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Abstract 

Parkinson’s (PD) is caused by the progressive degeneration of dopaminergic neurons in the 

Substantia Nigra pars compacta (SNpc). Neuroinflammation influences progression of PD, 

with elevated pro-inflammatory cytokines observed in post-mortem human SNpc and 

restricted inflammation improving disease outcomes in animal models. There is building 

evidence to suggest that astrocytes modulate pathological neuroinflammation by 

dysfunctional homeostatic processes such as autophagy; however, the underpinning biology 

of mid-brain regional astrocytes is poorly understood. We have characterised the NLRP3 

inflammasome response of human induced pluripotent stem cell (hiPSC) derived ventral 

midbrain astrocytes (vmAstros), in order to establish them as models for PD 

neuroinflammation research, and further investigated the role of autophagy in regulating this 

pathway. Our data reveal that vmAstros process IL-1Β in a manner independent from 

potassium ion efflux, a classical inducer of NLRP3 inflammasome activation. Instead, 

vmAstros activate the NLRP3 inflammasome in response to pro-inflammatory cytokines 

known to induce neurotoxic astrocyte reactivity. Inducing inflammation in vmAstros was also 

seen to induce autophagosome accumulation, and inhibition of autophagy resulted in 

decreased levels of pro-IL-1β in these cells. This reveals that autophagy plays a regulatory 

role in maintaining sufficient levels of pro-IL-1β in vmAstros following NLRP3 inflammasome 

activation, which occurs during neurotoxic astrocyte reactivity. This presents astrocyte 

reactivity and its interplay with cellular homeostatic process as an important part of 

mediating PD neuroinflammation, and warrants further study. 
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Introduction 
1.1 Parkinson’s Disease 

Parkinson’s Disease (PD) is the second most common neurodegenerative disease after 

Alzheimer’s disease, affecting 1% of the population over 60 years of age and 4% over the 

age of 80 years 1. The progression of the disease is slow, lasting decades, and with an 

increase in severity of motor and cognitive symptoms over time 2,3.  It results from the loss 

dopaminergic neurons (DANs) in the Substantia Nigra pars compacta (SNpc) region of the 

brain, and the formation of complex cytoplasmic aggregates containing the protein α-

synuclein in structures termed Lewy bodies (LB’s) 4, that may be a source of neurotoxicity in 

the disease. LBs form due to α-synuclein misfolding and self-aggregating, with accumulation 

of many other components such as other proteins, lipids and even some organelles, 

including lysosomes and mitochondria 5. There is also evidence that misfolded α-synuclein is 

transmissible from cell-to-cell via synapses, or via an uncertain uptake step, potentially via 

receptor-mediated endocytosis 6 or micropinocytosis 7, after which the α-synuclein enters the 

endo-lysosomal system. α -synuclein persists within lysosomes, and over time lysosomal 

integrity becomes compromised, releasing α-synuclein into the cytoplasm 8,9. It is in the 

cytoplasm where misfolded α-synuclein begins to form LBs, which can act as a new source 

for extracellular α-synuclein 10,11. Pathogenic misfolded α-synuclein interacts with healthy 

cellular α-synuclein in an ill-defined ‘prion-like’ manner, recruiting cellular α-synuclein to also 

become misfolded and pathogenic 12. This results in further accumulation and intense 

proteostatic stress, including autophagy blockages 13. In an attempt to reduce cellular stress, 

non-canonical forms of exocytosis are attempted by the cell to remove excess α-synuclein 14. 

Neurons would be particularly vulnerable to this, as synapses that constantly exocytose and 

re-uptake neurotransmitters would be more likely to endocytose exogenous α-synuclein 

expelled from neighbouring cells and thus propagate the protein’s transmission (Fig. 1.1). 
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α -synuclein is encoded by the SNCA gene, and its duplication, triplication, and certain point 

mutations correlate with higher likelihood of developing PD 15–17; however, it is not the only 

genetic risk factor accounting for the 10-15% of familial, inherited PD cases. The most 

commonly-associated additional genes linked to familial PD are SNCA, LRRK2, GBA, 

VPS35, PINK1, PARK2 and PARK7 18.  This leaves the bulk of PD cases being linked to 

non-genetically inherited means, incidences described as sporadic or idiopathic PD. Such 

cases are caused by myriad other factors, such as pesticide and heavy metal exposure, 

amphetamine and cocaine use, and others 19–21. By the time clinical symptoms manifest, up 

to 70% of DANs will have undergone cell death 22. This illustrates a dire need to be able to 

identify early hallmarks of PD, in order to better understand the causes for further research 

Figure 1.1 | Transmission cycle of misfolded α-synuclein in the cell body of a neuron. 
Exogenous α-synuclein is taken up by endocytosis, and enters the endo-lysosomal system. α-
synuclein persists in the lysosome, until it is able to be released into the cytoplasm likely by 
failing lysosomal integrity. Once in the cytoplasm, misfolded α-synuclein is free to form its 
more complex structures and propagate itself through ‘prion-like’ mechanisms. Upon causing 
too much proteostatic stress, misfolded α-synuclein is released by the cell through 
unconventional exocytosis. (Henderson et al., 2019) 
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and also to identify more effective points at which to start treatment. One potential PD 

biomarker is the glial fibrillary acidic protein (GFAP) which is found to accumulate in the 

cerebrospinal fluid (CSF), after passing through the blood-brain-barrier (BBB) when there 

has been damage to glia such as astrocytes. 

1.2 The role of glia in PD  

The two types of glial cell that will be relevant to mention for this study are astrocytes and 

microglia. Astrocytes act to regulate the neuronal environment, with defined roles including 

ion buffering, glutamate clearance and cytokine emission, and they fine-tune neuronal 

function by modulating synapses 23. Astrocytes can be further divided into protoplasmic and 

fibrous sub-types. Protoplasmic astrocytes interact with synapses and neuronal bodies, 

whereas fibrous astrocytes extend to oligodendrocytes and the nodes of Ranvier. Both 

express GFAP and vimentin, markers that are useful for characterising these from other 

brain cells 24. Within these categories, astrocytes also have significant diversity depending 

on which region of the brain they reside in. Astrocytes in different brain regions are 

morphologically and physiologically distinct, with specific transcriptomic profiles and have a 

highly defined regions within the tissue25. Astrocytes in the ventral midbrain (vmAstros) also 

show region specificity. They possess a lower membrane resistance than astrocytes in 

telencephalic regions, maintain an inward current of potassium ions, produce calcium 

responses to glutamatergic stimulation and establish numerous gap-junctions with 

neighbouring oligodendrocytes 26. The ability to characterise vmAstros is very useful for 

research into PD, as the ventral midbrain is the brain region in which degeneration occurs. 

Therefore, studying the glial interactions that occur specifically in this region presents a more 

realistic picture of disease pathology. 

 

 A crucial function of astrocytes is homeostasis of the neurotransmitter glutamate, the most 

abundant neurotransmitter in the central nervous system (CNS) 27. Neurons are susceptible 



10 
 

to cell death by excitotoxicity when concentrations of glutamate in and around the synapse 

are too high, a phenomenon that is present in many neurodegenerative disorders 28. 

Astrocytes regulate this by expressing many influx glutamate transporters and conduct the 

primary role of glutamate clearance from the extracellular space in the CNS 29. Astrocytes 

are also integral to the functioning of neural vasculature, regulating it by calcium ion 

oscillations. Arterioles in the cortex are dependent on these glutamate-mediated calcium ion 

oscillations in order to vasodilate and keep up with the brains blood demand and provide 

essential nutrients that allow neuroprotection. When astrocytic calcium responses were 

inhibited in rat cortical slices, vasodilation was impaired; however, specific activation of the 

calcium response in even single astrocytes that made contact with arterioles allowed 

relaxation and increased blood flow 30. Astrocytes also play a key role in neuronal 

glutathione metabolism, providing antioxidant activity to neurons and also being 

neuroprotective 31. 

 

Although broadly supportive of neurons in the healthy brain, when astrocytes are damaged 

they can change to become detrimental to neuronal health. ‘Reactive’ astrocytes (Fig. 1.2) 

proliferate fast (astrogliosis) in response to diverse neural insults that cause destruction of 

neurons, such as cranial trauma, stroke, infection, or indeed neurodegenerative diseases 

like PD. During this reactive response, astrocytes can adopt neurotoxic functions, 

upregulating genes that have harmful effects on synapses while losing most of their regular 

protective astrocytic functions 32. Whether reactive astrocytes become harmful or not, 

however, is entirely context and stimulus-dependent. For example,  astrocytes express 

different genes associated with the reactive state depending on whether they undergo stress 

related to ischaemia or are exposed to the bacterial endotoxin lipopolysaccharide (LPS) 33. 

While reactive astrocytes respond to and produce many cytokines to propagate 

neuroinflammation 34, the exact role of astrocytes is not fully elucidated in this area.  
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In PD post-mortem brains, significant numbers of astrocytes can be observed presenting the 

pro-inflammatory ‘A1’ reactive phenotype, as opposed to the pro-repair ‘A2’ reactive 

phenotype 35. This shift in reactive phenotype could reveal a phagocytic deficit in PD, 

considering there is evidence to suggest that microglia also have impaired phagocytosis in 

this condition 36, leading to a build-up of cellular debris that would contribute to neurotoxicity. 

α-synuclein inclusions localising to the lysosome have also been identified in astrocytes 37, 

and this results in the increased secretion of pro-inflammatory factors such as IL-6, TNF-α, 

and the reactive astrocyte marker ICAM1 38. Investigating the lysosomal degradation 

pathways in glia will reveal more about the possible connection between glial 

pathophysiology and PD, and the role that inflammatory processes play in PD onset and 

progression. 

Figure 1.2 | The diverse stimuli (A) and responses (B) of astrocyte reactivity. Astrocytes 
integrate a wide range of neuronal, vascular, immune and malignancy information ranging 
from damage signals, inflammatory responses and cellular stress. Reactive astrocytes can 
respond to these stimuli by inducing inflammation and neurotoxicity, but also can induce 
tissue repair and neuroprotection. This vast range on roles highlights the reactive astrocyte as 
a key player in maintaining homeostasis of the brains environment. (Sofroniew., 2020) 
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Microglia make up the primary immune component of the CNS, contributing to phagocytosis 

and cytokine secretion during activation to mediate inflammation 39. They also have roles in 

neuronal repair and synaptic pruning 40. Microglia activation is thought to contribute 

significantly to PD pathology. Inducing microglia activation with LPS in the SNpc of mice 

significantly decreases levels of dopamine and its metabolites in the striatum after a week 41. 

Chronic treatment over 2 weeks with LPS in rat SNpc leads to maximal microglial activation 

and specific death of DANs 42. Microgliosis, the activation and proliferation of microglia, is a 

persistent feature of PD pathology 43 that is consistent with the release of both pro- and anti-

inflammatory factors in early PD 44. The permeability of the BBB is able to be modulated by 

activated microglia signalling, enabling endothelial infiltration by T-cells into the brain and 

bolstering the local immune response 45. Activated microglia also begin phagocytosing 

apoptotic cells, clearing neuronal debris in the brain. Additional debris that is taken up by 

microglia includes α-synuclein, which it recognises by toll-like receptor 4 (TLR4) 46 and may 

propagate inside these cells (as described previously in neurons) causing lysosomal 

dysfunction and furthermore, microglial dysfunction. Indeed, the role of microglia in clearing 

α-synuclein is absolutely essential for preventing dopaminergic degeneration 47. The 

responses to cellular debris by microglia are mediated by damage-associated molecular 

patterns (DAMPs), that are released from dying neurons, which microglia respond to by 

upregulating NADPH oxidase, reactive oxygen species (ROS), and nitric oxides (NO) that 

increase oxidative stress 48 and may contribute to further self-damage during an immune 

response. 

1.3 PD and Neuroinflammation 

Neuroinflammation accompanies (and may even pre-empt) PD, and is characterised by 

elevated levels of the pro-inflammatory interleukins IL-1β, IL-2, IL-6 and tumour necrosis 

factor- α (TNF α) in the striatum, meanwhile elevated concentrations of TNFα, IL-1β, 

interferon- γ (IFNγ), NO synthase and ROS can be found in post-mortem PD SNpc samples 

49,50,51,52. In addition, the calcium binding protein S100b is upregulated in post-mortem SNpc 
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samples of patients with PD. S100b can act as a proinflammatory cytokine and leads to 

increased production of NO and ROS 53,54. Indeed, S100b is also considered a marker of 

astrocytes and is highly upregulated during astrogliosis, linking reactive proliferation of 

astrocytes and neuroinflammation. In the SNpc of PD post-mortem brain samples, 

inflammatory responses are transcriptionally activated by nuclear factor kappa-B (NF-κB) 55.  

NF-kB activation causes the transcriptional upregulation of pro-inflammatory cytokines such 

as IL-1β, TNF-α and IL-6 56, which is in keeping with the pro-inflammatory factors found to be 

at high levels in PD post-mortem brains, meanwhile inhibition of NF-kB activation protects 

dopaminergic neuron loss and can improve motor activity in mice 57.  

