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SUMMARY 
 

Lewy bodies (LBs), rich in α-synuclein, are a hallmark of Parkinson’s disease (PD). 

Understanding their biogenesis is likely to provide insight into the pathophysiology of PD, 

yet a cellular model for LB formation remains elusive. The realization that the immune 

challenge is a trigger for neurodegenerative diseases has been a breakthrough in the 

understanding of PD. Here, iPSC-derived human dopaminergic (DA) neurons from 

multiple healthy donors were found to form LB-like inclusions following treatment with α-

synuclein preformed fibrils, but only when coupled to an immune challenge (interferon-

gamma or interleukin-1 beta) or when co-cultured with activated microglia. Human cortical 

neurons derived from the same iPSC lines did not form LB-like inclusions. Exposure to 

interferon-gamma impairs autophagy in a lysosomal-specific manner in vitro, similar to 

the disruption of proteostasis pathways that contribute to PD. We find that lysosomal 

membrane proteins LAMP1 and LAMP2 and transcription factors regulating lysosomal 

biogenesis and function are downregulated in DA but not cortical neurons. Finally, due to 

the excellent sample preservation afforded by cells compared to post-mortem PD brain 

tissue, we conclude that the LB-like inclusions in DA neurons are membrane-bound, 

suggesting they are not limited to the cytoplasmic compartment. 
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In Brief 
Bayati et al. identify that iPSC-derived dopaminergic neurons undergoing a dual hit 

treatment of exogenous α-synuclein fibrils and proinflammatory cytokines form Lewy 

body-like inclusions. The dual hit treatment also led to the downregulation of lysosomal 

proteins. Characterization of inclusions revealed that inclusions were membrane-bound 

and LC3B-positive, suggesting they are dysfunctional autophagosomes. 

Highlights 
• α-synuclein preformed fibril administration coupled with Interferon-gamma 

exposure leads dopaminergic neurons to form Lewy body-like inclusions 

• Inclusions are filamentous, membranous, and filled with aberrant organelles 

• Impaired autophagic flux and downregulation of TFEB, NRF2, LAMP1, and LAMP2 

correlated with inclusion formation 

• Activation of NRF2 through the treatment of neurons with the antioxidant 

perillaldehyde, prevents inclusion formation 
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INTRODUCTION 
Lewy bodies (LBs) are proteinaceous inclusions that are a prevalent pathological marker 

in Parkinson’s disease (PD) 1,2. Their presence in patients can only be confirmed using 

post-mortem tissue. LBs are present in most patients diagnosed with idiopathic/sporadic 

PD 3, which comprises almost 80-90% of cases 4. LBs also appear in many of the familial 

forms of PD. Coupled with the appearance of LBs, dysfunctional neurons also exhibit 

granular and filamentous deposits, referred to as Lewy neurites (LNs) 5.  Despite their 

incidence in PD and other synucleinopathies such as Lewy body dementia (LBD) 6,7, and 

their histological discovery in the early 20th century 8, insights into the formation, structure, 

and function of LBs remain limited. This is primarily due to reliance on post-mortem tissue, 

in which LB morphology and content may be affected by alterations in tissue pH, oxygen 

levels, and autolytic activity during the post-mortem interval 9. Using superior approaches 

to collecting and processing post-mortem tissue, Shahmoradian et al. 10 demonstrated 

that LBs are not exclusively filamentous aggregates but are composed of a collection of 

membrane-bound compartments and organelle fragments. Their data, corroborating 

other previous studies 11-13, has spurred renewed interest in the structural study of LBs, 

the role that dysfunctional organelles play in the formation of LBs, and the underlying 

causes leading to the formation of membranous, proteinaceous, and organelle-filled 

inclusions.  

 

While LBs may be a symptom of cellular dysfunction, they might also play a role in PD 

pathophysiology, neurotoxicity, or neuroprotection6. LBs have been hypothesized to be 

an aggresomal response to the accumulation of aggregated proteins 14, which is perhaps 

a symptom of dysfunction in the degradative/autophagic machinery of the cell, a pattern 

also observed in lysosomal storage diseases 15. PD bears many similarities with 

lysosomal storage diseases 16, and PD has been linked to impaired autophagy 17. 

Moreover, mutations in mitochondrial proteins PINK1 and parkin result in dysfunctional 

mitophagy 18. It is thus plausible that deficits in autophagy found in PD are responsible 

for LB formation 19.   
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Consistent with protein degradation defects in LB formation, lysosomal proteins including 

GBA and TMEM175, are implicated in PD pathophysiology 18,20.  LAMP1 and LAMP2 are 

major lysosomal proteins that maintain lysosome integrity, pH, catabolism, and both 

function in autophagy 21,22. Interestingly, there are reduced levels of both proteins in PD 
19. Such perturbations to the protein degradation machinery are not only common in PD, 

but a combination of such disturbances to lysosomal activity may play a crucial role in PD 

pathophysiology.  

 

There is growing interest in the role of microglia and the immune system in 

neurodegenerative diseases. A seminal paper by Matheoud et al. 23 reveals that PINK1-/- 

mice only exhibit PD-like symptoms when introduced to infections, emphasizing the 

importance of an immune-related trigger in the manifestation of PD motor symptoms. 

Further, the authors found cytotoxic T-cells, trained on recognizing mitochondrial antigen-

presenting cells, targeted PINK1-knockout dopaminergic neurons in culture. The role of 

an immune challenge in PD has been highlighted by other studies, focusing on LRRK2 

and cytokines 24,25. In a mouse model of amyotrophic lateral sclerosis, the same line 

housed at two different facilities had different phenotypic outcomes, with more severe 

motor symptoms in animals at a facility where they had measurably more exposure to 

bacterial pathogens 26. Clearly, the immune system and cytokines play a role in 

neurodegenerative diseases 27-29.  

 

Given the link between the immune system and neurodegenerative disease, we 

hypothesized that a dual hit of a PD-insult followed by an immune challenge leads to the 

formation of LBs. We exposed iPSC-derived dopaminergic (DA) neurons to α-synuclein 

(α-syn) preformed fibrils (PFFs), which are rapidly internalized and transported to 

lysosomes 30. After a delay, we presented the neurons with an acute treatment of IFN-

gamma (IFN-g), a compound shown to be released by microglia and immune cells in 

response to infections 31-34. As Matheoud et al. 23  demonstrated the targeting of PINK1-

knockout DA neurons by T-cells, who are major producers of IFN-g	32,35-37, we decided 

that IFN-g would be a good candidate to represent the involvement of the immune system. 

Exposure to PFF and IFN-g results in the formation and long-term maintenance of PFF-
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positive inclusions absent in neurons treated with either substance alone. Like LBs, the 

LB-like inclusions formed in DA neurons are organellar, membranous and filamentous as 

determined by light and electron microscopy. LB-like inclusions also formed when 

interleukin-1 beta (IL-1b), a more microglia-specific proinflammatory cytokine, was used 

instead of IFN-g. Remarkably, the resulting LB-like inclusions were membrane-bound, 

suggesting that they do not form in the cytoplasm but within an organelle lumen, likely in 

the endo/lysosomal system, or that they originate in the cytoplasm but are eventually 

engulfed by membranous organelles such as autophagosomes. These inclusions do not 

form in other cell types, including cortical neurons. Analysis of protein expression in 

response to the dual hit treatment reveals DA neuron-specific downregulation of 

transcription factor EB (TFEB) and nuclear factor erythroid 2-related factor 2 (NRF2), 

transcription factors involved in lysosomal biogenesis and function, along with the 

downregulation of lysosomal membrane proteins LAMP1 and LAMP2. These data provide 

a unique cellular model for LB formation. 
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RESULTS 
DA neurons form LB-like inclusions following a dual hit of PFF internalization and 
immune challenge 
α-syn PFFs, a potentially toxic form of the protein, are internalized into a variety of cell 

types by macropinocytosis and are rapidly transported to lysosomes and multivesicular 

bodies (MVBs) where they remain for several days 30. Given the growing link between 

immune challenges and neurodegenerative diseases, we sought to examine if an immune 

challenge could alter the cellular fate of internalized PFFs. IFN-g, a cytokine released by 

immune cells and microglia in response to infections 31, affects autophagy and inhibits 

lysosomal activity by downregulating lysosomal membrane proteins LAMP1 and LAMP2 
38. Our treatment regime, described in Fig. 1A and in S1A and S1B, involves the addition 

of sonicated PFFs (Fig. S1C) and/or IFN-g	to DA neurons derived from human iPSCs (Fig. 

S1D), which express IFN-g receptor 1 and 2 (IFNGR1 and IFNGR2; Fig. S2A). 

Remarkably, we observe the formation of PFF-positive inclusions using both light and 

electron microscopy analysis but only when the PFF treatment is combined with 0.2 

mg/mL of IFN-g (Fig. 1B, 1C, and S2B). PFFs pre-labeled with nanogold are seen in dark 

lysosomes and autolysosomes inside the inclusions, which also contain mitochondria and 

filamentous materials, all characteristic of LBs 10,39. These LB-like inclusionary bodies are 

~5-10 µm, located in the perinuclear region, and in most cases, there is only one of these 

bodies per neuron. Approximately 15-20 % of neurons form LB-like inclusions.  Some 

neurons also form inclusions within neurites (Fig. 1D), similar to Lewy neurites in PD. 

Formation of LB-like inclusions was achieved in DA neurons generated from three 

different iPSC cell lines (Fig. S2C and S2D). Fig. S3 shows a collection of additional 

inclusions found in DA neurons from each iPSC cell line.  

 

In the treatment regime, we added PFF for 48 h, and then waited 3 days to add IFN-g. 

This maximized cell survival compared to when we added PFF and IFN-g simultaneously. 

PFF fluorescence and cell counts were quantified over 14 d (Fig. 1E and F). Neurons 

treated with PFFs alone exhibited significantly less PFF fluorescence than those treated 

with PFFs and IFN-g, suggesting disruption of lysosomal degradation caused by IFN-g 
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treatment. A general decrease in cell count was observed with the treatment of PFF and 

IFN-g. There was also a significant increase in the number and size of inclusions with 

increased incubation time (Fig. 1G and H).  

 

Lastly, to ascertain whether the formation of LBs using the dual hit treatment regime was 

IFN-g specific, we conducted the same experiments but replaced IFN-g with 50ng/mL of 

IL-1b. We found that DA neurons treated with PFF and then IL-1b also formed PFF-

positive inclusions (Fig. S4A). Using EM, we found that these inclusions are filled with 

aberrant lysosomes, dysfunctional mitochondria, and are also membrane bound as seen 

with the IFN-g treated samples (Fig. S4B).  

