1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Mov Disord. Author manuscript; available in PMC 2020 July 01.

-, HHS Public Access
«

Published in final edited form as:
Mov Disord. 2019 July ; 34(7): 959-969. doi:10.1002/mds.27718.

The Al astrocyte paradigm: New avenues for pharmacologic
intervention in neurodegeneration

Jared T. Hinkle12, valina L. Dawson?2:3457.T and Ted M. Dawson?2:3:4.6,

IMedical Scientist Training Program, Johns Hopkins University School of Medicine, Baltimore, MD
21205, USA.

2Solomon H. Snyder Department of Neuroscience, Johns Hopkins University School of Medicine,
Baltimore, MD 21205, USA.

3Neuroregeneration and Stem Cell Programs, Institute for Cell Engineering, Johns Hopkins
University School of Medicine, Baltimore, MD 21205, USA.

“Department of Neurology,Johns Hopkins University School of Medicine, Baltimore, MD 21205,
USA.

SDepartment of Physiology, Johns Hopkins University School of Medicine, Baltimore, MD 21205,
USA.

5Department of Pharmacology and Molecular Sciences, Johns Hopkins University School of
Medicine, Baltimore, MD 21205, USA.

“Adrienne Helis Malvin Medical Research Foundation, New Orleans, LA 70130-2685, USA.

Abstract

We recently demonstrated that NLY01, a novel glucagon-like peptide receptor 1 (GLP1R) agonist,
exerts neuroprotective effects in two mouse models of Parkinson disease (PD) in a glia-dependent
manner. NLYO01 prevented microglia from releasing inflammatory mediators known to convert
astrocytes into a neurotoxic Al reactive subtype. Importantly, we provided evidence that this
neuroprotection was not mediated by a direct action of NLYO0L1 on neurons or astrocytes (e.g. by
activating neurotrophic pathways or modulating astrocyte reactivity per se). In the present article,
we provide a generalist review of microglia and astrocytes in neurodegeneration and discuss the
emerging paradigm of Al astrocyte neurotoxicity in more detail. We comment on specific
inferences that are naturally suggested by our work in this area and the differential level of support
it offers to each. Finally, we discuss implications for the overall goal of creating disease-modifying
therapies for PD, survey emerging methodologies for accelerating translational research on glia in
neurodegeneration, and describe expected challenges for developing glia-directed therapies that do
not impede essential physiologic functions carried out by glia in the central nervous system.
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Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative condition
worldwide.! For nearly a century, scientific consensus has maintained that the disease
preferentially ravages the dopaminergic neurons of the ventral midbrain, thereby causing the
principal motor signs experienced by PD patients. Efforts to understand why these neurons
are disproportionately affected in PD have historically assumed that answers would lie
primarily within the neurons themselves. The resultant inquiries have generated
comprehensive models of neuronal function. Additionally, the study of aberrant gene
product activities in monogenic forms of PD have clarified why dopaminergic neurons in the
substantia nigra may be especially vulnerable to the disease process. For example, these
cells sustain calcium-dependent pacemaker firing activity and variegated axonal projections
to distant targets, leading to extraordinary metabolic demands that induce damaging
mitochondrial oxidant stress.2 However, cell autonomous or neuron-centric perspectives of
neurodegeneration are reckoning with the increasingly accepted notion that the non-neuronal
cells of the brain are not passive bystanders in either healthy or diseased states.

Neurobiological paradigms of PD—and other neurodegenerative diseases such as Alzheimer
disease (AD), Huntington disease (HD) and amyotrophic lateral sclerosis (ALS)—are
undergoing rapid conceptual refinement to accommodate newfound or revisited roles for
glial cells and their contributions to brain homeostasis. For example, microglia are not
merely phagocytic sinks or debris receptacles, but motile and dynamic surveillants that
patrol the central nervous system (CNS) parenchyma. They are also exquisitely responsive
to extracellular signals and undergo remarkable transformations to accommodate a variety of
functions, such as selective synaptic pruning during development.3 Similarly, astrocytes
appear to undergo phenotypic diversification in the presence of damage- or disease-
associated signals, altering their relationship to neighboring neurons.*

In the present Scientific Perspectives article, we discuss recent discoveries regarding the
relevance of glial cells to models of neurodegeneration, with a focus on PD. Our
commentary centers on findings that may bear especial therapeutic promise insofar as they
suggest fruitful targets of pharmacologic intervention. As an example, we highlight our own
work on NLY01.% We also temper this discussion with attention to the essential and adaptive
roles of glia in the aging CNS, which is requisite to understanding the impacts of modulating
their activity. We conclude the perspective by highlighting emerging methodologies that may
accelerate translational research centered on glial function and answer outstanding questions
for the field.

Microglia — More than Macrophages

In 1918, Pio del Rio-Hortega devised an adapted staining technique that enabled him to
morphologically distinguish microglia from other types of glia.® Rio-Hortega subsequently
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laid the descriptive foundation for this newly resolved population of cells, but one full
century later, much remains to be understood about them. For example, the developmental
origin of microglia was a surprisingly controversial topic until the present decade. Microglia
are now seen as mesodermal in origin, arising from the embryonic yolk sac like other tissue
macrophages and colonizing the developing CNS.” During an adult human lifespan, it is
estimated that the microglial population self-renews multiple times through ordered
proliferation, although the cues that govern this process across different brain regions are not
well understood.8 Similarly, while microglia exhibit region- and age-dependent phenotypes,
9-12 it remains profoundly unclear how these differences and changes relate to health and
disease.

