

are decreased is consistent with this hypothesis.  
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In addition to increasing concentrations of IL-4, administration of surfen during 

EAE produced a significant increase in concentrations of the biologically active IL-12p70 

relative to the vehicle group (Figure 4.4, Panel B). Previous studies have demonstrated 

that human IL-4 drives the production of bioactive IL-12p70 by stimulated dendritic cells 

and macrophages while inhibiting generation of inactive IL-12p40 (Kaliński et al., 2000). 

This is thought to promote a TH2 to TH1 switch in situations where inflammation may be 

beneficial in host defence (Guenova et al., 2008), as subclinical inflammation is 

necessary for endogenous CNS repair (Arnett et al., 2001; Mason et al., 2001; Schönrock 

et al., 2000). For example, the removal of myelin debris by pro-inflammatory 

macrophages is a necessary step for oligodendrocyte precursor cell recruitment and 

subsequent remyelination (Huitinga et al., 1990; Rawji et al., 2016). This work raises the 

possibility that surfen promotes a selective switch from TH2 to TH1 via IL-4 induced IL-

12p70 production to confer neuroprotection is tempting, but this could also represent an 

injurious response produced by surfen.  

 Taken together, these findings suggest that surfen treated mice bypass typical 

TREG/TH2 responses during the EAE recovery phase, possibly by generating protective 

TH2 responses via IL-4 production during the effector phase. The ability of surfen to 

influence the induction phase of EAE remains unknown as administration began after the 

onset of symptoms during the effector phase, and would be addressed with prophylactic 

administration of surfen before EAE onset. Nevertheless, surfen does not impede antigen-

specific T cell responses in EAE following MOG35-55 restimulation of CD4+ T cells 

primed during the induction phase (Figure 4.5, Panel D). We previously reported that the 

prophylactic administration of surfen reduced T cell proliferation following an injection 

with mitogenic anti-CD3 Ab (Chapter 3). It stands to reason that earlier administration of 

surfen in EAE may have similar effects and have an even greater impact on T cell 

function through each clinical phase of the disease. 

4.3.3 Surfen-mediated decreases in myeloid cell infiltration are related to impaired 
chemokine production in EAE spinal cord, reproduced in LPS-stimulated BMDMs  

Reductions in mRNA expression and protein concentrations for the chemokines 

CCL2, CCL3, and CCL5 in EAE spinal cord following surfen administration point to 

decreased chemotactic signalling as one potential mechanism for the reduced cellular 
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infiltration of CD45+CD3+CD4+ T cells and F4/80+CD11b+ myeloid populations 

observed in surfen treated EAE spinal cord (Figure 4.8, Panels A and B). In support of 

these in vivo observations, surfen also reduced the production of the chemokines CCL2, 

CCL4, and CCL5 in BMDMs in vitro (Figure 4.9, Panel C).  

Aside from macrophages and other leukocytes, a multitude of cells are capable of 

producing chemokines in the context of MS and EAE, including endothelial cells and glia 

(Cheng and Chen, 2014; Miyagishi et al., 1997). However, myeloid cells and other 

leukocytes are the principle producers of chemokines within active MS lesions (Simpson 

et al., 1998). Proteoglycans, including HSPGs such as syndecan, show strong affinity for 

chemokines and provide the matrices required to form chemotactic gradients on luminal 

endothelial cells (Middleton et al., 2002; Wang et al., 2005). Many chemokines, 

including CCL2, have heparan sulfate binding motifs that mediate their function (Lortat-

Jacob et al., 2002). Therefore, in addition to its effects on chemokine expression, surfen 

likely exerts some of its effects by binding to these motifs and preventing downstream 

chemokine signalling. Whether surfen has direct effects on chemokine receptors in EAE 

is unknown.  

Intravital microscopy studies demonstrate that both CCL2 and CCL5 promote 

leukocyte and myeloid extravasation into the CNS during EAE by promoting adherence 

to the brain microvasculature (dos Santos et al., 2005). Furthermore, mice null for the 

CCL2 receptor CCR2 display virtually no signs of EAE or cellular infiltration critical for 

the development of clinical disease (Fife et al., 2000). CCL3 can push naïve effector T 

cells towards a TH1 response and has been implicated in both EAE progression and 

relapse (Karpus and Kennedy, 1997; Manczak et al., 2002). The role of CCL4 is poorly 

understood, but expression is primarily restricted to myeloid cells within active MS 

lesions and is thought to promote myeloid cell infiltration (Simpson et al., 1998). We 

note that concentrations of CCL4 were elevated by surfen in EAE spinal cord (Figure 4.8, 

Panel B). However, both mRNA expression of CCL4 in EAE spinal cord and production 

of CCL4 by BMDMs were reduced following surfen treatment (Figure 4.9, Panels A and 

C). The extensive biological redundancy in chemokine signalling cascades may have 

produced a compensatory increase in CCL4.  
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These data suggest that surfen acted early to decrease cellular infiltration into the 

CNS parenchyma, possibly via direct actions on inflamed endothelium and activated 

macrophages and microglia. In the future, chemotaxis assays using brain endothelial cells 

and MOG35-55 stimulated T cells and macrophages from EAE mice could provide 

additional evidence to support this hypothesis.  

4.3.4 The administration of surfen selectively regulates inflammation in EAE and 
BMDMs  

 Transcript expression and protein concentrations of the pro-inflammatory 

cytokines IL-1β, IL-6, and TNF were evaluated in EAE spinal cord (Figure 4.10). All 

three cytokine transcripts were significantly increased in vehicle treated EAE mice 

relative to CFA controls. By contrast, cytokines in surfen treated EAE mice remained at 

control levels; however, only TNF transcripts showed a significant reduction relative to 

EAE vehicle mice (Figure 4.10, Panel A). The significantly elevated mRNA expression 

of these pro-inflammatory cytokines in EAE vehicle mice may reflect elevated cytokine 

production in the earlier phases of EAE, since protein concentrations of IL-1β, IL-6, and 

TNF in EAE spinal cord were not increased above CFA control levels at day 21, 

consistent with other cytokine concentrations reported in this study. The reduction in 

TNF expression lends additional support to the notion that surfen reduces inflammation 

throughout the effector phase of EAE. We also measured mRNA associated with nitric 

oxide production. Although elevated in EAE, surfen treatment produced no differences in 

expression for the NO related iNOS and Arg1 mRNAs.  

In contrast to IL-1β, IL-6, and TNF, the concentration of the cytokine IL-1α 

remained elevated in the spinal cord vehicle treated EAE mice. IL-1α mRNA expression 

occurs early in EAE and its protein concentrations remain stable throughout the disease, 

unlike many of the other pro-inflammatory cytokines we have discussed (Kennedy et al., 

1992; Liu et al., 2016). Indeed, our study showed that IL-1α was increased in vehicle 

treated mice and was significantly suppressed by surfen (Figure 4.8, Panel B). IL-1α has 

been shown to drive expression of the HSPG perlecan following mechanical injury to 

murine brain (De Yébenes et al., 2002). Furthermore, the addition of IL-1α to 

hippocampal primary glial cultures produced an eight-fold increase in perlecan mRNA 

expression, suggesting an inflammatory role for this proteoglycan (De Yébenes et al., 
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2002). The effects of surfen on proteoglycan mRNA expression are discussed in section 

4.3.5. However, we suggest that its effects on this expression may, in part, be attributable 

to inhibition of IL-1α expression.   

To address the direct effects of surfen on macrophage-mediated inflammation, 

BMDMs were stimulated with LPS, treated with either surfen or vehicle, and the 

cytokines IL-1β, IL-6, and TNF were assessed with qRT-PCR and multi-plexed ELISA 

(Figure 11). Surfen reduced both mRNA expression (Figure 11, Panel A) and protein 

concentrations (Figure 4.11, Panel B) of IL-6 and TNF in LPS stimulated BMDMs. 

However, IL-1β production was significantly increased following treatment with surfen 

(Figure 4.10C) whereas IL-10 was decreased (Figure 4.10D).  

There are several possible explanations for the paradoxical ability of surfen to 

reduce BMDM release of IL-6 and TNF but to increase IL-1β despite reducing mRNA 

expression for all three cytokines. The first is that surfen could alter IL-1β secretion 

mechanisms. Synthesis begins with pro-IL-1β transcription, usually triggered by TLR2/4 

signalling, followed by the conversion of pro-IL-1β protein to mature IL-1β by caspase-1 

activated by either inflammasome dependent or independent mechanisms (Lopez-

Castejon and Brough, 2011). Mature IL-1β does not have a signaling sequence and must 

rely on vesicular transport out of the cell (Auron et al., 1984). Therefore, message does 

not necessarily correlate with the amount of mature IL-1β accumulating in the cytosol.  

LPS stimulated macrophages promote the recruitment of IL-1β into 

autophagosomes, a double membrane structure usually reserved for the proteolytic 

digestion of damaged organelles or proteins (Harris et al., 2011). When autophagy is 

prevented, IL-1β is released from the cell. Conversely, when autophagy is initiated the 

autophagosome fuses to a lysosome and the IL-1β is degraded. There is the possibility 

that surfen inhibits autophagy such that IL-1β stored in autophagosomes is released from 

the macrophage. Both TNF and IL-6 promote autophagy, possibly explaining the baseline 

concentrations of IL-1β observed in stimulated BMDMs (Keller et al., 2011; Li et al., 

2013). The second possibility is that the structure of surfen (C21H20N6O) mimics that of 

other secretion stimuli such as sodium urate (C5H3N4) to a sufficient extent that IL-1β is 

released from the cell (Lopez-Castejon and Brough, 2011). Lastly, surfen could interact 
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directly with the inflammasome to influence cleavage of pro-IL-1β and downstream 

secretion.   

Given the complexities of an in vivo model, it is difficult to ascertain whether the 

ability of surfen to selectively regulate inflammation by BMDMs can be directly 

compared to EAE. Nevertheless, there are some noteworthy parallels. Expression of 

mRNA for IL-10 was significantly increased in EAE-V mice (Figure 4.4, Panel B), as 

were concentrations of IL-10 in BMDM medium and vehicle treatments (Figure 4.11, 

Panel B) whereas concentrations in surfen treated EAE mice and BMDMs remained at 

control levels. Increased IL-10 production is likely a regulatory response triggered in part 

by high concentrations of proinflammatory mediators such as TNF (Foey et al., 1998; 

Wanidworanun and Strober, 1993). It is possible that surfen reduced the general 

inflammatory milieu below the threshold required to initiate IL-10 production.  

Alternatively, both IL-4 (EAE; Figure 4.6) and IL-1β (BMDMs; Figure 4.11) 

were significantly increased by surfen, which can negatively regulate IL-10 production in 

dendritic cells and monocytes, respectively (Foey et al., 1998; Yao et al., 2005). IL-10 is 

considered protective in EAE and dampens pro-inflammatory and encephalitogenic TH17 

responses, in many cases via TREG subsets (Bettelli et al., 1998; Huber et al., 2011). 