 

Evaluation of the formation of LB-like inclusions 
Following LB-like inclusions in cultured neurons allows for observation of the sequence 

of events leading to their formation and maturation. The inclusions formed in DA neurons 

(Fig. 1C, Fig. S2C and D, and Fig. S3) are very similar to those observed by 

Shahmoradian et al. 10 in PD brains in that they both contain a medley of organelles, 

membranous fragments, filaments, lysosomes, autolysosomes, and mitochondria. To 

explore how they develop, a timeline of inclusion formation was established over 14 d 

(Fig. 2A and B). At 2 d (Fig. S1B), an accumulation of nanogold PFFs in lysosomes occurs 

in both PFF-only and the PFF + IFN-g conditions. In the 6 d samples, where neurons were 

recently treated with IFN-g (or vehicle in the PFF-only samples), we see dramatic signs 

of cellular stress including swollen mitochondria and endoplasmic reticulum, along with 

dark, aberrant lysosomes. In the 7 d samples, the formation of miniature LB-like inclusions 

containing aberrant lysosomal structures can be observed. In the 10 d samples, a larger 

LB-like inclusion has formed, containing not only aberrant lysosomal structures but also 

mitochondrial fragments and a plethora of filamentous structures.  

 

The most noticeable difference between the PFF-treated neurons and those treated with 

PFF + IFN-g is seen at 14 d. The PFF + IFN-g samples exhibit large inclusions that contain 

dark lysosomes, MVBs, filaments, and mitochondria. Additional examples can be found 
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in Fig. S2C and D along with Fig. S3A-G. Almost all inclusions formed by the 14 d PFF + 

IFN-g treated DA neurons are membrane-bound. We followed the LB-like inclusions for 

up to 30 days, revealing highly compact, complex, filamentous/organelle-filled, 

membrane-enclosed inclusions (Fig. 3A-C). Additional examples of inclusions formed in 

30 d DA neurons can be found in Fig. S5A-D.  

 

IFN-g-treated samples exhibit lysosomal leaking of PFFs  
The mechanism by which internalized oligomeric α-syn, which is in the lumen of the 

endosomal system, leads to seeding and misfolding of endogenous α-syn found in the 

cytoplasm has been a topic of study for many years 40. More recently, the presence and 

characterization of lysosomal membrane permeabilization have provided clues as to how 

this process might occur 41,42. Here, we directly observe lysosomal rupture and leakage 

in the PFF + IFN-g treated samples at early time points (Fig. S6A), where ruptured 

lysosomes have nanogold PFFs within their lumen and immediately outside their lumen. 

Coinciding with leakage of PFF into the cytosol, IFN-g-treated samples show many large 

autolysosome/autophagosome structures containing organelle fragments (Fig. S6B), 

indicating impairment in autophagy 43. In the 14 d PFF + IFN-g samples, where neurons 

have formed inclusions, leakage of PFFs into the cytosol, is a common occurrence (Fig. 

S6C). Multiple examples of PFFs leaking outside of lytic compartments can be seen in 

the collection of LB-like inclusions shown in Fig. S3A-G.	

 

Biochemical extraction of inclusions 
We extracted the inclusions formed in DA neurons by subcellular fractionation. Their large 

size allowed for pelleting with low-speed centrifugation after cellular homogenization. DA 

neurons undergoing the dual hit treatment regime exhibited an accumulation of PFF in 

the pelleted inclusions compared to the total homogenate (Fig. S7A), whereas those not 

receiving IFN-g treatment had a far less prominent accumulation of PFF. The same trend 

was present when examining the accumulation of phospho-α-syn. Compared to DA 

neurons, U2OS, an osteosarcoma cell line, had no noticeable accumulation of PFF or 

phospho-α-syn in the pellet fractions in either PFF-only or PFF + IFN-g treatment (Fig. 
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S7B). Additionally, we noted that the α-syn signal in DA neurons consists of a double 

band, a likely indication of α-syn phosphorylation in DA neurons that does not occur in 

U2OS. This is further confirmed by our phospho-α-syn blots. Inclusions formed in DA 

neurons were concentrated and prepared for EM. Detergent-free cell lysis preserved the 

structure of the inclusions and the resulting samples showed morphologically similar 

structures to those observed within DA neurons (Fig. S7C-E). The isolated inclusions 

were filled with lytic compartments (lysosomes and autolysosomes), MVBs, and most 

importantly, even in their isolated state, still maintained a relatively intact surrounding 

membrane, further suggesting that these inclusions are membrane-enclosed structures.  

 

Activated microglia cause inclusion formation in neighboring DA neurons 
Proinflammatory cytokine-producing immune cells infiltrate the central nervous system in 

multiple sclerosis and other neurodegenerative diseases 44-48. To assess whether 

communication between microglia, which produce both IL-1b and IFN-g	31,32,49-51,  and 

neurons leads to formation of LB-like inclusions in DA neurons, we co-cultured a human 

microglia-like cell line (HMC3), treated with LPS (10 µg/mL) to induce microglial 

activation, with fully differentiated DA neurons (Fig. 4A). Neurons co-cultured with 

activated microglia-like cells formed PFF-positive inclusions. Large-field images of co-

cultured microglia and neuronal samples reveal that DA neurons neighboring microglia-

like cells were most affected by microglial secretions (Fig. S8A). These neurons have 

significantly higher PFF fluorescence than the control (i.e., neurons co-cultured with PBS-

treated microglia-like cells; Fig. 4B). Media from microglia exposed to phosphate-buffered 

saline (PBS), PFF, LPS, and LPS + PFF were collected and analyzed for the presence of 

IFN-g (Fig. 4C). Microglia-like cells treated with LPS, PFF, and LPS + PFF showed 

elevated levels of IFN-g. It is, therefore, clear that IFN-g are released by microglia and 

lead to inclusion formation in neurons. Consistent with previous findings, PFF treatment 

alone elicited a microglial response 52, suggesting a positive feedback loop might be at 

play.  
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The formation of LB-like inclusions using the dual hit treatment is primarily 
restricted to DA versus other neuronal types. 
Although the substantia nigra is most studied for its degeneration in PD, cortical neurons 

also degenerate in this disease 53. We generated forebrain cortical neurons from the same 

lines used to produce DA neurons (Fig. S8B) and subjected them to the 14 d dual hit 

treatment regime. Cortical neurons did not form PFF-positive LB-like inclusions up to the 

14 d time point (Fig. 4D). They did contain aberrant, dark, and large lysosomes (Fig. 4E), 

similar to the lysosomes observed within the LB-like inclusions of DA neurons; however, 

unlike DA neurons, the cortical neurons were unable to package these structures into LB-

like inclusions, i.e., structures that are compact, tightly packed with multiple vesicular and 

organellar structures, and distinct in morphology. Neurogenin 2 (NGN2)-induced neurons, 

broad spectrum excitatory neurons also failed to form inclusions (Fig. S8C and D) but 

exhibited dark lysosomes filled with PFF throughout the cytoplasm. Quantification of PFF 

fluorescence in cortical neurons over 14 d (Fig. 4F) showed a similar trend to DA neurons 

(Fig. 1E); however, overall cell numbers were markedly decreased in the PFF and IFN-g-

treated samples in cortical neurons (Fig. 4G) relative to DA neurons (Fig. 1F). Since the 

reduction in cortical neurons occurs very quickly, we rule out the possibility that the 

formation of LB-like inclusions causes the death of the neurons, as the formation process 

takes some time to occur.  

 

The specificity of inclusion formation in DA neurons was further explored by examining 

neuroblastoma (SH-SY5Y), glioblastoma (U87), and osteosarcoma (U2OS) cells. When 

treated with the dual hit regime, none of these cells formed inclusions (Fig. S9A and B); 

however, each cell line exhibited signs of lysosomal abnormalities: a loss of LAMP1 and 

an increase in lysosomal size (Fig. S9C and D). Thus, treatment of various cell types with 

PFF and IFN-g	causes lysosomal defects, but the formation of LB-like inclusions using 

the dual hit treatment is restricted to DA neurons.  
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The formation of LB-like inclusions is dependent on the endogenous levels of α-
syn  
α-syn is present in LBs 1,2,54,55. The phosphorylation of α-syn is considered the best 

marker for α-syn aggregation and LB formation 56. To explore whether the inclusions 

formed in our treatment regime contain phosphorylated α-syn, DA neurons that 

underwent the dual hit regime were stained with phospho-α-syn antibody. These neurons 

formed phospho-α-syn-positive inclusions (Fig. 5A), and PFFs were localized in 

inclusions along with phospho-α-syn (Fig. 5B). Supplementary Table 1 displays all the 

attributes of the LB-like inclusions formed using the 14 day treatment regime.  

 

To assess the influence of endogenous α-syn levels on LB-like inclusions, we used iPSCs 

from a patient with an SNCA triplication, in which we used a double knockout (KO) to 

generate wildtype (WT) cells and a quadruple KO to generate an SNCA null. These 

isogenic lines were differentiated into DA neurons and exposed to PFFs and IFN-g.	The 

level of phospho-α-syn fluorescence was influenced by α-syn expression levels more so 

than the addition of PFFs (Fig. 5C, D, and E). We observed a striking increase in phospho-

α-syn fluorescence following treatment with IFN-g. α-syn expression levels also influenced 

the formation of PFF-positive inclusions with higher levels leading to a progressive 

increase in the number and size of these structures (Fig. 5F, G and H). We noted, 

however, that SNCA triplication, alone, could form phospho-α-syn-positive inclusions, but 

at a much smaller level than when coupled with IFN-g administration (Fig. 5I) 

 

We next transduced WT neurons with α-syn-HA adenovirus and treated them with IFN-g 

(Fig. S10 and Fig. 5J). We observed formation of phospho-α-syn-positive inclusions in 

the absence of PFFs (Fig. 5K and L). In summary, IFN-g can also induce the formation of 

inclusions using endogenously expressed α-syn. 

 

Downregulation of lysosomal proteins and disruption in autophagic flux coincides 
with the formation of LB-like inclusions 
Given the numerous qualitative defects in lysosomal morphology seen in cells treated 

with PFF and IFN-g,	we sought to examine if this treatment alters proteins regulating 
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lysosomal biogenesis and function. NRF2 and TFEB are transcription factors regulating 

the expression of lysosomal proteins and function 57-61. As LAMP1 and LAMP2, major 

lysosomal proteins have previously been implicated in PD 19, and both TFEB and NRF2 

have been suggested to play a role in neurodegenerative diseases 62,63, we sought to 

examine the expression levels of these proteins. While LAMP1 and LAMP2 expression 

were higher in cortical neurons than DA neurons at baseline conditions, treatment with 

PFF and IFN-g caused a strong reduction in LAMP1 and LAMP2 levels in DA neurons but 

not in cortical neurons. TFEB and NRF2 followed a similar trend and were downregulated 

in DA neurons but remained nearly unaffected in cortical neurons (Fig. 6A). Using 

CellROX and MitoSOX to look at generalized oxidative stress and superoxide production, 

respectively, we found that general oxidative stress levels were similar in both DA and 

cortical neurons (Fig. 6B); however, the production of superoxide species was found to 

be significantly different, as cortical neurons treated with PFF and those treated with PFF 

+ IFN-g exhibited significantly higher levels of MitoROX fluorescence compared to DA 

neurons (Fig. 6C).  

