

[image: image1]
Lipid Metabolism Influence on Neurodegenerative Disease Progression: Is the Vehicle as Important as the Cargo?












	
	REVIEW
published: 20 December 2021
doi: 10.3389/fnmol.2021.788695





[image: image2]

Lipid Metabolism Influence on Neurodegenerative Disease Progression: Is the Vehicle as Important as the Cargo?

Raja Elizabeth Estes1†, Bernice Lin1,2†, Arnav Khera1 and Marie Ynez Davis1,3*


1VA Puget Sound Health Care System, Seattle, WA, United States

2Division of Biological Sciences, University of Montana, Missoula, MT, United States

3Department of Neurology, University of Washington, Seattle, WA, United States

Edited by:
Douglas Campbell, Kyoto University, Japan

Reviewed by:
Yu Chen, National Institutes of Health (NIH), United States
Tina Bilousova, UCLA Health System, United States
Yoshio Hirabayashi, RIKEN, Japan

* Correspondence: Marie Ynez Davis, myd@uw.edu

†These authors have contributed equally to this work

Specialty section: This article was submitted to Brain Disease Mechanisms, a section of the journal Frontiers in Molecular Neuroscience

Received: 03 October 2021
 Accepted: 22 November 2021
 Published: 20 December 2021

Citation: Estes RE, Lin B, Khera A and Davis MY (2021) Lipid Metabolism Influence on Neurodegenerative Disease Progression: Is the Vehicle as Important as the Cargo? Front. Mol. Neurosci. 14:788695. doi: 10.3389/fnmol.2021.788695



Many neurodegenerative diseases are characterized by abnormal protein aggregates, including the two most common neurodegenerative diseases Alzheimer’s disease (AD) and Parkinson’s disease (PD). In the global search to prevent and treat diseases, most research has been focused on the early stages of the diseases, including how these pathogenic protein aggregates are initially formed. We argue, however, that an equally important aspect of disease etiology is the characteristic spread of protein aggregates throughout the nervous system, a key process in disease progression. Growing evidence suggests that both alterations in lipid metabolism and dysregulation of extracellular vesicles (EVs) accelerate the spread of protein aggregation and progression of neurodegeneration, both in neurons and potentially in surrounding glia. We will review how these two pathways are intertwined and accelerate the progression of AD and PD. Understanding how lipid metabolism, EV biogenesis, and EV uptake regulate the spread of pathogenic protein aggregation could reveal novel therapeutic targets to slow or halt neurodegenerative disease progression.
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INTRODUCTION

Age-related neurodegenerative diseases are a growing medical burden in our aging population. Alzheimer’s disease (AD), the most common neurodegenerative disease, affects 11.3% of people ages 65 or older, and Parkinson’s disease (PD), the second most common neurodegenerative disease, affects approximately 1% of people ages 60 or older. Therapies for these diseases are limited to symptomatic treatments only, and there is an urgent need for treatments that could halt or slow the underlying neurodegenerative processes.Many neurodegenerative diseases, including AD and PD, have characteristic neuropathologic findings of pathologic bodies that include proteins specific to each disease. In AD, amyloid β-peptides (Aβ) formed by proteolytic cleavage of the amyloid precursor protein (APP) by secretases aggregate into extracellular amyloid plaques, and hyperphosphorylated tau accumulates intracellularly to form neurofibrillary tangles (NFTs; Masters et al., 1985; Grundke-Iqbal et al., 1986). PD and dementia with Lewy Bodies (DLB) are characterized by Lewy bodies (LBs) and Lewy neurites (LN) that include oligomerized α-synuclein (α-syn), as well as lipid membranes and organelles (Spillantini et al., 1997; Shahmoradian et al., 2019). While we will focus on AD and PD-related pathology in this review, several other neurodegenerative diseases such as other α-synucleinopathies and tauopathies, Huntington’s disease, Amyotrophic lateral sclerosis (ALS), and Prion disease are also characterized by neuronal inclusions with specific pathologic protein aggregates. Understanding the mechanisms underlying protein aggregation and spread in AD and PD could hopefully be applied to other aggregate-prone neurodegenerative conditions to develop disease-modifying therapies.

Each neurodegenerative pathologic aggregate has a distinctive temporo-spatial pattern of spread throughout the nervous system that is characteristic of the neurodegenerative disease and correlates with clinical progression (Bancher et al., 1993). AD disease onset is associated with the formation of Aβ plaques and NFTs in the entorhinal cortex, with predictable spread to the hippocampus and eventually throughout the neocortex as the disease progresses (Braak and Braak, 1991; Braak et al., 2006; Nath et al., 2012). In PD, LBs and LNs first appear in the lower brainstem and olfactory neurons, ascending through the midbrain and limbic system to eventually spread throughout the neocortex by the end-stage of the disease (Braak et al., 2003). Understanding the mechanisms regulating the spread of these neurodegeneration-associated aggregates, which are closely associated with clinical disease progression, could reveal novel pathways that could be therapeutically altered to slow or halt disease progression.

A major clue into the mechanism of protein aggregate spread emerged from early investigations of GBA-associated PD. Glucosylceramidase Beta (GBA) encodes a lysosomal enzyme glucocerebrosidase (GCase), that hydrolyzes glucosylceramide into glucose and ceramide. Recessive mutations in GBA cause Gaucher’s disease, the most common lysosomal storage disease [GBA (OMIM 606463)]. However, in the early 1990s, clinicians caring for Gaucher’s patients noted that there seemed to be an unusually high prevalence of PD in 1st degree relatives, far greater than expected within the general population (Neudorfer et al., 1996). Through further clinical and genome- wide association studies, GBA mutations are now recognized to increase the risk of developing PD by at least 5-fold compared to non-carriers making GBA mutations the strongest genetic risk factor for PD (Sidransky et al., 2009; Nalls et al., 2013). Examination of longitudinal cohorts of PD patients later revealed that GBA mutations not only increase the risk of developing PD but also lead to a more malignant clinical course. PD patients carrying GBA mutations have an increased risk of developing cognitive deficits and faster progression of both cognitive and motor function decline (Winder-Rhodes et al., 2013; Brockmann et al., 2015; Davis et al., 2016a, b). This observation was further supported by a transgenic α-synA53T mouse model that had an earlier onset and faster progression of degenerative symptoms in a heterozygous GBA knockout background (Tayebi et al., 2017). These findings suggest that GBA may influence not only the development of Lewy pathology in PD but also the spread of Lewy pathology throughout the brain, manifested by accelerated disease progression.

