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Abstract 

 Multiple sclerosis (MS) is a chronic neurological disease characterized by the 

immune-mediated destruction of myelin within the central nervous system (CNS). During 

the course of MS, diverse cell populations including microglia, monocyte-derived 

macrophages and astrocytes contribute towards neuroinflammation and demyelination; 

however, these cells can also facilitate remyelination and brain repair. Consequently, 

defining the molecular mechanisms that balance inflammation and regeneration within 

the CNS is essential for understanding the pathophysiology of MS and investigating novel 

disease-modifying therapies. microRNAs (miRNAs) are small RNA molecules that post-

transcriptionally regulate gene expression and are of significant interest in many diseases 

since they can repress several functionally related genes and robustly alter cell phenotype 

and function. The overall goal of this thesis was to investigate miRNAs that control glial 

cell activation and myelin repair in MS and its animal models. 

           Dimethyl fumarate (DMF) is a commonly prescribed MS disease-modifying 

therapy. While studying the effects DMF on human astrocytes, it was observed that this 

molecule, and not its metabolite, suppressed pro-inflammatory astrocyte activation and 

miRNA expression. In MS patient monocytes, miR-223-3p was identified as a 

differentially regulated miRNA that is essential for pro-regenerative myeloid cell 

phenotypes. Specifically, miR-223-3p promoted anti-inflammatory polarization and 

myelin phagocytosis by macrophages and microglia, and miR-223-3p deficiency impaired 

myelin debris clearance and remyelination following experimental demyelination in vivo. 

Gene expression profiling of demyelinated lesions revealed that genes associated with the 

inflammasome, a complex that induces pro-inflammatory cytokine secretion and cell 



 iii 

death, were highly upregulated in acutely demyelinated lesions and subsided during 

remyelination. In MS lesions and experimental demyelination, it was confirmed that the 

NLRP3 inflammasome was highly expressed in macrophages and microglia. NLRP3 was 

identified as a miR-223-3p target gene, and both miR-223-3p and a small-molecule 

NLRP3 inhibitor suppressed inflammasome activation in vitro. In vivo, NLRP3 inhibition 

reduced axonal injury following demyelination. 

            Overall, this thesis has established a role for miRNAs as regulators of glial cell 

responses and are functionally relevant during CNS repair following demyelination. 

Moving forward, modifying the expression of miRNAs, such as miR-223-3p, may 

represent a novel therapeutic approach in the treatment of MS and other inflammatory-

mediated demyelinating conditions. 
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General Summary 

 Multiple sclerosis (MS) is a neurological disorder caused by the immune system 

attacking the brain’s myelin, a fatty substance essential for proper communication 

between neurons. Although inflammation can be destructive, immune and brain-resident 

glial cells are also responsible for removing debris and promoting myelin regeneration 

after injury. As such, understanding how these cells behave, and what causes them to shift 

between inflammatory and regenerative states, is essential to understanding MS and 

developing new therapies. Small pieces of genetic material called microRNAs are 

interesting targets to study as they have the ability to control the levels of almost every 

protein in the human body. In this thesis, an investigation was performed to determine 

how microRNAs regulate MS-relevant inflammatory responses, with the goal of 

identifying microRNAs that can promote regeneration within the demyelinated brain.  

 Dimethyl fumarate (DMF) is a drug commonly used to treat MS patients, but its 

protective effects are incompletely understood. Here, it was observed that DMF had 

potent anti-inflammatory effects on astrocytes, the most abundant cell type in the brain. 

Furthermore, this effect coincided with a reduction in pro-inflammatory microRNAs. 

Next, it was observed that a specific microRNA, miR-223-3p, was dysregulated in 

circulating immune cells of MS patients, and this microRNA was essential for immune 

cells to efficiently transition to an anti-inflammatory state. In animals that had miR-223-

3p genetically deleted, brain repair was slowed following demyelination due to a reduced 

ability to remove debris from lesion sites. Further investigations demonstrated that this 

microRNA regulated an important inflammatory pathway called the inflammasome, 

which was highly active in immune cells following myelin injury. Both miR-223-3p and a 
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small-molecule drug could inhibit this inflammatory pathway, while the small-molecule 

drug was able to reduce injury to neurons following demyelination. 

 In conclusion, microRNAs are important regulators of inflammation in the MS 

brain, while anti-inflammatory microRNAs are needed for the brain to efficiently repair 

following demyelination. In the future, therapies that target microRNAs may be able to 

treat MS by limiting inflammation and promoting brain repair. 
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1.1 Multiple Sclerosis 

1.1.1 General 

Multiple sclerosis (MS) is a chronic neuroinflammatory disease characterized by 

immune-mediated central nervous system (CNS) demyelination. The first full description 

of MS, and diagnosis of MS in a living patient, was given by Jean-Martin Charcot in 1868 

who referred to the disease as la sclérose en plaques in reference to demyelinated plaques 

found throughout the CNS (Charcot, 1886; Kumar et al., 2011). Currently, MS is 

diagnosed on the basis of the McDonald criteria. The most recent McDonald criteria 

revision requires identification of lesions disseminated in both space and time or the 

presence of spatially disseminated lesions and cerebrospinal fluid (CSF) oligoclonal 

banding for MS diagnosis (Thompson et al., 2018). 

MS is among the most prevalent neurological diseases worldwide, affecting more 

than 2.8 million people. Canada has an exceptionally high incidence of the disease, with 

approximately 1 in every 400 Canadians living with MS (The Multiple Sclerosis 

International Federation, 2020). MS is the most common neurological disease affecting 

young persons with a median diagnosis age between 27 and 30 (Confavreux and Vukusic, 

2006; Scalfari et al., 2010), and is more prevalent in females than males with a sex ratio 

of 2-3 females to 1 male (Orton et al., 2006).   

In the majority of MS patients (>80%) the disease initially presents with a 

relapsing-remitting course (RRMS). Diagnostically, RRMS patients will often display 

with an initial clinically isolated syndrome (CIS) where the presence of an initial relapse 

or lesion is insufficient to satisfy the McDonald criteria for MS diagnosis, although CIS 
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will convert to bona fide MS in the majority of patients (Fisniku et al., 2008). In RRMS 

patients, the clinical phenotype is characterized by episodic worsening of disease 

followed by complete or partial functional recovery (Lublin and Reingold, 1996).  

Over time, RRMS patients typically transition to a progressive clinical course 

(secondary progressive MS or SPMS) where there is a progressive accumulation of 

functional deficits in the absence of disease relapses or functional recovery (Lublin and 

Reingold, 1996). Greater than 80% of RRMS patients will transition to a SPMS clinical 

course within 25 years of disease onset (Scalfari et al., 2010). Age and disease duration 

are the strongest factors associated with transition to SPMS, although other factors such 

as onset age, relapse rate and rate of brain atrophy may also contribute (Confavreux and 

Vukusic, 2006; Larochelle et al., 2016; Scalfari et al., 2010).  

In a subset of patients, MS presents as a primary progressive disease. In primary 

progressive MS (PPMS), there is a continuous worsening of disease in the absence of 

relapses. Compared to other forms of the disease, PPMS patients present with far fewer 

inflammatory lesions but a similar degree of neurodegeneration (Miller and Leary, 2007). 

The median age of onset for PPMS is similar to the age of transition to SPMS, and PPMS 

populations lack the sex effects seen with RRMS and SPMS, with a ratio of 

approximately 1 female to1 male (Tremlett et al., 2005).  

 Genetics strongly affect the risk of developing MS. Early family studies initially 

demonstrated a genetic component for MS risk, with the siblings of persons with MS 

having a 10- to 20- fold increased risk of developing the disease, and monozygotic twins 

having an even greater risk (Ebers et al., 1986, 1995). To date, the largest genome-wide 

association studies (GWAS) performed by the International Multiple Sclerosis Genetics 
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Consortium (IMSGC) have identified 233 replicable genetic variants linked with MS risk 

(IMSGC, 2019;  IMSGC, 2011). Identified variants implicate both the adaptive and innate 

arms of the immune system, with the strongest associations found within the major 

histocompatibility complex (MHC) genes (Compston et al., 1976). The strong link 

between genes associated with antigen presentation and lymphocyte activation indicates 

that MS is likely autoimmune in origin, although no single causative autoantigen has been 

identified. Additional genetic mapping has uncovered roles for the innate immune system 

and CNS-resident microglia (IMSGC, 2019), astrocytes (Ponath et al., 2018) and 

oligodendrocytes (Factor et al., 2020) in MS susceptibility. Investigations into genetic 

modifiers of onset age, disease severity and progression are currently limited, and 

significant variants have yet to be identified (Cotsapas 2018).  

Several environmental factors contribute to MS risk, severity and progression. 

Epstein-Barr virus (EBV) infection is strongly implicated in MS risk, with MS patients 

being 100% seropositive for EBV in stringently performed studies (Abrahamyan et al., 

2020; Pakpoor et al., 2013), and EBV infection broadly increases the risk of developing 

numerous autoimmune diseases (Harley et al., 2018). Thus, EBV infection may be 

required for developing MS, although EBV has yet to be demonstrated as a causative 

disease agent. Geography, specifically distance from the equator, is another significant 

MS risk factor (Simpson et al., 2011). The latitude gradient of MS has been replicated 

globally, and migration studies have demonstrated that immigrating to high-risk regions 

confers an increased risk of developing MS, with the greatest risk conferred when 

migrating early in life (Hammond, 2000). Latitudes influence on MS risk likely relates to 

sunlight exposure and vitamin D production, as low vitamin D levels and mutations in 
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vitamin D synthesis enzymes substantially increase MS risk (Mokry et al., 2015; Munger 

et al., 2004). Smoking and obesity are additional environmental risk factors that increase 

both the prevalence and severity of MS (Hedström et al., 2009; Munger et al., 2009). 

Importantly, genetic factors can compound with environmental risk factors, indicating 

that a complex interaction between genes and environment drives MS development 

(Hedström et al., 2017). 

Despite the identification of numerous risk factors associated with MS, the 

etiology of the disease is currently unknown. While numerous lines of evidence suggest 

that MS is an autoimmune disease, a single causative antigen has not been identified. 

Furthermore, there is considerable debate regarding the origin of autoimmunity in MS. 

Whether autoimmunity arises outside of the brain through mechanisms such as molecular 

mimicry (outside-in model), or in response to a local CNS event that triggers an immune 

response (inside-out model) is currently undetermined, although animal models indicate 

both are plausible (Titus et al., 2020).   

 

1.1.2 MS Progression 

 In comparison to MS relapses, which are driven by acute reversable inflammation 

and injury, MS progression is a consequence of chronic inflammation and cumulative, 

irreversible neurodegeneration (Trapp and Nave, 2008). Brain atrophy, cortical 

demyelination and diffuse white matter injury are detected in progressive MS patients in 

imaging and neuropathological studies, and are associated with disease progression 

(Bermel and Bakshi, 2006; Calabrese et al., 2009; Kutzelnigg et al., 2005). The 
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pathological correlates of these phenomena are the progressive loss of both neurons and 

axons, which is associated with chronic inflammation and aging (Datta et al., 2017; 

Klaver et al., 2015; Popescu et al., 2015). 

 It is currently unclear whether progressive and relapsing MS should be considered 

as distinct diseases or part of a single MS spectrum (Antel et al., 2012). This question is 

complicated by MS heterogeneity, where patients can present from a purely relapsing-

remitting disease to a purely progressive disease, and the observation that most but not all 

RRMS patients transition to SPMS. Furthermore, a high (but not perfect) concordance in 

MS phenotype is observed between siblings indicating that distinct genetic and 

environmental factors influence the risk of developing progressive vs relapsing MS 

(Oturai et al., 2004; Robertson et al., 1996). A similar median age of onset between 

SPMS and PPMS suggests that all MS may be a single disease with variable 

inflammatory activity (Confavreux and Vukusic, 2006), which is supported by similarities 

in imaging, neuropathology and drug responsiveness between SPMS and PPMS patients 

(Antel et al., 2012).  

 

1.1.3 MS Disease-Modifying Therapies 

 Therapeutic advances for the treatment of MS have accelerated over the last two 

decades, with 15 therapies currently approved for the treatment of RRMS. The first 

approved MS disease-modifying therapy (DMT) was interferon-b-1b, approved in 1993, 

followed by glatiramer acetate and interferon-b-1a. These early therapeutics are still 

considered “first-line” and display favorable safety profiles, but have lower efficacy than 
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more recently approved DMTs (Montalban et al., 2018). More potent immunosuppressive 

and/or immunomodulatory drugs, all of which target various immune cell populations, 

have subsequently been developed and approved. These newer generation DMTs are 

more effective than first-generation therapies but carry an increased risk of serious 

adverse side-effects associated with immunosuppression (Bloomgren et al., 2012). An 

overview of currently approved MS DMTs can be found in Table 1.1. 
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Table 1.1: Currently approved disease-modifying therapies for MS. 

DMT Trade 
Name 

Molecular 
Target 

Proposed Mechanism of 
Action 

Interferon-b-
1b 

Betaseron	 IFNAR1	&	
IFNAR2	

Broad-acting	immunomodulator	

Interferon-b-
1a 

Avonex	
Rebif	

IFNAR1	&	
IFNAR2	

Broad-acting	immunomodulator	

Glatiramer 
acetate 

Copaxone	 MHC	Class	II	 Synthetic	peptides	bind	MHC	
promiscuously	

Natalizumab Tysabri	 Alpha	4	beta	1	
integrin	

Prevents	lymphocyte	migration	
across	the	blood-brain	barrier	

Fingolimod Gilenya	 S1PR	 Limits	lymphocyte	egress	from	
lymphatic	tissue	

Teriflunomide Aubagio	 Dihydroorotate	
dehydrogenase	

Limits	pyrimidine	synthesis	and	
expansion	of	rapidly	dividing	
lymphocytes	

Dimethyl 
fumarate 

Tecfidera	 NRF2,	HCAR1,	
NF-kB,	GSDMD	

Induces	antioxidant	gene	
expression	
	
Inhibits	pro-inflammatory	
signaling	pathways	
	
Induces	apoptosis	of	circulating	
lymphocytes	

Alemtuzumab Lemtrada	 CD52	 Depletes	CD52	expressing	
lymphocytes	

Cladribine Mavenclad	 Purine	analog	 Disrupts	DNA	synthesis	and	
repair,	preferentially	induces	
lymphocyte	apoptosis		

Ocrelizumab Ocrevus	 CD20	 Depletes	CD20	expressing	B	cells	
Minocycline Minocin	 	 Immunomodulatory,	suppresses	

microglial	activation	
Ozanimod 
Siponimod 

Zeposia	
Mayzent	

S1PR	 Limits	lymphocyte	egress	from	
lymphatic	tissue	

Ofantumumab Kisempta	 CD20	 Depletes	CD20	expressing	B	cells	
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 Currently, debate exists regarding whether MS patients should or should not 

receive early aggressive treatment. Considerable evidence demonstrates that early therapy 

improves long-term outcomes in MS patients and has dramatically altered the modern 

prognosis of the disease (Cree et al., 2016). More aggressive early therapies are 

associated with better long-term outcomes than “first-line” therapies such as interferons 

(Brown et al., 2019), indicating that limiting relapses will dramatically reduce disease 

accumulation, although this approach carries increased risk. 

 All DMTs, with the exception of B cell depleting therapies and S1PR modulators, 

have failed to benefit progressive MS patients. Furthermore, while B cell depletion and 

new S1PR modulators modestly slow progression in clinical trials, no DMTs can halt or 

reverse progression in MS. As such, the development of next-generation MS therapeutics 

that can promote neuroprotection and stimulate myelin repair will be essential to treat 

progressive MS (Plemel et al., 2017). 

 The most potent MS therapy to date is hematopoietic stem cell transplantation 

(HSCT), although it is an invasive procedure associated with a significant (~2%) risk of 

mortality (Sormani et al., 2017). In a subset of young MS patients with aggressive RRMS, 

HSCT completely halted disease activity and brain atrophy up to a decade post 

transplantation (Atkins et al., 2016). This dramatic effect has not been observed in all 

HSCT recipients, and patients who are older and/or have progressive forms of MS see a 

significantly increased risk of returning disease activity (Muraro et al., 2017; Sormani et 

al., 2017). These trials support that MS is an autoimmune disease and demonstrates that 

“resetting” a patient’s immune system is sufficient to halt the disease if performed early. 
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1.2 Multiple Sclerosis Neuropathology 

Several pathological hallmarks separate MS from other neurological disorders, the 

most prominent being the presence of focal demyelinating lesions disseminated 

throughout the brain and spinal cord. Histopathology, in combination with neuroimaging, 

has provided substantial insight into the understanding of MS lesions and pathogenesis. 

Within MS lesions, there is an obvious loss of mature oligodendrocytes and myelin 

sheaths, and lesions may contain various populations of peripheral immune cells and 

activated glial cells (Lassmann, 1983). These MS lesions can be readily detected using 

routine magnetic resonance imaging (MRI), and the majority are observed within the 

CNS white matter, often surrounding blood vessels. Grey matter lesions may also be 

observed in subpial, intracortical or leukocortical (spanning the grey and white matter) 

regions. In addition to anatomical location, MS lesions are classified based on their 

inflammatory and demyelinating phenotypes. Currently, MS lesions are broadly classified 

as either active, mixed active/inactive or inactive depending on macrophage/microglia 

activity and demyelination (Kuhlmann et al., 2017) (Figure 1.1). 
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Figure 1.1: Overview of MS lesion classification. 

MS lesions are initially active, with abundant inflammatory infiltrates and numerous 
macrophages/microglia actively breaking down myelin debris. MS lesions progress to a 
mixed active/inactive phenotype with an active rim and an inactive demyelinated center. 
Over time, MS lesions can progress to an inactive state devoid of myelin with pronounced 
scarring. MS lesions can spontaneously remyelinate, although this is more apparent in 
early lesions. Figure illustrates glial and myeloid cell responses in MS. Original figure. 
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Active lesions represent the initial MS lesion phenotype and are common in 

patients with early RRMS. The prevalence of active MS lesions decreases with age and 

disease progression making them uncommon in post-mortem tissue repositories, although 

they are occasionally sampled via biopsy. Active lesions are densely populated with pro-

inflammatory macrophages and microglia, perivascular T cells and B cells and extensive 

blood-brain barrier (BBB) leakage (Henderson et al., 2009). These active lesions can be 

detected in vivo on the basis of gadolinium-enhanced MRI, which is sensitive to BBB 

breakdown (Brück et al., 1997; Gaitán et al., 2011). Myelin inclusions are observed 

within macrophages/microglia, and the extent of myelin breakdown can be used to 

determine if lesions are early, late or post demyelinating (Brück et al., 1995). 

With time, active lesions will progress to a mixed active/inactive stage that 

contains an actively inflamed rim and a hypocellular center that is devoid of 

macrophages/microglia. The inactive center of these lesions contains hypertrophic 

astrocytes as part of the glial scar (Brosnan and Raine, 2013). These mixed lesions may or 

may not be expanding based on the presence of myelin breakdown in the lesion rim, and 

expanding lesions are commonly referred to as “smoldering”. A key pathological feature 

of these lesions is the presence of iron accumulation in macrophages and microglia within 

the lesion rim, which concentrates from iron-rich myelin debris (Hametner et al., 2013). 

Due to this iron accumulation MRI can detect lesions with paramagnetic rims, and 

longitudinal tracking demonstrates that these lesions frequently expand over time 

(Bagnato et al., 2011; Dal-Bianco et al., 2017). Eventually, lesions will progress to an 

inactive phenotype, with minimal inflammatory activity, chronic demyelination and 

sparse axonal degeneration within and surrounding the lesion (Dal-Bianco et al., 2021).  
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In addition to myelin degeneration, prominent axonal injury is observed in MS 

lesions. The number of axonal transections is related to inflammation, with active MS 

lesions having the greatest number (Trapp et al., 1998). Furthermore, axonal injury in MS 

correlates with chronic inflammation across all MS disease courses, suggesting that 

neurodegeneration is dependent on inflammation (Frischer et al., 2009). Morphologically, 

axonal injury begins as reversable swellings in close proximity to activated 

macrophages/microglia, often at nodes of Ranvier or demyelinated axon segments, before 

converting to transections with the presence of retraction bulbs (Nikić et al., 2011; Witte 

et al., 2019). Within the CNS of MS patients, there is an estimated 40-80 percent loss of 

axons depending on brain region and relation to existing lesions (Bjartmar et al., 2000), 

resulting from various forms of pathological neurodegeneration. In MS patients, areas of 

axonal loss can be readily observed as both “black holes” and reduced magnetization 

transfer ratios using MRI (van Waesberghe et al., 1999), while brain atrophy detects 

widespread neurodegeneration (Filippi et al., 2012; Popescu et al., 2015). 

Following demyelination, lesions can undergo spontaneous remyelination and 

repair. These remyelinated lesions are referred to as “shadow plaques” due to detectable 

but less intense myelin staining throughout the lesion. Inspection of these lesions 

demonstrates thinner myelin sheaths and shorter internodes (Lassmann, 1983), which is 

indicative of remyelination (Gledhill and McDonald, 1977). Remyelination of MS lesions 

typically occurs immediately following demyelination in active lesions (Prineas et al., 

1993), while inactive lesions often only display slight remyelination around the lesion 

border (Ozawa et al., 1994). The presence of remyelinated lesions also varies by patient, 

with a subset of MS patients showing frequent remyelination (Patrikios et al., 2006). 
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Remyelination capacity decreases with age, disease duration and transition to progressive 

MS, implicating impaired remyelination as a driver of MS progression (Frischer et al., 

2015). Highlighting the neuroprotective role of remyelination, axonal degeneration is 

nearly absent in shadow plaques (Kornek et al., 2000), and thus, remyelination failure 

renders axons susceptible to injury in MS.  

MS also significantly affects the grey matter, with grey matter pathology 

commonly found in both the neocortex and deeper grey matter structures. Cortical lesions 

are inflammatory, often associated with meningeal B cell-rich follicles, and demonstrate 

multiple pathological features including demyelination, neurite transection and dying 

neurons (Howell et al., 2011; Lucchinetti et al., 2011; Peterson et al., 2001). Hippocampal 

demyelination can be extensive in MS patients, and is associated with synaptic pathology 

and cognitive impairment (Dutta et al., 2011; Geurts et al., 2007; Sicotte et al., 2008). 

Additionally, deep grey matter structures (such as the thalamus) often contain lesions that 

have expanded from adjacent white matter (Vercellino et al., 2009). Grey matter 

pathology and atrophy are more prevalent in progressive MS, and deep grey matter 

atrophy significantly correlates with disability accumulation in both progressive and 

relapsing MS patients (Eshaghi et al., 2018b, 2018a). 

 

1.3 Animal Models of Multiple Sclerosis 

1.3.1 Experimental Autoimmune Encephalomyelitis 

Experimental autoimmune encephalomyelitis (EAE) was the first MS animal 

model developed. EAE was initially described in 1925, when it was observed that rabbits 
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inoculated with brain homogenates developed myelitis (Koritschoner & Schweinburg, 

1925). EAE was further advanced with the development of the first primate model in 

1933 (Rivers et al., 1933), followed by the use of adjuvants to induce robust disease in 

both non-human primates and rodents (Freund et al., 1947; Kabat et al., 1946). Currently, 

there are numerous EAE variants that can be induced using various combinations of 

myelin antigens and animal species/strains. A common feature of EAE is the ability to 

transfer disease by transferring myelin-reactive T cells to unaffected animals (Ben-Nun et 

al., 1981). Therefore EAE is a T cell dependent model, and mice with transgenic myelin-

reactive T cell receptors develop spontaneous EAE (Bettelli et al., 2003; Goverman et al., 

1993). Currently, the most common EAE model utilized is the C57BL6-MOG35-55 model 

(Gold et al., 2006), where mice are immunized with MOG35-55 peptide and develop a 

uniphasic disease consisting of ascending paralysis followed by spontaneous remission 

and partial recovery of motor function.  

 Following EAE induction by immunization with myelin antigens, there is an 

initial expansion of autoreactive interferon g (IFNg) (Th1) and IL-17 (Th17) producing 

pro-inflammatory helper T cells in peripheral lymphoid tissue. Circulating myelin-

reactive T cells are then reactivated at CNS borders by dendritic cells presenting myelin 

epitopes via MHC class II molecules (Mundt et al., 2019). Reactivated T cells infiltrate 

the CNS and generate focal inflammatory lesions. Within lesions, activation of 

macrophages/microglia and astrocytes induces the destruction of oligodendrocytes, 

myelin sheaths and axons though multiple pathogenic mechanisms (See pg. 26). 

Following an acute inflammatory phase, upregulation of immunosuppressive cytokines 
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limits inflammation and induces recovery of EAE lesions (Khoury et al., 1992). During 

EAE remission, oligodendrocytes remyelinate axons leading to functional motor recovery 

although axonal loss prevents full recovery (Wujek et al., 2002).  

The relevance of EAE to MS is an important consideration, as no EAE model 

fully recapitulates MS and many therapeutics with efficacy in EAE have failed to benefit 

(or even worsened) human MS in clinical trials (“TNF neutralization in MS,” 1999; van 

Oosten et al., 1996). While certain pathological features of MS are present in EAE, there 

are fundamental differences between the two. Neuropathological analysis of MS, human 

autoimmune encephalomyelitis and multiple EAE models indicates features such as 

slowly expanding lesions, shadow plaques and oxidative injury are lacking in EAE 

(Höftberger et al., 2015), although some EAE models display a subset of features. 

 

1.3.2 Lysolecithin-induced demyelination  

 The lysolecithin animal model is a model of chemical demyelination and 

subsequent remyelination. Here, lysolecithin (lysophosphotidylcholine or LPC) is 

stereotaxically injected into the CNS white matter, typically the corpus callosum or the 

dorsal/ventral columns of the spinal cord. Following injection, lysolecithin non-

specifically disrupts lipid membranes, solubilizing myelin sheaths and killing glial cells 

within the injection site (Gent et al., 1964; Plemel et al., 2018). Importantly, lysolecithin 

injection spares axons although some axonal injury does occur (Höflich et al., 2016; 

Schultz et al., 2017). A key feature of the lysolecithin model is the stereotyped stages of 

lesion pathology (Figure 1.2).     
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Figure 1.2: Time course of myelin and inflammatory pathology following 
lysolecithin-induced demyelination. 

Injection of lysolecithin results in the rapid destruction of myelin sheaths at the injection 
site, which is followed by the recruitment, proliferation and differentiation of 
oligodendrocyte progenitor cells (OPCs). During demyelination and remyelination, there 
is a concurrent inflammatory response that begins with the recruitment and pro-
inflammatory activation of immune cells, predominantly macrophages and microglia. 
Following this pro-inflammatory phase, immune cells transition to an anti-inflammatory 
and pro-regenerative phenotype that supports OPC differentiation and myelin repair. 
Gradually, lesions will remyelinate and inflammation will resolve. Original figure. 
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Immediately after injection of lysolecithin, myelin vacuolization, glial cell death 

and BBB breakdown occur (Hall, 1972; Ousman and David, 2000; Plemel et al., 2018). 

This is followed by the upregulation of pro-inflammatory and chemotactic molecules, 

which in conjunction with a disrupted BBB, attracts activated peripheral immune cells 

and brain-resident microglia into the lesion site (Ousman and David, 2000). During this 

phase, infiltrating myeloid cells engulf degenerating myelin within the lesion site 

(Tipperman et al., 1984; Triarhou and Herndon, 1985). The removal of myelin debris and 

subsequent intracellular breakdown is essential to initiate the repair process, and 

impairments in myelin phagocytosis result in slowed or incomplete myelin regeneration 

(Kotter et al., 2006; Triarhou and Herndon, 1985). Within the early lesion, microglia and 

macrophages exhibit a pro-inflammatory state that prepares the lesion for repair, 

recruiting progenitor cells to the lesion and inducing their proliferation (Arnett et al., 

2001; Cunha et al., 2020; Foote and Blakemore, 2005; Miron et al., 2013). Inhibiting this 

acute pro-inflammatory response slows lesion repair.  

Gradually, the pro-inflammatory phenotype of the lesion transitions to an anti-

inflammatory state, which peaks 10-14 days following the lysolecithin injection (Miron et 

al., 2013). During this phase, oligodendrocyte progenitor cells (OPCs) begin to mature 

and differentiate, remyelinating axons. Over the following weeks, remyelination will 

progress with the coincident loss of lesional macrophages and the invasion of reactive 

astrocytes from the lesion border (Jeffery and Blakemore, 1995). This progression of 

lysolecithin lesions has been confirmed using non-invasive imaging methods, 

demonstrating the gradual loss of activated immune cells, increasing myelin content and 
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reduction in lesion size over time (de Paula Faria et al., 2014; Dousset et al., 1995; Luo et 

al., 2019).  

 In comparison to EAE, lysolecithin-induced demyelination has several advantages 

and disadvantages. During EAE, the temporal and spatial distribution of lesions is 

unknown, impairing the ability to track lesion progression and repair. Furthermore, EAE 

pathology is primarily dependent on adaptive immune responses, making investigating 

the relative contributions of other cell types such as innate immune cells or 

oligodendrocytes challenging. Lysolecithin-induced focal demyelination benefits from 

having a known anatomical location, timing of lesion formation and stereotyped 

pathology. As such, this model allows for the differentiation between lesion stages and 

the direct comparison between groups when investigating myelin repair. While 

lysolecithin is the superior model to assess remyelination, these lesions are a poor model 

to investigate demyelination and lesion formation, as the application of an exogenous 

toxin lacks immune-mediated myelin destruction seen in MS.  

 

1.3.3 Cuprizone-Induced Demyelination 

Cuprizone intoxication is a common model utilized to study CNS demyelination 

and remyelination. In cuprizone-induced demyelination, rodents are fed a diet 

supplemented with the copper chelator cuprizone for consecutive weeks. Chronic 

exposure to cuprizone results in significant oligodendrocyte toxicity in white matter 

tracts, particularly the corpus callosum. Microgliosis, astrogliosis and axonal injury are 

also prominent features in this model. Although cuprizone’s precise mechanism of action 
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has yet to be established, mitochondrial and metabolic disfunction in oligodendrocytes 

followed by their death via apoptosis is apparent (Hesse et al., 2010; Matsushima and 

Morell, 2001). Multiple inflammatory factors have also been demonstrated to modify 

demyelination, suggesting that a pro-inflammatory microenvironment is required for 

oligodendrocyte death in this model (Pasquini et al., 2007). Consequently, microglial 

depletion or defective recruitment of microglia protects against demyelination despite 

significant oligodendrocyte injury (Marzan et al., 2021; Skripuletz et al., 2013). 

Following intoxication, cuprizone is withdrawn from the diet resulting in spontaneous 

remyelination from endogenous OPCs, although long-term intoxication depletes the OPC 

pool resulting in remyelination failure (Ludwin, 1980). 

 While this model benefits from ease of administration and some pathological 

similarity to MS lesions, a major drawback of the cuprizone model is that demyelination 

and spontaneous remyelination occur concurrently (Mason et al., 2000). As a result, 

inflammatory and myelin pathology can become obscured due to multiple ongoing 

processes, requiring extended cuprizone feedings of a minimum of 5 weeks prior to 

withdrawal to properly assess remyelination. 