However, the reduction of IL-10 by surfen does not preclude alternative protective 

mechanisms. For example, IL-1β induces the production of insulin growth factor by 

macrophages capable of promoting oligodendrocyte precursor cell recruitment to 

lysolecithin-induced lesions (Hinks and Franklin, 1999; Mason et al., 2001; Merrill, 

1991). Therefore, the indirect effects of surfen warrant further investigation. 

 Lastly, the effects of surfen on the expression of iNOS (Figure 4.12A) and NO 

production (Figure 4.12B) were assessed in LPS-stimulated BMDMs. Relative to 

controls, surfen significantly reduced both iNOS mRNA expression and soluble nitrite 

production in BMDMs. These results do not correspond to the lack of iNOS and Arg-1 

expression observed in EAE spinal cord (Figure 4.10, Panel B) but suggest that surfen 

has the potential to reduce these factors in myeloid cells. It is also a possibility that peak 

NO production had passed by day 21 and therefore the effect of surfen on this 

inflammatory mediator in EAE has not been captured by this study.  
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4.3.5 Transcript expression of HSPGs is reduced by surfen and correlated with 
disease severity  

 We show marked increases in HSPG mRNA expression during EAE, much of 

which is suppressed by surfen treatment during the disease.  Surfen reduced HSPG 

mRNA expression in the spinal cords of both EAE and some CFA control mice (Figure 

4.11, Panels A and B). Many of these HSPGs, such as agrin and serglycin, have not been 

previously reported in EAE beyond immunohistochemical studies of basement 

membranes (Agrawal et al., 2006b). The expression of each HSPG correlated strongly 

with clinical scores when data from individual mice were evaluated (Table 4.1). 

However, the cells responsible for HSPG expression remain to be determined. It is 

possible that reduced expression in surfen treated EAE is simply related to reduced local 

numbers of T cell and myeloid cells, both of which are potent sources of proteoglycans. 

However, resident cells such as endothelial cells are an alternative source for 

proteoglycan expression. Astrocytes also harness proteoglycans to create gliotic scars and 

a reduction in proteoglycan expression by these cells may enable endogenous repair and 

reduced neuroinflammation (Jones et al., 2003; Properzi et al., 2008).  

In contrast to the complete suppression of HSPGs mRNA expression by surfen, 

CSPG expression was differentially regulated. Neurocan expression remained unchanged 

between groups; however, neurocan showed a significant negative correlation with 

clinical score, consistent with the ability of neurocan to promote neurogenesis in EAE 

(Sajad et al., 2011). Aggrecan expression was decreased in vehicle treated EAE mice, 

while this reduction was prevented by surfen. Conversely, versican expression increased 

in vehicle treated EAE mice, while this increase was suppressed by surfen (Figure 4.11, 

Panel C). The expression of these CSPGs in EAE has been previously reported (Keough 

et al., 2016). Surfen acted similarly to the small molecule CSPG inhibitor fluorosamine in 

that both drugs decreased mRNA expression for versican and had no effect on the 

expression of neurocan. However, this study is the first report of a reduction in aggrecan 

expression during EAE by a proteoglycan antagonist, an effect that positively correlates 

with recovery (Table 1). Aggrecan is an integral component of the perineuronal nets 

responsible for synaptic transmission and aggrecan null mice develop severe cognitive 
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deficits (Giamanco et al., 2010). Therefore, its preservation by surfen may be favourable 

during EAE.   

Taken together, these data indicate that the pivotal role of CSPGs as they relate to 

EAE immunopathology may be overstated as the disease is driven, at least in part, by 

upregulated HSPG mRNA expression. They also indicate that surfen may operate by 

reducing (or preserving) proteoglycan expression in the EAE lesion, whether by effects 

on resident cells, or by simply reducing the infiltration of proteoglycan producing 

inflammatory cells.  

4.3.6 Conclusions  

 This chapter provides a broad overview of the immunomodulatory properties of 

the proteoglycan antagonist surfen in EAE. The ability of surfen to reduce cellular 

infiltration following the onset of clinical signs via reduced chemokine production, as 

well as its ability to increase IL-4 production while decreasing IL-12p40 and IL-1α, point 

to proteoglycans as a viable target in the treatment of MS. Not surprisingly, the major 

findings of this study link back to proteoglycan expression. Some chemokines have 

heparan sulfate binding motifs (Lortat-Jacob et al., 2002). IL-12p40 binds to heparan to 

stay close to its sites of secretion (Hasan et al., 1999), and IL-1α drives perlecan 

expression (De Yébenes et al., 2002). For the first time, this study shows that HSPG 

mRNA expression in individual mice is positively correlated to clinical scores in EAE. 

Few studies have fully explored this family of proteoglycans and their ability to regulate 

immune function. Moreover, this study also demonstrates for the first time a reduction in 

the expression of aggrecan in vehicle treated EAE mice that is prevented by surfen. 

CSPGs have been viewed as largely inhibitory to repair in EAE, therefore this represents 

a new avenue for investigation.  

Nevertheless, caution must be taken to better understand whether the increases in 

IL-12p70 in EAE and IL-1β in BMDMs are beneficial or deleterious. Future work 

concentrated on earlier time points will enable a clearer picture of the ability of surfen to 

regulate inflammation during the effector phase of EAE. In conclusion, understanding the 

relationship between proteoglycans and neuroinflammation represents a fertile field of 