Increasing evidence suggests that extracellular vesicles (EVs) such as exosomes and synaptic vesicles (SVs) play a major role in the propagation of neurodegeneration-associated protein aggregates throughout the brain. Crucially, examination of GBA-PD patient tissues as well as modeling GBA-associated neurodegeneration has revealed that GBA activity regulates EVs, which may explain its role in accelerating protein aggregate spread (Papadopoulos et al., 2018; Thomas et al., 2018; Jewett et al., 2021). As GBA encodes an enzyme important for ceramide metabolism, investigations into the lipid metabolism alterations due to GBA mutations have led to interesting hypotheses into new mechanisms by which lipid metabolism influences neurodegenerative disease progression. Lipid and in particular ceramide metabolism alterations have also been reported in AD (Han et al., 2002; Wang et al., 2008; Mielke et al., 2010, 2012; Czubowicz et al., 2019), supporting a role for ceramide in promoting aggregation of Aβ associated with lipid rafts and spread of tau and amyloid beta (Aβ) via exosomes, as well as alterations in lipid metabolism associated with disease risk and progression. In this review, we will next examine the evidence supporting the role of lipid metabolites in influencing exosome biogenesis, uptake by recipient cells, and rate of disease progression. Together, these suggest that the vehicle, not just the cargo of EVs, is important for the pathogenesis of neurodegenerative diseases.



LIPID METABOLISM IN NEURODEGENERATION

Lipids are crucial for the normal development and function of the central nervous system (CNS). Sphingolipids and cholesterol are the most abundant class of lipids that are found in the CNS, mainly residing in myelin (O’brien and Sampson, 1965; Kishimoto et al., 1969; Giussani et al., 2021). Lipids are not only the building blocks for membranes, but lipid composition, degree of unsaturation, and length of fatty acyl tails can dictate fluidity of membranes, lipid raft membrane microdomains, and influence vesicle fusion and secretion (Mencarelli and Martinez-Martinez, 2013). Sphingosine, a metabolite of ceramide, is also bioactive and can regulate multiple cellular functions, including signaling, apoptosis, mitochondrial function, immune function, and metabolism (Mencarelli and Martinez-Martinez, 2013; Wang and Bieberich, 2018).

Lipids are increasingly implicated in neurodegenerative diseases. Identification of a growing number of genes involved in lipid metabolism through Mendelian inheritance, genome-wide association studies (GWAS), and transcriptomic studies have been implicated in AD, PD, and other neurodegenerative diseases. The Apolipoprotein epsilon4 allele is the most common genetic risk factor for AD and is important for transporting cholesterol into the brain (Mahley, 1988; Huang and Mahley, 2014). Numerous lipid metabolism-related risk genes have been identified through GWAS studies for AD, recently reviewed by Chew et al. (2020). A growing number of causative genes and risk loci for PD have also been implicated in lipid metabolism, including PLA2G6/PARK14, SCARB2, SMPD1, SREBF1, DGKQ, which were recently reviewed (Alecu and Bennett, 2019). And, as reviewed above, GBA is a critical gene in ceramide metabolism, and mutations in GBA are the most penetrant genetic risk factor for PD.

Lipidomic analysis of tissues from AD patients and AD animal models have revealed alterations in the levels of numerous lipids, including fatty acids, glycerolipids, glycerophospholipids, sphingolipids, and cholesterol (Mesa-Herrera et al., 2019; Chew et al., 2020). Phospholipid deficiencies such as the level of ethanolamine plasmalogen relative to phosphatidylethanolamine levels were observed in postmortem brain tissue of AD patients (Ginsberg et al., 1995). Ceramide has been of particular interest given the paradigm of the ceramide-sphingosine-1-P (S-1-P) rheostat where the balance of these two closely linked and regulated lipids may determine cell death vs. survival (reviewed in Hait et al., 2006; Taniguchi and Okazaki, 2020). While ceramide has been shown to have pro-apoptotic, autophagic, and inflammatory effects, S-1-P has a pro-survival effect mediated by G-protein coupled receptor signaling. Ceramide is also implicated in AD pathogenesis by promoting aggregation of Aβ through interaction via lipid rafts, which are enriched in cholesterol and sphingolipids, and ceramide-enriched exosome membranes (Czubowicz et al., 2019). Higher ceramide levels have been reported in several studies analyzing tissue from AD patients and rodent models of AD. Brain tissue from AD patients with mild to moderate symptoms associated with higher total ceramide levels compared to age-matched controls (Han et al., 2002). Ceramide levels were also increased in cerebrospinal fluid (CSF) of AD patients compared to ALS patients and controls, and immunohistochemistry of frontal cortex revealed increased ceramide in astrocytes (Satoi et al., 2005). Analysis of plasma from a small group of individuals with AD, mild cognitive impairment, and controls found that higher baseline levels of the long-chain ceramides C22:0 and C24:0 were predictive of cognitive decline and hippocampal atrophy (Mielke et al., 2010). Analysis of serum in a longitudinal study of 99 women during their 8th decade again found higher baseline levels of long-chain ceramides to be associated with increased risk of AD (Mielke et al., 2012). Serum ceramide levels were increased in both AD and DLB patients (Savica et al., 2016). Ceramides have also been found to be increased in brain tissue from rodent models of AD (Alessenko et al., 2004; Wang et al., 2008).

Significant alterations in lipid metabolism are also observed in PD. While it is not unexpected that GBA carriers with PD may have lipid metabolism abnormalities, even sporadic PD patients without GBA mutations were observed to have reduced GCase activity in postmortem tissue (Murphy et al., 2014). Furthermore, the level of reduction in GBA enzyme activity inversely correlated with α-syn expression, although high molecular weight α-syn oligomers were not assessed in this study (Murphy et al., 2014). Subsequent studies have confirmed that even sporadic PD patients without GBA mutations have reduced GCase enzyme activity, albeit to a lesser extent than GBA carriers with PD (Alcalay et al., 2015). Sporadic PD patients also have altered levels of glucosylceramide and ceramide, the substrate and product of GCase enzyme activity (Mielke et al., 2013; Guedes et al., 2017), further supporting the observation that GBA enzymatic dysfunction is not a prerequisite for ceramide accumulation. EVs isolated from PD patient brain tissue were found to have increased levels of membranous ceramides that increased binding affinity for α-syn, leading to increased α-syn accumulation, aggregation, and propagation (Kurzawa-Akanbi et al., 2021). These studies suggest that reduced GCase activity and the resulting alterations in lipid metabolism are critical in the pathogenic process causing PD. Finally, reducing the substrate of GCase in a mouse model of GBA PD through inhibition of glucosylceramide synthase reduced insoluble α-syn oligomerization and accumulation of ubiquitinated proteins (Sardi et al., 2017), providing compelling evidence that ameliorating altered lipid metabolism in PD can reduce the underlying pathology.