Neuroinflammation reduces the survivability of DANs: mice having been subjected to 

systemic LPS injection had a 23% loss of DANs after 7 months, which was shown to be 

dependent on TNF-α signalling as their counterparts lacking the TNF-α receptor did not 

experience the same level of neuronal loss 58. LPS exposure also results in a much higher 

sensitivity to environmental toxins in DANs, and mouse models of oxidative stress reveal an 

identical effect of increased sensitivity 59, suggesting oxidative stress is the likely mediator of 

dopaminergic neuron cell death by neuroinflammation. In fact, DANs are constantly exposed 

to high levels of ROS and NO. One of these sources is dopamine metabolism itself, as the 

neurotransmitter is easily oxidised either by monoamine oxidase or even auto-oxidation to 

produce cytotoxic ROS 60. A direct link between neuroinflammation and elevated oxidative 

stress can be observed in microglia, which use NADPH oxidase and other oxidative 
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enzymes to produce ROS in response to activating stimuli to and also further stimulate a 

pro-inflammatory environment 61. 

 

 

 

 

 

 

 

 

 

 

 

 

It is unclear whether these inflammatory signals contribute to PD progression, or are simply 

a symptom of neuronal disruption and cell death. This is due to the inflammatory signalling 

network being complex and affected by diverse cellular functions. The inflammatory 

processes are largely orchestrated by microglia and astrocytes in the brain (Fig. 1.3). The 

roles of these cells as previously described are typically protective, with microglia acting as 

the primary innate immune cells that defend against pathogens or tissue damage 62, and 

astrocytes providing nutrients to neurons, playing an essential role in brain development 63. 

Both of these glial cell types are important in the clearance of toxic α-synuclein aggregates, 

doing this by internalising aggregates and degrading them via the lysosomal pathway 64,65. 

Figure 1.3 | Diagram of the positive feedback cycle of neuroinflammation in PD. Microglia 
become activated either by periphery inflammatory factors passing through the BBB, aging, 
proteotoxic stress, genetic or environmental factors. Activated microglia enter an M1 
phenotype to begin propagating pro-inflammatory signals and produce ROS which negatively 
affect the health of healthy dopaminergic (DA) neurons. Pro-inflammatory signals result in the 
activation of astrocytes inducing a reactive phenotype which further propagates the 
inflammatory signal. Inflammatory factors such as IL-1β signal for cell death, while ROS 
induces oxidative stress, which DA neurons are sensitive to. This process paired with α-
synuclein related proteotoxic stress creates optimum conditions for neuronal degeneration.  
Degenerating DA neurons releasing cell-debris and pro-inflammatory factors are then able to 
further activate microglia. It is possible for M1 microglia to enter an M2 protective phenotype, 
and begin suppressing pro-inflammatory factors that propagate this cycle. (Wang., et al 2015) 



15 
 

Furthermore, in the presence of dysfunctional microglia, astrocytes are known to take on 

phagocytic functions of clearing general cellular debris from their environment 66, indicating a 

role of redundant homeostasis in the brain.  

While there is evidence for a role of the adaptive immune system in PD, in which dendritic 

cells migrate and present neuromelanin to lymph nodes making DANs vulnerable to attack 

from antibodies 67, this project will focus more on the effects of the innate immune system. α-

synuclein is thought to be a driving force of innate neuroinflammation in PD, in particular its 

various structures (monomeric, oligomeric and fibrillar) that affect subsequent immune 

responses in different ways. Monomeric α-synuclein injected into mouse SNpc induced 

microglial activation after 24 hours, upregulating production of IL-1β, Il-6 and TNF-α 68. It 

was also shown that nigrostriatal GFAP levels increased four weeks after monomeric α-

synuclein injection, suggesting astrocyte activation and subsequent astrogliosis 69. 

Oligomeric α-synuclein also resulted α  in microglial activation, but after 1 week post-

injection 70. 

Production of inflammatory cytokines such as IL-1β are crucial in producing a 

neuroinflammatory response and progressing the pathology of PD. IL-1β is principally 

processed for release by a multi-protein complex called the inflammasome. There are many 

kinds of inflammasome, with the best characterised being the NLRP3 inflammasome which 

has been shown to be highly active in PD patients 71.  

1.4 Inflammasomes and Neurodegeneration 

Inflammasomes are complexes composed of many proteins, acting to integrate pathogenic 

or homeostatic stimuli and activate inflammatory caspases that begin processing cytokines 

to promote inflammatory signalling 72. This often results in the induction of a gasdermin-

dependent73 form of lytic cell death termed pyroptosis, that consequently causes the release 

of pro-pyroptotic cytokines into the extracellular environment where they can cause the 

pyroptosis of neighbouring cells.  
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The most well-studied inflammasome comprises the nucleotide-binding oligomerisation 

domain-, leucine rich repeat (LRR)- and pyrin domain-containing protein 3 (NLRP3) , in 

association with the apoptosis-associated speck-like protein, containing a caspase activating 

recruitment domain (ASC) and caspase-1 74. Upon activation, the NLRP3 inflammasome 

triggers the cleavage of pro-gasdermin D and pro- IL-1β into their mature forms, that natively 

induce pyroptosis and signal other cells for pyroptosis induction, respectively 75.  

NLRP3 is considered to be the “sensor” protein in the NLRP3 inflammasome 76. Indeed, 

diversity in the NLR sensor protein types encode for different inflammasomes that respond 

to different stimuli, such as the NLRP1, NLRP4, NLRP6 and NLRP7 inflammasomes 77. The 

NLRP3 inflammasome is principally activated by potassium ion efflux and by ROS. This is 

likely because necrotic cells and activated immune cells release ROS and ATP into the 

extracellular space 78, causing the ATP induced activation of the ligand-gated ion channel 

P2X7R that allows potassium efflux from the cell 79. This then allows inflammasomes to 

recognise danger in their environment and produce an immune response to mitigate 

damage. The other NLR proteins respond to different stimuli, e.g. NLRP1 responds to viral 

proteases 80, and NLRP6 reacts to bacterial metabolites 81. However, inflammasome 

signalling in general co-operates with toll-like receptor (TLR) signalling via the NF-kB 

pathway, allowing inflammasomes to respond to a wider range of pathogen-associated 

molecular patterns (PAMPs) and DAMPs 82.  

The different inflammasome types are activated by diverse stimuli (Fig. 1.4), and this is 

mirrored by a range of different outputs produced by the variety of activated inflammasomes. 

For example, an ‘alternative’ NLRP3 inflammasome exists that uses the same NLRP3, ASC, 

caspase-1 complex, but is activated independently from potassium ion efflux and instead 

requires a TLR dependent signal from a protein complex comprising of receptor-interacting 

serine/threonine-protein kinase 1 (RIPK1), FADD and caspase-8. This leads to IL-1β 

processing from pro-IL-1β as usual; however, it does not induce pyroptosis in the cell 83. This 
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may be a useful function for cells that just need to propagate the inflammatory signal, yet 

have no need to commit to full scale pyroptosis which is damaging to the tissue environment. 

 

 

 

 

Due to pyroptosis producing a lytic response that is propagated by IL-1β signalling, it has 

been proposed to be a contributor to the neuronal death in PD 84. Peripheral activation of 

NLRP3 has been shown to promote immune cell invasion of the brain 85, causing the death 

of DANs, and chronic overexpression of IL-1β in the brain of rats recreated many PD motor 

symptoms with DAN degeneration 86. Interestingly, α-synuclein has an activating effect in 

microglia, via interaction with TLR2 that can endogenously activate the NLRP3 

inflammasome 87. The monomeric and fibrillar forms of α-synuclein induce the transcriptional 

upregulation of pro-IL-1β; however, evidence is limited to fibrillar α-synuclein causing 

activation of the NLRP3 inflammasome that results in processing of pro-IL-1β into its mature 

Figure 1.4 | Features of PD pathology that influence NLRP3 activation and induce pyroptosis. 
Latent inflammatory stimuli, such as bacterial LPS, serve to prime the inflammasome by TLR4 
signalling that induces NF-kB activation and upregulation of NLRP3 components. NLRP3 can 
then be activated by endogenous α-synuclein inducing TLR2 signalling. NLRP3 is also 
activated by mitochondrial stress, a key hallmark of PD via dysfunction of the mitochondrial 
protein Parkin that regulates clearance of damaged mitochondria. ( Yan., et al 2020) 
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form 84. In addition to microglia and peripheral immune cells contributing to this form of 

neuroinflammation, astrocytes also respond to α-synuclein with NLRP3 inflammasome 

activation resulting in increased expression of NLRP3, caspase-1 and IL-1β. Interestingly, 

this affect was accompanied by elevated expression of the autophagy gene, ATG5, which 

possibly implicates autophagy in mediating NLRP3 inflammasome activation in astrocytes 88. 

1.5 Roles of autophagy in PD  

Macroautophagy (autophagy) is the process by which cytoplasmic cargoes are degraded in 

lysosomes, after being sequestered in double-membrane vesicles called autophagosomes. 

The products of this degradation are then released back into the cytoplasm for recycling89. It 

is well known that many mutations associated with PD affect genes required for lysosomal 

defects, and thus cause a blockage in autophagic flux. LRRK2 mutations are of the most 

striking PDs mutations affecting autophagy, being the most common of the PD pathogenic 

variants 90. LRRK2 is a ‘master kinase’ and GTPase and its pathogenic mutations either alter 

its expression or kinase activity 91,92. LRRK2 mutations associated with PD generally result in 

the overproduction and accumulation of autophagic vesicles and vacuoles 93,94, resulting in 

apoptotic cell death 95. Other PD risk genes that affect autophagy include GBA (encoding 

glucocerebrocidase), of which loss of function mutations remove its ability to degrade 

proteins in the lysosome at the end stage of autophagy 96. PINK1 and PRKN are PD risk 

genes having mutations that disrupt mitophagy 97, the selective degradation of damaged 

mitochondria. This is especially important in DANs as they are highly metabolically active 

and require lots of energy from mitochondria which cannot be met if damaged mitochondria 

accumulate 98.   

LBs are a site of interest for autophagic dysregulation in PD due to their formation in DANs 

after disruption in autophagy pathways, such as knockdown of key autophagy gene ATG7 in 

mice 99. This provides a foundation for the theory that the characteristic aggregation of 

proteins in PD is at least partly due to dysfunction in proteolytic processes such as the 

autophagy-lysosomal pathway or ubiquitin-proteasome pathway. In its native state, α-
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synuclein is degraded by chaperone-mediated autophagy (CMA) via the HSC70 chaperone 

protein 100. However, in its mutant form, its degradation by CMA is prevented resulting in 

aggregation and toxicity, leaving the workload of its degradation to autophagy thus 

increasing stress on cell homeostasis 101,102. This can result in autophagic cell death in cells 

expressing the A53T α-synuclein mutant, a process which is reversed when knocking down 

ATG5 to inhibit autophagy 103. 

While misfolding of α-synuclein can result in lysosomal stress and damage, lysosomal 

dysfunction in turn can promote the misfolding of α-synuclein. Lysosomal cholesterol and 

lipid metabolites that accumulate in dysfunctional lysosomes104 can interact with a 

hydrophobic region in the centre of α-synuclein’s amino acid sequence 105. This hydrophobic 

region renders the protein susceptible to polymerisation, and its interaction with lysosomal 

lipid metabolites may promote its assembly into oligomers which then are able to seed 

amyloid fibril formation 106. 

Autophagy also has been shown to have clear roles in both the innate and adaptive immune 

system, including the finding that TLR4 acts as an environmental sensor for autophagy 

inducible by LPS 107. As this TLR pathway is integrated into the NLRP3 inflammasome 

system, and as the associations that both autophagy and the NLRP3 inflammasome share 

with PD, the interplay between these two pathways warrants further research. 

1.6 Regulation of the NLRP3 inflammasome by autophagy 

Autophagy plays a vital role in the regulation of the inflammasome, but its involvement is 

highly context dependent, in many ways integral to either its direct function or its 

amelioration. The classical example of this is where autophagy negatively regulates 

inflammasome activation, which it does so by degrading key activators/components, 

including pro- IL-1β 108, ASC109, mitochondria (to suppress ROS), and by degradation of 

other pro-inflammatory cytokines 110. Functionally, this is thought to act as a brake on the 

inflammatory response so that it acts only long enough to fight infection or tissue damage. 
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Autophagy may also play a role in inhibiting the inflammasome by aiding in the 

phosphorylation of NLRP3, which renders it unable to be activated; this is based on the 

observation that phosphorylated NLRP3 is enriched in autophagosomes 111. This inactivation 

effect of NLRP3 phosphorylation does not occur when autophagy is inhibited, suggesting its 

entry into autophagosomes is essential for its inactivation or perhaps clearance 111. 

By contrast, there is evidence autophagy may promote the activation of the NLRP3 

inflammasome in some cases. In yeast, caspase-1 can be activated during starvation via an 

ATG5-dependent process, and IL-1β is secreted into the cytoplasm from the ER by 

autophagic vesicles 112. Trafficking of mature IL-1β in autophagic vesicles for unconventional 

secretion has also been demonstrated in mammalian cells, where it is translocated in an 

unfolded state into phagophore precursor membranes that later mature into an 

autophagosome where IL-1β is able to fold in the presence of HSP90 113. In addition, 

macrophages with impaired autophagy secrete less IL-1β, with higher levels of IL-1β 

correspondingly accumulating within the cell 114. 

