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Chapter 1: Remyelination Failure in Multiple Sclerosis 

 

A. Introduction to multiple sclerosis 

Multiple sclerosis (MS) is an inflammatory disease of the central nervous system 

(CNS) that is largely characterized by myeloid and lymphocyte infiltrating cells, 

destruction of oligodendrocytes and their myelin sheath, and neurodegeneration 

(Compston and Coles, 2008). Although the cause of MS is unknown, MS has traditionally 

been categorized as an autoimmune disorder (Weiner, 2004), where the adaptive 

immune system incorrectly recognizes CNS myelin and orchestrates its destruction. The 

categorization of MS as an autoimmune disease has consistently been disputed (Gulcher 

et al., 1994, Chaudhuri and Behan, 2004), in part because of the lack of a known myelin 

or neuronal autoantigen specific to MS patients. However, it is clear that effector T cells 

participate in MS disease progression, which can be further exacerbated by CNS-resident 

glial cells and peripheral myeloid cells (Baecher-Allan et al., 2018, Ajami et al., 2011). It 

is estimated that 2.5 million people worldwide suffer from MS, which is predominantly 

diagnosed in young adults, and is twice as common in females than males (Milo and 

Kahana, 2010). Average life expectancy in MS patients is reduced by five to ten years 

(Bronnum-Hansen et al., 2004), but the heavy burden of this disease is attributed to the 

irreversible physical and cognitive disabilities in its advanced stages (Kurtzke, 1983). 

Further complicating our understanding of MS is the fact that this disease is 

heterogeneous. The majority of patients (~85%) present with relapsing-remitting MS 

(RRMS), characterized by bouts of inflammatory demyelination that result in worsening 

neurological function, and followed by recovery (Mallucci et al., 2015).  Active episodes 
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of CNS inflammation and demyelination, commonly referred to as flares, are 

unpredictable but can occur up to 1.5 times per year, and are accompanied with 

neurological dysfunction specific to lesion location (Compston and Coles, 2008). 

Symptoms can include, but are not limited to, loss of vision, motor deficits, and cognitive 

impairment (Compston and Coles, 2002). Within 15 years of a RRMS diagnosis, ~75% of 

RRMS patients will develop secondary progressive MS (SPMS), characterized by a 

steady worsening of neurological deficits (Mallucci et al., 2015). In 15% of patients, MS 

is progressive from the start, a disease course known as primary progressive MS (PPMS) 

(Mallucci et al., 2015). It is unclear what factors govern susceptibility to different MS 

disease types, or if progressive forms of MS are an entirely different disease. 

Over the past few decades, approved MS therapies have had limited success with 

controlling relapses in RRMS patients, and these therapeutics are ineffective in 

progressive forms of the disease (Baecher-Allan et al., 2018). Unfortunately, disease-

modifying treatments are exclusively immunomodulatory or immunosuppressive, and no 

intervention promotes CNS repair. Remyelination, the endogenous process of myelin 

regeneration by CNS-resident oligodendrocyte progenitor cells (OPCs), has long been 

considered a worthy therapeutic target (Franklin, 2002, Chang et al., 2012, Stangel et al., 

2017). Indeed, demyelinated axons have impaired saltatory conduction, lack trophic 

support, and are more susceptible to death (Smith et al., 1979, Griffiths et al., 1998, Lee 

et al., 2012). Driving OPC differentiation into newly-myelinating oligodendrocytes could 

theoretically prevent neuronal death, halt further clinical disability, and induce functional 

recovery (Stangel et al., 2017). However, despite the elucidation of several signaling 

mechanisms that govern remyelination, early clinical trials have had lackluster results 
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(Cunniffe and Coles, 2019), highlighting the importance of a better understanding of the 

factors that control myelin repair in the CNS. 

 

B. Risk factors 

While the etiology of MS remains unknown, it is clear that a combination of genetic 

and environmental factors play a role in MS susceptibility (Baecher-Allan et al., 2018). 

The most dominant MS risk allele, HLA-DRB1*15:01, can be found in the major 

histocompatibility complex 2 locus, and has an estimated odds ratio of 3.08 (Sawcer et 

al., 2005, Hollenbach and Oksenberg, 2015). Previous genome-wide association studies 

have also found interleukin receptor 2A (IL2RA) and interleukin receptor 7 (IL7R) genes 

to be inheritable risk factors (International Multiple Sclerosis Genetics et al., 2007). The 

most recent genome-wide association studies have now discovered over 200 immune-

related loci associated with MS susceptibility, which explains about 48% of total MS risk 

(International Multiple Sclerosis Genetics, 2019). 

It has long been recognized that environmental factors also play a role in MS risk, 

and these stimuli are thought to act as triggers in genetically susceptible patients. Three 

well documented environmental risk factors for MS are Vitamin D deficiency, smoking, 

and Epstein-Barr virus infection (Ascherio et al., 2014, Wingerchuk, 2012, Levin et al., 

2005, Belbasis et al., 2015). Vitamin D has been shown to suppress T cell proliferation 

and can skew T cells into anti-inflammatory states (Aranow, 2011). Smoking is thought to 

affect MS risk by increasing the number of a specific subset of inflammatory lymphocytes, 

T-helper 17 (Th17) cells, in the lung (Ramanujam et al., 2015). Finally, elevated levels of 

Epstein-Barr virus (EBV) antibodies have been strongly associated with MS susceptibility 

3



 

(Belbasis et al., 2015). The mechanisms by which EBV infection increase MS risk are still 

unknown. A common hypothesis is that viral antigens resemble myelin proteins and the 

immune system cannot distinguish between self and non-self, resulting in an autoimmune 

response (Geginat et al., 2017). However, the existence of EBV protein or RNA in the 

CNS of MS patients continues to be debated (Sargsyan et al., 2010, Lossius et al., 2014). 

 

C. Pathological hallmarks 

 Magnetic resonance imaging (MRI) has been instrumental in diagnosing and 

tracking MS disease progression due to its ability to visualize white matter lesions in live 

patients (Wattjes et al., 2015). However, our understanding of MS has mainly come from 

careful examination of MS lesions, from either biopsies or autopsies, using histochemistry 

and immunohistochemistry to visualize pathology. These thorough analyses have 

revealed the presence of peripheral immune cells in MS lesions, like CD8 T cells and B 

cells, cells that are not normally found in the CNS (Machado-Santos et al., 2018). In 

addition, histological studies have revealed the heterogeneity of MS lesions and have 

shined light onto potential pathogenic mechanisms driving disease, such as mitochondrial 

dysfunction in oligodendrocytes. Interestingly, neuropathological heterogeneity exists 

between patients, but not within lesions of the same individual. The seminal work by 

Lucchinetti et al. characterized active MS lesions, from acute and RRMS, into four distinct 

patterns of white matter demyelination, which will be discussed herein (Lucchinetti et al., 

2000). 

 Pattern I lesions are present in 15% of MS patients who have been biopsied and 

are characterized by distinct perivascular lesions containing T lymphocytes and myelin-
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laden macrophages, but lack both immunoglobulin reactivity and complement activation 

(Popescu et al., 2013). For this reason, it is hypothesized that oligodendrocyte death in 

pattern I lesions is a result of the inflammatory factors produced by reactive macrophages. 

The demyelinated lesion is devoid of canonical myelin proteins like CNP, MAG, PLP, and 

MBP. This non-selective loss of myelin protein suggests active demyelination since CNP 

and MAG are preferentially lost in early active lesions, while PLP and MBP are lost in late 

active lesions (Popescu et al., 2013). 

 Pattern II active lesions are present in 58% of MS biopsies, and are defined by the 

presence of immunoglobulin and complement deposition (Popescu et al., 2013). T 

lymphocytes are also present, and macrophages can be found phagocytosing 

complement-opsonized myelin debris. It is thought that this type of demyelination is a 

result of antibody- and complement-mediated oligodendrocyte death. Similar to pattern I 

lesions, pattern II plaques are clearly defined and usually found centered around veins or 

venules (Lucchinetti et al., 2000). 

 Pattern III lesions are present in 26% of MS biopsies, and are characterized by 

their poorly defined boundaries, the presence of T cells and macrophages, visualization 

of apoptotic oligodendrocytes, and the lack of both immunoglobulin and complement 

activation (Popescu et al., 2013). There is a preferential loss of MAG and CNP in 

periaxonal myelin (the myelin sheath wrapped closest to the neuron), but not PLP, MBP, 

or MOG. The morphological changes in oligodendrocytes are characteristic of 

oligodendrogliopathy, similar to that seen in viral, toxin, and ischemic/hypoxic settings. 

This suggests oligodendrocyte death might be driven by reactive oxygen species and 

mitochondrial dysfunction (Aboul-Enein and Lassmann, 2005). 
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 Pattern IV lesions are present in 1% of MS biopsies, and are defined by the non-

apoptotic death of oligodendrocytes in the presence of T lymphocytes and macrophages. 

These lesions do not display preferential myelin protein loss, and do not contain 

immunoglobulin or complement deposition (Lucchinetti et al., 2000). It is hypothesized 

that these lesions might be the result of metabolic defects in oligodendrocytes, rendering 

them susceptible to the inflammatory milieu (Popescu et al., 2013). 

 In addition to these four patterns of active demyelination, chronic active and 

chronic inactive lesions have also been described (Popescu et al., 2013). Chronic plaques 

are mostly seen in patients with progressive MS and consist of sharply defined 

demyelinated area with the presence of few myelin-laden macrophages at the lesion rim. 

In contrast, chronic inactive lesions are extensively demyelinated, contain few T cells and 

macrophages, but have robust astrogliosis and axonal damage. Although active lesions 

do contain axonal injury markers, like axonal swelling and amyloid-β precursor deposition, 

extensive axonal loss is observed, mainly in chronic MS lesions (Popescu et al., 2013). 

 This careful characterization of MS pathology has highlighted the fact that MS is a 

heterogeneous disease and might have multiple pathogenic mechanisms. Still, the loss 

of oligodendrocytes and the extensive demyelination in these lesions remains a common 

factor. Remyelination, the process of generating new myelin sheath, can occur in pattern 

I and II lesions, but is often incomplete and insufficient to reverse neurological symptoms. 

There is an unmet need for remyelination therapeutics to prevent future axonal damage 

and improve the quality of life in MS patients. 
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D. Animal models of demyelination and remyelination 

Our understanding of remyelination failure in MS comes from two main categories 

of animal models that do not faithfully mimic human disease, but have proven 

indispensable nonetheless (El Waly et al., 2014). The first category includes models that 

recapitulate MS disease pathogenesis, including a robust peripheral immune response, 

CNS specific demyelination, and motor disability. The second group of models isolates 

specific features of the disease, such as focal demyelination without neurological 

symptoms. Many genetic models of oligodendrocyte death have also been recently 

generated, but their utility in understanding MS remains unclear (Ransohoff, 2012). 

The most common animal model used to study MS pathogenesis is experimental 

autoimmune encephalomyelitis (EAE). EAE is characterized by infiltration of myelin-

specific T cells into the CNS, which further recruit peripheral immune cells, including 

macrophages, leading to the destruction of CNS white matter (Stromnes and Goverman, 

2006). This is a model of CNS autoimmunity, and can be triggered in C57BL/6 mice either 

by immunization with myelin-derived peptides or transfer of activated myelin-specific T 

cells (Ransohoff, 2012). Inflammation and demyelination in classic EAE are restricted to 

the spinal cord, although there are modifications that can be made to induce pathology in 

the brain (Stromnes and Goverman, 2006). Mice exhibit ascending paralysis as a result 

of the progressive immune attack on the spinal cord. Clinical symptoms begin with a loss 

of tail tonicity, and can progress to complete hind limb paralysis (Stromnes and 

Goverman, 2006). One major caveat of the EAE model is that it cannot be used to study 

CNS repair, perhaps because of the irreversible damage caused by neuroinflammation 

(Tripathi et al., 2010). EAE is also not well suited to study remyelination because timing 
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of lesion formation and location are unpredictable (Ransohoff, 2012). Depending on the 

mouse strain and protocol used, EAE can also exhibit a relapsing-remitting or progressive 

disease course (El Waly et al., 2014). Despite its weaknesses, the EAE model has been 

valuable in our understanding of how immune and inflammatory features of MS contribute 

to disease progression. 

Knowledge of CNS remyelination comes from studies using focal demyelination 

models. Rodent models of focal oligodendrocyte and myelin loss employ the use of 

gliotoxic compounds, either by focal or systemic administration (El Waly et al., 2014). In 

contrast to EAE, toxin-induced models of demyelination show robust spontaneous 

remyelination. One commonly used toxin is lysolecithin, a membrane-dissolving 

compound with preference for lipid-rich myelin (Woodruff and Franklin, 1999). 

Lysolecithin solution can be injected into white matter tracts of the CNS, resulting in a 

localized lesion with peak demyelination 7 days post injection. Lysolecithin destroys most 

myelinating cells but leaves oligodendrocyte progenitor cells unharmed, which can 

differentiate into myelin-producing cells and full remyelination is achieved by 14-21 days 

post injection. Lysolecithin has long been criticized for being an artificial model of 

demyelination that lacks a robust immune response. However, recent studies have shined 

light onto how the immune system participates in lysolecithin-induced demyelination and 

promotes repair (Psachoulia et al., 2016, Dombrowski et al., 2017). Additionally, focal 

lysolecithin administration in the brain or spinal cord does not result in clinical symptoms. 

In spite of its limitations, the lysolecithin model offers spatial and temporal control of 

demyelination not available in EAE (Ransohoff, 2012). 
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Another toxin used to induce demyelination is the copper chelator cuprizone. It is 

believed that cuprizone disrupts mitochondrial function in oligodendrocytes, which require 

high metabolic activity in order to maintain their large amounts of cell membrane 

(Skripuletz et al., 2011). Unlike lysolecithin, cuprizone is not a focal demyelinating agent. 

Administration of 0.2% cuprizone for 4-6 weeks in mouse food causes extensive 

demyelination across gray and white matter areas of the brain (Steelman et al., 2012, 

Skripuletz et al., 2011). Two weeks after withdrawal, complete remyelination of affected 

areas is observed. The most commonly examined CNS structure in the cuprizone model 

is the corpus callosum, where de- and remyelination is extremely robust (Skripuletz et al., 

2011). Although widespread demyelination can occur in the brain, there are no prominent 

neurological deficits. Much like the lysolecithin model, it was once thought that cuprizone-

induced demyelination was immune-independent. Several studies, including my own, 

have now better characterized the involvement of both the adaptive and innate immune 

responses in the cuprizone model (Liu et al., 2010, Fernandez-Castaneda et al., 2019). 

Still, no one model of demyelination is perfect, but together they can provide a better 

understanding of the remyelination process in the CNS. 

 

E. Remyelination failure 

The adult CNS has the remarkable ability to perform adaptive myelination, like 

generating newly-myelinating oligodendrocytes when learning a new motor skill 

(McKenzie et al., 2014). White matter changes have also been observed in humans who 

practice piano rigorously or do extensive juggling training (Bengtsson et al., 2005, Scholz 

et al., 2009). In the last few decades, oligodendrocyte progenitor cells (OPCs) have been 
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shown to carry out this de novo myelination process (McKenzie et al., 2014, Gibson et 

al., 2014). Adult OPCs are evenly distributed across the CNS and maintain the ability to 

differentiate into mature myelin-producing oligodendrocytes (Dawson et al., 2003, 

Hughes et al., Hughes et al.). However, OPC differentiation fails in MS, and many efforts 

have been made to understand the nature of this phenomenon. 

Several hypotheses have been proposed to explain remyelination failure in MS. 

To better understand factors that inhibit remyelination, one must take into account the 

events that occur during lesion formation. In an MS plaque where immune cells are 

actively contributing to myelin destruction, any newly made myelin will be destroyed. 

Myelin debris, a feature of the demyelinating lesion, has been shown to inhibit 

remyelination by blocking OPC differentiation (Lau et al., 2012). Additionally, formation of 

the glial scar and changes in the extracellular matrix (ECM) are not permissive to 

remyelination, as they can also inhibit OPC differentiation (Siebert and Osterhout, 2011). 

Understanding the factors that inhibit remyelination can ultimately aid in generating 

effective therapies to promote repair in MS patients. 

Role of cytokines 

Oligodendrocyte death and demyelination in MS can be mediated by T cells that 

produce a milieu of inflammatory cytokines, including interferon-γ (IFNγ) and tumor 

necrosis factor-alpha (TNFα) (Patel and Balabanov, 2012). The inflammatory response 

is further exacerbated when these cytokines activate infiltrating macrophages and 

resident microglia, which also generate TNFα (Hartung et al., 1992, Mallucci et al., 2015). 

Both IFNγ and TNFα have been shown to inhibit OPC differentiation and induce OPC 

death in vitro (Andrews et al., 1998, Feldhaus et al., 2004, Watzlawik et al., 2010). It is 
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likely that these cytokines inhibit remyelination by acting on OPCs present in 

demyelinating lesions. Lin et al. analyzed the role of IFNγ in vivo using mice with inducible 

overexpression of IFNγ in the CNS and subjected them to EAE- and cuprizone-induced 

demyelination (Lin et al., 2006). In both models, IFNγ expression inhibited CNS 

remyelination by limiting the number of remyelinating oligodendrocytes in demyelinated 

areas (Lin et al., 2006). In the few oligodendrocytes that were generated, markers of 

endoplasmic reticulum (ER) stress were present, potentially explaining their failure to 

remyelinate (Lin et al., 2006). This suggests IFNγ induces a detrimental ER stress 

response in oligodendrocytes, which, if not controlled, ultimately inhibits oligodendrocyte 

maturation and remyelination. 

Priming the CNS with moderate doses of IFNγ before EAE onset also induces 

oligodendrocyte ER stress, but surprisingly it confers a protective effect (Lin et al., 2007). 

Mice with IFNγ pretreatment showed reduced EAE disease severity, accompanied by 

less oligodendrocyte loss and axonal damage (Lin et al., 2007). This protective role is 

consistent with studies showing ectopic expression of low levels of IFNγ in 

oligodendrocytes can prevent cuprizone-induced demyelination (Gao et al., 2000). IFNγ 

could mediate its protective effect in part by acting on microglia. It has been shown that 

microglia treated with low levels of IFNγ can promote oligodendrogenesis in vitro 

(Butovsky et al., 2006). Alternatively, the same study showed that high levels of IFNγ 

inhibit OPC differentiation by promoting TNFα secretion in microglia. Overall, it is thought 

that high levels of IFNγ can play a detrimental role on oligodendrocyte and OPC survival. 

The role of TNFα in remyelination is equally complex. TNFα is highly expressed in 

demyelinating MS lesions and has been shown to potentiate IFNγ-induced cell death in 
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vitro (Andrews et al., 1998, Watzlawik et al., 2010). Arnett et al. showed a modest delay 

in cuprizone-induced oligodendrocyte death in TNFα knockout mice, implicating it as a 

potential harmful cytokine (Arnett et al., 2001). Unexpectedly, this study also showed that 

TNFα knockout mice suffered from impaired remyelination (Arnett et al., 2001). Mice 

lacking TNFα showed decreased OPC proliferation, which resulted in less 

oligodendrocyte generation and impaired remyelination (Arnett et al., 2001). 

Mechanistically, TNFα promoted remyelination by signaling through TNF receptor 2 

(TNFR2), as no deficits were observed in TNFR1 knockout mice (Arnett et al., 2001). The 

importance of TNFα in MS patients has also been documented. In clinical trials, patients 

who received TNF-blockers suffered from more relapses with heightened severity 

(Ransohoff et al., 2015). This observation has been attributed to TNFα expanding 

regulatory T cells, which are responsible for suppressing an immune response against 

self-antigens (Ransohoff et al., 2015). 

Myelin debris 

As inflammation continues to drive demyelination, an abundance of myelin debris 

is generated due to oligodendrocyte loss and degradation of the myelin sheath (Huang et 

al., 2011). Inefficient clearance of myelin debris by macrophages from demyelinating 

lesions results in poor remyelination in animal models (Kotter et al., 2001). It has been 

postulated that the ability of macrophages to clear debris also decreases with age. Ruckh 

et al. showed inefficient myelin debris clearance was rescued when old mice were 

parabiotically joined with young mice, allowing young macrophages to infiltrate the CNS 

and clear debris generated in lysolecithin lesions (Ruckh et al., 2012). In addition, direct 

injection of purified myelin into sites of focal demyelination also prevented remyelination 
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compared to controls (Kotter et al., 2006). Kotter et al. demonstrated failure to remyelinate 

was not due to poor OPC recruitment, but that myelin debris inhibited OPC differentiation 

as measured by a decrease in differentiation marker Nkx2.2 (Kotter et al., 2006). The 

mechanisms of myelin-mediated inhibition have been further examined in vitro. Baer et 

al. have shown purified OPCs plated on myelin substrate fail to upregulate MBP 

transcript, a measure of OPC differentiation (Baer et al., 2009). Myelin also decreases 

activation of Fyn-1 tyrosine kinase, which is known to regulate myelin sheath formation 

(Baer et al., 2009). Inhibitory myelin also induces activation of RhoA-GTP, and its 

inactivation is necessary for proper OPC differentiation (Baer et al., 2009). Myelin-

mediated inhibition of OPC differentiation was also rescued using Rho-kinase II inhibitors, 

which regulate downstream RhoA signaling (Baer et al., 2009). Unlike the myelin proteins 

that inhibit axon regeneration, the myelin components that inhibit remyelination are not 

known (Syed et al., 2008). 

The glial scar 

The formation of the glial scar and changes in the ECM in demyelinated tissue also 

impedes successful remyelination. Chondroitin sulfate proteoglycans (CSPGs) 

accumulate around the borders of active MS lesions, and have been shown to inhibit 

human OPC adhesion and oligodendrocyte process extension in vitro (Lau et al., 2012). 

In mouse models of focal demyelination there is an increase of CSPGs during 

demyelination that are cleared during the remyelination phase (Lau et al., 2012). To 

assess the in vivo role of CSPGs, Lau et al. induced lysolecithin demyelination in mice 

and treated them with xyloside, a known CSPG synthesis inhibitor (Lau et al., 2012). 

Treatment with xyloside did not affect lesion formation but resulted in an increase number 
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of OPCs recruited to the lesion site, as well as more mature oligodendrocytes during 

remyelination stages (Lau et al., 2012). Although the authors reported that no CSPG 

accumulation is found in chronic inactive MS lesions, they propose accumulation of these 

proteins during active lesions might inhibit OPC recruitment into the lesion core (Lau et 

al., 2012). 

High molecular weight (HMW) hyaluronan is another ECM component that 

accumulates in demyelinated MS lesions and inhibits remyelination (Back et al., 2005). 

In contrast to CSPGs, HMW hyaluronan accumulates in the core of older chronic MS 

lesions (Back et al., 2005). Back et al. co-injected HMW hyaluronan and lysolecithin in 

the mouse corpus callosum, which resulted in remyelination failure compared to controls 

(Back et al., 2005). A higher number of OPCs were found at the onset of remyelination in 

HMW hyaluronan injected lesions, suggesting hyaluronan inhibited OPC maturation 

(Back et al., 2005). In studies where OPCs were co-cultured with astrocytes, the primary 

source of HMW hyaluronan in the CNS, the differentiation block was removed with 

hyaluronidase treatment (Back et al., 2005). 