 

1.3.4 Other Animal Models  

 Stemming from the hypothesis that viral infection may trigger MS, models of 

virus-induced demyelination are commonly utilized. Several viruses including Theiler’s 

murine encephalomyelitis virus (TMEV) and the neurotrophic coronavirus JHMV 

generate spontaneous MS-like demyelination in rodents. These models are dependent on 
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an adaptive immune response, as immunodeficient Scid mice can only develop disease 

upon T cell adoptive transfer from wild-type mice (Houtman et al., 1995; Rodriguez et 

al., 1996). Thus, these are valuable models when investigating mechanisms of molecular 

mimicry and epitope spreading in demyelinating disease. 

 Although most animal models discussed have focused on rodents, there have been 

efforts to model MS is several species. Induction of EAE in non-human primates, 

particularly marmoset monkeys, more faithfully replicates aspects of MS due to their 

close phylogenetic relation to humans (’t Hart and Massacesi, 2009). Thus, preclinical 

and pathological studies in these animals is highly valuable. MS models using smaller 

vertebrates have also been developed to allow for rapid high-throughput screening of 

small-molecules and genetic modifiers in vivo. These include models of toxin-induced 

demyelination and neuroinflammation in zebrafish and xenopus tadpoles (Karttunen and 

Lyons, 2019; Mannioui and Zalc, 2019; Quintana et al., 2010). As these smaller 

vertebrates are highly amenable to genetic manipulation and in vivo imaging, they can 

also be utilized to efficiently track demyelination and remyelination and investigate the 

contributions of specific molecular pathways to pathology (Cunha et al., 2020).  

 Finally, immune-mediated models of focal demyelination exist which may 

provide an alternative to the lysolecithin model. For example, stereotaxic injection of 

myelin-reactive antibodies in conjunction with complement (Saadoun et al., 2010), pro-

inflammatory cytokines into the CNS of EAE mice (Merkler et al., 2006), or toll-like 

receptor (TLR) agonists (Schonberg et al., 2007) all induce inflammatory demyelination 

that partially recapitulates aspects of MS-associated demyelination. 
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1.4 Cell-Type Specific Contributions to Myelin Injury and Repair 

1.4.1 T and B Cells 

Lymphocytes are essential for the initiation of lesion formation and myelin injury 

in MS. The substantial genetic contributions of MHC class II genes implicates CD4+ T 

cells in the development and pathology of MS. CD4+ T cells displaying reactivity to 

multiple myelin antigens can be readily detected in MS patients (Bielekova et al., 2004), 

which are skewed to pro-inflammatory Th1 and/or Th17 phenotypes (Carbajal et al., 

2015). In the parenchyma and CSF of MS patients, pathogenic pro-inflammatory CD4+ T 

cells expressing IFNg, IL-17 and/or GM-CSF can be readily detected (Brucklacher-

Waldert et al., 2009; Galli et al., 2019; Kebir et al., 2007; Schafflick et al., 2020). Given 

that Th1 and Th17 polarized T cells are the key drivers of EAE pathology (Langrish et al., 

2005; Voskuhl et al., 1993), myelin-reactive T helper cells are likely pathogenic in MS. 

Similar to T helper cells, clonally-expanded myelin-reactive CD8+ cytotoxic T 

cells are detected in MS patients (Crawford et al., 2004) and are far more prevalent in MS 

lesions (Babbe et al., 2000). During active demyelination, CD8+ T cells infiltrate the brain 

parenchyma, demonstrate signs of reactivation (Fransen et al., 2020), and may contribute 

to oligodendrocyte death and demyelination through death receptor signaling or the 

granzyme-perforin pathway (van Nierop et al., 2017; Wagner et al., 2019).  

The role of B cells in MS pathogenesis has received substantial interest in recent 

years due to the high therapeutic efficacy of B cell targeting therapies. B cells may 

mediate autoimmunity in MS via antibody-dependent or -independent mechanisms. 

Within MS tissue, autoantibodies and activation of the complement system can be found 
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associated with degenerating myelin (Genain et al., 1999; Storch et al., 1998), and lesions 

characterized by antibody and complement deposition are the most common MS lesion 

phenotype (Lucchinetti et al., 2000). However, the identity of a single dominant 

autoantibody target in MS has not been proven to date, with MS autoantibodies directed 

towards numerous CNS targets including myelin, neuronal and axonal antigens (Kuerten 

et al., 2020). Antibody-independent functions of B cells have been suggested to underly 

the efficacy of B cell depletion therapy in MS, as CD20 depletion does not substantially 

affect plasma cell populations and therapeutic efficacy emerges prior to any detectible 

changes in antibody levels (Li et al., 2018). Within MS patient populations, there is an 

expansion of pathogenic, pro-inflammatory memory B cells with increased cytokine 

secretion and MHC class II expression (Jelcic et al., 2018; Li et al., 2015). B cell 

depletion therapies subsequently reduce T cell activation, proliferation, and macrophage 

activation, implicating B cells as key regulators of autoimmunity in MS (Jelcic et al., 

2018; R. Li et al., 2015; Sabatino et al., 2019). Within the CNS compartment, there is also 

an expansion of pro-inflammatory B cells (Ramesh et al., 2020), and the presence of 

meningeal B cell-rich follicles is often associated with cortical lesions (Magliozzi et al., 

2007). 

 

1.4.2 Astrocytes 

Astrocytes are distributed throughout the CNS, making up approximately 30% of all 

cells, and play critical roles in both normal homeostatic functions and myelin injury. 

Astrocytes perform a variety of support functions, including making up the glia limitans, 
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a key CNS barrier, and ensuring proper extracellular concentrations of glutamate, 

potassium and water (Weber and Barros, 2015). Astrocytes also contribute to normal 

neuronal function by providing metabolic and trophic support for neurons, controlling 

synaptogenesis/synapse elimination, and regulating neuronal activity (Allen et al., 2012; 

Pfrieger and Barres, 1997). In addition, astrocytes are critical responders to injury and 

inflammation in the CNS (Liddelow and Barres, 2017). Astrogliosis and astrocyte 

reactivity are prominent pathological features in all neurological diseases, from 

neuroinflammatory diseases such as MS to classical neurodegenerative diseases such as 

Alzheimer’s disease. Given the diverse roles of astrocytes in both homeostatic and 

diseased states, it is unsurprising that astrocytes have been extensively investigated in MS 

and its animal models. 

Astrocyte hypertrophy, proliferation and the formation of a “glial scar” has been a 

long-established phenomenon following CNS injury (Friede, 1962). The function of the 

glial scar, whether it is protective or detrimental, has been heavily debated (Williams et 

al., 2007). Generally considered to act as a barrier to tissue repair and regeneration, 

reactive astrocytes that form the glial scar secrete factors such as chondroitin sulfate 

proteoglycans (CSPGs), which block axon outgrowth and oligodendrocyte differentiation 

(Back et al., 2005). However, reports have also demonstrated that astrocytic scar 

formation promotes, rather than inhibits, regeneration following injury and ablating 

reactive astrocytes is insufficient to promote CNS regeneration (Anderson et al., 2016). In 

response to injury, astrocytes secrete growth factors, such as PDGF and IGF-1, that are 

critical to promote myelin repair in the CNS (Komoly et al., 1992; Raff et al., 1988). 



 25 

Thus, the contribution of astrocytes to repair following injury is complex, with astrocytes 

playing both protective and detrimental roles. 

During neuroinflammation, astrocytes can adopt a neurotoxic “A1” phenotype in 

response to soluble inflammatory mediators released by microglia (Liddelow et al., 2017). 

These neurotoxic reactive astrocytes lose their normal homeostatic functions and begin 

secreting an undefined neurotoxic factor or factors that potently kill neurons and 

contribute to neurodegeneration in multiple disease contexts (Nagai et al., 2007; Shi et al., 

2017). Astrocytes activated by pro-inflammatory microglia also suppress OPC 

differentiation (Moore et al., 2015), suggesting that astrocytes may influence 

remyelination failure in MS. Control of astrocyte activation by microglia contributes to 

injury and inflammation in EAE and MS (Rothhammer et al., 2018), and pathogenic 

astrocyte phenotypes can arise following autoimmune demyelination in response to 

multiple factors including inflammatory cytokines, endoplasmic reticulum stress and 

metabolic dysfunction (Chao et al., 2019; Wheeler et al., 2020, 2019).  

In MS, the phenotype of astrocytes varies depending on lesion stage. In acute lesions 

undergoing active demyelination, there is the presence of hypertrophic astrocytes that 

upregulate markers including GFAP and MHC (Class I and II) molecules (Ransohoff and 

Estes, 1991), cytokines and chemokines (Sørensen et al., 1999) and contain myelin 

inclusions within their cytoplasm (Lee et al., 1990). Furthermore, astrocytes expressing 

“A1” markers including complement component 3 (C3), complement factor B (CFB) and 

interferon-induced GTP-binding protein MX1 are prevalent in active but not inactive MS 

lesions, consistent with their induction by pro-inflammatory macrophages and microglia 

(Liddelow et al., 2017). Within inactive lesions, hypertrophic astrocytes forming a glial 
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scar are abundant and express lower levels of cytokines and chemokines (Cannella and 

Raine, 1995). Here, the glial scar likely helps restore BBB function, limit injury to 

surrounding tissue and provide support to demyelinated axons (Raposo and Schwartz, 

2014). 

 

1.4.3 Oligodendrocytes 

 Oligodendrocytes are the myelinating cells of the CNS. Myelination of axons by 

oligodendrocytes is essential for saltatory conduction of action potentials, allowing for 

rapid intercellular communication between neurons (Hartline and Colman, 2007; Huxley 

and Stämpeli, 1949). Myelination also provides metabolic support for axons, which is 

particularly important in the context of rapid action potential firing (Saab et al., 2016). 

Thus, it is unsurprising that demyelinating diseases, such as MS, result in significant 

functional deficits as a result of demyelination and oligodendrocyte loss. The formation 

and maintenance of myelin has massive energetic demands (Harris and Attwell, 2012), 

leaving mature oligodendrocytes particularly vulnerable to injury and death in 

pathological states (Pantoni et al., 1996). Soluble inflammatory cytokines (Selmaj and 

Raine, 1988), contact-dependent death signaling (D’Souza et al., 1996), cytolytic 

lymphocytes (Jurewicz et al., 1998), oxidative stress (Smith et al., 1999), and excitatory 

neurotransmitters (Pitt et al., 2000) have all been implicated as causal factors that induce 

demyelination in MS and its animal models, although the precise mechanisms that cause 

oligodendrocytes to die are incompletely understood.  
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 Oligodendrocyte progenitor cells (OPCs) are an abundant stem cell population 

distributed across the CNS (Pringle et al., 1992). These progenitors are a regenerative 

reserve for myelin and can continue to differentiate throughout adult life (Rivers et al., 

2008). In response to a variety of factors and/or signaling molecules, OPCs can be 

stimulated to migrate, proliferate, differentiate and myelinate within the CNS. Given that 

OPCs represent an abundant progenitor cell pool, their capacity to repair and remyelinate 

the CNS following demyelination has been heavily investigated. Following 

demyelination, chemoattractive molecules, growth factors and pro-inflammatory 

cytokines induce OPC migration and proliferation within sites of demyelination. This 

increase in OPC numbers is essential to heighten repair capacity; insufficient OPC 

numbers as a result of defective migration or proliferation results in poor remyelination 

(Arnett et al., 2001; Foote and Blakemore, 2005; Woodruff et al., 2004). Following OPC 

influx, OPCs begin to differentiate into post-mitotic oligodendrocytes through a series of 

stages. The majority of MS lesions contain oligodendrocytes that are halted in a pre-

myelinating stage due to multiple factors within the MS lesion milieu (Chang et al., 2002; 

Wolswijk, 1998), although insufficient OPC migration contributes to remyelination 

failure in some lesions (Boyd et al., 2013). As a consequence, substantial effort has been 

invested to determine factors that halt remyelination in MS. Endogenous inhibitors of 

OPC differentiation, such as CSPGs, are highly expressed in MS lesions and may present 

a barrier for remyelination (Lau et al., 2012; Mi et al., 2007; L. E. Rivers et al., 2008). 

Remyelination not only restores conduction velocities, but also contributes towards the 

neuroprotective and trophic elements needed to support axons. Thus, in addition to 
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promoting recovery from relapses, it is hypothesized that efficient remyelination will be a 

powerful tool to protect neurons and limit progression in MS. 

Although it was assumed that CNS remyelination derived almost entirely from 

oligodendrocyte progenitor cells (Crawford et al., 2016), several recent studies have 

demonstrated that mature oligodendrocytes have the potential to extend new processes 

and remyelinate axons. The potential for mature oligodendrocytes to remyelinate axons is 

supported by multiple lines of evidence including single-nuclei RNA sequencing (Jäkel et 

al., 2019), carbon-dating (Yeung et al., 2019), in vivo imaging (Bacmeister et al., 2020) 

and ultrastructural analysis (Duncan et al., 2018). Oligodendrocyte cell bodies have been 

demonstrated to survive injury to myelin sheaths in MS (Ozawa et al., 1994; Romanelli et 

al., 2016), and oligodendrocytes can re-extend processes following sublethal injury (Cui 

et al., 2017). Therefore, the evidence that surviving mature oligodendrocytes can 

remyelinate axons has several implications, including: 1) therapies that prevent 

oligodendrocyte cell death may preserve regenerative capacity in MS, and 2) animal 

models that eliminate the entire population of mature oligodendrocytes may provide an 

incomplete view of remyelination. 

 

1.4.4 Microglia and Macrophages 

Macrophages are myeloid lineage innate immune cells found in most tissues, and 

are important for multiple functions ranging from initiating immune responses to 

maintaining tissue homeostasis (Okabe and Medzhitov, 2016). Microglia are brain-

resident macrophages that have an ontogeny distinct from other myeloid cells, deriving 
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from embryonic yolk-sac macrophages that inhabit the CNS during early fetal 

development (Ginhoux et al., 2010). Under normal conditions, microglia are long-lived 

glial cells that self-renew within the CNS with minimal contribution from circulating 

monocytes (Ajami et al., 2007). However, during pathological conditions such as 

demyelination, microglia expand and peripheral macrophages infiltrate the CNS to carry 

out effector functions (Jordão et al., 2019; Plemel et al., 2020). Both microglia and 

macrophages differ in their inflammatory responses and functions in the CNS 

(Greenhalgh et al., 2018; Greenhalgh and David, 2014; Yamasaki et al., 2014), 

emphasizing that these cells should be considered as distinct populations when 

investigating their roles within the pathological CNS.  

 

1.4.4.1 Activation and Polarization 

 Polarization is the process through which macrophages and microglia acquire 

distinct functional phenotypes based on context-dependent signals. While the concept of 

variable macrophage activation states was first described in the early 1990’s (Stein et al., 

1992), the M1/M2 nomenclature was proposed based on phenotypic differences between 

macrophages derived from mouse strains with dominant Th1 or Th2 T cell responses 

(Mills et al., 2000). These polarization states can be broadly characterized as resting 

(M0), pro-inflammatory (M1) or anti-inflammatory (M2) phenotypes. These phenotypes 

likely evolved to efficiently respond to specific pathogens, with M1 macrophages 

performing anti-microbial and destructive functions while M2 macrophages promote 
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tissue repair and fibrosis to limit destruction caused by multicellular invaders such as 

parasites (Allen and Wynn, 2011). 

 Investigations of both animal models and post-mortem MS tissue has 

demonstrated a spectrum of macrophage polarization that varies depending on multiple 

factors. In EAE, pro-inflammatory macrophages and microglia expressing the classic M1 

marker inducible nitric oxide synthase (iNOS) dominate early lesions, but transition to an 

anti-inflammatory, arginase-1 (Arg1) expressing M2 phenotype that suppresses 

inflammation (Giles et al., 2018). In vivo imaging confirms this pro- to anti-inflammatory 

shift in macrophage phenotype, demonstrating that infiltrating macrophages are initially 

M1 polarized and gradually transition to an M2 phenotype, which includes an 

intermediate phase where both M1 and M2 markers are expressed (Locatelli et al., 2018). 

This pattern of activation is mirrored in lysolecithin-induced demyelination, where 

macrophages and microglia are M1-polarized following demyelination, but either 

transition to a M2 phenotype or undergo programmed cell death and replacement by M2-

polarized cells (Lloyd et al., 2019; Miron et al., 2013). The shift from a M1 to M2 

phenotype is mediated by several factors including a reduction in pro-inflammatory 

danger signals, myelin phagocytosis, immunosuppressive cytokines and astrocyte-derived 

mediators (Kroner et al., 2014; Locatelli et al., 2018; Stout et al., 2005). Functionally, this 

phenotypic shift is essential for repair, with M2 myeloid cells performing multiple 

beneficial functions including phagocytosis and growth-factor secretion that support 

remyelination (Butovsky et al., 2006; Durafourt et al., 2012; Miron et al., 2013).  

Within MS lesions, phagocytes express polarization markers dependent on lesion 

stage and distribution. Within active lesions, the majority of macrophages and microglia 
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simultaneously express both M1 and M2 markers, indicating that these cells have an 

intermediate activation status (Miron et al., 2013; Vogel et al., 2013). In mixed 

active/inactive and inactive lesions, expression of classic M2 markers is markedly 

reduced or absent (Miron et al., 2013; Vogel et al., 2013), although pro-inflammatory 

myeloid cells are present at a higher concentration in active lesion rims (Giles et al., 

2018). Imaging mass cytometry of MS lesions identified multiple clusters of 

inflammatory phenotypes and suggests that macrophages and microglia are initially pro-

inflammatory before transitioning to a less inflamed, chronically inactive state (Park et 

al., 2019).  Given that macrophages and microglia in MS lesions fail to efficiently 

transition to an M2 phenotype, strategies that encourage a phenotypic shift may promote 

brain repair and functional recovery.  

Despite its usefulness, the macrophage polarization paradigm is an 

oversimplification, which has led to this paradigm being partially abandoned for a more 

nuanced view of macrophage and microglial function (Martinez and Gordon, 2014; 

Ransohoff, 2016a). The M1/M2 paradigm does not sufficiently explain in vivo 

phenotypes, account for differences in cell lineage or anatomical distribution, or align 

with the spectrum of phenotypes observed when using methods such as RNA-sequencing 

and mass cytometry. 

Recently, high-dimensional “omics” technologies have changed our perspectives 

on myeloid cell heterogeneity and activation in the CNS, and have provided insight into 

the roles and molecular phenotypes of myeloid cells in the context of MS and its models. 

Based on RNA sequencing, it was observed that microglia transition to a 

neurodegenerative phenotype that is associated with lost homeostatic and tolerogenic 
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function in an apolipoprotein E (ApoE)- triggering receptor expressed on myeloid cells 2 

(TREM2) dependent manner in multiple pathological states (Krasemann et al., 2017). 

Single-cell RNA sequencing of EAE spinal cords, the brains of cuprizone fed mice and 

demyelinated lysolecithin lesions (5 and 7 DPI) have all corroborated the emergence of 

this neurodegenerative microglial phenotype (Hammond et al., 2019; Jordão et al., 2019; 

Masuda et al., 2019; Plemel et al., 2020). Neuropathological and single cell analysis 

demonstrates a similar loss of homeostatic microglial phenotype in MS lesions, 

particularly active lesions, with increases in genes associated with inflammation and 

antigen presentation (Böttcher et al., 2020; Masuda et al., 2019; Zrzavy et al., 2017). 

 

1.4.4.2 Phagocytosis 

Phagocytosis is the process through which cells recognize, engulf, and digest large 

particles (>0.5 microns), including, but not limited to, bacteria, apoptotic cells, and cell 

debris. Phagocytosis is a receptor-mediated process involving three major steps: “find 

me,” “eat me,” and “digest me,” with each of these steps being regulated by multiple 

receptors, unique molecules, and signaling pathways. Phagocytosis is typically carried out 

by professional phagocytes such dendritic cells, microglia or macrophages, although other 

cell types may also perform this function. 

Destruction of myelin sheaths within the CNS, as occurs in MS, produces 

degenerating myelin at sites of injury and inflammation. This myelin debris must be 

phagocytosed and cleared from sites of injury to promote timely repair. CNS (but not 

PNS) myelin acts as a potent inhibitor of oligodendrocyte differentiation (Robinson and 
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Miller, 1999), and the introduction of exogenous myelin into demyelinated lesions halts 

oligodendrocyte differentiation at the pre-myelinating stage (Kotter et al., 2006). The 

removal of myelin debris from MS lesions and experimental animal models is mediated 

by microglia and macrophages. Resident microglia and peripheral macrophages are 

capable of phagocytosing and degrading large quantities of myelin, as highlighted by 

rapid clearance of myelin debris in animal models, although myelin debris can persist in 

chronically demyelinated MS lesions (Kotter et al., 2011). Furthermore, promoting 

myelin degradation in macrophages and microglia is sufficient to boost remyelination in 

animal models (Huang et al., 2011). 

Microglia and macrophages differ in their ability to uptake myelin. Specifically, 

resident microglia demonstrate a greater ability to engulf myelin than peripheral 

macrophages (Durafourt et al., 2012; Smith, 1993) and are more resistant to apoptosis 

following myelin phagocytosis (Greenhalgh and David, 2014), indicating microglia are 

more efficient at both engulfing and degrading myelin debris. The phenotype of myeloid 

cells (pro-inflammatory vs. reparative) also has a large influence on their phagocytic 

ability, as inflammatory macrophages and microglia display reduced myelin phagocytosis 

in comparison to anti-inflammatory cells (Durafourt et al., 2012).  

 Early investigations into myelin phagocytosis examined the effects of 

opsonization, demonstrating that both immunoglobulins and complement proteins 

promote the phagocytosis of myelin, and blocking Fc or complement receptors reduced 

myelin phagocytosis in vitro (Brück and Friede, 1990; Mosley and Cuzner, 1996). In 

addition, evidence from MS lesions suggests that Fc receptors and complement play 



 34 

active roles in myelin phagocytosis (Prineas and Graham, 1981). Furthermore, myelin 

phagocytosis in vitro relies on scavenger and C-type lectin receptors for recognition and 

internalization of myelin debris (da Costa et al., 1997; Mosley and Cuzner, 1996). More 

recently, the TAM family receptors MerTK and AXL, which bind phosphatidylserine via 

the bridging molecules Protein S and Gas6 respectively, have been identified as essential 

regulators of myelin phagocytosis. Deletion of AXL results in increased clinical severity 

and impaired myelin clearance in EAE, while delivery of exogenous Gas6 is protective 

(Weinger et al., 2011). Loss of AXL/Gas6 during cuprizone-induced demyelination 

results in increased neuroinflammation and impaired remyelination, indicating that 

signaling via the apoptotic cell receptor AXL is required to promote the resolution of 

inflammation following demyelination (Ray et al., 2017). In human macrophages, 

expression of MerTK correlates with myelin phagocytosis in vitro and MerTK levels are 

reduced within MS patient macrophages (Healy et al., 2017, 2016). Polymorphisms 

within the MerTK gene are associated with MS susceptibility, suggesting MerTK and 

myelin phagocytosis play an important role in the development of MS (Ma et al., 2011; 

Sawcer et al., 2011). Finally, TREM2 has also been implicated in myelin phagocytosis. 

TREM2 binds myelin lipids directly to facilitate internalization, and studies using the 

EAE and cuprizone models observed that TREM2 expression is protective and facilitates 

myelin debris clearance by the transcriptional activation of phagocytosis and lipid 

metabolism genes (Cantoni et al., 2015; Piccio et al., 2007; Poliani et al., 2015; Takahashi 

et al., 2007). In MS lesions, TREM2 is highly expressed in myelin-laden macrophages 

and microglia, and therapeutic activation of TREM2 in mouse models facilitates myelin 

phagocytosis and remyelination (Cignarella et al., 2020). 
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1.4.4.3 Inflammasomes 

 The detection of pathogens and/or danger signals by the innate immune system, 

along with an appropriate response, is essential for host defense and tissue homeostasis. 

One effective strategy that evolved convergently across both animals and plants is the 

utilization of nucleotide-binding domain leucine rich repeat containing (NLR) proteins as 

innate immune receptors (Jones et al., 2016). Upon sensing a trigger, NLRs are able to 

rapidly alter their structure and induce effector functions, which include transcriptional 

activation, modifying inflammatory signaling pathways and the formation of 

inflammasomes. Inflammasomes are large hetero-multimeric signaling complexes that 

induce the activation of pro-inflammatory caspases (Martinon et al., 2002). Among the 

most well characterized inflammasome forming NLRs are NLRP1 (pyrin-containing 1), 

NLRP3 (pyrin-containing 3), NLRC4 (card-containing 4) and AIM2 (absent in melanoma 

2). For each of these NLRs, a distinct trigger induces the rapid formation of an 

inflammasome consisting of the adaptor protein ASC (apoptosis-associated speck-like 

protein containing a CARD), which polymerizes into large filaments containing 

numerous caspase recruitment domains (Lu et al., 2014). The rapid activation of caspase-

1 induces a high-magnitude inflammatory response. Caspase-1 substrates include the pro-

inflammatory cytokines IL-1b and IL-18, and the pore-forming protein Gasdermin D that 

executes a form of inflammatory cell death termed “pyroptosis”. 

 The most well characterized NLR to date is NLRP3, which forms an ASC-

dependent inflammasome. Despite extensive research, a unified trigger for NLRP3 
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activation has yet to be conclusively demonstrated. Currently, it is believed that either 

low intracellular potassium levels (Muñoz-Planillo et al., 2013) and/or mitochondrial 

dysfunction (Shimada et al., 2012) induces NLRP3 activation. For an overview of NLRP3 

inflammasome activation, see Figure 1.3.  
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Figure 1.3: Overview of NLRP3 inflammasome activation. 

(1) The first step of NLRP3 inflammasome activation is transcriptional priming, where 
NLRP3 expression is upregulated in response to pro-inflammatory stimuli. (2) A post-
transcriptional trigger then induces (3) NLRP3 inflammasome assembly and caspase 
activation. (4) Pro-inflammatory caspases cleave multiple substrates to (5) induce 
cytokine secretion and pyroptosis. Original figure created using BioRender. 
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Regardless of the specific trigger, it is apparent that NLRP3 responds to lost 

intracellular homeostasis. This is an effective detection strategy as it bypasses the reliance 

on any individual pathogen-specific ligand. The drawback is, however, that NLRP3 has 

the potential to become activated in inappropriate contexts. Thus, it is unsurprising that 

NLRP3 has been implicated in the pathology of most diseases with an inflammatory 

component (Coll et al., 2016).  

 NLRP3 has been demonstrated to contribute to injury and inflammation in MS 

and its animal models. In EAE, genetic deletion or pharmacological inhibition of NLRP3 

delayed onset and reduced severity of the disease (Coll et al., 2015; Gris et al., 2010; 

Inoue et al., 2012; Sánchez-Fernández et al., 2019). In EAE, NLRP3 is expressed by 

myeloid cells and contributes to pathology by promoting the expansion and CNS invasion 

of myelin-specific T cells (Gris et al., 2010; Inoue et al., 2012). In the cuprizone model, 

genetic deletion of NLRP3 reduces neuroinflammation and oligodendrocyte cell death, 

emphasising that NLRP3 activation may drive pathological inflammation within the CNS 

(Jha et al., 2010). Interestingly, remyelination was unaffected in NLRP3 knockout mice 

suggesting that, while NLRP3 is important for inflammatory demyelination, it may be 

dispensable for repair (Jha et al., 2010). Within MS patient populations, NLRP3 and its 

associated components are upregulated in circulating peripheral blood mononuclear cells 

(PBMCs) (Peelen et al., 2015) and lesions (Voet et al., 2018). In particular, 

neuropathological studies have demonstrated that NLRP3 and its associated proteins are 

expressed in macrophages (Malhotra et al., 2020) and oligodendrocytes (McKenzie et al., 

2018). Expression and activation of NLRP3 in peripheral immune cells is predictive of 
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progression in PPMS patients (Malhotra et al., 2020), implicating NLRP3 as a possible 

driver of MS pathology. Given the rapid advancement of multiple NLRP3 inhibitors 

(Mullard, 2019), future clinical trials will determine if NLRP3 significantly contributes to 

MS pathology.  

1.5 microRNAs 

1.5.1 Overview 

microRNAs (miRNAs) are endogenous, small non-coding RNA molecules 

approximately 22 base pairs in length (Bartel, 2018). miRNAs act as post-transcriptional 

regulators of gene expression by binding to complimentary sequences within target 

messenger RNA (mRNA) molecules, inducing mRNA decay and/or translational 

repression. Given that single miRNAs can regulate hundreds of target genes, and the 

majority of human protein-coding genes are subject to miRNA-mediated regulation 

(Friedman et al., 2009), miRNAs have emerged as essential regulators of nearly all 

developmental, homeostatic and disease processes. 

The pathways that control miRNA production and function are highly regulated 

within cells (Figure 1.4). The canonical miRNA biogenesis pathway is initiated by the 

transcription of the primary miRNA transcript, the pri-miRNA, by the RNA Pol II 

enzyme. miRNAs can be derived from their own promoter-driven, non-coding transcripts 

or the introns of pre-mRNAs, and often multiple miRNAs cluster within the same 

transcript (Altuvia, 2005).  

Following transcription, the pri-miRNA transcript is recognized and cleaved within 

the nucleus by the Drosha-DGCR8 complex (also referred to as Microprocessor), forming 
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the precursor hairpin miRNA or pre-miRNA (Han et al., 2004). pre-miRNAs are 

transported into the cytoplasm via Exportin-5-Ran-GTP nuclear export (Yi et al., 2003). 

Within the cytoplasm, the RNase enzyme Dicer, along with the RNA binding protein 

TRBP, cleaves the pre-miRNA to form a miRNA duplex consisting of both the -5p and -

3p miRNA arms (Chendrimada et al., 2005). Offset cleavage by both Drosha and Dicer 

generate a duplex with ~2 nucleotide 3’ overhangs that promotes loading into the RNA-

induced silencing complex (RISC). Argonaute 2 (Ago2), with the assistance of chaperone 

proteins, binds the miRNA duplex with a preference for a specific strand (Frank et al., 

2010; Suzuki et al., 2015) and expels the non-dominant passenger strand (Iwasaki et al., 

2010). The miRNA biogenesis pathway leading up to RISC loading is fast (some 

miRNAs can be produced at rates up to ~110 copies/cell/minute) and upon RISC loading 

most miRNAs are highly stable with half-lives ranging from 6 to 34 hours (Kingston and 

Bartel, 2019).  

  



 41 

 

Figure 1.4: Overview of miRNA-mediated mRNA repression. 