As for other tissue macrophages, investigators often use the metaphor of “activation” to
describe the process by which microglia transform from a surveilling or fomeostatic state to
a reactive state. This can be catalyzed by the detection of a damage- or pathogen-associated
substance such as bacterial lipopolysaccharide or misfolded proteins.13 In the context of
histologic analysis, these phenotypes can be discriminated based on cell markers and
morphology. The appearance of homeostatic microglia elegantly reflects their patrolling
activities: a relatively small rod-shaped cell body with highly ramified processes that
dynamically protract and retreat to sample the extracellular milieu.14 The morphology
observed to predominate near diseased or infarcted brain tissue is distinctively less intricate
—these reactive microglia appear as though retracting inwardly, exhibiting larger cell bodies
and few short, dense processes. In this form, microglia are specialized for signal
amplification and cytokine biosynthesis rather than surveillance. Traditionally, activated
microglia are further dichotomized into pro-inflammatory “M1” and alternative
immunoregulatory “M2” microglia subtypes. While this particular split is now reflexively
acknowledged to be an oversimplification,15, 16 it remains in use as a generally useful
heuristic. Reactive microglia have been recognized for decades as a pathologic hallmark of
neurodegenerative foci in PD and other neurodegenerative conditions.1” In recent years, it
has become increasingly difficult to contend that these changes are primarily a secondary
effect of neuronal destruction that bear little instigative relevance to neurodegenerative
pathogeneses. However, it is similarly difficult to coherently link specific cellular changes to
disease etiology, as they are typically not inherently adaptive or pathological.

Transcriptomic analysis of microglia in neurodegenerative models has provided some
valuable starting points for how these cells respond locally at neurodegenerative foci, giving
rise to the idea of diisease-associated microglia (DAM)8 or the microglial neurodegenerative
(MGnD) phenotype.19 Interestingly, these microglia differentially express markers that are
traditionally associated with both M1 and M2 microglia—i.e., markers from both population
are either upregulated or downregulated (see Shi & Holtzman, 2018).20 At a broad level, this
signature is associated with increased expression of phagocytic and inflammatory genes, as
well as regulators of microglial ontogeny, specifically colony stimulating factor 1 (CsfI).
Mice lacking the receptor for this gene (Csf1r) do not develop microglia and its
pharmacologic inhibition leads to microglia depletion in adult animals.2! Whether DAM
represent an overall beneficial population in terms of resisting neurodegeneration remains
largely unclear, but it appears likely that they exert both protective functions (e.g., uptake
and digestion of misfolded proteins and dead neurons) and adverse effects (e.g. phagocytosis
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of stressed but not dying neurons). Environmental influences, genetic variation, epigenetic
status, and peripheral immune changes may also bias DAM one way or the other, but much
remains to be understood about them.

A more granular strategy for exploring microglial function in neurodegenerative contexts is
to consider how disease-linked gene variants may alter microglial function. This approach is
exemplified by recent studies of triggering receptor expressed on myeloid cells 2 (TREM2),
a gene with hypofunctioning alleles linked strongly to AD and to a lesser extent, PD.22-24
Human carriers of the AD-linked R47H variant of 7TREMZ not only have higher risk for AD,
but earlier symptom onset and more rapid AD progression.22, 24 A growing body of
literature suggests that microglial TREM-2 enables adaptive regulation of amyloid plaque
formation.20, 25-27 Microglia trim extracellular filamentous p-amyloid in a TREM-2
dependent manner; this process compacts it into plaques, which blocks its spread and
enables the formation of barriers to reduce its local neurotoxicity.28, 29 Finally, TREM-2
appears to regulate adoption of the DAM transcriptional signature, as the appearance of this
population in the 5xFAD mouse model of AD is blocked in mice that lack 7TREM218
Because reduced TREM-2 function can be linked to both DAM reduction and increased risk
for neurodegeneration, this may suggest an overall neuroprotective role for DAM, but direct
evidence for this claim is lacking.

The successful work on microglial 7REMZin AD suggests that it may be important to
reconsider the functions of classic PD-associated genes—such as LRRKZ, PINK1, and
PRKN (Parkin)—and how their mutation or loss could impact microglial biology. For
example, a recent investigation found that mice overexpressing mutant human LRRK2
(either R1441G or G2019S) exhibit increased dopamine neuron loss and neuroinflammation
in response to systemic endotoxin challenge.3? This study concluded that LRRK2 mediated
the link between peripheral inflammation and neuroinflammation by augmenting peripheral
production of CNS-modulating cytokines. If supported by future research, this finding could
also partly explicate the association between PD and Crohn’s disease. Genetic variants in
LRRKZhave been found that are linked to not only PD but various clinical characteristics of
Crohn’s disease. For example, the N2081D risk allele for Crohn’s disease affects the kinase
domain of the LRRK2 protein, similarly to the G2019S mutation that increases PD risk.3!
Interestingly, anti—tumor necrosis factor (anti-TNF) regimens for inflammatory bowel
diseases may reduce the incidence of PD.32 This could suggest a broader relationship
between colonic inflammation and PD, such as facilitating the theoretical spread of a.-
synuclein aggregates from the enteric nervous system to the brainstem33 or modulating
microbiomic control over neuroinflammation.3* Given the exquisite sensitivity of both
microglia and astrocytes to inflammatory signals, either of these mechanisms would have
clear relevance to glial function.