Neuronal integrity 

In the event that oligodendrocytes are generated, it is still possible that axon 

integrity can limit remyelination. Demyelinated axons in MS lesions re-express 

polysialylated-neural cell adhesion molecule (PSA-NCAM) thought to inhibit 

remyelination (Charles et al., 2002). Evidence to support this comes from studies in which 

PSA-NCAM downregulation precedes developmental myelination (Charles et al., 2000). 

Recently, the discovery that neuronal activity promotes adaptive myelination in the adult 

CNS (Gibson et al., 2014) has led to the investigation of whether remyelination is under 
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similar control. Indeed, several studies have now demonstrated that neuronal activity 

promotes myelin repair in lysolecithin models of demyelination, in part by glutamate 

signaling through NMDA receptors on OPCs (Gautier et al., 2015, Ortiz et al., 2019). 

Given the lack of neuronal damage and the absence a robust inflammatory response in 

the lysolecithin model, it remains to be seen whether promoting neuronal activity in MS 

patients would be beneficial. 

Conclusions 

Targeting all these confounding factors represents one of the many challenges of 

developing suitable therapies to promote CNS remyelination. However, as our 

understanding of remyelination grows, developing such therapies is becoming feasible. 

In the last decade, several exciting studies have shined light onto novel non-myelinating 

roles of OPCs in the diseased CNS. These alternate OPC functions give rise to the 

possibility that remyelination may not be a primary function of OPCs in the demyelinating 

CNS. These studies might also imply the existence of several OPC populations with 

distinct functions. The next chapter will explore both myelinating and non-myelinating 

roles of OPCs in more detail. 
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Chapter 2: Oligodendrocyte progenitor cells – myelination and beyond 

 

This chapter expands on the review article authored by Anthony Fernández-Castañeda 

and Alban Gaultier. 2016. Adult oligodendrocyte progenitor cells - multifaceted regulators 

of the CNS in health and disease. Brain, Behavior, and Immunity 

 

A. Abstract 

Oligodendrocyte progenitor cells (OPCs) are the underappreciated fourth glial cell 

type in the central nervous system (CNS). For a long time, our vision of OPC function was 

limited to the generation of mature oligodendrocytes. However, new studies have 

highlighted the fact that OPCs are multifaceted cells. During homeostatic and pathological 

conditions, OPCs are the most proliferative cell type in the CNS, a property not consistent 

with the need to generate new oligodendrocytes. Indeed, OPCs modulate neuronal 

activity and OPC depletion in the brain can trigger depressive-like behavior. More 

importantly, OPCs are actively recruited to injury sites, where they orchestrate glial scar 

formation and contribute to the immune response. The following is a comprehensive 

analysis of the literature on OPC function beyond myelination, in the context of the healthy 

and diseased adult CNS. 

 

B. Introduction 

 The CNS is home to three major classes of glia: Astrocytes, microglia, and 

oligodendrocytes. In the last two decades, a fourth class of glia has emerged called the 

oligodendrocyte progenitor cell (OPC). OPCs have a stellate morphology and are present 
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in both the gray and white matter. They belong to the same population of progenitors that 

give rise to oligodendrocytes during CNS development. However, a large fraction of 

OPCs do not differentiate and remain in a cycling state throughout adulthood. OPCs 

represent the largest dividing population among neural cells and are uniformly distributed, 

making up, on average, 5% of total CNS cells (Dawson et al., 2003). The first described 

function of adult OPCs was differentiation into oligodendrocytes (Gensert and Goldman, 

1997). When myelin repair is needed after CNS injury, local OPC proliferation occurs 

followed by OPC differentiation into oligodendrocytes (Lytle et al., 2009). OPC 

differentiation is accompanied by expression of mature oligodendrocyte markers such as 

proteolipid protein and myelin basic protein. Oligodendrocytes then generate a large 

amount of plasma membrane and begin to wrap around neuronal axons to form the myelin 

sheath in a process called myelination (Snaidero et al., 2014, Baron and Hoekstra, 2010). 

The mammalian brain undergoes myelination beyond postnatal stages and well into 

adulthood, highlighting the importance of adult OPCs in generating oligodendrocytes 

(Young et al., 2013). However, the differentiation rate of OPCs into myelinating 

oligodendrocytes decreases with age, with only a small percentage of adult OPCs giving 

rise to oligodendrocytes, suggesting that OPCs may have important functions beyond 

myelination (Zhu et al., 2011, Psachoulia et al., 2009, Rivers et al., 2008). 

Adult OPCs are evenly dispersed throughout the CNS and in vivo imaging studies 

have shown that they are poised to detect perturbations within the CNS, by sending 

numerous filopodia to survey their surroundings (Hughes et al., 2013). For example, 

OPCs rapidly respond during CNS injury and disease by proliferating extensively and 

quickly surrounding the lesion site (Simon et al., 2011, Kang et al., 2013a). Although some 
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OPCs in the lesion differentiate into oligodendrocytes, there is a burgeoning interest in 

other possible roles of OPCs in response to CNS injury. Furthermore, OPCs can influence 

neuronal activity by altering the composition of the extracellular matrix (Sakry et al., 2014). 

Recently, loss of OPCs in the prefrontal cortex has been shown to alter glutamatergic 

signaling and promote depressive-like behavior in mice (Birey et al., 2015). These studies 

highlight a novel role of OPCs in modulating neuronal network activity adding to our 

understanding of glia-neuron interactions. The multifunctional role of OPCs during CNS 

homeostasis and pathologies will be presented in the following chapters, keeping in mind 

the gaps that still exist in our knowledge about these fascinating cells. 

 

C. OPCs in the adult CNS 

OPC development has been extensively studied and is beyond the scope of this 

review (Takebayashi and Ikenaka, 2015, Gallo and Deneen, 2014). In adults, OPCs are 

present across the CNS but their quantity varies between the white and gray matter 

(Dawson et al., 2003). In the white matter, such as the dorsal column of the spinal cord, 

OPCs can account for up to 8% of all cells, while in the dorsal horn gray matter OPCs 

account for only 3% of the cellular content (Dawson et al., 2003). Despite these regional 

differences in cell number, adult OPCs remain uniformly distributed across the brain and 

the spinal cord. Live-imaging studies performed in the cortex reveal that OPCs have 

elegantly ramified processes that constantly survey the environment and maintain an 

even distribution using self-repulsion mechanisms (Hughes et al., 2013). In the superficial 

layers of the cortex, each OPC covers its own territory, with clear borders and no apparent 

overlap (Hughes et al., 2013). 
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An important characteristic of OPCs is that they represent the major dividing cell 

population in the CNS. Using BrdU labeling methods, multiple studies have shown that 

OPCs account for more than 70% of CNS dividing cells, potentially outpacing the need 

for replacement of mature oligodendrocytes (Gensert and Goldman, 2001, Dawson et al., 

2003). Yet, the principal role of adult OPCs was believed to be the generation of new 

myelinating oligodendrocytes. Given their uniform distribution and constant surveillance 

of the environment, OPCs are well positioned to sense changes in CNS homeostasis. 

Indeed, OPCs respond to primary demyelination and several types of CNS injury, with 

extensive proliferation, migration and morphological changes, but the utility of these 

actions in the context of CNS repair is not fully understood (Dimou and Gallo, 2015). 

 

D. CNS myelination in adulthood 

When they were first phenotypically characterized, adult OPCs were shown to 

express the same markers as embryonic OPCs. However, questions were raised about 

whether these cells shared the same lineage and whether they also generated 

oligodendrocytes. With advances in transgenic reporter mice, it became possible to 

conduct fate-mapping studies using specific Cre reporter lines, and the functions of adult 

OPCs began to emerge. Zhu et al. used NG2-Cre stop-flox-EGFP reporter mice to 

examine the fate of postnatal OPCs. In this system, NG2-expressing OPCs express Cre 

recombinase, allowing for the excision of the stop-flox sequence, and are labeled with 

EGFP. As expected, 78% of oligodendrocytes in the corpus callosum and striatum are 

EGFP+, indicating that OPCs gave rise to those oligodendrocytes (Zhu et al., 2008). This 

study, however, was conducted at the peak of myelination (P14) in the mouse CNS, and 
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OPCs examined here likely belong to the population of progenitors that exist at birth. 

Therefore, a P14 OPC is probably not the same as an OPC from, for example, a three- 

or an eight-month old mouse. Rivers et al. used an inducible PDGFRα-driven Cre YFP 

reporter line to label OPCs at P45 and examine their progeny 240 days later (Rivers et 

al., 2008). The authors found that 29% of oligodendrocytes in the corpus callosum were 

generated by OPCs between P45 and P255 (Rivers et al., 2008). Finally, three additional 

independent fate-mapping studies also concluded that adult OPCs produce 

oligodendrocytes throughout life (Dimou et al., 2008, Kang et al., 2010, Zhu et al., 2011). 

Oligodendrocyte generation in gray matter occurs less frequently than in white 

matter (Dimou et al., 2008). Studies using in vivo two-photon imaging of superficial 

cortical layers in adult mice reported that less than 1% of OPCs mature into 

oligodendrocytes, while 96% remain stable over a 40-day timespan (Hughes et al., 2013). 

Though one might expect higher OPC turnover in highly myelinated regions, the overall 

oligodendrocyte production does not differ between adult structures with varying degrees 

of myelination (Young et al., 2013). Young et al. compared the robustly myelinated optic 

nerve to the partially myelinated corpus callosum in adult mice and found no long-term 

change in the number of new oligodendrocytes integrating in those tracts (Young et al., 

2013). Whether newly differentiated OPCs replace dying oligodendrocytes to stabilize a 

circuit or integrate to improve network function is still not known. Evidence to support the 

latter comes from observations that newly generated oligodendrocytes have significantly 

shorter internodes compared to neonatal oligodendrocytes suggesting integration into 

already myelinated axons (Young et al., 2013). At odds with this explanation is the fact 

that myelinated axons are not encapsulated with myelin uniformly. For example, 
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myelinated axons from pyramidal neurons in the neocortex have lengthy unmyelinated 

tracts in which newly generated oligodendrocytes can integrate without restrictions on 

internode length (Tomassy et al., 2014). 

The factors responsible for inducing continuous oligodendrocyte generation in 

adulthood are also incompletely understood. In mice, physical exercise can cause cortical 

OPCs to exit the cell cycle and generate oligodendrocytes (Simon et al., 2011). In 

humans, structural changes associated with white matter can be detected by magnetic 

resonance imaging after performing complex tasks such as practicing piano (Bengtsson 

et al., 2005). In rodents, it has been demonstrated that motor skill learning induces 

myelination (Sampaio-Baptista et al., 2013). More importantly, blocking the differentiation 

of OPCs into myelinating oligodendrocytes impairs motor skill learning (McKenzie et al., 

2014). These findings are consistent with the role of myelin in improving the stability and 

function of neuronal circuits that are involved in learning. As discussed in more detail 

below, neuronal activity is implicated in OPC differentiation and proliferation, but 

myelination is not exclusively activity-dependent (Gibson et al., 2014, Hines et al., 2015). 

Elucidation of the specific molecular and behavioral triggers mechanisms that control 

myelination is a fascinating area of future research. 

Another intriguing question is whether myelination dynamics seen in rodent models 

are comparable to higher order species. In the human corpus callosum, the 

oligodendrocyte number is established early in childhood and remains stable throughout 

life, such that an annual oligodendrocyte generation rate is estimated at 0.3% (Yeung et 

al., 2014). This number is strikingly low even when compared to a conservatively 

calculated rate in mice of 36% (Yeung et al., 2014). Of note, however, is that although 
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oligodendrocytes are established early in life, the myelin sheath is continuously renewed, 

suggesting that it is a highly dynamic structure (Yeung et al., 2014). An attractive 

hypothesis is that human oligodendrocytes have evolved to remodel the myelin sheath 

without requiring generation of a new oligodendrocyte from an OPC (Yeung et al., 2014). 

Thereby, oligodendrocyte turnover could result in segments of axons temporarily 

demyelinated, not conducive for efficient neuronal activity. The discrepancies in adult 

myelination and OPC function between species remain to be reconciled. It is an essential 

problem warranting further studies, as much of our understanding of human 

demyelinating diseases comes from non-human vertebrate models. 

 

E. Neuron-OPC bidirectional crosstalk 

Recently, neuronal activity has been studied as a regulator of myelination in the 

CNS (Gibson et al., 2014, Hines et al., 2015). OPCs were first reported to receive 

excitatory glutamatergic synaptic input via OPC-expressed AMPA receptors (Bergles et 

al., 2000). Subsequently, Lin and Bergles showed that OPCs also express GABAA 

receptors and are responsive to GABAergic input (Lin and Bergles, 2004). These seminal 

works established the notion of a bona fide neuron-OPC synapse, but little is known about 

its significance. Gibson et al. used optogenetic technology to stimulate the mouse 

premotor cortex and showed that neuronal activity promotes OPC proliferation, 

differentiation and myelination (Gibson et al., 2014). OPC proliferation in the premotor 

cortex was detectable with three hours of optogenetic stimulation. Newly-formed 

oligodendrocytes were also detectably four weeks after optogenetic stimulation. The 

authors also noted a mild but significant increase in myelin thickness in the premotor 
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cortex, which correlated with increased limb swing speed (Gibson et al., 2014). Follow up 

studies demonstrated that activity-dependent synaptic vesicle release is necessary to 

induce myelination during zebrafish development, confirming the hypothesis that 

endogenous neuronal activity can affect myelination in the CNS (Mensch et al., 2015, 

Hines et al., 2015). 

There are many questions left unanswered regarding the effects of neuronal 

activity on OPCs. It is important to note that suppressing neuronal activity by blocking 

voltage-gated sodium channels did not completely prevent myelination during zebrafish 

development (Hines et al., 2015). Specific deletion of NMDA receptor subunit NR1 in 

OPCs also does not affect myelination in the developing rodent CNS (De Biase et al., 

2011). Yet, NR1 deletion in OPCs results in their upregulation of calcium-permeable 

AMPA receptors, another avenue by which glutamate signaling might modulate OPC 

function. Activation of AMPA receptors has been shown to inhibit OPC differentiation in 

vitro and stimulate OPC migration in vivo, but OPC-specific deletion of AMPA receptor 

signaling is needed to fully elucidate their contribution to OPC biology (Harlow et al., 2015, 

Gallo et al., 1996). In addition, the magnitude of OPC proliferation and the newly derived 

oligodendrocyte number after optogenetic stimulation did not translate into a robust 

increase in myelin thickness. In fact, a surprisingly low increase in g-ratio was observed 

between stimulated and unstimulated mice, suggesting a potential unconventional fate 

for these newly generated cells (Gibson et al., 2014).  

OPCs are well positioned in the CNS to directly modulate neuronal function. At the 

synapse, OPCs have been shown to make contact with pre and post-synaptic terminals 

(Ong and Levine, 1999, Bergles et al., 2000). Furthermore, OPCs are known to contact 
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axons at the nodes of Ranvier, suggesting that OPCs could maintain node function (Butt 

et al., 1999).  Because OPCs receive GABAergic and glutamatergic synaptic input, they 

could be capable of sensing and modulating network activity. Birey et al. have now 

demonstrated that OPC deletion in the prefrontal cortex (PFC) compromises 

glutamatergic signaling in pyramidal neurons (Birey et al., 2015). This perturbation in 

neurotransmission is accompanied by a decrease in astrocytic glutamate uptake following 

OPC ablation. Aberrations in glutamatergic signaling translated into a behavioral 

phenotype, as loss of OPCs triggered depressive-like behavior, which was rescued after 

endogenous OPC repopulation. Likewise, mice susceptible to a social defeat stress 

paradigm had reduced numbers of OPCs in the PFC, a feature shared by patients with 

major depressive disorder (Birey et al., 2015). This study is the first to demonstrate a 

robust physiological and behavioral change after OPC ablation, elucidating a novel role 

of OPCs in regulating CNS homeostasis. However, as this OPC ablation model does not 

delete OPCs uniformly across the CNS, novel roles for OPCs outside the PFC remain 

unknown. 

Sakry et al. have also demonstrated that ectodomain cleavage of NG2, a 

proteoglycan highly expressed by OPCs, can also modulate neuronal networks (Sakry et 

al., 2014). Cleavage of NG2 in OPCs was activity dependent, and its blockade with 

protease inhibitors resulted in the impairment of NMDAR-dependent long-term 

potentiation (Sakry et al., 2014). This loss of long-term potentiation was recapitulated 

using the global NG2 knockout mouse, which also had diminished AMPAR- and NMDAR-

mediated neuronal currents but did not present with learning and memory deficits (Sakry 

et al., 2014). Finally, bath application of the NG2 ectodomain onto brain slices results in 
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more c-Fos positive neurons compared to controls after glutamate stimulation (Sakry et 

al., 2014). The lack of an OPC-specific NG2 knockout model questions whether these 

findings are mediated exclusively by OPCs. A follow up study found that OPCs express 

neuromodulatory factor neuronal Pentraxin 2 (Nptx2), which affects AMPAR stability and 

trafficking at the cell surface (Sakry and Trotter, 2015). Taken together, the data suggests 

that OPC-derived factors can affect neuronal network activity, but the importance of this 

bidirectional OPC-neuron communication requires further investigation.  

Oligodendrocytes also participate in a novel mode of bidirectional crosstalk using 

the transfer of exosomes from oligodendrocytes to neurons (Fruhbeis et al., 2013). 

Neuronal activity mediates exosome secretion from oligodendrocytes, which are then 

endocytosed by the neurons and promote survival under oxidative stress or nutrient 

deprivation conditions (Fruhbeis et al., 2013). Neurons can also endocytose exosomes 

from oligodendrocytes during the resting state, but the contents of the exosome cargo 

and how they impact neurons under these conditions is not known. Exosome secretion is 

further triggered by the Ca2+ influx that results from the glutamate binding NMDA and 

AMPA receptors on oligodendrocytes (Fruhbeis et al., 2013). Given that OPCs express 

NMDAR and AMPAR and are part of the oligodendroglial lineage, it is possible that similar 

modes of communication exist in OPCs (Sakry et al., 2015). 

 

F. OPC heterogeneity 

In development, OPCs have distinct spatial and temporal origins, raising the 

question of whether there is functional heterogeneity among the OPC populations 

(Takebayashi and Ikenaka, 2015). Ablation of any one OPC population during 
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development results in compensation by neighboring OPCs of different origin, suggesting 

that spatial origin does not commit OPCs to a single function (Kessaris et al., 2006).  

However, it is clear that region-specific environments can alter OPC behavior. In fact, 

fate-mapping studies have shown OPCs in white matter differentiate into 

oligodendrocytes more frequently than gray matter OPCs (Dimou et al., 2008). In addition, 

OPCs in white matter have a shorter cell division cycle (10 days in the corpus callosum 

at P60) compared to gray matter OPCs (36 days in the motor cortex at P60) (Young et 

al., 2013). Hill et al. also demonstrated that white matter perinatal OPCs have a greater 

proliferative response to PDGFα than gray matter OPCs and that this difference was not 

due to differential expression of the PDGFα receptor (PDGFRα) (Hill et al., 2013). This 

suggests that regional differences in environment might affect OPC properties and 

account for dissimilarities between OPC populations. 

Furthermore, transplantation of white matter OPCs into gray or white matter results 

in comparable amounts of oligodendrocyte differentiation (Vigano et al., 2013). On the 

other hand, gray matter OPCs exhibited greater oligodendrocyte differentiation when 

transplanted into white matter than when placed in gray matter. Therefore, it appears that 

the white matter milieu supports oligodendrocyte maturation, and that this effect is 

preserved in OPCs even after they have been taken out of the white matter environment 

(Vigano et al., 2013). These differences highlight the long-term effects that the 

extracellular environment could have on OPC function. In fact, a recent study has shown 

that microenvironment stiffness, which increases with aging, affects OPC proliferation and 

differentiation (Segel et al., 2019). Yet, these observations do not address whether 

distinct OPC populations exist within the same CNS region or similar environments. 
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Questions regarding true OPC functional heterogeneity remain highly debated in 

the field. Marques et al. have analyzed the transcriptomes of single cells expressing 

oligodendrocyte lineage markers from ten different regions in the juvenile and adult 

mouse CNS (Marques et al., 2016). Gene expression analysis revealed twelve distinct 

oligodendrocyte lineage populations, largely composed of myelin-forming 

oligodendrocytes. Surprisingly, their analysis only revealed one population of OPCs using 

canonical markers like Pdgfra and Cspg4 (also known as NG2). Additionally, there was 

no regional or age-specific heterogeneity within the OPC population, which was observed 

in mature oligodendrocytes (Marques et al., 2016). In contrast, Spitzer et al. have reported 

that OPCs become regionally diverse and functionally heterogenous with age by 

acquiring distinct ion channels repertoires (Spitzer et al., 2019). It is important to note the 

limitations of the Marques et al. study, for example, the low number of OPCs sequenced 

(310 cells from 10 CNS regions) and the lack of depth in single-cell RNA sequencing. 

Furthermore, it is possible that non-homeostatic conditions, like CNS injury, might reveal 

more noticeable transcriptional and functional heterogeneity within OPCs. 

Interestingly, single-cell RNA sequencing of OPCs from EAE spinal cords revealed 

three distinct OPC populations that were transcriptionally different than the one OPC 

population found in control mice (Falcao et al., 2018). Most notably, OPCs from EAE 

spinal cords displayed an upregulation of antigen presentation machinery, suggesting 

OPCs are active contributors in disease pathogenesis and targets of cytotoxic T 

lymphocytes (Falcao et al., 2018). It is clear there are disease-specific OPC populations, 

yet it remains to be seen what the role of each of these OPC populations is during CNS 

demyelination. While the debate on OPC functional heterogeneity is not settled, these 
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studies suggest the existence of disease-specific OPC populations in the CNS that might 

be relevant for developing novel therapeutics for diseases like multiple sclerosis. 

 

G. OPCs respond to CNS Injury 

One of the most unique qualities of OPCs is their ability to respond to several types 

of CNS injury. OPCs respond to secondary demyelinating insults, even when 

oligodendrocytes are not primarily targeted, for example in mechanical lesions, spinal 

cord injury, ischemia, and neurodegeneration (Levine, 1994, McTigue et al., 2001, Zhang 

et al., 2013, Kang et al., 2010). Increased levels of OPCs have also been documented in 

the prefrontal cortex after acute methamphetamine exposure, perhaps as a part of the 

alterations to addiction circuitry that needs to be examined further (Somkuwar et al., 

2014). OPCs, along with microglia, respond within a day after traumatic brain injury by 

migrating to and occupying the lesion site, where they become hypertrophic and highly 

proliferative (Dimou and Gallo, 2015). Surprisingly, in vivo imaging of CNS stab wound 

injuries showed that at 5 days post-injury astrocytes have a low proliferation rate, and do 

not exhibit migration to the lesion site (Bardehle et al., 2013). Reactive OPCs are also 

found in models of CNS neurodegeneration, such as the SOD1 (G93A) mutant mouse 

that recapitulates features of human amyotrophic lateral sclerosis (ALS) (Kang et al., 

2010). Progressive motor neuron death in the spinal cord of these mice is accompanied 

by a robust increase in OPC proliferation and differentiation (Kang et al., 2010). This 

suggests that OPCs and microglia are playing an immediate role in the CNS injury 

response that remains to be fully explored.  