Ceramides have multiple bioactive influences, and it remains unclear whether they may have a neuroprotective or neurotoxic influence. Since GBA mutations lead to accumulation of glucosylceramide and possible relative reduction in ceramide, it has been hypothesized that reduced ceramide may also contribute to the pathogenesis in GBA-related PD. In support of this hypothesis, GCase-deficient HEK293 cells treated with exogenous C18-Ceramide or the acid ceramidase Carmofur reversed impairment in secretory autophagy and reduced α-syn levels (Kim et al., 2018). Similar findings were observed in iPSC-derived dopaminergic neurons heterozygous for a GBA mutation, where treatment with Carmofur resulted in reduced ubiquitinated proteins and oxidized α-syn species (Kim et al., 2018). Treatment of our Drosophila GBA deficient model with Carmofur also led to a reduction in accumulated insoluble ubiquitinated proteins (unpublished).

Altered metabolism of ceramide and glucosylceramide leads to additional downstream lipid alterations with as yet unclear pathogenic effects. In a double mutant transgenic mouse model heterozygous for GBA and expressing wild-type human α-syn through its endogenous promoter, glucosylsphingosine was significantly increased, while glucosylceramide, ceramide, and sphingosine levels were similar to wild-type GBA controls without human α-syn expression (Ikuno et al., 2019). This is likely due to the deacylation of glucosylceramide by lysosomal acid ceramidase, resulting in glucosylsphingosine, which also accumulates in Gaucher’s disease (Ferraz et al., 2016). Glucosylsphingosine can exit the lysosome, where it can be hydrolyzed by non-lysosomal GBA2 into ceramide, sphingosine, and sphingosine-1-phosphate (Abed Rabbo et al., 2021), resulting in complex alterations of downstream lipids that remain poorly understood.

Phospholipid bis(monoacylglycerol)phosphate (BMP) species are also lipids of interest in neurodegeneration, as they are enriched in late endosome-lysosomes. Inhibiting Vps34, a lipid kinase important for the synthesis of phosphatidylinositol-3-phosphate (PI3P), which was found to be reduced in the AD brain and is an important regulator of endosomal trafficking (Morel et al., 2013), resulting in increased secretion of exosomes by cultured neurons and in a conditional knockout mouse model (Miranda et al., 2018). The increased exosome biogenesis occurred in the context of lysosomal stress, where C-terminal APP fragments were selectively sorted as exosome cargo. The resulting exosomes had a unique enrichment in BMPs in addition to ceramides and sphingomyelin (Miranda et al., 2018). Interestingly, specific urine BMPs were found to be associated with LRRK2 G2019S mutation carriers with PD and cognitive decline (Alcalay et al., 2020). LRRK2, the most common genetic cause of PD, is also implicated in endolysosomal function (Erb and Moore, 2020), suggesting BMPs could be exploited as a biomarker for lipid alterations associated with neurodegeneration involving endolysosomal impairment.

Another way that lipid metabolism alterations may promote neurodegenerative pathology is through direct interaction with aggregate-prone proteins. Significant evidence supports this to be true with α-syn. Sharon et al. (2003) demonstrated that α-syn oligomerizes into insoluble aggregates in the presence of polyunsaturated fatty acids, but not saturated fatty acids, and the length of the fatty acyl chain also influences oligomerization. In an in vitro system using small unilamellar vesicles, α-syn adopted an amyloid-like conformation under conditions where it binds to the lipid bilayer (Galvagnion et al., 2015). In AD, studies have shown that Aβ fibrillization is accelerated and binding is enhanced when incubated with artificially engineered phospholipid vesicles due to the vesicles’ high membrane curvature (~30 nm diameter; Sugiura et al., 2015). However, it has not been reported whether the extent of the Aβ aggregation observed in this in vitro study is comparable to in vivo exosomes or SVs.



EV BIOGENESIS AND LIPID COMPOSITION

Intercellular communication by way of small lipid-bound vesicles, known as EVs, are essential and evolutionarily conserved throughout all multicellular organisms (Lawson et al., 2017). EVs are released from many cell types, including neurons, into the extracellular space and carry proteins, lipids, and genetic cargo (Thery et al., 2002; Zhang et al., 2015; Lawson et al., 2017). EVs are composed of a lipid bilayer that not only protects the encapsulated products but also influences extracellular trafficking and membrane fusion to recipient cells (Skotland et al., 2017).There are varying types of EVs, but they can be roughly categorized as either exosomes (50–100 nm in size) or microvesicles (100–1,000 nm in size; Stahl et al., 2019). Of the two subtypes, exosomes and their similar but smaller counterpart (~40 nm), synaptic vesicles (SVs), are the most well studied and are shown to participate in the spread of aggregated proteins involved in neurodegenerative diseases such as AD and PD (Coleman and Hill, 2015; Skotland et al., 2017; Vogel et al., 2020; Gagliardi et al., 2021).

Lipids are essential for the biogenesis and formation of exosomes as they form the lipid bilayer of the vesicles. Biogenesis of exosomes initiates when the cytoplasmic membrane invaginates extracellular proteins and buds inward to generate early endosomes. Early endosomes then go through another round of inward budding, leading to the formation of intraluminal vesicles (ILVs) and late endosomes. Late endosomes encompassing ILVs are recognized as multivesicular bodies (MVBs). The MVBs either fuse with lysosomes for lysosomal degradation or fuse with the plasma membrane for exocytosis generation of exosomes (Figure 1). Canonical endolysosomal trafficking is mediated by Endosomal Sorting Complexes Required for Transport (ESCRT) complexes and small Rab GTPases (Weeratunga et al., 2020). Regulation of how ESCRT machinery sorts endocytic cargo for recycling and degradation continues to be an active area of discovery and has revealed lipid mediators such as phosphoinositides and lipid transporters (Shen et al., 2011; Stalder and Gershlick, 2020). In addition to the ESCRT-mediated exosome biogenesis pathway, there is also an ESCRT-independent biogenesis pathway that relies on neutral sphingomyelinase (nSMase; Trajkovic et al., 2008; Menck et al., 2017). Neutral sphingomyelinase hydrolyzes membrane lipid sphingomyelin, generating ceramide and phosphocholine. Sphingomyelin hydrolysis is also an important pathway for larger microparticle EV biogenesis in both astrocytes and glia (Bianco et al., 2009).
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FIGURE 1. Exosome biogenesis is dysregulated by lysosomal GBA deficiencies. Extracellular proteins are endocytosed and trafficked intracellularly via endocytes, where they undergo multiple rounds of inward budding to generate intraluminal vesicles (ILVs) within late endosomes/multivesicular bodies (MVBs). MVBs can fuse with the lysosome for degradation or fuse with the plasma membrane, where ILVs are released as extracellular vesicles (EVs). We hypothesize that GBA deficiency impairs lysosomal degradation, leading to the accumulation of intracellular protein aggregates and increased trafficking of the MVB to the plasma membrane for EV biogenesis.