 

Due to their constant need to mitigate oxidative stress generated through the production 

and metabolism of dopamine 64,65, DA neurons are probably more adept at dealing with 

oxidative stresses, partly through the sequestration of damaged organelles. Should 

oxidative species impair organellar function, specifically mitochondria, the release of 

cytochrome c can lead to Caspase-dependent cell death 66. Furthermore, protecting the 

cell from leaky lysosomes, another consequence of oxidative stress 67, is also vital for cell 

survival 68. This is why the sequestration of damaged organelles is protective. Cortical 

neurons, unable to form LB-like inclusions, leave themselves vulnerable to the 

consequences of oxidative stress. This is perhaps why DA neurons can survive at much 

higher rates than cortical neurons when confronted with our treatment regime. 

 

By tracking LC3B staining, a marker for autophagy 69, over the 14 d treatment regime, we 

found that large autophagosomes form, merge, and then eventually result in the even 

larger PFF-positive structures (Fig. 7A and B), similar to the inclusions we have 

repeatedly observed. These large LC3B-positive structures are only present in PFF + 
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IFN-g treated samples. The accumulation and perseverance of these large LC3B 

structures is indicative of autophagic dysfunction and the inability of the cell to clear the 

contents within these autophagosomes 70. This, along with their membrane-bound 

morphology, provides further proof that the LB-like inclusions that form are in fact 

dysfunctional autophagosomes.  

 

Furthermore, we analyzed lysosomal pH using LysoSensor and LysoTracker as done 

previously by Guerra et al. 71, in DA neurons following the 14 d dual hit treatment. We 

found that neurons treated with IFN-g or PFF + IFN-g presented with lysosomes with a 

higher pH compared to the control and PFF-treated samples (Fig. 7C). This was 

complemented by our Lysotracker staining, which showed that neurons treated with IFN-

g or PFF + IFN-g had lower numbers of LysoTracker-positive lysosomes (Fig. 7D and E).  

 

Lastly, the expression levels of lysosomal proteins were also examined in SH-SY5Y, U87, 

and U2OS (Fig. S11), cells that did not form inclusions. Although NRF2, LAMP1, and 

LAMP2 levels were decreased in samples treated with PFF + IFN-g, TFEB was 

unaffected, indicating that impairment of lysosomal biogenesis is critical for a more 

detrimental impairment of lysosomal function, which may lead to the formation of 

inclusions.  

 

Formation of LB-like inclusions is prevented by Perillaldehyde (PAH)  
As NRF2 and LAMP2 are highly downregulated in samples treated with both PFF and 

IFN-g, we searched to use a chemical activator for the lysosomal-inflammasome pathway 

and found PAH to be a perfect candidate. PAH is an activator of NRF2 and its ability to 

activate NRF2 and therefore increase lysosomal activity and degradation has been shown 

repeatedly in previous studies 72-75. To reduce/counteract the inclusion-forming effects in 

neurons caused by PFF and IFN-g,	PAH treatment experiments were conducted on 

neurons treated with PFF + IFN-g (Fig. 8A and B). A cell survival assay indicated that 

PAH was cytotoxic at higher concentrations (Fig. 8C), therefore the concentration of 10 

µM of PAH was used to minimize cell death related to PAH treatment. Samples treated 
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with PAH 1 d following IFN-g	treatment, exhibited significantly less PFF-positive inclusions 

compared to those not treated with PAH (Fig. 8D). The 1 d samples also exhibited 

significantly smaller inclusions compared to the PAH-untreated condition (Fig. 8E).  

 

Lastly, we found that TFEB, LAMP1, LAMP2, and NRF2 protein expression levels were 

similar to control levels in the 1 d and 4 d PAH conditions (Fig. 8F). IFN-g-only conditions 

exhibited a higher level of α-syn expression than control, as was observed previously 

(Fig. 6A). In addition, an increase in IFN-g incubation time in PFF-treated neurons also 

resulted in higher levels of α-syn. Taken together, these results demonstrate that the DA 

neurons undergoing the dual hit treatment regime exhibit lysosomal impairment through 

the downregulation of LAMP1 and LAMP2, and the transcription factors NRF2 and TFEB, 

which creates an environment allowing for the formation of large LB-like inclusions. This 

phenotype can be partially prevented by recovering these lysosomal proteins after 1 d of 

PAH treatment. 
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DISCUSSION  
LBs are a hallmark of PD, LBD and other synucleinopathies. Although many studies have 

reported the ultrastructure of LBs, the reliance on post-mortem tissue has resulted in less-

than-ideal analysis and an ongoing dispute regarding their origins. Many studies report 

that LBs are cytoplasmic structures, filamentous, and lacking a delineating membrane 
2,12,76-80. However, a recent study using a shorter post-mortem interval and better 

processing of post-mortem tissues indicates that LBs contain filaments but also numerous 

organelles, vesicles, and membrane fragments 10. Despite this, limited information can be 

understood from post-mortem tissue samples, such as the formative stages involved in 

assembling LBs, their progression, and the incorporation of organelles and membranes. 

Here we determine that a dual treatment of a PD insult (fibrils of α-syn) and an immune 

challenge (IFN-g or IL-1b) leads to structures with a remarkable similarity to LBs, and this 

occurs specifically in DA neurons. This has allowed us to study the stages involved in 

their formation and their morphology. The LB-like inclusions formed by this method are 

PFF-positive, phospho-α-syn-positive, LC3B-positive, membrane-enclosed, and contain 

a medley of organelles including lysosomes, mitochondria, MVBs, ER, and cytoskeletal 

filaments (Supplementary Table 1). Our findings bring together two separate fields of 

inquiry into the pathophysiology of PD: (1) the internalization, propagation, seeding, 

overexpression, and incorporation of α-syn in LBs 81; (2) the involvement of the immune 

system in PD 23.  

 

IFN-g is one of many proinflammatory cytokines released by microglia and other immune 

cells that can serve as an immune challenge. IL-1b used in this paper, tumor necrosis 

factor, and other cytokines are also released by immune cells 82. These cytokines could 

also contribute to an environment in which DA neurons can form inclusions in PD. In our 

co-culture experiments, we found that DA neurons readily formed inclusions within 48 h 

following co-culturing with microglia. Although IFN-g secretion by microglia was detected 

and has been reported previously 83,84, it is likely a combination of microglia-secreted 

factors driving this effect in vitro, including IL-1b. In addition to microglia, we believe that 

neuronal exposure to IFN-g may also occur through immune cell secretions, following 
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their infiltration into the brain 45, as immune cells are robust producers and secretors of 

IFN-g 81. In fact, aging microglia have been shown to facilitate immune system infiltration 

into the brain 85. Exposure to IFN-g can induce antigen presentation in neurons 81, which 

may lead neurons to be further vulnerable to the immune system via autoimmune-

mediated mechanisms 86, and perhaps more likely to form inclusions as a response to α-

syn upregulation and oxidative stress 87,88. Overall, our goal is not to implicate any one 

specific cell type for the secretion of proinflammatory cytokines, or that one specific 

cytokine is responsible for inclusion formation. We simply present a model in which 

proinflammatory cytokines IFN-g and IL-1b administered alongside a PD-insult, result in 

the formation LB-like inclusions.  

 

Due to their formation in cultured cells, we can examine LB-like inclusions with 

ultrastructural integrity not currently possible with post-mortem tissue. This has allowed 

us to make a significant observation regarding the structure of these LB-like inclusions: 

they are membrane-bound. Whether LBs are membrane-enclosed has significant 

implications for their origin. If LBs are formed in the cytoplasmic compartment aided by 

the fibrilization of α-syn, which allows for the tethering and pulling of organelles and 

membranes together, then α-syn aggregation becomes the central event in inclusion 

formation and will lead to the formation of LBs given enough time 84. If LBs are membrane-

bound, they may form within the lumen of the endo/lysosomal system. This would rely on 

impairments in autophagy and lysosomal function and would be less dependent on α-syn 

aggregation. Our in vitro LB-like inclusions were consistently membrane-bound across all 

our EM data, even when biochemically isolated. Coupled with our findings regarding the 

downregulation of lysosomal transcription factors and proteins, our data support the latter 

hypothesis that LBs are membrane-bound and ultimately form in the lumen of ever 

expanding, dysfunctional autophagosomes since the PFF-positive inclusions that form 

are LC3B-positive and enveloped by a double membrane. 

 

As shown in our model (Fig. S12), α-syn aggregation occurs, for the most part, in the 

cytosol. This is initiated by cytosolic seeding of aggregation through the leaking of PFFs 

from lysosomes into the cytosol. Downregulation of LAMP2 results in impaired 
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chaperone-mediated autophagy, resulting in a buildup of monomeric α-syn in the cytosol, 

contributing to aggregation. While aggregating in the cytosol, phosphorylation of α-syn 

also takes place. The cell, to degrade aggregates, induces autophagy, and takes up 

aggregated α-syn along with damaged organelles. Contents within autophagosomes are 

not degraded however due to dysfunctional lysosomal activity, and the lack of lysosomal 

fusion with autophagosomes, which is caused by the downregulation of LAMP1 and 

LAMP2. Autophagosomes continue to take up more aggregates from the cytosol but 

continue building in size as no degradation takes place. These events finally lead to the 

formation of membrane-bound inclusions.  

 

In our study, PFF and IFN-g cooperatively enable the downregulation of lysosomal 

transcriptional factors and lysosomal proteins, most notably LAMP2. Downregulation of 

LAMP2 inhibits the degradative activity of lysosomes by blocking chaperone-mediated 

autophagy and autophagosome-lysosomal fusion 89. LAMP2A, the isoform responsible 

for chaperone-mediated autophagy, has been previously studied for its potential role in 

PD 89. The mutant forms of α-syn are responsible for altering the chaperone-mediated 

autophagy activity of LAMP2A 90. LAMP2 downregulation in brain regions has also been 

associated with increased α-syn aggregation in those regions 91. Whether PFF and IFN-

g downregulate LAMP2 expression by affecting NRF2 expression, and, therefore, the 

transcription of LAMP2, or by affecting LAMP2 expression through other means remains 

to be studied. Still, the downregulation of NRF2 ensures that the cell cannot increase 

LAMP2 expression when needed as an inflammasome response 92. While EM evidence 

does not suggest that the number of lytic compartments decreases as a result of PFF and 

IFN-g exposure, our Western blot and lysosomal pH data clearly indicate an impairment 

of the lysosomal compartments, with high pH and a decrease in lysosomal proteins. It is 

therefore important to note that while clear signs of lysosomal dysfunction and lysosomal 

protein downregulation are observed, the net lysosomal biogenesis – i.e., the number of 

electron dense vesicles – is not affected.  