Following transcription (1), primary miRNA transcripts are cleaved by microprocessor 
(2) and exported into the cytoplasm (3). The precursor miRNA is then cleaved by dicer 
(4) and loaded into argonaute 2 (5), forming the RNA-induced silencing complex. The 
RISC then binds to target regions in mRNA (6), typically within the 3’ untranslated 
region, and triggers translational repression and/or mRNA decay. Original figure created 
using BioRender. 
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 Canonical miRNA target recognition is driven by Watson-Crick base pairing of 

the extended seed sequence (nucleotides 2-8) of the miRNA to target RNAs (Chi et al., 

2009; Lewis et al., 2003), although supplemental pairing (Grimson et al., 2007) and non-

canonical pairing beyond the seed region also contribute to miRNA targeting (Broughton 

et al., 2016; Helwak et al., 2013). The importance of the miRNA seed region is supported 

by structural evidence, as nucleotides 2-5 of the RISC-loaded miRNA are exposed for 

target pairing, and base pairing induces conformational changes that expose the extended 

seed (up to nucleotide 8) and the supplemental base pairing regions (nucleotides 13-16) of 

the miRNA (Schirle et al., 2014; Schirle and MacRae, 2012). RISC loading allows 

miRNAs to overcome typical limitations of nucleic acid base pairing, promoting fast, 

stable, high-affinity binding to target RNA sequences (Parker et al., 2009; Salomon et al., 

2015). RISC binding of mRNA induces transient translational repression followed by 

target mRNA decay (Djuranovic et al., 2012; Eichhorn et al., 2014). Mechanistically, this 

is driven by recruitment of TNRC6 to Ago2, which interacts with deadenylase complexes 

such as CCR4-NOT (Chekulaeva et al., 2011). Deadenylation complexes deadenylate 

poly-(A) tails leading to mRNA uncapping and 5’ to 3’ mRNA decay (Eisen et al., 2020) 

and/or recruit proteins such as 4E-T that repress translation (Kamenska et al., 2014).  

 

1.5.2 microRNAs as Regulators of MS Pathogenesis 

Given their widespread effects, numerous miRNAs have been implicated in MS 

pathogenesis. These include miRNAs that regulate adaptive and innate immunity, 

oligodendrocyte differentiation and neurodegeneration. Several profiling experiments 
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have identified miRNAs that are differentially regulated in MS lesions, biofluids and 

immune cells, and have linked miRNAs to MS risk and pathogenesis (Haghikia et al., 

2012; Junker et al., 2009; Noorbakhsh et al., 2011; Otaegui et al., 2009; Steri et al., 2017). 

miRNAs with significant influence on inflammation include miR-155-5p and miR-

146a-5p. Initially characterized as NF-kB responsive microRNAs, the roles of miR-155-

5p and miR-146a-5p in promoting or constraining inflammation respectively have been 

well defined (O’Connell et al., 2007; Taganov et al., 2006). miR-155-5p is the 

prototypical pro-inflammatory miRNA, which, upon induction by pro-inflammatory 

stimuli, suppresses anti-inflammatory signaling molecules and potentiates inflammation. 

miR-155-5p promotes EAE pathogenesis by facilitating pro-inflammatory myeloid and T 

cell activation (Murugaiyan et al., 2011; O’Connell et al., 2010), and is a key driver of 

pathogenic microglial phenotypes induced by neurodegeneration (Butovsky et al., 2015). 

miR-155-5p expression is elevated in MS lesions and circulating immune cells (Junker et 

al., 2009; Moore et al., 2013), indicating that it directly contributes to MS pathology. In 

contrast, miR-146a-5p is an anti-inflammatory miRNA that resolves inflammation by 

suppressing pro-inflammatory signaling (Taganov et al., 2006). Expression of miR-146a-

5p is protective in the EAE and cuprizone models (B. Li et al., 2017; Zhang et al., 2017) 

and is increased in MS lesions and immune cells. 

 

1.5.3 microRNA-223-3p 

 microRNA-223-3p is a miRNA that has emerged as a critical regulator of innate 

immunity. miR-223-3p was initially identified as a myeloid-lineage specific miRNA, with 
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the highest expression in granulocytes (Chen et al., 2004). miR-223-3p was later 

demonstrated to act as a prototypical myeloid gene, with its expression being driven by 

the cooperative action of the core myeloid transcription factors PU.1 and C/EBPs (Fazi et 

al., 2005; Fukao et al., 2007), and mice with miR-223-3p genetically deleted have an 

expanded neutrophil population (Johnnidis et al., 2008).   

 Subsequently, it was demonstrated that miR-223-3p expression in macrophages is 

a critical inflammatory regulator, with miR-223-3p acting as an anti-inflammatory 

miRNA. Expression of miR-223-3p constrains inflammatory responses in macrophages 

by regulating macrophage polarization, cytokine and chemokine secretion and activation 

of pro-inflammatory transcription factors (Zhuang et al., 2012). miR-223-3p knockout 

mice have increased pro-inflammatory myeloid cell activation, inflammation and injury 

in multiple disease contexts including colitis, lung injury, liver injury and stroke (He et 

al., 2019; Neudecker et al., 2017a, 2017b; Yang et al., 2015). miR-223-3p is essential for 

macrophage polarization, with miR-223-3p deficient macrophages reported to have 

increased M1 and decreased M2 polarization (Ying et al., 2015; Zhuang et al., 2012). 

Furthermore, one key miR-223-3p target is NLRP3. NLRP3 targeting by miR-223-3p is 

evolutionarily conserved, and miR-223-3p suppresses NLRP3 expression and subsequent 

inflammasome activation (Bauernfeind et al., 2012; Haneklaus et al., 2012). Importantly, 

deletion of the miR-223-3p binding site in NLRP3’s 3’UTR phenocopies miR-223-3p 

knockout in a colitis mouse model, suggesting that this single miRNA-mRNA interaction 

is of critical importance (Neudecker, Haneklaus, et al., 2017). 

 In EAE, genetic deletion of miR-223-3p is protective, reducing the severity of the 

disease (Cantoni et al., 2017; Ifergan et al., 2016). A pathogenic, rather than anti-
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inflammatory, role for miR-223-3p in EAE is not entirely unexpected as miR-223-3p 

expression is also detrimental in autoimmune arthritis and colitis models (Li et al., 2012; 

Wang et al., 2016; Wei et al., 2019). Diminished autoimmune responses in miR-223-3p 

knockout mice is mediated by an increased number of immunosuppressive antigen 

presenting cells (Cantoni et al., 2017). Pathological differences between models 

dominated by innate or adaptive immunity in miR-223-3p knockout mice emphasize the 

importance of experimental model when assessing the effect of miR-223-3p. Thus, 

models of demyelination that rely on innate, rather than adaptive, immunity may show 

differential roles for miR-223-3p in myelin injury and repair.   

Based on miRNA profiling experiments, miR-223-3p was observed to be the most 

highly upregulated miRNA in active MS lesions (Junker et al., 2009). Multiple studies 

have also identified an upregulation of miR-223-3p in circulating immune cells of RRMS 

patients (Keller et al., 2009; Ridolfi et al., 2013), although levels of miR-223-3p are 

reduced in progressive MS (Fenoglio et al., 2013). Therefore, miR-223-3p is an innate 

immune miRNA that has the potential to influence MS pathogenesis and requires further 

investigation. 
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1.6 Thesis Objectives and Overview 

As outlined, both glial and innate immune cells are essential organizers of CNS 

inflammation and repair following demyelination. However, the ability for miRNAs to 

modify these diverse responses in the demyelinated CNS is poorly understood. While 

miRNAs with anti-inflammatory functions in MS models have been described, immune 

miRNAs that can dampen myelin injury or stimulate repair have remained elusive. In this 

thesis, I hypothesize that glial cell microRNAs, particularly miR-223-3p, are required to 

limit neuroinflammation and promote brain repair following demyelination. In chapter 2, 

I investigate the mechanism of action of the MS DMT dimethyl fumarate in astrocytes 

and identify a potent anti-inflammatory effect of DMF, but not its metabolite, that 

includes significant repression of the NF-kB-responsive microRNAs miR-155-5p-5p and 

miR-146a-5p. In chapter 3, I identify miR-223-3p as an innate immune microRNA that is 

dysregulated in MS patients and is essential for efficient remyelination. In particular, 

miR-223-3p is critical for anti-inflammatory M2 polarization and myelin phagocytosis 

following demyelinating injury. In chapter 4, I further investigate miR-223-3p and its 

target gene NLRP3 during myelin injury and repair. I observe that miR-223-3p and 

NLRP3 are upregulated in macrophages and microglia following demyelination and 

investigate how this may contribute to injury and remyelination. Finally, the impact and 

future directions of the work presented in this thesis are discussed. 

  



 47 

 

 

 

 

Chapter 2  

Effects of Fumarates on Inflammatory Human Astrocyte Responses and 

Oligodendrocyte Differentiation 

 

 

 

Published As: 

Dylan A. Galloway, John B. Williams and Craig S. Moore. Effects of fumarates on 

inflammatory human astrocyte responses and oligodendrocyte differentiation. Annals of 

Clinical and Translational Neurology. 2017. DOI: 10.1002/acn3.414. 

 

 

  



 48 

2.1 Introduction 

Multiple sclerosis (MS) is a chronic inflammatory disease characterized by 

demyelination of the central nervous system (CNS). Dimethyl fumarate (DMF) 

(Tecfidera®) is an orally available drug that has emerged as an effective therapy for the 

treatment of relapsing-remitting multiple sclerosis (RRMS) (Gold et al., 2012). The 

therapeutic mechanism of action for DMF has been attributed to both immunosuppression 

and induction of antioxidant pathways (Gold et al., 2012; Lehmann et al., 2007; Linker et 

al., 2011). The induction of antioxidant response element (ARE) genes by DMF is 

attributed to the activation of the Nrf2 transcription factor that leads to subsequent 

reductions in oxidative stress and increased neuroprotection in vivo (Linker et al., 2011; 

Scannevin et al., 2012). The induction of Nrf2 is achieved through glutathione depletion 

as well as direct binding of fumaric acid esters to the Nrf2 repressor KEAP1 (Brennan et 

al., 2015; Itoh et al., 1999; Lehmann et al., 2007). The antioxidant effects of DMF were 

initially considered to be the primary mechanism of action for this disease-modifying 

treatment (DMT), as mice lacking Nrf2 did not respond to treatment with DMF in the 

EAE model (Linker et al., 2011).  

In addition to its antioxidant effects, DMF has also been known to be 

immunosuppressive and was initially used as an effective therapy for psoriasis patients. 

DMF can induce apoptosis in circulating immune cells, including lymphocytes and 

monocytes (Michell-Robinson et al., 2016; Treumer et al., 2003), and exerts anti-

inflammatory effects on both peripheral and CNS-resident immune cells (Lehmann et al., 

2007; R. Li et al., 2017; Wilms et al., 2010). Recent reports have demonstrated that the 
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Nrf2-dependent induction of AREs by DMF may be dispensable for neuroprotection, and 

the influence of DMF on both the innate and adaptive immune response may be the 

principle mechanism of action (Schulze-Topphoff et al., 2016). Furthermore, it has been 

demonstrated that the anti-inflammatory effects of fumarates may be restricted to DMF, 

with other fumarate metabolites having little influence on inflammation (Gillard et al., 

2015; R. Li et al., 2017; Michell-Robinson et al., 2016; Miljković et al., 2015). A recent 

report has demonstrated that DMF, but not metabolite monomethyl fumarate (MMF), is a 

potent inhibitor of NF-κB signaling within immune cells through the modification in 

cysteine residues (Blewett et al., 2016). This is consistent with findings that DMF 

promotes an anti-inflammatory shift in activated microglia (Michell-Robinson et al., 

2016; Peng et al., 2016). In contrast to the theory that DMF is not able to penetrate the 

CNS following oral administration, the presence of DMF-glutathione conjugates have 

been detected in the CNS of animals dosed with DMF, suggesting the brain is directly 

exposed to DMF (Peng et al., 2016).  

Within the CNS, astrocytes are the most abundant glial cell and carry out many 

functions including providing metabolic support for neurons, regulating the blood–brain 

barrier (BBB), aiding in synapse formation, and secreting soluble factors that can promote 

oligodendrocyte differentiation. Astrocytes also contribute to the pathology of 

neuroinflammatory disorders, reacting to inflammatory stimuli and undergoing distinct 

changes in both morphology and gene expression that can either limit or promote injury 

(Pekny and Nilsson, 2005). The recruitment of inflammatory cells and modulation of the 

local inflammatory milieu implicate the astrocyte as an important regulator of 

neuroinflammation (Rothhammer and Quintana, 2015). As such, DMTs capable of 
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influencing astrocyte activation may be beneficial in the context of MS. DMF has 

previously been demonstrated to reduce the activation of astrocytes, highlighting multiple 

potential mechanisms through which DMF may reduce neuroinflammation (Miljković et 

al., 2015; Wilms et al., 2010). Although these studies demonstrated an effect of DMF in 

vitro, differential effects of MMF and DMF, as well as any potential species effects 

between humans and mice have not been investigated to date. Furthermore, studies into 

the effects of fumarates have not taken into account the role of microRNAs, which have 

emerged as critical regulators of MS neuroinflammation. 

Within MS lesions, there is a marked decrease in the remyelination process that is 

considered to be due to the failure of oligodendrocyte progenitor cells (OPCs) to 

differentiate into functional myelinating oligodendrocytes (Kotter et al., 2011). In the 

cuprizone model, mice receiving DMF displayed reduced demyelination (Moharregh-

Khiabani et al., 2010), a result that has been suggested to be due to reduced microglia 

activation. These results were similar to EAE results, which demonstrated reduced 

demyelination associated with reduced immune cell infiltration, astrocyte activation, and 

increased cytoprotection (Linker et al., 2011). In MS patients, DMF treatment 

significantly increased brain magnetization transfer ratio, suggesting increases in myelin 

density (Arnold et al., 2014). Furthermore, in vitro studies have demonstrated that DMF 

increases NPC self-renewal and protects both NPC and oligodendrocytes from oxidative 

stress (Huang et al., 2015; Wang et al., 2015).  

The goal of our study was to measure and contrast the anti-inflammatory and 

antioxidant effects of both DMF and MMF on human and murine astrocytes. We have 

demonstrated that DMF, but not MMF, reduces proinflammatory cytokine and chemokine 
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secretion production by astrocytes and is independent of changes in antioxidant gene 

expression. Changes in the expression of microRNAs previously implicated in both 

astrocyte activation and MS were also observed in response to treatment with fumarates, 

particularly, miR-155-5p and miR-146a-5p. We also demonstrated that treatment of DMF 

leads to increased numbers of oligodendrocyte lineage cells using both mouse and human 

NPCs. Taken together, these results support the hypothesis that in addition to MMF, DMF 

can also directly contribute to the anti-inflammatory and regenerative effects of this 

DMT. These results align with recent findings that have been previously observed in 

peripheral immune cells (Blewett et al., 2016; R. Li et al., 2017; Michell-Robinson et al., 

2016) and brain-resident microglia (Michell-Robinson et al., 2016; Peng et al., 2016).  
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2.2 Methods 

2.2.1 Human and murine astrocyte isolation and culture 

Human primary astrocytes (Durafourt et al., 2013) were derived from human fetal 

CNS tissue (cortex, gestational age 10–20 weeks). CNS tissue was dissociated in 

DNase/trypsin prior to being passed through a nylon mesh to obtain a single cell 

suspension. Cells were then plated in tissue culture flasks in DMEM containing 5% FBS, 

penicillin/streptomycin and glutamine. Cells were passaged every 7–14 days or until 

confluent. Experiments were conducted on astrocytes between passages 3 and 5. Purity of 

astrocytes was confirmed by GFAP immunocytochemistry. Murine primary astrocytes 

(McCarthy and de Vellis, 1980) were derived from the cortex of P2-5 C57BL/6 mouse 

pups, dissociated in DNase (25ug/mL)/trypsin (0.8%) and triturated to a single cell 

suspension. Cells were plated in tissue culture-treated flasks and grown in DMEM 

containing 10% FBS, 1x penicillin/streptomycin (Gibco), and 1x GlutaMax (Gibco). 

Murine astrocytes were maintained and utilized according to the same protocols described 

for human fetal astrocytes. 

 

2.2.2 Human and murine NPC isolation and culture 

Human primary A2B5+ cells were cultured as previously described (Moore et al., 

2015). Briefly, A2B5+ progenitors were purified from human fetal CNS tissue by 

immunomagnetic bead isolation (Miltenyi) following DNase (25ug/mL) and Trypsin 

(0.04%) digestion for 30mins and straining through a nylon mesh filter. Following 

isolation, 105 cells were plated into each well of a poly-L-lysine/Matrigel coated 48-well 
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dish in DMEM-F12 containing N1 supplement (Sigma-Aldrich, Oakville, ON, Canada), 

0.01% BSA, penicillin/streptomycin, B27 supplement (Invitrogen, Burlington, ON, 

Canada), PDGF-AA (10 ng/mL), FGF2 (10 ng/mL), and T3 hormone (2 nmol/L). 

Medium was changed every 2-3 days for 7-10 days to expand NPCs. Cells were 

differentiated for 5 days in A2B5+ media without PDGF-AA or FGF2. Murine 

neurospheres were derived from P0-P2 C57BL/6 mouse pups as previously described 

(Reynolds and Weiss, 1992). Briefly, cortical neurospheres were grown in DMEM-F12 

containing penicillin/streptomycin, B27 supplement, EGF (20 ng/mL), FGF2 (20 ng/mL), 

and heparin (2 μg/mL). After 1 week in culture, neurospheres were plated on 12-mm 

laminin-coated coverslips in wells of a 24-well culture dish and differentiated for 7 days 

in DMEM containing 1% FBS and N1 supplement. 

 

2.2.3 Mouse cortical neuron culture 

Cortical neurons were cultured from E15-E17 C57BL/6 embryos as previously 

described (Sanz et al., 2015). Briefly, cortices were dissected from embryos before 

dissociation in 0.25% trypsin/EDTA. Cortical neurons were then cultured on poly-L-

lysine 96-well plates in Neurobasal medium containing 1x B27 supplement (Gibco), 1x 

N2 supplement (Gibco), 1x penicillin/streptomycin (Gibco), and 1x GlutaMax (Gibco). 

Cultures were aged for 5 days in vitro prior to usage. 
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2.2.4 In vitro drug treatments 

A total volume of 20 mmol/L stock solutions of MMF and DMF (Sigma Aldrich, 

Oakville ON, Canada) was prepared in dimethyl sulfoxide (DMSO) and stored at -20°C. 

DMSO vehicle was aliquoted and stored under similar conditions. Cell cultures were 

grown to approximately 70% confluency prior to either drug treatment or IL-

1β stimulation. Astrocytes (human and murine) were pretreated with either MMF or DMF 

at concentrations of 10 μmol/L or 25 μmol/L for 8 h prior to 24-h stimulation with 

recombinant human or mouse IL-1β (10 ng/mL). For treatment of NPC cultures, DMF, 

MMF (25 μmol/L), or vehicle was added to the differentiation medium and remained in 

culture for the duration of the experiment. 

 

2.2.5 Quantification of cytokine and chemokine secretion 

Astrocyte supernatants were collected and stored at -80°C before being used for 

enzyme-linked immunosorbent assay (ELISA). ELISAs for human and murine IL-6, 

CXCL10, and CCL2 were performed following manufacturer's directions (BD 

Biosciences, Mississauga ON, Canada). The murine CXCL10 ELISA kit was obtained 

from R&D Systems (R&D Systems, Inc., Minneapolis MN) and performed following 

manufacturer’s directions. All samples were assayed in technical duplicates with each n-

value representing biological replicates. 
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2.2.6 Quantification of Gene and microRNA expression 

Astrocyte cell pellets were lysed in Trizol® reagent and stored at -80°C. Total 

RNA was isolated by column extraction with a DNase treatment step (Qiagen, Valencia, 

CA). RNA was quantified using a Nanodrop 2000. For gene expression assays, RNA was 

reverse transcribed using MMLV reverse transcriptase (Invitrogen). Individual gene 

expression assays were done using specific TaqMan® probes and normalized to the 

endogenous control gene 18S (Cat#: Hs99999901_s1). For microRNA expression assays, 

microRNA-specific reverse transcription primers were multiplexed and RNA was reverse 

transcribed following the TaqMan® MicroRNA Reverse Transcription kit protocol. 

MicroRNA expression was normalized to RNU48 (human; Cat#: 001006) or SNO202 

(mouse; Cat#: 001232), small endogenous control RNAs with stable expression. Fold 

changes were calculated according to the ΔΔCt method. Human TaqMan® gene 

expression assay catalog numbers were as follows: HMOX1 (Hs01110250_m1), NQO1 

(Hs05639726_s1), OSGIN1 (Hs00203539_m1). Mouse TaqMan® gene expression assay 

catalog numbers were as follows: Hmox1 (Mm00516005_m1), Nqo1 (Mm00500822_g1), 

Osgin1 (Mm00660947_m1). MicroRNA TaqMan® gene expression assay catalog 

numbers were as follows: miR-155-5p (002623), miR-146a-5p (000468), miR-223-3p 

(002295). 

 

2.2.7 Viability and proliferation 

Astrocyte viability was determined following pretreatment with drugs or vehicle 

using the XTT assay (Thermo Scientific). Following a 2-h incubation with XTT, 
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absorbance was read at 450 nm using a microplate reader (Cytation5®, BioTek). Neuronal 

viability was assayed following 48-h incubation with resting or activated astrocyte-

conditioned media. For generation of astrocyte-conditioned media, astrocytes were grown 

and treated in serum-free ultraculture medium (Lonza). Proliferation was assessed by 

CFSE staining of astrocyte cultures. Briefly, astrocytes were serum starved for 24 h to 

induce synchronization of cell cycle. Astrocytes were then labeled with 5 μmol/L CFSE 

(Molecular Probes) for 15 min prior to being returned to serum-containing medium for 72 

h in the presence of treatment conditions. Cells were harvested and fluorescence intensity 

was measured by flow cytometry using the MoFlo® Astrios™ flow cytometer (Beckman 

Coulter, Inc.). Proliferation was quantified by loss of CFSE fluorescence. 

 

2.2.8 ROS production assay 

Murine astrocytes were cultured to 70% confluence in 96-well plates and 

pretreated for 8 h with drug treatments. Following pretreatment, cells were loaded with 

10 μmol/L Carboxy-H2DCFDA (Molecular Probes), a cell permeable dye that becomes 

fluorescent after cleavage to dichloroflourescin (DCF) by reactive oxygen species (ROS). 

Following a 1 h incubation with dye, cells were cultured in the Cytation5® live cell 

imager/plate reader (BioTek) in the presence of IL-1β (10 ng/mL) and IFNγ (10 ng/mL) 

to promote inflammatory ROS production (Sheng et al., 2013). Fluorescence intensity 

was read hourly over a 24-h period. For measurement of ROS production in human fetal 

astrocytes, pretreated cells were activated with IL-1β (20 ng/mL) and IFNγ (20 ng/mL) 

for 24 h prior to incubation with CellROX® Deep Red reagent (5 μmol/L; 30 min). Cells 
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were washed and fluorescence intensity was measured using a plate reader (Cytation5®; 

Biotek). 

 

2.2.9 Immunocytochemistry and image analysis 

A2B5+ cultures were stained with anti-O4 (1:50; IgM purified from O4 hybridoma 

culture maintained at Memorial University) for 30 min prior to fixation with 4% PFA for 

20 min at room temperature followed by goat anti-mouse IgM Cy3 (Millipore; 1:200). 

Murine neurospheres were fixed in 4% PFA for 20 min at room temperature followed by 

rabbit anti-NG2 (Millipore; 1:500; AB5320) and mouse anti-GFAP (Sigma; 1:1000; 

MAB3402) for 1 h at room temperature. Cells were incubated with appropriate secondary 

antibodies (Sigma; 1:1000) for 1 h at room temperature. DAPI (1:1000) was used as a 

nuclear counterstain for 5 min. All slides were imaged by fluorescence microscopy and 

quantified by a blinded observer. Cells for each donor/biological replicate were plated in 

duplicate, and multiple fields of view (6-8 per biological replicate) were imaged. 

Quantification was performed using manual (NG2+ and O4+ cells) and automatic 

(DAPI+Nuclei) counter plugins within the ImageJ (imagej.nih.gov/ij/) software. 

 

2.2.10 Statistical analysis 

Statistics were performed using Prism 6 (GraphPad Software). All values reported 

are the mean ± sem. All analyzes utilized an alpha = 0.05. One-way or two-way 

ANOVAs with either Dunnett's or Tukey's post hoc comparisons were used to compare 

samples where appropriate, as indicated in the figure legends. 



 58 

 

2.3 Results 

2.3.1 DMF, but not MMF, significantly decreased proinflammatory cytokines and 

chemokines in murine and human astrocytes 

Following pretreatment with DMF, a significant reduction in IL-6, CXCL10, and 

CCL2 secretion by human fetal astrocytes was observed following stimulation with IL-

1β compared to vehicle (Figure 2.1A–C). Reduced chemokine/cytokine secretion was 

also observed in mouse astrocytes following pretreatment with DMF (Figure 2.1D–F). 

The observed reductions in cytokine secretion were dose dependent and restricted to 

DMF; pretreatment with MMF did not significantly reduce cytokine/chemokine 

production. As fumarates have been previously shown to alter viability and proliferation 

of peripheral and CNS-resident cells (Ghods et al., 2013; Treumer et al., 2003), we 

assessed whether the changes in cytokine and chemokine levels were due to changes in 

viability or proliferation. Following pretreatment with DMF, MMF, or vehicle no 

reductions in viability or proliferation were observed (Figure S2.1A–C). Based on 

reduced secretion of inflammatory factors, we performed experiments that investigated 

whether a pretreatment of astrocytes with fumarates (both MMF and DMF) would reduce 

neurotoxicity by the activated astrocytes. Following culture of cortical neurons for 48 h 

with either “resting” or “activated” astrocyte-conditioned media (ACM), we observed that 

activated ACM significantly reduced viability of neuronal cultures, which was partially 

rescued by pretreatment with DMF (Figure S2.2).  
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Figure 2.1: Effects of DMF and metabolite monomethyl fumarate (MMF) on 
cytokine and chemokine secretion by astrocytes. 

(A–C) DMF, not MMF, significantly reduces IL‐6 (A; n = 7 for 10 μmol/L DMF & 
MMF; n = 9 for all other conditions), CXCL10 (B; n = 7 for 10 μmol/L DMF & 
MMF; n = 9 for all other conditions) and CCL2 (C; n = 5 for 10 μmol/L DMF & 
MMF; n = 7 for all other conditions) by IL‐1β‐stimulated human fetal astrocytes in vitro 
(one‐way ANOVA; Dunnett post hoc comparison). (D–F) DMF also reduces IL‐6 (D; n = 
5), CXCL10 (E; n = 5), and CCL2 (F; n = 4) secretion by IL‐1β‐stimulated murine 
astrocytes in vitro (one‐way ANOVA; Dunnett post hoc comparison). Error bars represent 
mean ± SEM; *P < 0.05, ***P < 0.001 compared to vehicle treatment alone. 
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2.3.2 Fumarates did not significantly alter antioxidant gene expression in murine and 

human astrocytes 

Next, we measured the expression of ARE gene expression in IL-1β-stimulated 

astrocytes treated with DMF or MMF. In human fetal astrocyte treated with DMF, there 

were no statistically significant changes in the expression of Nrf2-controlled genes from 

the vehicle control (Figure 2.2A–C). Additionally, no significant changes in ARE gene 

expression (Hmox1, Osgin1, Nqo1) were detected in mouse astrocytes pretreated with 

DMF or MMF (Figure 2.2D–F).  
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Figure 2.2: Fumarate treatment does not significantly induce antioxidant gene 
expression in human fetal astrocytes. 

(A–C) Expression levels of the antioxidant response genes HMOX1 (A) OSGIN1 (B) 
and NQO1 (C) were not significantly increased by treatment with DMF or MMF (n = 5 
per group; one‐way ANOVA; Dunnett's post hoc comparison). (D–F) No statistically 
significant changes in Hmox1 (D), Osgin1 (E), or Nqo1 (F) expression were observed in 
mouse astrocytes (n = 5 per group; one‐way ANOVA; Dunnett's post hoc comparison). 
Error bars represent mean ± SEM. 
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2.3.3 DMF significantly decreased proinflammatory microRNA expression in mouse and 

human astrocytes 

To further assess fumarate mechanisms of action, we measured microRNA 

expression in IL-1β-stimulated astrocytes pretreated with either DMF or MMF. 

Pretreatment with either DMF or MMF significantly reduced miR-146a-5p expression in 

mouse astrocytes; although this reduction was not significant in human astrocytes 

(Figure 2.3A, D). The expression of miR-155-5p was significantly reduced by 

pretreatment with DMF in both human and murine astrocytes (Figure 2.3B, E). No 

consistent effect was observed for the anti-inflammatory miR-223-3p microRNA 

(Fig. 2.3C, F). 
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Figure 2.3: Treatment of human fetal astrocytes with fumarates alters microRNA 
expression in vitro. 

miR‐146a (A, D) and miR‐155 (B, E) were induced by IL‐1β activation of human and 
murine astrocytes in vitro and were reduced by both DMF and metabolite monomethyl 
fumarate (MMF) in vitro (n = 3-4 per group; one‐way ANOVA; Dunnett post hoc 
comparison). Expression of miR‐223 was unaltered by either IL‐1β or fumarate treatment 
(C, F) (n = 4–5 per group; one‐way ANOVA; Dunnett post hoc comparison). Error bars 
represent mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001 compared to vehicle 
treatment alone. 
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2.3.4 Fumarates reduced inflammatory ROS production in astrocytes 

As fumarates have been shown to protect against oxidative stress, we assessed if 

pretreatment with fumarates could reduce ROS production in activated astrocytes. We 

observed significantly reduced ROS production by fumarate-treated mouse astrocytes 

over a 24-h time course of activation with IL-1β and IFNγ (Figure. 2.4A, B). We further 

demonstrated a similar effect in activated human astrocytes, with DMF significantly 

reducing inflammation-associated ROS production (Figure. 2.4C). 
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Figure 2.4: Both DMF and metabolite monomethyl fumarate (MMF) reduce 
inflammatory reactive oxygen species (ROS) production by astrocytes in vitro. 

Time course of ROS production by murine astrocytes activated with IL‐1β and IFNγ (A) 
and 24‐h time point (B) (n = 3 per group; two‐way ANOVA; Tukey post hoc 
comparison). ROS production by human fetal astrocytes following 24 h activation with 
IL‐1β and IFNγ (C) (n = 3 per group; one‐way ANOVA; Tukey post hoc comparison). 
Error bars represent mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001 compared to 
vehicle treatment alone. In (A), #P < 0.05 between MMF and Vehicle control; *P < 0.05 
between DMF and Vehicle control. 
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2.3.5 DMF increased differentiation of murine and human oligodendrocyte progenitor 

cells 

To determine whether fumarates could directly influence the differentiation of 

OPCs, mouse neurospheres and expanded human A2B5+ progenitors were differentiated 

in the presence of vehicle, MMF, or DMF. After 7 days of treatment, DMF-treated mouse 

neurospheres (Figure 2.5A-D) had a significant increase in the numbers of NG2+ cells 

compared to vehicle control (Figure 2.5I). Additionally, human A2B5+ cells (Figure 2.5E-

H) cultured with DMF showed a mean increase in numbers of O4+ cells, although not 

statistically significant (Figure 2.5J). Consistent with our astrocyte data, this effect was 

restricted to DMF; MMF had little effect on differentiation. This effect was not due to 

increased cell number, as the average number of cells per field did not change 

(Figure S2.3A, B). 
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Figure 2.5: Treatment of human and murine NPCs with DMF promotes 
differentiation of immature oligodendrocytes. 