study that may yield novel therapeutic targets for future development.  
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Figure 4.1: Administration of surfen reduces EAE clinical severity. Mice were 
immunized with CFA+PTX alone or in combination with MOG35-55 and received an 
intraperitoneal injection of either vehicle (2% DMSO; CFA-V; EAE-V) or surfen (5 
mg/kg; CFA-S; EAE-S) every second day immediately following the onset of clinical 
symptoms. (A) EAE mice treated with surfen showed significantly reduced disease 
severity relative to vehicle treatment from days 13-21. (B) The median number of days 
each mouse spent with a severe clinical score was significantly reduced by administration 
of surfen relative to vehicle. (C) Weights were obtained from each EAE mouse from days 
7-21. Relative to surfen treated EAE mice, EAE-V mice showed significantly reduced 
weights from days 13-19. (D) Weights were obtained from each CFA mouse from days 
7-21. Weights of CFA mice did not significantly change throughout the duration of the 
study. Data shown as mean ± SEM and is representative of three independent 
experiments. ** = p<0.01, *** = p<0.001 
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Figure 4.2: Administration of surfen reduces the percentage of CD45+CD3+CD4+ T cells 
in EAE spinal cord and cerebellum at day 21. Flow cytometry was used to assess the 
percentage of CD45+CD3+CD4+ T cells in spleen, spinal cord, and cerebellum of EAE 
and CFA mice treated with either vehicle or surfen. (A) Frequencies are shown of 
CD45+CD3+CD4+ T cells in EAE mice and CFA controls. No differences between groups 
were observed for the spleen. Administration of surfen significantly reduced the 
percentage of CD45+CD3+CD4+ T cells in the spinal cord and cerebellum of EAE-S mice 
relative to EAE-V. Both EAE groups displayed an increased percentage of 
CD45+CD3+CD4+ T cells in spinal cord and cerebellum relative to CFA control mice. (B) 
Representative gating strategy.  Data shown as mean ± SEM and is representative of two 
independent experiments. # = p<0.05, * = p<0.05 
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Figure 4.3: The percentage of CD45+CD3+CD8+ T cells is increased in EAE spinal cord 
relative to CFA controls at day 21. Flow cytometry was used to assess cellular infiltration 
of CD45+CD3+CD8+ T cells in spleen, spinal cord, and cerebellum of EAE and CFA 
mice treated with either vehicle or surfen. Frequencies are shown of CD45+CD3+CD8+ T 
cells in EAE mice and CFA controls. No differences between groups were observed for 
the spleen or cerebellum. There was no effect of surfen on CD45+CD3+CD8+ T cells, 
however, both EAE groups had significantly increased percentages of CD45+CD3+CD8+ 
T cells in spinal cord relative to CFA controls. Data shown as mean ± SEM from two 
independent experiments. # = p<0.05 
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Figure 4.4: The effects of surfen on the transcriptional regulation of T effector cells and 
cytokine production in EAE spinal cord at day 21. (A) Transcript expression for the T 
cell transcription factors Tbet, Gata3, RORγT, and FoxP3 in spinal cord. Vehicle treated 
EAE mice displayed significantly increased expression for all four transcription factors 
relative to both surfen treated EAE mice and CFA controls. There were no significant 
differences in expression between groups for RoRγT (B) Transcript expression is shown 
for the cytokines IL-12p40 and IL-10 and the growth factor TGFβ. Vehicle treated EAE 
mice displayed significantly increased expression of all four transcription factors relative 
to both surfen treated EAE mice and CFA controls. (C) Protein concentrations are shown 
for the cytokines IL-17 and IFN-γ. There we no significant differences between groups 
for either cytokine. Data shown as mean ± SEM. * = p<0.05 
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Figure 4.5: The effects of surfen administration in EAE on factors related to CD4+ T cell 
stimulation. (A) Protein concentrations are shown for IL-12p40 and IL-12p70 in spinal 
cord. Concentrations of IL-12p40 were significantly elevated in EAE-V mice relative to 
surfen treated EAE mice and CFA control groups. Conversely, concentrations of IL-
12p70 were significantly higher in surfen treated EAE mice compared to EAE-V mice 
and CFA control groups. (B) The ratio is shown for IL-12p40/IL-12p70 protein 
concentrations in spinal cord. The ratio of IL-12p40 to IL-12p70 was significantly higher 
in EAE-V mice relative to both EAE-S and CFA controls. (C) Protein concentrations for 
the cytokine IL-2 in spinal cord are shown. No significant differences between groups 
were observed for IL-2 in the spinal cord. (D) Splenocytes were obtained from each EAE 
and CFA treatment group and restimulated ex vivo with MOG35-55 for 18 h. The 
frequencies of CD4+IFNγ+ T cells were determined using flow cytometry. Both EAE 
treatment groups showed a significant increase in the percentages of antigen-specific 
CD4+IFNγ+ T cells relative to CFA control groups. However, there was no significant 
effect of surfen on the percentage of CD4+IFNγ+ T cells following restimulation. Data 
shown as mean ± SEM. (D) is from two independent experiments. * = p<0.05, # = p<0.05 
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Figure 4.6: The effects of surfen on the production of the TH2 cytokines IL-4, IL-5, IL-
10, and IL-13 in EAE spinal cord at day 21. (A) Protein concentrations are shown for IL-
4 and IL-5. Relative to EAE-V mice, surfen significantly increased the production of IL-
4. Surfen produced a similar increase in the concentrations of IL-5 that did not reach 
significance. (B) Protein concentrations are shown for IL-10 and IL-13. There were no 
significant differences in concentrations between groups for either cytokine. Data shown 
as mean ± SEM. * = p<0.05 
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Figure 4.7: Administration of surfen (5 mg/kg) reduces the percentage of F4/80+CD11b+ 
myeloid cells in EAE spinal cord at day 21. Flow cytometry was used to assess 
percentage of F4/80+CD11b+ in spleen, spinal cord, and cerebellum of EAE and CFA 
mice treated with either vehicle or surfen (A) Frequencies are shown of F4/80+CD11b+ 
myeloid cells in EAE mice and CFA controls. No significant differences between groups 
were observed for the spleen. Administration of surfen significantly reduced the 
percentage of F4/80+CD11b+ myeloid cells in the spinal cord of EAE-S mice relative to 
EAE-V. Both EAE groups displayed an increased percentage of F4/80+CD11b+ myeloid 
cells in spinal cord and cerebellum relative to CFA control mice. (B) Representative 
gating strategy. Data shown as mean ± SEM from two independent experiments. # = 
p<0.05, * = p<0.05 
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Figure 4.8: Administration of surfen reduces chemokine mRNA expression and protein 
concentrations in EAE spinal cord. (A) Transcript expression results are shown for the 
chemokines CCL2, CCL3, CCL4, and CCL5 in spinal cord. Vehicle treated EAE mice 
displayed significantly increased expression for all four chemokine mRNAs relative to 
both surfen treated EAE mice and CFA controls. (B) Protein concentrations are shown 
for the chemokines CCL2, CCL3, CCL4, and CCL5 in spinal cord. Concentrations of 
CCL2, CCL3, and CCL5 were significantly elevated in EAE-V mice relative to surfen 
treated EAE mice and CFA controls. Except for CCL3, EAE-S mice were not 
significantly different from CFA control groups. In contrast, surfen treatment increased 
concentrations of CCL4 in EAE mice relative to vehicle. No other significant differences 
were observed between groups for CCL4. Data shown as mean ± SEM. # =p<0.05, * = 
p<0.05 
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Figure 4.9: Treatment of BMDMs with surfen: viability, cell surface binding, and 
associated effects on chemokine production. (A, B) BMDMs were isolated from the tibias 
of healthy C57BL/6 female mice aged 8-12 weeks and unstimulated cells were treated 
with surfen for 24 h.  Cell viability was assessed either with the marker 7-AAD with flow 
cytometry (A) or an MTT assay (B). Both 10 μM and 20 μM surfen significantly reduced 
the percentage of viable cells relative to vehicle in both assays. (C) Fluorescence binding 
assay for surfen. Unstimulated murine BMDMs were collected and treated with surfen (5, 
10, 20 µM) or vehicle (0.1% DMSO) for 2 h. A separate group of BMDMs were pre-
treated with heparitinase-III (0.001 U/ml) or chondroitinase ABC (10 U/ml) for 2 h and 
washed once with PBS before surfen or vehicle was added at the stated doses for an 
additional 2 h. The cells were washed to remove excess surfen, and fluorescence read at 
an emission wavelength of 488 nm in a spectrophotometer. Surfen significantly bound to 
the surface of BMDMs at a concentration of 5 μM. Binding of 5 μM surfen was 
significantly inhibited by heparitinase and chondroitinase treatment. (D) BMDMs were 
collected, stimulated with LPS (100 ng/mL), and treated with either surfen (5 μM) or 
vehicle (0.1% DMSO). Protein concentrations are shown for the chemokines CCL2, 
CCL4, and CCL5. Relative to vehicle treatment, surfen significantly reduced the 
production of CCL2, CCL4, and CCL5 in LPS stimulated BMDMs. Data shown as mean 
± SEM from four independent experiments. * = p<0.05 # = p<0.05 
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Figure 4.10: Effects of surfen administration on pro-inflammatory cytokine production 
in EAE spinal cord at day 21. (A) Results are shown for IL-1β, IL-6, and TNF. There 
were no significant differences between groups for the mRNA expression of IL-1β or IL-
6. Surfen treatment significantly reduced the expression of TNF in EAE mice relative to 
vehicle. EAE-S mice were elevated relative to CFA controls but did not reach 
significance. (B) Results are shown for iNOS and Arg-1. There were no significant 
differences between groups in mRNA expression for either iNOS or Arg-1. (C) Protein 
concentrations are shown for IL-1β, IL-6, and TNF. There were no significant differences 
between groups for concentrations of IL-1β, IL-6, or TNF. (D) Protein concentrations are 
shown for IL-1α. Relative to vehicle, surfen treatment significantly reduced 
concentrations of IL-1α in EAE mice. In contrast to EAE-V, EAE-S were not 
significantly different from CFA controls. Data shown as mean ± SEM. * = p<0.05 
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Figure 4.11: Effects of surfen treatment (5 μM) on pro-inflammatory cytokine 
production in LPS-stimulated BMDMs. Following isolation, BMDMs were stimulated 
with LPS (100 ng/mL) and treated with either vehicle (0.02% DMSO) or surfen (5 μM) 
for 24 h. (A) Transcript expression is shown for the cytokines IL-1β, IL-6, and TNF. 
Surfen treatment significantly reduced the expression of all three cytokines in LPS-
stimulated BMDMs relative to vehicle treatment. (B) Protein concentrations are shown 
for the cytokines IL-6 and TNF. Surfen significantly reduced the concentrations of both 
cytokines in LPS-stimulated BMDMs relative to vehicle treatment. (C) Protein 
concentrations are shown for IL-1β. Surfen significantly increased the concentrations of 
IL-1β in LPS-stimulated BMDMs relative to vehicle treatment. LPS stimulated media 
and vehicle controls were not significantly different from their unstimulated counterparts. 
(D) Protein concentrations are shown for IL-10. LPS-stimulated media and vehicle 
treatments significantly increased IL-10 concentrations whereas surfen treatment reduced 
IL-10 to the levels of unstimulated controls. Data shown as mean ± SEM from four 
independent experiments. ND denotes not detected. * = p<0.05 
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Figure 4.12: Nitric oxide production is reduced by surfen treatment in LPS-stimulated 
BMDMs. Following isolation, BMDMs were stimulated with LPS (500 ng/mL) and 
treated with either vehicle (0.02% DMSO) or surfen for 24 h. (A) Transcript expression is 
shown for iNOS. Surfen (5 μM) significantly reduced the expression of iNOS relative to 
vehicle treated LPS-stimulated BMDMs. (B) Concentrations of nitric oxide (NO) 
production from the supernatants of LPS-stmualted BMDMs are shown. Surfen (1-5 μM) 
significantly reduced NO production relative to vehicle treated LPS-stimulated BMDMs. 
Data shown as mean ± SEM and are representative of four independent experiments. ND 
denotes not detected. * = p<0.05 
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Figure 4.13: Heparan sulphate proteoglycan mRNA expression is reduced following the 
administration of surfen (5 mg/kg) with differential effects on chondroitin sulphate 
proteoglycans in EAE spinal cord at day 21. (A) Transcript expression is shown for the 
heparan sulphate proteoglycans NDST1, agrin, and syndecan IV in spinal cord. 
Administration of surfen reduced HSPG expression in EAE-S mice relative to EAE-V for 
all three mRNAs. This relationship extended to CFA controls where CFA-S mice also 
showed mRNA reductions in agrin and syndecan IV expression relative to CFA-V mice. 
Expression for NDST1 in CFA mice was not significantly different. (B) Transcript 
expression is shown for the heperan sulphate proteoglycans perlecan, serglycin, and 
syndecan I in spinal cord. EAE-V mice showed significantly elevated expression of all 
three mRNAs relative to surfen treated EAE mice and CFA controls. EAE-S mice were 
not significantly different from CFA controls; however, surfen did reduce expression for 
these mRNAs in CFA mice. (C) Transcript expression is shown for the chondroitin 
sulphate proteoglycans neurocan, aggrecan, and versican in spinal cord. No differences 
between groups were observed for the expression of neurocan. Vehicle treated EAE mice 
displayed significantly reduced expression for aggrecan relative to both surfen treated 
EAE mice and CFA controls. In contrast, versican expression was significantly increased 
relative to both surfen treated EAE mice and CFA controls. Data shown as mean ± SEM. 
* = p<0.05 
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Table 4.1: Correlation between proteoglycan mRNA expression and EAE clinical scores.  
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CHAPTER 5  
 

ADMINISTRATION OF THE PROTEOGLYCAN ANTAGONIST SURFEN 
DELAYS REMYELINATION IN A LYSOLECITHIN MODEL OF 

DEMYELINATION 
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5.1 Introduction  

Demyelinated axons are the hallmark pathological feature of MS yet the capacity 

of disease modifying therapies (DMTs) to promote their repair remains limited. 

Proteoglycans, particularly CSPGs, have been implicated in the disease mechanisms 

underlying failed remyelination (Keough et al., 2016; Lau et al., 2012). We have now 

established that the proteoglycan antagonist surfen reduces clinical severity in EAE, a 

murine disease used to model aspects of MS (Chapter 4). However, the capacity of surfen 

to promote remyelination is unknown. Demyelination during EAE is highly variable, 

making it difficult to determine repair mechanisms (Keough et al., 2015). Experimental 

models of demyelination, such as the lysolecithin model, use either detergents or toxins 

to produce demyelinated lesions making it possible to characterize the direct effects of 

experimental compounds on endogenous repair.  

In the case of the lysolecithin model, a focal lesion is created by injecting the 

detergent lysolecithin, whose full chemical name is lysophosphatidylcholine (LPC) into a 

white matter tract, producing demyelination (Jeffery and Blakemore, 1995). 

Demyelination occurs because LPC is toxic to oligodendrocytes, the myelinating cells of 

the CNS. Nearby cells are unaffected through their ability to acylate lysolecithin into 

lecithin which limits overall cell death while maintaining axonal integrity (Webster & 

Alpern, 1964). Myelin is formed by compressed sheets of oligodendrocyte cytoplasmic 

processes that wrap around individual axons; multiple oligodendrocytes contribute to the 

myelination of one axon in the CNS. The LPC model of demyelination is an ideal 

alternative to EAE in assessing the ability of candidate compounds to promote 

remyelination. Therefore, the effects of surfen on remyelination following LPC induced 

demyelination will serve as the focus of this chapter. 

Remyelination within the CNS occurs in two phases: (1) the recruitment phase 

whereby oligodendrocyte progenitors called oligodendrocyte precursor cells (OPCs) 

proliferate and migrate to the region of demyelination and (2) the differentiation phase 

that differentiates OPCs into fully functional mature oligodendrocytes, which then wrap 

their cytoplasmic processes around CNS axons to produce the myelin sheath (Chari, 

2007). Mature oligodendrocytes are frequently found on the periphery of MS lesions; 

however, they are only able to remyelinate a small proportion of the denuded axons in the 
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plaque (Prayoonwiwat and Rodriguez, 1993). The presence of a partially remyelinated 

edge to some MS plaques has been termed a ‘shadow plaque’, but only a fraction of MS 

lesions (≈ 20%) develop this characteristic, and other plaques remain completely devoid 

of remyelinated axons (Frischer et al., 2015). Moreover, post-mortem examination 

suggests that the extent of remyelination in MS varies significantly between individuals 

(Patrikios et al., 2006). Failed remyelination in most MS plaques has been attributed to 

genetic variability between individuals, reduced OPC recruitment, and inefficient OPC 

differentiation (Chari, 2007; Franklin, 2002).  