 

It is also worth noting that the lack of inclusion formation in cortical neurons in our 

treatment regime is not an indicator of LB formation in PD. Clearly, cortical neurons form 
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LBs in PD as shown by Braak et al. 3; however, the mechanism by which these neurons 

are pushed into forming inclusions is perhaps different and may rely on α-syn 

overexpression as other models have suggested 45. In our model, we find that DA neurons 

respond to the dual hit treatment regime, as they have evolved mechanisms to mitigate 

the deleterious effects of oxidative stress response 64,65, which doesn’t occur with cortical 

neurons. Through sequestration of damaged mitochondria and leaky lysosomes into 

inclusions, LB-like inclusions protect DA neurons from harmful species that can play a 

role in neuronal apoptosis, including the release of cytochrome c from mitochondria and 

the release of degradative enzymes from lysosomes 66,67. This is perhaps why DA 

neurons survive at much higher numbers than cortical neurons. We believe that the dual 

hit treatment may, therefore, not facilitate the appropriate environment for the formation 

of LB-like inclusions in cortical neurons. Different neuronal subtypes probably require 

different conditions to induce the formation of LB-like inclusions, which needs to be 

explored in future research. 

 

α-syn likely plays a large role in formation of inclusions, and our findings do not discount 

that. In patients with overexpression of α-syn due to locus duplication and triplication, and 

in models where overexpression of α-syn is used to drive inclusion formation, it is very 

likely that the tethering of organelles by α-syn fibrils does in fact result in inclusions. Our 

model aims to only suggest another possible way for the formation of inclusions, that has 

not been studied previously. We also don’t suggest that neuroinflammation is necessary 

for PD; however, our data suggests that it could be one of the ways in which DA neurons 

are pushed into making inclusions. It is very likely that multiple pathways are at play in 

PD: the overexpression of α-syn can drive inclusion formation, and the intercellular 

transport of α-syn oligomers coupled with immune system activation can also lead to 

inclusion formation. We believe our results, along with more recent work on inclusions 

formation shown by Mahul-Mellier et al. 83, Tanudjojo et al. 93, Iannielli et al. 94, and 

Gribaudo et al. 95, mark the beginning of new era, where the formation of LB-like 

inclusions can be studied and the mechanisms involved in the formation can be 

understood. We hypothesize that there are multiple mechanisms by which neurons can 
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form inclusions, just as there are multiple genetic and environmental risk factors that lead 

to the onset of PD.  

 

Limitations 
Our goal for this project was to find whether neuroinflammatory signals would influence 

DA neurons and whether the resulting dysfunctions would mimic those seen in PD. To 

this end, we were successful, and we clearly delineated a protocol in which LB-like 

inclusions could be formed and studied in vitro. However, future research using in vivo 

models, in which neuroinflammation occurs due to acute bacterial or viral infection, will 

need to be conducted to assess the physiological relevance of our model. Clearly, due to 

the in vitro nature of our study, the physiological relevance of our model is limited.  

 

Additionally, this paper does not do an exhaustive investigation as to whether the 

phenotype observed here – i.e., the formation of LB-like inclusions – can only be caused 

by proinflammatory cytokines as the second hit. While this was not the project's aim, this 

is a valid critique. Future research must determine whether toxins and metabolic stressors 

also push DA neurons to form LB-like inclusions. We hypothesize that this is the case: 

regardless of the stressor, cellular stress will affect autophagy-lysosomal pathways, and 

will result in the formation of aggregates and inclusions as the cellular machinery involved 

in degrading such structures will be impaired.  

 

Lastly, whether the downstream effect of proinflammatory cytokines on the autophagy-

lysosomal pathway is solely responsible for the formation of LB-like inclusions needs to 

be investigated further. As noted previously, proinflammatory cytokines have a multitude 

of effects on the cell. By knocking down important autophagy-lysosomal-related proteins 

or blocking the deleterious effects of proinflammatory cytokines on the autophagy-

lysosomal pathway, future researchers can determine whether other pathways activated 

through exposure to proinflammatory cytokines are also responsible for the formation of 

LB-like inclusions in DA neurons, or whether this is solely due to the impairment of the 

autophagy and degradation machinery.  
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Conclusion 
The consistent formation of LB-like inclusions in vitro marks the next step in investigating 

the molecular underpinnings of LB formation and PD pathophysiology. Our in vitro 

treatment regime can serve as a starting point for future investigators to modify our 

protocol and explore the different stages of LB formation, changes in protein expression, 

and the onset of protein sequestration into LB-like inclusions. This treatment regime 

provides a reproducible and unlimited source of LB-like inclusions. It allows for a level of 

sample preservation and ultrastructural resolution that is currently impossible to attain 

with post-mortem tissue. Biochemical isolation of these LB-like inclusions at different time 

points and assessment of their protein contents over time will provide the field with a 

wealth of information regarding the molecular changes underlying LB formation. Lastly, 

adapting our protocol for use with midbrain organoids 96, brain assembloids 97,98, and 

other 3D models can allow for the recreation of PD in vitro, mapping the entire sequence 

of events in neurodegenerative disorders, ushering in the next era of research into 

neurodegenerative diseases.  
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Figure 1. IFN-g treated DA neurons form PFF-positive inclusions.  
(A) Graphical representation indicates the steps involved in the dual hit regime. iPSC-

derived DA neurons underwent a 14 d dual hit treatment, in which fluorescent PFFs were 

administered for 48 h, incubated in fresh media for 72 h, followed by the administration of 

IFN-g (or PBS for control) for 24 h. Neurons were then incubated for 8 d, in fresh media. 

(B) Samples were fixed, stained with β-III-tubulin antibody, and prepared for confocal 

microscopy. Confocal images indicate the formation of PFF-positive inclusions in PFF + 

IFN-g-treated neurons. These inclusions are not present in neurons only treated with PFF 

at 14 d. Arrowhead points to the PFF-positive inclusion. Scale bar = 20 µm and 10 µm for 

inset. (C) Following the same protocol as in A, but using nanogold-labeled PFF, neurons 

underwent the dual hit treatment regime, were fixed, and processed for EM. Lys 

(lysosome), Mito (mitochondria), Nuc (nucleus), Fil (filaments). Arrowhead points to the 

inclusion spotted in the neuron. Arrows point to nanogold-labeled PFF. Scale bar = 500 

nm and 100 nm for insets. (D) Neurons undergoing the same treatment described in A 

showed inclusions within neurites. MVB (multivesicular bodies). Scale bar = 500 nm and 

200 nm for insets. (E) Quantification of PFF fluorescence over 14 d in neurons both 

treated and not treated with IFN-g, n = 8 for each condition, and quantification was done 

on data collected from three independent samples. One-way ANOVA and post-hoc 

Tukey’s test were conducted to ascertain the significance between means. (F) Cell count 

was quantified over 14 days, n = 8 for each condition, and quantification was done on 

three independent samples. The control (Cont) and IFN-only conditions were fixed and 

counted simultaneously to the 14 d samples; this allows our control conditions to serve 

as a better control for our main experimental conditions: 14 d PFF and 14 d PFF + IFN. 

Conditions were analyzed using one-way ANOVA. (G) The number of inclusions per 

387.5 x 387.5 µm images was counted. PFF puncta of 2 µm and larger were counted as 

inclusions, n = 15 for each condition, from three independent experiments. One-way 

ANOVA and post hoc Tukey’s test were conducted for statistical analysis. (H) The 

size/diameter of inclusions was calculated, n = 75 for each condition, and data was 

collected from three independent experiments, with ANOVA and post hoc Tukey’s test for 

statistical analysis. **** denotes p < 0.0001, *** denotes p < 0.001, and ** denotes p < 

0.01. ns = not significant.  
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Figure 2. LB-like inclusions form over 14 d.  
(A) DA neurons' ultrastructure and organelle morphology were analyzed over 14 d, as 

neurons were put through the dual hit treatment. In the control (Cont) sample, lysosomes 

are unremarkable and appropriately sized (~1 µm in diameter), and mitochondria cristae 

are well defined. In the IFN-only condition, mitochondria are more prominent and swollen, 

and the cristae are not as perfectly defined as in Cont. Neurons in the 2 d PFF condition 

exhibit lysosomes that have accumulated nanogold-labeled PFFs and lysosomes that 

have increased in size compared to the control. In the 2 d PFF + IFN-g sample, 

mitochondria have irregular cristae, and an accumulation of nanogold-labeled PFF is 

seen. 6 d PFF neurons show accumulation of nanogold-PFF in their lumen, with enlarged 

lysosomes compared to control. 6 d PFF + IFN-g samples show signs of drastic levels of 

ER stress, swollen mitochondria, and lysosomes with nanogold-PFFs. (B) 7 d PFF 

samples show lower PFF accumulation levels in lysosomes than 2 d PFF neurons. 7 d 

PFF and IFN-g treated neurons exhibit miniature LB-like inclusions with aberrant 

lysosomal structures within them. 10 d PFF samples show very similar morphology to 7 

d PFF neurons. 10 d PFF + IFN-g-treated neurons exhibit larger LB-like structures 

(compared to the 7 d PFF + IFN-g samples) with aberrant lytic structures and abnormal 

mitochondria with irregular cristae. Accumulation of a dense web of cytoskeletal filaments 

is evident around some of the dense lysosomes. 14 d PFF neurons look very similar to 

the control, except that they show nanogold-PFF accumulation. Finally, 14 d PFF and 

IFN-g samples show large inclusions containing a collection of filaments, granules, 

lysosomes, MVBs, and mitochondria. Lys (lysosome, autolysosomes), Mito 

(mitochondria), ER (endoplasmic reticulum), Nuc (nucleus), and Fil (filaments).  Scale bar 

= 1 µm, 500 nm for inset A, 200 nm for inset B, and 100 nm for inset C. 
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Figure 3. Highly dense, mature inclusions form in DA neurons with increased 
incubation time.  
(A) DA neurons underwent the 14 d dual hit treatment regime and were then incubated 

for an additional 16 d, for a total of 30 d in culture since the beginning of the experiment. 