PRKN and PINK1 are essential to mitochondrial quality control (see Pickrell & Youle,
2015),3% which could be important in microglia, as mitochondria serve as convergence
points for several innate immune signaling pathways.38 For example, Parkin-mediated
mitophagy is involved in the abrogation of NF-xB-mediated inflammation in macrophages,
a process that appears to be closely linked to the degree of mitochondrial damage that
immunostimulants cause.37 Parkin deficiency could be an instructive model for PD-related
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microglial dysfunction because its inactivation is linked to both sporadic and heritable forms
of the diease.38 The extensive nature of parkin’s ubiquitylome3° suggests that it helps to
regulate diverse and conserved signaling pathways with relevance to age-dependent
neuroinflammation. While there is evidence for elevated inflammatory cytokine production
in immunostimulated parkin-knockout microglia,*C mechanistic insights or translation from
macrophage work is lacking, suggesting fertile ground for future investigation.

Astrocytes: Claiming a Starring Role

Astrocytes are “non-excitable” cells (i.e., they do not fire action potentials like neurons) that
are often associated with metaphors evoking a passive, structural, or supportive set of
functions. Such connotations may be inherited from antecedent ideas that glia might form a
sort of “connective substance” for the brain, possibly one largely devoid of cellular
components. The term neuroglia (German: nervenkitt, “nerve glue™) was introduced in 1856
by Rudolf Virchow, an authoritative figure in 19th century pathology and cellular biology.4!
In a lecture, Virchow later acknowledged that, “where neuroglia is met with, it also contains
a certain number of cellular elements”.42 It seems likely that, as astrocytes became
recognized as the predominant type of glial cell, they inherited much of the antecedent
conceptual framework for neuroglia in general.

While not unreasonable, earlier metaphors of “glia as glue” almost certainly shaped the
nature of later inquiries and parameterized which functions could be plausibly ascribed to
astrocytes. However, one can also appreciate early questioning of these assumptions. The
esteemed neuropathologist Santiago Ramén y Cajal wrote in 1899:

“The prejudice that the relation between neuroglial fibers and neuronal cells is
similar to the relation between connective tissue and muscle or gland cells, that is, a
passive weaving for merely filling and support (and in the best case, a gangue for
taking nutritive juices), constitutes the main obstacle that the researcher needs to
remove to get a rational concept about the activity of the neuroglia”.*3

This argument by Ramén y Cajal is interesting to compare with evolving perspectives on
astrocytes because “supportive” and “passive” are not fixed metaphors, but relative ones. He
and his contemporaries pioneered an understanding of important functional niches fulfilled
by astrocytes, such as ion buffering, neurotransmitter handling, metabolic regulation, and
microvasculature control.** Today, however, these functions seem to form the new reference
point for a fundamentally supportive glial identity, which may lead to miscommunication
when proposing—or revisiting—putative astrocyte behaviors.

These considerations notwithstanding, longstanding paradigms of astrocyte function have
already provided important insights into PD models. For example, astrocytes and
serotonergic neurons are the primary cell types that express monoamine oxidase B (MAO-
B), the enzyme that metabolizes the prodrug 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) into the neurotoxin MPP+.4> Administration of this compound has been widely
used to induce parkinsonism in model organisms because dopamine neurons are most
drastically affected by the MPP+ neurotoxin.*6 Thus, it is not a new revelation that
astrocytes can actively contribute to a PD-relevant pattern of neuronal dysfunction; however,
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their role in this model has not typically been the focus of studies that leverage MPTP
toxicity. For example, if an experimental intervention is shown to ameliorate MPTP-induced
neurodegeneration, it may often be assumed that the intervention operates by buttressing
neuronal resistance to MPTP toxicity (e.g. by reducing mitochondrial dysfunction) or
activating neurotrophic signaling pathways. The extent to which the requisite “upstream”
glial MPTP metabolism might be affected by the intervention may not be routinely
considered an important confound, although most if not all studies assess whether the
intervention interferes with the conversion of MPTP to MPP+. Work in the MPTP model of
PD provided compelling evidence that MPTP kills in both a cell autonomous manner
through neuronal production of nitric oxide (NO) and activation of parthanatos47, 48 and a
non-cell autonomous mechanism, through microglia production of NO through inducible
NO synthase*®. Consistent with this notion, It was recently shown that MPP+ can enter
microglia via cation transporters, inducing oxidative stress and inflammation that ultimately
exacerbate dopaminergic neurodegeneration.>% Growing recognition that glial involvement
cannot be discounted in neuropathological investigations has thus inspired a reconsideration
and examination of existing literature on PD models and mechanisms.