Inflammation is required for OPC recruitment and differentiation, but this 

represents a delicate balance between damage and repair (Madsen et al., 2016; Patel and 

Klein, 2011). MS therapies target the early inflammatory phase of the disease, and are 

successful in prolonging remission and controlling relapse rate during initial disease 

onset (Comi et al., 2013; Kappos et al., 2006; Miller et al., 2014). Nevertheless, few 

therapies have shown great promise with respect to promoting remyelination (Franklin, 

2002; Keough and Yong, 2013). This may be due in part to the peripheral benefits of 

immunosuppression in MS (preventing peripheral T cell activation that leads to CNS 

infiltration and disease) versus the more finely tuned role of inflammation within the MS 

lesion, where immune suppression may have deleterious as well as beneficial effects. For 

example, ablation of macrophages following administration of clodronate-liposomes 

within 7 days of LPC injection in rat spinal cord delayed remyelination by 

oligodendrocytes (Kotter et al., 2001). In the same study, delaying macrophage depletion 

until 8 days after LPC administration produced no differences in patterns of 

remyelination (Kotter et al., 2001), pointing to time-dependent effects of inflammatory 

cell subsets on remyelination in animal models.  

The delayed remyelination observed by Kotter and colleagues following 

macrophage depletion early in the LPC model was later attributed to impaired OPC 

differentiation rather than recruitment (Kotter et al., 2005, 2006). Mechanisms that 

prevent OPC differentiation include the reduced expression of growth factors by 

macrophages such as insulin growth factor (IGF; Kotter et al., 2005) and reduced 

phagocytosis of myelin debris by macrophages, which must be cleared before OPCs can 

engage in remyelination and repair (Kotter et al., 2006). More recent work using 
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CX3CR1 knockout mice to impair myeloid cell function in a cuprizone model of 

demyelination showed similarly delayed remyelination in association with the 

accumulation of myelin debris from decreased phagocytosis by myeloid cells (Lampron 

et al., 2015). Interestingly, astrocytes also phagocytose myelin in human MS lesions 

(Ponath et al., 2017). Cell culture assays suggest that astrocytes respond to myelin 

ingestion by upregulating pro-inflammatory mediators and chemokines (Ponath et al., 

2017). These astrocyte derived mediators may represent a failed attempt at promoting 

remyelination, much as macrophages appear to promote remyelination through myelin 

phagocytosis and the production of growth factors in experimental models.  

The detrimental effect of macrophage depletion in LPC models conflicts with 

autoimmune inflammatory models such as EAE, where macrophage depletion with 

clodronate-liposomes resulted in reduced clinical severity and inflammation (Huitinga et 

al., 1990; Miron et al., 2013). However, these studies also demonstrate that macrophages 

can transition from one phenotype to another based on environmental cues. Analogous to 

the TH1/TH2 axis, transcriptional changes within macrophages are thought to promote 

either a pro-inflammatory classic "M1" phenotype or an alternatively activated "M2” 

phenotype involved in immunomodulation and tissue repair (Martinez and Gordon, 

2014).  

Macrophages pushed towards an M2 phenotype in vitro with anti-inflammatory 

IL-13 promote OPC differentiation (Miron et al., 2013). These findings were extended in 

vivo and the selective deletion of M2 monocytes using mannose-receptor specific 

clodronate-liposomes decreased OPC differentiation markers in an LPC model of 

demyelination within the corpus callosum (Miron et al., 2013). Although the “M1/M2” 

paradigm is controversial, with evidence that approximately 70% of macrophages in MS 

lesions display both M1 and M2 markers (D. Y. Vogel et al., 2013), altered 

transcriptional regulation of myeloid cells in response to inflammation does appear to 

play a significant role in remyelination.  

Experimental models of demyelination have identified several other factors that 

interfere with both the recruitment and differentiation of OPCs in addition to myelin 

debris. LINGO1 (leucine-rich repeat and Ig domain-containing, Nogo receptor interacting 

protein) was identified as an inhibitor of oligodendrocyte differentiation (Mi et al., 2009). 
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Anti-LINGO monoclonal antibodies showed promise in EAE and co-culture studies, but 

failed to improve clinical outcomes in a phase II clinical trial (Mi et al., 2009, 2007; 

ClincalTrials.gov identifier NCT01864148). The failure of LINGO to improve clinical 

outcomes despite promise in experimental models suggests the need to therapeutically 

target an inhibitor of remyelination that displays a broader role in both immune function 

and delayed repair. Proteoglycans are one potential candidate for therapeutic 

development that are involved in both scenarios.   

Proteoglycans such as CSPGs are potent inhibitors of OPC recruitment, process 

outgrowth, and differentiation in vitro (Keough et al., 2016; Lau et al., 2012; Siebert and 

Osterhout, 2011). Moreover, CSPGs have been shown to accumulate in both MS and 

LPC lesions (Lau et al., 2012; Sobel and Ahmed, 2001). Treatment of LPC lesions with 

the CSPG side chain inhibitor xyloside promoted remyelination by increasing OPC 

recruitment (Lau et al., 2012). Endogenous clearance of CSPGs does occur in LPC 

lesions via matrix metalloproteinases-9 (MMP-9), enabling OPC process outgrowth and 

permitting remyelination to proceed (Larsen et al., 2003; Uhm et al., 1998). Mice null for 

MMP9 display impaired remyelination, and are deficient in OPCs, suggesting a 

protective role for this MMP (Larsen et al., 2003). However, the cost of augmenting 

MMP expression therapeutically in MS may be greater than the reward, as MMPs are 

partly responsible for breaching the BBB and promoting disease severity in EAE (Yong 

et al., 2001). Alternatively, selective antagonism of CSPGs with the small molecule 

fluorosamine promoted remyelination in an LPC mouse model (Keough et al., 2016), 

providing proof of concept that proteoglycan antagonists hold clinical potential for the 

treatment of MS.  

A proteoglycan antagonist capable of binding both HSPGs and CSPGs has yet to 

be tested in an LPC model. As with CSPGs, HSPGs also accumulate within MS lesions 

yet their role in poorly understood (van Horssen et al., 2006). The HSPGs syndecan-3, 

glypan-1, and perlecan have been linked to OPC proliferation and differentiation in vitro 

(Winkler et al., 2002). Syndecan-3 and glypan-1 promote OPC proliferation by binding 

growth factors such as FGF, while perlecan is increased two-fold during the transition 

from OPC to mature oligodendrocyte, implicating these HSPGs in both the recruitment 

and differentiation phases of remyelination (Winkler et al., 2002).  
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 In this chapter, we demonstrate that direct injection of surfen into the corpus 

callosum of mice at the peak of LPC-induced demyelination delayed remyelination. Peak 

demyelination occurs approximately 2 days after the injection of LPC, followed by rapid 

recruitment of OPCs and remyelination which reduces lesion size by day 7 (Keough et 

al., 2015; Kotter et al., 2005). Surfen treated lesions also showed increased myeloid 

activity as measured by Iba-1 and increased CSPG production. By contrast, 

administration of surfen at day 7 following LPC-induced demyelination had no 

significant effect on lesion size, indicating that surfen may interfere with the early phase 

of remyelination associated with OPC recruitment. This provocative finding implies a 

potentially protective role of proteoglycans early in the remyelination process.  

5.2 Results 

5.2.1 Co-injection of either surfen or vehicle with lysolecithin into the corpus 
callosum does not affect lesion area at day 7 

To assess whether surfen had any direct effects on the ability of LPC to induce 

demyelination, either vehicle (2% DMSO) or surfen (100 μM) were co-injected with 1% 

LPC into the corpus callosum on day 0. Each mouse received one individual lesion 

containing either LPC + vehicle or LPC + surfen. A separate group of mice were injected 

with LPC alone as a control group. Mice were sacrificed at day 7 and brain tissue 

sections stained for myelin using eriochrome cyanine and neutral red (Figure 5.1). The 

mean area of surfen treated lesions was not significantly different from vehicle treated 

lesions at day 7. The mean area of both lesions was not significantly different from that 

of control mice injected with LPC alone. 

5.2.2 Administration of surfen into the corpus callosum 2 days following lysolecithin 
increases lesion area at days 7 and 14, but not at day 21  

 Having established that surfen had no effect on lesion size when administered at 

day 0, it was asked whether surfen could promote recovery when administered during 

peak demyelination before the recruitment phase of remyelination had started. Two days 

following LPC administration was selected as the appropriate time at which the lesion 

had reached, or was near, its maximal size before OPCs are recruited (Figure 5.2A). 

Foamy phagocytic cells were present at the border of day 2 lesions and contained 
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eriochrome cyanine stained myelin debris indicative of active myelin phagocytosis (see 

panel labeled ‘LPC border’, Figure 5.2A).   

 We injected LPC bilaterally into each side of the corpus callosum to create a set of 

paired lesions in each mouse. Either surfen (100 μM) or vehicle (2% DMSO) were 

injected directly into each lesion 2 days following injection of LPC at day 0. A separate 

cohort of mice received a bilateral injection of LPC into the corpus callosum on day 0 

and a sham procedure involving the mechanical insertion of the needle 2 days later. Mice 

were carried out to day 7, 14, or 21, at which point they were killed and brain tissue 

sections stained for myelin with eriochrome cyanine and neutral red. The administration 

of surfen 2 days after LPC significantly increased the mean lesion area relative to LPC + 

vehicle at days 7 and 14, but not 21. The mean lesion area was not significantly different 

between LPC + vehicle and LPC + sham injection. The time course of lesion 

development is shown in Figure 5.2B.  

 Histologically, LPC + surfen treatment produced large lesions at day 7 displaying 

cellularity and demyelination that extended into the striatum (Figure 5.2A). By contrast, 

LPC + vehicle treatment produced smaller lesions that generally remained within the 

confines of the corpus callosum. Patchy remyelination along the lesion border was 

evident by day 14 in LPC + vehicle lesions whereas LPC + surfen treatment did not 

produce clear signs of remyelination at day 14 and maintained a sharply demarcated 

lesion border comparable to lesions at day 7 (see LPC border, Figure 5.3A). By day 21, 

both LPC + surfen and LPC + vehicle lesions showed similar evidence of remyelination 

and were not significantly different. Neither surfen, vehicle, or sham LPC groups showed 

complete remyelination at day 21.  

5.2.3 Administration of surfen on day 2 delays endogenous remyelination at day 7  

  Surfen administered into an LPC lesion on day 2 increased the mean lesion area 

by day 7 (Figure 5.2A). Next, the mechanism by which this occurs was investigated. The 

hypothesis raised was that surfen delays remyelination of axons in the corpus callosum 

following LPC injection. To test this, mice were injected with LPC bilaterally into the 

corpus callosum on day 0 and the resulting lesions were injected with either vehicle or 

surfen on day 2. A separate group of mice received no surgery and served as healthy 
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controls to evaluate the normal corpus callosum. Mice were sacrificed at day 7 and 

ultrathin 1 μm thick sections of lesions in the corpus callosum were examined by electron 

microscopy. The extent of axonal myelination was calculated using the ratio of axon 

circumference to the outer circumference of myelinated fibers (G-ratio) within the lesion. 