 

28



 

H. OPCs contribute to glial scar formation 

After any kind of CNS injury, glial cells become activated and orchestrate the 

formation of the glial scar. The glial scar is characterized by a high content of ECM 

molecules forming an environment known to block axonal regeneration and remyelination 

(Silver and Miller, 2004, Cregg et al., 2014). Chondroitin sulfate proteoglycans (CSPGs) 

are a key component of the inhibitory glial scar (Lau et al., 2012, Davies et al., 1997). 

While reactive astrocytes are the principal cells present within the glial scar, it is now clear 

that OPC are not bystanders during the scar formation. Following spinal cord injury, OPCs 

proliferate and upregulate NG2 expression, thereby inhibiting axonal regeneration (Tan 

et al., 2005). Rhodes et al. reported that treatment with antimitotic drugs, aimed at 

diminishing glial scar formation by eliminating OPC proliferation in knife wound injuries, 

results in a slight improvement in axonal regeneration (Rhodes et al., 2003). This result 

suggests that OPC proliferation and upregulation of NG2 can be detrimental to axon 

regrowth. Conversely, OPC expression of NG2 has also been shown to support axon 

growth in vitro, even when NG2 was overexpressed in OPCs (Yang et al., 2006). The 

contribution of the OPC to the glial scar is not limited to only one type of CSPG (Jones et 

al., 2003). OPC have been show to also produce keratan sulfate proteoglycan after injury, 

and can also produce neurocan and versican, CSPGs known to impair CNS repair (Jones 

and Tuszynski, 2002, Asher et al., 2002, Asher et al., 2000). In conclusion, OPC clearly 

participate in the formation of the glial scar and produce CSPGs that impair CNS repair 

and their differentiation into mature myelinating oligodendrocytes. 
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I. OPCs as active participants in neuroinflammation 

Microglia and astrocytes are considered to be the classic innate immune cells of 

the CNS because of their response to pathogens or tissue damage and their ability to 

recruit peripheral immune cells (Ransohoff and Brown, 2012). However, the literature 

contains evidence that OPCs are not simple spectators of the CNS immune response. In 

a mouse model of cerebral prolonged hypoperfusion, it was shown that OPCs were the 

first cells to produce MMP9, an enzyme necessary for degradation of the extracellular 

matrix, prior to the appearance of white matter damage (Seo et al., 2013). Furthermore, 

authors demonstrated that OPC derived MMP9 could mediate the opening of the BBB 

and the infiltration of neutrophils that ultimately damage the myelin sheath in this model 

(Seo et al., 2013). Moyon et al. have recently demonstrated that OPCs isolated from the 

brain of mice undergoing cuprizone-induced demyelination express high levels of CCL-2 

and IL-1b (Moyon et al., 2015). CCL-2 has a critical role in recruiting monocytes 

(Deshmane et al., 2009) while IL-1b is a powerful inflammatory cytokine involved in many 

aspects of the immune response (Sims and Smith, 2010). While authors did not explore 

the role of these mediators on immune cell recruitment/activation, they concluded their 

study by demonstrating that CCL-2 could promote OPC migration in vivo and was also 

expressed by OPCs present in active multiple sclerosis (MS) lesions (Moyon et al., 2015). 

Recent work by Gadani et al. also highlights the role that myelinating glia play in repair 

after spinal cord injury. Oligodendrocytes release IL-33, a nuclear alarmin implicated in 

orchestrating the recruitment of peripheral immune cells necessary for CNS repair 

(Gadani et al., 2015b). Although predominantly expressed by oligodendrocytes, OPCs 

also express IL-33 and participate in promoting CNS repair (Gadani et al., 2015b). 
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OPCs can also upregulate gene expression of inflammatory cytokines like Il6 and 

Csf2 in response to IL-17 signaling, and disruption of this signaling pathway ameliorated 

EAE clinical symptoms (Kang et al., 2013b). In line with this novel immunomodulatory 

role of OPCs, subsequent studies have shown that OPCs in the demyelinating CNS 

participate in antigen presentation via MHC1 and MHC2, and can activate pathogenic T 

cells (Falcao et al., 2018, Kirby et al., 2019). Elegant work by Kirby et al. presented 

evidence showing that OPCs who engage in antigen cross-presentation of myelin peptide 

are targets of CD8-mediated cytotoxicity, and as a result impair CNS remyelination (Kirby 

et al., 2019). My own thesis work also suggests that OPCs contribute to 

neuroinflammation via antigen cross-presentation in the demyelinating CNS (Fernandez-

Castaneda et al., 2019), and this work will be presented later. Future studies are needed 

to tease out whether all OPCs are capable of participating in antigen cross-presentation 

in vivo, or whether only a specialized subset can carry out this role. In addition, a better 

characterization of the CNS antigens that OPCs can internalize, process, and present to 

T cells during demyelination is still needed. The discovery that OPCs participate in 

antigen presentation has definitely shifted our view of OPCs as bystanders in 

neuroinflammation. A better understanding of the mechanisms that control the 

immunomodulatory function of OPCs is desperately needed. Targeting this novel function 

of OPCs has the potential to modulate the inflammatory environment and promote CNS 

remyelination. 
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J. Conclusion 

Over the past decade, we have greatly expanded our knowledge of OPC biology 

and function within the CNS. We now appreciate that adult OPCs are responsible for 

generating myelinating oligodendrocytes throughout life. Yet, myelination is not their only 

role within the CNS, as discussed in this chapter (Figure 1). Recent studies have provided 

compelling evidence that OPCs are capable of modulating neuronal and astrocytic 

functions that can ultimately affect behavior (Sakry et al., 2014), providing a new 

perspective on adult OPC function. After all, adult OPCs are uniformly distributed across 

the CNS, giving them the ability to survey widespread network activity. However, 

questions remain regarding adult OPC function. Despite their unique developmental 

origins within the CNS, no functional differences have been found regarding their 

myelination potential. It is possible that differences in function might arise in their ability 

to regulate neuronal activity in distinct regions of the CNS. As the field continues to 

examine the OPC-neuron synapse, other roles of adult OPCs might become clearer. 

OPCs also respond to several types of CNS injury. As microglia and astrocytes 

have traditionally held the spotlight in CNS injury, the contribution of OPCs to tissue repair 

would be interesting to explore. Recent work has shown that OPCs upregulate expression 

of immune signaling molecules CCL-2 and IL-1β to promote their migration into 

demyelinating lesions (Moyon et al., 2015). These immune molecules were shown to be 

important for OPC migration, but they could also be involved in orchestrating an 

inflammatory response. CCL-2 produced by astrocytes and IL-1β produced by microglia 

has been shown to amplify the immune response following CNS injury, which can be 

beneficial to tissue repair (Gadani et al., 2015a). Surprisingly, OPCs were also shown to 
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participate in antigen presentation within the demyelinating CNS, indicating that they can 

actively contribute to neuroinflammation (Kirby et al., 2019, Fernandez-Castaneda et al., 

2019). Future studies will be needed to determine whether targeting OPCs presents a 

viable option to modulate the neuroinflammatory environment during CNS pathology. 

The need to target OPCs to promote remyelination in demyelinating diseases such 

as MS, has long been a therapeutic goal. Although much research has been focused on 

identifying the factors implicated in inhibition of OPC differentiation and remyelination, it 

is highly possible that the multi-functionality of OPCs during CNS disease might steer 

OPCs away from repair to involvement in the immune response and/or the glial scar 

formation. A deeper understanding of OPC function in the CNS is warranted before we 

can truly begin to explore their therapeutic potential. 
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Figure 1 The multiple functions of OPCs in the CNS. Central panel represents a 3D rendering of an 
OPC in the mouse cortex. Figure from review article published in Brain, Behavior, and Immunity 
[Fernandez-Castaneda and Gaultier, 2016] 
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Chapter 3: The multifunctional low-density lipoprotein receptor-related protein 1 

(LRP1) 

 

A. LRP1 overview 

While the role of low-density lipoprotein receptor-related protein 1 (LRP1) in central 

nervous system (CNS) neurons has been investigated, its function in CNS glia remains 

elusive. Our laboratory has been instrumental in furthering our understanding of LRP1 

function in microglia and oligodendrocyte-lineage cells in the context of multiple sclerosis 

(MS). Here, I will review the relevant literature highlighting LRP1 function in the CNS, and 

more importantly, its relevance to MS pathogenesis. Considering LRP1 is expressed in 

several CNS cell types and has numerous high-affinity ligands, it is important to recognize 

its pleiotropic effects are still poorly understood. 

LRP1 was originally discovered as a liver receptor responsible for the clearance of 

α2-macroglobulim (α2M), a proteinase inhibitor found in the blood (Moestrup and 

Gliemann, 1989). LRP1 is a member of the low-density lipoprotein receptor gene family 

(Herz, 2001), and is composed of an 85kD cytoplasmic and transmembrane b-chain that 

is non-covalently linked to a 515kD extracellular α-chain (Zlokovic et al., 2010). Its large 

extracellular α -chain contains four ligand binding domains, allowing LRP1 to bind and 

endocytose over 40 structurally distinct ligands that include Rhinovirus, bacterial toxin 

Pseudomonas exotoxin A, proteinases, and lipoproteins (Zlokovic et al., 2010, Herz and 

Strickland, 2001). Given its wide range of ligands, LRP1 has been assigned a variety of 

scavenger receptor functions, including the clearance of apoptotic cells (Gardai et al., 

2005). Additionally, LRP1 has also  been shown to participate in extracellular matrix 
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remodeling by fibroblasts, in part by regulating matrix metalloproteinase levels (Hahn-

Dantona et al., 2001, Gaultier et al., 2010). Genetic deletion of LRP1 in mice results in 

embryonic lethality, perhaps underlining the importance of this multifunctional receptor in 

development (Herz et al., 1992, Herz et al.). 

The beginning of my thesis career was largely shaped by two unique studies that 

emphasized the multifaceted nature of LRP1. The first work highlighted the role of LRP1 

as a regulator of inflammation via the NFkb signaling pathway (Gaultier et al., 2008). The 

second study demonstrated that LRP1 in astrocytes, microglia, and oligodendrocytes was 

a phagocytic receptor for myelin debris (Gaultier et al., 2009). Given that MS is an 

inflammatory demyelinating disease of the CNS (Compston and Coles, 2008), it did not 

take long before I focused my graduate work on the role of LRP1 in glia. Yet, LRP1 is 

ubiquitously expressed across many tissues, and has cell type-specific functions (Lillis et 

al., 2008). In the following sections I will summarize some of the important roles LRP1 

plays in several CNS cell types. 

 

B. Neuronal LRP1 in the central nervous system 

Like other LDL receptor family members, LRP1 binds apolipoprotein E (ApoE), 

which is known to contribute to late-onset Alzheimer’s disease (Beisiegel et al., 1989, 

Schmechel et al., 1993). LRP1 also binds other ligands associated with Alzhiemer’s 

disease, like α2-macroglobulin (α2M), b-amyloid precursor protein (APP), amyloid-b (Ab) 

peptides, and its affinity for these ligands has resulted in several studies investigating the 

role of LRP1 in CNS pathogenesis (Kounnas et al., 1995, Shinohara et al., 2017). For 

example, LRP1 in neurons and astrocytes has been shown to mediate the clearance of 
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Ab in the brain (Kanekiyo et al., 2013, Liu et al., 2017). Similarly, pericytes associated 

with the blood-brain barrier have also been shown to clear Ab  aggregates in an LRP1-

dependent manner (Ma et al., 2018). While it is possible that impaired clearance of Ab 

peptide by LRP1 contributes to disease progression, the exact mechanism by which 

LRP1 could drive Alzheimer’s pathogenesis remains elusive. Indeed, there have been 

contradictory studies showing whether polymorphisms in the LRP1 exon 3 is associated 

with Alzheimer’s disease (Kang et al., 1997, Woodward et al., 1998, Beffert et al., 1999, 

Wang et al., 2017). 

In addition to its link with Alzheimer’s disease, LRP1 also plays a role in 

maintaining CNS homeostasis. Deletion of neuronal LRP1 results in hyperactivity and 

motor abnormalities (May et al., 2004). This phenotype has been attributed to the 

potential role of LRP1 in modulating synaptic transmission, as LRP1 can be co-

immunoprecipitated with postsynaptic density protein PSD95 and subunits of the N-

methyl-D-aspartate (NMDA) receptor (May et al., 2004, Nakajima et al., 2013, Maier et 

al., 2013). Neuronal LRP1 is also important for maintaining proper brain lipid metabolism, 

as LRP1 deletion in forebrain neurons results in defective cholesterol levels, synapse 

loss, neurodegeneration, and neuroinflammation (Liu et al., 2010). The authors of the 

study propose neuronal LRP1 is regulating ApoE/cholesterol transport, which maintains 

neurite integrity and ultimately CNS function (Liu et al., 2010). LRP1 in neurons has also 

been shown to regulate insulin signaling and glucose metabolism, as conditional LRP1 

knockouts present with higher levels of glucose in the interstitial fluid in the brain (Liu et 

al., 2015). It remains to be seen whether this impaired insulin signaling is detrimental to 

CNS function, as no behavioral phenotypes were reported in the study. 
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C. LRP1 functions as a phagocytic receptor for myelin 

 Despite the increasing knowledge of LRP1 in neuronal function, the role of LRP1 

in CNS glia during CNS pathology has not been extensively explored. Gaultier et al. were 

the first to report that oligodendrocytes express LRP1 (Gaultier et al., 2009). It is important 

to note that while the authors describe this glial population as “oligodendrocytes”, the 

isolation protocol used in this study is commonly used to purify oligodendrocyte progenitor 

cells (OPCs) (O'Meara et al., 2011). We now know that few mature oligodendrocytes 

express LRP1, and that OPCs are amongst the highest expressers in the CNS 

(Fernandez-Castaneda et al., 2019, Zhang et al., 2014). It is likely that the authors 

primarily purified OPCs, with noticeable oligodendrocyte contamination, and mistakenly 

referred to this glial population as oligodendrocytes. Consistent with these data, was the 

observation that LRP1 was not detected in purified CNS myelin, which consists of 

oligodendrocyte cell membrane (Gaultier et al., 2009). For this reason, I will refer to the 

ill-defined glial population in the study as oligodendroglia, an umbrella term often used to 

denote OPCs and oligodendrocytes. 

It was also demonstrated that astrocytes, microglia, and oligodendroglia 

phagocytosed myelin vesicles in an LRP1-dependent manner (Gaultier et al., 2009). 

Additionally, LRP1 expression was upregulated in the cerebellum and spinal cord of mice 

with experimental autoimmune encephalomyelitis (EAE) when compared to controls 

(Gaultier et al., 2009). Importantly, LRP1 immunoreactivity was also detected in 

macrophages (potentially microglia) and astrocytes in the EAE spinal cord, suggesting 

these cells might participate in debris clearance (Gaultier et al., 2009). This observation 
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eventually led our laboratory to characterize the LRP1-specific ligands in myelin debris, 

and our work suggested LRP1 could play a role in necrotic cell clearance (Appendix A) 

(Fernandez-Castaneda et al., 2013). 

 The data mentioned above had several implications for the trajectory of my 

graduate work. I was deeply interested in OPC biology and the mechanisms governing 

white matter repair in the context of MS. It was known that myelin debris clearance was 

necessary for efficient remyelination in the CNS (Kotter et al., 2001, Kotter et al., 2006). 

Yet, myelin debris clearance during demyelination was predominantly thought to be 

performed by microglia via Fc and complement receptors (Smith, 2001, Yamasaki et al., 

2014). Although myelin debris was shown to inhibit OPC differentiation into mature 

oligodendrocytes (Syed et al., 2008, Baer et al., 2009), the OPC receptors mediating this 

effect remained unknown. Given the robust expression of LRP1 in oligodendroglia and 

microglia, LRP1 seemed like an ideal candidate to contribute to the myelin-mediated 

block of remyelination. In one scenario, the phagocytic function of LRP1 in microglia could 

be hindered in the demyelinating CNS, resulting in inefficient myelin debris clearance and 

inhibition of white matter repair. Alternatively, OPCs could be actively phagocytosing 

myelin debris in an LRP1-dependent manner, causing a block in OPC differentiation and 

remyelination (Figure 1). The role of LRP1 in these two glial cell types is something our 

laboratory would explore further. I decided to pursue the role of LRP1 in OPCs for my 

doctoral work, and that role was undoubtedly more complex than originally thought. 
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D. LRP1, microglia, and neuroinflammation 

 Although some groups had attempted to examine the role of LRP1 in microglia, 

this was done solely in an in vitro setting or with the use of genetic models not specific for 

microglia (Pocivavsek et al., 2009, Zhang et al., 2009). Our laboratory was the first to 

generate a microglia-specific LRP1 knockout, in which we studied the role of microglial 

LRP1 in EAE, the murine mouse model of MS described earlier (Chuang et al., 2016). 

LRP1-deficient microglia presented with amoeboid morphology, a hallmark of myeloid cell 

Figure 1 Potential cell-type specific consequences of LRP1 participating in 
myelin debris phagocytosis. 
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activation, in the naïve brain (Chuang et al., 2016). This suggests that LRP1 might play a 

role in microglial homeostatic function. More importantly, deletion of LRP1 in microglia 

resulted in worsening of EAE disease, which was characterized by greater demyelination 

in the spinal cord, and an increase in CNS-infiltrating immune cells (Chuang et al., 2016). 

Mechanistic studies showed microglia and myeloid cells lacking LRP1 responded to LPS, 

a bacterial cell-wall component, with increased proinflammatory cytokine gene 

expression, likely mediated by disruption in NFkb signaling (Chuang et al., 2016). This is 

consistent with previous studies demonstrating LRP1-deficient peritoneal macrophages 

have increased NFkb activation (Gaultier et al., 2008). Although the exact mechanism by 

which microglial LRP1 is protective during EAE remains unknown, it is clear that LRP1 

can modulate neuroinflammation in a cell-type specific manner, as LRP1 deletion in 

peripheral myeloid cells did not recapitulate the phenotype (Chuang et al., 2016). 

 The role of microglial LRP1 and neuroinflammation has also been studied in the 

context of neuropathic pain. Peripheral nerve injury can cause sensory neurons to 

express and transport CSF1 into the spinal dorsal horn where it can activate microglia 

(Guan et al., 2016). This microglial activation is thought to contribute to neuropathic pain 

by increasing the mechanical sensitivity of nociceptive neurons (Guan et al., 2016). 

Interestingly, mice lacking microglial LRP1 had decreased inflammatory cytokine gene 

expression after partial sciatic nerve ligation, when compared to controls (Brifault et al., 

2019). Additionally, these LRP1 deficient mice did not develop mechanical 

hypersensitivity, a neuropathic pain-related behavior, after partial sciatic nerve ligation 

(Brifault et al., 2019). The decrease in neuroinflammation in this model is perplexing, as 
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one would expect neuroinflammation to worsen in the absence of microglial LRP1 given 

our work in the EAE model. 

Brifault and colleagues suggest that unlike membrane-bound LRP1 that serves an 

anti-inflammatory role (May et al., 2013, Mantuano et al., 2016), LRP1 that is 

proteolytically cleaved from the cell membrane is inflammatory (Gorovoy et al., 2010, 

Brifault et al., 2017). In agreement with this explanation, it was shown that CSF1 

increases in the spinal dorsal horn after sciatic nerve injury, and CSF1 can induce LRP1 

shedding from spinal cord microglia (Brifault et al., 2019). Additionally, microglial LRP1 

and proteinases that are responsible for LRP1 shedding from the cell membrane are also 

upregulated in the spinal cord after partial sciatic nerve ligation (Brifault et al., 2019), 

suggesting that shed LRP1 but not membrane bound LRP1, drives neuroinflammation in 

this model. While our laboratory has not examined whether LRP1 is proteolytically 

cleaved in spinal cord microglia during EAE, our data suggest that the anti-inflammatory 

membrane-bound LRP1 is responsible for our phenotype. Understanding if and how 

shedding of LRP1 is regulated in different disease contexts would be beneficial when 

developing therapeutics to modulate neuroinflammation. 

It should be noted that despite the role of LRP1 in apoptotic cell and myelin debris 

clearance in vitro (Gardai et al., 2005, Gaultier et al., 2009), the in vivo contribution of 

LRP1 as a scavenger receptor in the CNS has been difficult to examine. These studies 

discussed above do not eliminate a contribution of LPR1 as an endocytic receptor for 

cellular debris, and how that cellular debris affects microglia function. Previous studies 

suggest that engulfment of apoptotic cells can activate anti-inflammatory pathways 

(Henson and Bratton, 2013), and the role of LRP1 in this process remains unclear. 
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E. Rationale for studying the role of LRP1 in OPCs during CNS demyelination 

 In a previous chapter I outlined several inhibitors of OPC differentiation and 

remyelination in MS. These inhibitors included myelin debris, inflammatory cytokines, and 

certain components of the extracellular matrix (ECM). Interestingly, the scavenger 

receptor LRP1 intersects with each of these remyelination inhibitors. Not only is LRP1 

highly expressed in OPCs, but it is also a phagocytic receptor for myelin, it can regulate 

neuroinflammation, and is involved in ECM remodeling (Gaultier et al., 2009, Gaultier et 

al., 2010, Chuang et al., 2016). This was the foundation on which I would build my 

graduate work. Even in those early years, it seemed likely that LRP1 was uniquely 

positioned to affect OPC differentiation and remyelination. The next chapter details 

several years of my work on the role of LRP1 in OPCs during CNS demyelination. 
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Chapter 4: The active contribution of OPCs to neuroinflammation is mediated by 

LRP1 

 

This chapter consists of the publication authored by Anthony Fernández-Castañeda, 

Megan S. Chappell, Dorian A Rosen, Scott M. Seki, Rebecca M. Beiter, 

David M. Johanson, Delaney Liskey, Emily Farber, Suna Onengut-Gumuscu, 

Christopher C. Overall, Jeffrey L. Dupree, Alban Gaultier. 2019. The active contribution 

of OPCs to neuroinflammation is mediated by LRP1. Acta Neuropathologica 

 

A. ABSTRACT 

Oligodendrocyte progenitor cells (OPCs) account for about 5% of total brain and 

spinal cord cells, giving rise to myelinating oligodendrocytes that provide electrical 

insulation to neurons of the CNS. OPCs have also recently been shown to regulate 

inflammatory responses and glial scar formation, suggesting functions that extend beyond 

myelination. Low-density lipoprotein receptor-related protein 1 (LRP1) is a multi-faceted 

phagocytic receptor that is highly expressed in several CNS cell types, including OPCs. 

Here, we have generated an oligodendroglia-specific knockout of LRP1, which presents 

with normal myelin development, but is associated with better outcomes in two animal 

models of demyelination (EAE and cuprizone). At a mechanistic level, LRP1 did not 

directly affect OPC differentiation into mature oligodendrocytes. Instead, animals lacking 

LRP1 in OPCs in the demyelinating CNS were characterized by a robust dampening of 

inflammation. In particular, LRP1-deficient OPCs presented with impaired antigen cross-

presentation machinery, suggesting a failure to propagate the inflammatory response and 
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thus promoting faster myelin repair and neuroprotection. Our study places OPCs as major 

regulators of neuroinflammation in an LRP1-dependent fashion. 