Representative images of murine NG2+ OPCs differentiated from cultured neurospheres 
following 7 days of treatment (A‐D) and human O4+ immature oligodendrocytes 
following differentiation from cultured A2B5+progenitors for 5 days (E‐H). Graphs 
illustrate increases in NG2 (I) (n = 6–7 per group; one‐way ANOVA; Dunnett post hoc 
comparison) and O4 (J) (n = 3 per group) cell number. Scale bars, 50 microns. Error bars 
represent mean ± SEM; *P < 0.05 compared to vehicle treatment alone. 
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2.4 Discussion 

In this report, we directly measured and compared the anti‐inflammatory effects of 

DMF and MMF on both human and murine astrocytes and OPCs. To date, direct 

comparisons of fumarates on human and murine glial cells have not been performed. In 

addition, the biological role(s) of the active metabolite of DMF treatment has been 

controversial, with evidence supporting that both MMF (Linker et al., 2011; Parodi et al., 

2015) and DMF (Michell-Robinson et al., 2016; Peng et al., 2016) modulate anti‐

inflammatory and antioxidant effects. Although the debate against DMF has been widely 

attributed to previous reports citing the inability to measure biologically significant 

concentrations in the brain and periphery, a recent report has shown that DMF is indeed 

present in the CNS following oral administration (Peng et al., 2016).  

Consistent with previously published reports (Brennan et al., 2015; Lin et al., 

2011; Miljković et al., 2015; Wilms et al., 2010), our data demonstrate that fumarates 

significantly reduce inflammatory cytokine and chemokine secretion in response to 

proinflammatory stimuli. We further demonstrate that the reduction in cytokine and 

chemokine production by fumarates within astrocytes is limited to DMF, as MMF had no 

significant effect on cytokine and chemokine secretion. This is in agreement with recently 

published reports suggesting that DMF, not MMF, is anti‐inflammatory in human 

myeloid cells (Gillard et al., 2015; Michell-Robinson et al., 2016; Miljković et al., 

2015). In response to inflammation, astrocytes secrete chemokines to recruit immune 

cells, a process further facilitated by their position at the interface of the blood–brain 

barrier (Rothhammer and Quintana, 2015). Here, we demonstrated for the first time in 
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astrocytes that CCL2 and CXCL10, two chemokines secreted by astrocytes that influence 

MS pathology and oligodendrocyte differentiation (Sørensen et al., 2002; Van Der Voorn 

et al., 1999), are reduced in the presence of DMF. Additionally, we demonstrate that 

DMF also reduces IL‐6, a proinflammatory cytokine during acute inflammation. The 

finding that DMF reduces astrocyte cytokine and chemokine secretion is consistent 

between species and highlights further mechanisms through which DMF may limit CNS 

inflammation. Furthermore, these similarities between species suggest conserved 

mechanisms through which mouse and human astrocytes respond to DMF. Our results 

therefore support the validity of studying the mechanisms of action for DMF within 

murine systems and are likely to translate to humans. Interestingly, MMF (10 μmol/L) 

also increased IL‐6 production by murine astrocytes, an observation that has also been 

previously observed in human fetal microglia (Michell-Robinson et al., 2016); this effect 

was not observed for the other chemokines that were measured, suggesting that this effect 

was restricted to IL‐6, a highly pleiotropic cytokine, but not reflective of an astrocyte in a 

heightened proinflammatory state. Reductions in astrocyte chemokine and cytokine 

secretion may contribute to the reduced leukocyte infiltration and activation seen in vivo 

in animals treated with DMF (Linker et al., 2011; Moharregh-Khiabani et al., 2010; 

Schilling et al., 2006). Furthermore, since CXCL10 is known to inhibit of OPC 

differentiation (Moore et al., 2015), DMF may impact CNS remyelination indirectly 

through the astrocyte. 

We also provide evidence that the induction of ARE genes in astrocytes is 

independent of the immunosuppressive effects of DMF. While HMOX1 and NQO1 

expression was increased in human astrocytes in the presence of DMF, these results were 
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not statistically significant from the vehicle control and suggest that in astrocytes, DMF 

may not be able to substantially induce ARE genes in the presence of inflammation. 

Similar results were observed in murine astrocytes. These results differ from a previous 

report that has shown an increase in the Nrf2‐responsive genes in astrocytes following 

DMF treatment (Brennan et al., 2015); however, it should be noted that in this previous 

report, the expression of ARE genes was not measured in the presence of a 

proinflammatory stimulus, which is not representative of the acute inflammatory milieu 

observed in MS lesions. While reports have demonstrated that fumarates can activate the 

Nrf2 pathway in vitro (Linker et al., 2011) and in vivo within the circulating immune cells 

of MS patients treated with DMF (Gopal et al., 2017; Michell-Robinson et al., 2016), our 

results support the emerging view that DMF exerts potent, MS‐relevant anti‐

inflammatory effects that may be cell specific and/or Nrf2 independent. 

In the brains of MS patients, microRNA expression is significantly altered and has 

been suggested to significantly influence inflammation and repair capacity (Junker et al., 

2009; Moore et al., 2013). In astrocytes, both miR‐155 and miR‐146a are significantly 

upregulated in active MS lesions; laser‐captured astrocytes from MS lesions express miR‐

155 in situ (Junker et al., 2009). Furthermore, activation of astrocytes with various 

proinflammatory stimuli upregulates the expression of miR‐146a and miR‐155 in vitro 

(Junker et al., 2009; Tarassishin et al., 2011). The increase in miR‐155 expression by IL‐

1β was confirmed in our study, however, to further elucidate on the mechanism of action 

for DMF, we demonstrated that fumarates reduced miR‐155 expression. This finding has 

important clinical implications given mir‐155 expression is increased in active MS 

lesions. Additionally, the validated miR‐155 target SOCS1 (Lu et al., 2015) is a potent 
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regulator of astrocyte cytokine/chemokine secretion (Qin et al., 2008), suggesting that a 

miR‐155/SOCS1 axis could mediate the anti‐inflammatory effects of DMF. miR‐146a is 

an inflammation resolving microRNA whose expression is upregulated in CNS lesions 

and peripheral immune cells of MS patients (Junker et al., 2009; Moore et al., 2013). As 

such, the reduced expression of miR‐146a in fumarate‐treated astrocytes suggests an MS‐

relevant resolution of inflammation. miR‐223 is an anti‐inflammatory miRNA that targets 

a myriad of pro-inflammatory genes (Haneklaus et al., 2013), was also measured in 

fumarate‐treated astrocytes, and demonstrated an increase in human but not murine 

astrocytes treated with DMF. 

In addition to the effects of fumarates on astrocytes, we also demonstrate that 

treatment of NPCs with DMF significantly increases the number of immature 

oligodendrocytes in vitro in both murine and human cell cultures. Previously, it has been 

demonstrated that DMF did not increase remyelination within the cuprizone model or 

increase the survival of the CG4 oligodendrocyte lineage cell line in vitro (Moharregh-

Khiabani et al., 2010). However, within mouse neurospheres, DMF has been previously 

shown to increase NPC self‐renewal and survival (Wang et al., 2015), a result that 

supports our findings. We further utilized human A2B5+ cell cultures to demonstrate 

increased OPC differentiation in vitro; similar effects were observed between both murine 

and human progenitors. Multiple potential mechanisms could lead to increased OPC 

differentiation, such as the altered metabolism that has been reported in oligodendrocytes 

exposed to fumarates (Huang et al., 2015; Zheng et al., 2015), or perhaps the indirect 

effects of astrocyte‐derived growth factors that could be released from astrocytes treated 
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with DMF. Regardless, our results suggest that DMF exerts beneficial regenerative 

effects in CNS glia, in addition to the well‐described anti‐inflammatory mechanisms. 

 In conclusion, our results demonstrate that fumarates reduce inflammatory 

cytokine and chemokine secretion by activated astrocytes in vitro, which is coupled with 

changes in microRNA expression. These effects were primarily mediated by DMF with 

MMF exerting little effect, were consistent between both human and mouse astrocytes, 

and provide additional support for a direct mechanism of action for DMF in the inflamed 

CNS. 
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2.5 Supplemental Figures 

 

Supplemental Figure 2.1 Effects of fumarates on astrocyte viability and 
proliferation. 

Pretreatment of astrocytes with DMF, MMF, or vehicle (in the absence of IL-1) produced 
no significant changes in viability as measured by the XTT assay (Fig. S1A) (n = 2 per 
group; one‐way ANOVA) or proliferation measured by CFSE staining (Fig. S1B, C) (n = 
2 per group; one‐way ANOVA). 
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Supplemental Figure 2.2: Effects of fumarates astrocyte-mediated neurotoxicity. 

Conditioned media from mouse astrocytes pretreated with DMF, MMF, or vehicle and 
subsequently stimulated with IL‐1β were applied to neuronal cultures for 48 h. IL‐1β‐
activated astrocytes significantly reduced neuronal viability compared to resting ACM, 
while pretreatment with DMF partially rescued this effect (n = 3 per group; one‐way 
ANOVA, Dunnett's post hoc, Error bars represent mean ± SEM; *P < 0.05. 
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Supplemental Figure 2.3: Effects of fumarates on cell numbers in progenitor cell 
cultures. 

Treatment of human and murine NPCs with fumarates or vehicle did not alter total cell 
numbers. DAPI+ nuclei were quantified from both mouse neurospheres (A, n = 7) and 
human cultured A2B5+ progenitors (B, n = 3). Error bars represent mean ± SEM. 
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miR-223-3p Promotes Regenerative Myeloid Cell Phenotype and Function in the 

Demyelinated Central Nervous System 
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3.1 Introduction  

 Multiple sclerosis (MS) is a chronic neuroinflammatory disease characterized by 

immune-mediated destruction of myelin within the central nervous system (CNS) (Reich 

et al., 2018). In both MS and its relevant animal models, including experimental 

autoimmune encephalomyelitis (EAE) and lysolecithin- induced demyelination, brain-

resident microglia and peripheral blood-derived macrophages are critical mediators of 

demyelination, remyelination, and brain repair. In the inflamed CNS, these specialized 

myeloid cells demonstrate considerable phenotypic and functional plasticity, which can 

either potentiate inflammation or promote repair depending on their activation status and 

cross-talk with other neural and immune cells (Giles et al., 2018; Lloyd and Miron, 2016). 

In particular, polarization of macrophages and microglia to an alternative and repair-

promoting (M2) phenotype is associated with CNS repair and remyelination (Miron et al., 

2013). Thus, factors responsible for fostering myeloid cell phenotype and function are of 

critical relevance to MS.  

 microRNAs (miRs) are small-noncoding RNA molecules that post-

transcriptionally regulate gene expression by binding mRNA 3’ untranslated regions. 

microRNAs play important roles in many cellular processes, including inflammation and 

myeloid cell phenotype and function. Currently, the functional roles of microRNAs in MS 

and neuroinflammation are not fully understood. In particular, one microRNA that has 

been implicated in MS pathology is microRNA-223 (miR-223-3p). miR-223-3p has 

diverse roles in modulating inflammatory processes (Haneklaus et al., 2013) and its 

expression is upregulated in both MS patient peripheral blood mononuclear cells 
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(PBMCs) (Keller et al., 2009) and early active, demyelinating MS lesions (Junker et al., 

2009).Importantly, these reports have not identified precise cell types in which miR-223-

3p expression is altered. miR-223-3p is predominantly expressed in cells of hematopoietic 

lineage (Chen et al., 2004), and is further enriched in myeloid cells (Johnnidis et al., 

2008). 

 miR-223-3p has been reported to regulate both pro-inflammatory (M1) and anti-

inflammatory (M2) macrophage polarization (Ying et al., 2015; Zhuang et al., 2012), and 

granulocyte function. Initial reports characterizing mice deficient for miR-223-3p (miR-

223-3p KO) uncovered exaggerated inflammatory phenotypes, particularly innate 

immune hyper-activation during aging or following endotoxin challenge (Johnnidis et al., 

2008). Subsequent reports utilizing miR-223-3p KO mice have demonstrated that 

expression of miR-223-3p is protective in several inflammatory animal models including 

colitis (Neudecker et al., 2017b; Zhou et al., 2015), lung injury (Neudecker et al., 2017a), 

liver injury (M. Li et al., 2017) and obesity (Zhuang et al., 2012). Furthermore, within the 

CNS, miR-223-3p overexpression is protective in models of ischemic stroke (Harraz et 

al., 2012) and intracerebral hemorrhage (Yang et al., 2015). In contrast, recent reports 

have also demonstrated that miR-223-3p is pathogenic in EAE (Cantoni et al., 2017; 

Ifergan et al., 2016) with mice lacking miR-223-3p displaying impaired pathogenic T cell 

activation. Although this may suggest that miR-223-3p expression is detrimental in MS, 

the EAE model does not fully reflect the pathological features of MS and is an inefficient 

model to study repair and remyelination (Franklin and Ffrench-Constant, 2017).  
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 Taken together, these reports suggest a Janus role for miR-223-3p in controlling 

neuroinflammation that is currently unresolved. Furthermore, it is currently unknown how 

miR-223-3p contributes to repair and remyelination in the CNS following demyelination.  

 In the current study, we have sought to identify the role of miR-223-3p in 

regulating MS-relevant neuroinflammation. We demonstrate that miR-223-3p expression 

is elevated in MS patient monocytes and M2 myeloid cells. miR-223-3p deficiency delays 

EAE onset but is dispensable for severity and M1 polarization. Furthermore, miR-223-3p 

is required for efficient M2 polarization and phagocytosis in myeloid cells, and mice 

lacking miR-223-3p display impaired CNS remyelination. These results suggest a 

complex, but overall beneficial role for miR-223-3p in regulating CNS inflammation and 

remyelination.  
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3.2 Materials and Methods 

3.2.1 Animals 

 All animal experiments were approved by the Memorial University Animal Care 

Committee in accordance with Canadian Counsel on Animal Care guidelines. All animals 

were kept in 12 hr light dark- cycles with access to food and water ad libitum and housed 

at the Memorial University Faculty of Medicine animal care facility. The number of 

animals used in individual experiments is listed as n values in figure legends. miR-223-

3p−/− and miR-223-3p−/y knockout mice (B6.Cg-PtprcaMir223tm1Fcam/J; Stock ID: 

013198) were maintained on a C57BL/6 background and purchased from Jackson 

Laboratories. Wild-type control CD45.1+ mice (B6.SJL-Ptprca Pepcb/BoyJ; Stock ID: 

002014) were purchased from Jackson Laboratories, as the miR-223-3p knockout mice 

were initially backcrossed and maintained on this strain (Johnnidis et al., 2008). 

Genotyping for the miR-223 locus was performed using the common 5’-

TTCTGCTATTCTGGCTGCAA-3’; wild-type 5’-CAGTGTCACGCTCCGTGTAT-3’; 

and knockout 5’-CTTCCTCGTGCTTTACGGTATCG-3’ primers purchased from 

Integrated DNA Technologies. miR-223-3p knockout mice lacked expression of mature 

miR-223-3p as demonstrated by qPCR (Figure S3.1).  

 

3.2.2 EAE Induction and Scoring  

 Experimental autoimmune encephalomyelitis was induced in 6- to 8– week-old 

littermate or age- and sex-matched animals with similar clinical scores obtained. Animals 

were immunized with 200 μg of subcutaneous MOG35–55 (Genscript) in a 200-μL 
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emulsion of Complete Freund's Adjuvant (CFA; Difco) bilaterally at the base of the tail. 

On days 0 and 2, pertussis toxin (400 ng, Enzo) was injected intraperitoneally (i.p.). EAE 

clinical scores were assessed daily via both manual assessment of tail and hindlimb 

grasping strength, as well as monitoring of mouse home cage movement. The clinical 

scoring system used was as follows: 0, normal; 1, limp tail; 2, walking deficits/hindlimb 

weakness; 3, unilateral hindlimb paralysis; 4, bilateral hindlimb paralysis; 5, moribund 

(required sacrifice). When disease severity was between the defined scores, intermediate 

scores of 0.5 were given. All mice were scored by a blinded investigator.  

 

3.2.3 Lysolecithin-Induced Focal Demyelination  

 Demyelinating lesions were induced in the corpus callosum of 12- to 24-week-old 

littermate male mice. Under isoflourane anesthesia, mice were injected with 2 μL of 1% 

lysolecithin (Sigma, Oakville, Canada) dissolved in PBS at stereotaxic coordinates 1.2 

mm posterior, 0.5 mm lateral, and 1.4 mm deep to bregma using a Hamilton syringe and a 

nanopump (Harvard Apparatus). Following surgery, mice received 5 mg/kg Metacam® 

and were returned to their home cage for 7 or 14 days. To quantify demyelination, 

coronal sections were stained with FluoroMyelinTM (outlined below). Images of 

demyelinated lesions were acquired, and lesion size was measured as demyelinated area 

at the level of the anterior hippocampus in all animals by a blinded investigator. 

Demyelinated areas (lacking myelin staining within the bounds of the corpus callosum) 

were outlined and quantified using ImageJ software.  
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3.2.4 In Vivo LPS Challenge  

 Littermate 6- to 8-week-old male miR-223-3p KO mice and WT control were 

injected I.P. with 5 mg/kg of LPS (Serotype O55:B5). Blood was collected 2 hr post-

injection via cardiac puncture using heparinized syringes. Plasma was than isolated for 

ELISAs.  

 

3.2.5 Patient Samples  

 All experiments involving human participation were approved by the 

Newfoundland Health Research Ethics Board. MS patients were recruited through the 

Health Research Innovation Team in Multiple Sclerosis (HITMS) at Memorial University 

of Newfoundland, St. John’s, NL, Canada. Venous blood was drawn from relapsing–

remitting MS (RRMS) patients and healthy controls with informed consent. PBMCs were 

isolated following ficoll-density gradient centrifugation, and CD14+ monocytes were 

subsequently isolated to ~95% to 98% purity using anti-CD14 magnetic beads (Miltenyi). 

For microRNA and mRNA expression assays, cells were immediately lysed and stored in 

QiaZOL® reagent at −80 C.  

 

3.2.6 Cell Culture  

 Human monocyte-derived macrophages (MDMs) were cultured from isolated 

CD14+ monocytes. Monocytes were cultured at 5 × 105 cells/ml in RPMI media 

containing 10% fetal bovine serum (FBS), penicillin/ streptomycin (Gibco®; 1×), and 

GlutaMAXTM (Gibco®; 1×) supplemented with macrophage colony stimulating factor 
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(M-CSF; 25 ng/ml; Peprotech). Macrophages were used in experiments after 5 to 6 days 

of differentiation. Human adult microglia were isolated and cultured from surgically 

resected CNS tissue as previously described (Durafourt et al., 2013). All human MDMs 

and microglia were derived from normal populations and not patients with MS. Mouse 

bone marrow-derived macrophages (BMDMs) were obtained from bone marrow of adult 

mice and cultured in DMEM containing 10% FBS, penicillin/ streptomycin, and 

glutamine supplemented with M-CSF (10 ng/ml; Peprotech) as previously described 

(Ying et al., 2013). Mouse microglia were prepared from mixed glial cultures of P0-2 

cortices cultured in DMEM media containing 10% FBS, penicillin/streptomycin 

(Gibco®; 1×), and GlutaMAXTM (Gibco®; 1×). Microglia (99% purity) were isolated by 

mild-trypsinization (Saura, Tusell, & Serratosa, 2003) and maintained in astrocyte-

conditioned media for 24 to 48 hr prior to experimentation. Cell activation and 

polarization was performed as previously described (Durafourt et al., 2012; Moore et al., 

2013). For LPS activation assays, cells were stimulated with LPS (100 ng/ml; serotype 

0127:B8) for 6 hr. For polarization assays, M1 cells were activated with IFNγ (20 ng/ml; 

Peprotech) for 1 hr, followed by LPS (100 ng/ml) for 48 hr. M2 cells were activated with 

IL-4 (20 ng/ml; Peprotech) and IL-13 (20 ng/ml; Peprotech) for 48 hr. Resting, untreated 

cells were used as “M0” controls. Cells and supernatants were collected as described 

below. Murine neurospheres were derived from P0 to P2 mouse pups as previously 

described (Reynolds and Weiss, 1992). Briefly, cortical neurospheres were grown in 

DMEM-F12 containing penicillin/streptomycin, B27 supplement, EGF (20 ng/ml), FGF2 

(20 ng/ml), and heparin (2 μg/ml). After 1 week in culture, neurospheres were plated on 
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12 mm laminin-coated coverslips in wells of a 24-well culture dish and differentiated for 

7 days in DMEM containing 1% FBS and N1 supplement.  

 

3.2.7 microRNA Transfection  

 microRNA transfection of cells was performed using Lipofectamine RNAiMAX® 

(Invitrogen, Burlington, Canada). Lipofectamine reagent was diluted 1:100 in serum-free 

DMEM, and then incubated with microRNA mimics (mirVanaTM) for 20 to 30 min. 

microRNA–lipofectamine complexes were then added to cell cultures yielding final 

concentrations of 1, 10, and 30 nM for 48 to 72 hr prior to experimentation. For all 

microRNA mimic experiments, a non-coding control microRNA (mirVanaTM) was 

transfected at a concentration of 30 nM. Transfection efficiency (>90%) was determined 

by transfection of a Cy3 fluorescently labeled microRNA, and a 30 nM dose of miR-223-

3p mimics corresponded to an approximately 200-fold increase in mature miR-223-3p 

levels in mouse BMDMs (Figure S3.1).  

 

3.2.8 Immunohistochemistry  

 Mice were anesthetized by intraperitonal injection of sodium pentobarbital and 

perfused intracardially with PBS followed by 4% paraformaldehyde (PFA). Brains and 

spinal cords were dissected and post-fixed in 4% PFA for 24 hr at 4 C. Tissues were 

paraffin-embedded and sectioned at 6 μm for H&E or eriochrome cyanine (myelin) 

staining. Lysolecithin brains were cryoprotected in 30% sucrose in PBS at 4 C. Tissue 

blocks containing lesions were then frozen in Tissue-Tek® OCT and coronal sections 
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were cut at 14 to 16 μm. All sections were blocked and permeabilized in blocking 

solution (PBS containing 10% normal goat serum, 2% horse serum, 0.1% Triton-X) for 1 

hr at room temperature (RT). Primary antibodies (listed below) were diluted in blocking 

solution and incubated with tissue sections overnight at 4 C. Sections were washed 3x in 

PBS-Tween20 (0.05%) followed by incubation with secondary antibodies for 1 hr at RT. 

Sections were then washed 3x in PBS-Tween-20 and mounted in Fluoromount-GTM 

(Southern Biotech). For myelin staining, slides were incubated with FluoroMyelinTM 

Green (1:300 in PBS; Thermo, Mississauga, Canada) for 20 minutes at RT following 

staining with secondary antibodies. DAPI (1:1000) was used to stain nuclei. Primary 

antibodies included: Iba1 (1:500; Wako; 019-19741), GFAP (1:1000; Sigma, MAB3402), 

MBP (1:200; BioLegend; SMI-99), NG2 (1:500; Millipore; AB5320), and Arg1 (1:200; 

SantaCruz; V-20). All secondary antibodies were purchased from ThermoFisher and used 

at 1:500. All images were acquired on a Zeiss AxioObserver.Z1. Cell counts and 

quantification were performed by a blinded observer.  

 

3.2.9 RNA Isolation and qPCR  

 Cells were lysed in QiaZOL® reagent and stored at −80C. Total RNA was 

isolated by RNeasy® column extraction with a DNase treatment step (Qiagen, 

Germantown, MD). RNA was quantified using a NanodropTM One. For gene expression 

assays, RNA (200 ng) was reverse transcribed using M-MLV reverse transcriptase 

(Invitrogen, Burlington, Canada). Individual gene expression assays were performed 

using specific TaqMan® probes and normalized to the endogenous control gene 18S 
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(Hs99999901_s1). For microRNA expression assays, microRNA-specific reverse 

transcription primers were multiplexed and RNA (10 ng) was reverse transcribed 

following the TaqMan® MicroRNA Reverse Transcription kit protocol. MicroRNA 

expression was normalized to RNU48 (human; Cat#: 001006) or SNO202 (mouse; Cat#: 

001232) for human or mouse samples respectively. Fold changes were calculated using 

the ΔΔCt method. Mouse TaqMan® gene expression assay catalog numbers were as 

follows: Arg1 (Mm00475988_m1), Ym1 (Mm00657889_mH). MicroRNA TaqMan® 

gene expression assay catalog numbers were as follows: miR-223-3p (002295). 

 

3.2.10 Western Blotting  

 Cell cultures were lysed in 1× Lamelli sample buffer (2% SDS, 5% beta-

mercaeptoethanol, 10% glycerol, 0.05M Tris pH 6.8) and boiled for 5 min at 95 C. 

Samples were separated on NuPAGETM 4–12% Bis-Tris Gels (Invitrogen, Burlington, 

Canada) and transferred to 0.45 pore Immobilon- P PVDF membranes (Millipore) for 1 hr 

at 100 V. Membranes were probed with antibodies specific to RASA1 (Clone B4F8; 

Santa Cruz; 1:1000) or β-Actin (Clone C-4; Santa Cruz; 1:1000) followed by HRP-linked 

anti-mouse IgG (1:2000; sc-2005). Quantification of band intensity was measured using 

ImageJ software (NIH). Protein loading was normalized relative to β-actin.  

 

3.2.11 Flow Cytometry  

 For EAE experiments, spinal cords were homogenized from PBS perfused mice 

and myelin was removed using a 30% to 70% Percoll gradient. Isolated mononuclear 
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cells were resuspended in FACS buffer (1% FBS in PBS). For in vitro assays, BMDMs 

were collected in FACS buffer by gentle scraping using a cell lifter. The following 

antibodies were used for analysis CD45 (Clone: A20; Pacific Blue; BioLegend; 1:50), 

CD11b (Clone: M1/70, FITC; BD Biosciences; 1:50) CD80 (Clone: 16-10A, FITC; BD 

Biosciences; 1:50), CD86 (Clone: GL1, PE; BD Bioscience; 1:25), CD206 (Clone: 

C068C2, PE-Cy7; BioLegend; 1:50). Cell viability was determined by staining with 

LIVE/ DEADTM Fixable Aqua (Thermo, Mississauga, Canada) according to 

manufacturer's protocol. Following a 30-min incubation, cells were washed and fixed in 

1% PFA and acquired using a MoFlo® AstriosTM flow cytometer (Beckman Coulter, 

Mississauga, Canada) or FACSCaliburTM (BD). Data were analyzed using FlowJo® 

software.  

 

3.2.12 ELISAs  

 Cell culture supernatants were collected and stored at −80 C. Supernatants were 

assayed for TNF or IL-6 levels using ELISA kits (BD Biosciences) according to 

manufacturer's instructions.  

 

3.2.13 Phagocytosis Assays  

 Myelin was isolated as previously described (Norton and Poduslo, 1973). Briefly, 

adult mouse brains were homogenized, subjected to sucrose density gradient 

(0.32M/0.85M sucrose, myelin at interface) centrifugation and osmotic shocks in sterile 

water to separate myelin from other cellular components. The protein component of 
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myelin was measured using the BCA assay (Sigma, Oakville, Canada). To assess myelin 

phagocytosis by ICC, cells were treated with 25 μg/ml of myelin for 24 hr and stained for 

Iba1 and MBP. Proportion of MBP containing cells were quantified by a blinded 

investigator using ImageJ software. For live-cell phagocytosis assays, a final 

concentration of 0.5mg/mL of pHrodo® Green-labeled zymosan A bioparticles (Thermo, 

Mississauga, Canada), or 1mg/mL of pHrodo® Red-labeled myelin were added to 

BMDM cultures and immediately transferred to a live-imaging plate reader (Cytation5) at 

37C with 5% CO2. pHrodo® Red-labeled myelin was generated by incubating isolated 

myelin (1mg/mL) with pHrodo® Red-SE (10ug/mL) at room temperature for 1hr with 

constant agitation. Fluorescence intensity (Ex509/Em533 or Ex560/Em585) was 

measured at 5-min intervals over a period of 6 hr.  

 

3.2.14 ROS Assays  

 Bone marrow-derived macrophages were loaded with 20 μM carboxy- H2DCFDA 

(Thermo, Mississauga, Canada) for 15 min in serum free DMEM. BMDMs were washed 

and media was replaced with phenol red free DMEM containing treatment conditions. 

Relative green fluorescence intensity (Ex480/Em520) was determined using a 

fluorescence plate reader after 3hr stimulation with LPS (100 ng/ml) or untreated 

controls. 
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3.2.15 Data Analysis  

 Data analysis was performed using Prism 6 software (GraphPad), and results are 

presented as the mean +/- SEM. All statistical tests used are described in the figure 

legends. p < .05 were considered statistically significant (*p < .05, **p < .01, ***p < 

.001).   
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3.3 Results  

3.3.1 miR-223-3p expression is increased in treatment naïve MS patient monocytes and 

M2-polarized primary human myeloid cells  

 We first sought to measure the expression of miR-223-3p in MS patient 

circulating immune cells and performed qPCR for miR-223-3p in CD14+ monocytes and 

whole PBMCs isolated from untreated RRMS patients and age- and sex-matched healthy 

controls (Supplemental Table 3.1). miR-223-3p expression was significantly upregulated 

in CD14+ monocytes (Figure 3.1a), however, no differences were observed in whole 

PBMCs (Figure 3.1b) and suggested a monocyte-specific dysregulation of miR-223-3p in 

RRMS patients. As miR-223-3p has previously been reported to influence macrophage 

polarization in mice, we further assessed miR-223-3p expression in M1- and M2-

polarized primary human macrophages and microglia. Compared with M1-polarized 

cells, we observed increased miR-223-3p expression in M2-polarized human monocyte-

derived macrophages and human adult microglia (Figure 3.1c,d).  
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Figure 3.1: Relative expression of miR-223-3p in MS patient samples and polarized 
myeloid cells. 

 (a) A significant increase in miR-223-3p was observed in isolated CD14+ monocytes 
from untreated RRMS patient (n = 10) in comparison to controls (n = 18). (b) No change 
was observed in whole PBMCs from MS patients. n = 9/group; 
(c, d) miR-223-3p expression was significantly increased in M2 human macrophages and 
human microglia. For all panels, statistical significance was determined by an unpaired 
(a, b) or paired (c, d) Student's t-test. Data are expressed as mean +/- SEM  
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3.3.2 miR-223-3p knockout mice display delayed EAE onset, but similar disease severity  

 Based on our observation that miR-223-3p expression was increased in MS 

patient monocytes and M2-polarized myeloid cells, we hypothesized that miR-223-3p 

may influence disease course and pathology in EAE, an animal model of MS. In a series 

of three-independent EAE experiments, our pooled in vivo data demonstrated that miR-

223-3p knockout mice had only a modest delay in EAE onset; no differences in disease 

severity were observed as demonstrated by both clinical score and percent weight change 

(Figure 3.2a,b). Histology of EAE spinal cords demonstrated similar immune cell 

infiltration and demyelination in WT and miR-223-3p KO mice at 21 days (Figure 3.2c). 