 

 Diagram 1.5 | Pathways by which autophagy exerts inhibitory effects on NLRP3 inflammasome 
function. These include the degradation of ASC, NLRP3 and the clearance of ROS. Mitophagy, 
the targeted degradation of mitochondria by autophagy, also serves to inhibit NLRP3 
activation by reducing the production of ROS by aged and damaged mitochondria. 
Inflammasome activation also has an inhibitory effect on autophagy, by caspase-1 
downregulating Beclin-1 activity which impedes autophagic function. (Cao., et al 2019) 
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Conversely, the inflammasomes also regulate autophagy. NLR proteins have direct 

interactions with key autophagy proteins such as Beclin-1, with which NLRP4 has strong 

binding affinity. Upon bacterial infection, however, NLRP4 disassociates enabling and 

autophagic response 115. NLRP3 also promotes autophagy in osteoblasts, as when NLRP3 

is silenced using siRNA, autophagy is downregulated along with reduced LC3-I conversion 

to LC3-II 116. There are also examples of NLRP3 downregulating autophagy, such as the 

suppression of autophagic flux observed after treatment of microglia with prion peptide 

PrP106-126 117. In NLRP3 knockout mouse models, baseline autophagy is at higher levels 

during oxidative stress in some tissues 118, implying that NLRP3 acts to suppress basal 

autophagy. 

1.7 Aims of study 

In this study, we used human induced pluripotent stem cell (hiPSC) derived ventral midbrain 

astrocytes (vmAstros) as a model to investigate the role of autophagy on inflammatory 

processes orchestrated by these cells that are relevant to PD. The advantages of this model 

include being able to focus specifically on the astrocytes of the ventral midbrain, the brain 

region in which degeneration occurs in PD (as opposed to a heterogenous population of in 

vitro astrocytes from various brain regions that may not present such an accurate picture of 

what is occurring in situ). There is also the benefit of these cells being human, thus avoiding 

issues when translating findings from animal neurodegeneration studies to humans in the 

clinic 119. An advantage of using hiPSCs for modelling PD in place of widely used human 

post-mortem tissues 120 is the capability to characterise events pre-empting disease, rather 

than the need to make assumptions about events that have already occurred. 

The focus of this study was the NLRP3 inflammasome. Its activation is consistent with the 

secretion of IL-1β 121, an interleukin described previously to be highly upregulated in the 

post-mortem brains of PD patients and known inducer of pyroptosis 122. Autophagy plays a 

paradoxical role in IL-1β secretory pathways, both degrading its pro form as well as 

promoting the secretion of its mature form depending on specific contexts 112,123. This 
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presents a gap in our understanding of autophagy’s effects on PD neuroinflammatory 

pathways, so this study sought to clarify this regulatory link in human vmAstros. 

Specific Aims: 

1. To characterise the autophagy response and the NLRP3 inflammasome activation 

pathway independently in hiPSC-derived vmAstros.  

2. To investigate mechanistically how autophagy influences the NLRP3 inflammasome 

pathway in hiPSC-derived vmAstros. 
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Materials and Methods 

2.1 Reagents and Antibodies 

Antibodies – rabbit anti-NF-kB (Cell signalling, D14E12, mAb), rabbit anti-TLR4 

(Proteintech, 19811-1-AP, pAb), rabbit anti-NLRP3 (Proteintech, 1977-1-AP, pAb), mouse 

caspase-1 (Santa-cruz Biotechnology, 14F468, mAb), rabbit anti-IL-1Β (Proteintech, 16806-

1-AP, mAb), rabbit anti-LC3 (viva biosciences, VB2930-0050, pAb), mouse anti-GAPDH 

(Sigma-Aldrich, MFCD01322099, mAb), mouse anti-B-tubulin (Sigma-Aldrich, 

MFCD00145892, mAb), Goat anti-rabbit IgG-HRP (Sigma-Aldrich, MFCD00162788), Goat 

anti-mouse IgG-HRP (Sigma-Aldrich, 32160702), Donkey anti-mouse IgG secondary 

antibody Alexa Fluor 488 (Invitrogen, A-21202), Donkey anti-Rabbit IgG secondary antibody 

TRITC (Invitrogen, A16028). 

Cell culture reagents and treatments - Accutase (Thermo Fisher Scientific, A11105-01); 

ascorbic acid (Sigma, A5960); AZD8055 (Stratech Scientific, S1555); B27 (Thermo Fisher 

Scientific, 17504–044); bafilomycin A1 (BafA1; Enzo Scientific, CM110-0100); human 

recombinant BDNF (Peprotech, 450–02); 1,4-diazabicylo[2.2.2]octane (DABCO; 

Sigma, D27802); 4ʹ,6-diamidino-2-phenylindole (DAPI; Sigma, D9542); DAPT (Tocris, 2634); 

db-cAMP (Sigma, D6546); DMEM-high glucose (Sigma, D5796); DMEM-F12 w/o glucose 

(Biowest, L0091); DMEM/F-12 + Glutamax (Thermo Fisher Scientific, 31331–028); human 

recombinant GDNF (Peprotech, 450–10); Glutamax (Thermo Fisher Scientific, 35050–038); 

N2 (Thermo Fisher Scientific, 17502–048); non-essential amino acids (NEAA; Thermo 

Fisher Scientific, 11140–035); PD0325901 (Axon, 1408); penicillin/streptomycin (Sigma, 

P4333); RevitaCell (Thermo Fisher Scientific, A2644501), IL-1a (Peprotech, 200-01A), TNF-

a (Peprotech, 300-01A), Complement C1q (Sigma-Aldrich, 80295-33-6), LPS Escherichia 

coli O55:B5 (Sigma-Aldrich, MFCD00164401), Nigericin, sodium salt (InvivoGen, 28643-80-

3), Propidium iodide (Sigma-Aldrich, 25532-16-4), Hank’s Balanced Salt solution (Sigma-

Aldrich, H6648), Opti-MEM reduced serum media (Thermo Fisher Scientific, 31985062). 

https://www.ncbi.nlm.nih.gov/nuccore/D27802
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2.2 Cell culturing and conditions 

Ventral midbrain neural progenitor cells (vmNPCs) were cultured in vmNPC expansion 

media, comprising N2B27 medium, 20ng/ml GDNF, 20ng/ml BDNF and 200 uM ascorbic 

acid, fed with a half media change after 24 hours and a full media change after 48 hours and 

repeating. Day 0 of culture began at the point of 10 days after neural induction of hiPSCs. 

Every three days the vmNPC culture was passaged on vmNPC expansion media using 

Accutase, into Geltrex-coated flasks. 

To produce vmDANs, vmNPCs at culture day 30 are washed in DMEM/F12 and replaced 

with vmDAN differentiation media, comprising N2B27 medium, 20ng/ml GDNF, 20ng/ml 

BDNF, 200uM ascorbic acid, 10uM DAPT and 500uM db-cAMP. Neurons were then fed with 

this media every three days by half media changes. 

To produce ventral midbrain astrocyte progenitor cells (vmAPCs), vmNPCs at culture day 30 

were washed in DMEM/F12 and replaced with vmAPC expansion media, comprising ASTRO 

media, 20ng/ml EGF and 20ng/ml LIF. ASTRO media is a base astrocyte culture media 

consisting of Advanced DMEM/F12, 20uM glutamax, 1x N2 supplement, 1x B27 supplement, 

0.1mM non-essential amino acids. Full media changes were completed every 3 days. Every 

7 days the culture was passaged on vmAPC expansion media using Accutase, into Geltrex-

coated flasks. At culture day 90 vmAPCs are mature enough to differentiate into vmAstros. 

To do this, vmAPCs were washed with ASTRO media and replaced with vmAstro 

differentiation media, compromising ASTRO media, 20ng/ml BMP-4 and 20ng/ml LIF. Media 

was changed as cells require for 10 days, after which differentiation into vmAstros will have 

occurred.  

For analysis of mature cells by immunomicroscopy, vmNPC’s or vmAPC’s were passaged in 

their appropriate differentiation media using Accutase onto coverslips coated with Geltrex 

and allowed to undergo their appropriate differentiation procedure.  

Culture methods were adapted from the work of Stathakos (2017) 124. 
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2.3 Immunofluorescence microscopy 

vmAstros or vmDANs were washed three times in PBS and fixed in 4% paraformaldehyde, 

or ice-cold 100% methanol. Fixation agent was then removed, and cells were washed three 

times in PBS and stored in PBS at 4oC. Cells fixed with paraformaldehyde were 

permeabilized and blocked by treatment with a blocking solution consisting of 0.2% Triton X-

100, 5% goat serum and 2% bovine serum albumin in PBS an hour at 20oC. The blocking 

solution was then replaced with primary antibodies diluted in PBS with 10% blocking solution 

for 1 hour at 20 oC. Cells were then washed three times in PBS and treated with secondary 

antibodies diluted in PBS with 10% blocking solution. Nuclear staining was carried out using 

100ng/ml of 4’,6-diamidino-2-phenylindole (DAPI) diluted in PBS for 5 minutes at 20oC. 

Coverslips were then mounted face down on glass slides, using 10ul of Mowiol solution, 

comprising 12ml 0.2M Tris (pH 8.5), 2.4g Mowiol, composed of 12ml 0.2M Tris (pH 8.5), 

2.4g Mowiol, 6g glycerol and 25mg/ml 1,4-diazabicylo[2.2.2]octane (DABCO). After allowed 

to dry, slides were used for fluorescence microscopy by wide-field Olympus IX-71 inverted 

Differentiation protocol of iPSC-derived astrocytes,  ‘ Efficient and scalable generation of human 
midbrain astrocytes from hiPSCs ’ Crompton, et al. 2020 
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microscope (60% Uplain Fluorite objective; 0.65-1.25 NA, oil) carrying a CoolSNAP HQ CCD 

camera (Photometrics, AZ). Image analysis performed on MetaMorph software (Molecular 

Devices). 

2.4 Immunoblotting 

vmAstros differentiated in 6-well Geltrex coated plates were washed twice with 4 oC PBS. 

Cells were then lysed with 4 oC radioimmunoprecipitation assay (RIPA) buffer consisting of 

50mM Tris HCl (pH 7.4), 150mM NaCl, 1% Triton-x-100, 0.5% sodium Doexycholate, 0.1% 

sodium dodecyl sulphate (SDS) and a tablet of protease inhibitor per 10mL. Cells were 

allowed to lyse for 5 minutes and removed from the wells with a cell scraper and collected 

into an Eppendorf tube which was immediately placed on ice. Using a 200ul pipette tip cells 

were homogenised and vortexed 10 times before incubating on ice for 15 minutes. Lysates 

were then centrifuged at 12,000xg for 15 minutes at 4 oC and the supernatant extracted and 

placed in a new Eppendorf tube for storage. Protein sample concentration were then 

quantified using a Pierce BCA Protein Assay Kit (Thermo Scientific). 

Using the determined protein concentration, 20ug of protein was mixed with 5x Laemli 

loading buffer, comprised of 50mM Tris HCL (pH6.8), 5% β-mercaptoethanol, 2% SDS, 

0.1% bromophenol blue and 10% glycerol, to a final concentration of 1x loading buffer. 

Samples are then denatured by heating to 100 oC for 5 minutes and immediately placed on 

ice. SDS-PAGE was performed using the MiniPROTEAN-III system (BioRAD). Samples 

were loaded into an acrylamide gel set between glass plates, that were place in a 

MiniPROTEAN-III tank submersed in 1x SDS-PAGE running buffer comprised of 25mM Tris, 

190mM glycine and 0.1% SDS in distilled water. 10ul of Precision Plus pre-stained protein 

ladder was also loaded alongside the samples (10-250kDa). Electrophoresis was run on the 

gels at 100V for 20 minutes and then 150v for 1 hour 15 minutes. 

Gels were then washed in distilled water and transferred onto nitrocellulose membranes 

using the Invitrogen Power Blotter system, inside a Power Blotter cassette. Membranes were 
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then blocking in 1x TBS buffer, 0.1% Triton X-100 (TBS-Tx) and 5% non-fat dried milk for 1 

hour. After, membranes were incubated on primary antibodies diluted in 1x TBS-Tx and 5% 

non-fat dried milk overnight at 4 oC. Membranes were then washed three times in TBS-Tx 

and incubated on horseradish-peroxidase conjugated secondary antibodies at 1:10,000 

concentration diluted in TBS-Tx and 5% non-fat dried milk. Membranes were then treated 

with enhanced chemiluminescent substrate (ECL) solution for 2 minutes and loaded into a 

blotting cassette. They were then exposed to a chemiluminescent film and the film then 

developed in a AGFA Curix 60 film processor, revealing intensity of protein bands that had 

separated on the gel. 

2.5 Neuron UV treatment 

vmDANs differentiated on coverslips of a 4-well plate coated with Geltrex had their media 

replaced with a small volume of non-redox media comprising of DMEM/F12, 20uM glutamax, 

1x N2 supplement. The lid of the 4-well plate was then removed, and the plate placed inside 

a Stratagene UV Stratalinker 1800 Crosslinker, and exposed to the appropriate dose of UV 

radiation. Plates then had their lids replaced and incubated for the appropriate time before 

undergoing fluorescence microscopy. To produce DAMP media, plates were treated as such 

but had the media in their wells collected instead of undergoing fluorescence microscopy, 

and collected media flash frozen with liquid nitrogen for storage before use. 

2.6 Viral production and transduction 

NEB® 5-alpha Competent E. coli were stored at -80 oC before use, and thawed at 0 oC. 5ul of 

approximately 20ng of ATG4BC74A with an N-terminal GFP tag plasmid DNA was added to 

the cell mixture and mixed by flicking, and then placed on ice for 30 minutes. Heat shock 

was then conducted on the mixture at 42 oC for 30 seconds, and then was returned to ice for 

5 minutes. 950ul of SOC outgrowth medium (New England Biolabs) was added to the cell 

mixture, which was then incubated at 37 oC for 1 hour at 250rpm shaking. Cells were mixed 

by inverting, and then 100ul of the solution spread onto an LB Agar-Ampicillin selection plate 
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and incubated at 37 oC overnight. Transformed colonies were then picked and added to 10ml 

LB broth and grown whilst shaking at 37 oC overnight. 