Neurotoxic Behaviors of Microglia and Astrocytes in Neurodegeneration

The role of glia in neurodegeneration is arguably among the most striking narratives that
have emerged from the explosion of interest in glia over the past decade. Microglia are
inextricably linked to astrocytes in this context, as they are proposed to exert phenotypic
control via the secretion of inflammatory factors. Astrocytes have long been known to
proliferate at a site of CNS injury and assist in scar formation; this is the classical clinico-
pathologic significance of reactive astrocytosis.5! Certain harmful effects of reactive
astrocytes have been observed, studied, and debated for decades, such as interference with
axonal regeneration.>? The notion that reactive astrocytes could directly contribute to
neurodegenerative disease (e.g., by secretion of neurotoxic factors) has not been the subject
of as much investigation. In 2007, a pair of twin publications demonstrated that
overexpression of human mutant superoxide dismutase-1 (SOD-1) in mouse astrocytes
induced them to release soluble factor(s) that killed motor neurons /n vitro.53, 54 This cell
death was reduced by inhibition of the BAX protein, a key regulator of mitochondrial
apoptosis.>* This suggested that, at least in ALS, selective neurotoxicity mediated by
astrocytes constitutes an important new disease mechanism and target for therapeutic
intervention.

Transcriptional analysis has demonstrated subtype heterogeneity among reactive astrocytes
that depends heavily on the extracellular environment and type of injury. For example,
reactive astrocytes produced in the context of either neuroinflammation induced by systemic
LPS injection or middle cerebral artery occlusion (MCAO) upregulate transcription of a core
set of “pan-reactive” genes. However, sub-populations of reactive astrocytes differentially
regulate transcriptional modules, enabling them to be further categorized and robustly
discriminated.®® Subsequent research has designated the reactive sub-populations induced by
neuroinflammation (LPS) and ischemia (MACO) as the “A1” and “A2” reactive astrocyte
subtypes (see Liddelow & Barres 2017).% Notably, LPS injection does not cause Al
astrocytes to appear in mice without microglia (CsfIrknockout), suggesting that microglial
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activation is required for A1 astrocyte production.®® More specifically, genetic ablation or
receptor neutralization of interleukin-1a (IL-1a), tumor necrosis factor a (TNF-a), and
complement component subunit 1q (C1q) abrogates the induction of Al reactive astrocytes
by microglia.56

Analogous to what was seen in the SOD-1 overexpression reports, astrocyte-conditioned
medium from A1 astrocytes (A1-ACM) is potently neurotoxic; this can be reduced by pre-
treatment with compounds that interfere with apoptosis, but not necroptosis.>® Blockade of
AMPA, NMDA, and kainate receptors all failed to reduce A1-ACM neurotoxicity,
suggesting that Al neurotoxicity cannot be explained in this model simply by a “loss of
function” for glutamate handling that engenders glutamatergic excitotoxicity.6 Furthermore,
Al astrocytes—identified /n vivo by upregulated expression of C3 complement component
—were demonstrated not only in diseased tissue from patients with ALS, but also AD, HD,
PD, and multiple sclerosis (MS), suggesting a broader relevance to neurodegenerative
processes.>®

What adaptive or homeostatic function could potentially be fulfilled by Al astrocytes
remains an open question. The removal of unsalvageable neurons from neural circuits is one
potential evolutionary reason for their existence, i.e. eliminating those which have lost
functional synaptic connections or have become virally compromised. Eliminating
unsupported neurons could also have significance during development. For example,
microglia are actively involved with synaptic pruning during neurodevelopment? and Al
astrocytes could plausibly serve a complementary or parallel function. Additionally, it is
increasingly recognized that microglia activated in disease or injury assume a transcriptomic
profile that largely overlaps with developmental populations.12 Thus, reactivation of
developmental pathways in microglia may have undesirable effects later in life or in the
context of chronic disease; analogous processes could theoretically be relevant to astrocytes.
Regardless of their ontological basis, A1 phenotype regulators are likely to be seen as
candidate targets for therapeutic interventions if identified.

Damage Control: Reducing Al Astrocyte Neurotoxicity with NLYO1, a
GLP1R Agonist

In Figure 1, we summarize the Al astrocyte mechanism of neurodegeneration thus far
reviewed. This paradigm is fundamentally cyclical and feedback-driven, which presents
unique challenges. Damaged or stressed neurons can theoretically initiate and amplify an
inflammatory microglial response, perpetuating the generation of neurotoxic Al astrocytes.
In PD, neuron-derived pathologic a-synuclein can bind microglial toll-like receptor 2
(TLR2), activating a canonical TLR/MyD88 inflammatory signal transduction pathway.13
However, such a cycle presents multiple points for therapeutic intervention. For example, it
may eventually be possible to identify the soluble factor (or factors) produced by Al
astrocytes and selectively block generation or release. This approach could be facilitated by
evolving modes of gene therapy as they are validated and acquire more mainstream
acceptance. An alternative strategy is to intervene one step prior in the cycle by blocking the
ability of microglia to convert bystander astrocytes into an Al reactive phenotype. Our lab
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recently demonstrated the feasibility of this approach using a novel, highly brain-penetrant
agonist of the glucagon-like peptide-1 receptor (GLP1R).