Furthermore, flow cytometry of EAE spinal cords at 21 days demonstrated similarities in 

both peripheral-derived macrophages and microglia numbers (Figure 3.2d,e).  
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Figure 3.2: Knockout of miR-223-3p results in delayed EAE onset but does not 
influence overall disease severity. 

(a, b) EAE was induced in miR-223-3p KO (n = 21) and WT (n = 17) mice, and clinical 
score and body weight were recorded for 21 days. Statistical significance was determined 
by repeated-measures two-way ANOVA with Sidak’s multiple comparisons test. (c) 
Histological sections show similar immune cell infiltration and demyelination at 21 days 
post-induction. (d, e) flow cytometric analysis of myeloid cell infiltration demonstrates no 
significant differences in macrophage or microglial cell numbers at 21 days post-
induction. n = 4/group; statistical significance determined by unpaired Student’s t-test. 
Data are expressed as mean +/- SEM. Scale bars are 200μm 
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3.3.3 Myeloid cells derived from miR-223-3p knockout mice display a similar pro-

inflammatory phenotype and function compared with WT-littermates  

 Given the role of pro-inflammatory and activated myeloid cells in antigen 

presentation and demyelination, we measured the ability of miR-223-3p KO-derived 

myeloid cells to express co-stimulatory molecules and pro-inflammatory cytokines in 

response to IFNγ and LPS stimulation (M1). With the exception of a ~20% reduction in 

IL-6 release by miR-223-3p KO BMDMs, the release of TNF and IL-6 from macrophages 

or microglia did not differ between cells derived from either miR-223-3p KO mice or WT 

littermates (Figure 3.3a). miR-223-3p KO macrophages demonstrated slightly reduced 

co-stimulatory molecule (CD80 and CD86) expression at 48 hr following stimulation 

(Figure 3.3b). No changes in intracellular ROS production were measured either at 

baseline or following LPS activation (Figure 3.3c). Furthermore, pro-inflammatory 

cytokine responses following peripheral LPS injections were similar between both 

genotypes (Figure 3.3d).  
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Figure 3.3: M1 polarization is unaffected in miR-223-3p KO cells. 

(a) Secretion of TNF and IL-6 following LPS (100 ng/ml) stimulation of WT and KO 
myeloid cells. n = 3 to 5/group; statistical significance was determined by unpaired 
Student's t-tests. (b) BMDMs were polarized to an M1 phenotype for 48 h with IFNγ (20 
ng/ml) and LPS (100 ng/ml) and surface expression of the costimulatory molecules CD80 
and CD86 were assessed (histograms, dotted line: Untreated, solid line: M1). n = 3 to 
5/group; statistical significance determined by two-way ANOVA with Tukey's multiple 
comparisons test. (c) ROS production was determined in BMDMs loaded with carboxy-
H2DCFDA and stimulated with LPS (100 ng/ml) for 3 h. n = 3/group; statistical 
significance determined by two-way ANOVA with Tukey’s multiple comparisons test. 
(d) Plasma cytokine responses were determined in mice 2 hr post-injection of LPS (5 
mg/kg; i.p.). n = 7 to 8/group; statistical significance determined by unpaired Student’s t-
tests. Data are expressed as mean +/- SEM. 
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3.3.4 Overexpression of miR-223-3p reduces human and murine myeloid cell activation  

 To further elucidate a potential role of miR-223-3p and negate any compensatory 

mechanisms in the miR-223-3p KO mice during pro-inflammatory myeloid cell 

activation, we overexpressed miR-223-3p using mature miR-223-3p mimics in both 

human and mouse macrophages and microglia prior to activation with LPS. Compared 

with transfection with a non- coding microRNA control mimic, cells transfected with a 

miR-223-3p mimic showed decreased TNF secretion upon LPS challenge (Figure 3.4a,b). 

Furthermore, transfection of miR-223-3p mimics significantly reduced protein levels of 

the miR-223-3p target RASA1 (Sun et al., 2015) in macrophages (Figure 3.4c,d and 

Supplementary Figure 2), particularly at the highest concentration of miR-223-3p mimics 

(30 nM).  
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Figure 3.4: Overexpression of miR-223-3p in mouse and human myeloid cells 
decreases pro-inflammatory responses upon LPS activation. 

Myeloid cells were transfected with miR-223-3p mimics (1 to 30 nM) prior to activation 
with LPS (100 ng/ml). Transfection of miR-223-3p into human (a) and mouse (b) 
macrophages and microglia result in reduced TNF secretion following LPS activation 
(100 ng/ml, 6 h). n = 2 to 3/group (human microglia) or n = 4/group; statistical 
significance from non-coding (NC) miRNA was determined by repeated-measures one-
way ANOVA followed by Dunnett’s multiple comparisons. (c, d) overexpression of miR-
223-3p reduces expression of the miR-223-3p target RASA1. Data are expressed as mean 
+/- SEM  
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3.3.5 miR-223-3p is essential for efficient M2 polarization and phagocytosis  

 We next assessed the ability of miR-223-3p to influence the alternatively 

activated, tissue-repairing “M2” phenotype in myeloid cells. Upon stimulation with IL-4 

and IL-13 for 48 hr, miR-223-3p KO macrophages demonstrated significantly impaired 

M2 polarization as measured by expression of the mannose receptor CD206, a classic M2 

polarization marker (Figure 3.5a,b). Compared with WT-derived cells, further evidence of 

an impaired M2 phenotype was noted in miR-223-3p KO cells using qPCR for the 

common M2 markers Arg1 and Ym1. While levels of Arg1 remained unchanged, Ym1 

expression was significantly reduced in both miR-223-3p KO-derived macrophages and 

microglia (Figure 3.5c), confirming reduced M2 polarization. As phagocytosis is a key 

function of M2 myeloid cells (Durafourt et al., 2012), we further investigated whether 

miR-223-3p KO macrophages displayed a deficit in phagocytosis ability. Following 

exposure to highly purified myelin for 24 hr, fewer miR-223-3p KO macrophages were 

MBP+ compared with WT controls (Figure 3.6a,b). To further investigate phagocytosis, 

WT and miR-223-3p KO macrophages were exposed to pHrodo®-labeled Zymosan A 

particles or purified myelin. In real-time, phagocytosis was measured by fluorescence 

intensity. As pHrodo® is a pH-sensitive dye, increases in relative fluorescent unites 

(RFUs) are indicative of particle uptake into phagosomes and subsequent phagosomal 

maturation. Within these phagocytosis assays, miR-223-3p KO macrophages 

demonstrated significantly impaired phagocytosis in all phenotypes compared with WT 

controls (Figure 3.6c,d).  
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Figure 3.5: miR-223-3p is required for efficient M2 myeloid cell polarization. 

(a) BMDMs were polarized to an M2 phenotype with IL-4 (20 ng/ml) and IL-13 (20 
ng/ml), and polarization was assessed by expression of the mannose receptor CD206. n = 
3 to 4/group; statistical significance determined by two-way ANOVA followed by 
Tukey’s multiple comparisons test. (c, d) BMDMs and microglia were polarized to an M2 
phenotype, and M2-associated gene expression was determined by qPCR. Myeloid cells 
lacking miR-223-3p show reduced Ym1 expression following M2 polarization. n = 3 to 
4/group; statistical significance determined by two-way ANOVA followed by Tukey’s 
multiple comparisons test. Data are expressed as mean +/- SEM 
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Figure 3.6: Myeloid cells lacking miR-223-3p display reduced phagocytic ability. 

(a, b) BMDMs from WT and KO mice were treated with purified mouse myelin (25 
μg/ml; 24 hr) and the number of myelin-laden macrophages was determined. n = 6/group; 
statistical significance determined by unpaired Student’s t-test. (c, d) Polarized BMDMs 
were incubated with pHrodo-labeled Zymosan A (c) or myelin (d) and relative 
fluorescence (corresponding to phagocytosis) was recorded. Phagocytic rates were 
calculated as the slope of the linear portion of the curves. n = 3 to 4/group; statistical 
significance determined by unpaired repeated-measure two-way ANOVAs followed by 
Tukey’s multiple comparisons test (RFU) or unpaired Student’s t-tests (phagocytic rate). 
Data are expressed as mean " SEM. Scale bars are 50 μm  
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3.3.6 miR-223-3p knockout mice display impaired CNS Remyelination and myelin debris 

clearance  

 Given the observed deficit in M2 polarization and phagocytosis, we reasoned that 

miR-223-3p KO mice would display impaired remyelination in the context of 

lysolecithin-induced focal demyelination. We induced demyelinating lesions miR-223-3p 

KO mice and WT littermate controls and collected tissue at 7 and 14 DPI. At 7 DPI, KO 

mice demonstrated a trend toward increased lesion size (P = .08) (Figure 3.7a). At 14 

DPI, miR-223-3p KO mice had a significantly increased lesion sizes (Figure 3.7b), 

indicative of impaired remyelination. Analysis of CC1+ cells within lesions demonstrated 

miR-223-3p KO mice had a modest, but not statistically significant, decrease in CC1+ 

cells (P=0.1) (Figure 3.7c). Analysis of OPC differentiation from WT and miR-223-3p 

KO neurospheres demonstrated no significant differences (Figure S3.3), suggesting the 

remyelination deficit observed in vivo is not oligodendrocyte intrinsic.  

  



 102 

 

Figure 3.7: Deletion of miR-223-3p impairs CNS remyelination. miR-223-3p KO or 
WT littermates were injected with lysolecithin into the corpus callosum. 

(a) At 7 days post-injection, miR-223-3p KO mice had larger lesions compared with WT 
controls. n = 4/group; statistical significance determined by unpaired Student’s t-test. (b) 
Lesion sizes at 14 days post-injection were significantly larger in miR-223-3p KO mice 
than WT controls. n = 3 to 5/group; statistical significance determined by unpaired 
Student’s t-test. (c) CC1+ cell density was modestly reduced in miR-223-3p KO mice in 
comparison to WT controls. n = 3 to 5/group; statistical significance mean " SEM. Scale 
bars are 200 or 50 μm  
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 To further investigate the mechanisms leading to impaired remyelination in vivo, 

we assessed Iba1, FluoroMyelinTM and Arg1 immunoreactivity in WT and miR-223-3p 

KO lysolecithin lesions. It was apparent that in the miR-223-3p KO animals, 

demyelinated lesions contained numerous myelin debris puncta, often deposited within 

macrophages and microglia (Figure 3.8a). Notably this staining pattern was absent in WT 

mice, suggesting a debris clearance failure in the miR-223-3p KO mice. Further analysis 

of the lesions demonstrated that while there were no significant differences in myeloid 

cell infiltration (Figure 3.8b), there were increased numbers of myelin-laden cells in the 

miR-223-3p KO animals (Figure 3.8c). Quantification of Arg1+ myeloid cells revealed 

no significant differences between WT and miR-223-3p KO animals (Figure S3.4).  
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Figure 3.8: Myelin debris clearance is impaired in miR-223-3p KO mice following 
lysolecithin-induced demyelination. 

(a) Representative immunofluorescent images of WT and miR-223-3p KO lesions at 14 
days post-injection. (b, c) Quantification of Iba1+ macrophages/microglia (b), myelin-
laden macrophages (c) in lysolecithin lesions. n = 3 to 5/group; statistical significance 
determined by unpaired Student’s t-test. Data are expressed as mean +/- SEM. Scale bars 
are 20 μm.  
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3.4 Discussion  

 Recently, it has become clear that diverse myeloid cell phenotypes are key 

contributors to inflammation and repair in MS and its relevant animal models (Rawji et 

al., 2016). However, the precise molecular mechanisms that underlie these phenotypes, 

particularly in the context of MS, have yet to be fully elucidated. Our data has 

demonstrated that an immunoregulatory microRNA, miR-223-3p, is dysregulated in MS 

patient myeloid cells, and contributes to reparative myeloid cell activation and CNS 

remyelination. Importantly, we have demonstrated that miR-223-3p is required for 

efficient anti-inflammatory M2 myeloid cell activation, debris clearance via phagocytosis, 

and CNS remyelination in vivo.  

 Using samples derived from untreated RRMS patients, we have observed that 

miR-223-3p is upregulated in circulating monocytes, but not in whole PBMCs (Figure 

3.1). While a previous report has demonstrated an increase in miR-223-3p expression in 

the whole blood of MS patients (including granulocytes, red blood cells, and platelets) 

(Keller et al., 2009), our results suggest that the change does indeed occur in the 

monocytes and was not observed in PBMCs due to a dilution effect of RNA from other 

cell populations. It has previously been reported miR-223-3p expression is also 

upregulated in active MS lesions (Junker et al., 2009), although this upregulation is not 

sustained in chronic lesions. Previous reports have also demonstrated that miR-223-3p 

expression is decreased in the plasma of MS patients (Fenoglio et al., 2013), potentially in 

the exosomal compartment where miR-223-3p is highly abundant (Hunter et al., 2008). 

The upregulation of miR-223-3p in MS is consistent with observed upregulation of miR-
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223-3p in a multitude of diseases associated with chronic inflammation (Haneklaus et al., 

2013).Thus, it is likely that miR-223-3p up-regulation during inflammation serves as a 

protective mechanism to limit tissue damage and promote the transition to a regenerative 

phenotype. Why this mechanism fails in MS (and other inflammatory diseases) is 

currently unknown.  

 In response to an acute demyelinating insult, peripheral blood- derived 

macrophages and CNS-resident microglia are recruited to lesion sites and engage in an 

inflammatory program that is initially pro-inflammatory. However, this is often followed 

by a conversion to an anti-inflammatory and regenerative phenotype that promotes tissue 

repair and remyelination (Eming et al., 2017). Dysregulation of this process results in 

remyelination failure (Miron et al., 2013), a hallmark pathological feature of chronic MS 

lesions that can ultimately lead to axonal degeneration and progressive clinical 

impairment (Chang et al., 2002; Trapp and Nave, 2008). Within chronic, but not active or 

remyelinating MS lesions, myeloid cells lack expression of classic M2-associated cell 

surface markers, transcription factors, and cytokines (Peferoen et al., 2015; Vogel et al., 

2013), and may be indicative of an inefficient transition to the regenerative phenotype, 

thus resulting in remyelination failure in progressive MS. Using primary bone marrow-

derived macrophages lacking miR-223-3p expression, our data demonstrated that these 

cells have an impaired ability to polarize toward the M2 phenotype (Figure 3.5). These 

results are consistent with previous reports whereby macrophages derived from miR-223-

3p KO mice have impaired M2 polarization following exposure to IL-4 and/or PPARγ 

ligands and investigated in the context of obesity (Ying et al., 2015; Zhuang et al., 2012). 

In the context of brain injury, we have further elaborated on these findings by 
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demonstrating that M2 polarization is also impaired in brain-resident microglia (Figure 

5). This result is of great clinical relevance given that transcriptional profiles between 

blood-derived macrophages and microglia significantly differ between these myeloid cell 

subtypes (Butovsky et al., 2014). Compared with wild-type cells, we observed that both 

CD206 and Ym1 expression were reduced in M2-polarized miR-223-3p KO myeloid 

cells. in vitro expression of Arg1 in M2 polarized myeloid cells was similar between 

miR-223-3p KO and WT cells (Figure 3.5). While Arg1 is a marker of M2 macrophage 

polarization, its expression is not an absolute requirement (Murray and Wynn, 2011). It is 

also worth noting that the M1/M2 model of myeloid cell polarization does not fully 

capture the diversity of myeloid cells, and in particular microglia (Ransohoff, 2016a), 

suggesting a complex effect of miR-223-3p on myeloid cell phenotype that may extend 

beyond the binary M1/M2 distinction. Furthermore, macrophages lacking miR-223-3p 

demonstrated a functional impairment in phagocytosis in vitro (Figure 3.6), which also 

translated in vivo, as mice lacking miR-223-3p displayed impaired myelin debris 

clearance following lysolecithin-induced demyelination (Figure 3.8). This impairment is 

likely a significant factor contributing to the decreased remyelination capacity in the miR-

223-3p KO mice since myelin debris has been shown to negatively influence OPC 

differentiation and remyelination (Kotter et al., 2011, 2006). Arg1 immunoreactivity was 

similar in vivo in WT and miR-223-3p KO mice, suggesting that the functionality, but not 

recruitment, of M2 polarized myeloid cells is impaired in vivo.  

 In mouse macrophages, the anti-inflammatory role of miR-223-3p has been 

suggested given its ability to target the pro-inflammatory transcription factor NFAT5, as 

well as multiple STAT transcription factors, including STAT1, STAT3, and STAT5 
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(Chen et al., 2012; Moles et al., 2015; Pinatel et al., 2014; Ying et al., 2015). miR-223-3p 

has also been shown to target pro-inflammatory RASA1 (also known as p120-RasGAP), 

a result that we have confirmed in both mouse and human macrophages (Figure 3.4). 

RASA1 is a GTPase activating protein that terminates Ras signaling following activation 

of receptor tyrosine kinases (RTKs) (King et al., 2013). Although the precise mechanism 

by which RASA1 influences the phenotype of myeloid cells, particularly alternative 

activation, is currently unknown, Ras regulates numerous signaling pathways including 

ERK, PI3K, and MAPK. Additionally, RASA1 is inhibited by SOCS3 (Cacalano et al., 

2001), further suggesting inhibition of RASA1 is critical for anti-inflammatory functions.  

 Herein, we demonstrated that the M1-polarization phenotype and its associated 

functions in vitro (as measured by ROS and cytokine levels) were relatively similar in 

both macrophages and microglia derived from miR-223-3p KO and WT mice (Figure 

3.3). To further investigate any potential contribution of miR-223-3p toward the M1 pro-

inflammatory phenotype in vivo, we performed an acute LPS challenge and observed 

equivalent peripheral cytokine responses between miR-223-3p KO mice and WT-

littermates (Figure 3.3). We also performed EAE in miR-223-3p KO mice and observed 

similar peak clinical scores compared with WT mice (Figure 2). Previous EAE studies 

using miR-223-3p KO mice had demonstrated reduced EAE severity due to impaired 

pathogenic T cell differentiation (Cantoni et al., 2017; Ifergan et al., 2016). The authors 

described this impaired T cell differentiation as myeloid cell dependent because antigen-

presenting cells derived from miR-223-3p KO mice failed to sufficiently drive IL-

17/GM-CSF production by MOG-specific T cells (Ifergan et al., 2016). The C57Bl/6-
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MOG35–55 model of EAE is T cell dependent (Rangachari and Kuchroo, 2013). Consistent 

with our data, previous adoptive transfer EAE experiments using in vitro polarized T cells 

demonstrated equivalent clinical score in WT and miR-223-3p KO mice (Cantoni et al., 

2017), suggesting a similar pro-inflammatory myeloid cell polarization despite an 

impaired T cell response.  

 In addition to assessing the potential involvement of miR-223-3p in pro-

inflammatory myeloid cells, we also performed both in vitro and in vivo experiments to 

investigate how miR-223-3p could regulate the M2 anti-inflammatory and tissue-

regenerating myeloid cell phenotype. Unlike EAE, the distinct effector cells in the 

lysolecithin- induced demyelinating model include the macrophages and microglia and is 

a more ideal model to study remyelination (Franklin and Ffrench-Constant, 2017; 

Ousman and David, 2000). The failure of miR-223-3p KO mice to efficiently remyelinate 

in this model coupled by their inherent inability to adopt a robust M2-like phenotype and 

phagocytic function is consistent with previous studies implicating a critical role of the 

alternatively activated macrophage/microglia during remyelination (Miron et al., 2013).  

 An important component within this study involved assessing a role for miR-223-

3p in macrophages and microglia derived from both mouse and human species. Based on 

in vitro overexpression data, the anti-inflammatory role for miR-223-3p is conserved and 

is suggestive that miR-223-3p may not only be relevant in MS, but also in other 

neurological diseases associated with inflammatory components. For example, levels of 

miR-223-3p in leukocytes are increased in patients with acute ischemic stroke (Y. Wang 

et al., 2014), while exogenous miR-223-3p limits injury in models of ischemic and 
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hemorrhagic stroke (Harraz et al., 2012; Yang et al., 2015). Based on our data, miR-223-

3p may exert its beneficial effects in these models through its ability to promote M2 

myeloid cell polarization and subsequent repair. In addition, myeloid-derived miR-223-3p 

can be transferred to neurons during neuroinflammation (Prada et al., 2018), suggesting 

that miR-223-3p may also exert neuroprotective and pro-regenerative effects directly 

within neurons. Studies investigating miR-223-3p in other neurological diseases 

associated with activation of innate immunity, such as Alzheimer's or ALS, will further 

elucidate the role of miR-223-3p in neuroinflammation, neurodegeneration, and brain 

repair.  

 A protective role of miR-223-3p has also been described in non-CNS tissues. 

Knockout of miR-223-3p leads to exaggerated inflammation in mouse models of lung 

injury, liver injury, obesity, sepsis, and colitis (M. Li et al., 2017; Neudecker et al., 

2017b, 2017a; X. Wang et al., 2014; Zhou et al., 2015; Zhuang et al., 2012). In these 

studies, the effects of miR-223-3p have been attributed to the suppression of pro- 

inflammatory genes, and the hyper-activation of innate immunity and enhanced tissue 

destruction/impairments in tissue repair. Thus, our data demonstrating impaired CNS 

remyelination following lysolecithin-induced demyelination are consistent with the 

predominant view that miR-223-3p's role is largely anti-inflammatory (Yuan et al., 2018). 

We have also demonstrated that forced overexpression of miR-223-3p can suppress both 

macrophage and microglial inflammatory responses in vitro (in human and mouse), 

supporting the possibility for delivery of miR-223-3p as a potential therapeutic agent. 

This is important as both microRNAs (Rupaimoole and Slack, 2017) and remyelination-

targeting therapeutics (Plemel et al., 2017) are translated to clinical populations. 
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Additionally, the ability for current disease-modifying therapies to modulate levels of 

miR-223-3p should be assessed in future studies.  

 In summary, this study demonstrates that miR-223-3p is upregulated in MS 

patient myeloid cells and is essential for efficient anti- inflammatory myeloid cell 

polarization. Moreover, we have shown that miR-223-3p is essential for promoting 

efficient debris clearance and remyelination in the CNS following focal demyelinating 

injury. Thus, miR-223-3p dysregulation may represent an important molecular 

mechanism underlying impaired remyelination in progressive MS.  
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3.5 Supplemental Figures 

 

 
Supplemental Figure 3.1: Confirmation of miR‐223 knockout and transfection. 

(A) Confirmation that miR‐223 KO mice lack expression of mature miR‐223. (B, C) 
Transfection of miR‐223 mimics (30 nM) results in overexpression of mature miR‐223 in 
BMDMs. n = 4/group (A) n = 3/group (B); statistical significance determined by unpaired 
Student's t‐test. Data are expressed as mean ± SEM. 
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Supplemental Figure 3.2: miR-223-3p overexpression lowers RASA1 protein levels. 

Transfection of a miR‐223-3p mimic significantly decreased RASA1 protein expression 
via Western blotting in human monocyte‐derived macrophages. Statistical significance 
determined by One‐way ANOVA followed by Dunnett's posthoc test; *p < .05 (n = 4). 
Data are expressed as mean ± SEM and relative to LPS (grey bar at 100%). 
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Supplemental Figure 3.3: OPC differentiation is unaffected in miR‐233 KO mice. 

(A, B) Neurospheres derived from miR‐223 KO mice and WT controls were 
differentiated for 7 days and stained for the oligodendrocyte progenitor marker NG2. n = 
4/group; statistical significance determined by unpaired Student's t test. Data is expressed 
as mean ± SEM. 
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Supplemental Figure 3.4: No difference in Arg1+ cells between miR‐223 and WT 
mice following lysolecithin‐induced demyelination. 

(A) Representative images from miR‐223 KO and WT mice stained for Arg1 and Iba1 at 
14 days post‐injection. (B) Quantification of Arg1+macrophages/microglia in lysolecithin 
lesions. n = 3 to 5/group; statistical significance determined by unpaired Student's t‐test. 
Data is expressed as mean ± SEM. Scale bars are 20 μm. 
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Supplemental Table 3.1: Demographics of MS Patients and Controls 

  Sample 
Size  

Age (mean 
± SD) 

Female:Male EDSS 
(mean ± SD) 

Fig 1A Healthy 
Control  

18 41 ± 12.3 3.5:1 N/A 

 Untreated 
RRMS 

10 48.3 ± 10.4  2.3:1 1.9 ± 1.1 

Fig 1B Healthy 
Control 

9 47 ± 11.5 2:1 N/A 

 Untreated 
RRMS 

9 54.7 ± 7.7 2:1 2.1 ± 1.2 
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Chapter 4  

Investigating the NLRP3 Inflammasome and its Regulator miR-223-3p in Multiple 

Sclerosis and Experimentally Induced Demyelination 
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4.1 Introduction 

 Multiple sclerosis (MS) is a chronic neuroinflammatory disease characterized by 

the immune-mediated demyelination of axons within the central nervous system (CNS) 

(Reich et al., 2018). Within MS lesions, activated innate immune cells, namely CNS-

resident microglia and monocyte-derived macrophages, contribute to both injury and 

repair depending on their activation status. While microglia/macrophages can perform 

protective functions such as myelin phagocytosis and growth factor secretion (Kotter et 

al., 2006; Miron et al., 2013), they are often highly inflamed and lack an anti-

inflammatory/regenerative phenotype within MS lesions (Giles et al., 2018; Miron et al., 

2013; Vogel et al., 2013). Thus, identifying the factors that contribute to chronic 

inflammation, neuronal injury and remyelination failure will be essential for the 

development of novel MS disease-modifying therapies (Matthews, 2019; Plemel et al., 

2017). In particular, innate immune signaling pathways that promote pro-inflammatory 

microglia/macrophage activation following demyelination may be significant contributors 

to MS disease processes, inhibit remyelination and drive neurodegeneration, and serve as 

novel targets for future drug therapy (Mishra and Yong, 2016).  

 Nucleotide-binding domain, leucine-rich repeat containing receptors (NLRs) are 

intracellular receptors that become activated in response to various pathogens and danger 

signals (Jones et al., 2016). A key feature of many NLRs is the formation of 

inflammasomes, which are large hetero-multimeric protein complexes that activate pro-

inflammatory caspases (Martinon et al., 2002). NLR pyrin-domain containing 3 (NLRP3) 

is a well-characterized NLR that forms an inflammasome upon sensing mitochondrial 
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dysfunction (Zhong et al., 2018) and/or potassium efflux (Muñoz-Planillo et al., 2013), 

allowing for NLRP3-expressing innate immune cells to rapidly respond to diverse danger 

signals. When activated, NLRP3 forms an inflammasome by recruiting the adaptor 

protein apoptosis-associated speck-like protein containing a CARD (ASC) and pro-

inflammatory caspase-1. Upon association with the inflammasome, caspase-1 undergoes 

autoproteolytic activation (Boucher et al., 2018) and cleaves downstream targets 

including the inactive IL-1b and IL-18 precursors, rendering them biologically active. 

Activation of the NLRP3 inflammasome also results in a form of pro-inflammatory cell 

death termed pyroptosis, mediated by the pore-forming protein gasdermin D (Shi et al., 

2015), which facilitates the release of pro-inflammatory factors from activated cells 

(Swanson et al., 2019). 

NLRP3 contributes to inflammation and injury in both MS and its experimental 

animal models. In experimental autoimmune encephalomyelitis (EAE), elevated NLRP3 

expression in dendritic cells and macrophages drives pro-inflammatory T cell expansion 

and infiltration into the CNS (Gris et al., 2010; Inoue et al., 2012); therapeutic inhibition 

of either NLRP3 or caspase-1 reduces EAE severity (Coll et al., 2015; McKenzie et al., 

2018; Sánchez-Fernández et al., 2019). Additionally, NLRP3 inflammasome activation 

promotes neuroinflammation and oligodendrocyte death in the cuprizone model of 

demyelination, suggesting that NLRP3 inflammasome activation may drive inflammatory 

pathology in demyelinating disease (Jha et al., 2010). In both relapsing-remitting and 

progressive MS patients, there is an upregulation of NLRP3 inflammasome-related 

transcripts in circulating immune cells and lesions (Peelen et al., 2015; Voet et al., 2018). 
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Specifically in primary-progressive MS patients, NLRP3 inflammasome activation is 

elevated in circulating monocytes and IL-1b mRNA levels correlate with faster disease 

progression (Malhotra et al., 2020). Thus, NLRP3 inflammasome activation likely 

contributes to chronic inflammation and disease progression in MS patient populations. 

Interestingly, interferon-b (Guarda et al., 2011) and dimethyl fumarate (Humphries et al., 

2020) are current MS therapies that indirectly inhibit inflammasome-mediated cytokine 

secretion, supporting the possibility that therapeutic targeting of NLRP3 dampens chronic 

inflammation in MS.  

microRNAs (miRNAs) are small, non-coding RNA molecules approximately 22 

nucleotides in length (Bartel, 2018). miRNAs bind target mRNAs, typically within the 3’ 

untranslated region (UTR), resulting in reduced protein output via translational repression 

and/or mRNA degradation (Baek et al., 2008; Djuranovic et al., 2012). By repressing 

target genes, miRNAs can influence both cellular phenotypes and pathology in various 

disease states. Alterations in miRNA expression and function have been previously 

reported in MS and have been linked to several disease processes including inflammation 

and repair (Duffy and McCoy, 2020). One particular miRNA, miR-223-3p, is highly 

expressed in innate immune cells (Chen et al., 2004) and is differentially regulated in MS 

lesions and peripheral immune cells (Fenoglio et al., 2013; Galloway et al., 2019; Junker 

et al., 2009; Morquette et al., 2019; Ridolfi et al., 2013).  

 Several reports have designated miR-223-3p as a negative regulator of several 

pro-inflammatory innate immune signaling pathways, and an essential molecule 

responsible for the anti-inflammatory (M2-like) polarization of macrophages and 
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microglia (Galloway et al., 2019; Ying et al., 2015; Zhuang et al., 2012). Mice lacking 

miR-223-3p exhibit increased inflammation and exacerbated injury in several disease 

contexts, including obesity (Zhuang et al., 2012), lung injury (Dorhoi et al., 2013), liver 

injury (Calvente et al., 2019) and colitis (Neudecker et al., 2017b). In the context of the 

CNS, we have previously reported that mice lacking miR-223-3p have inefficient myelin 

debris clearance and remyelination following demyelination, which was attributed to 

impaired anti-inflammatory macrophage and microglial functions, such as phagocytosis 

(Galloway et al., 2019). Interestingly, miR-223-3p is the only miRNA with an 

evolutionarily conserved binding site within the 3’ UTR of the NLRP3 transcript, and 

miR-223-3p represses NLRP3 protein expression and inflammasome activation in vitro 

(Bauernfeind et al., 2012; Haneklaus et al., 2012). As one would predict, mice lacking 

miR-223-3p have increased NLRP3 inflammasome activation in multiple disease contexts 

that contributes to injury and inflammation (Calvente et al., 2019; Feng et al., 2017; 

Neudecker et al., 2017b), indicating that this single miRNA-mRNA interaction is 

essential to limit pathogenic inflammation (Neudecker et al., 2017b).  