 

B. INTRODUCTION 

Chronic demyelination is the major reason for disease progression and increased 

disability in multiple sclerosis (MS) patients, as exposed neurons are prone to 

neurodegeneration (Irvine and Blakemore, 2008). Understanding the mechanisms of 

remyelination is critical in preventing neuronal loss, and is paramount to improving the 

quality of life of MS patients (Franklin, 2002). The adult CNS contains a large population 

of oligodendrocyte progenitor cells (OPCs) that have the potential to differentiate into 

mature oligodendrocytes and remyelinate denuded axons (Franklin, 2002). Despite 

OPCs being efficiently recruited into MS lesions (Chang et al., 2002), the process of axon 

remyelination is impaired (Kuhlmann et al., 2008). A multitude of factors in MS plaques 

inhibit OPC differentiation into mature oligodendrocytes, including myelin debris, the glial 

scar, and cytotoxic inflammation (Butovsky et al., 2006, Kotter et al., 2006, Cantuti-

Castelvetri et al., 2018, Back et al., 2005, Lau et al., 2012). 

Beyond their role in myelination, OPCs have now been shown to be active players 

in CNS pathology. OPCs, similar to microglia, are constantly surveilling their environment 

and can migrate to sites of CNS injury (Hughes et al., 2013). In mouse models of MS, 

OPCs can upregulate cytokine production in response to IL-17 signaling, and greatly 

contribute to CNS pathogenesis (Kang et al., 2013). Surprisingly, OPCs also upregulate 

antigen presentation machinery in the demyelinating CNS, and can regulate CD4 T cell 

proliferation and survival in vitro (Falcao et al., 2018b). In addition, OPCs can cross-
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present antigen via MHC1 and activate CD8 T cells, further shaping the inflammatory 

milieu (Kirby et al., 2018a). Taken together, these studies highlight the dynamic role 

OPCs play in the diseased CNS. 

Low-density lipoprotein receptor-related protein 1 (LRP1) is a member of the LDL 

receptor gene family, which functions in receptor-mediated endocytosis and cell signaling 

(Lillis et al., 2008). With regards to white matter repair, LRP1 is known to be expressed 

by the oligodendrocyte lineage (Auderset et al., 2016) and to function as a phagocytic 

receptor for myelin debris (Fernandez-Castaneda and Gaultier, 2016, Gaultier et al., 

2009). The phagocytic properties of LRP1 have also been shown to greatly influence 

extracellular matrix remodeling and expression of matrix metalloproteinases (Gaultier et 

al., 2010a, Song et al., 2009). Additionally, LRP1 has a central role in inflammation due 

to its ability to regulate cytokine production (Gaultier et al., 2008, Mantuano et al., 2016, 

Yang et al., 2016, Brifault et al., 2017). LRP1 has also been shown to play a role in 

dendritic cell efferocytosis and MHC1-dependent antigen cross-presentation 

(Subramanian et al., 2014). Taken together, this evidence places LRP1 as a potential key 

player in the context of remyelination, but the contribution of LRP1 in OPCs during 

neuroinflammation remains unclear. 

Herein, we report LRP1 expression in OPCs in adult mice and human 

oligodendroglia. Using two animal strains lacking LRP1 in the oligodendrocyte lineage, 

we show that the inflammatory environment was significantly dampened in LRP1-deficient 

mice, resulting in neuroprotection and enhanced myelin regeneration in the Experimental 

Autoimmune Encephalomyelitis (EAE) and cuprizone models, respectively. 

Mechanistically, we show that LRP1-deficient OPCs have no intrinsic defect involved in 
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their differentiation into mature oligodendrocytes but have impaired MHC1-dependent 

antigen cross-presentation, which could explain the enhanced neuroprotection and 

remyelination. 

 

C. RESULTS 

Cells of the oligodendrocyte lineage dynamically express LRP1. 

LRP1 expression in the CNS is differentially regulated during development, with 

glial cells and, in particular, OPCs expressing high levels of LRP1 into adulthood. 

Oligodendrocytes and myelin are not reported to express LRP1 in the adult CNS 

(Auderset et al., 2016, Zhang et al., 2014, Gaultier et al., 2009). Indeed, the majority of 

PDGFRα+ OPCs in the corpus callosum expressed LRP1 (Fig. 1a, b, arrows, 97.5%), 

while only a small percentage of CC1+ oligodendrocytes (Fig. 1a, b, hollow arrowheads, 

7.6%) were LRP1 positive. Additional staining for LRP1 performed on Mobp-EGFP mice 

(Gong et al., 2003) revealed that GFP+ oligodendrocytes are LRP1 negative  (Fig. S1b), 

suggesting that LRP1 expression might be progressively lost during OPC differentiation 

into oligodendrocytes, a finding consistent with published results (Zhang et al., 2014). To 

analyze whether human OPCs also express LRP1, we examined postmortem human 

white matter Olig2+ cells, and discovered that a subset of these cells also expressed LRP1 

and had typical OPC morphology (Fig. 1c). Furthermore, we detected LRP1 expression 

in OPCs during pathological conditions. We found PDGFRα+ Olig2+ LRP1+ OPCs in tissue 

isolated from mice undergoing cuprizone-mediated demyelination and EAE (Fig. 1d, e). 

Taken together, our results confirm and highlight LRP1 expression in human and murine 

adult OPCs during homeostatic and pathological conditions. 
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Figure 1 LRP1 is dynamically expressed in oligodendroglia in the homeostatic and pathological 
CNS. (a) Staining in the adult mouse corpus callosum for PDGFRα, LRP1, and CC1 (arrows = PDGFRα+ 
LRP1+ cells; dented arrowheads = CC1+ LRP1- cells; hollow arrowhead = CC1+ LRP1+ cell). Scale bar 
40µm. (b) Quantification of PDGFRα+ and CC1+ cells expressing LRP1 in the adult mouse corpus callosum 
(n=3 mice; error bars represent +/- SEM). (c) Human white matter stained for Olig2 and LRP1 (arrows = 
Olig2+ LRP1+ cells; arrowheads = Olig2- LRP1+ cells). Scale bar 20µm. (d) Staining for PDGFRα, LRP1, 
and Olig2 in the mouse corpus callosum after cuprizone-induced demyelination (arrows = PDGFRα+ LRP1+ 
Olig2+ cells). Dashed line demarcates the border between the cortex and corpus callosum. Scale bar 30µm. 
(e) EAE spinal cord stained for PDGFRα, LRP1, and Olig2 (arrows = PDGFRα+ LRP1+ Olig2+ cells). Scale 
bar 40µm. 
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Myelin homeostasis is normal in animals lacking LRP1 in oligodendrocyte lineage. 

To study the function of LRP1 in the oligodendrocyte lineage in vivo, we crossed 

Lrp1fl/fl animals with mice expressing Cre recombinase under the Olig1 promoter (Lu et 

al., 2002). Lrp1fl/flOlig1Cre and Olig1Cre (Cre-expressing wild type) mice were born 

according to Mendelian ratios, and appeared healthy and fertile. As expected, LRP1 

expression was undetectable by immunofluorescence in PDGFRα+ OPCs in the corpus 

callosum of adult Lrp1fl/flOlig1Cre mice, but remained detectable in NeuN+ cortical neurons 

(Fig. 2a, Fig. S2c). LRP1 transcript and protein were not detected in purified primary 

OPCs isolated from Lrp1fl/flOlig1Cre mice (Fig. S2a, b). As a control, we also performed 

IBA1 staining in adult brains to visualize microglia, the resident immune cells in the CNS, 

and found that deletion of LRP1 in OPCs did not result in perturbation of microglial number 

or morphology (Fig. S2c). These findings confirmed specific deletion of LRP1 in OPCs in 

our model. To address whether deletion of LRP1 in OPCs was associated with a 

myelination defect, we began by quantifying myelin protein expression in adult mice (5 

months). Protein extracts were prepared from the cerebrum and cerebellum of 

Lrp1fl/flOlig1Cre and control Olig1Cre mice and expression of MBP and CNP was analyzed 

via immunoblot. In the cerebellum, CNP and MBP expression was similar across 

genotypes, whereas the cerebrum of Lrp1fl/flOlig1Cre mice had a modest, but statistically 

significant decrease in MBP and CNP expression (Fig. 2b-d). To further analyze the 

contribution of LRP1 in myelination, optic nerves from 8-week-old Lrp1fl/flOlig1Cre and 

Olig1Cre mice were prepared for transmission electron microscopy (TEM) analysis of 

myelin ultrastructure and determination of the g-ratio (Fig. 2e). Linear fitting of the g-ratio 

data showed no differences between the two groups of mice (Fig. 2f). Taken together, 
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our results show that overall myelin structure in adult mice appears normal following 

specific deletion of LRP1 in OPCs, with a modest decrease in MBP and CNP expression 

that is unique to the cerebrum.  
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Figure 2 Deletion of LRP1 in OPCs is not associated with severe myelin defects. (a) Staining for 
PDGFRα and LRP1 in the corpus callosum in Olig1cre and Lrp1fl/flOlig1cre mice (arrows = LRP1+ PDGFRα- 
cells). Dashed line demarcates the border between the cortex and corpus callosum. Scale bar 25μm. (b) 
Representative immunoblot and (c,d) densitometry analysis for CNP, MBP, and actin from cerebrum and 
cerebellum (unpaired t-test, MBP *p=0.0329, CNP *p=0.0150; n=5 mice per genotype, 2 independent 
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experiments combined; error bars represent +/- SEM). (e) Representative TEM images and (f) calculated 
g-ratio of optic nerves (6,000x magnification; n=4 mice per genotype, 10 fields per mouse; linear regression 
analysis with slopes comparison). 

 

Enhanced OPC differentiation in LRP1-deficient mice after cuprizone-induced 

demyelination. 

Since LRP1 has been shown to regulate pathological conditions applicable to 

demyelination, such as the inflammatory response and the removal of myelin debris 

(Gaultier et al., 2008, Gaultier et al., 2009, Fernandez-Castaneda et al., 2013), we 

subjected our mice to a pathological model of demyelination: the cuprizone model. 

Cuprizone is a copper chelator that induces reversible demyelination in the corpus 

callosum by inducing selective oligodendrocyte apoptosis (Kipp et al., 2009, Goldberg et 

al., 2013). Once the animals are returned to their regular diet, OPCs differentiate and 

remyelination in the corpus callosum occurs. Mice were fed a 0.3% cuprizone diet for 5 

weeks and then returned to a normal diet to allow for remyelination in the CNS (Fig. 3a). 

We quantified OPC (Olig2+ PDGFRα+) and oligodendrocyte (Olig2+ CC1+) numbers in the 

corpus callosum during homeostatic conditions, peak demyelination, or two remyelination 

stages, as indicated in Fig. 3a (left panel). Under homeostasis, we found no differences 

in the number of OPCs or mature oligodendrocytes in the corpus callosum of 

Lrp1fl/flOlig1Cre and Olig1Cre mice (Fig. 3c, e, Unt; Fig. S3b, c). This is in agreement with 

our data suggesting no major defects in myelination in LRP1-knockout animals (Fig. 2). 

Lrp1fl/flOlig1Cre mice also experienced similar oligodendrocyte loss and comparable OPC 

expansion at the peak of cuprizone-induced demyelination (Fig. 3c, e, Dem; Fig. S3d, 

e). Notably, the loss of mature oligodendrocytes correlated with an equal decrease in 

MBP expression in the corpus callosum (Fig. S4a). The number of Ki67+ OPCs or total 
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Ki67+ cells between genotypes at the peak of demyelination was comparable, which 

indicated that the deletion of LRP1 does not affect OPC proliferation (Fig. 3f-h). 

Surprisingly, we noted a significant increase in the oligodendrocyte numbers in 

Lrp1fl/flOlig1Cre mice, compared to Olig1Cre controls at both remyelination time points 

examined (Fig. 3b, c, 0.5 and 1 Wk Rem). This increase in oligodendrocytes correlated 

with a significant decrease in the number of OPCs (Fig. 3d, e, 0.5 Wk Rem), suggesting 

enhanced OPC differentiation in the absence of LRP1. Overall, our data suggest that the 

deletion of LRP1 in OPCs enhances OPC differentiation into oligodendrocytes following 

cuprizone-induced demyelination. To explore if the increase in oligodendrocyte numbers 

in Lrp1fl/flOlig1Cre mice translates into increased myelin synthesis, we analyzed MBP 

expression on coronal brain sections by immunofluorescence. We saw a significant 

increase in MBP coverage in Lrp1fl/flOlig1Cre mice (Fig. 4a, b). We also analyzed myelin 

ultrastructure in the corpus callosum of Lrp1fl/flOlig1Cre mice by TEM and observed a trend 

towards a higher percentage of myelinated axons (Fig. 4c, d). No difference in myelin g-

ratios was observed between the genotypes (Fig. S4b). Collectively, these results 

indicate that the deletion of LRP1 in OPCs accelerates myelin repair after cuprizone-

induced demyelination. 
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Figure 3 Mice lacking LRP1 in OPCs display enhanced oligodendrogenesis after cuprizone-induced 
demyelination. (a) Schematic illustrating the cuprizone diet timeline and the timepoints at which the corpus 
callosum was imaged in Olig1cre and Lrp1fl/flOlig1cre mice. (b) Representative images and (c) quantification 
of oligodendrocytes (CC1+ Olig2+ cells) in the remyelinating corpus callosum (Two-way ANOVA with Sidak’s 
multiple comparisons test, *p=0.0153, ***p<0.0001; 3 independent experiments combined). (d) 
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Representative images and (e) quantification of OPCs (PDGFRα+ Olig2+ cells) in the remyelinating corpus 
callosum (Two-way ANOVA with Sidak’s multiple comparisons test, **p=0.0027; 3 independent 
experiments combined). (f) Ki67 and PDGFRα staining in the corpus callosum at the peak of demyelination 
(arrows = Ki67+ PDGFRα+ cells). (g) Quantification of Ki67+ PDGFRα+ cells and (h) total Ki67+ cells in the 
corpus callosum at the peak of demyelination (unpaired t-test; 2 independent experiments combined). Each 
data point represents an individual mouse. All error bars represent +/- SEM. All scale bars 50µm. 

 

Oligodendrocyte maturation in vitro does not require LRP1 expression in OPCs. 

To determine whether enhanced remyelination in LRP1-deficient mice was cell-

intrinsic, we isolated primary OPCs from Lrp1fl/flOlig1Cre and Olig1Cre neonate (post-natal 

day 8) animals and induced their differentiation into myelinating oligodendrocytes with 

triiodothyronine (T3) for 48 hours (Emery and Dugas, 2013). We then analyzed the 

expression of myelin genes Mrf, Mbp, and Cnp by qPCR. To our surprise, we found no 

significant differences between Lrp1fl/flOlig1Cre and Olig1Cre OPCs (Fig. 4e-g). In addition, 

when cultured OPCs derived from Plp-EGFP reporter mice were cultured in the absence 

of T3 and treated with increasing concentrations of receptor-associated protein (RAP), an 

LRP1 antagonist that blocks ligand binding to LRP1 (Herz et al., 1991), we found no 

differences in the percent of Plp-EGFP positive cells, compared to vehicle control (Fig. 

4h,i). These data suggest that enhanced OPC differentiation in Lrp1fl/flOlig1Cre mice after 

cuprizone treatment is not likely to be mediated by a cell-intrinsic mechanism in OPCs. 
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Figure 4 Enhanced remyelination in mice lacking oligodendroglial LRP1 is not cell-autonomous. (a) 
Representative images and (b) quantification of MBP expression in the remyelinating corpus callosum of 
Olig1cre and Lrp1fl/flOlig1cre mice after 0.5 Wk Rem (unpaired t-test; 2 independent experiments combined; 
scale bar 100µm). (c) Representative TEM images and (d) quantification of axons in the remyelinating 
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corpus callosum after 0.5 Wk Rem (unpaired t-test; n=4-5 mice per genotype; scale bar 2μm). (e-g) qPCR 
for Mrf, Mbp, and Cnp from primary OPCs cultured in proliferation (OPC) or differentiation (OLG) media 
(unpaired t-test; n=3 mice per genotype). (h) Quantification and (i) representative images of Plp-EGFP 
OPCs treated with DMSO, T3, or increasing concentrations of the specific LRP1 inhibitor, RAP (One-way 
ANOVA with Dunnett’s multiple comparisons test, DMSO vs T3 **p=0.0072; conditions plated in 
sextuplicate; error bars represent +/- SEM; scale bar 150µm). 

 

Oligodendroglial LRP1 regulates the inflammatory environment and promotes 

myelin repair. 

Given the unexpected lack of a cell-autonomous differentiation phenotype in 

Lrp1fl/flOlig1Cre OPCs in vitro, and the fact that naïve Lrp1fl/flOlig1Cre mice have similar 

numbers of OPCs and oligodendrocytes in the corpus callosum, we postulated that OPCs 

lacking LRP1 could influence the local environment to promote remyelination via an 

indirect mechanism under pathological demyelination. To test this, we performed 

unbiased RNA-sequencing analysis on micro-dissected corpus callosum from 

homeostatic or remyelinating mice post-cuprizone treatment (Fig. 5a). Principal 

component analysis (PCA) revealed that Lrp1fl/flOlig1Cre and Olig1Cre corpus callosum 

samples under homeostatic conditions were comparable (Fig. 5b). However, striking 

gene expression differences between the remyelinating corpus callosum of Lrp1fl/flOlig1Cre 

and Olig1Cre mice were detected (Fig. 5c, d). Gene ontology (GO) terms associated with 

myelination and oligodendrocyte differentiation were elevated in Lrp1fl/flOlig1Cre mice (Fig. 

5e), supporting our histological analysis (Fig. 4). Indeed, prototypical genes involved in 

myelination (Cnp, Mbp, Plp1) were significantly elevated in in the corpus callosum of 

Lrp1fl/flOlig1Cre mice (Fig. 5f). Surprisingly, Lrp1fl/flOlig1Cre mice also had a dampened 

inflammatory signature, compared to Olig1Cre mice (Fig. 5g). The change in the 

inflammatory response was detectable at week 5 (Fig. S5c), a stage preceding 

remyelination (Skripuletz et al., 2011) (Fig. S5b), without an overall change in IBA1 
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immunoreactivity (Fig. S5d, e). Collectively, our data suggest that LRP1 expression in 

OPCs might modulate the immune landscape in the cuprizone model. 
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Figure 5 Oligodendroglial LRP1 modulates the inflammatory landscape and enhances myelin repair. 
(a) Schematic illustrating the cuprizone diet timeline and timepoints at which the corpus callosum was 
dissected and analyzed by RNA-seq. (b) Principal component analysis (PCA) plot and (c) heat map of the 
transcriptomes of Olig1cre and Lrp1fl/flOlig1cre mice. (d) UpSet plot showing the number of significantly 
upregulated genes (compared to untreated mice) that are unique (single dots) or shared (connected dots) 
in mice undergoing remyelination. (e) Gene ontology (GO) terms illustrating unique biological processes 
upregulated in the remyelinating corpus callosum of Olig1cre and Lrp1fl/flOlig1cre mice. (f) Heat maps for 
myelination- and (g) inflammation-related genes in the remyelinating corpus callosum. Heat maps have a 
normalized count scale with z-score normalization. 

 

LRP1 deletion in OPCs is protective in experimental autoimmune 

encephalomyelitis. 

The unexpected inflammatory phenotype in the cuprizone model of demyelination 

prompted us to further explore OPC LRP1 function in neuroinflammation. For this, we 

chose experimental autoimmune encephalomyelitis (EAE), a well-accepted model of the 

neuroinflammatory human disease multiple sclerosis (MS). We tested Lrp1fl/flOlig1Cre and 

control Olig1Cre mice in EAE, and found reduced clinical scores and delayed incidence of 

disease onset in Lrp1fl/flOlig1Cre mice, compared to control mice (Fig. 6a, b). This 

phenotype was recapitulated with an alternate inducible model of LRP1 deletion in OPCs 

(Lrp1fl/flPdgfraCreERt2). In this model, mice were injected with tamoxifen (to induce LRP1 

deletion) at 8 weeks of age, followed by EAE immunization 4 weeks later. Tamoxifen is 

known to inhibit inflammation explaining the milder EAE clinical score and incidence 

obtained with this inducible Cre strain (Behjati and Frank, 2009); nevertheless, LRP1 

deletion also resulted in a significant decrease in clinical score (Fig. S6a). To explore the 

pathological conditions associated with lower EAE clinical scores in Lrp1fl/flOlig1Cre mice, 

we performed flow cytometry analysis at the peak of the disease (day 17). Our results 

reveal that the numbers of TCRβ+ T cells (TCRβ+ CD8-), CD8 T cells (TCRβ+ CD8+), and 

myeloid cells (CD11b+ CD45+) were decreased in animals lacking LRP1 expression in 
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OPCs, compared to control mice (Fig. 6c-f). T regulatory cell (TCRβ+ CD4+ FoxP3+) 

numbers were equivalent in the spinal cord and the draining inguinal lymph nodes across 

genotypes during EAE (Fig. S6b). Importantly, the number of OPCs (CD45- PDGFRα+) 

was similar across genotypes (Fig. 6g-i). 

To rule out immune dysfunction in Lrp1fl/flOlig1Cre mice as the driver of our 

immunomodulatory phenotype, we tested the antigen recall response of lymph node T 

cells 7 days after immunization. Treatment with the MOG35-55 peptide resulted in a mild 

increase in IFNγ without significant differences in the production of IL-17A, as determined 

by multiplex immunoassay (Fig. 6j, k). Importantly, the analysis of the spleen 7 days post-

immunization did not reveal differences in T cell numbers (Fig. S6c), ruling out an LRP1-

dependent defect in immunization as the origin of our phenotype. EAE resistance was not 

due to the baseline differences in immune cell composition, as demonstrated by 

immunophenotyping analysis of the immune organs of Lrp1fl/flOlig1Cre and Olig1Cre 

animals under homeostatic conditions (cervical lymph nodes and spleen; Fig. S6d-f). One 

exception being a small decrease in the frequency of CD8 T cells in naïve spleens of 

Lrp1fl/flOlig1Cre. Taken together, our results show that mice lacking LRP1 expression in 

OPCs have reduced inflammation in EAE, paralleling our results obtained with the 

cuprizone model. 
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Figure 6 Deletion of LRP1 in OPCs is protective in experimental autoimmune encephalomyelitis. (a) 
EAE clinical scores and (b) incidence of disease in Olig1cre and Lrp1fl/flOlig1cre female mice (EAE scores: 
Mann-Whitney U test, *p<0.05, n=13-18 mice with disease per genotype; incidence: Log-rank test, 
***p<0.0001, n=18-19 total mice per genotype; 2 independent experiments combined). (c) Representative 
flow plots and (d-f) quantification of immune cells in EAE spinal cords on day 17 after immunization 
(unpaired t-test; n=4 mice per genotype; **p<0.01). (g) Representative flow cytometry plots and (h,i) 
quantification of oligodendroglial cells in EAE spinal cords on day 17 after immunization (unpaired t-test; 
n=3-4 mice per genotype). (j) Levels of IL-17A and (k) IFNγ from splenocytes after antigen restimulation 
with MOG35-55 (Two-way ANOVA, *p=0.0184; 2 independent experiments combined). 