Cultures were pelleted by centrifugation at 4000x g for 10 minutes, and DNA extracted by 

GeneJET midi-prep (ThermoFisher) according to manufacturer’s instructions. 

Concentrations of purified DNA was measured using NanoDrop Lite Spectrophotometer 

(Thermo Fisher Scientific) at an absorbance of 260nm.  

HEK293T cells were cultured for use in lentiviral production. HEK293T cells were cultured in 

10cm2 petri dishes in Dulbecco’s Modified Eagle Medium (DMEM) with 10% FBS, incubated 

in humidified 37 oC, 5% CO2 incubators. Cells were passaged at around 70-90% confluence 

regularly, by aspiration of media and washes with DPBS (Thermo Fisher Scientific), and 

treatment with 0.025% trypsin-EDTA until cells visibly lift from the culture surface under the 

microscope. Cell solution was then pipetted off into a 15ml falcon tube and centrifuged at 

9000rpm for 3 minutes and resuspended in an appropriate volume of media to split them 2:1. 

Once appropriately diluted, volumes were transferred to fresh 10cm2 petri dishes.  

3.4ml of Opti-MEM reduced serum media supplied with 27ug of plasmid DNA, 20.4ug of 

pAX2 plasmid and 6.8ug of pMGD2 plasmid was prepared along with 5ml of Opti-MEM 

supplied with 1ul of Polyethyleneimine (PEI; 10ug/ul). 3.4ml of each mixture was then mixed 

and incubated for 20 minutes at 20 oC. A 10cm2 petri dish of 80% confluent HEK293T cells 

was then washed twice with Opti-MEM, and then treated with the plasmid/PEI mixture and 

incubated at 37 oC at 5% CO2 for 4 hours. This mixture was then replaced with 10% high 

glucose DMEM with 10% FBS, and put back in the same incubator to produce lentiviral 

particles over 48 hours. Media is then harvested and centrifuged at 500g for 5 minutes, 

filtered through 0.2um cellulose acetate filters and then stored in 1.5ml CryoVials kept at -80 

oC. 

Transduction of cells was conducted by treating cells growing in 6-well plates with 700ul of 

viral media supplemented with 300ul of cell appropriate culture medium. Cells were 
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incubated for 24 hours before having spent media removed and replaced with all cell-

appropriate culture medium and allowed 24 hours of recovery before use in experiments. 

2.7 Rt-qPCR 

vmAstros were removed of culture media and dry-frozen at -80 oC overnight. vmAstro 

samples were then extracted for their RNA by use of RNeasy Mini Kit (QIAgen) following the 

manufacturers protocols. RNA was then converted to cDNA by use of High Capacity RNA-

cDNA kit (Applied Biosystems) following the manufacturers protocols. Rt-qPCR was then 

carried out using the Applied Biosystems QuantStudio 3 qPCR System, using triplicate RT-

positive samples, one RT-negative sample for each condition and a No Template Control 

(NTC) per gene assay run. Data was analysed using Applied Biosystems QuantStudio 3 

qPCR System software, with relative gene expressions calculated by the 2(-ΔΔCt) method 

125. 

TaqMan Gene Assays – ICAM1 (Thermo Fisher Scientific, Hs00164932_m1), C3 FAM 

(Thermo Fisher Scientific, Hs00163811_m1), PTX3 (Thermo Fisher Scientific, 

Hs00173615_m1), GAPDH (Thermo Fisher Scientific, Hs02758991_m1), IKBA/NFKBIA 

(Thermo Fisher Scientific, Hs00153283). 

2.8 Macrophage culture 

Primary Macrophages were isolated and ex vivo cultured by the Toye Lab at Bristol 

University, the lysates of which were provided as a gift. In brief, blood from healthy human 

plasma donors was diluted 1:1 with HBSS containing 0.6% acid citrate dextrose (ACD, 

Sigma) and layered over PBMC Spin Medium. Samples were centrifuged at 400g for 30 

mins. CD14+ cells were isolated and cultured at a density up to 1x106/ml in RPMI 1640 

(Gibco), 10% FBS, 25ng/ml macrophage colony-stimulating factor (Miltenyi Biotec) and 

penicillin/streptomycin at 100U/0.1mg per ml at 37C with 5% CO2. 
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Results 

3.0 - The NLRP3 Inflammasome in hiPSC-derived vmAstros 

3.1 – vmAstros express all the proteins necessary for inflammasome activation 

The NLRP3 inflammasome (also referred to as simply ‘the inflammasome’) is a component 

of the innate immune response and is crucial in host retaliation against pathogens 126. It 

consists of the NLRP3 sensor protein that forms an oligomeric complex with the ASC 

adapter protein and pro-caspase-1, and is able to activate the caspase in response to 

pathogenic stimuli. Upon activation, caspase-1 cleaves pro-IL-1β into its mature form ready 

for secretion. IL-1β is a potent inducer of pyroptosis, a highly pro-inflammatory form of cell 

death that results in more inflammasome activation and a positive feedback loop of 

pyroptosis 127. This is the justification for the use of IL-1β as a treatment in this experiment, 

as it is likely to upregulate the components of this pathway. A combination of interleukin 1- α 

(IL-1α), tumour necrosis factor-alpha (TNF-α), and complement component 1q (C1Q) 

(hereafter referred to as ITC)  was also used due to its potency in upregulating of genes 

associated to an A1 reactive phenotype in astrocytes 32. The A1 phenotype is broadly 

neurotoxic in its effects 32 and we reasoned this would most likely coincide with NLRP3 

inflammasome activation.  

The NLRP3 inflammasome can also be ‘primed’ via the activation and subsequent 

translocation of nuclear factor k-B (NF-kB) to the nucleus, where it positively regulates 

transcription of pro-IL-1β, NLRP3 and pro-caspase-1  128,129. Priming is mediated in part by 

TLR4 signalling, which regulates NF-kB activation, licenses NLRP3 protein via 

phosphorylation and deubiquitylation, also activating inflammasome oligomerisation 128,130. 

Other activators of the NLRP3 inflammasome include potassium ion efflux, extracellular ATP 

and lysosomal damage 131–133.  

It was important to test whether if these necessary components (Caspase-1, IL-1β, NF-kB, 

TLR4 and NLRP3) were present in the human iPSC-derived vmAstros that are routinely 
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prepared in the Lane lab, in order to properly begin characterising the inflammatory pathway 

therein. Due to the highly cell-specific nature of the inflammasome pathways 134, it would be 

wrong to assume that all components are expressed and functional under classical 

conditions in vmAstros. This is especially true when considering the brain region specificity 

of vmAstros, which generates its own idiosyncrasy, as well as in vitro models not necessarily 

recapitulating all the conditions of the native cellular context leading to differences in 

expression.  

By immunoblotting, the levels of NLRP3 and TLR4 detected in the control, IL-1β treated and 

ITC treated groups were apparently low (Fig.1). This was anticipated for TLR4; however 

NLRP3 was expected to be upregulated during inflammasome priming 135. Instead, whilst 

there was evidently low level basal expression of NLRP3, only a slight increase in band 

intensity was observed upon cytokine treatment. The levels of NF-kB detected were 

relatively high, with no apparent changes in response to cytokine treatments (Fig. 1). As it is 

not possible to determine the proportion of NF-kB that has been activated by 

immunoblotting, this will be explored in later experiments (see Fig. 3). The bands 

representing pro-caspase-1 and pro-IL-1β were the clearest indication of inflammasome 

priming in this experiment. Pro-IL-1β could not be detected in the control samples but there 

was clear upregulation of pro-IL-1β in both ITC and IL-1β treatments, with the greatest 

increase in signal observed under the latter condition (Fig. 1). Pro-caspase-1 was expressed 

at low levels in the control group, with clear evidence of upregulation following treatment with 

both cytokine conditions (Fig. 1). 

These findings provide evidence that all inflammasome components necessary for 

inflammasome activation are expressed in vmAstros, along with functional inflammasome 

priming consisting of upregulation of immature forms of pro-caspase-1, pro-IL-1β and 

NLRP3.  



33 
 

 

 

 

 

3.2 – Inducing cell death in neurons by UV treatment as a source of DAMPs 

The significantly elevated levels of DAMPs, such as HMGB1 136, in post-mortem PD patients 

brains are of potential significance as they may contribute to the positive immune feedback 

signalling. Pyroptosis is a mechanistically distinct form of cell death characterised by 

caspase-1 activity, cytokine processing and secretion137, as well as gasdermin-D processing.  

Mature gasdermin-D forms plasma membrane pores inducing osmotic lysis 138. Inhibition of 

pyroptosis has been seen to improve PD symptoms in mice, suggesting it contributes to a 

portion of the cell death caused by PD 139. It has been previously demonstrated that PAMPs 

and DAMPs acting in a common signalling pathway can invoke distinct immune phenotypes 

140. For example, the A2 reactive phenotype in astrocytes results in the upregulation of 
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Figure 1 | Western blot detecting the protein levels of NLRP3 inflammasome pathway components in 
vmAstros after cytokine treatment. Astrocytes were treated for 24hr with 4 ng/ml IL-1β and a combination 
of 3 ng/ml IL-1a, 30ng/ml TNF-a and 400ng/ml C1q (ITC) . Cells were lysed and protein lysates extracted, 
with protein levels visualised by immunodetection. GAPDH (A) and β -tubulin (B) were used as internal 
controls. Consistent bands in treatments and controls for all tested proteins, apart from pro-IL-1β and 
pro-caspase-1 which show upregulations only in inflammatory induction treatments. 
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neurotrophic factors and a generalised tissue repair effect, as opposed to the neuro-

destructive A1 phenotype 35. As A2 astrocytes are classically induced in models of 

ischaemia, during which there would be abundant cell debris, fragments of dead neurons 

may be sufficient to favour an A2 phenotype in vmAstros. Also, with dopaminergic cell death 

being a central tenet of PD, investigating the inflammatory interaction between vmAstros and 

neuronal-derived DAMPs is key to a more comprehensive understanding of the NLRP3 

inflammasome response in vmAstros.  

It has been previously shown that media taken from cultured neurons killed by UV-induced 

apoptosis can induce reactivity in astrocytes 141. This media is likely to contain significant 

concentrations of DAMPs and other pro-inflammatory factors that are characteristically 

released upon neuronal cell death 142. We treated vmDANs with varying doses of UV 

radiation in order to cause apoptosis and the release of DAMPs into the media. To measure 

cell death, neurons were treated with propidium iodide, a dye that is not permeant to living 

cells and but brightly stains dead cells. Incubating neurons for 4 hours post-UV dose was not 

sufficient to induce significant cell death at any tested dosage (Fig. 2A). Significant levels of 

vmDAN cell death was recorded after 24 hours post-UV at doses of 100 mJ/cm2 (1.29 

fragments per cell) and 1000 mJ/cm2 (1.24 fragments per cell) (Fig.2B). These results 

indicate that vmDANs underwent fragmentation and loss of plasma membrane 

impermeability during long-term culture after UV treatment. Cell membrane rupture is 

necessary for the release of large DAMPs, such as HMGB1 143, and is thus important for 

modelling in vivo pathological conditions. Media from UV-treated vmDANs was extracted for 

use in further experiments, and will hereafter be referred to as ‘DAMP media’. 
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A) 

B) 

Figure 2 | Generation of neuronal cell fragments for vmAstro inflammatory induction. Human iPSC-derived 
vmDANs were treated with increasing doses of UV radiation. Cell fragments of vmDANs stained by propidium 
iodide and were counted after 4 hours (A) or 24 hours (B). Data shows a single experiment, scoring 20 image fields 
per UV dose. The final count of each field was normalised to the number of cells in each field. Images were 
quantified using MetaMorph image analysis software. N=1. One-way ANOVA (P>0.05=ns, P≤0.05=*, P≤0.01=**, 
P≤0.001=***, P≤0.0001=****). 
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3.3 – vmAstros process IL-1β in response to inflammasome induction 

After confirming that vmAstros express all the necessary components of the NLRP3 

inflammasome, the next step was to assess their functionality.  For this we sought to detect 

the mature, cleaved form of IL-1β in the cell lysate and also in the media to confirm if 

intracellular processing and secretion was occurring. We also focused further upstream of 

the NLRP3 inflammasome pathway, by testing for the cleaved form of caspase-1 as a 

readout for canonical inflammasome activation over any non-conventional form of IL-1β 

processing. In order to activate the inflammasome a selection of candidate inducers were 

used: 

(i) The mix of pro-inflammatory cytokines ITC, that potently upregulate genes 

associated to an A1 reactive phenotype in astrocytes 32, as previously described. 

(ii) Media collected from UV-treated vmDANs (DAMP media) (Fig. 2) was used to 

recreate an environment of abundant neuronal cell death. Astrocytes respond to 

events such as ischaemia, which also results in DNA damage and cell death in 

neurons 144 like UV-treatment, by entering an A2 reactive phenotype and 

exhibiting broadly neuroprotective effects 32.  