SVs also use endosomal intermediates but differ from exosomes in that fusion with the presynaptic plasma membrane for neurotransmitter release relies on calcium-triggered fusion mediated by synapse-specific machinery (Sudhof and Rizo, 2011; Wu et al., 2014). Endocytosis of SVs can occur through four suggested pathways: (1) “kiss-and-run" endocytosis; (2) clathrin-mediated endocytosis; (3) ultrafast endocytosis; and (4) bulk endocytosis. These endocytic pathways are reviewed in detail in Janas et al. (2016; Figure 2).
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FIGURE 2. Endocytosis of synaptic vesicles (SVs) can occur through four pathways: (1) “kiss-and-run” endocytosis; (2) ultrafast endocytosis; (3) clathrin-mediated endocytosis; and (4) bulk endocytosis. In Alzheimer’s disease (AD), pathogenic tau can bind to the SVs which can lead them to be less mobile, inducing SV clustering and reducing neurotransmission.



Exosomes and SVs have many overlapping features, but also have distinctive protein markers, size, and lipid compositions. Both types of vesicles have been shown to aid the pathogenic spread of neurodegenerative disorders via the endocytic pathway, which is where these vesicles are formed. Both exosomes and synaptic vesicles contain similar cholesterol levels (44% mol) that help maintain the arrangement of phospholipids in the membrane’s bilayer and thereby help maintain the rigidity of the vesicle’s membranes (Wang et al., 2020). While both exosomes and synaptic vesicles are equally highly enriched in cholesterol, exosomes are also highly enriched in sphingolipids in the form of sphingomyelin (SM), which is crucial for the structure and rigidity of exosomes. SM d18:1/16:0, SMd18:1/24:0, and SMd18:1/24:1 constitute approximately 35%, 20%, and 20%, respectively of the total SM species in exosomes and play a pivotal role in exosome biogenesis by promoting the budding of exosomes (Skotland et al., 2017). On the other hand, synaptic vesicle membranes have comparatively higher levels of phosphatidylcholine, phosphatidylethanolamine, and phosphatidylinositols (Janas et al., 2016).



EVs AS A VEHICLE MEDIATING NEURODEGENERATIVE DISEASE PROGRESSION

Recent studies increasingly suggest that EVs play a critical role in the progression of neurodegenerative diseases. There is mounting evidence supporting upregulation of exosome biogenesis as an alternative strategy for cells when the lysosomal function is impaired. Although upregulation of exosome biogenesis may be a mechanism for the cell to get rid of unwanted proteins, these exosomes appear to also be vehicles for propagating pathogenic protein aggregation, ultimately promoting disease progression.

Aβ fragments and tau have been shown to be secreted through exosomes, which mediate cell to cell transfer of these proteins (Saman et al., 2012; Asai et al., 2015; Wang et al., 2017; Laulagnier et al., 2018; Sardar Sinha et al., 2018). In N2a neuroblastoma cells expressing the APP Swedish mutation, C-terminal fragments of APP resulting from cleavage by β- and gamma-secretases were enriched within secreted exosomes and selectively internalized by recipient neurons (Laulagnier et al., 2018). Exosomes isolated from human AD brain tissues were internalized by co-cultured neuroblastoma cells, resulting in increased cytotoxicity compared to exosomes from control brain tissue (Sardar Sinha et al., 2018). Furthermore, inhibiting exosome formation by knocking down ESCRT proteins TSG101 and VPS4A, which are essential for exosome formation, decreased the number of secreted exosomes and inhibited the spread of Aβ (Sardar Sinha et al., 2018). An ESCRT-independent exosome biogenesis pathway has also been identified, which relies on neutral sphingomyelinase (nSMase; Menck et al., 2017). Neutral sphingomyelinase hydrolyzes membrane lipid sphingomyelin, generating ceramide. This lipid-dependent exosome pathway is relevant to neurodegeneration, as inhibition of neutral sphingomyelinase 2 (nSMase2) with the inhibitor GW4869 in 5XFAD mice significantly reduced exosome production, brain ceramide levels, and Aβ plaque pathology (Dinkins et al., 2016). Together, these studies support a role for exosomes in propagating AD pathology.

Exosomes are also implicated in the propagation of Lewy pathology in PD. α-syn is normally membrane-bound and associated with synaptic vesicles. In disease contexts, it has been observed to be packaged both within exosomes and associated with the outer membrane of exosomes. Neuroblastoma SH-SY5Y cells expressing wildtype α-syn were found to secrete α-syn monomers and oligomers extracellularly in association with exosomes in a calcium-dependent manner (Emmanouilidou et al., 2010) as well as when the lysosomal function was inhibited (Alvarez-Erviti et al., 2011). Several subsequent studies have confirmed the association of α-syn with secreted EVs, reviewed in Emmanouilidou and Vekrellis (2016). Internalization of α-syn-containing exosomes by normal SH-SY5Y cells resulted in increased α-syn within the recipient cells, demonstrating that exosomes can be a vehicle for transferring and propagating pathogenic proteins to other cells (Emmanouilidou et al., 2010; Alvarez-Erviti et al., 2011). Similar findings were observed in human neuroglioma and rat primary cortical neuron cultures overexpressing human wild-type α-syn, where inhibiting autophagy increased production of EVs containing α-syn as well as proteins associated with autophagy such as p62, LC3II, and LAMP2A (Minakaki et al., 2018). Exosomes isolated from CSF of PD patients and injected into a reporter cell line for α-syn oligomerization resulted in increased oligomerization (Stuendl et al., 2016). Subsequent studies have replicated these findings in vivo, where exosomes isolated from CSF or brain tissue of PD and DLB patients were injected into mouse brains, resulting in α-syn oligomerization around the site of injection of EVs (Ngolab et al., 2017; Minakaki et al., 2018). These studies further indicate that EVs can mediate cell to cell transfer of α-syn pathology.