 

LRP1 regulates antigen cross-presentation by OPCs. 

Recently, OPCs have been shown to cross-present antigen via MHC1 in 

demyelinating conditions (Kirby et al., 2018a). Antigen cross-presentation was of 

particular interest because of the documented role of LRP1 in internalizing antigenic 

stimuli that is processed and presented to CD8 T cells via MHC1 (Subramanian et al., 

2014, Hart et al., 2004, Binder and Srivastava, 2004, Basu et al., 2001). We began by 

measuring the expression of MHC1 at the peak of EAE in Lrp1fl/flOlig1Cre and Olig1Cre 

mice and found that LRP1-deficient OPCs have significantly lower levels of MHC1 (Fig. 

7a, b). We next examined myeloid cells (CD45+ CD11b+) and detected two populations 

based on MHC1 expression (MHC1Mid and MHC1High, Fig. 7c-e). Backgating showed that 

MHC1High cells are CD45High CD11b+ and that MHC1Mid cells are CD45Mid CD11b+ (Fig. 

7f); an expression pattern that has been used to loosely classify microglia and invading 

myeloid cells (Denker et al., 2007). Our results suggest that MHC1 expression does not 

change in CD45Mid CD11b+ MHC1Mid (microglia, Fig. 7d) but is decreased in CD45High 

CD11b+ MHC1High (peripheral myeloid cells, Fig. 7e).  Next, we isolated OPCs and 

myeloid cells from EAE spinal cords to further explore antigen cross-presentation defects 

in LRP1-deficient OPCs and the consequences on the inflammatory environment (Fig. 

S7a, b). The labeling strategy for cell sorting was designed to eliminate contaminating 

63



 

endothelial cells (CD31+) and pericytes (CD13+) that are known to also express PDGFRα 

(Fig. 7g). RNA-sequencing analysis revealed decreased expression of antigen cross-

presentation machinery, including MHC1, in OPCs (PDGFRα+) lacking LRP1 (Fig. 7h). 

Excitingly, decreased MHC1-related gene expression was conserved in our cuprizone 

model RNA-sequencing data set (Fig. 7i). Because myeloid cells are critical orchestrators 

of demyelination (Ajami et al., 2011, Goldmann et al., 2013), we also analyzed gene 

expression in isolated myeloid cells (CD45+ CD11b+) from the spinal cords of 

Lrp1fl/flOlig1Cre and Olig1Cre mice subjected to EAE. We found that the inflammatory 

response to IFNγ, a cytokine produced by antigen-stimulated CD8 and CD4 T cells, was 

robustly elevated in myeloid cells from Olig1Cre mice, when compared to the cells from 

Lrp1fl/flOlig1Cre mice (Fig. 7j). This observation also phenocopied our cuprizone results, 

as IFNγ response genes were also decreased in remyelinating corpus callosum of 

Lrp1fl/flOlig1Cre mice (Nos2, Ccl5, Nlrc5; Fig. 5g). We next quantified CD8 T cells present 

in the brain of cuprizone-fed mice, and EAE spinal cords and did not detect any significant 

changes between genotypes (Fig. S8a, b, d, e). However, the number of CD8 T cells 

associating with OPCs (Fig. 7k) was trending lower in the cuprizone and EAE models in 

Lrp1fl/flOlig1Cre mice (Fig. S8 c, f). To assess the role of LRP1 in antigen cross-

presentation, we treated primary OPCs with IFNγ to induce MHC1 expression (Kirby et 

al., 2018b). OPCs were then incubated with ovalbumin (OVA) protein in the presence or 

absence of RAP, an LRP1 inhibitor (Herz et al., 1991). After a media wash, OPCs were 

cocultured with OT-I CD8 T cells (OVA-specific) for 48h. Finally, CD8 T cell proliferation 

was quantified by flow cytometry. Our results show that blocking LRP1 with RAP is able 

to significantly decrease CD8 T cell proliferation in vitro (Fig. 7l). Taken together, our 
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results suggest that LRP1 deletion in OPCs may disrupt antigen cross-presentation to 

lymphocytes and thus could influence the function of T cells and myeloid cells in the 

demyelinating CNS. 
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Figure 7 LRP1 modulates MHC1-dependent antigen presentation in OPCs. (a) Representative 
histograms and (b) MHC1 expression in PDGFRα+ and (c-e) CD45+ CD11b+ cells from EAE spinal cords 
(day 17) detected by flow cytometry in Olig1cre and Lrp1fl/flOlig1cre mice (unpaired t-test, ***p<0.0001, 
**p=0.0076; n=6-7 mice per genotype; 2 independent experiments combined). (f) Backgating of MHC1 Mid 
(Middle) and Hi (High) expressing CD45+ CD11b+ cells in (c). (g) FACS gating strategy for sorting PDGFRα+ 
and CD45+ CD11b+ cells from EAE spinal cords (gates based on FMOs; CD31: endothelial cells; CD13: 
pericytes; SSC: side scatter area). (h) Antigen presentation genes downregulated in PDGFRα+ cells from 
Lrp1fl/flOlig1cre EAE spinal cords.  (i) Antigen presentation genes downregulated in the remyelinating corpus 
callosum of Lrp1fl/flOlig1cre mice. (j) Genes related to IFNγ response in CD45+ CD11b+ cells from EAE spinal 
cords (GO:0034341). Heat map has a normalized count scale with z-score normalization. (k) OPC-CD8 cell 
association in the EAE spinal cord. Scale bar 10µm. (l) Histogram and quantification of OT-I CD8 T cell 
proliferation after coculture with OVA-laden OPCs in the presence or absence of RAP, an LRP1 inhibitor 
(n=3 independent cocultures; paired t-test, *p=0.0484). 

 

D. DISCUSSION 

Understanding the mechanisms that control neuroinflammation and promote 

neuroprotection in MS is paramount for the development of critically needed therapeutics. 

Here, we have presented evidence further highlighting the role of OPCs in actively 

shaping the neuroinflammatory landscape. Using two distinct models of demyelination, 

we have shown that the immunomodulatory function of OPCs relies on the multifunctional 

receptor LRP1. The specific removal of LRP1 in OPCs (Lrp1fl/flOlig1Cre or 

Lrp1fl/flPdgfraCreERt2 mice) reduces the inflammatory response during CNS demyelination 

and promotes repair and neuroprotection. 

Intriguingly, in our hands, Lrp1fl/flOlig1Cre mice appear to have unperturbed 

developmental myelination, in contrast with a recent study that utilized Olig2-Cre 

mediated deletion of LRP1 (Lin et al., 2017). We did not observe myelin ultrastructure 

abnormalities in adult Lrp1fl/flOlig1Cre animals, though we noted modestly decreased MBP 

and CNP expression in the cerebrum of these mice. There are several possible 

explanations for the observed differences in the role of LRP1 in developmental 

myelination between our study and Lin et al (Lin et al., 2017). One, it is possible that a 

transient myelination deficit exists in Lrp1fl/flOlig1Cre mice at earlier developmental time 
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points, which is not apparent in the adult animals we examined. The slight decrease in 

MBP and CNP expression detected in the cerebellum, but not present in the cerebrum, 

could be linked to the significant difference in myelin quantity between these two CNS 

regions. Perhaps, a mild developmental myelin defect is only detectable in heavily 

myelinated areas in our strain, but the role of LRP1 in pathological inflammatory 

conditions (antigen cross-presentation) outweighs this mild phenotype. Furthermore, we 

did not observe differences in the in vitro differentiation of OPCs (isolated from newborn 

mice) after either genetic or pharmaceutical inactivation of LRP1. Second, our mouse 

model employs the use of the Olig1-Cre knock-in allele (Lu et al., 2002). Because Olig1 

deficiency has been reported to cause remyelination and developmental myelination 

deficits (Arnett et al., 2004, Dai et al., 2015), we utilized Olig1Cre animals as controls for 

Lrp1fl/flOlig1Cre mice (to minimize any differences due to the inactivation of one Olig1 

allele). Such consideration could perhaps mask the subtle LRP1-dependent phenotype 

observed during myelin formation by Lin et al. (Lin et al., 2017). Third, there are 

fundamental differences in the models selected for our study - cuprizone and EAE are 

associated with extensive demyelination and induction of immune responses, compared 

to the focal lysolecithin demyelination model used by Lin et al. (Ransohoff, 2012). 

In this study, we demonstrate that the removal of LRP1 in OPCs is associated with 

a better outcome in animal models of demyelination (cuprizone and EAE). This 

improvement was not due to a direct effect on the differentiation of OPCs into 

oligodendrocytes, but was mediated by the modulation of the inflammatory environment. 

Specifically, we observe a downregulation of genes involved in MHC1 antigen cross-

presentation in LRP1-deficient OPCs. In addition, the CNS of these mice also presents 
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with a dampened inflammatory profile. Our results are consistent with a previous study 

that shows wild type OPCs upregulate antigen cross-presentation machinery in the 

demyelinating CNS (Falcao et al., 2018b). LRP1 blockade or genetic deletion has been 

shown to prevent antigen presenting cells from engulfing exogenous peptides or apoptotic 

cells, thereby negatively affecting MHC1-mediated cross-presentation (Binder et al., 

2000, Binder and Srivastava, 2004, Subramanian et al., 2014). We propose OPCs 

internalize antigen in an LRP1-dependent fashion, which is then processed and cross-

presented to CD8 T cells during CNS demyelination (Fig. 8). CD8 T cells can then engage 

in a multitude of effector functions to exacerbate CNS pathology, for example, production 

of perforin and granzyme B, or secretion of IFNγ and TNFα (Zhang and Bevan, 2011). It 

has been well documented that IFNγ and TNFα can stunt OPC differentiation (Lin et al., 

2006, Chew et al., 2005). Furthermore, CD8-derived IFNγ plays a crucial role in EAE 

pathogenesis, specifically in models where oligodendrocytes are engineered to cross-

present antigen to CD8 lymphocytes (Huseby et al., 2001, Ford and Evavold, 2005, Na 

et al., 2008, Na et al., 2009). Indeed, we observed a downregulation of cross-presentation 

machinery in LRP1-deficient OPCs, which is accompanied by decreased expression of 

IFNγ-related genes in the CNS (Fig. 5g; Fig. 7h). Another possible explanation for our 

results is the potential role of LRP1 on cell migration (Lillis et al., 2008). Perhaps, LRP1-

deficient OPCs migrate faster to the site of remyelination from adjacent regions of the 

parenchyma or stem cell niches to accelerate myelin repair (Butti et al., 2019). 

Our results are in agreement with recent work showing that OPCs can participate 

in antigen-cross presentation and activate CD8 T cell effector functions, leading to 

impaired myelin repair in the cuprizone model (Kirby et al., 2018a). Future studies will be 
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critical to understand if LRP1 is needed to mediate CD8 T cell cytotoxicity toward OPCs 

in the context of MS and to identify the antigens involved in this pathological process. 

Other studies are also needed to determine if the change of the inflammatory environment 

is downstream of CD8 T cells or an independent arm of LRP1 function in OPCs. Clearly, 

LRP1 in OPCs might also influence other immune cells such as CD4 and myeloid cells in 

the context of demyelination; further work is needed to tease apart the effect of LRP1 in 

OPCs on different inflammatory cell types. 

Based on our results, targeting LRP1 in the context of MS appears to be an 

attractive therapeutic intervention, but caution should be taken due to the pleiotropic and 

multifunctional nature of LRP1 (Gonias and Campana, 2014). Other cells in the CNS, 

such as microglia and neurons, express LRP1 and LRP1 function can vary greatly across 

cell types (Lillis et al., 2008). LRP1 deletion in microglia results in higher pro-inflammatory 

cytokines and increased EAE severity (Chuang et al., 2016). This phenotype is mediated 

in part by increased NF-κB activity (Chuang et al., 2016). Yet, abrogating NF-κB signaling 

in oligodendroglia does not mirror the findings presented here (Raasch et al., 2011), 

strengthening the point that other LRP1-dependent mechanism(s) are at play in our 

system. Furthermore, LRP1 deletion in neurons has been reported to be associated with 

motor dysfunction, likely due to impaired neurotransmission (May et al., 2004). While the 

precise targeting of LRP1 in OPCs might be technically challenging, future studies are 

needed to determine upstream and downstream pathways associated with LRP1 to 

discover OPC-based treatments to promote remyelination and neuroprotection. 
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Figure 8 Proposed model by which LRP1 in OPCs regulates the inflammatory landscape. OPCs expressing LRP1 
are present in areas of CNS demyelination. LRP1 can mediate the internalization of exogenous antigen that is then 
processed and cross-presented via MHC1 to CD8 lymphocytes. This cross-presentation can activate CD8 effector 
functions, which can further exacerbate CNS pathogenesis. 

 

E. METHODS 

Human subjects 

Fresh-frozen brain tissues from multiple sclerosis patients with pathological evaluations 

were obtained from the Rocky Mountain MS center Brain Bank.  

 

Animals 

Mice in the C57BL/6J background with loxP sites flanking the LRP1 gene (Jackson 

#012604) were crossed with Olig1Cre/Cre (Jackson #011105) or PdgfraCreERt2 (Jackson 
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#018280) mice to generate Lrp1fl/flOlig1Cre mice and Lrp1fl/flPdgfraCreERt2. Olig1Cre mice 

were used as a negative control across all the studies when using Lrp1fl/flOlig1Cre mice. 

Lrp1fl/flPdgfraCreERt2- mice were used as negative controls when studying 

Lrp1fl/flPdgfraCreERt2+ mice. Mice were maintained in the C57BL/6J background by 

performing backcrossing every 2-3 generations. OT-I mice were purchased from Jackson 

(#003831). Mobp-EGFP mice were purchased from MMRRC (#030483-UCD). The age 

of experimental animals is indicated in Table S1. All animal experiments were approved 

and complied with regulations of the Institutional Animal Care and Use Committee at 

University of Virginia (#3918). 

 

Reagents 

Primary antibodies used for immunofluorescence were against LRP1 (ab92544, 1:5000, 

Abcam), PDGFRα (AF1062, 1:200, R&D Systems), CC1 (OP80, 1:200, Millipore), Olig2 

(AB9610, 1:500, Millipore), Olig2 (MABN50, 1:500, Millipore), MBP (ab7349, 1:500, 

Abcam), CD8 (14-0081-82, 1:200, eBioscience), and Ki67 (ab15580, 1:300, Abcam). 

Primary antibodies used for immunoblotting were against LRP1 (L2170, 1:1000, Sigma), 

MBP (SMI-94, 1:1000, Covance), CNP (CNP, 1:2000, Aves Labs), and actin (A2228, 

1:5000, Sigma). GST-RAP was expressed in bacteria and purified as previously 

described (Herz et al., 1991). 

 

Animal models of demyelination 

For the cuprizone model, adult male mice (ages in Table S1) were fed regular chow mixed 

with 0.3% cuprizone (Sigma #14690) ad libitum for 5 weeks to induce demyelination as 
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previously described (Sachs et al., 2014). For EAE, Lrp1fl/flOlig1Cre and Olig1Cre mice were 

immunized and scored as previously described (Seki et al., 2017). 

 

Tamoxifen (T5648, Sigma) was prepared at 20mg/mL in 0.2µm filtered corn oil (C8267, 

Sigma) by shaking overnight at 37°C. Lrp1fl/flPdgfraCreERt2 adult mice received two IP 

injections of 200mg/kg tamoxifen, 2 days apart. No more than 4mg tamoxifen per injection 

was administered to adult mice. Mice were allowed to recover for 4 weeks after the final 

tamoxifen injection before EAE immunizations. Lrp1fl/flPdgfraCreERt2- and 

LRP1fl/flPdgfraCreERt2+ mice were immunized twice, three weeks apart, due to the 

immunomodulatory effects of tamoxifen (Gonzalez et al., 2016, Behjati and Frank, 2009). 

EAE scores for Lrp1fl/flPdgfraCreERt2 mice were collected after the second immunization. 

 

Immunofluorescence and transmission electron microscopy 

Mice were euthanized and perfused with PBS containing 5U/mL heparin followed by 10% 

buffered formalin. Tissue was post-fixed at least 24h and allowed to sink in 20% sucrose 

at 4°C. Free-floating cryosections were cut (30-40µm) and collected in PBS containing 

0.02% sodium azide and stored at 4°C until further analysis. Sections were blocked in 

PBS, 0.3% Triton-X 100, 1% BSA, 2% serum for at least 2h at room temperature. When 

using mouse antibodies on mouse tissue, M.O.M Blocking Reagent (Vector Labs) was 

also used for 1h at room temperature. Sections were then placed in primary antibody 

cocktail overnight at 4°C. Tissue was washed three times in PBS, incubated in 

corresponding secondary antibodies at 2µg/mL (Jackson Immuno Research), and 

counterstained with Hoechst. Sections were mounted using Aqua-Mount (Lerner Labs) 
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mounting medium, imaged using a Leica TCS SP8 confocal microscope, and analyzed in 

Imaris (Bitplane) or Fiji (Schindelin et al., 2012). Mouse tissue was prepared for 

transmission electron microscopy as previously described (Marcus et al., 2006). Fresh-

frozen human tissue samples were acquired from the Rocky Mountain MS Center Tissue 

Bank at the University of Colorado. 

 

Immunoblot 

Cerebrum and cerebellum protein were extracted in RIPA buffer with cOmplete Protease 

Inhibitor Cocktail (Roche). Lysates were centrifuged (13,000 x g, 4°C) for 15min and 

protein concentration was quantified using BCA assay. Protein samples were loaded on 

a Protean TGX gel (Bio-Rad) and transferred into a PVDF membrane. Membranes were 

blocked in 5% milk in TBS-Tween 0.1% for 1h at room temperature and primary antibody 

was incubated overnight at 4°C. Washes were performed in TBS-Tween 0.1% and 

membranes were incubated with secondary antibodies conjugated to HRP (Amersham) 

for 1h at room temperature and developed using Western Lightning Plus ECL (Perkin 

Elmer). Densitometry was performed using Fiji (Schindelin et al., 2012). 

 

RNA sequencing and analysis 

Mice were euthanized and perfused with PBS containing 5U/mL heparin. The brain was 

harvested and coronal slices were cut using an adult mouse matrix (69080-C, Electron 

Microscopy Sciences). Coronal slices (cut to include bregma -0.88 to -1.855) were 

prepared from untreated animals (3mm thick) and cuprizone-treated animals (2 mm) to 

normalize total RNA quantity. The corpus callosum was then micro-dissected, flash-
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frozen in liquid nitrogen, and RNA was extracted using the Isolate II RNA Mini Kit (Bioline). 

OPCs and myeloid cells from EAE spinal cords were sorted using a BD FACSAria Fusion, 

and RNA was extracted using the Isolate II Micro Kit (Bioline). RNA-seq (Illumina) was 

performed by the Genomic Sciences Lab or the Genome Analysis and Technology Core 

at the University of Virginia. The sequencing data have been deposited in the National 

Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) and is 

accessible through GEO Series accession number GSE136863. 

 

Quantified reads mapped to Ensembl gene transcript IDs and imported into the R-

programming environment with the tximport R package. Gene dispersion values were 

estimated using DESeq2 (v1.22.1), after which pairwise comparisons were made 

between cuprizone-fed and untreated mice at each timepoint (3wk, 5wk, 5.5wk) after 

cuprizone administration. The resulting differentially expressed genes were selected 

using a q-value threshold of 0.05. From these lists, any genes that were found to be 

differentially expressed between Lrp1fl/flOlig1Cre and Olig1Cre mice at 0 weeks after 

cuprizone administration were removed (Table S2) from the gene lists obtained from 

pairwise comparisons between genotypes in the subsequent three time points. These 

gene lists were further subdivided into “up-regulated” and “down-regulated” gene lists 

using log2 fold change (L2FC) thresholds of ±log2(1.5). 

 

Resulting gene lists from the differential expression analysis were imported into the R 

package ClusterProfiler (v3.10.1) to perform an over-representation analysis on gene lists 

against the Gene Ontology Consortium’s Biological process (BP) database (v3.7.0). In 
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this implementation, Fischer’s exact test was applied to each gene list against a 

background of all genes in the data set while excluding the genes that were differentially 

expressed among genotypes before cuprizone administration (0wk). Any Gene Ontology 

terms with a q-value greater than 0.05 were thrown out as insignificant. 

 

Curated gene lists were made from the lists of differentially expressed genes to represent 

genes specific for neuroinflammation, myelination and oligodendrocyte identity. The 

corresponding DESeq2 normalized counts were visualized using the R package 

pheatmap (v1.0.10) and standardized with z-score normalization across all samples. Up 

Set plots were created using the R package UpSetR (v1.3.3). 

 

Flow cytometry 

Flow cytometric analyses were performed as previously described (Seki et al., 2017). 

eBioscience antibodies were used unless otherwise specified: TCRβ (H57-597), CD4 

(RM4-5), CD8 (53-6.7), CD19 (eBio1D3), CD45 (30-F11), CD11b (M1/70), CD44 (IM7), 

CD62L (MEL14), CD11c (N418), Ly6G (1A8), PDGFRα (APA5), O4 (O4; Miltenyi), CD13 

(R3-242; BD), CD31 (390; BioLegend), MHC1 (28-8-6; BioLegend), and CD16/CD32 

(93). Viability was assessed using a Zombie Aqua Fixable Viability kit (cat. no. 423101, 

BioLegend) or Ghost Dye Violet 510 (cat. no. 13-0870, Tonbo Biosciences). 

 

Antigen Recall 

Single cell suspensions were prepared from inguinal lymph nodes 7 days after 

immunization as previously described (Seki et al., 2017). Cells were treated with various 
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concentrations of MOG35-55 peptide for 48-72h and the concentration of secreted IFN-γ 

and IL-17A was determined using a Luminex multiplex immunoassay. 

 

Primary OPC cultures 

Primary OPC cultures were prepared from P4-8 mouse pups as previously described with 

minor modifications (Emery and Dugas, 2013). In short, cortices were dissected and the 

meninges was removed before being digested in 4-5mL Accutase (A1110501, Thermo 

Fisher) for 45min at 37°C in 5% CO2 and triturating every 15min. Cell suspensions were 

then filtered through a 40µm strainer, spun down, resuspended in panning buffer, and 

sequentially incubated in two BSL-1 plates, and finally a rat anti-PDGFRα (APA5) coated 

plate to select for OPCs. Cells were cultured and expanded for 6 days in poly-L-lysine 

coated tissue culture plates in OPC proliferation media (DMEM, Pen/Strep, B27, N2, 

CNTF, NT-3, PDGF-AA, forskolin), and then replated in OPC differentiation media 

(DMEM, B27, N2, CNTF, T3, forskolin) for 2-3 days to generate oligodendrocytes for gene 

expression analysis. 

 

The following assay was performed by Renovo Neural (Cleveland, OH). In brief, OPCs 

from Plp-EGFP mice were plated at a density of ~7,000 cells per well in a 96-well plate. 