(iii) The classical inflammasome induction treatment of a combination of LPS and 

Nigericin (L+N) with LPS being a potent activator of TLR signalling and Nigericin 

driving K+ efflux 75. As a positive control, a primary human macrophage (mϕ) cell 

line was treated with the x1 L+N concentration (Fig. 3), as human macrophages 

are a well-studied system for inflammasome activation 75. L+N concentration x1 

begins at 0.5ug/ml LPS and 1uM Nigericin, with each further x# indicating fold 

change in concentration (e.g. x4 - 2ug/ml LPS and 4uM Nigericin). 

Pro-IL-1β was detected in the lysates of ITC and L+N (x4) treated vmAstros (Fig. 3a). The 

levels of pro-IL-1β in the ITC treated vmAstros were considerably higher than the positive 
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control and L+N (x4) (Fig. 3a), indicating a more intense priming effect. No band was 

detected for pro-IL-1β in DAMP media, L+N (x1) and L+N (x2) treated vmAstro cell lysates 

(Fig. 3a), indicating that these treatments were not inducing priming. As L+N (x4) was the 

only L+N concentration to illicit an effect, this concentration was used subsequently (and will 

simply be referred to as ‘L+N’). Mature IL-1β was detected in the ITC treated vmAstro cell 

lysate (Fig. 3a) indicating that IL-1β processing was occurring, which is a feature of an 

activated inflammasome. However, no mature caspase-1 was detected in any of the treated 

vmAstros (Fig. 3b). A ~40 Mw species was detected in ITC treated vmAstro lysates with a 

corresponding band detected in L+N treated mϕ (Fig. 3b). This might represent an 

intermediate processed form of caspase-1 145 (as the cleaved form resolves at 20 Mw) (Fig. 

3b). IL-1β was not detected in the precipitated media samples taken from treated vmAstros. 

By comparison, media from L+N induced mϕ contained abundant processed IL-1β. This 

could mean if IL-1β is being secreted it is at much too low of a concentration to be detected, 

with the largest proportion of its already low concentration being retained in the cell. 
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Figure 3 | Western blot detecting immature and mature IL-1β (A) and Caspase-1 (B) in inflammasome inducer treated 
vmAstro cell lysates and (C) their precipitated media. Astrocytes were treated and incubated for 24 hours with a 
combination of 3 ng/ml IL-1a,  30ng/ml TNF-a and 400ng/ml C1q (ITC), 100ul of media harvested from apoptotic 
vmDANs (DAMP), and a combination of 500ng/ml LPS and 1uM Nigericin (L+N x1) also used at double (x2) and 
quadruple (x4) concentration. Primary human macrophages (mϕ) treated with L+N (x1) were also used as lysates as 
a positive control. GAPDH was used as an internal control for lysates. 
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3.4 – vmAstros exhibit activated NF-kB transcriptional activity when treated with 

inflammasome inducers 

In a previous experiment, it was found that cytokine (e.g. ITC) treatment did not alter NF-kB 

protein expression levels in vmAstros (Fig. 1). However, simple whole cell lysate 

immunoblotting cannot report NF-kB activation status.  

As NF-kB acts to promote inflammatory responses when activated, this must be tightly 

regulated so as to not promote unnecessary chronic inflammation that could be damaging to 

the organism. The inhibitor of kB-alpha (IkBa) negatively regulates NF-kB, causing it to 

dissociate from DNA and to be transported out of the nucleus where it resides in its inactive 

state in the cytosol 146. It is then only able to become activated again once inhibitor of kB 

kinase 1 (IKK1) phosphorylates IkBa, resulting in its polyubiquitination and degradation 147. 

When activated and exhibiting transcriptional activity, NF-kB upregulates the IkBa gene 

(IKBA), promoting its own negative regulation 148. In fact, IKBA expression directly correlates 

with NF-kB transcriptional activity meaning that measuring IKBA expression provides a 

useful readout of NF-kB activity 148.  

Using reverse-transcription quantitative PCR (RT-qPCR), IKBA expression was determined 

in vmAstros after treatment with the various inflammasome inducers used previously (Fig. 3). 

The average relative expression of IKBA for ITC and L+N treated vmAstros was much higher 

than the control with 13.19 and 32.91 fold expression respectively (Fig. 4). The average 

relative expression of IKBA for DAMP treated vmAstros was not greatly higher than the 

control (Fig.4); however expression levels differed markedly between experimental repeats, 

with on clear outlier in the data set. 
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3.5 – Monomeric and pre-fibrillar α-synuclein induce IL-1Β processing in vmAstros 

Figure 4 | Average relative gene expression of IKBA in inflammasome inducer treated vmAstros 
generated by RT-qPCR. Astrocytes were treated and incubated for 24 hours with a combination of 3 
ng/ml IL-1a,  30ng/ml TNF-a and 400ng/ml C1q (ITC), a combination of 2ug/ml LPS and 4uM Nigericin 
(L+N) and 100ul of media harvested from apoptotic vmDANs (DAMP). GAPDH expression was used as a 
housekeeping gene. Experiments were done in triplicate and the expressions were averaged for each 
condition. N=3. One-way ANOVA relative to the control group was conducted on dCT values of each 
treatment group that were later converted to 2-ddCT values seen on this graph (P>0.05=ns, P≤0.05=*, 
P≤0.01=**, P≤0.001=***, P≤0.0001=****). 
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It has previously been shown that different α-synuclein species have a significant influence 

on the innate immune system, for example triggering activation of microglia and monocytes 

and leading to the secretion of IL-1β 149,150. In monocytes, it was found that IL-1β was only 

secreted after treatment by fibrillar α-synuclein and not by the monomeric form 84. However, 

this may be a cell-type and context-specific effect. In primary human midbrain astrocytes, it 

was found pre-formed fibrils (PFF’s) of α-synuclein triggered NF-kB activation and induce 

RIP kinase signalling 151. As NF-kB activation and RIP kinase signalling are characteristic 

upstream signals for the alternate NLRP3 inflammasome 152,135, it may be that PFF’s are 

activating the alternate NLRP3 inflammasome in midbrain astrocytes. 

To determine what α-synuclein species, if any, influences inflammasome activation in 

vmAstros, monomeric, oligomeric, pre-formed fibril and fibrillar α-synuclein were applied. 

Monomeric α-synuclein describes the single, misfolded units of the protein which are then 

able to form multi-subunit oligomers 153. Oligomers continue to elongate in structure, to form 

a complex polymer fibrils of α-synuclein . PFF’s are used to induce models of 

synucleinopathy, by taking fully formed α-synuclein fibrils and sonicating them into ~50nm 

fragments that are then applied cells 154. PFF use in vivo or in vitro has been found to be 

more effective models of idiopathic PD than other options, such as α-synuclein 

overexpression models 155. 

In vmAstros, monomeric α-synuclein treatment caused the appearance of an IL-1β 

immunoreactive product at just above 15kDa, at both 10ug/ml and 25ug/ml concentrations, 

indicating that it triggered processing of pro-IL-1β into IL-1β (Fig. 5). There is a much more 

intense band for the 25ug/ml PFF treated vmAstros however (Fig.5), indicating that the effect 

of IL-1Β processing is much more pronounced in response to exogenous PFF treatment. 

10ug/ml of PFF treatment was not sufficient to induce IL-1β processing, nor was oligomeric 

and fibrillar α-synuclein (Fig. 5). Focusing on pro-IL-1β expression, this was elevated in all 

treatment groups except for the fibrillar α-synuclein samples, indicating that monomeric, 

oligomeric, and PFF α-synuclein cause an upregulation of pro-IL-1β, possibly through 
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inflammasome priming. In this experiment, evidence of weak pro-IL-1β expression was also 

observed in the control sample, which differed from previous tests (see Fig. 3C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.6 – NLRP3 inflammasome activation and reactivity in vmAstros 

Astrocyte reactivity and activated inflammasomes often coincide in diseases, for example in 

Alzheimer’s Disease 156,157, and indeed PD 158,159. However, there are only a few studies 

linking inflammasome activation to astrocyte reactivity. Due to astrocyte reactivity being a 

core feature of astroglial biology in the context of PD, it was pertinent to investigate whether 

it can be linked to NLRP3 inflammasome activation in the hiPSC vmAstro model.  

Figure 5 | Western blot detecting immature and mature IL-1β in cell lysates of vmAstros treated with 
various concentrations (10ug/ml and 25ug/ml) of different α-synuclein species, and incubated over a 
period of 7 days. These species include monomeric, oligomeric, pre-formed fibrils and fibrillar α-
synuclein at 10ug/ml and 25ug/ml per species. Primary human macrophages (mϕ) treated with L+N (x1) 
were also used as lysates as a positive control.  
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Intracellular adhesion molecule-1 (ICAM-1) is a transmembrane glycoprotein that plays 

many roles in immune responses, and is expressed in astrocytes and microglia in the CNS  

160. The expression of its coding gene, ICAM1, was found to be significantly upregulated in 

reactive astrocytes making it a useful marker for astrocyte reactivity 161. It is of particular 

interest to PD studies, as ICAM-1 positive reactive astrocytes accumulate in significant 

numbers in the SNpc of PD patients  162. This concentration of ICAM-1 positive reactive 

astrocytes is even greater around sites of heavy neuronal loss, spatially linking ICAM-1 

positive reactive astrocytes to the death of neurons in PD and possibly associating them with 

the process 162.  

Pentraxin 3 (PTX3) is a pattern recognition molecule with roles in innate immunity, as well as 

functions in tissue repair 163. It is also highly upregulated in reactive astrocytes, specifically 

reactive astrocytes presenting with the A2 reactive phenotype that has broadly 

neuroprotective functions associated with repair. It is not upregulated in A1 reactive 

astrocytes however 35. Complement component 3 (C3) has a key role in the complement 

system, and is also highly upregulated in reactive astrocytes. However, in contrast to PTX3, 

it is only highly upregulated in A1 reactive astrocytes that have broadly neurotoxic effects, 

and not in the A2 phenotype35. 

Using real-time quantitative PCR, ICAM1, PTX3 and C3 expression levels were measured in 

vmAstros after treatment the inflammasome inducers used previously (Fig. 3), with tests 

carried out in triplicate. ITC treatment caused very high upregulation of ICAM1 and C3 

expression (Fig. 3A, 3C). There was a much lower upregulation of PTX3 after 24hr ITC 

treatment (Fig. 3B), at 5.67 fold expression, suggesting that ITC may induce a more robust 

A1 reactive phenotype. DAMP treatment resulted in a very high PTX3 upregulation (Fig. 3B) 

at 39.05 fold increased expression, with negligible changes observed expression of ICAM1 

and C3 (Fig. 3A, 3C), suggesting it may result in a more A2 reactive phenotype. L+N 

treatment increased ICAM1 expression with a corresponding increase in PTX3 upregulation 
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(Fig. 3A, 3B), at 24.96 and 8.07 fold increased expression respectively, implying a broader 

or generalised reactive astrocyte phenotype under these conditions. 
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Figure 6 | Average relative gene expression of ICAM1 (A), PTX3 (B) and C3 (C) in inflammasome inducer 
treated vmAstros generated by real-time quantitative PCR. Astrocytes were treated and incubated for 24 
hours with a combination of 3 ng/ml IL-1a, 30ng/ml TNF-a and 400ng/ml C1q (ITC), a combination of 
2ug/ml LPS and 4uM Nigericin (L+N) and 100ul of media harvested from apoptotic vmDANs (DAMP). 
GAPDH expression was used as a housekeeping gene. Experiments were done in triplicate and the 
expressions were averaged for each condition. One-way ANOVA relative to the control group was 
conducted on dCT values of each treatment group that were later converted to 2-ddCT values seen on this 
graph (P>0.05=ns, P≤0.05=*, P≤0.01=**, P≤0.001=***, P≤0.0001=****). 
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4.0 - Charactering autophagy under inflammatory conditions in vmAstros 

4.1 Basic autophagy analysis in vmAstros 

Autophagy is an important homeostatic process in astrocytes, enabling the clearance of 

protein debris from the cytoplasm and thus contributing to general neuronal health protection 

164. To test whether autophagy influences the NLRP3 inflammasome pathway in vmAstros, 

we first determined the best methods for triggering autophagy in these cells. During 

autophagy, ATG8 family members such as LC3B are conjugated to the autophagosome 

membrane where they contribute to cargo recruitment, autophagosome closure and 

trafficking 165, making it an ideal candidate to monitor autophagosome levels and therefore 

autophagic flux. Confluent vmAstros on coverslips were treated with the starvation buffer 

HBSS or the mTOR inhibitor, AZD8055, in the absence or presence of the lysosomal H+-

ATPase inhibitor, Bafilomycin A1 (Baf). 

Baf inhibits autophagy by interacting with lysosomal V-ATPases interfering with their ability 

to pump protons into the organellar space, thus impeding lysosomal acidification and 

therefore their ability to degrade autophagic cargoes 166. This leads to an accumulation of 

autophagosomes in the cell due to this lack of degradative capacity. AZD8005 (AZD) is an 

ATP-competitive inhibitor of the mTOR kinases (mTORC1/mTORC2)167. mTOR is a potent 

repressor of autophagy 168, so by inhibiting mTOR AZD is induces autophagy. As LC3 is a 

prominent component of the autophagosome membrane 169 , LC3 antibodies were used to 

immunolabel LC3 and visualised it by AlexaFluor dye.  We saw an expected autophagic 

response in these astrocytes, showing accumulation of LC3 in treated cells significantly 

higher than the control (Fig.7). There was, however, a high amount of variance of LC3 

puncta per cell between conditions, representing a high level of diversity between cells in 

terms of LC3 accumulation. 
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4.2 – Activation of the NLRP3 inflammasome results in autophagosome accumulation in 

vmAstros 

With the normal autophagy response characterised in vmAstros (Fig. 7), the relationship 

between autophagy and inflammatory responses in astrocytes could be investigated. 