As myelin thickness decreases, the G-ratio increases until a ratio of 1 is reached, 

indicating a completely denuded axon (Mei et al., 2016).  

 Surfen treated lesions showed profound demyelination relative to vehicle treated 

lesions, as signified by sparse axonal remyelination and increased frequency of denuded 

axons (Figure 5.3A). Both surfen and vehicle treated LPC lesions showed histological 

signs of demyelination relative to healthy controls. LPC + surfen treated lesions had a 

significantly higher G-ratio relative to LPC + vehicle lesions (Figure 5.3B). Both surfen 

and vehicle treated LPC lesions displayed significantly higher G-ratios relative to healthy 

controls. G-ratio frequencies were used to quantify the number of axons undergoing 

remyelination within the lesion. Remyelination produces myelin sheaths that are thinner 

than normal, therefore the G ratio is higher than normal. A G-ratio between 0.80 and less 

than 1 is an indication of an axon that has undergone remyelination (Mei et al., 2016). 

Using this range, the frequency of remyelinated axons in LPC + vehicle treated lesions 

was 24% compared to just 7.3% in LPC + surfen treated lesions. Moreover, LPC + surfen 

treated lesions contained 34% more denuded axons (G ratio of 1) relative to vehicle 

treated lesions (Figure 5.3C). By contrast, 92% of the axons in healthy controls had a G-

ratio under 0.80 compared to 37% of LPC + vehicle lesions and only 19% within LPC + 

surfen lesions. This high proportion of axons with a lower G ratio reflects normally 

myelinated axons.  

5.2.4 Administration of surfen on day 2 increases Iba-1 and CSPG production at 
day 7 

Thus far, it has been established that surfen produces larger lesions by day 7 when 

administered during peak disease, and electron microscopy confirmed that this was 

associated with reduced remyelination. Given the role of surfen as a proteoglycan 

antagonist, and our previous work describing its effects on macrophage function (Chapter 

4), we evaluated Iba-1, a marker for myeloid cells, and CSPG expression using 

immunofluorescence in LPC lesions at day 7 following treatment on day 2 (Figure 5.4A). 
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LPC + surfen treated lesions displayed significantly increased fluorescence intensity of 

both Iba-1 and CSPGs relative to LPC + vehicle treated lesions.  There was no overlap 

between the two signals, suggesting that CSPGs are located outside the myeloid cells, in 

the extracellular space. No significant differences were observed between LPC + vehicle 

lesions and LPC + sham controls (Appendix Figure 1).  

5.2.5 Surfen treatment on day 7 does not cause a significant difference in lesion size 
on days 14 and 21 

 To assess the effects of surfen on lesion area when endogenous repair mechanisms 

were active, we injected LPC bilaterally into the corpus callosum and treated the resulting 

lesions with either vehicle or surfen at day 7, when lesion size is normally already 

reduced (Figure 5.2B). Mice were carried out until either day 14 or day 21, at which point 

they were sacrificed and brain tissue sections processed and stained for myelin with 

eriochrome cyanine and neutral red. The mean lesion area was elevated in the LPC + 

surfen group (2.9 x 106 ± 9 x105) compared to LPC + vehicle (1.6 x 106 ± 4.7 x 105) at 

day 14 but this was not statistically significant (Figure 5.5B). There were no significant 

differences in mean lesion area between LPC + vehicle and LPC + sham groups. By day 

21, the mean lesion area was similar for LPC + surfen, LPC + vehicle and LPC + sham 

groups, with no significant differences between groups.  

 Histologically, LPC + vehicle lesions at both day 14 and 21 showed signs of repair 

that included patchy remyelination on the lesion border. Sham controls showed a similar 

pattern. The lesion following LPC + surfen treatment still had sharply demarcated edges 

at day 14 relative to vehicle treatment, which may indicate a relative lack of 

remyelination. However, surfen produced an apparent increase in cellularity at the border 

of the corpus callosum at day 14 not observed in vehicle or sham controls. By day 21, 

vehicle and sham treatments exhibited blurred lesion edges, usually associated with 

partial remyelination while surfen treated lesions maintained a sharp border, which may 

indicate more efficient repair in vehicle lesions. Taken together, administration of surfen 

at day 7 did not significantly increase mean lesion area but produced unique 

neuropathological changes. 
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5.3 Discussion  

5.3.1 Summary   

Remyelination following LPC-induced demyelination occurs in several distinct 

phases that mimic those observed in MS lesions. First, demyelination occurs rapidly 

between days 0-3 (Keough et al., 2015; Kotter et al., 2001). During this time, chemokines 

and pro-inflammatory mediators are upregulated as early as 6 h post LPC injection and 

promote monocyte recruitment into the developing lesion (Ousman and David, 2001). 

Recruited monocytes are activated by T cells within the first 12 h after LPC injection 

(Ghasemlou et al., 2007) and begin producing a host of chemokine and inflammatory 

mediators. Next, the recruitment of OPCs into the lesion occurs from approximately 2-8 

days after peak demyelination. Upon arrival, endogenous remyelination is only possible 

following the differentiation of OPCs into mature myelin producing oligodendrocytes, 

occurring approximately from days 8-21 (Keough et al., 2015; Kotter et al., 2005). 

Studies that have characterized these OPC recruitment and differentiation phases using 

LPC have been conducted in rodent spinal cord. The current study examines 

remyelination within the corpus callosum, which may alter this timeline. Nevertheless, 

work by Miron et al. (2013) is one of the few studies that have used LPC in the corpus 

callosum, and their analysis of OPCs suggests the rate of remyelination is similar in the 

two structures.  

In this study, we took advantage of these phases to probe the effects of surfen on 

endogenous remyelination using three time points for injection: (1) At the time of LPC 

administration before lesion development, (2) at day 2 during peak demyelination before 

the recruitment of OPCs was likely to have become established, and (3) at day 7 when 

OPC differentiation and remyelination were underway, producing a reduced lesion 

volume. Unlike MS, where some lesions may persist indefinitely, recovery is relative 

rapid following LPC injection.  

We show that surfen does not impede lesion development when co-injected with 

LPC at day 0, but delays remyelination when administered at day 2. Increased lesion size 

at day 7 was associated with augmented myeloid cell numbers (as indicated by Iba-1 

staining) and CSPG production in the lesion. By contrast, surfen lesions were no different 

from vehicle lesions at day 14 or 21 when treatment was administered on day 7. These 
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findings suggest surfen disrupts the OPC recruitment phase, but has relatively little effect 

on lesion size when administered during the later differentiation phase.  

5.3.2 Surfen does not prevent demyelination following co-injection with LPC 

 To exclude the possibility that surfen interfered with the ability of LPC to 

demyelinate axons through toxic effects on oligodendrocytes, we co-injected surfen with 

LPC on day 0 and quantified mean lesion area during recovery at day 7 (Figure 5.1). No 

significant differences between LPC + vehicle, LPC + surfen or LPC only groups were 

observed. This suggests that surfen does not interfere with the ability of LPC to induce 

demyelination. Indeed, our data for surfen co-injection at day 2 would suggest the 

opposite effect, that surfen might enhance the toxic effects of LPC to create larger 

lesions, however significant increases in the LPC + surfen lesion size were not observed.  

Furthermore, the failure of co-injection of surfen with LPC to affect lesion area by 

day 7 implies that surfen does not impede events associated with early demyelination (i.e. 

within the first 1-2 days). This is unexpected for two reasons. First, T cells and 

monocytes have been observed in murine spinal cord LPC lesions as early as 6 h 

following injection (Ghasemlou et al., 2007; Ousman and David, 2001). Second, CCL2, 

CCL3, TNF, and GM CSF expression peaks within the first 24 h of LPC injection 

(Ousman and David, 2001). We have previously demonstrated that surfen reduces T cell 

proliferation (Chapter 3) in addition to decreasing mRNA expression and protein 

concentrations for several chemokines (CCL2, CCL3, and CCL5), both in EAE and LPS-

stimulated BMDMs, in addition to reducing TNF mRNA expression (Chapter 4). If 

surfen had similar effects here, then the absence of an effect seems surprising. It is 

possible that surfen may have already bound to other substrates such as cells and the 

extracellular matrix before the subsequent arrival of T cells and monocytes into the 

lesion. Alternatively, surfen may have been more efficacious when administered 

peripherally by interfering with peripheral T cell priming or cellular infiltration into the 

CNS.  
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5.3.3 Surfen disrupts early events associated with remyelination resulting in delayed 
lesion recovery 

 Stereotactic administration of surfen 2 days following administration of LPC 

significantly increased the mean lesion area at day 7 relative to the LPC + vehicle group 

(Figure 5.2A). LPC + surfen treated lesions remained significantly larger relative to LPC 

+ vehicle at day 14, before showing signs of remyelination at day 21 when the mean 

lesion area was comparable between groups (Figure 5.2B). Electron microscopy indicates 

that the increased lesion size following LPC + day 2 surfen treatment at was the result of 

delayed remyelination, with LPC + surfen treated mice displaying axons with a 

significantly higher G-ratio (thin or absent myelin sheaths) and a decreased frequency of 

remyelinated fibres (with a G ratio > 0.8) (Figure 5.3). Lastly, the expression of Iba-1 and 

CSPG was significantly increased at day 7 in LPC + surfen lesions treated on day 2 

relative to LPC + vehicle (Figure 5.4).   

 The effect of surfen during the recruitment phase may be the result of direct 

effects on myeloid cells. Surfen treated lesions showed a per area increase in Iba-1 

fluorescence intensity, a marker expressed by microglia and macrophages. The data also 

shows the presence of myelin-laden cells at the border of LPC lesions on day 2 before the 

injection of surfen or vehicle. This raises the possibility that surfen has direct effects on 

these myeloid cells that prevents adequate clearance of myelin debris and/or production 

of growth factors such as IGF-1 which impact OPC recruitment and remyelination as 

described by Kotter et al. (2006).  

Chapter 4, it was shown that surfen modulates pro-inflammatory cytokine and 

chemokine production by macrophages in vitro (Figures 4.9 and 4.12). While TNF and 

IL-6 were decreased, IL-1β was markedly increased. In the LPC model, IL-1β mRNA 

expression has been shown to be biphasic, peaking shortly after LPC injection and again 

48 h later (Ousman and David, 2001). Mice null for IL-1β exhibited delayed 

remyelination in a cuprizone model of demyelination, pointing towards a protective role 

for the cytokine (Mason et al., 2001). However, increased IL-1β production from both the 

LPC lesion and surfen treatment may have deleterious consequences that impair 

macrophage function, and OPC recruitment/differentiation. Alternatively, surfen also 

reduced the in vitro production of the pro-inflammatory mediators IL-6, TNF, and NO in 
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LPS-stimulated BMDMs. These reductions may have occurred following the 

administration of surfen into the lesion and altered the phagocytic function of myeloid 

cells.  