Cells were treated with RAP, 0.1% DMSO, and T3 (six wells per condition) in OPC 

differentiation media for 5 days, with one media change at 48h. Cells were then fixed with 

4% PFA, stained with Hoechst, and 20 images per well were captured using a Cellomics 

VTI scanner. Total and pyknotic nuclei, as well as EGFP+ cells were quantified. 
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Antigen Cross-Presentation Assay 

Assay was performed as described with minor modifications(Kirby et al., 2018b). Cultured 

OPCs were plated in a 96-well plate at 20,000 cells per well. The next day, OPCs were 

treated with 10ng/mL IFNγ for 12h. OPCs were then pre-treated with 300nM GST-RAP 

or GST (vehicle) for 1h in IFNγ-containing OPC media. Next, OPCs were incubated with 

500µg/mL of OVA (77120, Thermo Fisher) in IFNγ-containing OPC media in the presence 

of GST-RAP or GST for 8h. During the 8h OVA incubation, OT-I CD8 T cells were isolated 

(19853, Stem Cell Technologies) from spleen and lymph nodes and labeled with Cell 

Proliferation Dye e450 (65-0842-85, eBioscience). OPCs were then washed with PBS 

and 160,000 OT-I CD8 T cells were added in a 50/50 mix of RPMI complete and OPC 

media. OT-I CD8 T cell proliferation was examined using flow cytometry after 48h of 

coculture. 

 

RT-qPCR 

RNA was extracted using the Isolate II Mini Kit (Bioline). cDNA was prepared using iScript 

cDNA Synthesis Kit (Bio-Rad) or SensiFAST cDNA Synthesis Kit (Bioline). RT-qPCR was 

performed using NO-ROX SensiFAST Probe or SYBR Mix (Bioline). Taqman probes 

(Thermo Fisher) were used for Mbp, Cnp, Lrp1, and Gapdh. Primers were used for Mrf 

(Forward: CGGCGTCTCGACAGCCTCAA, Reverse: 

GACACGGCAAGAGAGCCGTCA). Samples were run and analyzed on a PikoReal PCR 

system (Thermo Fisher). 

 

 

78



 

Statistical Analyses 

All statistical analyses were performed in Prism 8 (GraphPad software). The results of the 

statistical tests are presented within the results section. For all analyses, significance was 

set at p<0.05. Repeats for each experiment, are indicated in the figure legend 

corresponding to the respective panel. 
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Fig. S1 LRP1 expression in mature oligodendrocytes (a) Corpus 
callosum staining with rabbit anti-LRP1 antibody and rabbit isotype 
control. Scale bar 30µm. (b) Brain (corpus callosum) and spinal cord 
(dorsal horn) slices from Mobp-EGFP reporter mice stained for LRP1. 
Dashed lines demarcate white matter borders. Scale bars 50µm.
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Fig. S2 Silencing of LRP1 in OPCs does not affect neuronal and 
myeloid compartments (a) qPCR for Lrp1 from cultured OPCs 
(unpaired t-test, **p=0.0077; n=3 mice per genotype; error bars 
represent +/- SEM). (b) Western blot for LRP1 and actin from cultured 
OPCs (2 mice per genotype). (c) Cortical slices stained for LRP1 and 
NeuN from Olig1Cre and Lrp1fl/flOlig1Cre mice (upper panels). IBA1 
staining in cortical slices from Olig1Cre and Lrp1fl/flOlig1Cre mice (lower 
panels). Scale bar 100µm.
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Fig. S3 OPCs and oligodendrocytes in the naïve and demyelinating corpus callosum (a) 
Schematic illustrating the cuprizone diet timeline and the timepoints at which the corpus callosum 
was imaged in Olig1Cre and Lrp1fl/flOlig1Cre mice. (b) Representative images of OPCs and (c) mature 
oligodendrocytes in the untreated corpus callosum. (d) Representative images of OPCs and (e) 
mature oligodendrocytes in the demyelinating corpus callosum.
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Fig. S4 MBP staining during demyelination and G-ratio 
analysis in the remyelinating corpus callosum (a) MBP 
immunofluorescence staining at 4 weeks of cuprizone treatment in 
the corpus callosum of Olig1Cre and Lrp1fl/flOlig1Cre mice. Scale bars 
1000µm. (b) Calculated g-ratios from axons in the remyelinating 
(0.5 Wk Rem) corpus callosum of Olig1Cre and Lrp1fl/flOlig1Cre mice 
(linear regression analysis with slopes comparison).
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Fig. S5 RNA-seq analysis of the corpus callosum over the course of cuprizone treatment (a) 
Schematic illustrating the cuprizone diet timeline and timepoints at which the corpus callosum was 
dissected and analyzed by RNA-seq. (b) Heat map of myelination- and (c) inflammation-related 
genes in Olig1Cre and Lrp1fl/flOlig1Cre mice. Heat maps have a normalized count scale with z-score 
normalization. (d) Staining and (e) quantification of IBA1 in the corpus callosum of Olig1Cre and 
Lrp1fl/flOlig1Cre mice after 5 weeks of cuprizone treatment (unpaired t-test; n=3-4 mice per genotype; 
error bars represent +/- SEM). Scale bar 50µm.
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Fig. S6 Inflammatory phenotype in LRP1-deficient mice is not mediated by peripheral immune 
defects (a) EAE clinical scores and incidence from Lrp1fl/flPdgfrαCreERt2 mice (EAE scores: 
Mann-Whitney U test, *p<0.05; n=6 mice with disease per genotype; incidence: Log-rank test; n=8-11 
total mice per genotype). (b) Flow cytometric analysis of Tregs (TCRβ+ CD4+ FoxP3+) in the draining 
lymph nodes (inguinal) and spinal cord during EAE in Olig1Cre and Lrp1fl/flOlig1Cre mice (unpaired t-test; 
n=2-4 mice per genotype). (c) Representative flow plots and quantification of T cell subsets in the 
spleen 7 days after EAE immunization. (d) T and B cell populations in the cervical lymph nodes of 
naïve mice. (e) Myeloid cells and (f) T and B cell populations in the spleen of naïve mice (FSC: 
forward scatter height). Error bars represent +/- SEM.

85



−3

−2

−1

0

1

2

3

PDGFRα+ CD45+ CD11b+

Olig1Cre Lrp1fl/flOlig1Cre
a

20

10

0

10

40 0 40
PC1: 93% variance

P
C

2:
 4

%
 v

ar
ia

nc
e

Olig1Cre CD45+CD11b+

Olig1Cre PDGFRα+

Lrp1fl/flOlig1Cre CD45+CD11b+

Lrp1fl/flOlig1Cre PDGFRα+

b
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Fig. S8 CD8 cells in the cuprizone brain and EAE spinal cord. (a) Staining for 
CD8 (top panels), Olig2 and PDGFRα (lower panels) in the remyelinating brain 
(1 Wk Rem) of Olig1Cre and Lrp1fl/flOlig1Cre mice (dashed line outlines the corpus 
callosum). Scale bars 100µm. (b) Quantification of CD8 cells and (c) CD8-OPC 
interactions in remyelinating brains (unpaired t-test; n=3 mice per genotype). (d) 
Staining for CD8 (top panels), Olig2 and PDGFRα (lower panels) in EAE spinal 
cords (genotypes have similar disease scores; scale bars 75µm and 200µm, 
respectively.). (e) Quantification of CD8 cells and (f) CD8-OPC interactions in 
chronic EAE spinal cords (unpaired t-test; n=3 mice per genotype). Error bars 
represent +/- SEM. 87



Table S1 Ages of mice at experimental endpoints
Figure Panel Age (weeks)
Fig. 1a,b 8
Fig. 1d 16
Fig. 1e 16
Fig. 2a 35-42
Fig. 2b-d 22
Fig. 2e,f 8
Fig. 3b-e cohort 1 35-42
Fig. 3b-e cohort 2 34
Fig. 3b-e cohort 3 22-25
Fig. 3f-h cohort 1 34
Fig. 3f-h cohort 2 22-25
Fig. 4a,b cohort 1 34
Fig. 4a,b cohort 2 22-25
Fig. 4c,d 17
Fig. 5b-g 16-25
Fig. 6a,b cohort 1 17-22
Fig. 6a,b cohort 2 12-16
Fig. 6c-i 17-24
Fig. 6j,k 26
Fig. 7a-f cohort 1 17-24
Fig. 7a-f cohort 2 27
Fig. 7g-j 14-17
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Table S2 Differentially expressed genes in the corpus callosum  of Olig1 Cre  and Lrp1 fl/fl Olig1 Cre  mice at week 0
ENSEMBL baseMean log2FoldChange lfcSE stat pvalue padj SYMBOL Up/Down in Lrp1 fl/fl Olig1 Cre

ENSMUSG00000068396 421.2400213 9.530674878 1.736238796 5.489265013 4.04E-08 8.46E-05 Rpl34-ps1 Up
ENSMUSG00000028736 37.47535702 9.02157036 2.270849669 3.972773047 7.10E-05 0.027931427 Pax7 Up
ENSMUSG00000001504 48.48650706 7.970635908 1.863623722 4.276955596 1.89E-05 0.01291707 Irx2 Up
ENSMUSG00000053747 12.55659766 7.471338108 1.751783964 4.264988298 2.00E-05 0.013003975 Sox14 Up
ENSMUSG00000097623 11.18597684 6.551515034 1.516299073 4.320727455 1.56E-05 0.011283259 B230323A14Rik Up
ENSMUSG00000034384 10.36146052 6.517949801 1.425595754 4.572088393 4.83E-06 0.004470185 Barhl2 Up
ENSMUSG00000015619 35.09825765 6.456802394 1.194455419 5.405645359 6.46E-08 0.000121815 Gata3 Up
ENSMUSG00000034917 20.06535515 6.210961029 1.588280445 3.910493925 9.21E-05 0.033413795 Tjp3 Up
ENSMUSG00000026805 19.56004358 6.043340257 1.597548017 3.782884892 0.000155021 0.046417751 Barhl1 Up
ENSMUSG00000039217 39.14688581 6.012681851 1.386571577 4.336366007 1.45E-05 0.01093038 Il18 Up
ENSMUSG00000059246 18.50645027 5.967154128 1.501081423 3.975236811 7.03E-05 0.027931427 Foxb1 Up
ENSMUSG00000048349 100.4290744 5.619795882 1.467248871 3.8301586 0.000128061 0.040863014 Pou4f1 Up
ENSMUSG00000027833 68.25695807 5.582516376 1.283151106 4.350630529 1.36E-05 0.01093038 Shox2 Up
ENSMUSG00000028280 5.940707506 5.171579938 1.351310943 3.827083593 0.00012967 0.040863014 Gabrr1 Up
ENSMUSG00000000263 17.49708288 4.149583683 1.031500597 4.022861154 5.75E-05 0.026452626 Glra1 Up
ENSMUSG00000018486 8.831628702 4.131912452 1.100040539 3.756145621 0.00017255 0.04993454 Wnt9b Up
ENSMUSG00000031734 23.81825338 3.924533766 1.014238242 3.869439746 0.000109086 0.037414424 Irx3 Up
ENSMUSG00000073555 40.180958 3.639119902 0.932770798 3.901408482 9.56E-05 0.034038706 Gm4951 Up
ENSMUSG00000010476 94.56881644 3.173719797 0.827496831 3.835325622 0.000125398 0.040863014 Ebf3 Up
ENSMUSG00000011658 86.48116341 3.074140031 0.773822705 3.97266714 7.11E-05 0.027931427 Fuz Up
ENSMUSG00000015652 69.46564362 3.020226594 0.696081089 4.338900515 1.43E-05 0.01093038 Steap1 Up
ENSMUSG00000028717 155.9155353 2.845562154 0.590197912 4.821369401 1.43E-06 0.001582091 Tal1 Up
ENSMUSG00000020264 12.72961554 2.730695834 0.721681133 3.783798286 0.000154453 0.046417751 Slc36a2 Up
ENSMUSG00000031111 220.6344737 2.251598642 0.493146305 4.565782244 4.98E-06 0.004470185 Igsf1 Up
ENSMUSG00000030111 3015.893843 2.171765339 0.421805924 5.148731247 2.62E-07 0.000412264 A2m Up
ENSMUSG00000058174 44.60359428 1.406446466 0.302718681 4.646051109 3.38E-06 0.003359273 Gm5148 Up
ENSMUSG00000026042 147.9687002 1.371897225 0.322869909 4.249071186 2.15E-05 0.013497739 Col5a2 Up
ENSMUSG00000047181 694.7309031 1.136422284 0.230525264 4.929708199 8.24E-07 0.000970936 Samd14 Up
ENSMUSG00000041741 148.6116826 1.126290706 0.222945187 5.051872701 4.37E-07 0.000589499 Pde3a Up
ENSMUSG00000001665 114.8214899 0.906853974 0.222096184 4.083158733 4.44E-05 0.02290317 Gstt3 Up
ENSMUSG00000021338 595.167337 0.770960846 0.185698329 4.151684349 3.30E-05 0.018311244 Carmil1 Up
ENSMUSG00000070003 1051.250896 0.743426912 0.197887787 3.756810479 0.000172093 0.04993454 Ssbp4 Up
ENSMUSG00000021010 415.3598054 0.626778105 0.156023944 4.017191767 5.89E-05 0.026452626 Npas3 Up
ENSMUSG00000022842 521.3676328 0.611221364 0.159903453 3.82244005 0.000132138 0.040863014 Ece2 Up
ENSMUSG00000025911 353.7523585 0.590167477 0.153232652 3.85144725 0.000117422 0.03955438 Adhfe1 Up
ENSMUSG00000028648 902.5765363 0.567960494 0.144037475 3.943143911 8.04E-05 0.030340995 Ndufs5 Up
ENSMUSG00000020022 970.6741304 0.547566286 0.102303218 5.352385755 8.68E-08 0.000148858 Ndufa12 Up
ENSMUSG00000032393 3009.22146 -0.284923446 0.066659502 -4.274311078 1.92E-05 0.01291707 Dpp8 Down
ENSMUSG00000040472 645.1176357 -0.321813847 0.080849648 -3.980398851 6.88E-05 0.027931427 Rabggta Down
ENSMUSG00000020458 10287.49286 -0.33538891 0.089364748 -3.753033698 0.000174707 0.04993454 Rtn4 Down
ENSMUSG00000026678 1109.633241 -0.44228736 0.111271328 -3.974854683 7.04E-05 0.027931427 Rgs5 Down
ENSMUSG00000055447 2634.556336 -0.616731154 0.111794282 -5.516660969 3.46E-08 8.15E-05 Cd47 Down
ENSMUSG00000029822 534.8044443 -0.620285526 0.150414901 -4.123830303 3.73E-05 0.02008334 Osbpl3 Down
ENSMUSG00000030067 926.4256622 -0.655569697 0.171346553 -3.825987079 0.000130249 0.040863014 Foxp1 Down
ENSMUSG00000021113 368.5847104 -0.920066736 0.184733944 -4.980496351 6.34E-07 0.000797588 Snapc1 Down
ENSMUSG00000049044 10111.08226 -0.967815674 0.244361416 -3.960591196 7.48E-05 0.028782781 Rapgef4 Down
ENSMUSG00000054000 58.70720416 -0.979590916 0.242800644 -4.034548255 5.47E-05 0.026452626 Tusc1 Down
ENSMUSG00000078894 209.0884403 -1.461538794 0.377514264 -3.871479656 0.000108177 0.037414424 2210418O10Rik Down
ENSMUSG00000090622 33.70827551 -1.526679645 0.363176917 -4.203680287 2.63E-05 0.015011731 A930033H14Rik Down
ENSMUSG00000041460 76.99514516 -1.594431686 0.364521437 -4.374040936 1.22E-05 0.010458158 Cacna2d4 Down
ENSMUSG00000026315 107.0030684 -1.77682184 0.447069186 -3.974377786 7.06E-05 0.027931427 Serpinb8 Down
ENSMUSG00000097325 20.50082525 -1.796406958 0.426051588 -4.216407141 2.48E-05 0.014632889 Gm16897 Down
ENSMUSG00000085956 15.3493593 -1.931422114 0.455358589 -4.241540973 2.22E-05 0.013508471 NA Down
ENSMUSG00000039985 76.53830595 -2.070667921 0.508970515 -4.068345535 4.73E-05 0.02350461 Sinhcaf Down
ENSMUSG00000098702 144.6240394 -3.636872761 0.233142296 -15.59936922 7.35E-55 6.93E-51 1500015A07Rik Down
ENSMUSG00000054618 5.131686195 -3.785431095 0.962105531 -3.934527942 8.34E-05 0.03083353 NA Down
ENSMUSG00000044211 65.18925315 -4.138946576 0.868951404 -4.763150798 1.91E-06 0.001997418 NA Down
ENSMUSG00000067017 284.8246694 -4.492358243 0.477648304 -9.405159004 5.20E-21 2.45E-17 NA Down
ENSMUSG00000082536 450.8296124 -4.618081693 0.349168388 -13.22594441 6.22E-40 3.91E-36 NA Down
ENSMUSG00000047347 15.4528267 -5.585769586 1.010443997 -5.528034808 3.24E-08 8.15E-05 Tdg-ps Down
ENSMUSG00000085666 43.78297745 -6.073844302 0.674836738 -9.00046479 2.25E-19 8.48E-16 NA Down
ENSMUSG00000080893 185.4966096 -6.240963838 0.362462183 -17.2182482 1.94E-66 3.66E-62 NA Down
ENSMUSG00000049580 32.68772593 -7.006851592 1.37688116 -5.088929818 3.60E-07 0.000522518 Tsku Down
ENSMUSG00000081824 131.712625 -7.192723894 1.290232257 -5.574751254 2.48E-08 7.79E-05 NA Down
ENSMUSG00000061062 35.23638137 -7.411780592 1.842261284 -4.023197282 5.74E-05 0.026452626 NA Down
ENSMUSG00000057335 69.97080255 -15.99524949 3.919842067 -4.08058519 4.49E-05 0.02290317 Cep170 Down
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Chapter 5: Unanswered questions and future directions 

 

A. Overview 

In the previous chapter I have attempted to demonstrate that OPCs are active 

players in the neuroinflammatory landscape, and that this novel role is mediated in part 

by the multifunctional receptor LRP1. Using two models of CNS demyelination, I have 

shown that mice lacking LRP1 in OPCs have a dampened inflammatory response, 

resulting in increased remyelination (cuprizone) and a better clinical outcome (EAE). 

Mechanistic studies suggest that OPCs modulate inflammation by participating in antigen 

cross-presentation, and that antigen internalization is partially regulated by the scavenger 

receptor LRP1. Despite the advancement in our understanding of novel OPC function 

that this work has provided, there are still numerous questions that remain to be 

addressed. Here, I will discuss the implications of this work on CNS pathogenesis, as well 

as propose future studies to address unanswered questions. Finally, I would like to 

propose how to utilize the RNA sequencing data sets generated in my thesis project to 

discover novel MS therapeutics. 

 

B. Future directions 

Relevance in human disease 

My thesis work is only the third study to suggest OPCs participate in antigen cross-

presentation in the demyelinating CNS (Falcao et al., 2018, Kirby et al., 2019, Fernandez-

Castaneda et al., 2019). While I focused on the contribution of LRP1 to neuroinflammation 

during my graduate work, moving forward I would like to focus on better understanding 
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antigen cross-presentation by OPCs. Whether this process occurs in human disease 

remains to be determined. It is important to consider the limitations of existing studies and 

outline in vivo experiments to elucidate this process further. One important caveat to 

consider, is that the classic EAE model is characterized by pathogenic CD4 T cells 

(Stromnes and Goverman, 2006), which depend on antigen presentation via MHC2 for 

their activation and effector functions. In contrast, MS lesions are predominantly occupied 

by CD8 T cells (Machado-Santos et al., 2018), raising the possibility that antigen cross-

presentation via MHC1 might play a larger role in human disease than in mouse models. 

Investigating whether OPCs cross-present antigen to CD8 T cells in humans seems like 

an incredible challenge, but one that must be addressed. 

To begin with, I propose to perform immunostaining for CD8 and PDGFRα in MS 

tissue to quantify OPC-CD8 associations. The presence of these OPC-CD8 interactions 

would be great preliminary evidence to support the existence of cross-presentation in the 

human CNS.  Another ideal experiment would be to analyze fresh postmortem MS tissue 

by flow cytometry to examine MHC1 expression in OPCs, and perhaps even sort this cell 

population to conduct cross-presentation assays in vitro using human CD8 T cells. 

Considering the limited availability of fresh MS tissue, further experiments using mouse 

models will be necessary. 

 

Disrupting MHC1 function specifically in OPCs 

 The first genetic mouse model to perturb MHC1 function in a cell-type specific 

manner has been recently developed. This was achieved by flanking the B2m gene, a 

protein subunit of MHC1, with loxP sites in order to mediate its excisions by Cre 
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recombinase (Bern et al., 2019). Our laboratory has just obtained these mice, and they 

will be an invaluable tool to decipher the contribution of OPC antigen cross-presentation 

to neuroinflammation. These MHC1 loss-of-function experiments will be necessary to 

definitively claim OPCs participate in antigen presentation in vivo. I propose to generate 

a mouse where B2m deletion in the OPC population can be induced by the administration 

of tamoxifen (PdgfraCreERt2B2mfl/fl mice). After tamoxifen has been administered, I will 

subject these mice to the EAE model of CNS demyelination. This will allow me to inhibit 

antigen cross-presentation via MHC1 in OPCs, and evaluate its true effect on disease 

pathogenesis. 

Disease severity would be monitored in control (PdgfraCreERt2-B2mfl/fl) and 

PdgfraCreERt2+B2mfl/fl mice, and spinal cords would be collected at the onset (day 7-10) 

and peak of disease (day 16-19). Spinal cords will be processed for flow cytometry to 

analyze cell surface expression of MHC1 in OPCs, and to characterize immune cell 

infiltrates. I expect PdgfraCreERt2+B2mfl/fl mice to have decreased EAE clinical scores and 

less immune cell infiltration in their spinal cords. In particular, I anticipate the levels of 

CD8 T cells in the spinal cord to be significantly decreased in PdgfraCreERt2+B2mfl/fl mice. 

Analyzing the degree of demyelination in these spinal cords would also be informative, 

which can be done by immunostaining for the myelin markers MBP and PLP. Lower levels 

of demyelination in the spinal cord in PdgfraCreERt2+B2mfl/fl mice would be consistent with 

a dampened inflammatory response in the CNS. The completion of these studies would 

provide convincing evidence supporting the inflammatory role of OPCs in the 

demyelinating CNS. 
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Additionally, PdgfraCreERt2B2mfl/fl mice can also be used to assess the role of 

antigen cross-presentation on remyelination failure in MS. Work by Kirby et al. suggests 

that OPCs that participate in antigen cross-presentation become targets for cytotoxic CD8 

T cells (Kirby et al., 2019). Disrupting MHC1 function in OPCs during EAE-induced 

demyelination could potentially prevent OPC cytotoxicity and allow remyelination to occur. 

Remyelination in the EAE spinal cord is rarely reported, likely due to the strong 

inflammatory component of the model. Quantifying differences in OPC cell death in EAE 

spinal cords between control and PdgfraCreERt2B2mfl/fl mice would address the issue of 

cytotoxicity. Performing TEM on EAE spinal cords from these mice to analyze the number 

of myelinated axons would be a powerful readout of remyelination in this model. Given 

that there are no approved therapies to promote myelin repair in MS, modulating OPC 

cross-presentation could be a viable target to promote remyelination. 