Autophagy has been seen to have effects on inflammasome function in other cell types 170; 

however, the inverse is also true. NLRP3 inflammasome overactivation in rat brains has 

been shown to decrease levels of beclin-1 and the LC3-II:LC3-I ratio, and therefore impede 

autophagic capability 171. In fact, TLR4 can even act as an environmental sensor of 

Figure 7 | The autophagy response in vmAstros visualised by LC3 accumulation. 
Autophagy was induced by starvation (4hr) in HBSS, or by treatment with AZD8055 
(4hr), both in the absence or presence of bafilomycin A1 (Baf). Representative cell 
images included. Cells were fixed and incubated with anti-LC3B antibodies to 
visualise autophagosomes. Images were quantified using MetaMorph image 
analysis software (see Materials and Methods). N=3. One-way ANOVA (P>0.05=ns, 
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autophagy, inducing it through the TRIF/RIP1 pathway 172. As the TRIF/ RIP kinase pathway 

mediated by TLR4 signalling is also an activator of the alternative NLRP3 inflammasome, 

there may be a link here worth investigating. 

To observe the effect of inflammasome induction on the autophagy response in vmAstros, 

an LC3 assay was conducted. LC3 was visualised by immunofluorescence (IF) after 24hr 

treatments of ITC, DAMP, LPS and L+N. These conditions were compared to non-

inflammation induced groups in which autophagy was manipulated similar to previous LC3 

assays (Fig. 7), using Baf, HBSS and AZD. All inflammatory inducers had a significantly 

higher LC3 puncta per cell count than the control, at a comparable level to the conditions in 

which autophagy is pharmacologically manipulated (Fig. 8). This implies inflammasome 

induction induces autophagosome accumulation in vmAstros. However, as autophagosome 

accumulation also occurs during blockages in autophagic flux (such as with Baf related 

autophagy inhibition) it is difficult to tell if autophagy is being induced, or inhibited by ITC, 

DAMP, LPS and L+N treated vmAstros. Further study is required to answer this. 
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5.0 - The effect of autophagy on the NLRP3 inflammasome 

5.1 - Validation of ATG4BC774A transduction of vmAstros to impede autophagosome 
formation 

To investigate how IL-1β processing is infected by autophagy, an effective inhibitor of 

autophagy was required. While pharmacological agents to influence autophagic flux were 

used previously to characterise the autophagic response in vmAstros (Fig. 7), there are 

drawbacks from using inhibitors like bafilomycin A1 (Baf) when investigating regulation of a 

molecular pathway by autophagy. For example, autophagosomes are still generated during 

bafilomycin treatment. They are just unable to be degraded due to proton-pump inhibition 

induced by Baf, resulting in no autophagosome-lysosome fusion and therefore 

autophagosomes accumulate in the cell 173. This accumulation of mature autophagosomes 

maybe not exert that same cellular effects as true autophagy inhibition in which 

autophagosomes do not form. ATG4B plays a crucial role in autophagosome formation by 

enabling LC3 lipidation 174. An inactive ATG4B (C74A) mutant has been described that 

inhibits LC3 processing and therefore inhibits autophagosome formation 175. Due to this 

effect of disabling closure of autophagosomes, viral transduction of mutant ATG4BC74A was 

deemed the most appropriate autophagy inhibitor for investigating autophagic regulation of 

IL-1β processing in vmAstros. A similar attempt to make an ATG7 shRNA expressing virus 

was made, however it worked with low efficiency and due to time constraints was not 

optimised. 

Figure 8 | The autophagic response of vmAstros when treated with inflammasome inducers, visualised by 
LC3 accumulation. Autophagy was induced by starvation using HBSS, inhibited by treatment of Bafilomycin 
A1 (Baf) and induced treatment of AZD9055. An inflammatory response was induced by 24hr treatment of 
ITC, DAMP media, 2ug/ml LPS and a combination of 2ug/ml LPS and 4uM Nigericin. Cells were fixed and 
incubated on LC3 antibodies (1:300) to visualise autophagosomes. Images were quantified using 
MetaMorph image analysis software (see Materials and Methods).  

N=3. *’s represent p-values generated by ANOVA (P>0.05=ns, P≤0.05=*, P≤0.01=**, P≤0.001=***, 
P≤0.0001=****). 
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To validate the lentiviral transduction system created (See Materials and Methods), HEK 

cells were tested on initially due to the models ease of genetic manipulation. GFP was 

conjugated to ATG4BC74A to act as a reporter to confirm successful transduction. Lentiviral 

vectors were used to introduce the mutation into HEK cells by transduction over 24 hours, 

before cells were harvested for lysates and proteins extracted. Western blot analysis using 

anti-GFP antibodies (1:1000) detected GFP in the viral treated lysates at around 75~ kDa, 

representing the ATG4BC74A-GFP conjugate, of  which is not present in the untreated control 

group (Fig. 9A). To validate the system in vmAstros, an LC3 assay (anti-LC3 used at 1:300) 

was conducted by IF comparing LC3 puncta in ATG4BC74A transduced vmAstros against 

vmAstros transduced with GFP by itself as a control in case GFP levels in the cell influence 

autophagic flux. ATG4BC74A transduced vmAstros for each condition showed a non-

significant increase of LC3 puncta compared to the GFP transduced control group (Fig. 9B). 

The exception to this was the ATG4BC74A control group which appears to have significantly 

lower LC3 puncta than the GFP transduced control group, rather than higher (Fig. 9B). The 

inability of ATG4BC74A transduced vmAstros to significantly increase their LC3 levels above 

that of the untreated control GFP group, unlike each treated GFP virus group (Fig. 9B), 

validates the functionality of the ATG4BC74A viral transduction system created to effectively 

inhibit autophagosome formation. 
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Figure 9 | A) Western blot detecting GFP cell lysates of HEK cells virally transduced with ATG4BC74A-GFP for 
24 hours in 700ul of viral media (See materials and methods). GAPDH was used as an internal control. (B) 
Comparison of autophagy response in GFP virally transduced vmAstros and ATG4BC74A-GFP virally 
transduced vmAstros by IF microscopy for LC3 puncta. Cells were incubated on LC3 antibodies (1:300) 
to visualise autophagosomes. Images were quantified using MetaMorph image analysis software 
(see Materials and Methods). N=3. *’s represent p-values generated by ANOVA (P>0.05=ns, 
P≤0.05=*, P≤0.01=**, P≤0.001=***, P≤0.0001=****). 
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5.2 – Autophagy aids IL-1Β processing in vmAstros 

Autophagy and the inflammasome are reported to have a complicated relationship, with 

examples of autophagy degrading inflammasome components such as caspase-1 and pro- 

IL-1β in some cells 108,176, while also aiding the secretion of IL-1β in others 113. In fact, the 

autophagosome itself is important in this process as it has been found that mature IL-1β can 

be found in its intermembrane space113. This makes it important to have a method of 

inhibiting autophagosome formation when looking at autophagy’s role in IL-1β processing.  

Using the ATG4BC74A lentiviral transduction system previously validated (Fig. 9) to impede 

autophagosome formation, the effect of autophagy inhibition on the processing of IL-1Β by 

vmAstros was investigated. vmAstros were transduced with ATG4BC74A containing lentiviral 

vectors for 24 hours. After the viral media was removed, vmAstros were treated for 24 hours 

with ITC to induce IL-1β processing, due to its previous success at producing this effect in 

vmAstros (Fig. 3). These treatments were also done separately for proper comparisons, 

along with the negative and positive controls previously used (Fig. 3). Cell lysates were 

harvested, and proteins extracted for immunodetection by Western blot, detecting for both 

pro- IL-1β and IL-1β to visualise the effect of autophagy inhibition on both immature and 

mature forms of the cytokine. Average relative quantification values of protein levels were 

produced using GAPDH as an internal control, and experiments repeated to an N of 3 and 

relative quantification values averaged. 

Expression of dominant negative ATG4BC74A significantly reduced the levels of pro- IL-1β in 

the cell lysates of vmAstros treated with ITC, indicating a role for autophagy in maintaining 

appropriate pro- IL-1β levels in these cells. There was no statistically significant change in 

the amount of mature IL-1Β detected in the lysates of vmAstros, with and without ATG4BC74A 

expression in ITC treated vmAstros. Since IL-1β processing by vmAstros appears to be 

relatively low in this setting (e.g. compared with the L+N mφ fraction), any potential role of 

autophagy during IL-1β processing may not be detectable. This could imply autophagy plays 

a role in maintaining levels of pro-IL-1β. 
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Figure 10 | (A) Western blot detecting immature and mature IL-1β in cell lysates of vmAstros that had their 
NLRP3 inflammasome activated and were transfected with viral vectors containing ATG4BC74A, a dominant 
negative mutation that inhibits autophagosome formation (see Materials and Methods). ITC (24 hours) was 
used for inflammasome activation. Primary human macrophages (mϕ) treated with L+N (x1) were also used 
as lysates as a positive control. GAPDH was used as an internal control for lysates. (B) Bands for protein of 
interest in each condition were quantified relative to GAPDH expression and presented as a relative 
quantification value, N=3. *’s represent p-values generated by ANOVA (P>0.05=ns, P≤0.05=*, P≤0.01=**, 
P≤0.001=***, P≤0.0001=****). 
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DISCUSSION 

6.1 - Regional Identity of vmAstros 

Cells from different brain regions exhibit significant regional specificity, demonstrating unique 

functional and molecular profiles that define their localised roles 26. This is true for both 

neurons and glia, and is endowed during development to allow distinct brain regions to 

conduct specific functions 177. The midbrain’s neural cell diversity encodes functional 

idiosyncrasies that are likely to explain, in part or in whole, why a particular area emerges as 

the primary region of degeneration in PD. For example, in terms of DANs, the midbrain can 

be split into the three cell groups ‘A8’, ‘A9’ and ‘A10’ that all have conserved spatial 

positioning. A9 DANs accumulate the protein neuromelanin significantly more than A8 and 

A10 178,179, possibly indicating diverse function, and also take on higher loads of alpha-

synuclein 180. Indeed, A9 DANs are the principle midbrain cell group that degenerates during 

PD, as well as being essential in neural grafts for symptomatic recovery during cell therapy 

studies of PD in rats 181. Glia also show degrees of regional specificity in the midbrain, such 

as microglia displaying significant differences in gene expression to microglia in the cortex 

182. In addition to this, midbrain microglia have unique membrane properties as well as varied 

lysosomal content 182. Functional annotation of the midbrain microglial transcriptome 

revealed the terms ‘Protein metabolism’, ‘Cell development’, ‘DNA and RNA maintenance 

and processing’, ‘Neurological disease’ and ‘ Molecular transport’ as prominent transcribed 

gene functions that are overrepresented in the midbrain microglia  when compared to 

cortical microglia 182. Naturally, this regional specificity of neural immune cells should lead to 

unique neuroinflammatory responses depending on the particular brain region, highlighting 

the importance of considering the regional diversity of cell types when studying diseases 

such as PD with a prominent neuroinflammatory component. 

Correspondingly, vmAstros also have noted regional characteristics when compared to their 

counterparts outside of the midbrain in both their physiological and  molecular profiles 26. 

Morphologically, vmAstros have smaller somas than cortex astrocytes, and cover midbrain 
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tissue less densely with processes 183. Based on gene expression, vmAstros are the most 

unique astrocyte type by region, with around a fifth of their expressed genes not expressed 

by astrocytes of other regions 183. vmAstros also have a unique potassium buffering system, 

showing low inward-rectifying potassium capability, but they express a number of potassium 

channels that are calcium-dependent and not found in other regional astrocytes 183. They 

also form dense syncytia with oligodendrocytes26, which may assist vmAstros in potassium 

buffering; an important consideration for this study in which hiPSC-derived vmAstros are 

cultured without oligodendrocytes. Most interestingly, vmAstros express the dopamine 

receptor D2R that influences astrocyte-mediated neuroinflammation. When D2R is deleted in 

astrocytes, inflammatory factors (including IL-1β) are upregulated and DANs experience 

decreased survival in neurotoxin models of PD 184. D2R activity is also related to calcium 

responses in vmAstros, suppressing calcium levels in the cell when activated 26. This reveals 

a role for D2R (and in turn dopaminergic signalling) in suppressing the vmAstro inflammatory 

response, and also in regulating calcium levels. Thus, for vmAstros D2R’s also indirectly 

regulate cellular potassium through calcium-dependent potassium channels unique to 

vmAstros. As the NLRP3 inflammasome is sensitive to potassium levels in the cell, this is 

relevant to astrocyte neuroinflammation also. The regulation of the NLRP3 inflammasome is 

highly cell-context dependent, and noting the highly region-specific nature of neural cells, 

perhaps the NLRP3 inflammasome behaves differently in astrocytes of the ventral midbrain 

when compared to those located in other brain regions. It is also important to consider the 

feedback that inflammatory pathways have with other cell types in the brain, and so 

phenomena observed when studying astrocytes in isolation may not be recapitulated when 

other cell types are also present. 