Lastly, there remains the distinct possibility that surfen reduces OPC proliferation 

by blocking OPC growth factor binding during proliferation. Perlecan is increased two-

fold during the differentiation of OPCs into mature olgiodendrocytes (Winkler et al., 

2002). In Chapter 4, we demonstrate the capacity of surfen to reduce perlecan mRNA 

expression, therefore it is possible that surfen is producing a similar effect in the 

lysolecithin model. Taken together, HSPGs such as perlecan may have important roles 

during remyelination via the regulation of OPC function. Whether the delayed 

remyelination observed following surfen treatment at day 2 is a result of reduced OPC 

recruitment, or impaired OPC differentiation resulting from a hostile inflammatory 

milieu, accumulated myelin debris, or a combination of all three requires further 

investigation.  

5.3.4 Treatment with surfen on day 7 following the initiation of remyelination 

produces unique histological changes that do not correlate with lesion size.  

 To assess the effect of surfen during the differentiation phase, lesions were treated 

7 days post LPC injection when the OPC recruitment phase would be nearly complete, 

based on previous studies (Figure 5.5). Surfen treated LPC lesions did not significantly 

differ from vehicle or sham controls; however, they did have a unique neuropathological 

signature that included increased cellularity at the border of the corpus callosum. While 

the identity of these cells remains unknown, their appearance and number suggest they 

are myeloid cells. It is of interest to consider whether surfen is recruiting these cells to the 

lesion, or preventing them from efficiently leaving.  

Whether these cells are immunosuppressed, pro-inflammatory, or phagocytic is 

unknown. The similar lesion sizes between surfen and vehicle treatments, while a non-

trivial metric, do not fully encapsulate our histological findings during the differentiation 

phase. For example, the lesion border of surfen treated lesions remains sharply 

demarcated relative to vehicle, which show signs of patchy remyelination. Taken 

together, these observations suggest that surfen may still have adverse effects on the later 

differentiation of OPCs, in addition to early recruitment, that can impact later patterns of 
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remyelination.  

5.3.5 Conclusions 

This is the first report of a proteoglycan antagonist producing deleterious effects 

in an experimental model of demyelination. Previous reports using either enzymatic 

digestion of CSPGs (Siebert and Osterhout, 2011) or selective antagonists for CSPGs 

(Keough et al., 2016) demonstrate enhanced remyelination. However, these previous 

studies did not use compounds with selective binding to HSPGs. Chapter 4 of this thesis 

reports the direct effects of surfen on macrophage function in vitro (Chapter 4). The 

ability of surfen to reduce chemokine, IL-6, TNF, and NO production in LPS-stimulated 

macrophages in vitro, while augmenting IL-1β could lead to a multitude of possible 

mechanisms that explain the delayed remyelination observed on days 7 and 14 following 

early (day 2) treatment with surfen.  

A limitation of this study is that the characteristics of OPCs have not been directly 

assessed, thus the question of whether surfen delays OPC recruitment, diminishes OPC 

differentiation, or both, remains to be fully explored. Moreover, this work raises the 

possibility that HSPGs may play an early role in OPC recruitment, an effect that is 

antagonized by surfen. Indeed, increased HSPG production is linked to OPC proliferation 

and differentiation in vitro, but these roles have not been explored in a model of 

demyelination (Winkler et al., 2002). Surfen lesions showed increased CSPG expression, 

so this may also explain the results, since CSPGs have been shown to inhibit OPC 

recruitment in other studies (Keough et al., 2016; Lau et al., 2012). However, because 

surfen preferentially binds to heparan sulfate, this leaves open the possibility that HSPGs 

play unique roles in remyelination from their CSPG counterparts.  

Nevertheless, it is likely the observations reported here are also related to the 

effects of surfen on myeloid cells, indicating a complex interplay of potential 

mechanisms for delayed remyelination. In conclusion, caution must be taken to properly 

characterize the broader role of proteoglycans in remyelination, including HSPGs, before 

moving forward with therapeutic development.  
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Figure 5.1: Co-injection of either surfen or vehicle with lysolecithin into the corpus 
callosum does not affect lesion size at day 7. (A) On day 0, female C57BL/6 mice 
received a 1 μL bilateral injection containing 1% lysolecithin (lysophosphatidylcholine; 
LPC) and either vehicle (2% DMSO) or surfen (100 μM) into one side of the corpus 
callosum. Mice were sacrificed at day 7 and tissue sections stained for myelin with 
eriochrome cyanine and neutral red. The mean lesion area was quantified for each mouse. 
There was no significant difference in lesion size between vehicle and surfen treated 
mice. Data are expressed as the mean ± SEM pooled from two independent experiments. 
Significance evaluated with a Student’s t-test. Lesions in photomicrographs denoted by * 
in the lesion epicenter. Scale bar = 200 μm.  
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Figure 5.2: Administration of surfen into the corpus callosum two days following 
lysolecithin produced significantly larger lesions on days 7 and 14. (A) On day 0, female 
C57BL/6 mice received a 1 μL bilateral injection of 1% lysolecithin 
(lysophosphatidylcholine; LPC) into each side of the corpus callosum. Treatment of 
either vehicle (2% DMSO) or surfen (100 μM) was administered into each of the lesions 
48 h later. In a separate set of mice, lysolecithin was administered on day 0 and a sham 
procedure involving the mechanical insertion of the needle was performed 48 h later.  
Mice were sacrificed on days 2 (to assess the lesion before treatment), 7, 14, and 21. 
Tissues were processed for histology and sections stained for myelin with eriochrome 
cyanine and neutral red and lesion area quantified for each mouse. Surfen significantly 
increased lesion size relative to vehicle and lysolecithin controls on days 7 and 14. Lesion 
size was no different between surfen, vehicle, and lysolecithin controls at day 21. (B) 
Representative time course of mean lesion area for days 2, 7, 14, and 21 following 
administration of lysolecithin. Data are expressed as the mean ± SEM pooled from two 
independent experiments. *p<0.05, one-way ANOVA with Tukey post-hoc analysis. 
Lesions in photomicrographs denoted by * in the lesion epicenter. Scale bar sizes for 
photo micrographs are as follows: LPC and LPC + Sham = 300 μm, LPC Boarder = 100 
μm, Vehicle and Surfen = 500 μm.  
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Figure 5.3: Administration of surfen into the corpus callosum two days following 
lysolecithin delays remyelination by day 7. On day 0, female C57BL/6 mice received a 1 
μL bilateral injection of 1% lysolecithin (lysophosphatidylcholine; LPC) into each side of 
the corpus callosum. Treatment of either vehicle (2% DMSO) or surfen (100 μM) was 
administered into the lesion 48 h later. Mice were sacrificed on day 7 and tissues 
processed for electron microscopy. Healthy age-matched C57BL/6 mice were used as 
controls. (A) Representative photomicropgrahs from healthy controls, vehicle, and surfen 
mice. Red arrows indicate areas of remyelination (vehicle) and denuded axons (surfen). 
(B) Myelin thickness was calculated using the ratio of the axon perimeter to the outer 
perimeter of myelinated fibers (G-ratio) and 100 axons were counted per mouse 
(n=5/group). Shown here is a representative sample of G-Ratios from each group. (C) 
The frequency of G-Ratios indicates that surfen mice displayed a two-fold increase in 
completely denuded axons (shown in pink) relative to vehicle mice signifying delayed 
remyelination. Data are expressed as the mean ± SEM pooled from two independent 
experiments. *p<0.05, one-way ANOVA with Tukey post-hoc analysis. Scale bar = 50 
μm. 
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Figure 5.4: Administration of surfen into the corpus callosum two days following 
lysolecithin increases Iba-1 and CSPG expression by day 7. On day 0, female C57BL/6 
mice received a 1 μL bilateral injection of 1% lysolecithin (lysophosphatidylcholine; 
LPC) into each side of the corpus callosum. Treatment of either vehicle (2% DMSO) or 
surfen (100 μM) was administered into the lesion 48 h later. Mice were sacrificed on day 
7 and tissues processed for immunohistochemistry. (A) Representative photomicropgrahs 
from vehicle and surfen mice. Lesions are traced in white for each fluorescent channel. 
(B) Fluorescent intensity was quantified per lesion area and both Iba-1 and CSPG 
fluorescence intensities were significantly increased, indicating increased myeloid 
activity and CSPG production. Data are expressed as the mean ± SEM, n=3 per group. 
*p<0.05, Student’s paired t-test.  
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Figure 5.5: Administration of surfen into the corpus callosum seven days following 
lysolecithin did not significantly alter lesion size on days 14 and 21. (A) On day 0, female 
C57BL/6 mice received a 1 μL bilateral injection of 1% lysolecithin 
(lysophosphatidylcholine; LPC) into each side of the corpus callosum. Treatment of 
either vehicle (2% DMSO) or surfen (100 μM) was administered into each of the lesions 
7 days later. In a separate set of mice, lysolecithin was administered on day 0 and a sham 
procedure involving the mechanical insertion of the needle was performed 7 days later. 
Mice were sacrificed on days 7 (to assess the lesion before treatment), 14, and 21. Tissues 
were processed for histology and sections stained for myelin with eriochrome cyanine 
and neutral red and lesion area quantified for each mouse. Surfen did not significantly 
alter lesion size relative to vehicle and lysolecithin controls on days 14 and 21. (B) 
Representative time course of mean lesion area for days 7, 14, and 21 following 
administration of lysolecithin. Data are expressed as the mean ± SEM pooled from two 
independent experiments. *p<0.05, one-way ANOVA with Tukey post-hoc analysis. 
Lesions in photomicrographs denoted by * in the lesion epicenter. Scale bar sizes for 
photo micrographs are as follows: LPC and LPC + Sham = 300 μm, LPC Boarder = 100 
μm, Vehicle and Surfen = 500 μm.  
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CHAPTER 6  
DISCUSSION 
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6.1 Summary of Central Findings   

This thesis sought to characterize the proteoglycan antagonist surfen using both in 

vitro and in vivo models relevant to the study of MS. In Chapter 3, surfen decreased 

murine T cell proliferation whether activated in vitro by co-stimulation with anti-

CD3/anti-CD28-coated T cell expander beads or in vivo by injecting mice with anti-CD3 

Ab. The effect of surfen on T cell proliferation in vitro was inhibited in a dose dependent 

manner by adding heparan sulphate, which suggests that when GAG binding sites on 

surfen are occupied, it is no longer effective. Having demonstrated the capacity of surfen 

to influence T cell function, and its utility as an in vivo agent, we investigated the effects 

of surfen in EAE, a mouse model with features akin to several aspects of MS, in Chapter 

4.  