Although I have focused on the contribution of OPCs to neuroinflammation in the 

context of MS, this process could also be active in other CNS diseases. For example, 

spinal cord injury is also characterized by oligodendrocyte death and white matter 

damage (Gadani et al., 2015), and CD8 T cell infiltration has also been reported in this 

model (Wu et al., 2017). It is possible that OPCs are also exacerbating neuroinflammation 

in spinal cord injury by activating CD8 lymphocytes. Performing spinal cord injury on 

PdgfraCreERt2B2mfl/fl mice would also be an interesting proposition. 

 

Antigen specificity 

Characterizing the antigens that OPCs internalize and process for cross-

presentation would be invaluable in our understanding of MS pathogenesis. Are these 
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antigens myelin-specific? If so, OPCs could be directly orchestrating the destruction of 

oligodendrocytes and their myelin sheath. In the previous chapter I presented evidence 

that LRP1 is involved in the internalization of antigen that is processed and presented to 

CD8 T cells (Fernandez-Castaneda et al., 2019). Additionally, our laboratory has 

previously characterized LRP1 ligands in myelin debris (Appendix A) (Fernandez-

Castaneda et al., 2013). Notable LRP1 ligands include MBP, MAG, and MOG 

(Fernandez-Castaneda et al., 2013). It is possible that OPCs internalize myelin proteins 

via LRP1, and this cargo is eventually processed and presented to CD8 lymphocytes. 

Considering how many CNS ligands bind LRP1, the search for specific antigens will be 

challenging. It is also obvious that other phagocytic receptors in OPCs are involved in the 

internalization of antigenic cargo. Characterizing other phagocytic receptors in OPCs 

would be a great step forward in trying to understand antigen internalization and 

processing. 

 

Discovering new MS therapeutics 

 While the experiments above might add to our understanding of OPC function 

during neuroinflammation, I believe our laboratory could leverage my existing data to 

discover novel MS therapeutics. During my thesis project, I was fortunate to perform RNA 

sequencing on the naïve and remyelinating CNS (Chapter 4, Figure 5). Fortunately, mice 

that lacked LRP1 in OPCs presented with an enhanced myelination phenotype when 

compared to controls. Thus, we have a unique transcriptional signature that represents 

myelin repair occurring in the CNS. We can now use bioinformatics to find existing 

therapeutics that might elicit similar transcriptional changes in the CNS. 
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 The Connectivity Map (CMap, version 02) is a computational resource consisting 

of hundreds of gene-expression profiles from cells treated with bioactive compounds 

(Lamb et al., 2006). CMap allows you to upload your own transcriptional signatures, and 

their pattern-matching algorithm will generate a list of compounds that generated similar 

transcriptional changes in its dataset. Therefore, I uploaded the transcriptional signature 

of the remyelinating CNS found in LRP1 deficient animals, and CMap generated a list of 

bioactive molecules that have the potential to induce myelin repair. Ideally, bioactive 

molecules that are known to cross the blood-brain barrier will be selected and tested in 

vivo using the cuprizone and EAE models. It is important to note that a similar approach 

has been applied to discover drugs that promote axonal regeneration, which showed 

promise in models of optic nerve injury (Chandran et al., 2016). The ultimate goal would 

be to discover existing drugs that can be repurposed to promote CNS myelin repair and 

neuroprotection. 
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Identification of the Low Density Lipoprotein (LDL)
Receptor-related Protein-1 Interactome in Central Nervous
System Myelin Suggests a Role in the Clearance of Necrotic
Cell Debris*□S
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Background: LRP1 is a scavenger receptor involved in the clearance of apoptotic cells and myelin vesicles.
Results: Novel ligands for LRP1 were discovered in CNS myelin by affinity purification combined with proteomics.
Conclusion: Some ligands are intracellular proteins, suggesting a function for LRP1 in the clearance of necrotic debris.
Significance: LRP1 mediates the removal of cellular waste and could maintain homeostasis.

In the central nervous system (CNS), fast neuronal signals are
facilitated by the oligodendrocyte-produced myelin sheath.
Oligodendrocyte turnover or injury generates myelin debris
that is usually promptly cleared by phagocytic cells. Failure to
remove dying oligodendrocytes leads to accumulation of
degraded myelin, which, if recognized by the immune system,
may contribute to the development of autoimmunity in diseases
such as multiple sclerosis. We recently identified low density
lipoprotein receptor-related protein-1 (LRP1) as a novel phago-
cytic receptor for myelin debris. Here, we report characteriza-
tion of the LRP1 interactome in CNS myelin. Fusion proteins
were designed corresponding to the extracellular ligand-bind-
ing domains of LRP1. LRP1 partners were isolated by affinity
purification and characterized bymass spectrometry.We report
that LRP1 binds intracellular proteins via its extracellular
domain and functions as a receptor for necrotic cells. Peptidyl
arginine deiminase-2 and cyclic nucleotide phosphodiesterase
are novel LRP1 ligands identified in our screen, which interact
with full-length LRP1. Furthermore, the extracellular domain of
LRP1 is a target of peptidyl arginine deiminase-2-mediated
deimination in vitro. We propose that LRP1 functions as a
receptor for endocytosis of intracellular components released
during cellular damage and necrosis.

Multiple sclerosis (MS)2 is an autoimmune disease in which
CNS myelin is destroyed and the survival of myelin-producing

oligodendrocytes is compromised (1). The etiology of MS is
poorly understood, but, in some cases, oligodendrocyte apopto-
sis is detected without the involvement of immune cell infil-
trates (2). Thus, the failure to clear apoptotic cells and cellular
debris may initiate inflammation and the autoimmune
response characteristic for MS (3).
Low density lipoprotein receptor-related protein-1 (LRP1) is

a scavenger receptor with key roles in the phagocytosis of
myelin debris (4) and apoptotic cells (5, 6). LRP1 is amember of
the LDL receptor gene family, first recognized as a receptor for
apolipoprotein E and the serum protease inhibitor �2-macro-
globulin (7, 8). To date, �40 different ligands for LRP1 have
been identified, including proteases, growth factors, heat shock
proteins, extracellular matrix proteins, and foreign toxins (9).
LRP1 is a two-chain receptor in which the ligand-binding �
chain is entirely extracellular and non-covalently associated
with the membrane-spanning � chain (9). Upon binding to
LRP1 on the cell surface, LRP1 ligands are internalized, disso-
ciate in acidified endosomes, and are delivered to lysosomes,
whereas LRP1 is recycled to the cell surface (10). LRP1 also
mediates endocytosis of cell surface receptors (11) and, in this
manner, participates in the regulation of cell signaling events
(12, 13).
In addition to its function as a phagocytic receptor for

myelin, LRP1 also participates inmyelin-mediated inhibition of
axon formation (14). The goal of this study was to characterize
the interactome of LRP1 in myelin. We designed fusion pro-
teins corresponding to the second and fourth clusters of com-
plement-like repeats (CCRII and CCRIV), two major extracel-
lular ligand-binding domains in LRP1 (15). CCRII or CCRIV
fusion proteins were incubated with myelin protein extracts in
the presence or absence of RAP, an LRP1 ligand binding inhib-
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itor (16), and associated partners were identified by tandem
mass spectrometry.
Using this approach, we have identified �70 LRP1 ligands in

CNS myelin. Validation studies were performed for two
myelin-specific LRP1 ligands: cyclic nucleotide phosphodies-
terase (CNP, also called CNPase) and peptidyl arginine deimi-
nase-2 (PAD2). CNP is an enzyme highly expressed in oligo-
dendrocytes, with functions in tubulin polymerization and
oligodendrocyte process outgrowth (17). CNP is an abundant
component of myelin, accounting for up to 4% of the total pro-
tein content (18). Although myelination is normal in CNP
knock-out mice, they succumb to axonal loss and neurodegen-
eration due to impaired communication between cells (19).
Furthermore, CNP is a potential auto-antigen in MS, as CNP-
reactive T cells can be found in MS patients with active disease
(20, 21). Another potential auto-antigen in MS is the myelin
basic protein (MBP), which we previously identified as a ligand
for LRP1 (4). MBP is a substrate for our second chosen target
for validation, enzyme peptidyl arginine deiminase 2, or PAD2
(22). PAD2 catalyzes the conversion of protein arginine resi-
dues into citrulline, in a reaction called deimination or citrulli-
nation (23). Similar toCNP, PAD2 is a component of themyelin
sheath and is the only member of the PAD family expressed in
the healthy CNS (23, 24). MS patients contain higher levels of
MBP citrullination, which is thought to contribute toMBPdeg-
radation and loss of myelin sheath integrity (25–28). Similarly,
MBP citrullination and PAD2 activity correlate with disease in
animal models of MS (29, 30). Our studies demonstrate that
both CNP and PAD2 interact with LRP1 CCRs as well as with
the full-length LRP1. Finally, we show that LRP1 can be citrul-
linated by endogenous PAD2 in vitro and that citrullination
decreases the endocytic function of LRP1.
Interestingly,many of the newly identified LRP1 ligandswere

intracellular proteins, indicating a novel role for LRP1 in the
clearance of cellular debris, potentially released during necro-
sis. We further demonstrate for the first time that LRP1 regu-
lates the removal of necrotic cells and cellular debris using
model T cells and oligodendrocytes. Necrotic waste is harmful
to surrounding cells and is generated during catastrophic
events such as trauma and hypoxia or when the apoptotic cell
clearance system is saturated (31). Furthermore, necrotic
debris has been shown to initiate a proinflammatory response
by macrophages (32). During MS, improper clearance of apo-
ptotic cells and necrotic debris would thus generate an inflam-
matory environment, whichwould further fuel disease severity.
Taken together, the data presented here suggest that, by medi-
ating cellular and myelin-associated debris removal after cell
damage, LRP1 may inhibit the immune response generated by
excessive cellular debris at sites of inflammation.

EXPERIMENTAL PROCEDURES

Reagents and Cell Culture—Glutathione S-transferase
(GST), GST-RAP, human shed LRP1, and rat LRP1 were puri-
fied as described previously (33). The following antibodies were
used: 8G1 anti-LRP1 (sc-57353, Santa Cruz Biotechnology),
anti-LRP1 C-terminal (L2170, Sigma), anti-LRP1 N-terminal
(L2420, Sigma), anti-CNP (5664, Cell Signaling Technologies),
CD11b-Alexa Fluor 488 (53-0112, eBioscience), and anti-

GRP78 (610978, BD Biosciences). Anti-PAD2 serum was
obtained by immunizing PAD2�/� mice with GST-PAD2.
Anti-citrulline (modified) detection kit was used to detect pro-
tein citrullination (17-347, Millipore). BV2, LRP1-positive
(PEA10), and LRP1-deficient (MEF2) fibroblasts were obtained
from ATCC and cultured in DMEM high glucose, supple-
mented with 2 mM L-glutamine, 10% FBS, and 1% penicillin/
streptomycin. The RAW 264.7 murine macrophage cell line
and Jurkat lymphocyte cell line were obtained from ATCC and
cultured in RPMI 1640, supplemented with 2 mM L-glutamine,
10% FBS, and 1% penicillin/streptomycin. The N20.1 oligoden-
drocyte cell line was cultured in DMEM high glucose/F12 at
34 °C, supplemented with 10% FBS, sodium bicarbonate, 100
�g/ml G418, 20 �g/nl gentamycin, and 1% penicillin/strepto-
mycin. For differentiation into oligodendrocytes, cells were
switched to DMEM high glucose/F12, supplemented with 1%
FBS, 100�g/ml G418, and 1% penicillin/streptomycin, and cul-
tures were maintained at 39 °C for 3 to 5 days as described
(34).
Cloning, Expression, and Purification of CCRII and CCRIV—

CCRII and CCRIV from human LRP1 were cloned into pFuse-
rFC2 (Invivogen, San Diego, CA) as described in the literature
(15) to generate Fc-fusion proteins. CCRII includes EGF repeat
4 and complement repeats 3 to 10 (LRP1 amino acids 806 to
1184). CCRIV spans complement repeats 21 to 31 (LRP1 amino
acids 3332 to 3778). CCRII and CCRIV were expressed in
CHO-K1 cells and purified from the culture supernatants on
protein A-agarose resin (GE Healthcare).
CCR Pulldowns and Proteomics—Myelin vesicles were puri-

fied from mouse brains as described previously (35). Myelin-
associated proteins were solubilized in radioimmune precipita-
tion assay buffer, containing 100mMTris, pH7.5, 150mMNaCl,
1% Triton X-100, 0.5% deoxycholate, and 0.1% SDS, supple-
mented with 1mMCaCl2 and complete protease inhibitor mix-
ture (Roche Applied Science). Protein extracts (2 mg) were
incubatedwith 1 pmof CCRII, CCRIV, or Fcwith or without 20
pm of GST-RAP for 16 h at 4 °C. CCRII, CCRIV, and Fc were
recovered by adding protein A-agarose beads for 1 h at 20 °C.
After extensive washing with radioimmune precipitation assay
buffer, proteins were either digested with trypsin or eluted with
SDS sample buffer for SDS-PAGE and immunoblot analysis.
Trypsin digestion was performed in the presence of Protease-
MAX surfactant as described by the manufacturer (Promega,
Madison, WI). Proteins associated with CCRII, CCRIV, and Fc
were identified by LC-MS/MS as described previously (36).
Cloning, Expression, and Purification of PAD2-His, GFP-

RAP, andGST-CNP—Murine PAD2 open reading frame (ORF)
was cloned into pET-30a(�) vector (Novagen). Human RAP
ORF was cloned downstream of GFP into pET-30a(�). pET-
30A(�) allows bacterial expression and contains a histidine tag
for affinity purification. Murine CNP ORF was cloned into
pGEX-2T (GE Healthcare) to allow bacterial expression and
GST tag-mediated purification. PAD2-His andGST-CNPwere
purified by affinity chromatography using the Profinia purifica-
tion kit and chromatography system (Bio-Rad).
Immobilization Binding Studies—Purified BSA, rat LRP1, or

fibronectin (25 nM) (Sigma) were diluted in PBS and absorbed
on ELISA plates for 12 h at 4 °C.Wells were blocked for 1 hwith
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PBS containing 1% BSA. PAD2-His (25 nM) was added to the
wells for 1 h at 20 °C. The wells were washed, and retained
PAD2-His was detected using anti-PAD2 serum, in an ELISA
format using ABTS as a colorimetric substrate. Alternatively,
purified BSA, GST, GST-CNP, or GST-RAP (350 nM) were
diluted in PBS and absorbed on ELISA plates for 12 h at 4 °C.
Wells were blocked for 1 h with PBS containing 1% BSA.
Human shed LRP1 (50 nM) was added to the wells for 1 h at
20 °C. The wells were washed with PBS, and retained LRP1 was
detected with antibody 8G1, in an ELISA format using ABTS as
a colorimetric substrate.
Citrullination Assay—RAW264.7 cell extract and brain pro-

tein extract were prepared in ice-cold extraction buffer (50 mM

HEPES, 150mMNaCl, 1% Triton X-100, 10% glycerol) contain-
ing complete protease inhibitormixture without EDTA (Roche
Applied Science). Equal amounts of protein extracts were incu-
batedwith 10�g of PAD2-His for 3 h at 37 °C in the presence or
absence of 10 mM CaCl2. LRP1 was recovered by adding 10 �g
of GST-RAP and glutathione-agarose beads (33). Glutathione-
agarose beads were washed with the extraction buffer. Proteins
were eluted with SDS sample buffer for SDS-PAGE and immu-
noblot analysis. For cell surface citrullination, LRP1-expressing
and -deficient fibroblasts were treated for 6 h at 37 °C with 150
nM recombinant PAD2 in DMEM containing 0.3% BSA. Cell
surface proteins were labeled with biotin and purified as
described (36).
GFP-RAP Endocytosis—LRP1-positive (PEA10) and LRP1-

deficient (MEF2) fibroblasts were treated for 3 h at 37 °C with
150 nM recombinant PAD2 in DMEM containing 0.3% BSA.
After washing, cells were treated with 500 nM of GFP-RAP for
3 h at 37 °C. After washing with PBS, cells were detached with
trypsin and washed twice with PBS containing 5% FBS. Cells
were analyzed by flow cytometry on a BD FACSCalibur (BD
Biosciences). Datawere plotted using the FlowJo software (Tree
Star).
Phagocytosis of Necrotic Cells—LRP1-positive (PEA10) and

LRP1-deficient (MEF2) fibroblasts were labeled with CFSE
according to the manufacturer’s instructions (Invitrogen). To
prepare necrotic cells, Jurkat or N20.1 cells were heat shocked
at 55 °C for 20min and then incubated for 4 h at 37 °C. Necrosis
was confirmed by microscopy using trypan blue exclusion, or
by flow cytometry using annexin V-FITC and 7-amino-actino-
mycin D staining, according to manufacturers instructions
(eBioscience).Necrotic and live cellswere labeledwithCypher5
(10 �M, GE Healthcare) for 20 min at 37 °C in DMEM, and
excessive dye was quenched by resuspending the cells in
DMEM containing 10% FBS. Necrotic and live cells were then
added to the CFSE-labeled fibroblasts in DMEM containing
10% FBS for 2 h at 37 °C (10 to 1). After washing with PBS, cells
were detached with trypsin and washed twice with PBS con-
taining 5%FBS. In experiments with BV2 cells, necrotic and live
cells were added for 30 min at 37 °C (4:1). BV2 cells were dis-
tinguished fromN20.1 by stainingwithCD11b-Alexa Fluor 488
antibody. Cells were analyzed by flow cytometry on a BD
FACSCalibur (BD Biosciences). Data were plotted using the
FlowJo software (Tree Star).

RESULTS

Preparation of CCRII and CCRIV—To identify LRP1 ligands
present in CNSmyelin, we prepared two fusion proteins corre-
sponding to CCRII andCCRIV of human LRP1 (Fig. 1A). These
two CCRs mediate the binding of LRP1 ligands, with the possi-

FIGURE 1. CCRII and CCRIV bind LRP1 ligands. A, schematic representation
of LRP1 and CCRII and CCRIV constructs. B, Fc, CCRII, and CCRIV were incu-
bated with GST-RAP as described under “Experimental Procedures,” and GST-
RAP was recovered by incubation with glutathione-agarose beads. Samples
and purified proteins were analyzed by Coomassie staining. C, Fc, CCRII, and
CCRIV were incubated with myelin protein extract in the presence or absence
of GST-RAP. Fc and CCRs were recovered by adding protein A-agarose beads.
Samples were analyzed by Coomassie staining.
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ble exception of �2-macroglobulin (9, 15). CCRII and CCRIV
were expressed as soluble Fc-fusion proteins in CHO-K1 cells
(Fig. 1A) and tested by examining binding of GST-RAP in a
pulldown assay. RAP binds to LRP1 and blocks the binding of
most known LRP1 ligands (9). Equivalent amounts of CCRII,
CCRIV, or Fc (control) were incubated with GST-RAP, fol-
lowed by incubation with glutathione-agarose beads. After
washing, samples were separated by SDS-PAGE alongside the
purified proteins, and the gel was stained with Coomassie Blue.
CCRII and CCRIV, but not Fc alone, bound to GST-RAP (Fig.
1B).
Next, equivalent amounts of CCRII, CCRIV, or Fcwere incu-

bated with CNS myelin protein extracts in the presence or
absence of excess GST-RAP. Fc fusion proteins were recovered
by pull down with protein A-agarose beads. As shown in Fig.
1C, several protein bands are purified from myelin with CCRII
and CCRIV, but not with Fc (arrowheads). Treatment with
GST-RAP blocks the binding of these proteins to CCRs (Fig.
1C). These results demonstrate that the recombinant Fc-fusion
proteins, CCRII and CCRIV, are functional in ligand binding
and may be used to identify LRP1 ligands.
Identification of LRP1 Ligands in CNS Myelin by Tandem

Mass Spectrometry—CCRII, CCRIV, or Fc were incubated with
CNS myelin protein extracts. Associated proteins were recov-
ered by protein A-agarose pulldown as described above. As a
control, CCRII, CCRIV, and Fc were preincubated with a
20-fold molar excess of GST-RAP to inhibit ligand binding.
Preparations were trypsin-digested, and the resulting peptides
were identified by mass spectrometry using an LTQ-Orbitrap.
As an additional control, fusion proteins also were analyzed
without incubation with myelin extracts to identify ligands
derived from CHO-K1 cells, which may co-purify with the
CCRs. Using the describedmethod, 72 proteins were identified
as ligands for CCRII and CCRIV (supplemental Table 1). As
expected, LRP1 peptides were present only when CCRs were
analyzed and not Fc. LRP1 peptide abundance was not affected
by the presence of myelin protein or by a large excess of GST-

RAP, indicating that these reagents did not influence CCR-
binding to protein A-agarose. LRP1 partners identified in our
screens were separated into two categories: myelin-specific
LRP1 ligands (Table 1 and Fig. 2A) and CHO-K1 cell proteins
co-purifying with CCRs (Table 2 and Fig. 2B).WhenCCRII and
CCRIV were used to identify myelin-specific LRP1 ligands
(Table 1 and Fig. 2A), we confirmed the binding of MBP and
myelin-associated glycoprotein, two proteins that we have pre-
viously reported as ligands for LRP1 (4, 14). The myelin pro-
teins, CNP and PLP, also were identified as ligands for LRP1
using our screen.
Surprisingly, myelin-specific CCR partners included many

intracellular proteins. We identified members of the septin
family (septins 2, 4, 7, and 8) and microtubule-associated pro-
teins,Mtap1a andMtap1ab, as novel LRP1 ligands (Table 1 and
Fig. 2A). As shown in Table 2 and in Fig. 2B, 10 proteins co-pu-
rified at significant levels with CCRII and CCRIV when the
fusion proteins were expressed in CHO-K1 cells. This list
includes known LRP1 ligands such as RAP, matrix metallopro-
teinase-9, and tissue inhibitor of metalloproteinase 2 (37, 38)
together with previously unidentified LRP1 ligands, such as the
proteases matrix metalloproteinase-19 and legumain, and the
extracellular matrix proteins SPARC and collagen 5 (col5a2).
As anticipated, following GST-RAP treatment, the spectral
counts for RAPbinding toCCRII andCCRIV increased from10
to 71 and from 15.2 to 46.2, respectively. This result shows that
exogenous RAP can efficiently bind to the CCRs.
In both categories of LRP1 ligands, comparable binding to

CCRII and CCRIV was most frequently observed. However, we
were also able to identify proteins that bind specifically to
CCRII or CCRIV, but not both. Collagen 5 (Col5a2), PAD2 or
Padi2, andMYO18 (Myo18a) bind only toCCRII, whereas legu-
main, tissue inhibitor of metalloproteinase 2, and FHL1 (four
and a half LIM domains 1) bind only to CCRIV (Fig. 2B). Taken
together, our results suggest that the binding sites for a variety
of LRP1 ligands reside within a specific domain of LRP1, allow-

TABLE 1
Myelin proteins associating with CCRII and CCRIV
The gene products below were identified by tandemmass spectrometry as partners for LRP1 CCRs with (�) or without (�) RAP.Mean spectral counts and S.D. are shown
(n � 3).