GBA mutations appear to have a similar effect in impairing lysosome function, resulting in increased production of EVs carrying pathogenic proteins such as α-syn that propagate pathogenic aggregates in recipient cells. Our work using a Drosophila model of GBA deficiency not only revealed increased protein aggregation but also upregulation of proteins associated with EV biogenesis and dysregulation of EVs, including increased levels of EV-intrinsic proteins and Ref(2)p, the Drosophila homolog of p62 (Davis et al., 2016c; Thomas et al., 2018). A similar finding was observed in synuclein A53T mice treated with Conduritol B epoxide (CBE) to inhibit GCase enzyme activity, resulting in an increase in α-syn-containing exosomes (Papadopoulos et al., 2018). Furthermore, tissue-specific restoration of wildtype GBA in GBA mutant flies revealed non-cell autonomous rescue of protein aggregation in distant tissues including the brain (Jewett et al., 2021). This non-cell autonomous suppression of protein aggregation was accompanied by normalization of the dysregulation in EVs observed in GBA mutant flies (Jewett et al., 2021). Together, these results suggest that GBA deficiency accelerates PD pathogenesis through the propagation of protein aggregates by dysregulating exosome biogenesis. This mechanism could support why GBA mutations are observed to associate with faster progression of PD, as the upregulation in exosome biogenesis may accelerate the spread of Lewy pathology.

Synapses are crucial sites for chemical communication between neurons and play a vital role in the dynamic functions of the brain. In vivo studies in mice and humans indicate that tau protein aggregation spreads readily to trans-synaptic regions of the brain, although exosomes at the synaptic cleft, not synaptic vesicles, may be mediating propagation of tau aggregates (Liu et al., 2012; de Calignon et al., 2012; Vogel et al., 2020; Miyoshi et al., 2021). In AD, synaptic dysfunction is considered to be an early pathological event, preceding Aβ deposits in the brain (Marsh and Alifragis, 2018). Though accumulation of hyperphosphorylated tau in NFTs is a hallmark of AD, soluble, non-aggregated forms of tau appear to be the main toxic element inducing early synaptic deficits (Ahmed et al., 2014; Zhou et al., 2017). In studies using fly and rodent models and post-mortem human brain, tau has been shown to associate with SVs either through protein binding or through direct membrane interactions (Zhou et al., 2017). Tau binding to SVs leads them to be crosslinked and less mobile, thereby inducing SV clustering and attenuating neurotransmission (McInnes et al., 2018).



LIPID ALTERATIONS INFLUENCING EXOSOMES AND PROGRESSION OF NEURODEGENERATION

Lipid metabolism alterations influence multiple aspects of EV biogenesis, including the vesicular trafficking steps leading to exosome release, exosome morphology, and the selective cargo associated with EVs. Lipid composition strongly dictates the curvature of the lipid membrane, and because EVs are so small, the surface area and curvature of the inner membrane can differ significantly from the outer membrane (Skotland et al., 2017). EV membranes are enriched in lipids with monounsaturated fatty acyl groups compared to plasma membranes, likely due in part to the high curvature of EV membranes (Skotland et al., 2017). Unsaturation of fatty acyl chains of ceramides allows for denser packing of ceramide molecules and reduced fluidity of membranes. The length of fatty acyl chains can also influence membrane curvature, with shorter fatty acyl chains positively affecting the curvature in lipid monolayers (Skotland et al., 2017).

Alterations in lipid density and membrane curvature led to various α-syn structural changes and alterations in binding affinity, suggesting that the curvature of the membrane may be a key influence in driving interactions promoting α-syn oligomerization (Middleton and Rhoades, 2010; Pranke et al., 2011). The binding of α-syn to negatively charged lipids within the membrane was also observed to induce conformational changes of EV membranes, increasing vesicle permeability (Hannestad et al., 2020). These studies suggest a bidirectional interaction between the exosome membrane and α-syn that may further enhance neurotoxic effects.

The lipid composition of exosomes also modulates α-syn aggregation, exosome release, and cargo sorting. α-syn has increased affinity to anionic lipids and membranes with increased fluidity (Kjaer et al., 2009; Galvagnion et al., 2016). Systematic analyses of alterations in membrane composition of spherical unilamellar vesicles on in vitro α-syn aggregation revealed that gangliosides GM1 and GM3 enrichment accelerated the aggregation of α-syn (Grey et al., 2015), indicating that lipid composition can have a significant influence on α-syn pathology. The reduction of ceramide, which is critical for ESCRT-independent exosome release, with inhibition of neutral sphingomyelinase 2 (nSMase2) reduced the spread of α-syn among co-cultured SH-SY5Y cells (Sackmann et al., 2019). A recent study of brain tissue and CSF of patients with PD or DLB with and without GBA mutations found that there was a significant increase in several ceramide species in brain tissue and EVs isolated from CSF from all disease patients compared to control, independent of GBA genotype (Kurzawa-Akanbi et al., 2021). Interestingly, proteomic analysis revealed the presence of α-syn, β-syn, gamma-syn, and tau in both disease and control EVs, with no significant difference in levels between either group. However, wild-type α-syn monomers were observed to bind much more readily to disease EVs than control EVs, and this interaction resulted in fibrillization of α-syn, which was absent in the presence of control EVs (Kurzawa-Akanbi et al., 2021). Although it was surprising that the presence of disease rather than GBA genotype was associated with α-syn aggregation, lipid alterations, and α-syn-EV interactions, this study interrogated post-mortem tissues from presumably end-stage disease, where the effect of GBA genotype may not be as strong as early and mid-stage disease. These studies suggest that the lipid composition of EVs may be more influential in the progression of neurodegeneration than the EV cargo itself.

In AD, Aβ associates with exosomes as well, although there is conflicting evidence on whether this association promotes or slows the progression of disease (Rajendran et al., 2006). A reduction in the expression of TSG101 and RAB35 and exosome production was observed in a mouse model ApoE4, suggesting that ApoE4 disrupts exosome biogenesis, leading to endolysosomal deficits and Aβ accumulation (Peng et al., 2019). Exosomes were also reduced in human postmortem brain samples of ApoE4 carriers compared to ApoE3 carriers (Peng et al., 2019). However, the loss of nSMase2 in 5XFAD mice, a model of Aβ aggregation, resulted in decreased ceramide levels and brain exosomes, reducing plaque burden and tau phosphorylation as well as improving cognition on a fear-based conditioning task (Dinkins et al., 2016). It is possible that while overall production of exosomes may be decreased in AD, a subpopulation of exosomes dependent on ceramide metabolism for biogenesis is responsible for the propagation of AD pathology, and further reduction of ceramide levels and exosome production may be neuroprotective. In addition, alterations in lipid composition of EV membranes may have cell-specific effects, as an increase in gangliosides in exosomes from neuronal cells deficient in sphingomyelin synthase 2 (SMS2) resulted in increased uptake and lysosomal degradation of Aβ into co-cultured microglia (Yuyama et al., 2012).