Since the end of the 14 d treatment, neurons were given fresh media every 3 d and 

incubated at 37°C. A large overview shows the presence of five inclusions (arrows) in 

close proximity. The inclusions appear to be at various stages of development within the 

neurites, some containing an extensive collection of cytoskeletal filaments (Fil). Magnified 

views of the enclosed areas are seen in B and C. Mito (Mitochondria), Lys 

(lysosome/autolysosome), MVB (multivesicular body). Scale bar = 1 µm and 0.5 µm for 

insets. 
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Figure 4. Microglial co-culture led to inclusions in DA neurons while cortical 

neurons did not form inclusions with IFN-g treatment 
(A) DA neurons previously exposed to PFF for 48 h and given fresh media for 72 h were 

co-cultured with LPS-treated and PBS-treated microglia (previously treated with Cell 

Tracker Violet dye). Microglia, HMC3 cell line, were co-cultured with neurons for 48 h prior 

to sample fixation and staining for β-III-tubulin. Neurons co-cultured with PBS-treated 

(Cont) Microglia exhibited small PFF puncta, while those co-cultured with LPS-treated 

microglia showed large PFF-positive inclusions. Scale bar = 20 µm. (B) PFF fluorescence 

of DA neurons co-cultured with microglia treated with LPS (or PBS for control: Cont) was 

quantified where n = 12 for each condition, and data was collected from three independent 

experiments. (C) Microglia were treated with PBS (Cont), LPS, PFF, and PFF + LPS for 

24 h. They were then washed with trypsin to remove PFF from the cell surface. They were 

washed three times with PBS, given serum-free media, and incubated for 48 h. Media 

were then collected, concentrated, and secreted proteins were analyzed for each 

condition. Equal amounts of protein from the media were resolved by SDS-PAGE 

followed by a WB to detect secretory proteins. Microglia treated with LPS, PFF, and LPS 

+ PFF secreted IFN-𝛾, with the LPS + PFF condition showing the most IFN-g expression. 

Microglia treated with PFF also secreted α-syn, with the LPS + PFF treated microglia 

showing higher levels of α-syn release. Midkine secretion is shown as a loading control. 
(D) iPSC-derived forebrain cortical neurons, derived from iPSCs, underwent the 14 d dual 

hit treatment, with the control receiving PBS treatment while the IFN-g condition was 

exposed to IFN-g. Scale bar = 20 µm. (E) Samples were prepared in the same way 

described in D but given nanogold-labeled PFF and prepared for EM. Dark lysosomes 

and autolysosomes are scattered across the cytosol and not packed into inclusions; Lys 

(lysosomes and autolysosomes) and Mito (mitochondria). White arrows point to 

nanogold-labeled PFF. Scale bar = 1 µm and 100 nm for inset. (F and G) 14 d experiments 

were conducted to explore the effects of PFF and IFN-g on cortical neurons with PFF 

fluorescence and cell count being quantified, n = 8 for each condition. Data were 

statistically analyzed using one-way ANOVA and PFF fluorescence data was further 

analyzed using post-hoc Tukey’s test. 
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Figure 5. Phospho-α-syn is a marker for inclusions and is dependent on the 
endogenous pool of α-syn. 
(A) iPSC-derived DA neurons underwent the 14 d dual hit treatment regime, in which 

unlabeled PFFs were administered to neurons for 48 h, incubated in fresh media for 72 

h, followed by the administration of IFN-g (or PBS for control) for 24 h. Neurons were then 

incubated for 8 d in fresh media, fixed, and stained with tyrosine hydroxylase antibody 

(TH, blue) and phospho-α-syn (pSyn) antibody (red). Scale bar = 20 µm and 10 µm for 

insets. (B) Neurons underwent the same experiment as described in A, except 

fluorescent PFFs were used to ascertain localization. Both PFFs and phospho-α-syn 

localized to inclusions. Scale bar = 10µm. (C) DA NPCs derived from patient cells with 

SNCA triplication were knocked out to WT (two copies of SNCA) and KO (no SNCA). 

NPCs were then differentiated into neurons, and the dual hit treatment regime was carried 

out using unlabeled PFF. Scale bar = 20 µm. (D) Neurons with different levels of 

endogenous α-syn expression underwent the dual hit treatment regime without PFF 

treatment. (E) phospho-α-syn fluorescence was calculated in neurons that underwent the 

dual hit treatment regime with fluorescently labeled PFF, n = 6 for each condition. A 

threshold was set to exclude small and faint PFF puncta. (F) DA neurons with different 

number of copies of SNCA underwent the dual hit assay. Scale bar = 200 µm and 100 

µm for insets. (G) The number of PFF-positive inclusions per field in experiment F were 

quantified, with only inclusions larger than 2.0 µm included in the calculation, n = 15 for 

each condition (H) Size of PFF-positive inclusions in the experiment described in F, were 

quantified, following thresholding. n = 30 for each condition, collected from three 

independent experiments. Data in D, E, G, and H were collected from three independent 

experiments, and one-way ANOVA and Tukey’s test were used to analyze the data.  **** 

denotes that p < 0.0001, *** denotes p < 0.001, ** denotes p < 0.01, and ns = not 

significant. (I) Phospho-α-syn staining in SNCA triplication line (in absence of PFF) shows 

possible inclusions even without IFN-g; however, number of inclusions is drastically 

increased with the treatment of IFN-g for 24 h. Cells were maintained until 14 d and then 

fixed and stained. (J) WT DA neurons were transduced with α-syn-HA adenovirus DA for 

48 h, given fresh media for 72 h, and collected for Western blotting. Transduced DA 

neurons showed higher levels of α-syn expression compared to WT and SNCA KO 
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neurons.  (K and L) WT neurons transduced with α-syn-HA adenovirus then underwent 

the dual hit treatment regime shown in Fig. S10. Neurons were then fixed and stained for 

phospho-α-syn antibodies. Neurons not treated with IFN-g did not form inclusions at the 

earlier time point, immediately following α-syn-HA adenovirus transduction at day 2, nor 

did they show inclusions at day 14. Neurons treated with IFN-g begin showing 

accumulation of phospho-α-syn in the cell body at day 7. This accumulation becomes 

more apparent and more prominent with an increase in incubation time, leading to large 

phospho-α-syn positive accumulations (white arrowhead). Scale bar = 20 µm.   
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Figure 6. The dual hit treatment resulted in the downregulation of lysosomal 
proteins. 
(A) Protein expression in cortical and DA neurons were measured across five conditions. 

DA neurons show downregulation in LAMP1, LAMP2, NRF2, and TFEB, to a greater 

extent than cortical neurons in response to PFF and IFN-g. At base line, LAMP1 and 

LAMP2 expression is much higher in cortical than in DA neurons. This is also the case 

with TFEB. Additionally, treatment with IFN-g alone resulted in elevated α-syn expression 

in DA but not cortical neurons. Western blot is representative of three separate 

experiments done with neurons derived using the same iPSC NPCs.  (B and C) Cortical 

and DA neurons were plated onto separate glass-bottomed dishes, given CellROX and 

MitoSOX, and imaged live at 14 d across four conditions. n = 12 for each condition, 

collected from three independent experiments. Two-way ANOVA and post-hoc Tukey’s 

test were done to compare each condition to the control. **** denotes p < 0.0001, ** 

denotes p < 0.01, and ns = not significant. 
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Figure 7. Inclusions forming in DA neurons are enveloped by LC3B, PFF and IFN-g 
impair autophagic flux by altering lysosomal pH. 
(A and B) Neurons undergoing the 14 d treatment regime, were tracked overtime for their 

staining of LC3B. At day 2, just following the administration of PFF barely any LC3B 

staining can be seen. Following 48 h following IFN-g administration on day 5, the PFF + 

IFN-g sample show large LC3B positive structures. LC3B staining is also high in the PFF 

only samples, but the neurons in this condition do not possess large LC3B structures. 

While the LC3B staining abates in the PFF only sample following the passage of time, the 

LC3B staining in the PFF + IFN-g sample remains high and large LC3B-positive 

autophagosomes still remain at 21 d. Scale bar = 10 µm. (C) Lysosomal acidity was 

ascertained in DA neurons at day 7 of the dual hit treatment regime using LysoSensor 

(Thermo Fisher Scientific). The IFN-g-treated neurons showed much higher lysosomal pH 

(more blue staining) compared to the PFF-only and the control neurons. Scale bar = 10 

µm. (D) Lysosomal pH was also tested using LysoTracker (Thermo Fisher Scientific) 

which fluoresces at a pH of ~ 6. Scale bar = 10 µm. (E) LysoTracker-positive punctae 

were counted using ImageJ (NIH) and divided by the number of cells per field across 

conditions. Data was collected from three independent experiments, (n=6 for each 

condition). One-way ANOVA and Tukey’s test were used to analyze the data.  **** 

denotes that p < 0.0001. 
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Figure 8. PAH treatment reduces inclusion formation and restores lysosomal 
protein expression. 
(A) An overview of the PFF, IFN-g, and PAH treatment regime. DA neurons were given 

fluorescently labeled PFF for 48 h and then fresh media for 72 h, followed by treatment 

with IFN-g for 24 h. All conditions were then given fresh media. PAH was administered at 

different time points following IFN-g administration at a concentration of 10 µM. Some 

conditions received no PAH treatment (B) Neurons treated with PAH, or DMSO as a 

control, were fixed, stained with Tuj1 and DAPI, and prepared for fluorescence 

microscopy. Arrowheads point to PFF-positive inclusions. Scale bar = 80 µm. (C) PAH 

concentration was determined through a cell survival experiment, where DA NPCs were 

differentiated into neurons on 24-well plates. They were then treated with different 

concentrations of PAH for 24 h, stained with Hoechst, and the fluorescence of each well 

was calculated using a plate reader, with laser excitation set at 400 nm and emission 

detectors set to 450 nm. A rapid decline in neuronal survival occurs at concentrations 

higher than 0.2 mM. n = 6 for each condition. A log (agonist) vs. normalized response 

function was used to calculate the survival curve. (D) The number of inclusions per field 

(387.5 µm by 387.5 µm) was quantified with inclusions larger than 2.0 µm being 

incorporated in the calculation, n = 10 for each condition, and data was collected from 

five independent experiments. (E) The size of inclusions in each condition was calculated 

following thresholding of images to exclude faint and smaller PFF puncta, n = 20 for each 

condition, and data was collected from five independent experiments. Data in D and E 
were analyzed using one-way ANOVA and post hoc Tukey’s test. (F) Western blot was 

conducted to analyze protein expression changes in response to PAH exposure in DA 

neurons that underwent the treatment described in Fig. 8A. An increase in IFN-g 

incubation time results in even more α-syn signal coupled with a higher phospho-α-syn 

signal. A decrease in the time between PAH treatment following IFN-g results in the 

upregulation of LAMP1, LAMP2, TFEB, and NRF2. Western blot is representative of three 

separate experiments done with neurons derived using the same iPSC NPCs.  
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Supplementary Table 1. Characteristics of LB-like inclusions. 

Characteristic Method Figure 
Filamentous EM Fig. 1C; Fig. 2B; Fig. 3A-

C; Fig. S2C; Fig. S3A 
and C; Fig. S5A, B, and 

D; 

Organellar Medley: Mitochondria EM Fig. 1D; Fig. 2B; Fig. 3B 

and C; Fig. S2C and D; 

Fig. S3A, B, C, E, F, G; 

Fig. S4B, Fig. S5A, B, D; 

Organellar Medley: Lysosomes EM, Isolated inclusions Fig. 1C and D, Fig. 2B, 

Fig. 3A-C, Fig. S2C-D; 
Fig. S3A-G; Fig. S4C; 

Fig. S5A-D; Fig. S6C; 

Fig. S7C-E; 

Organellar Medley: MVBs EM, Isolated inclusions Fig. 2B; Fig. 3C; Fig. 