 

6.2 - Processing of IL-1β in vmAstros 

IL-1β is processed in hiPSC-derived vmAstros, as evidenced by detecting mature IL-1β in 

their lysates (Fig. 3A); however, the most striking band was found at ~37 kDa where pro-IL-
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1β is expected. Compared to the positive control (mϕ), the pro-IL-1Β band for ITC treated 

vmAstros was intensely upregulated such that it became saturated long before signals for 

other pro-IL-1Β bands emerged; however, the band for mature IL-1β in ITC treated vmAstros 

was very faint when compared to the positive control. This could suggest a blockage in the 

processing of IL-1β in these cells, perhaps due to reduced caspase-1 activity. As all 

inflammasome components necessary for activation could be detected (Fig. 1), an issue in 

activity or maturation of one or more of these components could also be the cause of 

restricted IL-1β processing. This claim may be further supported by the lack of a mature 

caspase-1 band found in vmAstro lysates (Fig. 3B), with only a band appearing at ~40 kDa 

that may represent a pre-processed form of caspase-1. Assuming normal caspase-1 activity, 

the reduced IL-1β band in ITC treated vmAstro lysates may be a result of faster export of IL-

1β from the cell such that it never gets detected in the lysates that are immunoblotted. This 

was not supported by immunoblotting of vmAstro secreted media (Fig. 3C), although due to 

the lack of an appropriate IL-1β positive astrocyte media source as a control, IL-1β secretion 

could not be unequivocally ruled out. 

A combination of LPS and nigericin did not induce IL-1β processing, with no band appearing 

at ~15 kDa (Fig. 3A). This was unexpected as the classical activator of the NLRP3 

inflammasome is potassium efflux 74, which occurs when cells are treated with nigericin 

toxin. Even at four times the initially tested concentration of LPS and Nigericin, no mature IL-

1β processing was observed but there was a significant band of pro- IL-1β at ~37kDa. This 

suggests that a priming effect is occurring at least from either potassium efflux, or by 

exogenous LPS stimulation of TLR signalling 185. It has been found previously that human 

astrocytes are largely unresponsive in terms of mounting an immune response to LPS 186, 

but may still be transcriptionally responding to it. This is supported by significant amounts of 

IKBA expression being detected in the RNA extracts of vmAstros treated with LPS and 

Nigericin (Fig. 4), suggesting NF-kB transcriptional activity that subsequently expresses 

IKBA as its negative regulator 148. NF-kB transcriptional activity promotes the upregulation of 
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pro- IL-1β expression, as well as NLRP3, in a process called priming that produces a 

sufficient reserve of inflammasome proteins for activation. For DAMP treated vmAstros, no 

pro- IL-1β was detected by western blotting (Fig. 3A). No significant IKBA expression was 

detected in DAMP treated vmAstro RNA extracts (Fig. 4). This indicates low NF-kB 

transcriptional activity, reflecting the lack of detection of pro-IL-1β in immunoblots (Fig. 3A). 

This reveals DAMP media as insufficient for recreating signalling after tissue damage 

experimentally. In any given volume an unknown amount of potential DAMPs exists which 

could make it difficult to produce consistent results. A better approach could be to treat 

vmAstros with specific candidate DAMP molecules, which could produce a reliable effect. 

However, this comes with its own drawback of losing any vmDAN specific signals and any 

accumulated stressors from cell death (Fig. 2) that could potentially influence vmAstro 

inflammatory signalling. 

 

6.3 - An alternate route of NLRP3 activation 

Interestingly, treating vmAstros with endogenous monomeric and pre-formed fibrillar (PFF) 

alpha-synuclein also induced IL-1Β processing (Fig. 5). To our knowledge, it has never been 

reported that monomeric alpha-synuclein can activate the NLRP3 inflammasome in any cell 

type and only more complex structures of alpha-synuclein structures have been able to 

achieve this in immune cells like monocytes or microglia 187,188. It has also been reported that 

in both monomeric and aggregated alpha-synuclein stimulated peripheral blood 

mononuclear cells taken from PD patients exhibit no evidence of NLRP3 activation, yet still 

show increased IL-1Β secretion 189. It is possible that this kind of NLRP3 independent IL-1Β 

processing could be occurring in vmAstros; however, PFF’s have been shown to result in 

astrocyte activation by inducing signalling of RIP kinase (RIPK) and NF-kB 151. RIPK and NF-

kB signalling are features of activation of the ‘alternate NLRP3 inflammasome’, a potassium 

efflux independent and non-pyroptotic variant of the NLRP3 inflammasome pathway. 

vmAstros treated with PFF’s may be processing IL-1Β (Fig. 5) due to PFF’s inducing RIPK 
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signalling and activating the alternate NLRP3 inflammasome. There is further evidence for 

this in that LPS and nigericin treatment does not result in IL-1Β processing in vmAstros (Fig. 

3A). This is likely due to nigericin’s mode of activating the NLRP3 inflammasome, through 

inducing potassium efflux, which the alternate NLRP3 inflammasome is not affected by. It is 

possible that ITC treatment also enables IL-1Β processing by means of alternate NLRP3 

inflammasome activation. In fact, it was found that RIPK signalling is required for neurotoxic 

activation of astrocytes151 (akin to the A1 reactive phenotype). ITC induces expression of 

prominent A1-reactive phenotype markers in vmAstros (Fig. 6A, C), which requires RIPK 

signalling, as well as inducing IL-1Β processing. This suggests that ITC treatment of 

vmAstros is possibly causing the processing of IL-1Β by using the alternate NLRP3 pathway 

of activation. A further experiment to test this hypothesis would be a pyroptosis assay, as the 

alternate NLRP3 inflammasome does not induce pyroptosis and if ITC treated vmAstros 

exhibit no significant pyroptotic cell death then they are likely using the alternate NLRP3 

inflammasome to process IL-1Β. Inhibition of RIPK either by pharmacological inhibitors, such 

as necrostatins 190, or by genetic manipulation and monitoring if IL-1Β is still being processed 

in ITC treated vmAstros would also build evidence for this hypothesis. 

It is unclear why vmAstros induce an inflammatory response to monomeric and PFF alpha-

synuclein, but not to the oligomeric and mature fibrillar forms. Indeed, there is evidence that 

oligomeric alpha-synuclein induces NLRP3 inflammasome component expression in mouse 

astrocytes191. Microglia, however, do respond to both oligomeric and mature fibrillar alpha-

synuclein stimulation by triggering NLRP3 activation. A commonality between monomeric 

and PFF alpha-synuclein is that they are “starting structures” for alpha-synuclein 

accumulation, and are not directly neurotoxic 192,193, whereas oligomers and mature fibrils 

are the resultant structures of alpha-synuclein aggregation. The alpha-synuclein cascade 

hypothesis posits that monomeric alpha-synuclein undergoes a conformational shift to an 

unfolded state, which then results in oligomerisation and subsequent formation of mature 

fibrils that eventually experience degradation to release more oligomers that perpetuate 
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alpha-synuclein seeding in the afflicted cell or its neighbours 153. This process is begun by 

the initial misfolded ‘seed’, which monomeric alpha-synuclein and PFF’s can act as. It may 

be that vmAstros detect the initial proteotoxic stress induced by monomeric and PFF alpha-

synuclein and produce an inflammatory response, processing IL-1Β (Fig. 5) for release to 

activate neighbouring microglia 194 which can then respond with their more specialised 

immune defences to the directly neurotoxic oligomeric and mature fibrillar forms of alpha-

synuclein. 

 

6.4 - IL-1β processing as an integrated function of vmAstro reactivity 

Treatments that induce the inflammasome (Fig. 3) also induce the expression of prominent 

markers of astrocyte reactivity (Fig. 6). ITC treatment of vmAstros, that was able to induce 

the processing of IL-1β (Fig. 3A), caused significant expression of ICAM1 and C3 (Fig. 6A, 

C). ICAM1 is upregulated in astrocytes that experience a broadly pro-inflammatory reactive 

phenotype 161, and also has many functions in inflammation within the CNS as an 

immunoglobulin-like protein that facilitates immune cell migration and receptor for many 

immune cell ligands 160. It is of particular interest to astrocyte biology due to its co-

localisation to GFAP in immunoreactive astrocytes195, as well as reactive astrocytes found at 

the periphery of neuritic plaques being positive for ICAM1 196. C3 is one of the most highly 

upregulated genes in A1-reactive astrocytes, and is not expressed by A2-reactive 

astrocytes. C3  is essential to innate immunity in functioning as part of the complement 

system, controlling signal amplification, converging activation pathways, and general 

regulation of the immune cascade, as well as having roles in tissue homeostasis and repair 

197.  As ITC treated vmAstros upregulating expression of both ICAM1 and C3 this is likely to 

induce an A1-reactive phenotype. As A1-reactive astrocytes are broadly neurotoxic, this 

evidence is backed up by ITC treated vmAstros also processing IL-1β (Fig. 5A) which has 

pro-inflammatory and pyroptotic effects on neighbouring cells, such as neurons, when 

secreted. It is interesting that the NLRP3 inflammasome is activated in reactive vmAstros, as 
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little literature exists correlating inflammasome activation and reactivity. They have been 

recognised in concert with each other in studies of multiple sclerosis (MS), however, with 

NLRP3-deficient rodent models of MS experiencing reduced astrogliosis 198 and reactive 

astrocytes in rodent MS models expressing NLRP3 inflammasome components with IL-1β 

being found in actively demyelinating lesions 199. It has been noted that astrocytes in MS and 

PD share significantly similar upregulation gene expression, suggesting they may behave in 

similar ways 200.  

The paracrine activity of IL-1β itself results in a more pan-reactive and broadly reactive 

phenotype in astrocytes 32, so A1-reactive astrocytes are able to spread reactivity throughout 

an astrocyte population by release of this cytokine. In fact, astrogliosis is impaired in IL-1R-

deficient mice resulting in delayed glial scar formation 201, revealing a key role for the NLRP3 

inflammasome in the proper function of astrocyte reactivity by producing IL-1β to induce IL-

1R signalling. NLRP3 inflammasome activation in A1-reactive astrocytes results in the 

release of IL-1Β, which exerts paracrine signalling on astrocytes to induce reactivity and 

astrogliosis in order to form glial scars as an emergency mechanism to injury. Taking this 

further, it makes sense that vmAstros use the alternative NLRP3 inflammasome that does 

not induce a pyroptotic response resulting in chain reaction cell death, as it would be 

counterproductive to the mass proliferation of astrocytes that is a feature of astrogliosis. The 

alternative NLRP3 inflammasome could even be uniquely used by vmAstros as opposed to 

other regional types of astrocyte, due to vmAstros low inward-rectifying potassium buffering 

ability26 that would be poorly suited to an NLRP3 inflammasome that is sensitive to 

potassium efflux. 

LPS and Nigericin treated vmAstros only induced significant expression of ICAM1 (Fig. 6A), 

a broadly pro-inflammatory reactive marker for astrocytes specifically implicated in 

neurodegeneration as previously stated. This treatment also slightly increased PTX3 

expression, as did ITC treatment; however, neither caused as much PTX3 expression as did 

DAMP-treated vmAstros (Fig. 6B). The high expression of PTX3 in DAMP-treated vmAstros 
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is very interesting when considered alongside the low expression of C3 in DAMP-treated 

vmAstros (Fig.6B). PTX3 is of a family of pattern recognition molecules (PRMs) that 

recognise molecular patterns such as PAMPs or DAMPs and mediates the innate immune 

response 163. Its primary function is to push this innate immune response towards tissue 

repair functions, such as clearance of dead cells, cell remodelling and immune cell migration 

163. It has been found that in models of ischaemic stroke, astrocytes become reactive and 

upregulate PTX3 expression resulting in a maintenance in BBB integrity after the insult 202. It 

comes as no surprise then, that PTX3 acts as a good marker for astrocytes with an A2-

reactive phenotype that is characterised by a broadly neuroprotective and pro-tissue repair 

function 32. A2-reactive astrocytes also show very low expression of C3, which vmAstros 

also do when treated with DAMP (Fig. 6C).  

The above evidence begins to build a case for DAMP media taken from vmDANs being able 

to induce an A2-reactive phenotype in vmAstros. This makes sense, as PTX3 acts as a PMR 

which is able to recognise DAMPs and then primes tissue repair functions. DAMP media 

taken from vmDANs would therefore be an effective simulator of insult to neural tissue in 

vitro, such as during ischaemic stroke or potentially the cell death found in PD, and could be 

useful to produce a model of A2-reactive vmAstros for relatively easy study of this reactive 

phenotype. It must be noted, however, that the reactive astrocyte markers that were assayed 

for in vmAstros (Fig. 6) are relatively few compared to the number of markers available for 

these reactive phenotypes. These conclusions would benefit from more evidence by 

detecting for more established A1, A2 and pan-reactive astrocyte markers, to establish the 

various treatment conditions as rigorous inducers of their suggested reactive phenotypes. 

 

 

6.5 - A possible integration of autophagy in the NLRP3 activation pathway 
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The general consensus of the effect of autophagy on the inflammasome is that autophagy 

limits inflammasome activation by degrading its components, such as pro-IL-1β and ASC 170, 

as well as by clearing damaged organelles such as mitochondria to limit ROS that are potent 

inflammasome activators 203. The noted exception to autophagy having a repressive effect 

on the inflammasome is by the unconventional secretion of IL-1β, in which autophagosomes 

are responsible for the trafficking of mature IL-1β in an ATG5 dependent manner to the 

plasma membrane where it is secreted 112,204,205. While autophagy affects the function of the 

NLRP3 inflammasome, inflammasome activity also influences autophagy in unclear ways. 