GLIAL ROLE IN PROPAGATION OF NEURODEGENERATIVE PATHOLOGY

Much of the focus thus far in understanding the propagation of neurodegenerative protein aggregate pathology has been on neuron-to-neuron transfer. However, the field is beginning to turn its attention to glial cells directly interacting with neurons. Increasing evidence shows that both astrocytes and microglia can uptake neuronal exosomes as well as release exosomes containing neurodegenerative-related proteins and lipids. We will first assess evidence for exosome uptake by glia, which are the most abundant cell type within the brain. We will then review evidence for whether recipient non-neuronal cells are playing a neuroprotective or toxic role to neighboring neurons in their ability to process and propagate aggregate-prone proteins.

Astrocytes are the most abundant glial cell type in the CNS and are essential in supporting and maintaining a homeostatic environment for neurons via mechanisms such as glutamate synthesis, vasomodulation, and glycogen storage and metabolism (Phelps, 1972; Stobart and Anderson, 2013; Nortley and Attwell, 2017; Barber and Raben, 2019). Astrocytes support neuronal lipid metabolism by synthesizing lipids associated with synaptic vesicle formation and engulfing oxidized lipids from highly metabolic neurons (Barber and Raben, 2019). Astrocytes also synthesize lipoproteins that mediate cholesterol efflux by neurons and are a reservoir for fatty acids and glycogen that are metabolized by neurons (Gu et al., 2010; Chen et al., 2013). Astrocytes have also been shown to endocytose fatty acids from hyperactive neurons and accumulate lipid droplets, along with shuttling fatty acids to the mitochondria for oxidative phosphorylation and performing lipolysis, thereby preventing neuronal lipotoxicity (Qi et al., 2021).

More recently, astrocytes have been implicated in the propagation of pathogenic protein aggregates. While astrocytes do not express α-syn they have been observed to uptake cytoplasmic pre-aggregate species and oligomeric fibrils of α-syn more readily than neurons (Lee et al., 2010; Gustafsson et al., 2017; Loria et al., 2017; di Domenico et al., 2019; Tsunemi et al., 2020) They have also been shown to uptake Aβ proto-fibrils and aggregates (Mulder et al., 2014; Sollvander et al., 2016; Nilson et al., 2017) and tau monomeric species, pre–formed tau fibrils, and phosphorylated tau aggregates (Martini-Stoica et al., 2018; Perea et al., 2019; Mate De Gerando et al., 2021). Furthermore, astrocytes uptake Aβ more readily when packaged within EVs (Dinkins et al., 2016), as well as α-syn associated with EVs (Tsunemi et al., 2020). In post-mortem AD brains, astrocytes were found to localize around amyloid-plaques and hyperphosphorylated tau in hippocampal regions (Richetin et al., 2020). Similar findings were observed in an AD mouse model, where astrocytes surrounded Aβ aggregates (Dinkins et al., 2016). This evidence suggests a protective role of astrocytes where in addition to internalizing free extracellular pathogenic proteins associated with neurodegeneration, astrocytes can also endocytose pathogenic proteins associated with EVs, and may do this more efficiently than neurons. These studies have led to the hypothesis that astrocytic uptake of secreted extracellular aggregate-prone proteins assists in preventing the uptake of proteins that otherwise would be endocytosed by neurons and seed further neuronal spread of pathology.

Astrocytes’ role in neurodegenerative contexts is further assessed by studies examining neurodegenerative genetic perturbations. Expressing α-syn with the familial PD mutation A53T in astrocytes of mice caused widespread astrogliosis in multiple brain regions and increased levels of α-syn aggregation (Gu et al., 2010). Dysregulation of the blood-brain barrier, as evidenced by altered Aquaporin 4 and Glut1 expression, and reduced expression of excitatory amino acid transporters was also observed, suggesting impairment in astrocytic function in maintaining neuronal excitation homeostasis (Gu et al., 2010). Astrocytes derived from iPSCs from patients with ATP13A2 mutations causing familial parkinsonism had reduced endocytosis of neuronal EV-associated α-syn (Tsunemi et al., 2020). When ATP13A2 mutant astrocytes were co-cultured with control neurons, there was an increase in neuronal intracellular α-syn, indicating that astrocytes normally have a neuroprotective role in reducing neuronal pathology.

However, once endocytosed, astrocytes may not effectively degrade aggregate-prone proteins, leading to increased neurotoxic effects. In iPSC-derived astrocytes co-cultured with neurons, astrocytes showed preferential endocytosis of neuronal secreted α-syn, but α-syn subsequently accumulated within astrocytes and co-localized with LAMP-2 over several days, suggesting that lysosomal degradation was impaired (di Domenico et al., 2019; Figure 3A). Similarly, when primary mouse neurons, astrocytes, and oligodendrocytes were co-cultured and exposed to recombinant labeled α-syn oligomers, astrocytes rapidly took up most of the α-syn oligomers compared to neurons and oligodendrocytes (Lindstrom et al., 2017). However, α-syn oligomers remained detectable and co-localized with LAMP-1 for over 12 days after uptake, and astrocytes developed evidence of mitochondrial damage (Lindstrom et al., 2017). In addition, death of co-cultured neurons was observed 12 days after exposure to the α-syn oligomers, coinciding with the impairments in endolysosomal trafficking and mitochondrial defects in the astrocytes, suggesting that astrocytes may be producing non-cell autonomous neurotoxic signals in response to the endocytosed α-syn oligomers. Rat primary astrocytes were also observed to uptake α-syn oligomers, this time purified from postmortem brain tissue of PD patients, more efficiently than rat primary cortical neurons (Cavaliere et al., 2017). Cavaliere et al. (2017) cultured neurons and astrocytes in a microfluidic chamber system to test whether α-syn oligomers exposed to neurons or astrocytes could be transferred to neurons or astrocytes. Consistent with other studies, they found that α-syn oligomers endocytosed by astrocytes led to increased neuronal cell death compared to direct uptake of α-syn oligomers by neurons. These studies suggest that endocytosis of α-syn may cause astrocytes to become neurotoxic reactive astrocytes.