S2D; Fig. S3A, E, and F; 

Fig. S7C; 

Organellar Medley: ER EM Fig. 3C; Fig S2C 

PFF-positive EM, Immunofluorescence, Western blot 

of isolated inclusions 

Fig. 1B-D; Fig. 2; Fig. 

4A; Fig. 5B and F; Fig. 

7B; Fig. 8B; Fig. S2C 
and D; Fig. S3A-G; Fig. 

S4A and B; Fig. S6C; 

Fig. S7A 

Phospho-α-syn-positive Immunofluorescence, Western blot of 

isolated inclusions 

Fig. 5B, C, I, K, and L; 

Fig. S7A; 

LC3B-positive Immunofluorescence Fig. 7B 

Membrane-enclosed EM Fig. 1D; Fig. 3; Fig. S2C 

and D; Fig. S3A-G; Fig. 

S4B; Fig. S5A-D; Fig. 
S7C-E 
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Supplementary Figure 1. Dual hit treatment, PFF characterization,  and neuronal 
characterization. 
(A) Graphical representation for the dual hit treatment regime used for DA neurons grown 

and differentiated in 8 well permanox chambers. (B) Graphical representation of the 

shortened dual hit treatment protocol for the 2 d time point. (C) Characterization of 

unsonicated and sonicated α-syn fibrils. Scale bar = 200 nm. (D) DA neurons that were 

differentiated and matured were characterized using the following antibodies: Dopamine 

Transporter (DAT), GIRK2, Neurofilaments (160kD), and Tyrosine Hydroxylase (TH). 

Neurons were also positive for MAP2. While DAT and TH confirm the dopaminergic 

identity of the neurons, GIRK2 specifies the regional specificity of these DA neurons to 

the substantia nigra. MAP2 and Neurofilaments confirm the neuronal maturity of the 

neurons.  

 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 2, 2023. ; https://doi.org/10.1101/2023.05.29.542776doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.29.542776
http://creativecommons.org/licenses/by-nd/4.0/


   

 

   

 
45 

 
 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 2, 2023. ; https://doi.org/10.1101/2023.05.29.542776doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.29.542776
http://creativecommons.org/licenses/by-nd/4.0/


   

 

   

 
46 

Supplementary Figure 2. IFN-g receptor expression, IFN-g dose-response curve, 
and inclusions in DA neurons from other iPSC cell lines. 

(A) Antibodies against IFN-g receptors 1 and 2 were used to illustrate the expression of 

these receptors in DA neurons. Scale bars = 40 µm and 10 µm for insets. (B) The dose-

response curve for the concentration of IFN-g used and the corresponding cell count, 

using Hoechst to stain nuclei. Cells were counted using plate reader (Tecnai). (C) 

Inclusions found within DA neurons generated from the DYR-0100 line (cell line #2). An 

exceptionally large inclusion that is mostly filled with filamentous materials, with islands 

of organelles, can be observed. Scale bars = 2 µm, 1µm and 200 nm, respectively from 

lowest to highest magnification images. (D) A mostly lysosomal- and mitochondrial-filled 

inclusion generated in 3450 iPSC DA neurons (cell line #3). Scale bar = 2 µm for large 

field, 1 µm for inclusion, and 200 nm for insets. Lysosomes/autolysosomes (Lys), 

mitochondria (Mito), filaments (Fil), endoplasmic reticulum (ER), white arrows point to the 

membrane surrounding the inclusions, and dark arrowheads point to a few examples of 

nanogold-labeled PFF inside lytic vesicles. 
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Supplementary Figure 3. Collection of inclusions formed in DA neurons. 
(A-C) Inclusions formed within DA neurons generated from the AIW002-02 iPSC cell line. 

Inclusion showed in A contains a variety of organelles and filamentous (cytoskeletal) 

materials. Inclusion showed in B, consists of a collection of organelles but does not show 

a lot of filaments. In C, we see a mostly filamentous (a variety of filaments with different 

thickness) inclusion that contains islands of organelles at its edge. (D – E) shows 

inclusions, representative of the type of inclusions commonly found in the DYR-0100-

derived DA neurons. (F) Inclusions formed within DA neurons generated from the 3450 

iPSC cell lines. Similar to E, the inclusion shown in i is filled with lytic compartments 

(lysosomes and autolysosomes); however, ii shows a membrane-enclosed inclusion 

mostly filled with electron-dense MVBs. (G) Lewy neurite-like inclusion formed in DA 

neurons generated from AIW002-02. Lysosomes/autolysosomes (Lys), mitochondria 

(Mito), multivesicular bodies (MVB), filaments (Fil), white arrows point to the membrane 

surrounding the inclusions, white arrowheads point to nanogold-labeled PFFs found 

outside of lytic compartments, and dark arrowheads point to a few examples of nanogold-

labeled PFF inside lytic vesicles. 
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Supplementary Figure 4. IL-1b administration following PFF treatment also leads 
to the formation of PFF-positive inclusions.   
(A) DA neurons were treated with PFF for 48 h, followed by 72 h rest following 

administration of 50 ng/mL of IL-1b for 24 h. The cells were then incubated in fresh media 

until day 14. Neurons were stained for LAMP1 and Tuj1. IL-1b data treated cells formed 

PFF-positive inclusions. Scale bar = 20 µm and 10 µm for insets. (B) Inclusions formed 

in neurons following dual hit treatment regime using IL-1b. Lysosomes/autolysosomes 

(Lys), mitochondria (Mito), white arrows point to the membrane surrounding the 

inclusions, and dark arrowheads point to a few examples of nanogold-labeled PFF inside 

lytic vesicles. Scale bar = 2 µm and 0.5 µm for insets. 
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Supplementary Figure 5. Collection of inclusions formed in DA neurons after 30 d 
of incubation.   
(A-D) Inclusions formed in DA neurons generated from the 3450 iPSC line. Neurons 

underwent the 14 d treatment regime, with PFF + IFN-g treatment, and were then allowed 

to incubate an additional 16 d, for a total of 30 d in culture since the beginning of the 

treatment regime. The resulting inclusions are very tightly packed and compressed. Some 

inclusions contain a highly dense array of filaments (cytoskeletal), as seen in A and B. In 

contrast, others contain large amounts of seemingly dysfunctional organelles, as seen in 

C and D. Lysosomes/autolysosomes (Lys), mitochondria (Mito), multivesicular bodies 

(MVB), filaments (Fil), white arrows point to the membrane surrounding the inclusions.  

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 2, 2023. ; https://doi.org/10.1101/2023.05.29.542776doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.29.542776
http://creativecommons.org/licenses/by-nd/4.0/


   

 

   

 
62 

 
 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 2, 2023. ; https://doi.org/10.1101/2023.05.29.542776doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.29.542776
http://creativecommons.org/licenses/by-nd/4.0/


   

 

   

 
63 

Supplementary Figure 6. Lysosomal leakage of PFFs occurs in PFF + IFN-g treated 
samples.  
(A) DA neurons that underwent the dual hit treatment regime and the more rapid 2 d 

treatment were fixed and processed for EM. PFFs can be seen accumulating in 

lysosomes, and some can be spotted outside of lysosomes as early as 2 d. More evidence 

for the leaking of PFFs into the cytosol can be seen with the 6 d samples. White arrows 

point to nanogold-labeled PFF inside lysosomal/autolysosome compartments, and 

arrowheads point to nanogold-labeled PFF outside lysosomes and in the cytosol. Few 

examples of endoplasmic reticulum (ER), mitochondria (Mito), and nuclei (Nuc) have 

been indicated. Scale bar = 1 µm, and 0.5 µm for inset A, and 100 nm for inset B.  (B) 

Lytic compartments showing nanogold-PFF localization differ in the 14 d PFF-treated and 

the 14 d PFF + IFN-g-treated samples. In the 14 d PFF-treated samples, very few 

nanogold-PFFs can be seen inside autolysosomes/autophagosomes, and lysosomes 

contain most of the internalized pool PFFs. In the 14 d PFF + IFN-g-treated samples, 

PFFs are mostly localized in autolysosomes and autophagosomes. An accumulation of 

autolysosomes and autophagosomes can be seen in the PFF + IFN-g-treated samples 

which are not present in the PFF-only samples. White arrows point to nanogold-labeled 

PFF inside lysosomal/autolysosome compartments. Scale bar = 200 nm. (C) In neurons 

where inclusions have formed, clear evidence of PFF leakage into the cytosol can be 

seen. Arrowheads point to cytosolic PFF. Scale bar = 500 nm and 200 nm for inset. 
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Supplementary Figure 7. Isolated inclusions formed in DA neurons. 
(A and B) α-syn WB in DA neurons and U2OS in different subcellular fractions. In DA 

neurons, the LB-like inclusions and some enlarged lysosomes were pelleted at low speed 

after cellular homogenization in a detergent-free buffer. Control DA, where only PFF is 

added, shows the enrichment of α-syn in large organelles found in the pellet (P) compared 

to the total homogenate (total) and post-nuclear supernatant (PNS). IFN-g-treated DA 

shows a much greater α-syn enrichment in the pellet, where more LB-like inclusions are 

collected compared to the control. In U2OS, where no LB-like inclusions are formed, no 

significant enrichment of α -syn was seen in the pellet, and no difference was observed 

between control and IFN-g-treated cells. HDAC6 WB is shown as a loading control. Note 

that the difference in the total α-syn signal in the PFF condition compared to the PFF + 

IFN-g-treated samples indicate a much more active degradation system in the PFF-only 

neurons compared to the PFF + IFN-g-treated ones. Also note the double band in the α-

syn signal, present (C-E) Inclusions isolated by subcellular fractionation were fixed, 

embedded, and sectioned for EM. Inclusions imaged were membrane-enclosed with the 

same morphology as those found in DA neurons. Lysosomes/autolysosomes (Lys), 

mitochondria (Mito), multivesicular bodies (MVB), and white arrows point to the 

membrane surrounding the inclusions. 
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Supplementary Figure 8. Microglia-neuron co-culture, characterization of forebrain 
and NGN2-induced neurons, and NGN2-induced neurons did not form inclusions.  
(A) Microglia, treated with LPS, were co-cultured with differentiated DA neurons with 

previous exposure to fluorescently labeled PFFs. Neurons near microglia were seen to 

form PFF-positive inclusions, as shown in i. Neurons not in proximity to microglia did not 

form inclusions and showed lower PFF fluorescence, as shown in ii. Scale bar = 80 µm 

and 50 µm for insets. (B) Cortical and NGN2-induced neurons were characterized using 

microtubule-associated protein 2 (MAP2) and post-synaptic density 95 (PSD95). Using a 

broad-spectrum induction process, forebrain cortical neurons derived from iPSC include 

excitatory and inhibitory neurons. NGN2-induced neurons are exclusively excitatory 

neurons and hence showed much higher levels of PSD95 fluorescence. Scale bar = 80 

µm, 20 µm for inset A, and 5 µm for inset B. (C and D) EM images showing NGN2-induced 

excitatory neurons filled with swollen mitochondria and dark lysosomes; however, these 

compartments are not packaged into inclusions. Lysosomes/autolysosomes (Lys), 

mitochondria (Mito), and dark arrowheads point to examples of nanogold-labeled PFF 

inside lytic vesicles. Scale bar = 2 µm.  
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Supplementary Figure 9. Cell lines do not form LB-like inclusions but show signs 
of lysosomal dysfunction. 
(A) U2OS, U87, and SH-SY5Y cells were given PFF and grown on 6-well plates before 

being passaged onto coverslips at low confluency to be treated with IFN-g or PBS 

(control). Cells were then incubated for 8 d prior to fixation. Cells only given PFF showed 

LAMP1-PFF colocalization. U2OS and SH-SY5Y cells treated with PFF + IFN-g formed 

large lysosomal structures, while U87 cells exhibited a loss in LAMP1 staining. Scale bar 

= 25 µm. (B) Cells underwent the 14 d dual hit treatment regime, described in A, except 

that they were given nanogold-labeled PFF and grown on 6-well plates prior to being 

passaged onto 8-well permanox chambers. They were then treated with IFN-g or PBS 

and prepared for EM. U2OS and SH-SY5Y treated with PFF showed an accumulation of 

nanogold-PFF in electron-dense lysosomes. U2OS and SH-SY5Y cells treated with PFF 

+ IFN-g showed large lysosomal structures containing high amounts of nanogold-PFF. 