 Surfen reduced EAE clinical severity and was associated with decreased cellular 

infiltration of both CD45+CD3+CD4+ T cells (spinal cord and cerebellum) and 

F4/80+CD11b+ myeloid cells (spinal cord). Several potential mechanisms of action for 

surfen were identified including regulation of T cell effector functions, decreased 

production of chemotactic cytokines that facilitate cellular infiltration, and finally a 

marked reduction in proteoglycan transcript expression that positively correlated with 

clinical improvement. Nevertheless, surfen significantly increased concentrations of the 

pro-inflammatory cytokine IL-12p70. When these studies were extended in vitro to 

BMDMs, surfen produced a similar decrease in chemokine production. Reductions in the 

pro-inflammatory mediators IL-6, TNF, and NO were also observed; however, surfen 

increased the production of the pro-inflammatory cytokine IL-1β. These results suggest 

that the immunomodulatory properties of surfen could be related to direct effects on 

myeloid cell function.  

 Lastly, in Chapter 5 we asked whether surfen could enhance endogenous 

remyelination using a LPC mouse model of focal demyelination. Three time points were 

chosen to administer treatment that coincided with initial demyelination (day 0), early 

demyelination before peak OPC recruitment (day 2), or the phase of remyelination 

involving both OPC recruitment and differentiation (day 7; Keough et al., 2015; Kotter et 

al., 2001). Surfen had no effect on demyelination if administered at the same time as LPC 

(day 0), but treatment with surfen at day 2 increased the mean lesion area on days 7 and 
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14, pointing towards an unexpected inhibition of remyelination. Indeed, surfen treated 

lesions had significantly fewer remyelinated fibres when examined with electron 

microscopy which coincided with augmented myeloid cell activity and increased CSPG 

production. By contrast, administration of surfen at day 7 had no effect on lesion size, 

although neuropathological abnormalities were observed that may be related to further 

inefficiencies in remyelination, even when surfen was introduced after peak recruitment 

of OPCs.   

6.2 Surfen: A Double-edged Sword?  

The opposing effects of surfen in the EAE (clinical improvement) and the LPC 

(delayed remyelination) models demonstrate that surfen acts as a double-edged sword, 

related to its effect on pro-inflammatory and anti-inflammatory processes (Figure 6.1). 

These results reinforce the role of proteoglycans in regulating immune function, although 

surfen may also have functions independent of proteoglycan binding. The question 

remains as to whether surfen-mediated increases in the pro-inflammatory cytokines IL-

12p70 (EAE) and IL-1β (BMDMs) represent harmful or protective responses in the 

context of these models and whether they explain the delayed remyelination observed in 

the LPC model. It is important to note that one of the principal sources of IL-12p70 in the 

context of inflammation is macrophages (Kaliński et al., 2000). Moreover, macrophages 

play a central role in facilitating remyelination in the LPC model (Kotter et al., 2005). 

Taken together, it is possible that the ability of surfen to ameliorate EAE on the one hand 

and delay remyelination on the other are attributable to the effect of surfen on 

macrophage function.  

6.3 Limitations and Future Directions of This Study  

6.3.1 Clarifying the role of individual proteoglycans in experimental models of MS  

A limitation of the present body of work is that we cannot discern which specific 

proteoglycans are responsible for the effects of surfen. Conditional knockout mice 

engineered to silence specific proteoglycans at various time points in EAE and after LPC 

injection would enable a better understanding of their roles in disease pathogenesis. For 

example, the ability to silence perlecan or syndecan IV gene expression at day 2 in the 
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LPC model could clarify the role of HSPGs in remyelination. To date, no study has used 

transgenic mice deficient in specific proteoglycans to study endogenous remyelination.  

With respect to EAE, mice null for syndecan I have increased clinical severity 

characterized by early leukocyte recruitment into the CNS (Zhang et al., 2013). Another 

study focused on the deletion of syndecan IV and implicated this HSPG in the regulation 

of autoreactive T cells, showing increased EAE severity following the adoptive transfer 

of syndecan IV null T cells into recipient mice (Chung et al., 2014). By contrast, mice 

lacking the CSPG NG2 were no different from wildtype controls with respect to EAE 

induction, effector, or recovery phases (Moransard et al., 2011). These select studies are 

among the handful that examine proteoglycans in the context of EAE using transgenic 

models. We show that proteoglycan transcript expression positively correlates with EAE 

clinical scores, with emphasis on the potentially deleterious roles of HSPGs including 

syndecans I and IV (Chapter 4).  

6.3.2 Limitations of Using In Vitro Cell Cultures  

6.3.2.1 Murine T cells  

The use of anti-CD3/anti-CD28 expander beads as surrogate antigen presenting 

cells is useful for providing a robust T cell proliferation in vitro. Notwithstanding CD28 

as a major co-stimulatory molecule in T cell biology, there are other co-stimulatory 

molecules capable of eliciting T cell proliferation, such as inducible co-stimulator (ICOS; 

Yoshinaga et al., 1999). Moreover, T cell proliferation in the context of MS is antigen-

specific and occurs in the presence of activated macrophages, microglia, and dendritic 

cells, all of which produce cytokines capable of modulating proliferative responses. 

Therefore, T cell expander beads do not fully encompass the T cell responses observed in 

EAE or MS.  

Several differences exist between murine and human T cells. First, virtually all 

murine CD3+ T cells express the co-stimulatory molecule CD28 on their surface 

compared to 80% of CD4+ and 50% of CD8+ T cells observed in humans (J. Mestas and 

Hughes, 2004). Secondly, the co-existence of both TH1 and TH2 cells in human disease 

makes it difficult to discern whether “anti-inflammatory” cytokines are promoting repair 

or contributing to disease processes (Del Prete et al., 1993).   
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6.3.2.2 Murine BMDMs   

In the present study, BMDMs were stimulated with LPS, promoting the 

production of a pro-inflammatory response principally through the TLR4 pathway (Chow 

et al., 1999). Had we used IL-13 or IL-4 in BMDM cultures, an entirely different set of 

cytokines more conducive to repair could have been studied (Mia et al., 2014). In contrast 

to culture studies, macrophages in vivo are exposed to a plethora of cytokines and 

chemokines that feedback and alter their transcriptional phenotype and function during 

disease processes. 

Murine macrophages display several important differences from their human 

counterparts with respect to their pro-inflammatory responses. For example, NO 

production is well established in murine macrophages but its production by human 

macrophages is debated (Schneemann and Schoeden, 2007). LPS responses also differ, 

with mouse macrophage cells lines requiring much higher doses to elicit pro-

inflammatory responses relative to human, suggesting rodents display a more LPS-

tolerant innate immune system (Javier Mestas and Hughes, 2004). This is supported by 

the differential gene expression downstream of various TLR pathways between mouse 

and human following LPS stimulation (Jann et al., 2009). Another study showed that 

production of pro-inflammatory cytokines in response to LPS-stimulation in vitro is 

inversely correlated to the presence of serum, reinforcing the need to verify findings 

using in vivo models (Warren et al., 2010).  

6.3.3 Limitations of Modelling MS  

There are no available animal models that fully recapitulate the immunological 

and neuropathological changes associated with the initiation and progression of MS 

(Lassmann and Bradl, 2017). In recognition of this limitation, the present study used EAE 

as a model of chronic autoimmune-mediated neuroinflammation and a separate model of 

LPC-mediated demyelination to study components of MS-like disease in rodents.   

The MOG35-55 induced EAE model is limited by a biased CD4+ T cell response 

resulting from the use of adjuvants and a known CNS antigen. As discussed in Chapter 1, 

the etiology of MS is unknown, spontaneous, and likely results from a combination of 

epigenetic factors. A recent histological study compared results from prior MOG35-55 
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induced EAE studies with plaques from human MS, a rare case of human autoimmune 

encephalomyelitis, and a marmoset EAE model (Höftberger et al., 2015). Although 

myeloid cells were prominently featured in lesions from each group, the ratio of 

CD3+CD4+ to CD3+CD8+ T cell infiltrates was disproportionately higher in murine EAE 

by comparison. Previous studies implicate a role for CD8+ T cells in promoting 

demyelination and tissue damage within the MS plaque to a much larger extent than 

CD4+ T cells (Booss et al., 1983; Hayashi et al., 1988; Neumann et al., 2002). 

Furthermore, lesions in murine EAE did not show the typical variety of inflammatory 

plaque patterns observed in MS, human autoimmune encephalomyelitis and even 

marmoset EAE (Höftberger et al., 2015).  

These findings may partly explain the failure of several candidate MS 

therapeutics to achieve their experimental end points in clinical trials. Prominent 

examples of therapeutics that showed promise in EAE but failed in clinical trials include 

monoclonal anti-IL-12p40 (Segal et al., 2008) and a recombinant fusion protein targeting 

TNF (The Lenercept Multiple Sclerosis Study Group, 1999), which in the latter case 

exacerbated disease severity. Consequently, caution must be taken before interpreting 

EAE findings as mechanisms of disease pathogenesis in MS.  

In comparison to EAE, inflammation in the LPC model occurs in the absence of 

persistent autoimmune mediated inflammation. Although inflammation is present early 

following LPC injection as a component of the OPC recruitment phase (Ousman and 

David, 2001), a limitation of this model is that complete endogenous remyelination 

occurs in a microenvironment conducive to repair. This contrasts with MS, where plaques 

rarely remyelinate to a significant degree, due in part to the presence of inflammation, 

proteoglycans, and ultimately axonal death (Kuhlmann et al., 2017). Additionally, the 

genetic variability that underlies variable remyelination efficiency in MS patients 

(Patrikios et al., 2006) is most certainly absent in our inbred C57BL/6 mice.  

Models of autoimmune-mediated demyelination have been described that 

generate a focal lesion in murine brain using autoreactive T cells by priming the 

peripheral immune system with MOG35-55 and using VEGF to permeabilize the BBB 

(Sasaki et al., 2010). More recent efforts include the combination of lysolecithin with 

EAE (personal correspondence, endMS 2016 winter conference). These improved models 
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of focal demyelination may serve as a more appropriate vehicle to study proteoglycan 

antagonists in the context of autoimmune-mediated demyelination.   

6.4 Future Experimental Considerations  

6.4.1 Investigating Peripheral Immune Responses in EAE  

 Surfen reduces T cell proliferation both in vitro and in vivo following stimulation 

(Chapter 3). Nevertheless, the peripheral effects of surfen on T cell function in EAE 

remain unexplored. We conducted a pilot study to assess whether the ability of surfen to 

reduce T cell proliferation also occurred in EAE. Inguinal, axial and brachial lymph 

nodes were collected at day 21 from EAE mice treated with either vehicle or surfen. 

Lymphocytes were isolated, pooled, stained with Oregon green, and stimulated with anti-

CD3/anti-CD28 expander beads for 24 h. Proliferation was assessed for CD4+ T cell 

subsets using flow cytometry. Relative to vehicle EAE mice, administration of surfen 

significantly reduced the percentage of CD4+ T cells that proliferated (Figure 6.2A). This 

surfen-mediated reduction in T cell proliferation is consistent with the results described in 

Chapter 3. A similar study using the small molecule CSPG inhibitor fluorosamine 

inhibited the proliferation of anti-CD3/anti-CD28 stimulated splenocytes obtained from 

EAE mice (Keough et al., 2016). Nevertheless, the mechanisms by which surfen and 

fluorosamine reduce proliferation of T cells and splenocytes are unknown. Studies that 

focus on downstream signaling mechanisms in a head-to-head study using both surfen 

and fluorosamine would enable a better understanding of proteoglycan-mediated 

regulation of T cell proliferation.  