GLP1 is an endogenously produced peptide and an important member of the /incretin class of
hormones, which facilitate insulin release in a manner that depends on enteric glucose levels.
57 This property made its receptor (GLP1R) an intriguing therapeutic for type 11 diabetes
mellitus, as the risk of hypoglycemia is reduced by the glucose-level dependent nature of its
insulin-modifying effects (see Lovshin & Drucker 2009 for a review of incretinergic therapy
in the context of diabetes).58 Prior preclinical research has also suggested that GLP1R could
be a promising therapeutic target in the context of neurodegeneration. Early studies focused
on exenatide, a synthetic version of the GLP1 analog exendin-4 that crosses the blood-brain
barrier (BBB).>° GLP1 had previously been a posited as a neuroactive hormone that
regulated feeding behaviors; thus, it was easily revisited to evaluate neuroprotective
properties in disease models.®? GLP1R recruits adenylyl cyclases to increase cyclic AMP
(cAMP) production in pancreatic p-cells6; similarly, neuronal cAMP elevation has been
proposed to explain neuroprotective effect of GLP1R agonism.®2 However, these exendin-4
studies relied upon toxin-based PD models, such as intraperitoneal MPTP injection.52
Another utilized intracerebral injection of either lipopolysaccharide (LPS) or 6-
hydroxydopamine (OHDA), making it difficult to determine whether efficacy of exendin-4
administration is best attributed to intraneuronal pathways or non-cell autonomous effects.%3
Interestingly, the latter study did not explicitly consider the possibility GLP1R agonism
could attenuate neuroinflammation, but rather speculated on neurotrophic resistance to the
inflammatory milieu conferred by exendin-4.

Our study® leveraged a different set of PD mouse models to test the neuroprotective
properties of GLP1R agonism with NLYO01. We first characterized its pharmacologic
properties, showing that it exhibits an approximately 40-fold longer plasma half-life than
exendin-4 in non-human primates, but stimulates cellular cAMP production /in vitrothat is
essentially identical to exendin-4. Having shown this, we moved to evaluate its efficacy in
the a-synuclein preformed fibrils (PFF) mouse model of PD, in which intrastriatally injected
PFF progressively induces nigrostriatal synucleinopathy and dopaminergic cell loss within
six months.54 One month after PFF injection—allowing enough time for fibril seeding and
initial histopathologic changes65, 66—we initiated subcutaneous NLY01 administration
twice weekly until the six-month time point. NLYO01 treatment normalized key PD-relevant
behavioral changes (e.g. amphetamine rotation, pole test), biochemical alterations (e.g.,
phosphorylation of a-synuclein serine 129), and histopathological hallmarks (e.g., reduced
number of tyrosine hydroxylase-positive neurons in the substantia nigra). To test whether
this neuroprotection could extend to other PD models, we also demonstrated that NLY 01
extended lifespan and reduced synucleinopathy in human A53T a-synuclein transgenic
mice.b7

We considered that a non-cell autonomous mechanism could be critical for explaining the
neuroprotective properties of NLY01 that we observed in these initial experiments. We
established a conditioned-medium cell culture assay in order to test the hypothesis that
NLYO01 could prevent the generation of Al astrocytes, thereby indirectly promoting neuronal
survival. PFF has been used /n vitroto study its effects on cultured neurons®8 and we

Mov Disord. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hinkle et al.

Page 9

reasoned a similar approach could be adapted to study the responses of primary astrocytes
and microglia. Treating astrocytes with PFF directly did not induce a transcriptional
response consistent with Al activation,55, 56 but microglia-conditioned medium (MCM) of
PFF-treated microglia (MCM-PFF) did cause an Al response. This property of MCM-PFF
was reduced when microglia—but not astrocytes—were pretreated with NLY01, which
suggested to us that NLY01 reduces the ability of activated microglia to affect the Al
astrocyte phenotype (Figure 1, section 2). Consistent with this hypothesis, PFF-treated
microglia exhibited hallmarks of reactive microgliosis—such as increased Iba-1
immunoreactivity and microglial density in culture—that were blocked by NLYO01.
Additionally, a marked upregulation of IL-1a, TNF-a, and C1g—the three cytokines that
most potently induce A1l reactivity in astrocytes®®—was abrogated by NLYO01. Finally, we
showed that microglial NF-xB activation was similarly increased by PFF exposure and
reduced by NLYO1, although we did not extensively characterize this or other signal
transduction pathways that could be affected.

We next sought to establish that this microglial reactivity and consequent A1l astrocyte
activation is important to the biological endpoint of neurotoxicity. Adapting the protocol of a
prior study,>® we investigated the neurotoxicity of astrocyte-conditioned medium (ACM)
after provoking this Al response with MCM-PFF (Figure 1, section 4). The resultant PFF-
ACM exhibited potent neurotoxicity to primary cortical neurons from mouse, and to a lesser
extent, human dopaminergic neurons. Both effects were rescued when microglia had been
pre-treated with NLYO01, enabling us to conclude that NLYO01 ultimately reduces the
neurotoxicity of reactive astrocytes /in vitro. To corroborate this finding /n vivo, we showed
that NLYO1 reduces astrogliosis and the density of Al astrocytes in the ventral midbrain of
intrastriatal PFF-injected mice. Interestingly, the toxicity we observed for neurons /n vitro
did not require any obvious cellular stressors or damage, suggesting that the toxin can kill
healthy cortical neurons /n vitro. However, as discussed above, we expect that /n vivo, the
toxin is able to exert selectivity for damaged neurons. Our lab remains interested in better
understanding this ostensibly contradictory finding. It may be the case that cultured neurons
in vitro are more vulnerable to the toxin than neurons that occupy supportive networks /in
vivo. For example, cultured neurons may externalize a toxin-binding molecule via a pathway
that is repressed by neurotrophic support in vivo, as proposed elsewhere.* Identifying such
neuronal factors could in turn suggest novel targets for inhibiting astrocytic neurotoxicity.