[image: image]

FIGURE 3. Glial cells mediate propagation of neurodegenerative protein species by up-taking both free and extra-cellular vesicle (EV)-associated proteins, thereby preventing neuronal uptake and spread of disease. (A) Astrocytes endocytose free and EV-associated aggregate prone proteins including α-syn and Aβ and process them in the lysosome but subsequent lysosomal dysfunction results in debris-burdened enlarged lysosomes that do not degrade the engulfed material. (B) When exposed to Aβ, astrocytes release EVs that induce apoptosis in neighboring astrocytes. (C) Astrocytes also release EVs enriched in glycosphingolipids (GSLs) that bind monomeric Aβ, promoting oligomerization and plaque formation. (D) Microglia uptake both free and EV-associated aggregate-prone proteins and process them through the endolysosomal system where they are repackaged into EVs that are released and engulfed by neighboring neurons, presenting evidence of neurotoxic propagation from glia to neurons. (E) Microglia degrade endocytosed pathogenic proteins via phagocytosis, clearing aggregate prone proteins.



Astrocytes can also uptake tau pathology, which can be enhanced by lysosomal function. Mate De Gerando et al. (2021) confirmed that tau can be transferred between neurons and astrocytes in vivo in a mouse model by expressing a pro-aggregating tau peptide in neurons and human wild-type tau in astrocytes in the hippocampus. Using an antibody that only detects the aggregates formed by co-expression of both forms of tau, positive tau-aggregate staining was observed in both cell types, indicating transfer of tau species between neurons and astrocytes. Martini-Stoica et al. (2018) overexpressed Transcription Factor EB (TEFB), a master regulator of lysosomal biogenesis, in astrocytes and found that this not only increased trafficking of pre-formed fibrillary tau fibrils to the lysosome but also increased uptake of these fibrils. Increased expression of TFEB in astrocytes in the PS19 tauopathy mouse model reduced tau pathology and decreased levels of astrocyte gliosis, although increased expression of astrocytic TFEB in a more rapidly progressive tauopathy mouse model did not reduce tau pathology. These studies suggest that healthy astrocytes can process tau oligomers effectively via endolysosomal trafficking to reduce the spread of tau pathology and gliosis.

However, astrocytes may also release exosomes that mediate the spread of pathogenic protein aggregates. Astrocytes localized near Aβ peptides and aggregates in whole mouse brains upregulated ceramide production, resulting in increased biogenesis of ceramide (specifically C18:0, C24:0)-enriched exosomes that induced an apoptotic response in neighboring astrocytes (Wang et al., 2012; Dinkins et al., 2016; Figure 3B). The astrocyte-derived exosomes released in response to Aβ exposure also contained phosphorylated-tau (p-tau), a precursor for neurofibrillary tau tangles (NFTs; Chiarini et al., 2017). This suggests that astrocytes recycle endocytosed pathogenic cargo, re-releasing them as astrocytic EVs and potentially facilitating the spread of disease.

Astrocyte-derived exosomes may have distinctive lipid composition compared to neuronal-derived exosomes which could affect protein aggregation and internalization by recipient cells. In addition to enrichment in ceramides (Wang et al., 2012), the ganglioside GM1 was found in the outer layer of exosomes released by astrocytes in the aggressive Alzheimer’s mouse 5XFAD model. Of note, GSLs are more abundant in neuronal exosomes relative to glial exosomes, which have been implicated in the binding of monomeric Aβ (Yuyama et al., 2014). Exosomes isolated from primary astrocytes were observed to induce aggregation of monomeric Aβ1–42 peptide 20-fold greater than amyloid alone, suggesting that astrocytic exosomes facilitate the formation of Aβ plaques within the AD brain (Dinkins et al., 2014). Adding an anti-ceramide antibody reduced Aβ aggregation, suggesting that the ceramide enrichment of astrocyte-derived exosomes is required for monomeric Aβ binding and oligomerization (Dinkins et al., 2016). Therefore, the efficacy of astrocyte-derived exosomes as a vehicle for Aβ plaque formation and spread appears to be dependent on lipid composition.

In conclusion, evidence suggests that astrocytes reduce the neuronal spread of pathology by readily taking up free extracellular or EV-associated neurodegenerative proteins due to more efficient endolysosomal trafficking compared to neurons. However, it remains unclear whether astrocytic uptake of neuronal exosomes and pathogenic proteins is ultimately neuroprotective or neurotoxic. These glial cells may eventually accumulate pathogenic proteins, leading to the release of astrocytic exosomes that further propagate pathogenic aggregate pathology and conversion to reactive cytotoxic astrocytes (Figure 3). Further work will need to address the possible neuroprotective vs. neurotoxic roles of astrocytes in the propagation of pathogenic proteins in neurodegeneration.

There is increasing recognition of microglia in the clearance of pathogenic proteins in multiple neurodegenerative conditions. Microglia are the primary immune cells of the CNS that become active under conditions of injury, infection, or even neurodegeneration. When active they are phagocytic, assuming a macrophage-like phenotype where they become mobile and endocytose surrounding debris (Neumann et al., 2009). They have been observed to migrate to newly formed amyloid plaques within 24 h of formation in an aggressive AD mouse model and prevent the continued formation of those plaques (Meyer-Luehmann et al., 2008).

Recruitment of microglia to Aβ plaques followed by clearance of Aβ was also observed in the transgenic mouse model PDAPP in which APP, the pre-aggregate form of Aβ, is over expressed. In 20-month-old mice corteces, an anti-Aβ antibody 10D5 was injected at sites of already existing Aβ plaques in an attempt to see if this would promote the clearance of the plaques. Microglia were recruited to the site of injection in high abundance 3 days post-injection, coinciding with clearance of the anti-Aβ-stained plaques. Though this clearance was mediated by immunotherapy, it is still positive evidence for microglia to surround and clear Aβ and associated bodies, thereby preventing the spread of Aβ plaques (Bacskai et al., 2001). Microglial internalized Aβ was degraded via autophagy as confirmed with co-staining of LAMP1, CD68 and Aβ (Bacskai et al., 2001; Feng et al., 2020). These studies support a neuroprotective role for microglia in clearing and halting the propagation of pathogenic senile plaques. Microglia are also recruited to NFTs and internalize insoluble and soluble tau species in AD postmortem tissue, suggesting that microglia continually surveil for aberrant tau (Bolos et al., 2016; Nilson et al., 2017). In an AD mouse model, microglia have been observed to localize around phosphorylated tau within the dentate gyrus and phagocytose p-tau positive neurons, preventing the spread of phosphorylated tau and progression of neurodegeneration (Asai et al., 2015; Loria et al., 2017).