 Herein, we investigated the NLRP3 inflammasome following demyelinating 

injury in attempts to identify the pathways regulated by miR-223-3p, and determining 

how these may contribute to injury and repair in MS. We observed that the NLRP3 

inflammasome and miR-223-3p were upregulated immediately following demyelination 

and subsided with remyelination. NLRP3 was primarily expressed within activated 

macrophages/microglia, both in experimentally induced demyelination and mixed 

active/inactive MS lesions. In vitro, the small molecule NLRP3 inhibitor, MCC950, and 

miR-223-3p mimics suppressed NLRP3 inflammasome activation in both macrophages 
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and microglia; macrophages more readily underwent inflammasome activation compared 

to microglia. When delivering either MCC950 or miR-223-3p to mice with lysolecithin 

lesions, we did not observe differences in inflammation or lesion repair, although 

MCC950 delivery reduced axonal injury within demyelinated lesions. These results 

indicate that targeting the NLRP3 inflammasome alone may not be sufficient to promote 

remyelination but may limit neuronal injury following demyelination.  
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4.2 Methods 

4.2.1 Animals 

 All animal experiments were approved by the Memorial University Animal Care 

Committee in accordance with Canadian Council on Animal Care guidelines. All animals 

were kept in 12 hr light-dark cycles with access to food and water ad libitum and housed 

at the Memorial University Faculty of Medicine animal care facility. miR-223−/− and 

miR-223−/y knockout mice (B6.Cg-PtprcaMir223tm1Fcam/J; Stock ID: 013198) were 

purchased from Jackson Laboratories and backcrossed with C57BL/6Crl mice. Wild-type 

control mice (C57BL/6Crl) were purchased from Charles River Laboratories. Genotyping 

was performed using the common 5’-TTCTGCTATTCTGGCTGCAA-3’; wild-type 5’-

CAGTGTCACGCTCCGTGTAT-3’; and knockout 5’ -

CTTCCTCGTGCTTTACGGTATCG-3’ primers purchased from Integrated DNA 

Technologies (IDT). Littermate controls were utilized for all miR-223-3p knockout 

experiments. miR-223-3p knockout mice lack expression of mature miR-223-3p as 

previously reported (Galloway et al., 2019).  

 

4.2.2 Lysolecithin-Induced Demyelination 

Lysolecithin lesions were induced by stereotaxic injection of lysolecithin into the 

corpus callosum of 12- to 24-week-old littermate male mice. Under isoflurane anesthesia, 

mice were injected with 2 µL of 1% lysolecithin (Sigma, L1381) dissolved in phosphate 

buffered saline (PBS) at stereotaxic coordinates 1.2 mm posterior, 0.5 mm lateral, and 1.4 

mm deep to bregma using a blunt-tip Hamilton syringe and a nanopump (Harvard 
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Apparatus). Lysolecithin was delivered over 5 minutes, and the needle was left in place 

for an additional 5 minutes to reduce backflow. Lysolecithin was co-injected with 

phthalocyanine blue BN to facilitate lesion identification post-mortem. Following 

surgery, mice received 5 mg/kg subcutaneous Metacam® for pain management and were 

returned to their home cage for the remainder of the experiment (4, 7 or 14 days). 

 

4.2.3 Microdissection of Lysolecithin Lesions 

Lysolecithin lesions were microdissected for protein and gene expression 

experiments. Mice were euthanized by CO2 asphyxiation, and brains were rapidly 

extracted. 1mm coronal sections containing lesions were prepared from unfixed brains 

using an acrylic brain matrix (Kent Scientific). PBS or lysolecithin injection sites 

identified by phthalocyanine blue BN were microdissected under a stereo microscope and 

snap frozen in liquid N2 for downstream analysis. 

 

4.2.4 In Vivo MCC950 Delivery 

 For peripheral administration, MCC950 (Adipogen, AG-CR1-3615) was dissolved 

in PBS and injected intraperitoneally (i.p.) at a dose of 15mg/kg (Coll et al., 2015). 

Dosing was performed daily beginning at day 1 up to day 14 post-lysolecithin injection. 

 

4.2.5 Cell Culture 

 Mouse primary bone marrow-derived macrophages (BMDMs) were differentiated 

in Dulbecco's Modified Eagle Medium (DMEM; Gibco) supplemented with 10% fetal 
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bovine serum (FBS), 1x antibiotic-antimycotics (Gibco), 1x GlutaMAXTM 

(ThermoFisher) and 10ng/mL recombinant macrophage colony stimulating factor (M-

CSF; PeproTech, 300-25) (Broz and Monack, 2013). Mixed glial cultures (McCarthy and 

de Vellis, 1980) were prepared from mouse pups (postnatal days 0-5) and cultured in 

DMEM supplemented with 10% FBS, 1x antibiotic-antimycotics (Gibco), 1x 

GlutaMAXTM (ThermoFisher). Microglia were purified from mixed glial cultures by 

shaking loosely adherent microglia from the astrocyte monolayer (120rpm, 37°C, 1 hour) 

between days 10-14 in vitro. Microglia were cultured in serum-free astrocyte-conditioned 

media supplemented with 1x antibiotic-antimycotics (Gibco), 1x GlutaMAXTM 

(ThermoFisher) and 1x N1 supplement (Sigma). Human monocyte-derived macrophages 

(MDMs) were derived from purified monocytes using CD14 MicroBeads (Miltenyi). 

Monocytes were differentiated in Roswell Park Memorial Institute media (RPMI) 

supplemented with 10% FBS, 1x antibiotic-antimycotics (Gibco), 1x GlutaMAXTM 

(ThermoFisher) and 25ng/mL recombinant M-CSF (PeproTech, 300-25).  Human fetal 

microglia were isolated as previously described (Durafourt et al., 2013). All cells were 

cultured in experimental vessels at a concentration of 2.5 x 105 cells/mL. 

 

4.2.6 In Vitro and In Vivo microRNA Transfection 

 microRNA transfection of cells was performed using Lipofectamine RNAiMAX® 

(Invitrogen). Lipofectamine reagent was diluted 1:100 in serum-free media, and then 

incubated with microRNA mimics (mirVanaTM) for 20-30 minutes at 10x the desired 

concentrations. microRNA–lipofectamine complexes were then added to cell cultures at a 
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1:10 dilution and incubated for 24 to 48 hours. A non-coding control microRNA 

(mirVanaTM) was used as a control. Transfection efficiency and miR-223-3p upregulation 

has been previously validated (Galloway et al., 2019). 

 To overexpress miR-223-3p in vivo, the i-FectTM cationic lipid reagent 

(Neuromics, NI35750) was used. miR-223-3p or non-coding control mimics (mirVanaTM; 

100µM) were mixed with i-FectTM reagent at a 1:5 ratio 10-20 minutes prior to injection 

according to the manufacturer’s protocol, which has been previously validated for CNS 

delivery of small RNA (Luo et al., 2005; Wang et al., 2017). At 4 days post initial 

lysolecithin injection, mice were re-anesthetised and the midline incision was re-opened. 

Mimic-i-Fect complexes (2µL) were injected into lysolecithin lesions at a depth of 1.4 

mm over 5 minutes, and the needle was left in place for an additional 5 minutes to prevent 

backflow. Mice received an additional dose of 5 mg/kg subcutaneous Metacam® for pain 

management and were returned to their home cage for the remainder of the experiment.   

 

4.2.7 Inflammasome Activation 

 To induce NLRP3 inflammasome activation, cells were initially primed with LPS 

(100ng/ml, Sigma, serotype 0127:B8) for 4 hours. Following LPS priming, nigericin 

(10µM, 1 hour; Adipogen, AG-CN2-0020), ATP (5mM, 1 hour; Sigma, A2383) or 

monosodium urate crystals (250ng/mL, overnight; Adipogen, AG-CR1-3950) were added 

to cell culture media to induce NLRP3 activation. For MCC950 experiments, MCC950 

(Adipogen, AG-CR1-3615) was added to the cell culture medium at the indicated 

concentrations during the final 30 minutes of LPS activation. Dimethyl sulfoxide 
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(DMSO) at concentrations equivalent to the highest dose of MCC950 (0.1%) was used as 

a vehicle control. MCC950 remained in the cell culture medium for the duration of 

NLRP3 inflammasome activation. 

 

4.2.8 Propidium Iodide Uptake 

Cells were cultured in 96-well plates and stimulated with LPS. Following LPS 

activation, nigericin (10µM final concentration) and propidium iodide (1µg/mL final 

concentration; ThermoFisher, P3566) were added to the cell culture media and plates 

were transferred to an imaging plate reader (Cytation 5, BioTek®) equilibrated at 37°C 

and 5% CO2. Fluorescence intensity was measured at 3-minute intervals using an 

excitation/emission of 533nm/617nm. 

 

4.2.9 NF-kB Reporter Assay 

 BMDMs (5 x 106) were resuspended in 100µL of mouse macrophage 

NucleofectorTM  solution (Lonza) containing both NanoLuc® NF-kB reporter (2.5µg; 

Promega) and PGK-expressed firefly luciferase (2.5µg; Promega) vectors. BMDMs were 

nucleofected using a NucleofectorTM 2b device (Lonza) and immediately transferred to 

prewarmed BMDM media. Cells were cultured in 96-well plates at a concentration of 5 x 

105 cells/mL overnight. Cells were then LPS stimulated (100ng/mL) and NF-kB activity 

was measured after 4 hours. Luminescence was measured using the Nano-Glo® Dual-

Luciferase® reporter assay system (Promega) following manufacturer’s instructions and 

detected using a Cytation 5 (BioTek®) plate reader. 
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4.2.10 Microglia and Macrophage Coculture 

 To coculture macrophages and microglia, cells were isolated and labelled with 

either carboxyfluorescein succinimidyl ester (CFSE) or CellTrackerTM Deep Red 

following manufacturers guidelines. Cells were mixed at equal concentrations (2.5 x 105 

cells/mL each) and cultured in serum free astrocyte-conditioned media for 3 days prior to 

experiments. 

 

4.2.11 Histology 

 For immunohistochemistry, mice were perfused with PBS followed by 4% 

paraformaldehyde (PFA). Brains were subsequently postfixed in 4% PFA overnight 

before paraffin embedding. Archived formalin-fixed, paraffin embedded (FFPE) MS 

lesions were obtained from Eastern Health with ethical approval from the Health 

Research Ethics Board. The patient was a 42-year-old female, with an MS disease 

duration of 5 years. Post-mortem delay was noted at 22hrs with cause of death being 

hypersensitivity and myocarditis. All paraffin sections were cut at a 5-micron thickness. 

Following deparaffinization and rehydration, slides were subjected to antigen retrieval by 

microwaving in either sodium citrate (pH 6) or tris-EDTA (pH 9) buffer. Antibodies used 

in these studies are as follows: anti-IBA1 (Wako, 019-19741, 1:500), anti-IBA1 (Aves 

Labs, 1:500), anti-TMEM119 (Abcam, 28-3, 1:200), anti-CD68 (Dako, KP1, 1:50), anti-

MBP (BioLegend, SMI99, 1:500), anti-APP (Millipore, 22C11, 1:1000), anti-NLRP3 

(Cell Signaling Technologies, D4D8T, 1:100), anti-NLRP3 (Novus, NBP2-12446, 1:500), 
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anti-ASC (Cell Signaling Technologies, D2W8U, 1:1000). Alexa Fluor-conjugated 

secondary antibodies were purchased from Invitrogen and used at 1:500. For 

chromogenic immunohistochemistry, biotinylated secondary antibodies (Vector Labs, 

1:1000) were detected with ABC amplification (Vector, PK-6100) and development with 

DAB (Vector, SK-4100). Nuclei were counterstained with hematoxylin (Vector, H-3404). 

Images were acquired using a Zeiss Axio Observer Z1 and processed with Zen software. 

 

4.2.12 In Situ Hybridization 

microRNA in situ hybridization was performed as previously described (Hoye et 

al., 2017). Brains from lysolecithin mice were flash frozen in liquid N2, cryosectioned at 

20-microns and stored at -80°C. Slides were dehydrated, fixed in 4% paraformaldehyde 

and acetylated in freshly prepared 0.1M triethanolamine and 0.5% (v/v) acetic anhydride 

to permeabilize tissue and reduce background staining. Slides were then prehybridized in 

hybridization buffer (50% Formamide, 5x SSC, 5x Denhardt’s solution, 500ng/mL yeast 

tRNA) at room temperature for 1 hour followed by hybridization with a 5’ digoxygenin 

(DIG)-labelled miR-223-3p locked nucleic acid (LNA) probe (100nM, IDT) in 

hybridization buffer for 1 hour at 47°C. Following stringent washes, detection was 

performed with anti-DIG-alkaline phosphatase (Roche, 11093274910, 1:1000) and 

NBT/BCIP substrate (Roche). The miR-223-3p probe sequence is as follows: 5’-DIG-

TG[G]GG[T]AT[T]TG[A]CA[A]AC[T]GA[C]A-3’, LNAs denoted by brackets. 
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4.2.13 Western Blotting 

 Lysolecithin lesion tissue was sonicated in 1x RIPA buffer (50 mM Tris HCl, 150 

mM NaCl, 1% NP-40, 0.5% Sodium Deoxycholate, 1 mM EDTA and 0.1% SDS) 

containing HaltTM proteinase and phosphatase inhibitors (ThermoFisher). Protein 

concentration was determined using a modified Lowry assay (TP0300; Sigma) and 

diluted in Laemelli sample buffer for loading of 25µg per lane. Cell cultures were lysed in 

1x Laemelli sample buffer and equal lysate volumes were loaded per lane. Protein lysates 

were separated on 4-12% gradient Bis-Tris gradient gels and transferred to PVDF 

membranes. Membranes were blocked in PBS + 5% skim milk powder for 1 hour at room 

temperature before incubation with primary antibodies overnight at 4°C. Membranes 

were then incubated in secondary antibodies for 1 hour at room temperature. Blots were 

developed using enhance chemiluminescence (Perkin-Elmer) in conjunction with x-ray 

film detection. For quantification of NLRP3, blots were detected on a ChemiDocTM 

imager (Bio-Rad). Western blotting reagents used in this study were as follows: anti-

NLRP3 (Adipogen, Cryo-2, 1:1000), anti-b-Actin (Santa Cruz, C-4, 1:1000), mouse-

IgGk BP-HRP (Santa Cruz, sc-516102, 1:1000). 

 

4.2.14 Reverse Transcription and Quantitative Polymerase Chain Reaction (RT-qPCR) 

 Cells and tissues were lysed in QIAzolTM reagent (Qiagen) and RNA was 

subsequently purified on RNeasy® Micro columns (Qiagen). RNA (200ng) was reverse 

transcribed using M-MLV reverse transcriptase (ThermoFisher) and random hexamers. 

PCR reactions were carried out using TaqMan® universal master mix (Applied 
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Biosystems) and gene specific TaqMan® primers. mRNA expression was normalized to a 

combination of 18s (Hs99999901_s1) and Gapdh (Mm99999915_g1) reference genes. 

RT-qPCR for microRNAs was performed using microRNA-specific reverse transcription 

and TaqMan® PCR primers. MicroRNA expression was normalized to Sno202 (mouse; 

Cat#: 001232). Fold changes were calculated using the DDCT method. PCR gene array 

profiling of lysolecithin lesions was performed using an inflammasome-specific RT2 

Profiler PCR gene array following manufacturers protocol (Qiagen; PAMM-097Z). PCR 

gene array analysis was performed using the online tool provided by the manufacturer. 

Mouse TaqMan® gene expression assay catalog numbers were as follows: Nlrp3 

(Mm00840904_m1), Il1b (Mm00434228_m1), Il18 (Mm00434225_m1), Pycard 

(Mm00445747_g1), Casp1 (Mm00438023_m1), Gsdmd (Mm05910588_s1). MicroRNA 

TaqMan® gene expression assay catalog numbers were as follows: miR-223-3p (002295). 

 

4.2.15 Enzyme-Linked Immunosorbent Assay (ELISA) 

 Cell culture supernatants were collected and stored at −80°C. Supernatants were 

assayed for TNF or IL-1b levels using ELISA kits (BD Biosciences or R&D Systems) 

according to manufacturer's instructions. 

 

4.2.16 Quantification of APP+ Spheroids 

 Stitched images containing lysolecithin lesions stained for APP under identical 

conditions were acquired at 20x magnification using a Cytation5 (BioTek®) imaging plate 

reader. Images were analyzed in ImageJ (FIJI). Briefly, images were cropped to contain 
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lesions, converted to 8-bit and thresholded to ensure detection of spheroids above 

background. Further preprocessing using despeckle and watershed algorithms were 

applied to limit noise and separate objects. Particles were analyzed and filtered using a 

minimum area of 5μm2 and circularity of 0.7-1.0 to ensure only spheroids were included 

in counts. Spheroid numbers for each lesion were recorded, along with area and 

circularity for individual objects. 

 

4.2.17 Statistics and Data Collection 

Data analysis was performed using Prism 9 software (GraphPad), and results are 

presented as the mean +/- SEM. All statistical tests used are described in the figure 

legends. p < 0.05 was considered statistically significant (*p < 0.05, **p < 0.01, ***p < 

0.001). All image quantification experiments were performed by a blinded investigator 

using ImageJ.  
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4.3 Results 

4.3.1 Upregulation of NLRP3 Inflammasome Components in Macrophages and Microglia 

following Demyelination 

 To investigate the expression of NLRP3 inflammasome-related genes following 

demyelinating injury, we utilized the lysolecithin-induced demyelination model and 

collected lesioned tissue at multiple timepoints for analysis (Figure 4.1A, B). Initially, we 

performed an inflammasome-specific PCR gene array following lysolecithin-induced 

demyelination at 7 days post-injury (7DPI). We observed greater than 2-fold upregulation 

of numerous inflammasome mRNA transcripts, including Nlrp3, Pycard (encoding ASC), 

Casp1 and Il1b (Figure 4.1C). Fold regulation of all assayed genes can be found in the 

supporting information (Table S4.1). The time-course of Nlrp3 gene (Figure 4.2A) and 

protein (Figure 4.2B) expression revealed that NLRP3 was upregulated in the early phase 

following demyelination but subsided by 14DPI, coinciding with remyelination. Several 

NLRP3 associated transcripts including Pycard, Casp1, Gsdmd and Il1b were all 

significantly upregulated at 7, but not 14, days post injury (Figure 4.2C-G), and the 

endogenous regulator miR-223-3p (Figure 4.2H) followed a similar trend although not 

statistically significant (P = 0.13, 7DPI).  Il18 was an exception whose expression did not 

change under any conditions (Figure 4.2E). 
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Figure 4.1: PCR array identifies multiple inflammasome genes that are upregulated 
following demyelination. 

(A) Outline of lysolecithin experiments. (B) Representative eriochrome cyanine (myelin) 
staining of an unlesioned control and demyelinated lysolecithin (LPC) lesion at 4 days 
post injury (DPI). Yellow arrow indicates injection site. (C) Inflammasome-specific PCR 
gene array demonstrating >2-fold upregulation (red dots) of inflammasome genes in 
lysolecithin lesions compared to PBS injected controls (n=3/group). 1000 (B) micrometer 
scale bars. 
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Figure 4.2: The NLRP3 inflammasome is upregulated within early lysolecithin 
lesions. 

(A) Gene and (B) protein levels of NLRP3 in lysolecithin lesions at 4, 7 and 14 DPI. (C-
H) Time course of several additional NLRP3 inflammasome-associated genes following 
lysolecithin-induced demyelination (n=3-5/group). Data was normalized to unlesioned 
control corpus callosums, as PBS injection generates an inflammatory response. Data are 
presented at mean ± SEM. *P < 0.05, **P < 0.01 by two-way ANOVA with Sidak post-
hoc. LPC, lysolecithin; DPI, days post injury.  
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 To determine cell-type specific expression of the NLRP3 inflammasome, co-IHC 

was performed on lysolecithin lesions at 7DPI. Demyelinated lesions contained abundant 

IBA1+ cells (Figure 4.3A, B), which were comprised of both TMEM119+ microglia and 

TMEM119- macrophages (Figure 4.3C). NLRP3 and ASC were highly expressed in 

IBA1+ cells within the lesions (Figure 4.3D, E). To investigate miRNA expression in situ, 

we validated a miR-223-3p ISH assay (Figure S4.1). ISH identified miR-223-3p 

expressing cells throughout the hypercellular demyelinated area of lysolecithin lesions 

(Figure 4.3F), which is comprised primarily of macrophages and microglia (Figure 4.3B). 
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Figure 4.3: NLRP3 and ASC are expressed by macrophages and microglia following 
demyelination. 

(A) Eriochrome cyanine (myelin) and (B) Iba1 staining of a demyelinated 7 DPI 
lysolecithin lesion. (C) TMEM119+Iba1+ microglia and TMEM119-Iba1+ macrophages 
are present in lysolecithin lesions. (D) NLRP3 and (E) ASC staining in Iba1+ cells within 
lysolecithin lesions at 7 DPI. (F) miR-223-3p in situ hybridization demonstrates miR-223-
3p expressing cells throughout a 7 DPI lysolecithin lesion. 1000 (A&B, F), 50 (C-E) and 
5 (C-E insets) micrometer scale bars. Nuclei are counterstained with neutral red (A) or 
hematoxylin (B). 
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 To compare the expression profiles of NLRP3 in lysolecithin lesions vs. MS, we 

performed co-IHC on a mixed active/inactive MS lesions from post-mortem tissue 

(Figure 4.4A-C). Staining demonstrated that NLRP3 was primarily expressed within the 

active rim, and co-localized with CD68+ cells, indicating activated macrophages and 

microglia express NLRP3 in demyelinated lesions (Figure 4.4D). Minimal NLRP3 

staining was observed in the inactive lesion center, and resting microglia outside of the 

lesion were devoid of NLRP3 expression.  
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Figure 4.4: CD68+ macrophages/microglia express NLRP3 in a mixed active/inactive 
MS lesion. 

(A) Hematoxylin and eosin (H&E), (B) Luxol-fast blue (LFB) and (C) CD68 staining of a 
mixed active/inactive MS lesion. (D) CD68+ cells express NLRP3 at the active border of 
an MS lesion. (Di & Dii) High-magnification images of CD68+ cells in (D). 1000 (A-C), 
50 (D) and 5 (Di & Dii) micrometer scale bars. 
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4.3.2 MCC950 and miR-223-3p mimics reduce NLRP3 inflammasome activation in both 

primary mouse macrophages and microglia  

 We next investigated the effects of the selective NLRP3 inhibitor MCC950 in 

vitro and observed that MCC950 robustly inhibited IL-1b, but not TNF, secretion 

following NLRP3 inflammasome activation in both mouse macrophages and microglia 

(Figure 4.5A, B, D, E), indicating MCC950 effectively suppresses inflammasome 

activation in both cell types. Furthermore, using live-cell imaging experiments, we 

observed that MCC950 treatment completely inhibits propidium iodide uptake following 

NLRP3 inflammasome activation (Figure 4.5C, F). 
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Figure 4.5: MCC950 robustly inhibits NLRP3 inflammasome activation in mouse 
macrophages and microglia. 

MCC950 inhibits IL-1b (B&E) but not TNF (A&D) secretion from both macrophages 
and microglia following NLRP3 inflammasome activation (n=3/group). (C&F) Live-cell 
imaging demonstrates MCC950 blocks propidium iodide uptake by both macrophages 
(n=8/group) and microglia (n=5/group) following NLRP3 inflammasome activation. 
Concentrations of MCC950 are 10, 50, 100, 500 and 1000nM (dose-response low to 
high), and 5uM (C&F). Data are presented at mean ± SEM. Grey shadows indicate SEM 
(C, F). *P < 0.05, **P < 0.01, ***P < 0.001 by repeated measures one-way ANOVA with 
Dunnett’s post-hoc compared to cells treated with LPS + Nigericin + DMSO (A, B, D, E) 
or repeated measures two-way ANOVA with Tukey’s post-hoc (C, F). Post-hoc 
significance ranges from 20-90 minutes (C) and 28-90 minutes (F). 
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 We were further interested in investigating miR-223-3p, a previously described 

miRNA that represses NLRP3 translation. We observed that macrophages and microglia 

derived from miR-223-3p knockout (KO) mice had increased IL-1b secretion following 

NLRP3 inflammasome activation with multiple NLRP3 triggers including nigericin, ATP 

and monosodium urate crystals (Figure 4.6A, B). Live-cell imaging of propidium iodide 

uptake further confirmed that miR-223-3p KO macrophages undergo a greater extent of 

cell death than wild-type controls following NLRP3 inflammasome activation (Figure 

4.6C). This increase corresponded with elevated NLRP3 protein expression in miR-223-

3p KO cells, consistent with diminished NLRP3 repression (Figure 4.6D-F). While we 

have previously demonstrated that miR-223-3p KO macrophages and microglia have 

similar pro-inflammatory responses to LPS (Galloway et al., 2019), we wanted to ensure 

that elevated NLRP3 expression and activation was not due to increased transcriptional 

priming in miR-223-3p KO macrophages. Thus, we performed NF-kB luciferase assays 

and observed that both miR-223-3p KO and WT macrophages had similar levels of NF-

kB activation, indicating that miR-223-3p expression reduces NLRP3 protein levels and 

subsequent inflammasome activation in a post-transcriptional manner (Figure 4.6G). 
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Figure 4.6: miR-223-3p knockout increases NLRP3 inflammasome activation in 
mouse macrophages and microglia. 

(A&B) IL-1b secretion was increases in macrophages (n=3-6/group) and microglia 
(n=3/group) derived from miR-223-3p knockout mice. (C) miR-223-3p knockout 
macrophages demonstrated greater propidium iodide uptake following NLRP3 
inflammasome activation (n=3/group). (D) Microglia and (E) macrophages express more 
NLRP3 following LPS activation compared to WT controls. (F) Quantification of 
macrophage NLRP3 expression following LPS activation (n=4/group). (G) miR-223-3p 
KO and WT macrophages demonstrate similar NF-kB activity (n=3/group). Data are 
presented at mean ± SEM. Grey shadows indicate SEM (C). *P < 0.05, **P < 0.01, ***P 
< 0.001 by multiple Student’s t test (A, B, F, G) or repeated measures two-way ANOVA 
with Tukey’s post-hoc (C). Post-hoc significance ranges from 42-60 minutes (C). MSU, 
Monosodium urate crystals.  
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 Next, we investigated the effect of miR-223-3p overexpression on NLRP3 

inflammasome activation with the hypothesis that overexpression would readily suppress 

NLRP3-mediated cytokine secretion. We observed that miR-223-3p overexpression 

suppressed IL-1b secretion in both human and mouse macrophages and microglia 

following NLRP3 inflammasome activation (Figure 4.7A-D). Importantly, we observed 

that the effect of miR-223-3p overexpression was conserved in both human macrophages 

and microglia, as predicted given NLRP3’s evolutionarily conserved miR-223-3p binding 

site. 
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Figure 4.7: miR-223-3p overexpression suppresses NLRP3 inflammasome activation 
in human and mouse myeloid cells. 

miR-223-3p overexpression in human macrophages (A; n=3/group) and microglia (B; 
n=4/group) demonstrate reduced IL-1b secretion following NLRP3 inflammasome 
activation. miR-223-3p overexpression also reduces IL-1b secretion following NLRP3 
inflammasome activation in mouse macrophages (C; n=3/group) and microglia (D; 
n=5/group). Data are presented at mean ± SEM. *P < 0.05, **P < 0.01 by repeated 
measures one-way ANOVA with Dunnett’s post-hoc comparison to NC miR-transfected 
cells (A-D). NC miR, non-coding microRNA. 
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4.3.3 Macrophages are more sensitive to NLRP3 inflammasome activation than microglia 

  Given the presence of both CNS-resident microglia and monocyte-derived 

macrophages in demyelinated lesions, and previous reports suggesting that macrophages 

are more pathogenic in the context of myelin injury than microglia (Ajami et al., 2011; 

Yamasaki et al., 2014), we performed experiments to directly compare NLRP3 

inflammasome activation between these cell types. Initially, macrophages and microglia 

were cultured separately and propidium iodide uptake following NLRP3 inflammasome 

activation was assessed by live-cell imaging (Figure 4.8A). We observed that 

macrophages more readily underwent cell death than microglia (Figure 4.8B). To further 

confirm this finding, we performed a co-culture experiment where fluorescently labelled 

macrophages and microglia were seeded into the same well (Figure 4.8C). This 

experiment allowed for normalization of any differences in cell culture conditions and 

better recapitulates the lesion environment where both macrophages and microglia are in 

direct proximity. Here, we again observed that macrophages underwent cell death to a 

greater extent than microglia following NLRP3 inflammasome activation (Figure 4.8D-

F).  
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Figure 4.8: Macrophages have greater propidium iodide uptake following NLRP3 
inflammasome activation compared to microglia. 

(A) Propidium iodide following NLRP3 inflammasome activation was measured in 
mouse macrophages and microglia cultured separately. (B) Live-cell imaging 
demonstrates macrophages undergo greater cell death than macrophages following 
NLRP3 inflammasome activation (n=3/group). (C&F) Schematic and representative 
images of macrophage-microglia cocultures subjected to NLRP3 inflammasome 
activation. (D&E) Macrophages in cocultures undergo greater cell death than microglia 
(n=4/group) following NLRP3 activation. Data are presented at mean ± SEM. Grey 
shadows indicate SEM (B). *P < 0.05, **P < 0.01 by Student’s t test (E) or repeated 
measures two-way ANOVA with Tukey’s post-hoc (B). Post-hoc significance between 
groups ranges from 39-90 minutes (B). 
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4.3.4 Peripheral MCC950 administration does not influence lesion size or mature 

oligodendrocyte cell numbers following lysolecithin-induced demyelination 

 Next, we were interested in determining the contributions of NLRP3 

inflammasome activation to pathology in the lysolecithin model. In initial experiments, 

we systemically delivered MCC950 via i.p. injection at a dose of 15mg/kg daily (Figure 

4.9A). This dosing strategy is comparable to previous experiments showing benefit of 

NLRP3 inhibition in EAE (Coll et al., 2015) and crosses the blood-brain barrier (BBB) at 

concentrations above the IC50 of MCC950 (Chen et al., 2017; Gordon et al., 2018). We 

observed that MCC950 delivery did not significantly influence lesion size or 

oligodendrocyte differentiation at day 14 following demyelination (Figure 4.9B-E). 

However, the number of amyloid-beta precursor protein (APP)+ spheroids, a marker of 

axonal injury, was reduced in mice receiving MCC950 (Figure 4.9F, G). The size and 

morphology of axonal spheroids was similar between groups (Figure S4.2).  
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Figure 4.9: In vivo MCC950 dosing does not alter remyelination but limits axonal 
injury following lysolecithin-induced demyelination. 