Implications of NLYO1 for PD research and treatment

There are multiple tiers of inference that can be supported by our work on NLYO01 in PD
models, each with acknowledged caveats. The most direct and clinically salient implication
is that long-acting GLP1R agonists, such as NLYO01, have exciting potential as disease-
modifying PD therapies. In 2017, once-weekly dosing of exenatide (2 mg) was shown to
have clinically significant effects on PD progression in a randomized, placebo-controlled
trial.59 At 60 weeks, in the exenatide group, participants actually experienced a slight
reduction in motor impairment—assessed by MDS-UPDRS |1l motor score in the “off” state
—whereas scores worsened in the placebo group. Furthermore, a post-hoc analysis
demonstrated that greater benefits were observed in individuals with shorter disease
duration, suggesting that it is an effective preventive treatment for halting pathology early in
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disease.”0 The trial has been celebrated as a validation of the preclinical research on GLP1
analogs discussed earlier in this Perspective and as proof-of-concept supporting their use in
PD. Future work on exenatide is underway to determine whether the improvement observed
reflects a disease-modifying property or merely a potent symptomatic treatment. Similarly, it
remains to be seen whether compounds with relatively longer cerebral half-life, such as
NLYO01, might provide additive benefits. Perhaps an ideal test of GLP1R agonists would be a
long-term trial in patients afflicted with polysomnography-confirmed idiopathic REM
behavior disorder (iRBD). Because this condition represents the strongest known predictor
of an incipient a-synucleinopathy,’? reduced progression from iRBD to PD could indicate
that GLP1R agonism halts a-synucleinopathogenesis.

A post-hoc analysis from the exenatide trial found some improvement in metrics of
depression and emotional well-being that was not correlated with motor impairment
reduction,’? suggesting that GLP1 agonists could alleviate the prevalent mood changes seen
in PD (see Schapira et al, 2017).”3 GLP1 agonists have also been observed to have
anxiogenic and antidepressant properties in rodents, suggesting that these changes could be
independent of changes to PD-specific pathology or reduction of neuroinflammation.’4
Regardless, this additional benefit could provide an additional indication for GLP1 agonist
use in PD; thus, we expect future trials validating GLP1 agonists in the PD population to
address non-motor symptom changes as an outcome of primary interest.

A second tier of inference from our work is that the most proximal effect of NLYO01 was to
quell reactive microgliosis. Importantly, direct treatment of neurons with NLYO01 did not
protect against PFF or ACM-PFF Jjn vitro. We also showed that GLP1R was upregulated
only in microglia—not neurons or astrocytes—when treated with PFF. These observations
notwithstanding, we cannot exclude a role for non-microglial GLP1R in mediating the
neuroprotection afforded by NLYOL1 /n7 vivo. Cell type-specific effects of GLP1R could
theoretically be investigated with conditional knockout mice, but from a clinical perspective,
this would not constitute immediately useful information about the therapeutic benefits of
GLP1R agonists in neurodegeneration. On the other hand, it could have implications for how
researchers think about microglial contributions to disease. It is currently controversial
whether selectively but uniformly “turning off” microglia would be expected to have a net
benefit for patients with neurodegenerative conditions. There is some evidence that
pharmacologic CSF-1R inhibition, which suppresses microgliosis and even depletes
microglia from the brain at high doses,?! can reduce neuronal death and synaptic
dysfunction in AD mouse models.”>~"7 Conversely, microglia clearly participate in the
clearance of misfolded proteins and could have mainly adaptive roles in preclinical disease.
They are also essential to CNS recovery in the aftermath of acute insults such as ischemia’®
and experimental TDP-43 proteinopathy.”® Therefore, rational therapeutic design will
require a consideration of how microglial behaviors shift over the course of a chronic
neurodegenerative disease, or even how to harness their most adaptive functionalities. We
might speculate that, analogous to the self-limiting effects of GLP1R agonists on blood
glucose levels, compounds such as NLYO01 could offer a self-limiting reduction of
microgliosis by targeting pathways that are not intrinsically linked to microglial survival. A
more comprehensive understanding of which microglial pathways are affected by NLY01
could provide some insight into how the compound modulates their activity.
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The final tier of inference is that the reduced death of dopaminergic neurons observed in
NLYO01-treated mice can be attributed specifically to a reduction in Al astrocyte generation
or activity. Our /in vivo data support this premise by showing that Al astrocyte density is
reduced in the substantia nigra by NLYO0L1 in PD models, even after adjusting for the total
astrogliosis (GFAP immunoreactivity). However, establishing a definitive causal link will
require more selective interrogation of reactive astrocytosis and specific control of Al
astrogenesis. The current “Al vs. A2” astrocyte dichotomy is likely to be replaced in the
future with a more granular paradigm of reactive astrocytosis.* TREM-2 is currently seen as
a master regulator of the DAM phenotype in microglia, but whether a similar paradigm
applies to astrocytes is unknown. However, Al astrocytes are likely to be only one of many
reactive subtypes; theoretically, there may be other “disease-associated astrocytes” that
mirror or complement the DAM population. Selectively blocking or even reversing the Al
transcriptional program could redirect astrocytes to more supportive phenotypes, although
the master regulators of Al differentiation are not known. Once they are, selective ablation
of this population could enable researchers to determine with more certainty how these
astrocytes kill neurons and to identify molecular targets for intervention (Figure 1, section
3).