Microglia are also able to phagocytose exosomes containing Aβ, tau, and α-syn (Yuyama et al., 2012; Wang et al., 2017; Xia et al., 2019). However, microglial phagocytosis may not be neuroprotective, as internalized proteins are recycled and released back into the extracellular matrix as microglial exosomes, where they can further propagate neurodegeneration (Asai et al., 2015; Guo et al., 2020). Depletion of microglia in a mouse AD model resulted in decreased EV-associated oligomeric tau and reduced tau pathology in the brain. The same findings were observed when exosome production was inhibited in microglia via the nSMase ceramide synthesis pathway (Asai et al., 2015). Similar proof of microglia-derived exosome mediating propagation has been observed with α-syn, where microglial exosomes containing α-syn were internalized by co-cultured neurons and led to increased α-syn oligomerization . In the same co-culture experiment, when microglial nSMase was inhibited to impair exosome biogenesis, oligomerization of α-syn in neurons decreased (Guo et al., 2020) Thus, evidence supports both a neuroprotective role for microglia in internalizing pathogenic proteins neurons, as well as promoting the propagation of protein aggregation in neurodegeneration.

Membrane lipid composition of EVs also influences microglial exosome internalization. Yuyama et al. observed that GSLs on the outer membrane of exosomes were essential for Aβ binding and oligomerization. However, there was no effect on microglial internalization of glycosphingolipid-depleted exosomes. Previously, this group showed that microglia require phosphatidylserine (PS), a lipid implicated in the autophagy of cellular debris and expressed in the outer membrane of apoptotic cells, was required for microglia to uptake neuronal exosomes (Neumann et al., 2009; Yuyama et al., 2012, 2014). It should be noted that another glial cell type, oligodendrocytes which provide the myelin sheath surrounding neuronal axons in the CNS, have been observed to accumulate tau aggregates (Narasimhan et al., 2020) and α-syn filaments (Tu et al., 1998). Accumulation of these pathogenic aggregates led to oligodendrocyte cell death and neurotoxicity (Tu et al., 1998; Narasimhan et al., 2020), adding further complexity to the non-cell autonomous interactions contributing to the spread of pathogenic protein aggregation and progression of neurodegeneration.

In addition to proteins and lipids, EVs contain nucleic acids including microRNAs (miRNAs) that may mediate interactions with neurons. Analysis of EVs from primary rat microglia cultured with inflammatory Th1 cytokines revealed a microglial-specific miRNA that reduces dendritic spine density when internalized by hippocampal neurons (Prada et al., 2018). Specific extracellular and EV-associated miRNAs in CSF have been found to be associated with neurodegenerative diseases such as AD and PD (Lusardi et al., 2017; Grossi et al., 2021). Characterization of miRNAs trafficked to EVs and whether they mediate neuroprotective or neurotoxic effects in a neurodegenerative context is an emerging area of study.



CONCLUSION

The spread of pathologic protein aggregates throughout regions of the brain in neurodegenerative diseases is associated with the progression of clinical disease. A significant amount of evidence now supports EVs as important vehicles mediating the propagation of pathogenic protein aggregates in multiple neurodegenerative diseases. Alterations in lipid metabolism also alter disease progression by promoting oligomerization of aggregate-prone pathogenic proteins and impairing EV biogenesis. Although this review focused on the neuropathology related to AD and PD, EVs and lipid metabolism alterations are implicated in several other neurodegenerative diseases characterized by pathogenic protein aggregates, including DLB, Huntington’s, ALS, prion disease, and other tauopathies and α-synucleinopathies. While the specific proteins involved in aggregates for each of these diseases are unique, there may be a common underlying pathogenic mechanism regulating the spread of these aggregates that could be exploited therapeutically to slow or halt neurodegeneration. Elucidating the alterations in lipid metabolism may reveal possible druggable targets in lipid pathways to ameliorate neurodegenerative processes, as well as identify potential biomarkers of disease progression.

Studies of tissues from GBA carriers and GBA deficient model organisms and cultured cells have provided some of the most compelling evidence for the role of lipid metabolism in the progression of neurodegeneration. Lipid composition has widespread cellular influences affecting disease progression, including cell autonomous vesicular trafficking and autophagy, exosome biogenesis, cell signaling, and cell survival. In this review, we examined the evidence for the lipid composition of membranes directly interacting with neurodegenerative proteins to promote aggregation and pathology. Ceramide metabolism is of particular interest, given its multiple avenues of influences that are all implicated in neurodegeneration, including exosome biogenesis, membrane fluidity, and curvature, cell signaling, regulation of apoptosis, autophagy, and inflammation. These studies suggest that alterations in lipid metabolism can have a profound effect in accelerating disease progression. As the lipid abnormalities found in AD, PD and other aggregate-prone neurodegenerative diseases have similarities in common in modifying protein aggregation, elucidation of lipid-mediated mechanisms to slow neurodegeneration holds significant promise as a therapeutic target. Improvements in detection and annotation of lipids from tissues of patients, and animal or cell culture models are resulting in a complex lipid landscape that is increasingly difficult to interpret. Continued lipidomic analysis of patient tissues, isogenically controlled model organisms, and cell culture models will be crucial to identify the key lipid alterations involved in pathogenesis and disease progression.

Understanding the role of glia in the propagation of protein aggregation and disease progression is becoming a major focus in neurodegeneration. However, it remains unclear which glial cells may have neuroprotective vs. neurotoxic effects. Several studies suggest that glia may initially have neuroprotective effects in clearing extracellular pathogenic free-floating and EV-associated proteins that would otherwise seed and propagate pathology in recipient neurons. However, uptake of pathogenic EVs may overwhelm glial endolysosomal trafficking, leading to toxicity of glia as further propagation of pathologic proteins within glial EVs. Recent studies using co-cultures of iPSC-derived neurons and glia are starting to elucidate the complex interactions between these cell types in health and disease. Investigations using iPSC-derived organoid models may be necessary to further understand complex interactions between these cell types that are perturbed in neurodegenerative diseases. Further studies are necessary to elucidate the role of glia in reducing or promoting the propagation of neurodegenerative pathology. These studies could reveal alternative therapeutic targets in harnessing the increased uptake of pathogenic aggregate-prone proteins by glia to reduce the spread of neurodegenerative pathology and slow disease progression.

Lipid metabolism alterations contribute to the progression of neurodegeneration through numerous pathways influencing the spread of pathology. While much focus has been on the study of these aggregate-prone proteins, the lipids surrounding these proteins in EVs, endocytic vesicles, lipid rafts, and cell membranes are altered in the context of neurodegeneration, promoting aggregation and influencing the spread of pathogenic protein aggregates from cell to cell, suggesting that lipid alterations may be as important as the pathogenic proteins themselves.
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