U87 cells exhibited abnormal lysosomal morphology in both IFN-g-treated and untreated 

samples. Scale bar for a-f is 500 nm, for a’ to f’ is 200 nm, and for a’’ to f’’ is 100 nm. (C) 

The number of lysosomes (LAMP1-positive puncta) was quantified. U87 and SH-SY5Y 

showed a significant decrease in lysosomal number, n = 50 for each condition, and data 

was collected from five independent experiments. (D) The lysosomal size was calculated 

using electron micrographs collected following the dual hit treatment. U2OS and SH-

SY5Y showed a significant increase in lysosomal size with IFN-g treatment, n = 50 for 

each condition. Data were collected from two independent experiments. Both data 

collected in C and D were analyzed using one-way ANOVA with post-hoc Tukey’s test to 

compare means. 
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Supplementary Figure 10. Protocol used to form phospho-α-syn positive 
inclusions through α-syn overexpression. 
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Supplementary Figure 11. Lysosomal proteins are also affected in cell lines 
undergoing the dual hit treatment.  
U2OS, U87, and SH-SY5Y cells were given PFF and grown on 6-well plates at low 

confluency to be treated with IFN-g or PBS (control). Cells were then incubated for 8 d 

prior to collection. Protein expression in cells that underwent the 14 d dual hit treatment 

regime (with or without IFN-g treatment), along with control (labeled as Cont, No IFN-g + 

No PFF) and IFN-g were examined via WB. LAMP1, LAMP2, and NRF2 expression 

decreased with exposure to PFF and IFN-g in U87 and SH-SY5Y, while TFEB was 

unaffected for all cell lines.  
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Supplementary Figure 12. Possible mechanism for the formation of membrane-
bound, membranous, organelle filled, LB-like inclusions.  
The internalization of oligomeric forms of α-syn, released by neighboring neurons serves 

as the first insult to lysosomal activity (1). The transport of monomeric α-syn into 

lysosomes through chaperone-mediated autophagy (CPA) leads to aggregation of α-syn 

inside lysosomes (2). Further lysosomal stress caused by IFN-g	 results in lysosomal 

leakage (3 and 4). Leaking of oligomeric/misfolded α-syn leads to seeding and 

oligomerization of endogenous α-syn into aggregates (5 and 6). Downregulation of 

LAMP2 leads to dysfunctional CPA, leading to a buildup of endogenous α-syn, allowing 

more α-syn to be available for aggregation (7). To clear aggregates from the cytosol, 

autophagosomes form and take up α-syn aggregates and damaged organelles (8). 

Dysfunctional lysosomes are unable to fuse with autophagosomes, and even when fused 

with autophagosomes, are unable to degrade organelles and aggregates. This leads to 

the enlargement of autophagosomes (9). α-syn aggregation continues within the lumen 

of the autophagosomes (10), leading to the formation of membrane-bound LB-like 

inclusions (11).  
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STAR Methods   
KEY RESOURCE TABLE 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 

Anti-LAMP1 (D2D11) XP Rabbit Antibody Cell Signaling 
Technology 

Cat# 9091, 
RRID: 

AB_2687579 

Anti-Tyrosine Hydroxylase antibody Abcam Cat# ab76442, 

RRID: 

AB_1524535 

Anti-Tyrosine Hydroxylase antibody [EP1532Y] - Neuronal 

Marker 

Abcam Cat#: ab137869, 

RRID: 

AB_2801410 

Anti-LAMP2 antibody [H4B4] - Lysosome Marker Abcam Cat# ab25631, 
RRID: 

AB_47070 

Anti-HDAC6 (D2E5) Rabbit monoclonal Antibody Cell Signaling 

Technology 

Cat# 7558, 

RRID: 

AB_10891804 

Anti-NRF2 (D1Z9C) XP Rabbit monoclonal Antibody Cell Signaling 

Technology 

Cat# 12721, 

RRID: 

AB_2715528 

Anti-alpha Synuclein antibody [syn211] Abcam Cat# ab75305, 

RRID: 

AB_1309948 

Anti-Rab5 Antibody Cell Signaling 

Technology 

Cat# 2143, 

RRID: 

AB_823625 

Anti-alpha Synuclein (phospho S129) antibody Abcam Cat# ab59264, 

RRID: 

AB_2270761 

Anti-Phosphorylated α-Synuclein (pSyn#64) Wako, FUJIFILM Cat# 015-

25191, RRID: 

AB_2537218 
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Anti-Beta-III-Tubulin (Tuj1) antibody Abcam Cat# ab41489, 
RRID: 

AB_727049 

Anti-MAP2 Antibody Novus Cat# NBP1-

48604, RRID: 

AB_10011223 

Anti-PSD95 antibody [7E3-1B8] Abcam Cat# ab18258, 

RRID: 

AB_444362 

Anti-HA tag antibody - ChIP Grade (ab9110) Abcam Cat# ab9110, 

RRID: 

AB_307019 

Anti-HA tag antibody [HA.C5] (ab18181) Abcam Cat# ab137838, 

RRID: 

AB_2810986 

Anti-IFN-γ (D3H2) XP Rabbit mAb Cell Signaling 

Technology 

Cat# 8455, 

RRID: 

AB_2797644 

Anti-GIRK2 antibody Abcam Cat# ab65096, 

RRID: 

AB_1139732 

Anti-Dopamine Transporter antibody [EPR19695] Abcam Cat# ab184451, 

RRID: 

AB_2890225 

Anti-160 kD Neurofilament Medium antibody [EPR23510-76]  Abcam Cat# ab254348, 

RRID: N/A 

Recombinant Anti-IFNGR1 antibody [EPR7866] Abcam Cat# ab134070, 

RRID: N/A 

Anti-IFN gamma Receptor beta/AF-1 antibody (IFNGR2)  Abcam Cat# ab77246,  

RRID: 

AB_1951968 

Anti-LC3B (D11) XP Rabbit Cell Signaling 

Technology 

Cat# 3868S, 

RRID: 

AB_2137707 
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Anti-Midkine antibody Thermo Fisher 
Scientific 

Cat# MA5-
32538,  

RRID: 

AB_2809815 

Anti-TFEB (D2O7D) Rabbit mAB Cell Signaling 

Technology 

Cat# 37785, 

RRID: 

AB_2799119 

Anti-Recombinant Anti-TFEB antibody [EPR22941-6] Abcam Cat# ab267351, 

RRID: N/A 

Anti-Human TFEB Antibody  R&D Systems Cat# MAB9170 

RRID: N/A 

Hsc70/Hsp73 monoclonal antibody Enzo Life 

Sciences 

Cat# ADI-SPA-

815-488-E, 

RRID: 

AB_2039277 

Goat anti-Chicken IgY Secondary Antibody, Alexa Fluor 647 Thermo Fisher 

Scientific 

Cat# A-21449, 

RRID: 

AB_2535866 

Goat anti-Mouse IgG Highly Cross-Adsorbed Secondary 

Antibody, Alexa Fluor 647 

Thermo Fisher 

Scientific 

Cat# A-21236, 

RRID: 

AB_2535805 

Goat anti-Mouse IgG Highly Cross-Adsorbed Secondary 

Antibody, Alexa Fluor Plus 488 

Thermo Fisher 

Scientific 

Cat# A32723, 

RRID: 

AB_2633275 

Goat anti-Rabbit IgG Highly Cross-Adsorbed Secondary 

Antibody, Alexa Fluor 568 

Thermo Fisher 

Scientific 

Cat# A-11036, 

RRID: 
AB_10563566 

Goat anti-Chicken IgY Cross-Adsorbed Secondary Antibody, 

Alexa Fluor Plus 405 

Thermo Fisher 

Scientific 

Cat# A48260, 

RRID: 

AB_2890271 

Bacterial and virus strains  

BL21(DE3) Competent E. coli cells  New England 

Biolabs  

Cat # C2527H  

(α-syn) SNCA-HA Adenovirus (Human) Applied Biological 

Materials Inc. 