Bringing glia into focus in PD research

To-date, genome-wide association (GWA) studies have identified over forty risk loci for PD
and the implicated regions contain an overrepresentation of genes with relevance to
autophagy and lysosomal function.80 As discussed below in this section, failure of both
neurons and glia to degrade misfolded a-synuclein is likely an important event in PD
pathogenesis, which may form the basis for these linkages. Inflammatory pathways also
feature prominently; for example, the rs34043159 polymorphism is found near the
interleukin 1 receptor type 2 (IL1R2) gene.89 This highlights the significance of the IL-1
family and generalized inflammation to PD; additionally, it is worth noting that IL-1a is
among the three factors driving Al astrocyte polarization. Thus, variants in this receptor’s
structure could govern astrocyte function during inflammation. Polymorphisms in regulatory
regions of the class Il major histocompatibility complex (MHC-I1) receptors HLA-DQ and
HLA-DR have also been consistently linked to PD.80, 81 MHC-II molecules have been
implicated in the activation of microglia by a-synuclein and dopaminergic neuron loss in PD
models,82 but understanding how this translates to human disease remains an extremely
complex problem. Glial inflammation can also recruit cytotoxic T cells, which directly
recognize a-synuclein peptides and kill dopamine neurons via MHC class | molecules.83

Using the results of GWA studies to inform more targeted research projects on glial
behaviors relevant to PD are complicated on both temporal and spatial fronts. PD is
fundamentally a disease of aging,84, 85 making it important to understand how microglia
and astrocyte functionalities are expected to change across an individual’s lifespan. Aging
entails a variety of cellular dysfunctions, including impaired proteostasis, increased
oxidative/nitrative stress, mitochondrial dysfunction, and loss of lysosomal activity.8¢ While
the mechanisms by which these changes lead to neuronal death in PD have been the subject
of much scrutiny, it is less clear how aging glia could engender disease. Interestingly,
astrocytes and microglia increase expression of classic molecular markers of cellular
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senescence in the PS19 mouse model of neurodegenerative tauopathy.8” This is consistent
with recent transcriptomic evidence suggesting that on average, both microglia and
astrocytes enter more pro-inflammatory states with aging.9, 12, 89 The total pool of Al
astrocytes also increases as a function of age in mice,%0 which would be expected if the
overall level of neuroinflammation is increasing. Future work may explore whether these
astrocytes contribute to age-related cognitive decline, which would corroborate existing
evidence that Al astrocytes lose synaptotrophic functions (e.g., production of glypicans and
thrombospondins).56, 91, 92 Whether A1 astrogenesis is an early/inciting or late/reinforcing
event in the timeline of dopaminergic neurodegeneration observed in PD is also very much
open to future investigation. In our work, PFF-injected mice were given NLYO1 for 5
months, from 30 days after injection until pathologic evaluation at 180 days. However, it is
possible that there is a therapeutic window when A1 conversion block is most consequential.

Given the centrality of a.-synuclein to PD, there is also much interest in understanding how
glia prevent or promote the pathologic accumulation of toxic a-synuclein species.
Astrocytes can internalize neuron-released a-synuclein® or PFF a-synuclein species®4 for
lysosomal degradation and have been shown to transfer a-synuclein aggregates throughout
their own cellular network.9% This mechanism is probably important for the physiologic
elimination of misfolded species, as astrocytes reportedly degrade a-synuclein aggregates
more proficiently than neurons.?6 However, because each astrocyte supports contacts with
many neurons and synapses, astrocytic dysproteostasis could engender an alternative
pathway for purely interneuronal aggregate transmission.®8 In support of this concept, Al
astrocytes exhibit reduced phagocytic activity for myelin debris and may generally
downregulate proteostasis pathways to support an ostensibly secretory phenotype.>®
Interestingly, induced pluripotent stem-cell (iPSC)-derived astrocytes from PD patients
carrying the LRRK2G2019S mutation exhibit dysfunctional autophagy.®” Furthermore,
when these astrocytes were co-cultured with healthy control-derived neurons, the astrocytes
accumulated a.-synuclein and the neurons progressively died, suggesting that astrocytic
dysfunction can serve as a primary deficit underlying neurodegeneration in PD.%7 Therefore,
it seems likely that “loss-of-function” astrocyte changes are as crucial for disease
pathogenesis /n vivo as the acquisition of directly toxic functions, such as the release of
neurotoxic proteins. Activated astrocytes may also sustain microglial activation by releasing
chemoattractants and proliferation factors.%8