Gene
name Fc CCRII CCRIV Fc CCRII CCRIV

RAP � � � � � �
Cnp 0 � 0 83.7 � 0.2 73.7 � 0.3 7.6 � 0.9 6.7 � 1.1 11 � 0.4
Sept7 0 � 0 33.7 � 7 34.2 � 0.37 0 � 0 0 � 0 0.7 � 1.3
Mtap1b 0 � 0 20.7 � 0.8 27.7 � 0.7 0 � 0 0 � 0 0 � 0
Sept2 0 � 0 19 � 0.4 17.5 � 0.2 0 � 0 0 � 0 0 � 0
Sept8 0 � 0 18.2 � 0.2 23.5 � 0.3 0.3 � 1.7 0 � 0 0.2 � 2
Padi2 0 � 0 17.7 � 0.3 0 � 0 0 � 0 0 � 0 0 � 0
Mtap1a 0 � 0 17.2 � 0.4 22.7 � 0.5 0 � 0 0 � 0 0 � 0
Plcb1 0 � 0 16.7 � 0.7 3.5 � 1.8 0 � 0 0 � 0 0 � 0
Sept4 0 � 0 13 � 0.5 14.7 � 0.8 0 � 0 0 � 0 0 � 0
Glul 0 � 0 12.2 � 0.2 19 � 0.2 0 � 0 6 � 0.5 5.5 � 0.2
Pacsin1 0 � 0 11 � 0.1 2 � 0.5 0 � 0 0 � 0 0 � 0
Rock2 0 � 0 10.5 � 0.8 11.5 � 0.6 0 � 0 0 � 0 0 � 0
Anln 0 � 0 8.7 � 0.6 4.5 � 0.8 0 � 0 0 � 0 0 � 0
Mbp 0 � 0 8.5 � 0.4 9.5 � 0.6 1 � 1.7 10 � 0 8.7 � 0.5
Gnao1 0 � 0 8.2 � 0.3 8.2 � 0.3 0 � 0 2 � 0.5 1.25 � 0.8
Slk 0 � 0 7.7 � 0.9 11.7 � 0.6 0 � 0 0 � 0 0 � 0
Myo18a 0 � 0 7.5 � 0.3 0 � 0 0 � 0 0 � 0 0 � 0
Plp1 1.7 � 0.7 7 � 0.2 6 � 0.2 1 � 0 5.7 � 0.3 5 � 0.3
Ank2 0 � 0 6.75 � 0.3 6.2 � 0.1 0 � 0 0 � 0 0 � 0
Csrp1 0 � 0 6.5 � 0.7 5.5 � 0.6 0 � 0 0 � 0 0 � 0
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ing inhibitor design for targeted disruption of specific LRP1-
ligand interactions.
PAD2 and CNP Are Novel LRP1 Ligands in Myelin—To val-

idate the results obtained using proteomics we chose a candi-
date approach. We selected two myelin-specific proteins, CNP
and PAD2, as targets for validation, due to the proposed

involvement of these proteins in neurodegeneration and MS.
CNP is a major protein component of myelin, an early marker
of oligodendrocyte myelination (39), and a potential auto-anti-
gen inMS (20, 21). The proposed function of CNP is tomediate
the compaction of myelin by organizing the tubulin network
(40). PAD2 is a member of the PAD family of Ca2�-dependent
enzymes, which catalyze the post-translational modification of
protein arginines, in a process called deimination or citrullina-
tion (24). PAD2 expression and the level of citrullination cor-
relate with active disease in both human MS and the animal
models of MS (25–30).
We first confirmed binding of PAD2 and CNP to CCRII and

CCRIV by immunoblot analysis. As shown in Fig. 3A, PAD2 in
whole CNSmyelin interacted with CCRII, but not with CCRIV
or Fc, confirming the results of our proteomic analysis (Fig. 3A).
CNP bound to both CCRII and CCRIV but not the control
protein Fc (Fig. 3B). GST-RAP treatment completely inhibited
association of both PAD2 and CNP with the CCRs (Fig. 3).
We next determined whether recombinant PAD2 and CNP

bind to full-length LRP1. We expressed PAD2 as a His-tagged
fusion protein and CNP as a GST-tagged fusion protein in bac-
teria, as described under “Experimental Procedures.” Protein
preparations were first tested for purity by SDS-PAGE. As
shown in Fig. 4, recombinant PAD2 andCNPmigrated as single
bands with an apparent size of 80 and 60 kDa, respectively, as
anticipated (Fig. 4A). Binding of PAD2-His and GST-CNP to
LRP1was then evaluated using anELISA format. Purified LRP1,
fibronectin, and BSA were immobilized in microtiter plates.
Recombinant PAD2-His bound to LRP1, but did not bind to
purified fibronectin or BSA under the same conditions (Fig.
4B).
To study binding of LRP1 toCNP, BSA,GST,GST-CNP, and

GST-RAP were immobilized in microtiter plates. Shed LRP1,
which was purified from human plasma, was then incubated
with the immobilized proteins. Binding of shed LRP1 to GST-
CNP wells was significantly increased compared with binding
to BSA or GST alone (Fig. 4C). Shed LRP-1 binding to immo-
bilized GST-RAP was used as a positive control.
LRP1 Is Citrullinated by PAD2—Protein citrullination con-

verts positively charged arginine residues into the neutral resi-
due, citrulline, which can substantially alter protein structure
and function (23). To test whether LRP1 is a target for PAD2-
mediated citrullination, we performed in vitro citrullination
assays. RAW 264.7 cell protein extracts were incubated with or
without PAD2 in the presence or absence of Ca2�. LRP1 was
then recovered by affinity precipitation with GST-RAP, and
samples were subjected to immunoblot analysis. As is shown in
Fig. 5A, when cell extracts were incubated with PAD2 in the
presence of Ca2�, LRP1 citrullination was readily detected. As
expected, LRP1 was precipitated under all conditions. Other
proteins also were citrullinated by PAD2, as determined by
immunoblotting for citrullinated proteins in the RAW 264.7
cell extracts. As a control, we determined that levels of LRP1
and Grp78 were present in equal quantity in the initial cell
extracts incubated with PAD2.
Next, we examined whether LRP1 can be citrullinated in

whole brain extracts (Fig. 5B). Protein extracts from mouse
brain were prepared and supplemented with Ca2� alone, or

FIGURE 2. Identification of LRP1 CCR ligands. A, myelin proteins interacting
with LRP1 CCRs were as follows: Cnp, CNP; Sept7, septin-7; Mtap1b, microtu-
bule-associated protein-1b; Sept2, septin-2; Sept8, septin-8; Padi2, PAD2;
Mtap1a, microtubule-associated protein-1a; Plcb1, phosphatidylinositol-bis-
phosphate phosphodiesterase �-1; Sept4, septin-4; Glul, glutamine synthe-
tase. B, endogenous proteins associating with LRP1 CCR were as follows: Glg1,
Golgi glycoprotein-1; Lgmn, legumain; Timp2, tissue inhibitor of metallopro-
teinase-2; Sparc, secreted protein acidic and rich in cysteine; Fhl1, four and a
half LIM domains protein 1; Mmp19, matrix metalloproteinase-19; Hpse, hepa-
ranase; Mmp9, matrix metalloproteinase-9; Fcho2, FCH domain only pro-
tein-2; Col5a2, collagen 5.
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with recombinant PAD2 and Ca2�. LRP1 was recovered by
affinity precipitation with GST-RAP and protein citrullination
was examined. As is shown in Fig. 5B, in the absence of added
Ca2�, we did not detect citrullination of LRP1. However, when
we added Ca2� to the brain extracts, to activate endogenous
PAD, LRP1 citrullination was observed. Because PAD2 is the
only member of the PAD family expressed in the healthy CNS,
it is reasonable to conclude that endogenous PAD2 citrullinates
LRP1 (24). Adding recombinant PAD2 tomouse brain extracts,
in the presence of Ca2�, induced robust LRP1 citrullination.
(Fig. 5B).
In the CNS extracts, LRP1 was one of many proteins that are

citrullinated by PAD2, as determined by immunoblot analysis
for citrullinated proteins in protein extracts (Fig. 5B). Next, we
sought to determine whether extracellular PAD2 can citrulli-
nate cell surface proteins. LRP1-positive and -deficient fibro-
blasts were treated with recombinant PAD2 for 6 h at 37 °C.

Cell surface proteins were labeled with membrane imperme-
able biotin and recovered by streptavidin affinity precipitation.
Affinity precipitates were then analyzed by immunoblot for the
presence of citrullination and LRP1. As is shown in Fig. 6A,
PAD2 induces a robust citrullination of cell surface proteins.
Furthermore, cell surface citrullination is increased in LRP1
positive cells (Fig. 6A). LRP1was only detected in LRP1 positive
cells, as expected.
We further tested whether PAD2-mediated citrullination of

cell surface proteins affects the endocytic function of LRP1.
LRP1-positive and -deficient fibroblasts, previously treated
with recombinant PAD2 for 3 h at 37 °C, were incubated with
GFP-RAP for 3 h (Fig. 6B). After extensive washing, GFP fluo-
rescence was assessed by flow cytometry as a measure of LRP1-
mediated endocytosis. No fluorescence was detected with
LRP1-deficient cells, as expected (Fig. 6B). PAD2 treatment
induces a small but significant decrease (12 � 2%, n � 4) in
GFP-RAP association with LRP1-positive cells. Therefore, our
data suggests that citrullination of cell surface proteins by
PAD2 can decrease the endocytic function of LRP1.
LRP1 Is a Phagocytic Receptor for Necrotic Cells—Multiple

LRP1-specific ligands identified in our proteomic screen are
myelin-enriched cytoplasmic proteins, including components
of the cytoskeleton.We thus hypothesized that LRP1 could be a
novel receptor involved in the clearance of necrotic cells and
cellular debris. To test this hypothesis, we prepared two types of
necrotic cells by heat shock treatment: the T cell-like Jurkat cell
line and the oligodendrocyte cell line N20.1 (34). Four hours
post induction of necrosis, �95% of the cells are trypan blue-
positive, indicating the loss of plasmamembrane integrity (data
not shown). Furthermore, necrotic Jurkat cells were 95% posi-
tive for both annexin-5 and 7-amino-actinomycin Dwhen ana-
lyzed by flow cytometry (Fig. 7A). Finally, necrotic N20.1 cells
showed ruffling of the plasma membrane when compared with
live cells by phase contrast microscopy (Fig. 7B).
Necrotic Jurkat cells were labeled with CypHer5, a pH-sen-

sitive fluorescent dye (41), and added to CFSE-labeled LRP1
positive and deficient fibroblasts. After 2 h of incubation at
37 °C, engulfment of necrotic cells was analyzed by flow cytom-
etry. As shown in Fig. 7, LRP1-positive cells are phagocytosing
necrotic Jurkat cells more efficiently than LRP1-deficient cells
(2.7-fold increase, p � 0.0001, n � 3; Fig. 7, C and D). On the

TABLE 2
Proteins co-purifying with CCRII and CCRIV in CHO-K1 cells
The gene products below were identified by tandemmass spectrometry as partners for LRP1 CCRs with (�) or without (�) RAP.Mean spectral counts and S.D. are shown
(n � 3).

Gene
name Fc CCRII CCRIV Fc CCRII CCRIV

RAP � � � � � �
Lrp1 0 � 0 29.2 � 0.1 75 � 0.2 3.3 � 1.7 22.6 � 0.1 58.5 � 0.3
Glg1 0 � 0 68.5 � 0.1 71.7 � 0.2 0.7 � 1.7 3 � 0.5 1 � 0.8
Lgmn 0 � 0 0 � 0 15.7 � 0.3 0.7 � 0.9 0 � 0 0 � 0
Lrpap1 0.4 � 1.4 10 � 0.2 15.2 � 0.1 3 � 1.7 71 � 0.2 46.2 � 0.2
Timp2 0 � 0 1 � 0.8 12.2 � 0.3 0.30 � 1.7 0 � 0 0.20 � 2
Sparc 0 � 0 16.7 � 0.1 10.2 � 0.3 0 � 0 0.7 � 0.9 0.7 � 1.3
Fhl1 0 � 0 0 � 0 4.7 � 0.5 0 � 0 0 � 0 0.5 � 2
Mmp19 0 � 0 6.7 � 0.1 4.5 � 0.3 0 � 0 1.3 � 0.4 4 � 0.3
Hpse 0 � 0 9.7 � 0.4 3 � 0.3 0.3 � 1.7 0.3 � 1.7 0 � 0
Mmp9 0 � 0 3.2 � 0.5 1.2 � 0.8 0 � 0 0 � 0 0 � 0
Fcho2 0 � 0 2 � 0 1 � 0.8 0 � 0 0 � 0 0 � 0
Col5a2 0 � 0 5 � 0.76 0 � 0 0 � 0 0 � 0 0 � 0

FIGURE 3. PAD2 and CNP bind to specific CCRs. Purified myelin protein
extracts were incubated with Fc, CCRII, and CCRIV in the presence or absence
of GST-RAP as described under “Experimental Procedures.” Fc and CCR were
recovered with protein A-agarose beads. Samples and myelin extracts were
analyzed by immunoblot to detect PAD2 (A) and CNP (B). The vertical line was
used to highlight a longer exposure of the same membrane to show expres-
sion of PAD2 in myelin extract. Arrows indicate GST-RAP recognized by the
anti-PAD2 mouse serum developed against a GST-PAD2 fusion protein.
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other hand, engulfment of live Jurkat cells was not significantly
different between LRP1-positive and -deficient fibroblasts. In a
complimentary approach, when LRP1-positive fibroblasts were
pretreated with an LRP1 antagonist (GST-RAP), engulfment of
necrotic cells was inhibited to the levels observed in LRP1-de-
ficient cells (supplemental Fig. 1A). To next examine the func-
tion of LRP1 in the phagocytosis of CNS myelin debris, we
repeated necrotic cell internalization experiments using the
microglial cell line BV2 as model phagocytes and the oligoden-
drocyte cell line N20.1 as model necrotic cells (34, 42). When
BV2 were pretreated with GST-RAP, phagocytosis of necrotic
oligodendrocytes was inhibited by 35% (p� 0.001, n� 6; Fig. 7,
E and F), whereas no significant difference was detected with

live oligodendrocytes following GST or GST-RAP treatment.
Finally, endocytosis of necrotic oligodendrocytes was also
inhibited in LRP1-deficient fibroblasts (supplemental Fig. 1B).
Together, our results demonstrate that LRP1 binds intracel-

lular proteins present in myelin. We also describe a new func-
tion for LRP1 as a phagocytic receptor for necrotic cells and
cellular debris that could be present in the CNS.

DISCUSSION

Proper clearance of dead cells is critical for tissue homeosta-
sis. Defects in apoptotic cell clearance can lead to secondary
necrosis and release of cellular components into the extracellu-

FIGURE 4. PAD2 and CNP interact with full-length LRP1. A, PAD2-His and
GST-CNP were expressed as fusion proteins in bacteria and subjected to SDS-
PAGE with Coomassie staining. B, BSA, FN (Fibronectin), and LRP1 were
adsorbed onto plastic wells and incubated with purified PAD2-His. PAD2
binding to the immobilized phase was detected in an ELISA format, using
anti-PAD2 serum, as described under “Experimental Procedures.” ***, p �
0.001. C, BSA, GST, GST-CNP, and GST-RAP were adsorbed onto plastic wells as
described under “Experimental Procedures” and incubated with soluble
human LRP1. LRP1 binding to the immobilized phase was detected in an
ELISA format, using LRP1 �-chain-specific antibody 8G1. ***, p � 0.001.

FIGURE 5. LRP1 is a substrate for PAD2-mediated citrullination.
A, RAW264.7 cell extracts were incubated with or without purified PAD2 and
CaCl2, as described under “Experimental Procedures.” LRP1 was then purified
using GST-RAP pulldown. Samples and input were analyzed by immunoblot-
ting (IB) using LRP1 �-chain-specific antibody or with an antibody specific for
citrullinated proteins. Grp78 immunoblot was used as a control of protein
load. B, brain protein extract was incubated with or without CaCl2, or with
CaCl2 and purified PAD2, as described under “Experimental Procedures.”
LRP1 was then purified using GST-RAP pulldown. Samples and input were
analyzed by immunoblotting using LRP1 �-chain-specific antibody or with an
antibody specific for citrullinated proteins.
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lar environment, generating an inflammatory stimulus that
could lead to the development of autoimmune diseases, includ-
ing MS (3, 43).
LRP1 was recently reported to function as a phagocytic

receptor for apoptotic cells and myelin debris (4–6). Although
LRP1was originally described as a scavenger receptor for extra-
cellular proteins (9), it is now clear that LRP1 function is more
complex than justmediating endocytosis (9). LRP1 can regulate
cell signaling events and functions in inflammation and neuro-
genesis (12, 44).
The goal of the present study was to characterize LRP1

ligands present in CNS myelin. The LRP1 ligand-binding
domains CCRII and CCRIV were prepared as fusion proteins
and used in an affinity-based proteomics screen. Using this
approach, we identified �70 ligands for LRP1. These ligands
could be separated into two categories based on their cellular
localization: extracellular and intracellular proteins. Some of
the proteins were identified because of their ability to co-purify
with the CCRs during expression and purification (Table 2 and
Fig. 2B). This category included known ligands for LRP1, such
as RAP, matrix metalloproteinase-9, and tissue inhibitor of
metalloproteinase 2 (16, 37, 38). The most abundant LRP1
ligand discovered in the extracellular protein category is a
member of the FGF receptor family: Golgi glycoprotein 1
(GLG1)/cysteine-rich fibroblast growth factor receptor/E-se-
lectin ligand 1.GLG1 function remains elusive but studies using
GLG1 knock-out mice suggest a role during development as an
FGF18 receptor (45). Furthermore, GLG1 is an E-selectin
ligand involved in leukocyte extravasation during inflammation
(46). By mediating the removal of GLG1 from extracellular
spaces, LRP1 may modulate leukocyte migration.
We also identified membrane bound myelin-specific pro-

teins during our screen. We confirmed the interaction of MBP
and myelin-associated glycoprotein with LRP1 (Table 1 and
supplemental Table 1) (4, 14) and also detected PLP1 as LRP1
ligands (Table 1). The most surprising result we obtained by
proteomics screening was the identification of numerous
intracellular LRP1 ligands in myelin (Table 1). These
included cytoskeleton proteins such as septin 2, 4, 7, and 8;
MTAP1a and 1b; and ROCK. MTAP and septins are known
components of myelin (47–49). As myelin wraps multiple
times around the axon, the formation and maintenance of
the myelin sheath is dependent on the cytoskeleton, proba-
bly explaining the abundance of cytoskeletal proteins in
myelin preparations (50).
We selected two intracellular proteins as candidates for val-

idation as LRP1 binding partners: CNP and PAD2. CNP is a
major component of myelin, with a potential role in myelin
formation and compaction (40). Clearance of CNP by LRP1
may be critical because it has been identified as a potential
auto-antigen in MS (21), and auto-reactive populations of
CNP-specific T cells were identified in MS patients with active
disease (20). Similarly, PAD2 is a common component of the
CNSmyelin (24), and its up-regulation is thought to be an early
marker of demyelinating disease due to the reduced stability of
the citrullinated protein components of the myelin sheath (25).
We demonstrate here that LRP1 is a potential regulator of

FIGURE 6. Cell surface protein citrullination blocks GFP-RAP endocytosis.
A, LRP1-positive or -negative fibroblasts were incubated with or without puri-
fied PAD2, as described under “Experimental Procedures.” Cell surface pro-
teins were labeled with membrane impermeable biotin and recovered by
streptavidin affinity purification. Samples and input were analyzed by immu-
noblotting using LRP1 �-chain-specific antibody or with an antibody specific
for citrullinated proteins. Tubulin immunoblot (IB) was used as a control of
protein load. B, LRP1-positive or -negative fibroblasts were pretreated with or
without purified PAD2 and then treated with GFP-RAP for 3 h. After washing,
cell-associated GFP fluorescence was analyzed by flow cytometry. Results are
normalized to the difference of mean GFP-RAP fluorescence between treated
LRP1-positive cells and untreated LRP1-positive cells (n � 4; ***, p � 0.001). ns,
not significant.
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demyelination via interaction with CNP and PAD2. Further-
more, LRP1 can itself be post-translationally modified, at least
in vitro, by endogenous PAD2 present in brain extract. We also
demonstrate that LRP1 function in endocytosis is regulated by
extracellular PAD2-mediated citrullination. Whether PAD2-
mediated citrullination affects endocytosis of only a subset, or
all LRP1 ligands, remains to be determined.
Finally, we demonstrate here for the first time a new function

for LRP1 in clearing necrotic debris. LRP1 has been previously
described as a phagocytic receptor for apoptotic cells (5, 6). In
this study, we demonstrate that LRP1 function was required for
optimal engulfment by both non-professional (fibroblasts) and
CNSprofessional (microglia) phagocytes of necrotic T cells and
necrotic oligodendrocytes. Removal of dead and dying oligo-
dendrocytes and infiltrating or resident activated lymphocytes
could be of critical importance in neuroinflammatory states

such as MS, as a means of removal of potential auto-antigens
and danger signals.
In conclusion, our study demonstrates that LRP1 specifically

associates with numerous proteins in myelin and is a novel phag-
ocytic receptor for necrotic cells. To our knowledge, we are the
first to describe that LRP1 can interact with a variety of cytoplas-
mic proteins through the extracellular domain. Our results
strongly indicate that the function of LRP1 extends beyond regu-
lation of extracellular matrix and cell surface proteins and is con-
sistent with the proposed function of LRP1 in mediating the
removal of apoptotic cells and necrotic debris during inflamma-
tory diseases of the CNS, includingMS. Further elucidation of the
mechanisms by which LRP1 may regulate inflammatory diseases
couldpave theway for thedevelopmentof therapeutic treatments,
perhaps based on CCRII and CCRIV, which would be utilized to
inhibit inflammation and the autoimmune response.

FIGURE 7. LRP1 is a phagocytic receptor for necrotic cells. A, annexin 5/7-amino-actinomycin D (7AAD) staining of live and necrotic Jurkat cells. B, phase
contrast microscopy of live and necrotic N20.1 cells. C, CFSE-labeled LRP1 positive or negative fibroblasts were incubated with live or necrotic CypHer-labeled
Jurkat cells for 2 h. After washing, fibroblast-associated CypHer fluorescence was analyzed by flow cytometry. D, results are normalized to the difference of
CypHer median fluorescence between LRP1-positive cells incubated with necrotic cells and untreated LRP1-positive cells (a representative of two independent
experiments is shown; ****, p � 0.0001). E, BV2 cells were incubated with live or necrotic CypHer-labeled N20.1 cells for 30 min. After washing, BV2 were stained
with CD11b-Alexa Fluor 488 antibody and BV2-associated CypHer fluorescence was analyzed by flow cytometry. F, results are normalized to the difference of
CypHer median fluorescence between GST treated cells incubated with necrotic cells and untreated BV2 cells (a representative of six independent experiments
is shown). ***, p � 0.001. ns, not significant.
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