(A) Schematic of MCC950 dosing paradigm following lysolecithin-induced 
demyelination. Lesion size (B&C) and CC1+ mature oligodendrocyte density (D&E) was 
unaffected by peripheral MCC950 dosing (n=4-5/group), while the number of APP+ 
axonal spheroids were reduced (F&G). Data are presented at mean ± SEM. Statistical 
significance determined by Student’s t test. 200 (B), 50 (D) and 100 (F) micrometer scale 
bars. (A) Created using BioRender. 
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4.3.5 In vivo miR-223-3p delivery does not alter expression of miR-223-3p target genes 

or lesion size following lysolecithin-induced demyelination 

 Given the anti-inflammatory effect of miR-223-3p overexpression in vitro, we 

hypothesized that overexpressing miR-223-3p in vivo would be beneficial following 

demyelination. Using the i-FectTM liposomal transfection reagent, which has previously 

been validated for small RNA delivery to the CNS (Luo et al., 2005; Wang et al., 2017), 

miR-223-3p mimics were delivered into lysolecithin lesions at 4DPI. Using this strategy, 

we were able to robustly overexpress miR-223-3p within lysolecithin lesions up to 14DPI 

as measured by RT-qPCR (Figure 4.10A-C). Despite an approximately 60-fold 

upregulation of miR-223, we did not observe any significant changes in lysolecithin 

lesion size (Figure 4.10D, E) or expression of genes associated with M2 polarization or 

the NLRP3 inflammasome (Figure 4.10F-K).  
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Figure 4.10: miR-223-3p overexpression does not influence lysolecithin lesion 
pathology or inflammatory phenotype. 

(A&B) miR-223-3p was highly upregulated at 24- and 72-hours following delivery of 
miR-223-3p mimics to lysolecithin lesions at 4 DPI (n=3-4/group). (C) Elevated miR-
223-3p expression was detectable by in situ hybridization at 14 DPI (10 days following 
transfection). (D&E) Lesion size was unaffected my miR-223-3p overexpression (n=3-
4/group). Transcripts of NLRP3 inflammasome genes (F-H) and M2 genes (I-K) did not 
significantly change following miR-223-3p delivery to lysolecithin lesions (n=3-4/group). 
Data are presented at mean ± SEM. *P < 0.05, **P < 0.01 by Student’s t test. 200 (C) and 
1000 (D&E) micrometer scale bars. 
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4.4 Discussion 

 The NLRP3 inflammasome has received intense interest in attempts to better 

understand the pathogenesis of various inflammatory and neurological disorders and due 

to the development of selective NLRP3 inhibitors (Mullard, 2019). Despite this interest, 

the contributions of NLRP3 to demyelinating disease remain understudied and poorly 

understood. Here, we sought to characterize the NLRP3 inflammasome and its 

endogenous regulator miR-223-3p following experimentally-induced demyelination. 

Furthermore, we investigated therapeutic inhibition of NLRP3 or miR-223-3p 

overexpression as potential avenues to promote repair mechanisms following 

demyelination. A summary of these findings is presented in Figure 4.11. 
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Figure 4.11: Graphical summary of findings. 

Following demyelination, NLRP3 and its associated transcripts are upregulated by pro-
inflammatory macrophages and microglia. Inflammasome activation subsequently 
contributes to axonal injury, but not remyelination/repair. NLRP3 inflammasome 
activation is greater in infiltrating macrophages than CNS-resident microglia, and is 
negatively regulated by miR-223-3p and the small-molecule inhibitor MCC950 in both 
cell types. 
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 We observed that expression of NLRP3 inflammasome-related genes were highly 

upregulated immediately following experimental demyelination and subsided at later time 

points coinciding with repair and remyelination (Figures 4.1 & 4.2). This expression 

profile mirrors the pro- to anti-inflammatory shift in macrophages and microglia seen in 

the lysolecithin model (Miron et al., 2013) and is consistent with NLRP3 inflammasome 

expression by activated macrophages and microglia (Figure 4.3 & 4.4). Our identification 

of NLRP3 expression within activated and lesion-associated macrophages/microglia is 

also consistent with a recent report demonstrating that actively demyelinating MS lesions 

contain greater numbers of NLRP3 expressing macrophages and microglia than post-

demyelinating lesions (Malhotra et al., 2020). Thus, the NLRP3 inflammasome likely 

contributes to the inflammatory, but not regenerative, phase of demyelination.  

 

 Functionally, NLRP3 inflammasome activation may shape the lesion 

microenvironment through multiple mechanisms. The secretion of factors such as IL-1 

family cytokines could promote neuroinflammation and the proliferation of macrophages 

and microglia within demyelinated lesions, as seen in EAE, inducing further injury and 

delaying repair (Zhang et al., 2018). For example, the cytokine IL-18 is an inhibitor of 

remyelination that is secreted as a result of NLRP3 inflammasome activation (Jha et al., 

2010). While we did not observe an upregulation of IL-18 following demyelination 

(Figure 2), IL-18 is constitutively expressed (Puren et al., 1999) indicating that it may still 

contribute to the inflammatory milieu following demyelination. During developmental 

white matter injury, NLRP3 activation impairs oligodendrocyte differentiation and 

myelination through the IL-1b-mediated inhibition of activin-A signaling (Holloway et 
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al., 2021), a pathway with significant relevance to remyelination failure in MS 

(Dillenburg et al., 2018). Thus, there are multiple pathogenic mechanisms by which 

NLRP3 may impact the demyelinated lesion milieu. However, it is also possible that 

NLRP3 inflammasome activation has pro-regenerative functions. Cytokines, including 

IL-1b, are essential to promote oligodendrocyte progenitor cell proliferation and 

differentiation (Mason et al., 2001), and NLRP3 inflammasome activation could help 

prepare early lesions for repair. Furthermore, pyroptosis may act as a mechanism to 

remove pro-inflammatory macrophages and microglia from demyelinated lesions, similar 

to the recently described pro-regenerative function of necroptosis (Lloyd et al., 2019). 

Given the large number of factors processed and/or secreted by inflammasome activation 

(Keller et al., 2008; Shao et al., 2007), its contribution to the lesion microenvironment is 

likely complex and identifying the functional contributions of single downstream targets 

will be challenging. Finally, how inflammasome activation occurs within the 

demyelinated CNS is poorly understood, although factors such as nucleotides released 

from dying cells (Chakfe et al., 2002) or failures in myelin debris clearance (Cantuti-

Castelvetri et al., 2018) may induce NLRP3 activation. The identification of endogenous 

NLRP3 inflammasome activators will be essential to better elucidate the exact function(s) 

of NLRP3 following demyelination. 

In the context of myelin injury, differences between CNS-resident microglia and 

monocyte-derived macrophages have been described. In particular, infiltrating 

macrophages induce demyelination in EAE and have a more pro-inflammatory phenotype 

(Yamasaki et al., 2014), while microglia more efficiently phagocytose myelin debris and 
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promote remyelination (Durafourt et al., 2012; Greenhalgh et al., 2018; Lampron et al., 

2015). The presence of both cell types within demyelinated lysolecithin (Figure 4.3) and 

MS (Brück et al., 1995) lesions emphasizes the importance of studying the functional 

contributions of both cell types. Therefore, we investigated any potential differences in 

inflammasome activation between macrophages and microglia. We directly assessed 

NLRP3 inflammasome activation using real-time propidium iodide uptake following 

activation with nigericin, an ionophore that bypasses any signaling pathways upstream of 

NLRP3 activation (such as purinergic signaling or lysosomal rupture). As previously 

described (Russo et al., 2016), this assay is dependent on NLRP3 activation as MCC950 

ablates propidium iodide uptake in both macrophages and microglia (Figure 4.5). 

Additionally, propidium iodide uptake immediately follows inflammasome formation 

(Franklin et al., 2014) and is dependent on Gasdermin D expression and cleavage 

(Rathkey et al., 2018, 2017), implying that this assay identifies cells as they undergo 

inflammasome activation and pyroptosis. Using this assay, we demonstrated that 

macrophages are more sensitive to NLRP3 inflammasome activation than microglia 

(Figure 4.8). These experiments are in agreement with a previous set of studies that 

observed greater IL-1b secretion by macrophages compared to microglia following 

stimulation with ATP or particulates (Burm et al., 2016, 2015). These observations are 

important, as they identify a specific pro-inflammatory pathway that is enhanced within 

monocyte-derived macrophages, consistent with these cells being more inflammatory and 

pathogenic compared to resident microglia (Yamasaki et al., 2014). The differences in 

inflammasome activation could be related to cell type specific gene expression or post-
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translational NLRP3 modifications, although we have yet to identify the basis for this 

difference.   

 In vitro, we confirmed that MCC950 is a potent suppressor of NLRP3 

inflammasome activation in both macrophages and microglia (Figure 4.5). When 

delivered in vivo at Day 1 to mice with lysolecithin lesions, MCC950 did not influence 

overall lesion size or mature oligodendrocyte numbers by Day 14 (Figure 4.9). 

Previously, it was observed that genetic deletion of NLRP3 did not influence 

remyelination in the cuprizone model (Jha et al., 2010), and our results in the lysolecithin 

model support this finding, indicating that inhibiting NLRP3 alone may be insufficient to 

boost remyelination and repair. Interestingly, however, MCC950 treatment reduced 

axonal injury following demyelination as evidenced by fewer APP+ spheroids within 

lesions. In both MS and its animal models (e.g. EAE, cuprizone and lysolecithin models), 

activated macrophages and microglia induce axonal injury, resulting in the formation of 

axonal swellings and transections (Höflich et al., 2016; Nikić et al., 2011; Trapp et al., 

1998). It is possible that factors released as a result of inflammasome activation at least 

partially mediate the toxic effects of activated myeloid cells on CNS axons. Supporting 

this notion, several lines of evidence indicate that inflammasome activation can drive 

neurotoxicity. For example, NLRP3 contributes to neurodegeneration in Alzheimer’s and 

Parkinson’s disease (Gordon et al., 2018; Heneka et al., 2013), caspase-1 inhibition 

preserves axons in EAE (McKenzie et al., 2018) and MCC950 treatment reduces 

immune-mediated axonal injury in both EAE and LPS-treated organotypic slice cultures 

(Malhotra et al., 2020). Therefore, we propose that NLRP3 inflammasome activation 

within activated macrophages and microglia contributes to the inflammatory 
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microenvironment of demyelinated lesions and subsequently drives axonal injury. If true, 

inhibiting NLRP3 could be an effective therapeutic strategy for the treatment of 

neurodegenerative disorders that are accompanied by inflammasome activation.  

 Our initial profiling experiment demonstrated that several inflammasome forming 

NLRs were upregulated following demyelination, including absent in melanoma 2 

(AIM2), NLR pyrin-containing 1 (NLRP1) and NLR CARD-containing 4 (NLRC4) 

(Figure 1). It is possible that the cooperative action of multiple NLRs, in addition to 

NLRP3, promotes inflammasome activation and neuroinflammation in the injured CNS. 

Supporting this notion, NLRP3 and NLRC4 cooperatively enhance demyelination in the 

cuprizone model (Freeman et al., 2017). Whether NLRs can exhibit overlapping or 

distinct functions within the demyelinated CNS will be interesting to investigate in future 

studies. Furthermore, more broadly targeting inflammasome activation using caspase 

(McKenzie et al., 2018) or pyroptosis (Hu et al., 2020) inhibitors may prove more 

effective than targeting single NLRs.  

 We have previously demonstrated that miR-223-3p expression is essential for 

efficient remyelination, and in vitro overexpression of miR-223-3p robustly inhibits 

inflammatory responses in macrophages and microglia (Galloway et al., 2019). To further 

understand the beneficial functions of miR-223-3p, we became interested in its regulation 

of NLRP3. Here, we confirm that miR-223-3p represses NLRP3 inflammasome 

activation in macrophages, and further extend this finding to microglia (Figure 6). 

Importantly, we confirmed that this regulation is evolutionarily conserved as miR-223-3p 

overexpression suppressed NLRP3 inflammasome activation in primary human 

macrophages and microglia (Figure 7). Using miR-223-3p KO and WT macrophages, 
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NF-kB activation was similar between genotypes. This finding supports the notion that 

miR-223-3p represses inflammasome activation independent from any differences in 

transcriptional priming of NLRP3. Therefore, we hypothesize that miR-223-3p acts as an 

endogenous, post-transcriptional regulator of NLRP3 in the inflamed CNS that sets the 

threshold for inflammasome activation. Following demyelination, miR-223-3p follows a 

similar expression pattern to NLRP3 (Figure 4.2) and when visualizing miR-223-3p we 

observed miR-223-3p expressing cells within the demyelinated center of lysolecithin 

lesions (Figure 4.3). Although co-labelling experiments were not performed, we believe 

these cells are macrophages and microglia due to their localization within lesions and the 

fact that myeloid-lineage cells are the primary miR-223-3p expressors within the brain 

(Jovičić et al., 2013; Pomper et al., 2020). Therefore, the upregulation of miR-223-3p in 

early lysolecithin lesions, which is also observed in active MS lesions (Junker et al., 

2009; Morquette et al., 2019), likely derives from the infiltration and proliferation of 

macrophages and microglia within lesions and limits the extent of NLRP3 inflammasome 

activation.  

 Despite the well-defined beneficial function of miR-223-3p, we did not observe an 

increased anti-inflammatory or pro-regenerative response following in vivo miR-223-3p 

transfection (Figure 4.10). There are several potential explanations for this lack of 

therapeutic efficacy. Given that transfection was performed at 4DPI, coinciding with 

maximal infiltration of macrophages and microglia into the lesion, it is possible that the 

overexpression was performed too late to induce a phenotypic change that could influence 

the lesion. Another possibility is that the observed upregulation did not reflect a 
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functional increase in miR-223-3p activity, supported by minimal changes in either 

inflammasome or M2-related polarization genes. Future studies utilizing either earlier 

transfections and/or different overexpression strategies may prove more effective. The 

transfer of miR-223-3p via extracellular vesicles is an important mechanism by which 

miR-223-3p is transferred between cells and could be exploited. In several disease 

contexts, miR-223-3p transfer to recipient cells limits inflammation and tissue damage 

(He et al., 2021; Neudecker et al., 2017a; Zeng et al., 2019). This is interesting as, in 

addition to its anti-inflammatory effects, miR-223-3p is neuroprotective despite neurons 

themselves expressing low basal levels of miR-223-3p (Harraz et al., 2012; Morquette et 

al., 2019; Pomper et al., 2020). Therefore, the transfer of miR-223-3p from macrophages 

and microglia to neurons and other immune or glial cells is likely protective in the CNS 

and finding ways to exploit endogenous miR-223-3p transfer may be a potential 

therapeutic avenue.  

 Collectively, our studies provide insight into the contributions of the NLRP3 

inflammasome to demyelinating injury. We observe that the NLRP3 inflammasome is 

upregulated in pro-inflammatory macrophages and microglia in response to myelin 

injury. The small-molecule MCC950 and endogenous miR-223-3p limit NLRP3 

inflammasome activity in macrophages and microglia, and microglia are less prone to 

inflammasome activation than monocyte-derived macrophages. Our studies also 

demonstrate that in vivo delivery of MCC950 or miR-223-3p overexpression may be 

insufficient to promote remyelination, although NLRP3 inhibition reduces axonal injury. 

Consequently, targeting the NLRP3 inflammasome, perhaps via miR-223-3p, may be an 

effective therapeutic strategy for MS.  
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4.5 Supplement 

 

Supplemental Figure 4.1: miR-223-3p in situ hybridization is specific for miR-223-
3p. 

(A) Low-magnification and (B) high-magnification images of in situ hybridization for 
miR-223-3p demonstrates signal in WT but not miR-223-3p KO spleen tissue. 
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Supplemental Figure 4.2: Characterization of axonal spheroids in lysolecithin 
lesions. 

Both spheroid area (A) and circularity (B) are similar between PBS and MCC950 groups.  
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Supplemental Table 4.1: Full dataset from PCR gene array profiling of 7DPI 
lysolecithin lesions. 

Bolding denotes fold changes that are >2 and P-values <0.05. 
 
 

Symbol 
Up-Down Regulation (compared to unlesioned [n=3]) 

PBS (n=3) Lysolecithin (n=3) 
Fold Regulation p-Value Fold Regulation p-Value 

Ccl7 26.01 0.142953 158.47 0.037506 
Cxcl1 5.63 0.081511 80.58 0.041901 
Tnf 12.36 0.031236 50.21 0.041665 

Ccl12 17.91 0.14675 44.12 0.083101 
Ccl5 52.59 0.050613 37.92 0.000242 

Naip5 4.48 0.027927 20.84 0.006014 
Pycard 3.93 0.00608 11.59 0.011006 

Il1b 4.63 0.013408 11.42 0.032552 
Nlrp3 3.63 0.013912 9.16 0.017012 
Nlrc5 5.33 0.032169 8.51 0.024494 
Ctsb 1.66 0.071703 8.5 0.029933 

Casp8 2.67 0.06456 8.48 0.012284 
Aim2 2.55 0.018292 7.59 0.013339 
Casp1 2.07 0.040664 5.92 0.015792 
Birc3 2.35 0.046124 5.67 0.015994 
Irf1 2.34 0.081741 5.17 0.030913 

Nlrp1a 2.94 0.002839 4.27 0.001186 
Il12b 5.25 0.056984 4.11 0.001865 
Ifng 2.62 0.180047 4 0.146544 

Pstpip1 1.24 0.28022 3.98 0.005964 
Casp12 1.07 0.659441 3.9 0.01046 
Myd88 1.94 0.02684 3.79 0.003587 
Mefv 1.84 0.009072 3.06 0.076933 
Nlrc4 -1.37 0.362583 3.06 0.031454 
P2rx7 1.53 0.004545 2.92 0.002736 
Nfkb1 1.56 0.001892 2.69 0.005858 
Cflar 1.6 0.014822 2.48 0.015464 
Txnip 1.17 0.23056 2.47 0.004517 
Tirap 1.16 0.232258 2.29 0.009754 
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Nfkbia 1.86 0.012182 2.28 0.027607 
Fadd 1.12 0.181082 2.11 0.045782 

Tnfsf4 1.3 0.011156 1.88 0.005098 
Cd40lg 3.17 0.042344 1.86 0.042124 
Ripk2 1.1 0.342402 1.74 0.059507 
Card6 1.63 0.09955 1.68 0.000906 
Rela 1.07 0.432327 1.65 0.018537 

Nod1 1.6 0.026692 1.62 0.026779 
Irf4 1.23 0.610738 1.55 0.274142 
Irf3 1.23 0.175699 1.53 0.043759 
Il6 1.39 0.191289 1.51 0.215999 

Ikbkb 1.05 0.639949 1.4 0.012417 
Pea15a 1.03 0.555837 1.31 0.012047 

Irak1 -1.01 0.945615 1.29 0.04454 
Naip1 -1.66 0.183492 1.25 0.38057 
Nlrx1 1.05 0.664001 1.22 0.082815 
Il33 1.41 0.153403 1.21 0.113516 

Tab2 1.04 0.3545 1.21 0.016898 
Tnfsf14 1.21 0.440633 1.19 0.47589 
Mapk3 -1.27 0.000622 1.14 0.237446 
Tab1 -1.08 0.222812 1.1 0.148124 
Traf6 1.11 0.287035 1.01 0.286702 
Birc2 -1.1 0.326095 -1.02 0.840648 

Tnfsf11 1.28 0.328599 -1.02 0.801759 
Hsp90b1 1.04 0.597939 -1.04 0.75963 

Chuk -1.05 0.666344 -1.06 0.600625 
Map3k7 -1.15 0.015792 -1.06 0.175241 
Nlrp12 1.02 0.912754 -1.11 0.568595 
Panx1 -1.33 0.010386 -1.11 0.122485 
Nfkbib 1.13 0.229251 -1.13 0.158698 

Il18 -1.13 0.278813 -1.16 0.10133 
Nlrp5 -1.11 0.602446 -1.17 0.679801 
Ptgs2 1.24 0.265083 -1.18 0.748875 
Xiap -1.26 0.086624 -1.2 0.233243 

Bcl2l1 1.04 0.46924 -1.21 0.015808 
Ciita 1.24 0.135826 -1.21 0.462204 

Mapk12 -1.33 0.012005 -1.21 0.094743 
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Nlrp9b 1.16 0.551499 -1.21 0.254601 
Sugt1 -1.18 0.014535 -1.21 0.009904 
Ikbkg -1.25 0.035648 -1.22 0.013806 

Nlrp4b 1.5 0.027124 -1.22 0.331896 
Nod2 1.12 0.439291 -1.22 0.191171 
Mok -1.3 0.069551 -1.26 0.127004 
Bcl2 -1.34 0.018535 -1.35 0.107807 

Nlrp4e 1.47 0.034728 -1.43 0.02998 
Nlrp6 -1.11 0.550731 -1.56 0.112213 
Cxcl3 -1.26 0.331024 -1.57 0.05967 

Hsp90aa1 -1.23 0.074433 -1.63 0.006761 
Mapk1 -1.54 0.001707 -1.67 0.001614 
Il12a -1.43 0.05805 -1.74 0.000527 

Mapk8 -1.39 0.005771 -1.74 0.000917 
Mapk9 -1.51 0.000211 -1.77 0.000171 
Ifnb1 1.07 0.687318 -2.14 0.008208 

Mapk11 -1.54 0.003292 -2.15 0.000512 
Mapk13 -1.32 0.150079 -2.15 0.003643 

 
 

  



 166 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Chapter 5  

Summary & Future Directions 
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5.1 Summary 

 During the course of MS, glial cell activation within demyelinating lesions is 

known to directly contribute to both immune-mediated injury and repair. Here, the 

contributions of miRNAs in the context of MS-relevant neuroinflammation were 

investigated, with the goal of identifying miRNAs that can dampen neuroinflammation 

and promote brain repair. In attempts to further explore the roles of miRNAs in the 

mechanism of action of currently prescribed DMTs, initial investigations focused on the 

ability of DMF to influence pro-inflammatory astrocyte activation. When treating primary 

human and mouse astrocytes with DMF in vitro, a significant anti-inflammatory effect 

was observed and was accompanied by a reduction in the expression of NF-kB responsive 

miRNAs, including miR-155-5p and miR-146a-5p. Using primary human and mouse-

derived macrophages and microglia, miR-223-3p was identified as an anti-inflammatory 

miRNA that was required for M2-like polarization and phagocytosis. It was determined 

that these functions are essential for efficient brain repair, since our results demonstrated 

that mice lacking miR-223-3p have impaired myelin debris clearance and remyelination 

following lysolecithin-induced demyelination. Furthermore, it was observed that miR-

223-3p represses NLRP3 protein expression, which limits inflammasome activation in 

both human and mouse macrophages and microglia. Within demyelinated lesions, NLRP3 

expression was upregulated in activated macrophages and microglia; macrophages were 

more susceptible to NLRP3 inflammasome activation compared microglia. Delivery of 

MCC950 or miR-223-3p overexpression were insufficient to alter lysolecithin lesion size, 

although MCC950 did reduce axonal injury. Altogether, these studies demonstrate that 
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miRNAs are key regulators of neuroinflammation and brain repair in MS and may be 

promising avenues for the development of novel MS therapeutics.  

 

5.1.1 Effects of Dimethyl Fumarate on Inflammatory Astrocyte Responses 

 DMF is an approved MS DMT that has potent antioxidant effects by activating the 

NRF2 transcription factor. While this antioxidant effect was thought to mediate the 

protective effects of DMF treatment in MS (Linker et al., 2011), more recent reports have 

identified several additional pathways influenced by DMF and questioned whether 

antioxidant gene activation is DMF’s primary mechanisms of action (Schulze-Topphoff et 

al., 2016). Furthermore, the relative contributions of DMF or its metabolite MMF to the 

drug’s protective effects have been unclear. The research presented here on DMF’s 

mechanism of action using astrocytes demonstrates that DMF, but not MMF, has potent 

anti-inflammatory effects that likely stem from reduced NF-kB activation, given a 

significant reduction in NF-kB responsive miRNAs. Since the publication of this research 

additional reports have shown that DMF, more so than MMF, exerts potent anti-

inflammatory effects mediated by several mechanisms including inhibiting glycolysis in 

activated immune cells (Kornberg et al., 2018) and inhibiting pyroptosis by directly 

modifying the Gasdermin D protein (Humphries et al., 2020). Thus, chapter 2 of this 

thesis is part of a growing body of evidence that DMF’s primary mechanism of action 

may be the direct suppression of pro-inflammatory signaling pathways, rather than 

activation of antioxidant pathways as initially suggested. The suppression of pro-

inflammatory miR-155-5p by DMF may partially mediate the anti-inflammatory effects 
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of DMF, although this has yet to be demonstrated. As a final note, it was observed that 

both human and mouse astrocytes upregulated miR-223-3p in response to pro-

inflammatory cytokines, although no effects of fumarates on miR-223-3p expression were 

observed. Hence, given miR-223-3p’s anti-inflammatory role, it is possible that the 

upregulation of miR-223-3p in astrocytes is a mechanism to limit the extent of pro-

inflammatory activation in these cells. 

 

5.1.2 Effects of miR-223-3p on myeloid cell polarization and inflammasome activation 

 Given this thesis included a focus on specific miRNAs that regulate the activation 

of innate immune cells in MS, a profile of miRNA expression in monocytes isolated from 

MS patients vs. healthy controls was performed. Here, it was observed that miR-223-3p 

was significantly upregulated in MS patient monocytes. Building on this finding, it was 

also observed that miR-223-3p was upregulated in M2-polarized human macrophages and 

microglia. These results prompted an investigation using miR-223-3p KO mice and the 

overexpression of miR-223-3p in vitro to better elucidate the effects of miR-223-3p in the 

context of neuroinflammation. The initial hypothesis was that miR-223-3p expression 

would act as an endogenous brake to limit the pro-inflammatory activation of 

macrophages and microglia; however, it was observed that miR-223-3p was dispensable 

in this context. Even more unexpectedly, miR-223-3p KO mice had a delayed onset and a 

similar disease severity in the EAE animal model compared to wild-type animals. 

Although unexpected, these results were consistent with other studies published during 
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the time of this research demonstrating that miR-223-3p KO mice had delayed EAE onset 

and reduced severity (Cantoni et al., 2017; Ifergan et al., 2016).  

 Given the upregulation of miR-223-3p that was observed in polarized M2 cells, 

additional studies were performed to further assess the possible anti-

inflammatory/regenerative effects of miR-223-3p; miR-223-3p was required for M2 

phenotype and function, while overexpression of miR-223-3p suppressed pro-

inflammatory macrophage and microglial activation. The presence of miR-223-3p was 

also essential for efficient debris clearance and myelin repair in the lysolecithin model of 

demyelination. These results suggest that the anti-inflammatory activation of 

macrophages and microglia is accompanied by miR-223-3p expression, which promotes 

M2 phenotype and function and is relevant to repair following demyelination. In EAE, a 

model that depends on pro-inflammatory myeloid cell activation, antigen presentation and 

pathogenic T cell polarization, miR-223-3p expression is detrimental as it allows myeloid 

cells to efficiently activate autoreactive T cells (Cantoni et al., 2017). The underlying 

mechanism of this effect is unknown, although initial characterizations observed that 

myeloid cells derived from miR-223-3p KO mice are more suppressive of T cell 

activation than WT cells. Our results also hint at this, as initial assays of M1 polarization 

revealed that miR-223-3p KO macrophages secreted less IL-6 and had lower CD86 co-

stimulatory molecule expression than WT cells. However, in lysolecithin-induced 

demyelination miR-223-3p expression was protective due to its pro-regenerative effects 

on M2 polarization and myelin debris clearance. Since miR-223-3p expression has 

differing effects in the EAE and lysolecithin animal models, these results emphasize the 

importance of animal model selection in pre-clinical MS research and suggest therapeutic 



 171 

targeting of miR-223-3p could be more beneficial in progressive as opposed to relapsing 

phases of MS due to differing effects on brain repair and adaptive immunity. Future 

studies identifying the molecular targets and cell-type specific contributions of miR-223-

3p will be essential for clarifying the precise functions of this miRNA. Given the high 

basal expression of miR-223-3p in myeloid lineage cells (Chen et al., 2004), miR-223-3p 

may be required for the proper development (Johnnidis et al., 2008) and homeostatic 

functions of these cells in addition to its control over pro- or anti-inflammatory activation. 

 Furthermore, it was demonstrated that miR-223-3p suppresses NLRP3 expression 

and inflammasome activation in macrophages and microglia, which was mediated by the 

direct repression of NLRP3, highlighting another potential protective mechanism for this 

miRNA. Following lysolecithin-induced demyelination, miR-223-3p is upregulated early 

and returns to baseline at time points associated with remyelination. Based on the time-

course and distribution of miR-223-3p expression following demyelination, lesional 

macrophages and microglia are likely the primary cells expressing miR-223-3p. Given the 

previous findings related to the anti-inflammatory and pro-regenerative roles of miR-223-

3p, it is expected that elevated levels of miR-223-3p are required to prepare early 

demyelinated lesions for repair. Since miR-223-3p expression subsides beyond 7 days 

post injury in the lysolecithin model, timepoints associated with remyelination, it is 

unlikely that miR-223-3p directly promotes oligodendrocyte differentiation via either 

intrinsic or extrinsic functions. Rather, it could be concluded that miR-223-3p indirectly 

drives remyelination by resolving the inhibitory milieu within lesions via functions such 

as myelin phagocytosis and debris clearance. As NLRP3 is a miR-223-3p targeted gene 

that follows a similar time course following demyelination, these results suggest that 
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miR-223-3p limits inflammasome activation within lesions – an additional mechanism by 

which miR-223-3p could positively influence the lesion microenvironment to promote 

repair. Although delivery of miR-223-3p to lysolecithin lesions using a liposomal 

transfection reagent was unable to significantly alter lesion size or inflammatory markers, 

modifications to the miR-223-3p overexpression paradigm, such as using novel delivery 

vehicles, may be beneficial. A proposed model for the functions of miR-223-3p in the 

demyelinated CNS can be seen in Figure 5.1.  
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Figure 5.1: Proposed model of miR-223-3p’s function within the demyelinated CNS. 