The heuristic link between aging and neuroinflammation is a useful rule-of-thumb, but it is
also important to consider that microglial9, 11, 12 and astrocytic89, 99 transcriptomes are
regionally heterogeneous. There is evidence that even within the relatively small purview of
the ventral midbrain, microglia of different nuclei are morphologically and transcriptionally
differentiable.1 Fine spatial resolution of specialization could reflect region-specific
demands on microglia for overall parenchymal health, but also opens up the possibility of
localized dysfunction. Naturally, one may wonder if glia of the ventral tegmental area (VTA)
offer more neurotrophic support than those in the substantia nigra, as it is mainly the
dopaminergic neurons of the latter that die off in PD. Similarly, using the A1 neurotoxicity
paradigm, one could hypothesize that VTA astrocytes are less likely to adopt the Al
phenotype than those in the substantia nigra.
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Glia also represent a relatively novel and untapped source of biomarkers for
neurodegenerative diseases. In AD patients, peripherally circulating astrocyte-derived
exosomes (ADEs) extracted from blood plasma contain increased levels of complement
proteins.190 Because C3 complement protein is a key marker of Al astrocytes (which are
elevated in AD tissue®), these data suggest that ADEs could encapsulate an accessible
measure of astrocyte reactivity. Imaging-based biomarkers are also plausible; positron-
emission tomography (PET) scans with ligands selective for reactive microglia or astrocytes
could be used to approximate the severity of ongoing gliosis in a diagnosed patient. An
existing example is PET imaging for gliosis with ligands for the translocator protein
(TSPO), which is upregulated by reactive microglia and astrocytes in neurodegenerative
disease.101 Interestingly, patients with iRBD may have increased TSPO binding in the
substantia nigra,102 suggesting that gliosis may be part of prodromal PD. The study also
noted a more salient reduction in striatal'®F-DOPA uptake in the iRBD cases, suggesting
that TSPO imaging may not afford any increased sensitivity relative to dopamine transporter
(DAT) metrics for screening or diagnostic purposes. Thus, PET imaging could useful for
monitoring responses to disease-modifying regimens, especially for glia-directed therapies.
The development of new and improved radiotracers—for TSPO or other glial targets such as
PET imaging of the CSF1R193 —may accelerate our ability to image neuroinflammation,
moving from primarily “descriptive” uses to more clinically salient applications (see Jacobs
etal., 2012).104

Methodologies for differentiating patient-derived induced pluripotent stem cells (iPSCs) into
glial cells may also accelerate translational research. In this context, aberrant neuron-glia
interactions could be modeled /n vitro with (hopefully) a high degree of fidelity to the /n
vivo situation. Three-dimensional triculture of neurons, astrocytes, and microglia has been
accomplished using cell lines /in vitro, suggesting that this approach could be adopted by
stem cell researchers seeking to monitor the progression of disease with patient samples.10°
Currently, protocols exist to differentiate iPSCs into microglia-likel%8 and astrocyte-like107
cells for disease-specific investigations, but whether regional phenotypes can be
recapitulated /n vitro remains an open question.

Concluding remarks

It has rapidly become trite to state that the role of glia in neurodegeneration has been
historically underappreciated. However, much of the work highlighted in this review is not
exceptionally recent, making it difficult to discern how much of the current interest in glia is
driven by new findings as opposed to a sociocultural shift among neurobiologists. This shift
is expected to positively impact both neuron-focused and glia-focused researchers, not only
by facilitating dialogue between specialists, but also by encouraging younger researchers to
develop basic competency in both neuronal and glial biology. Increased input from
immunologists is also demanded by the central role of canonical inflammatory signaling to
neuron-glia and glia-glia communication. Such communication may accelerate translational
insights and prevent cases of “reinventing the wheel” when developing research strategies
that draw upon findings in other disciplines.
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Figure 1: The neurotoxic reactive astrocyte paradigm of neurodegener ation.
A cooperative and cyclical pattern of aberrant neuron-glia interactions initiates and sustains

neuronal loss in this model. We identify four key opportunities for therapeutic intervention
in this cycle. (1) Aging, injury, and/or environmental or genetic influences present stresses
that damage neurons via mechanisms such as dysproteostasis, mitochondrial dysfunction,
oxidative/nitrative stress, lysosomal inadequacy, and DNA damage. Strategies that facilitate
neuronal homeostasis or provide neurotrophic support could help reverse these processes
and block progression to irreversible neuron loss. This approach may also reduce the release
of immunostimulatory substances by damaged or dying neurons, including oligomeric and
fibrillar a-Syn species. (2) Our work has shown that in multiple PD models, the GLP1R
agonist NLY01 blocks microglial activation. This prevents subsequent transformation of
astrocytes into the neurotoxic Al reactive subtype, reducing downstream neuronal loss. (3)
Future work may identify key molecular determinants of the Al reactive astrocyte
phenotype (e.g., transcriptional regulators) and targets for selectively blocking or reversing
their appearance in a neuroinflammatory environment. (4) Al astrocytes lose neurotrophic
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and synaptotrophic functions that normally support neuronal health, which may exacerbate
disease. They also release a soluble neurotoxic factor that kills neurons. Depending on the
nature of this unidentified factor, it may be possible to repress its production or release, or to
render neurons resistant to its effects.
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