For example, activation of the NLRP3 inflammasome suppresses levels of beclin-1, an 

important autophagy effector, as well as reducing the LC3-II:LC3-I ratio 171. Conversely, 

TLR4 signalling through the TRIF/RIP1(RIPK) pathway, an activator of the alternate NLRP3 

inflammasome 206, has been shown to induce autophagy 172. It was found that vmAstros 

treated with inflammatory inducers exhibited accumulation of LC3 puncta comparable to 

vmAstros that had autophagy induced pharmacologically (Fig. 8A), indicating an 

accumulation of autophagosomes induced by these treatments. Autophagosomes 

accumulate in response to very high autophagic flux, or during blockages of autophagic flux. 

This suggests inflammatory responses in vmAstros regulate autophagy in some manner, 

linking the NLRP3 inflammasome to autophagy by means of the ITC treated vmAstros and to 

astrocyte reactivity by means of the DAMP and L+N treatments (Fig. 8A).  

Further study is required to test if each treatment condition is resulting in flux blockage or an 

induction of autophagy, for example by measuring the ratio of LC3-II to LC3-I in the absence 

or presence of lysosomal activity. If autophagy is being blocked, then it is possible that this 

occurs through a repression of beclin-1 and/or by disabling the lipidation of LC3, as 

proposed in a previous study 206. However, if autophagosome accumulation truly represents 

an increase in autophagic flux then this builds evidence for the hypothesis that vmAstros are 

utilising the alternate NLRP3 pathway. This is due to autophagy and alternate NLRP3 

activation sharing a common signalling pathway by means of TLR4 signalling. To induce 
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autophagy, TLR4 induces TRIF/RIP1/p38MAPK signalling after stimulation that promotes co-

localisation of cargoes with autophagosomes 172. The alternate NLRP3 inflammasome also 

relies on TLR4/TRIF/RIP1 signalling before the common pathway diverges, propagating the 

signal through FADD and finally caspase-8 which through an unknown function induces 

NLRP3 activation 152. This provides a possible framework for ITC-treated vmAstros both 

inducing autophagy as well as IL-1β processing (Fig. 8A, 3A). LPS also acts as a stimulator 

for TLR4, so this would explain the observed increases in autophagy in LPS and L+N treated 

vmAstros (Fig. 8A); however, it is unclear why there is no IL-1β processing in this context 

(Fig. 3A). In immune cell expansion, autophagy has been found to be essential in order to 

ameliorate accumulation of oxygen species from high levels of respiration and to degrade 

damaged organelles produced during rapid cell division 207. As astrocytes that have become 

reactive undergo mass proliferation during astrogliosis, and ITC treatment of vmAstros 

causes both NLRP3 activation and reactivity (Fig. 3A, 6), perhaps an increased autophagic 

flux in ITC-treated vmAstros (Fig. 8A) serves a similar purpose to increased autophagy in 

clonally expanding immune cells.  

Determining autophagy’s role in regulating the NLRP3 inflammasome was the next step after 

investigating NLRP3 inflammasome activation on autophagy, and a viral vector was 

developed to genetically impede autophagosome closure and therefore inhibit autophagy. 

The mutation used in these viral vectors was dominant negative ATG4BC74A-GFP, a mutation 

that results in a non-functional ATG4B overwhelms wild-type ATG4B functioning, likely by 

acting as an ATG8 substrate trap. The GFP conjugate was successfully detected in 

immunoblots of HEK cells treated with the viral vector (Fig. 9A), and there was an observed 

reduction in LC3 puncta in vmAstros treated with ATG4BC74A-GFP virus (Fig. 9B). There was 

however a less than uniform response cell to cell, which may be due to imperfect viral 

transduction efficiency.  

When autophagy was inhibited in vmAstros using the ATG4BC74A virus in combination with 

ITC treatment to induce IL-1β processing, the bands of pro-IL-1β at ~37 kDa were observed 
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to significantly decrease in intensity in comparison with ITC treated vmAstros (Fig. 10). 

Bands of mature IL-1β at ~17 kDa were observed to decrease, however this did not achieve 

a statistically significant decrease (Fig. 10). This shows an unexpected role for autophagy of 

maintaining sufficient IL-1β levels in vmAstros. The reduction of pro- IL-1β but not IL-1β is 

interesting, as it would be assumed that a significant reduction in one indicates a reduction in 

the other. However, due to IL-1β’s relatively low levels in stimulated vmAstros it may be that 

pro- IL-1β reserves are more than sufficient at their intense levels to maintain constant IL-1β 

levels. Due to no noted increases in mature IL-1β levels in this context, it is unlikely that 

autophagy inhibition is promoting pro-IL-1β processing (unless IL-1β is at the same time 

being secreted from the cell at significant rates via unconventional secretion). Since pro-IL-

1β levels decrease in autophagy-suppressed cells (Fig. 10B), these data suggest that active 

autophagy can help maintain sufficient pro-IL-1β levels in vmAstros. This is peculiar, as it 

has been previously reported that autophagy does the opposite by degrading IL-1β 108.  

There may be an explanation in the functioning of FADD and caspase-8, and their 

interaction with ATG5, since ATG5 has been found to be involved in autophagic cell death, 

via interacting with FADD and promoting its signalling 208. In fact, increases in ATG5 

expression has been shown to coincide with increases in NLRP3 inflammasome 

components after inflammasome stimulation 88. The alternate NLRP3 inflammasome 

pathway utilises FADD/caspase-8 signalling to activate the NLRP3 inflammasome; 

increased FADD signalling induces caspase-8 activation 206. Caspase-8 enzyme activity has 

been found to be essential for activation of NF-kB, by causing its inhibitor complex (IKK-ab) 

to associate with its adaptor complex, enabling NF-kB to activate and translocate to the 

nucleus 209. NF-kB activity is the driver of pro- IL-1β transcription, raising its levels in the cell. 

Using this pathway (Fig. 11), active autophagy would be able to maintain pro-IL-1β levels by 

altering ATG5 activity, which then induces FADD signalling to activate caspase-8 to 

dissociate NF-kB from its inhibitor allowing active NF-kB to upregulate transcription of pro-IL-

1β. If vmAstros do indeed use the alternate NLRP3 pathway as my data may suggest (Fig. 
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3A), then this scenario seems likely. This is not to say, however, that autophagy is likely to 

have a purely pro-inflammatory role in vmAstros. In fact, it is expected that autophagy is also 

a negative regulating force on the inflammasome as is it capable of degrading pro-IL-1β, 

caspase-8210, and ASC 108, while also promoting clearance of its cellular stress related 

activators 118. It is possible that complex feedback mechanisms determine at which point 

autophagy promotes, or represses inflammasome activity and reciprocally inflammasome 

activity promoting or repressing autophagy. These scenarios would likely be heavily 

influenced by signalling within any given cellular environment. Due to the vmAstros used in 

this study being hiPSC derived, they are a pure astrocyte culture uncontaminated by other 

cell types, and this may influence feedback mechanisms to tip towards pro/anti-inflammatory 

function. However, in the 24-hour inflammatory window of vmAstros investigated in this 

study, the data suggests that autophagy could have a function in maintaining sufficient 

reserves of pro-IL-1β. 

 

 

 

 

 



67 
 

 

 

 

 

 

6.6 - Further Study 

In future directions for this project, more investigation into the alternative NLRP3 

inflammasome pathway and its integration with autophagy sensor pathways in vmAstros 

would be useful. Being the most downstream signalling protein shared in both the alternative 

NLRP3 inflammasome and TLR4 autophagy sensing pathways, RIPK would be a good 

candidate to investigate to test the hypothesis that the alternative NLRP3 inflammasome is 

indeed being activated in vmAstros. A simple knockout, or silencing of RIPK in vmAstros 

followed by treatment with ITC to observe if IL-1β processing still occurs would directly 

Figure 11 | Proposed pathway of vmAstro regulation of NLRP3 activity by autophagy. TLR4 signalling 
induces TRIF/RIPK/p38 MAPK signalling and upregulates autophagy. Active autophagy alters ATG5 
localisation and interactors, which induces FADD signalling. RIPK signalling also induces FADD activity, 
FADD activates caspase-8. Caspase-8 then is able to induce NLRP3 inflammasome activation, and also 
upregulate the production of pro-IL-1β to be used as the inflammasomes substrate. (Created with 
BioRender.com) 
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implicate the alternative NLRP3 inflammasome in vmAstro inflammasome activation. These 

models could also be tested for LC3 levels after addition of inflammasome inducers to test if 

the same autophagy response is elicited as vmAstros with fully functional RIPK (Fig. 8). 

Furthermore, if the pro-IL-1β reduction seen following ATG4BC74A mediated inhibition (Fig. 

10B) is recreated by RIPK inhibition then this also implicates the pathways. However, it 

would be useful to first determine whether the autophagy response observed in 

inflammasome induced vmAstros (Fig. 8) was an autophagy blockage or true induction, 

which can be done by western blotting for LC3-I and LC3-II to determine the ratio between 

the two. An important experiment that was not conducted for this project due to time 

constraints that would also be useful in determining alternative NLRP3 pathway activity 

would be a pyroptosis/cell death assay, as the alternative NLRP3 inflammasome does not 

cause pyroptosis of the cell it is activated in. 

An unanswered question in this project is that of IL-1β secretion, which was not observed in 

vmAstros (Fig. 3C) even though mature IL-1β was detected in vmAstro lysates (Fig. 3A). 

This may be due to methodological limitations, such as precipitation of secreted media 

proteins, so a better method of detecting secreted IL-1β must be devised. It is also peculiar 

that no mature caspase-1 was detected in immunoblots of ITC treated vmAstros (Fig. 3B), 

even though mature IL-1β was detected in these astrocytes (Fig. 3A). A caspase-1 activity 

assay would be an effective experiment to determine if caspase-1 is indeed active in ITC 

treated vmAstros, perhaps at a concentration that could not be detected on immunoblotting. 

In terms of determining vmAstro reactivity induced by different conditions, detecting the 

expression of more reactivity markers would be beneficial. For example, relevant markers for 

A1-reactive astrocytes include SERPING1, GBP2 and AMIGO2 which if found to be 

upregulated in ITC vmAstros would make it highly likely that they would be acquiring this 

phenotype. Prominent A2 reactive markers include CD109, CD14 and SLC10A6, which 

would be useful to monitor A2 reactive phenotypes in DAMP media treated vmAstros. If an 

A2 phenotype is confirmed for DAMP treated vmAstros, more standardised methods of A2 
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reactive phenotype induction could be explored by investigating specific A2-inducing factors 

in vmDAN DAMP media. This could be done by western blotting DAMP media for suspected 

contents, such as HMGB1, and then treating vmAstros with varying concentrations of 

identified contents and detecting expression of A2-reactive phenotype marker expression. 

To summarise, vmAstros process IL-1β in response to ITC treatment (Fig. 3A) and alpha-

synuclein (Fig.5) however the quantity detected is greatly reduced compared to the positive 

control of inflammasome activation induced human primary macrophages. This may be a 

result of lower caspase-1 activity in vmAstros, with or without reduced caspase-1 cleavage. 

As L+N treated vmAstros do not induce IL-1β processing (Fig. 3A), this suggests ITC and 

alpha-synuclein could be activating the inflammasome via the alternative NLRP3 

inflammasome due to its independence from potassium efflux for activation. This is backed 

up by alpha-synuclein being previously reported to induce RIPK and NF-kB signalling in 

astrocytes, which is an upstream kinase for alternative NLRP3 inflammasome activation 151. 

ITC treatment is a potent inducer of astrocyte reactivity 35, causing an A1 neurotoxic reactive 

phenotype (Fig. 6) implying that NLRP3 inflammasome activation coincides with reactivity in 

vmAstros. RIPK signalling is a requirement for neurotoxic reactive astrocytes 151, and so 

further implicates the alternative NLRP3 inflammasome in this process. Autophagy in innate 

immunity shares a common induction pathway with the alternative NLRP3 inflammasome by 

means of TLR4/TRIF/RIPK signalling, and so potentially explaining the accumulation of LC3 

puncta in inflammasome induced vmAstros (Fig.8). ATG5 interacts with FADD, a 

downstream adaptor protein of the TLR4/TRIF/RIPK signalling pathway, and promotes 

FADD signalling 208, and stimulation of caspase-8 which promotes alternate NLRP3 

inflammasome activation 83 as well as NF-kB activation 209. Expression of dominant-negative 

ATG4BC74A, and therefore inhibiting autophagic flux (Fig. 9), results in a significant reduction 

in pro-IL-1β expression in vmAstros (Fig. 10B) with disrupted autophagy implicated, perhaps 

controlled at the level of ATG5 induced FADD signalling, resulting in reduced NF-kB 

activation. 
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This study reveals a link between astrocyte reactivity, innate immunity via the NLRP3 

inflammasome and autophagy in vmAstros, implicating autophagy in maintaining NLRP3 

inflammasome function correlating with neurotoxic astrocyte reactivity. Due to high levels of 

neurotoxic reactive astrocytes being a feature of neurodegenerative diseases 32, as well as 

high levels of IL-1β being found in post-mortem brains of PD patients 211, these results 

contribute to our understanding of the pathways implicated in reactive astrogliosis in the 

midbrain, such as the alternative NLRP3 inflammasome and the autophagy system; 

important potential future therapeutic targets for PD. 
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