In response to anti-inflammatory signals (such as the M2 promoting cytokines IL-4 and 
IL-13) miR-223-3p levels increase within macrophages and microglia. miR-223-3p binds 
its target genes, including NLRP3 and RASA1, which limits inflammasome activation 
while promoting M2 polarization and phagocytosis. As a result, miR-223-3p stimulates 
myelin repair by resolving the inhibitory milieu of demyelinated lesions and may prevent 
axonal injury via NLRP3 repression. The proposed function for miR-223-3p appears to be 
conserved in both human and mouse. Created using BioRender. 
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5.1.3 Contributions of the NLRP3 inflammasome to demyelinating injury 

 NLRP3 was identified as a miR-223-3p target gene and was investigated for its 

overall contributions towards the pathophysiology of demyelinated lesions. Early work 

utilizing an inflammasome-specific PCR gene array on lysolecithin lesions identified that 

NLRP3, as well as other inflammasome-associated genes, were upregulated in response 

to demyelination. More targeted analysis demonstrated that the NLRP3 inflammasome 

was upregulated early-on following demyelination and subsided at the onset of 

remyelination, while co-IHC in both lysolecithin and MS lesions revealed that activated 

macrophages and microglia were the primary cell-types expressing NLRP3. It was 

therefore concluded that NLRP3 inflammasome activation was associated with ongoing 

inflammation in MS and may contribute to various pathological processes seen within 

active MS lesions including immune cell recruitment, oligodendrocyte death and axonal 

injury. In a set of experiments designed to directly compare macrophages vs. microglia, it 

was observed that macrophages more readily underwent inflammasome activation 

compared to CNS-resident microglia. Thus, infiltrating macrophages may be the primary 

cell type undergoing inflammasome activation in demyelinated lesions, a finding 

consistent with previous reports that macrophages present a more pro-inflammatory and 

less regenerative transcriptional phenotype than microglia in the injured CNS (Yamasaki 

et al., 2014; Zarruk et al., 2018). Finally, the systemic delivery an NLRP3 inflammasome 

inhibitor, MCC950, to mice with lysolecithin lesions reduced axonal injury, while leaving 

lesion size and mature oligodendrocyte numbers unaffected. These findings suggest that 

inhibiting NLRP3 may limit immune-mediated neuronal injury within demyelinated 

lesions, which could be independent of remyelination. Given that axonal injury in MS and 
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its animal models occurs in direct proximity to activated macrophages and microglia 

(Nikić et al., 2011), it is likely that inflammasome activation participates in this 

neurotoxic inflammatory response. Factors released during inflammasome activation, 

such as IL-1 family cytokines, contribute to microglial-mediated neurotoxicity (Cardona 

et al., 2006; Halle et al., 2008) and induce neuronal dysfunction in MS and EAE 

(Mandolesi et al., 2013; Rossi et al., 2012). More recent studies have also demonstrated 

that inhibiting either NLRP3 or caspase-1 significantly reduces axonal injury in the EAE 

model (Malhotra et al., 2020; McKenzie et al., 2018). Thus, the NLRP3 inflammasome 

could be an exciting therapeutic target to limit types of inflammation that drive 

neurodegeneration in MS. 

  

5.2 miRNAs as Regulators of Neuroinflammation in MS 

 This thesis demonstrates that miRNAs are key regulators of inflammation and 

repair within the CNS and will be of significant interest to researchers investigating MS 

as well as other diseases involving neuroinflammation and repair mechanisms. Although 

previous studies have demonstrated that miRNAs regulate autoimmunity and 

neuroinflammation in MS animal models, this work provides the first report that miRNAs 

can directly contribute to remyelination by promoting anti-inflammatory myeloid cell 

responses. This important finding sets the precedent that therapeutic targeting of miRNA 

expression in immune and/or glial cells can promote brain repair and potentially limit 

disease progression in MS. Since neurodegeneration and remyelination failure in MS 

likely result from chronic inflammation and glial cell activation (Frischer et al., 2009; 
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Starost et al., 2020), future experiments should identify and elucidate if pathogenic 

miRNA expression, or a lack of protective miRNAs, arrests myeloid or glial cells in an 

inflamed state. If so, targeting miRNAs to limit chronic inflammation could be an 

effective strategy to prevent neurodegeneration and overcome remyelination failure in 

progressive MS.  

 Neuroinflammation is a prominent feature of neurodegenerative diseases, where it 

can influence neurotoxicity and disease progression (Ransohoff, 2016b). Since 

pathogenic astrocyte and microglial phenotypes arise in response to neurodegeneration 

(Krasemann et al., 2017; Liddelow et al., 2017), understanding the molecular mechanisms 

controlling these phenotypes and functions are essential. The current literature would 

suggest that miRNAs are essential for both the induction and suppression of 

neurodegeneration-associated phenotypes in glial cells. For example, miR-155-5p 

upregulation is required for microglia to acquire a neurodegenerative/inflammatory 

phenotype described in multiple disease contexts, and therapeutic inhibition of miR-155-

5p restores microglia to a homeostatic state (Butovsky et al., 2015; Krasemann et al., 

2017). It is possible that miR-223-3p, or other anti-inflammatory miRNAs, are able to 

suppress these pathogenic phenotypes, a finding that could lead to the development of 

novel therapeutics. Furthermore, miRNAs that control astrocyte phenotypes have been 

understudied, although reports have described several miRNAs regulate astrocyte 

responses to inflammatory stimuli (Iyer et al., 2012; Mor et al., 2011). Investigating 

astrocyte-specific miRNA expression and gene regulation in the context of 

neuroinflammation will determine if miRNAs, such as miR-155-5p or miR-223-3p, can 
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regulate the acquisition of neurodegenerative astrocyte phenotypes and balance the 

homeostatic and inflammatory functions of these cells. 

 

5.3 Future Directions 

 The work performed throughout this thesis will serve as the basis for future 

studies, particularly related to miRNA-mediated regulation of MS-relevant disease 

processes. Due to their widespread influence on biological functions, miRNAs will 

continue to be attractive targets to study to provide insight into neuroinflammation and 

brain repair. Furthermore, investigations into the mechanisms and consequences of 

inflammasome activation following myelin destruction will be important to guide the 

development of inflammasome inhibitors as possible DMTs for the treatment of MS. 

 

5.3.1 Identification of Additional miR-223-3p Target Genes 

 In both Chapter 3 and Chapter 4 of this thesis, RASA1 and NLRP3 were 

identified as evolutionarily conserved targets of miR-223-3p that may underly its 

mechanism of action. It is challenging, however, to establish a causal role for single 

miRNA target genes in the regulation of an observed phenotype. Given that miRNAs 

often repress multiple functionally related genes (Lall et al., 2006), the effects mediated 

by miR-223-3p could be derived from the repression of numerous targets. For instance, 

transcriptomic and proteomic screens of miR-223-3p KO neutrophils identified 19 genes 

that are highly responsive to miR-223-3p deletion (Baek et al., 2008), and computational 
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screening using Targetscan7.2 identifies 415 predicted miR-223-3p targets (Agarwal et 

al., 2015). The confirmed and predicted targets range from cell-surface receptors to 

transcription factors, implying that miR-223-3p may influence cellular phenotypes at 

multiple levels. Highlighting the potential for multiple targets to converge on a single 

phenotype, the most highly upregulated genes in response to miR-223-3p deletion are 

lysosomal cathepsins that induce NLRP3 inflammasome activation upon phagocytic 

failure and/or lysosome rupture (Baek et al., 2008; Orlowski et al., 2015). Thus, miR-223-

3p may have evolved multiple redundant mechanisms to limit NLRP3 inflammasome 

activation. Continuing to investigate miR-223-3p target genes using multiple approaches, 

such as novel target prediction software (McGeary et al., 2019) or transcriptome-wide 

assays (Imig et al., 2015), will help identify bona-fide miR-223-3p targets that regulate 

the phenotypes described in this thesis. This analysis will also identify molecular targets 

that could be exploited to limit inflammation and promote repair in MS.  

 

5.3.2 Transcriptional Regulation of miR-223-3p Expression 

 In addition to the functional consequences of miR-223-3p, another important 

aspect to consider is how miR-223-3p expression itself is regulated. While it was 

observed that miR-223-3p expression was elevated in M2-polarized macrophages and 

microglia, this change was modest, and a potential mechanism was not established. The 

identification of signaling pathways and transcription factors that control miR-223-3p 

expression will be useful to understanding why/how this miRNA is expressed in specific 

contexts, and therapies that increase the transcription of miR-223-3p could be beneficial 
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for limiting inflammation. Of interest is peroxisome proliferator-activated receptor 

gamma (PPARg) signaling, which has significant anti-inflammatory and pro-regenerative 

effects in the demyelinated CNS (Paintlia et al., 2006) and was previously shown to 

directly induce miR-223-3p transcription (Ying et al., 2015). Furthermore, granulocyte-

monocyte colony stimulating factor (GM-CSF), which is highly pathogenic in MS 

(Croxford et al., 2015), significantly reduces miR-223-3p expression in macrophages 

(Bauernfeind et al., 2012). Thus, there are several pathways that could be explored to 

uncover how miR-223-3p expression is regulated and how this may affect inflammation 

and repair in MS. 

 

5.3.3 Intercellular Transfer of miR-223-3p 

 An aspect of miRNA biology that is currently receiving intense interest is the 

transfer of miRNAs as a means of intercellular communication. Continuing to study miR-

223-3p will be a powerful approach to study miRNA transfer, since miR-223-3p is highly 

abundant in extracellular vesicles (EVs) (Shurtleff et al., 2016). As this thesis has 

identified multiple pathways modified by miR-223-3p, including M2 polarization and 

inflammasome activation, the functional effects of miR-223-3p transfer can now be 

effectively investigated.  

 Following demyelination, EVs derived from M1 microglia amplify 

neuroinflammation and promote neuronal dysfunction, while EVs from M2 polarized 

microglia promote remyelination and repair (Lombardi et al., 2019; Prada et al., 2018). It 

will be interesting to investigate if the intercellular transfer of miR-223-3p at least 



 180 

partially mediates the beneficial effects of EV transfer after myelin injury. Supporting a 

protective role for extracellular miR-223-3p transfer, studies in non-CNS tissue have 

identified miR-223-3p transfer from myeloid-lineage cells as a mechanism to limit 

inflammatory tissue damage (He et al., 2021; Neudecker et al., 2017a). Within the CNS, 

miR-223-3p expression promotes neuroprotection by suppressing glutamate receptor 

expression (Harraz et al., 2012; Morquette et al., 2019), in addition to the anti-

inflammatory functions described here. Since myeloid-lineage cells are the primary 

expressors of miR-223-3p in the CNS (Jovičić et al., 2013; Pomper et al., 2020), it is 

possible that miR-223-3p is transferred from macrophages/microglia to neurons as a 

mechanism to reduce CNS injury and neurodegeneration during neuroinflammation. 

Whether miR-223-3p is more abundant in EVs derived from M2 polarized cells, or if EVs 

derived from miR-223-3p KO cells are able to efficiently suppress injury and 

inflammation are questions that should be addressed in future experiments. 

 Interestingly, EV-mediated transfer miR-223-3p may be an effective strategy to 

overexpress miR-223-3p following demyelination. The delivery of EVs containing anti-

inflammatory miRNAs is able to suppress inflammation in vivo (Alexander et al., 2015), 

and various methods exist to overexpress miRNAs in EV preparations for the purpose of 

delivery to recipient cells (O’Brien et al., 2020). Furthermore, EVs can traffic to the CNS, 

cross the BBB and deliver RNA cargo to neurons, microglia and oligodendrocytes 

(Alvarez-Erviti et al., 2011).  Therefore, EVs may outperform other vehicles such as the 

lipid complexes utilized in chapter 4 and effectively deliver miR-223-3p to the inflamed 

CNS. The ability to systemically overexpress miR-223-3p using peripheral administration 

of EVs would also be of significant benefit, it would be far less invasive than the 
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stereotaxic injection of miRNA mimics. Finally, overexpression of miR-223-3p in EAE 

using EVs may also elucidate whether miR-223-3p expression could be protective, as 

opposed to its currently proposed pathogenic role in EAE.  

 

5.3.4 Inflammasome Activation in the Demyelinated CNS 

 In chapter 4 of this thesis, the contributions of the NLRP3 inflammasome in the 

context of demyelinating injury were investigated. This will continue to be an important 

topic to study, as therapeutic targeting of inflammasomes in a variety of inflammatory 

and neurological disease is receiving increasing clinical interest (Swanson et al., 2019). 

Although NLRP3 inflammasome activation appears to be a component of the pro-

inflammatory response to demyelination that contributes to axonal injury, it is possible 

that additional NLRs also shape the inflammatory microenvironment following myelin 

injury. Investigating other NLRs identified by PCR array, including AIM2, NLRP1 and 

NLRC4, will be important to understanding how danger signals release following 

demyelination induce inflammation within the CNS. Activation of AIM2 and NLRC4 are 

of particular interest, as they have been demonstrated to contribute to injury and 

inflammation in both cuprizone and EAE animal models (Freeman et al., 2017; Ma et al., 

2021). Given that multiple inflammasome forming NLRs can become activated in the 

demyelinated CNS, other NLRs may compensate for the loss of NLRP3 and thus 

therapies that can broadly target multiple inflammasomes may be more effective than 

targeting single NLRs. Inhibiting caspase activity or pyroptosis may be a strategy to block 

much of the inflammatory response arising from inflammasome activation and would be 
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effective regardless of the specific NLR activated. For example, broad acting 

immunomodulatory drugs including disulfiram (Hu et al., 2020), dimethyl fumarate 

(Humphries et al., 2020) and necrosulfonamide (Rathkey et al., 2018) all modify the 

gasdermin D protein and inhibit pyroptosis, while caspase-1 inhibitors such as VX-765 

potently inhibit both cytokine secretion and pyroptosis (McKenzie et al., 2018; 

Wannamaker et al., 2007). Finally, since monocyte-derived macrophages undergo 

inflammasome activation to a greater extent than microglia, targeting peripheral NLRP3 

may be sufficient to limit neuroinflammation and axonal injury in MS. For example, 

irreversible NLRP3 inhibitors, NLRP3-targeting antisense oligonucleotides, or viral 

vectors could be effective by targeting circulating monocytes prior to CNS invasion. 

 The majority research to date has focused on the release of IL-1 family cytokines 

(IL-1β, IL-1α and IL-18) as the primary consequence of inflammasome activation. Within 

the CNS, IL-1 signaling is essential for the neurotoxicity of activated microglia (Cardona 

et al., 2006), and furthermore, IL-1 cytokines can induce astrocyte activation and trigger 

an “A1” neurotoxic astrocyte phenotype (Lee et al., 1993; Liddelow et al., 2017). Since 

classically activated (e.g. LPS) macrophages and microglia secrete low levels of IL-1 

cytokines, inflammasome activated cells may be more potent inducers of neurotoxicity, 

either directly or indirectly via astrocytes. IL-1 cytokines are, however, not the only 

factors released as a result of inflammasome activation (Denes et al., 2012), and 

downstream IL-1-independent pathways can contribute to disease pathology. As an 

example, systemic inflammasome activation is lethal in vivo, and this effect is completely 

independent of IL-1 cytokine secretion. Instead, the release of inflammatory 

prostaglandins and danger molecules, such as HMGB1, by inflammasome activated cells 
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induces in vivo toxicity (Lamkanfi et al., 2010; von Moltke et al., 2012). Whether the 

CNS specific effects of inflammasome activation extend beyond IL-1 cytokine release is 

unclear and should be considered in future studies. 

 Finally, the downstream effects of inflammasome activation in the CNS should be 

extensively studied, as these likely contribute to the pathology of MS as well as other 

neurological diseases. For instance, inflammasome activation has significant negative 

effects on Alzheimer’s disease pathology, where aggregated amyloid-β and tau activate 

NLRP3 that in turn induces neurotoxicity, limits protective M2 polarization and 

accelerates the accumulation of protein aggregates (Halle et al., 2008; Heneka et al., 

2013; Ising et al., 2019). A similar pathogenic function for NLRP3 has been suggested in 

Parkinson’s disease (Gordon et al., 2018), implicating inflammasome activation as a 

common driver of neurodegeneration. While inflammasome activation is clearly 

detrimental, how this contributes to cell death and dysfunction in the CNS is undefined. 

While investigating the pathways influenced by inflammasome activation will be 

challenging to study in vivo, in vitro investigations could provide significant insight. 

Experiments that transfer soluble factors released from inflammasome-activated cells 

directly onto neurons or oligodendrocytes could begin to establish if inflammasome 

activation is cytotoxic, induces neuronal dysfunction or blocks oligodendrocyte 

differentiation. Furthermore, since the effects of inflammasome activation may be 

mediated indirectly by other cell types, such as astrocytes, more complex in vitro assays 

utilizing co-cultures or supernatant transfer could begin to tease out any cell-type specific 

effects of inflammasome activation within the CNS. Utilizing primary human cell culture 

systems would also define the relevance of these pathways to human neuropathology. It is 
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expected that the negative effects of inflammasome activation can be recapitulated in 

vitro, which would facilitate the understanding of how this pathway contributes to 

neurodegeneration and failures in brain repair. 
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5.4 Conclusion 

 In conclusion, the work presented in this thesis demonstrates that miRNAs are 

critical regulators of MS-relevant neuroinflammation and are essential to promote 

efficient remyelination and brain repair in the injured CNS. In particular, miR-223-3p is a 

miRNA that controls anti-inflammatory phenotype and function, as well as NLRP3 

inflammasome activation, in macrophages and microglia. Furthermore, miR-223-3p’s 

contributions are functionally important since its expression is required for efficient 

myelin regeneration following demyelination. This elucidation of miR-223-3p’s role 

provides insight into the molecular mechanisms that underly MS pathophysiology, and 

will serve as a promising foundation for the development of miRNA-based therapeutics 

or inflammasome inhibitors for the treatment of MS. 
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Appendix 

Ethics Clearances 
 

 

From: ambakwe@mun.ca
Subject: Your Annual Report has been approved
Date: September 23, 2020 at 3:54 PM
To: Moore Craig(Principal Investigator) craig.moore@mun.ca, Berry Tangyne(Research Staff) tangyne.berry@med.mun.ca
Cc: ambakwe@mun.ca

Animal Care Committee (ACC)
St. John's, NL, Canada A1C 5S7
Tel: 709 777-6620 acs@mun.ca
https://www.mun.ca/research/about/acs/acc/                     

Dear: Dr. Craig Moore,  Faculty of Medicine\Division of BioMedical Sciences

Researcher Portal File No.: 20190591
Animal Care File: 18-01-CM
Entitled: (18-01-CM) Assessing Brain Injury and Repair in Experimental Autoimmune 
Encephalomyelitis (EAE)
Related Awards:
Awards 
File No Title Status

20141424 Canada Research Chair in Neuroscience and Brain 
Repair Active

1. Research Grant and Contract 
Services (RGCS) – St. John's and 
Grenfell Campuses

20160823 Impact of MicroRNA-223 on immune and glial cells in 
Multiple Sclerosis Active

1. Research Grant and Contract 
Services (RGCS) – St. John's and 
Grenfell Campuses

20161794 Investigating bioenergetics and mitochondrial function in 
immune cells Active

1. Research Grant and Contract 
Services (RGCS) – St. John's and 
Grenfell Campuses

20170882
Exploring the clinical and functional significance of 
altered MiR-223 expression in Multiple Sclerosis and its 
animal models

Active
1. Research Grant and Contract 
Services (RGCS) – St. John's and 
Grenfell Campuses

20180937 Characterizing the pathophysiological roles of secretory 
micro RNAs in multiple sclerosis Active

1. Research Grant and Contract 
Services (RGCS) – St. John's and 
Grenfell Campuses

20191857 MicroRNA-mediated Regulation of Inflammasome 
Activity in Multiple Sclerosis Active

1. Research Grant and Contract 
Services (RGCS) – St. John's and 
Grenfell Campuses

20192978 Research Pool Account Active
1. Research Grant and Contract 
Services (RGCS) – St. John's and 
Grenfell Campuses

Approval Date: September 04, 2018
Next Annual Report Due: September 04, 2021
Ethics Clearance Expires: September 04, 2021

Your Annual Report was reviewed by the ACC and approved.
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Animal use records will be compiled and reported to the Canadian Council on Animal Care. 

NOTE: You can access a copy of this email at any time under the “Shared Communications” 
section of the Logs tab of your file in the Memorial Researcher Portal.
Sincerely,

ANULIKA MBAKWE | ACC COORDINATOR
Department of Animal Care Services
Memorial University of Newfoundland
Health Sciences Centre | Room H1848
P: 709-777-6621
E-Mail: ambakwe@mun.ca
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Animal Care Committee (ACC)
St. John's, NL, Canada A1C 5S7
Tel: 709 777-6620 acs@mun.ca
https://www.mun.ca/research/about/acs/acc/                     

Dear: Dr. Craig Moore,  Faculty of Medicine\Division of BioMedical Sciences

Researcher Portal File No.: 20200641
Animal Care File: 19-03-CM
Entitled: (19-03-CM) Lysolecithin Model - A mouse model of CNS demyelination
Related Awards:
Awards 
File No Title Status

20170882
Exploring the clinical and functional significance of 
altered MiR-223 expression in Multiple Sclerosis and its 
animal models

Active
1. Research Grant and Contract 
Services (RGCS) – St. John's and 
Grenfell Campuses

20191857 MicroRNA-mediated Regulation of Inflammasome 
Activity in Multiple Sclerosis Active

1. Research Grant and Contract 
Services (RGCS) – St. John's and 
Grenfell Campuses

Approval Date: September 06, 2019
Next Annual Report Due: September 06, 2021
Ethics Clearance Expires: September 06, 2022

Your Annual Report was reviewed by the ACC and approved.

Animal use records will be compiled and reported to the Canadian Council on Animal Care. 

NOTE: You can access a copy of this email at any time under the “Shared Communications” 
section of the Logs tab of your file in the Memorial Researcher Portal.
Sincerely,

ANULIKA MBAKWE | ACC COORDINATOR
Department of Animal Care Services
Memorial University of Newfoundland
Health Sciences Centre | Room H1848
P: 709-777-6621
E-Mail: ambakwe@mun.ca
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From: ambakwe@mun.ca
Subject: Your Animal Use Protocol has been renewed
Date: August 19, 2020 at 10:20 AM
To: Moore Craig(Principal Investigator) craig.moore@mun.ca, Berry Tangyne(Research Staff) tangyne.berry@med.mun.ca
Cc: ambakwe@mun.ca

Animal Care Committee (ACC)
St. John's, NL, Canada A1C 5S7
Tel: 709 777-6620 acs@mun.ca
https://www.mun.ca/research/about/acs/acc/                     

Dear: Dr. Craig Moore,  Faculty of Medicine\Division of BioMedical Sciences

Researcher Portal File No.: 20210522
Animal Care File: 20-01-CM
Entitled: (20-01-CM) Neuroimmune interactions impacting glial cell activity - primary murine 
immune and neutral cell culture
Status: Active
Related Awards:
Awards 
File No Title Status

20161794 Investigating bioenergetics and mitochondrial 
function in immune cells Active 1. Research Grant and Contract Services 

(RGCS) – St. John's and Grenfell Campuses

20180937 Characterizing the pathophysiological roles of 
secretory micro RNAs in multiple sclerosis Active 1. Research Grant and Contract Services 

(RGCS) – St. John's and Grenfell Campuses

20191857 MicroRNA-mediated Regulation of 
Inflammasome Activity in Multiple Sclerosis Active 1. Research Grant and Contract Services 

(RGCS) – St. John's and Grenfell Campuses

20200311 Canada Research Chair in Neuroscience and 
Brain Repair Active 1. Research Grant and Contract Services 

(RGCS) – St. John's and Grenfell Campuses

Ethics Clearance Terminates: August 01, 2023

Your Animal Use Protocol has been renewed for a three-year term. This file replaces previous File 
ID [[20180516]] and Animal Care ID [[17-01-CM]] as the active ethics clearance associated with 
this project. Please note the new file ID and Animal Care ID when referring to this protocol. Also, 
the committee requires that you modify the Animal Use section to reflect the number of 
animals required for the study.

This ethics clearance includes the following Team Members: Dr. Craig Moore (Principal 
Investigator)
Mrs. Tangyne Berry (Research Staff)

This ethics clearance includes the following related awards:
Awards 
File No Title Status

20161794 Investigating bioenergetics and mitochondrial 
function in immune cells Active 1. Research Grant and Contract Services 

(RGCS) – St. John's and Grenfell Campuses
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function in immune cells (RGCS) – St. John's and Grenfell Campuses

20180937 Characterizing the pathophysiological roles of 
secretory micro RNAs in multiple sclerosis Active 1. Research Grant and Contract Services 

(RGCS) – St. John's and Grenfell Campuses

20191857 MicroRNA-mediated Regulation of 
Inflammasome Activity in Multiple Sclerosis Active 1. Research Grant and Contract Services 

(RGCS) – St. John's and Grenfell Campuses

20200311 Canada Research Chair in Neuroscience and 
Brain Repair Active 1. Research Grant and Contract Services 

(RGCS) – St. John's and Grenfell Campuses

An Event [Annual Report] will be required following each year of protocol activity.

Should you encounter an unexpected incident that negatively affects animal welfare or the 
research project relating to animal use, please submit an Event [Incident Report]. 

Any alterations to the protocol requires prior submission and approval of an Event [Amendment].

NOTE: You can access a copy of this email at any time under the “Shared Communications” 
section of the Logs tab of your file in the Memorial Researcher Portal.
Sincerely,

ANULIKA MBAKWE | ACC COORDINATOR
Department of Animal Care Services
Memorial University of Newfoundland
Health Sciences Centre | Room H1848
P: 709-777-6621
E-Mail: ambakwe@mun.ca
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From: administrator@hrea.ca
Subject: HREB - Approval of Ethics Renewal
Date: August 17, 2020 at 2:30 PM
To: Moore Craig(Principal Investigator) craig.moore@mun.ca
Cc: administrator@hrea.ca

Researcher Portal File #: 20160976 

Dear Dr. Craig Moore: 

This e-mail serves as notification that your ethics renewal for study HREB #
2014.182 – Measuring Human Immune Cell Response in Neuroinflammatory Injury
– has been approved. Please log in to the Researcher Portal to view the approved
event. 

Ethics approval for this project has been granted for a period of twelve months
effective from 14 Sept 2020 to 14 Sept 2021. 

Please note, it is the responsibility of the Principal Investigator (PI) to ensure that
the Ethics Renewal form is submitted prior to the renewal date each year. Though
the Research Ethics Office makes every effort to remind the PI of this responsibility,
the PI may not receive a reminder. The Ethics Renewal form can be found on the
Researcher Portal as an “Event”. 

The ethics renewal will be reported to the Health Research Ethics Board at their
meeting dated 27 Aug 2020. 

Thank you, 

Research Ethics Office 

(e) info@hrea.ca
(t) 709-777-6974
(f) 709-777-8776
(w) www.hrea.ca
Office Hours: 8:30 a.m. – 4:30 p.m. (NL TIME) Monday-Friday

This email is intended as a private communication for the sole use of the primary addressee and those
individuals copied in the original message. If you are not an intended recipient of this message you are
hereby notified that copying, forwarding or other dissemination or distribution of this communication by
any means is prohibited. If you believe that you have received this message in error please notify the
original sender immediately. 
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From: administrator@hrea.ca
Subject: HREB - Approval of Ethics Renewal 489366
Date: April 1, 2020 at 1:47 PM
To: Stefanelli Mark(Principal Investigator) cstefanelli@nl.rogers.com
Cc: Ploughman Michelle(Co-Principal Investigator) mploughm@mun.ca, Moore Craig(Co-Principal Investigator) craig.moore@mun.ca,

administrator@hrea.ca

Researcher Portal File #: 20161208 

Dear Dr. Mark Stefanelli: 

This e-mail serves as notification that your ethics renewal for study HREB #
2015.103 – Health Research Innovation Team in Multiple Sclerosis (HIT MS)
Provincial Portfolio – has been approved. Please log in to the Researcher Portal to
view the approved event. 

Ethics approval for this project has been granted for a period of twelve months
effective from April 30, 2020 to April 30, 2021. 

Please note, it is the responsibility of the Principal Investigator (PI) to ensure that
the Ethics Renewal form is submitted prior to the renewal date each year. Though
the Research Ethics Office makes every effort to remind the PI of this responsibility,
the PI may not receive a reminder. The Ethics Renewal form can be found on the
Researcher Portal as an “Event”. 

The ethics renewal [will be reported] to the Health Research Ethics Board at their
meeting dated [Apirl 9, 2020]. 

Thank you, 

Research Ethics Office 

(e) info@hrea.ca
(t) 709-777-6974
(f) 709-777-8776
(w) www.hrea.ca
Office Hours: 8:30 a.m. – 4:30 p.m. (NL TIME) Monday-Friday

This email is intended as a private communication for the sole use of the primary addressee and those
individuals copied in the original message. If you are not an intended recipient of this message you are
hereby notified that copying, forwarding or other dissemination or distribution of this communication by
any means is prohibited. If you believe that you have received this message in error please notify the
original sender immediately. 
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From: administrator@hrea.ca
Subject: HREB - Approval of Ethics Renewal 20200742
Date: September 3, 2020 at 9:03 AM
To: Moore Craig(Principal Investigator) craig.moore@mun.ca
Cc: administrator@hrea.ca

Researcher Portal File #: 20200742 

Dear Dr. Craig Moore: 

This e-mail serves as notification that your ethics renewal for study HREB #
2019.190 – Identifying Mechanisms of Inflammatory-mediated Demyelinating Injury
in Multiple Sclerosis – has been approved. Please log in to the Researcher Portal
to view the approved event. 

Ethics approval for this project has been granted for a period of twelve months
effective from 08 Oct 2020 to 08 Oct 2021. 

Please note, it is the responsibility of the Principal Investigator (PI) to ensure that
the Ethics Renewal form is submitted prior to the renewal date each year. Though
the Research Ethics Office makes every effort to remind the PI of this responsibility,
the PI may not receive a reminder. The Ethics Renewal form can be found on the
Researcher Portal as an “Event”. 

The ethics renewal will be reported to the Health Research Ethics Board at their
meeting dated 10 Sept 2020. 

Thank you, 

Research Ethics Office 

(e) info@hrea.ca
(t) 709-777-6974
(f) 709-777-8776
(w) www.hrea.ca
Office Hours: 8:30 a.m. – 4:30 p.m. (NL TIME) Monday-Friday

This email is intended as a private communication for the sole use of the primary addressee and those
individuals copied in the original message. If you are not an intended recipient of this message you are
hereby notified that copying, forwarding or other dissemination or distribution of this communication by
any means is prohibited. If you believe that you have received this message in error please notify the
original sender immediately. 
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From: administrator@hrea.ca
Subject: HREB - Approval of Ethics Renewal 20161001
Date: September 3, 2020 at 9:01 AM
To: Moore Craig(Principal Investigator) craig.moore@mun.ca
Cc: administrator@hrea.ca

Researcher Portal File #: 20161001 

Dear Dr. Craig Moore: 

This e-mail serves as notification that your ethics renewal for study HREB #
2014.216 – Investigating human neuro-immune mechanisms during inflammatory
injury – has been approved. Please log in to the Researcher Portal to view the
approved event. 

Ethics approval for this project has been granted for a period of twelve months
effective from 10 Oct 2020 to 10 Oct 2021. 

Please note, it is the responsibility of the Principal Investigator (PI) to ensure that
the Ethics Renewal form is submitted prior to the renewal date each year. Though
the Research Ethics Office makes every effort to remind the PI of this responsibility,
the PI may not receive a reminder. The Ethics Renewal form can be found on the
Researcher Portal as an “Event”. 

The ethics renewal will be reported to the Health Research Ethics Board at their
meeting dated 10 Sept 2020. 

Thank you, 

Research Ethics Office 

(e) info@hrea.ca
(t) 709-777-6974
(f) 709-777-8776
(w) www.hrea.ca
Office Hours: 8:30 a.m. – 4:30 p.m. (NL TIME) Monday-Friday

This email is intended as a private communication for the sole use of the primary addressee and those
individuals copied in the original message. If you are not an intended recipient of this message you are
hereby notified that copying, forwarding or other dissemination or distribution of this communication by
any means is prohibited. If you believe that you have received this message in error please notify the
original sender immediately. 