 Interestingly, total lymphocyte cell counts from the lymph nodes of surfen treated 

EAE mice were significantly higher than those in the EAE vehicle-treated group (Figure 

6.2B). While the mechanism underlying this observation is unknown, one explanation is 

that surfen is trapping lymphocytes within the lymphoid tissue. This may partly account 

for the surfen-mediated reduction in T cell infiltration in EAE spinal cord and 

cerebellum. The DMT fingolimod (FTY720) also reduces cellular infiltration, in large 

part by trapping T cells within the lymph node. Fingolimod targets the sphingosine-1-

phosphate receptor expressed on lymphocytes and upon ligation the receptor is 

internalized, preventing the egress of lymphocytes from lymphoid tissues (Chun and 
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Hartung, 2010). Studies focused on determining whether surfen binds sphingosine-1-

phosphate, or other factors that contribute to lymphocyte homing and egress such as 

CCR7, could identify an additional mechanism by which surfen reduces EAE clinical 

severity.   

6.4.2 Investigating the role of MMPs in EAE 

 The expression of some MMPs in EAE and MS plaques have been associated 

with increased disease severity (Yong et al., 2007, 2001). On the other hand, MMPs have 

been shown to clear CSPGs and promote remyelination (Larsen et al., 2003). Upwards of 

30 MMP family members have been identified (Rempe et al., 2016). Further 

characterization of MMP mRNA expression during peak EAE suggests both protective 

and deleterious roles for MMPs (Weaver et al., 2005). For example, both MMP2 and 

MMP9 are elevated during peak EAE and involved in promoting T cell migration during 

the induction and effector phases of EAE, respectively (Song et al., 2015; Weaver et al., 

2005). However, MMP9 is also implicated in CSPG clearance during remyelination and 

plays a protective role in this context (Larsen et al., 2003).  

Considering these studies, mRNA expression for MMP2 and MMP9 was 

measured in EAE spinal cords treated with either vehicle or surfen to explore the 

relevance of these proteases to the study. Relative to vehicle-treated EAE mice, surfen 

significantly reduced the expression of MMP2 mRNA (Figure 6.3A) to levels comparable 

to CFA controls but no statistical differences were found between groups for MMP9 

(Figure 6.3B). The observation that MMP2 mRNA expression, which is implicated in 

cellular infiltration during the effector phase, was reduced by surfen supports our 

hypothesis that surfen has early effects in EAE (Song et al., 2015). Nevertheless, MMP2 

is not essential for EAE induction (Agrawal et al., 2006a) hence other MMPs are likely 

involved and the diversity of their functions in the context of proteoglycan function and 

inflammation warrant further study.  

6.4.3 Investigating Surfen and Growth Factor Responses in EAE and Lysolecithin  

 Growth factors are potent modulators of inflammation and repair in the context of 

EAE and LPC. Surfen has been previously shown to bind with high affinity to the growth 
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factors FGF and VEGF (Schuksz et al., 2008; Xu et al., 2011). Cell surface expression of 

HSPGs on the surface of OPC and oligodendrocytes are critical for binding growth 

factors, including FGF (Winkler et al., 2002). EAE mice null for FGF show similar 

cellular infiltration relative to wildtype littermates but display delayed remyelination 

suggestive of poor OPC differentiation (Rottlaender et al., 2011). We hypothesize that the 

binding of HPSGs by surfen in the LPC model blocked growth factor signalling in OPCs, 

preventing their subsequent maturation leading to delayed remyelination.  

 In the EAE study, surfen reduced TGFβ mRNA expression in EAE spinal cord at 

day 21 (Chapter 4). We extended this work to include FGF and VEGF. Relative to 

vehicle-treated EAE mice, surfen significantly reduced FGF mRNA expression in EAE 

spinal cord (Figure 6.4). By contrast, no significant differences were observed for VEGF 

mRNA expression (Figure 6.4). Included in Figure 6.4 is TGFβ expression from Chapter 

4 for comparison. Interpretation of these results is difficult as we have established that 

vehicle treated mice are in the recovery phase at day 21 and FGF may be elevated in 

vehicle EAE mice as a component of this disease stage. In contrast to growth factors such 

as FGF2, expression of VEGF has been associated with EAE severity, which can be 

reduced following treatment with the VEGF antagonists bevacizumab (MacMillan et al., 

2012) or B20-4.1.1 (MacMillan et al., 2014). By day 21, VEGF expression in EAE spinal 

cord decreases substantially from early disease (MacMillan et al., 2012) and this may 

partly explain why no changes were observed.  

The effect of surfen on growth factors earlier, during the EAE effector phase or in 

the LPC model is unknown. It is possible surfen may have inhibitory effects on growth 

factor binding to OPCs that account for the delayed remyelination reported in the LPC 

model in Chapter 5. Moving forward these questions could be answered with 

immunohistochemistry or in situ hybridization techniques to assess growth factor 

production directly within the LPC lesion.  

6.4.4 Early Effects of Surfen in EAE and Route of Administration  

  The present assessment of the immunological effects of surfen in EAE is limited 

to the recovery phase. We have hypothesized that the ability of surfen to reduce clinical 

severity is linked to the reduction of cellular infiltration and the promotion of an early 
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TH2 response during the effector phase (Chapter 4). Ideal time points to investigate the 

effects of surfen in EAE moving forward include day 11 (early effector phase before peak 

disease) and day 14 (peak disease) to further clarify the mechanisms by which surfen acts 

to reduce EAE severity.  

 The timing of surfen administration and route of administration would also be 

interesting variables to explore. In Chapter 3 we show that prophylactic dosing with 

surfen reduced T cell proliferation following administration of anti-CD3 Ab. Whether 

prophylactic dosing with surfen would produce similar reductions in proliferation and 

disease severity during EAE remains to be determined. A more clinically relevant dosing 

schedule would involve the administration of surfen at the peak of disease. Would surfen 

reduce EAE severity in this context, or exacerbate symptoms via increased pro-

inflammatory cytokine production? Similarly, what effect would direct administration of 

surfen into the cerebrospinal fluid have on symptomatic EAE mice? The answers to these 

questions may inform the future development of improved proteoglycan antagonists that 

have clinical utility for the treatment of MS.  

6.4.5 OPC and Myeloid Functions in LPC Demyelination 

A limitation in the interpretation of our LPC studies is the lack of data related to 

OPCs within surfen and vehicle treated LPC lesions. Although our time course suggests 

that surfen interferes with the recruitment phase of remyelination, we cannot exclude the 

possibility that surfen also has effects on OPC differentiation or effects independent of 

OPCs. As previously discussed, expression of HSPGs such as perlecan increase almost 

two-fold during the maturation of an OPC into a mature oligodendrocyte (Winkler et al., 

2002), suggesting a positive role for this proteoglycan in remyelination that could be 

blocked by surfen.  

 Alternatively, surfen may have direct effects on myeloid cells involved in the 

clearance of myelin debris. Too much or too little inflammation could impact the 

clearance of myelin debris by macrophages, or create an environment that inhibits OPC 

differentiation (Kotter et al., 2006, 2005). Future work involving laser-capture 

microdissection of OPCs and macrophages from surfen treated lesions could provide 

more detailed information regarding the effects of surfen on these cells.  



 146 

6.5 Concluding Remarks  

 Taken together, these studies implicate surfen as an immunomodulatory drug 

capable of reducing T cell proliferation and EAE disease progression through a variety of 

potential mechanisms. However, we report for the first time that this proteoglycan 

antagonist is capable of delaying remyelination in the LPC model of demyelination. 

These studies show the promise of proteoglycan antagonists as future therapeutics for the 

treatment of MS, but also identify the need to further study HSPGs in addition to their 

well characterized CSPG counterparts. 
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Figure 6.1: Surfen as a double-edged sword in inflammation and repair. (A) A summary 
of cytokine and chemokine results following the administration of surfen in EAE and in 
vitro LPS-stimulated BMDM studies. (B) A summary of day 7 results in the lysolecithin 
model following the administration of surfen into the lesion two days following LPC 
injection. (M)=mRNA, (P)=protein concentrations  
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Figure 6.2: Surfen reduces the proliferation of CD4+ T cells in EAE lymphocytes at day 
21 but increases the number of cells in lymphoid tissue. Inguinal, axial and brachial 
lymph nodes from EAE mice were collected at day 21 from mice treated with either 
vehicle or surfen. Lymphocytes were collected, pooled, counted, stained with Oregon 
green, and stimulated with anti-CD3/anti-CD28 T cell expander beads for 24 h. 
Proliferation of CD4+ T cells was assessed with flow cytometry. (A) Surfen significantly 
reduced the percentage of proliferating CD4+ T cells relative to vehicle mice. (B) Surfen 
significantly increased the number of lymphocytes in collected lymphoid tissue in EAE 
mice relative to vehicle mice. Data shown as mean ± SEM. * = p<0.05 
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Figure 6.3: Surfen decreases the expression of the growth factors FGF2 and TGFβ in 
EAE spinal cord at day 21. Transcript expression results are shown for the growth factors 
FGF2, TGFβ, and VEGF in spinal cord. Vehicle treated EAE mice displayed 
significantly increased expression for FGF2 and TGFβ mRNA relative to both surfen 
treated EAE mice and CFA controls. No significant differences between groups were 
observed for VEGF. Data shown as mean ± SEM. * = p<0.05 
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Figure 6.4: Surfen decreases the expression of MMP2 in EAE spinal cord at day 21. 
Transcript expression results are shown for the growth factors FGF2, TGFβ, and VEGF 
in spinal cord. Vehicle treated EAE mice displayed significantly increased expression for 
FGF2 and TGFβ mRNA relative to both surfen treated EAE mice and CFA controls. No 
significant differences between groups were observed for VEGF. Data shown as mean ± 
SEM. # =p<0.05, * = p<0.05 
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APPENDIX 1: SUPPLEMENTARY FIGURES 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Appendix Figure 1: Iba-1 and CSPG expression at day 7 following mechanical damage 
into the corpus callosum two days following LPC injection. On day 0, female C57BL/6 
mice received a 1 μL bilateral injection of 1% lysolecithin (lysophosphatidylcholine) into 
each side of the corpus callosum. A sham procedure involving the insertion of the neddle 
without injection of treatment was performed 48 h later as a control. Mice were sacrificed 
on day 7 and tissues processed for immunohistochemistry. (A) Representative 
photomicropgrah from a sham control animal. LPC lesion is outlined in white. (B) 
Fluorescent intensity was quantified per lesion area for both Iba-1 and CSPG.  
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