Cat# 

445410520200 

Chemicals, peptides, and recombinant proteins 
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Advanced DMEM/F-12 Gibco, Thermo 
Fisher Scientific 

Cat# 12634028 

Eagle's Minimum Essential Medium (EMEM) ATCC Cat# 30-2003 

Human IFN-gamma Recombinant Protein Gibco, Thermo 

Fisher Scientific 

Cat# PHC4033 

DMEM high-glucose Gibco, Thermo 

Fisher Scientific  

Cat# 11965092 

Bovine calf serum GE Healthcare Cat# 

SH30072.03 

L-Glutamine Wisent Cat# 609-065 

Pen/Strep Wisent Cat# 450201 

DynaMag-2 Invitrogen Cat# 12321D 

Anti-HA magnetic beads Thermo Fisher 

Scientific 

Cat# 88836 

Hoechst Invitrogen Cat# H3570 

DAPI Invitrogen Cat# D1306 

DRAQ7 Abcam Cat# ab109202 

Paraformaldehyde Thermo Fisher 

Scientific 

Cat# A1131322 

Triton X-100 Sigma Aldrich Cat# X100-1L 

Phosphate-buffered saline Wisent Cat# 311-010-

CL 

Bovine Serum Albumin Wisent Cat# 800-095 

Poly-L-Lysine  Sigma Aldrich Cat# A-005-M 

Trypsin Wisent Cat# 325-052-

EL 

Fluorescence Mounting Medium Dako, Agilent Cat# S3023 

Glutaraldehyde 2.5% in Sodium Cacodylate Buffer Electron 
Microscopy 

Sciences 

Cat# 1653715 

Matrigel Corning 354277 

mTeSR1 medium STEMCELL 
Technologies 

Cat# 85857 

StemPro Accutase Thermo Fisher 

Scientific 

Cat# A1110501 
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DMEM/F12 Thermo Fisher 
Scientific 

Cat# A4192001 

N2 Supplement Thermo Fisher 
Scientific 

Cat# 17502001 

B27 Supplement  Thermo Fisher 
Scientific 

Cat# 17504044 

Brainphys Neuronal medium STEMCELL 

Technologies 

Cat# 05790 

Neurocult SM1 Neuronal Supplement STEMCELL 

Technologies 

Cat# 05711 

N2A Supplement A STEMCELL 

Technologies 

Cat# 07152 

STEMdiff™ Midbrain Neuron Maturation Kit STEMCELL 

Technologies 

Cat# 100-0041 

STEMdiff™ Midbrain Neuron Differentiation Kit STEMCELL 

Technologies 

Cat# 100-0038 

STEMdiff™ Neural Progenitor Medium STEMCELL 

Technologies 

Cat# 05835 

Purmorphamine STEMCELL 

Technologies 

Cat# 72204 

ReLesR STEMCELL 

Technologies 

Cat# 100-0484 

 

STEMdiff™ SMADi Neural Induction Kit STEMCELL 

Technologies 

Cat# 08581 

 

GlutaMAX™ Supplement Gibco, Thermo 

Fisher Scientific 

Cat# 35050061 

BDNF Sigma Aldrich Cat# SRP3014 

TGF-β Peprotech Cat# 100-21 

IL-1β Thermo Fisher 
Scientific 

Cat# RIL1BI 
 

Lipopolysaccharide (LPS) Solution  
 

Thermo Fisher 
Scientific 

Cat# 00-4976-
93 

Laminin Sigma Aldrich Cat# L2020 

Ascorbic acid Sigma Aldrich Cat# A5960 

db-cAMP Sigma Aldrich Cat# D0260 
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Compound E STEMCELL 
Technologies 

Cat# 73954 

Carbon-covered grids Electron 
Microscopy 

Sciences 

Cat# 
FCF400CU50 

Poly-L-Ornithine Solution (0.01%) Millipore Sigma Cat# A-004-C 

GDNF Peprotech Cat# 450-10 

CNTF Peprotech Cat# 450-13 

Antibiotic-Antimycotic Gibco, Thermo 

Fisher Scientific  

Cat# 15240062 

MitoSOX Invitrogen, 

Thermo Fisher 
Scientific 

Cat# M36008 

CellROX Invitrogen, 
Thermo Fisher 

Scientific 

Cat# C10444 

Trypsin Neutralizer Solution Gibco, Thermo 

Fisher Scientific 

Cat# R002100 

Alexa Fluor Plus 405 Phalloidin Thermo Fisher 

Scientific  

Cat# A30104 

 

CellTracker Violet BMQC dye Invitrogen, 

Thermo Fisher 

Scientific  

Cat# C10094 

CellTracker Deep Red Dye Invitrogen, 

Thermo Fisher 

Scientific 

Cat# C34565 

LysoTracker Thermo Fisher 

Scientific 

CAT# L7528 

 

LysoSensor 

 

Thermo Fisher 

Scientific 

CAT# L7545 

 

10nm NHS-Activated Gold Nanoparticle Conjugation Kit Cytodiagnostics Cat# CGN5K-

10-2 

2% Uranyl Acetate Electron 

Microscopy 

Sciences 

Cat# 22400-2 
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Pierce ECL Western Blotting Substrate Thermo Fisher 
Scientific 

Cat# 32106 
 

Critical commercial assays 

Mycoplasma detection kit Biotool Cat# B39038 

Cytotune reprogramming kit Thermo Fisher 
Scientific 

Cat# A34546 

Pierce™ Chromogenic Endotoxin Quant Kit Thermo Fisher 

Scientific 

Cat# A39552 

Pierce™ BCA Protein Assay Kit Thermo Fisher 

Scientific 

Cat# 23225 

Deposited data 

Raw and analyzed data  This paper Mendeley Data; 

doi: 

10.17632/kp377

4p92d.3  

Experimental models: Cell lines 

U-2 OS ATCC Cat# HTB-96 

U-87 MG ATCC Cat# HTB-14 

SH-SY5Y ATCC Cat# CRL-2266  

HMC3 ATCC Cat# CRL-3304 

AIW002-2 MNI C-BIG 

Biorepository 

99,100 

3450 MNI C-BIG 

Biorepository 

99,100 

Patient Synuclein Triplication  Dr. Tilo 

Kunath/University 

of Edinburgh.  

96 

ATCC-DYR0100 ATCC Cat# ACS-1011 

Recombinant DNA 

GST-α-synuclein plasmid, human  Maneca, et al. 101 N/A 

GST-HRV 3C plasmid  Maneca, et al. 101  N/A 
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pGEX6P1 University of 
Dundee MRC 

Protein 

Phosphorylation 

and Ubiquitination 

Unit 

Cat# DU30005 

Software and algorithms 

ImageJ NIH URL: 

https://imagej.ni

h.gov/ij/ 

GraphPad Prism Prism URL: 

https://www.gra
phpad.com/scie

ntific-

software/prism/  

ZEN Zeiss URL: 

https://www.zeis

s.com/microsco

py/int/products/

microscope-
software/zen.ht

ml 

LAS X Leica URL: 

https://www.leic

a-

microsystems.c

om/products/mic

roscope-
software/p/leica-

las-x-ls/ 
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GMS Gatan URL: 
https://www.gata

n.com/products/t

em-

analysis/gatan-

microscopy-

suite-software 

Other 

35 mm glass-bottom dish MatTek Cat# P35G-1.5-

14-C-GRD 

Nunc 8-well plate (Permanox) Lab-Tek Cat# 177445 

200 mesh copper carbon grids SPI Supplies Cat# 3520C-FA 

0.22 µm PVDF syringe filter Millipore Cat# 
SLGV033RS 

100 mesh hex grids EMS Diasum Cat# HD100H-

Cu 

mPrep/ g capsules, storage box, 16 label sets (16/bx) Microscopy 

Innovations, EMS 

Cat# 85010-04 

Amicon Ultra-15 Centrifugal Filter Units (NMWL 10 KDa) MilliporeSigma Cat# 

UFC901024 

ThermoMixer C Eppendorf 

(purchased from 
VWR) 

Cat# CA11028-

280 

GSTrap 4B column Cytiva Cat# 28401748 

Glutathione Sepharose® 4B resin Cytiva Cat# 17075601 

Tecnai 12 BioTwin 120 kV transmission electron microscope 

(TEM) 

FEI N/A 

Tecnai G2 Spirit Twin 120 kV Cryo-TEM FEI N/A 
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Zetasizer Nano S  
 

Malvern 
Panalytical  
 

https://www.mal
vernpanalytical.

com/en/support/

product-

support/zetasize

r-

range/zetasizer-

nano-
range/zetasizer-

nano-s 

Bioruptor® Plus sonication device with metallic soundproof box  Diagenode  Cat# 

B01020001  

 

RESOURCE AVAILABILITY 

Lead Contact 

Further information and requests for resources and reagents should be directed to Dr. 
Peter Scott McPherson (peter.mcpherson@mcgill.ca). Further information regarding 
experimental protocols and procedures should be directed to Armin Bayati 
(armin.bayati@mail.mcgill.ca).  
 
Materials Availability 

This study did not generate new unique reagents. 
 
Data and Code Availability 

• All the raw data, along with statistical calculations used in this paper have been 
deposited at Mendeley Data. DOIs are listed in the key resources table.  

• This paper does not report original code. 
 

• Any additional information required to reanalyze the data reported in this paper is 
available from the lead contact upon request. 

 

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS 
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Cell Lines 
U2OS, U87, SH-SY5Y, and HMC3 were obtained from American Type Culture Collection 

(HTB-96, HTB-14, CRL-2266, CRL-3304, respectively). For studies with iPSCs, we used 

the lines AIW002-2 and 3450 obtained from the Neuro’s C-BIG Biorepository, and ATCC-

DYR0100 obtained from ATCC (ACS-1011). AIW002-2 was reprogrammed from 

peripheral blood mononuclear cells of a healthy donor with the Cytotune reprogramming 

kit (Thermo Fisher Scientific, A34546). 3450 was also generated from peripheral blood 

mononuclear cells, but episomal reprogramming was used as described by  Wen et al. 
102. The process of reprogramming and quality control profiling for these iPSCs was 

outlined in a previous study 100. The use of iPSCs in this project is approved by the McGill 

University Health Centre Research Ethics Board (DURCAN_IPSC / 2019-5374). The 

SNCA lines (originally named AST23, AST23-2KO, AST23-4KO) were provided and 

generated by Dr. Tilo Kunath from The University of Edinburgh.  

 

Cell lines were routinely checked for mycoplasma contamination using the mycoplasma 

detection kit (Biotool, B39038). 

 

Production, Characterization, and Nano-Gold Labeling of PFFs 

Production, characterization, and conjugation with nanogold beads of recombinant α-syn 

monomers and PFF were previously described 101,103.  

 

Purification of α-syn was described previously by Feller et al. 104. In brief, the pGEX-6P-1 

plasmid (University of Dundee MRC Protein Phosphorylation and Ubiquitination Unit, 

DU30005) cloned with full-length human wild-type α-syn was transformed to BL-21(DE3) 

E.coli. (New England Biolabs, C2527H) and over-expressed as GST-tagged α-syn in the 

presence of inducer IPTG. The protein was isolated by affinity binding to Glutathione 

Sepharose® 4B resin (GE Healthcare, 17075601). GST tag was then cleaved off with 

GST-HRV 3C protease, and α-syn was purified by passing through a GSTrap 4B column 

(GE Healthcare, 28401748). The purified α-syn was evaluated to be of homogeneity on 

SDS-PAGE, adjusted to a final concentration of 5 mg/mL with PBS (pH 7.4), and filter-
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sterilized througth a 0.22-µm PVDF syringe filter (MilliporeSigma, SLGV033RS).  The 

endotoxin level was less than 0.05 EU per mg of α-syn as assayed with a chromogenic 

endotoxin quant kit by following the manufacturer’s instruction (Thermo Fisher Scientific, 

A39552). Finally, α-syn was aliquoted and stored at -80oC. 

 

PFF was prepared by shaking 0.5-mL of purified α-syn held in a 1.5-mL microtube on a 

ThermoMixer (VWR, CA11028-280) at 37oC and 1000 rpm for 5 days. Then PFF was 

sonicated at least 40 cycles of 30-sec on/30-sec off using a Bioruptor® Pico sonication 

unit (Diagenode, B01020001). Samples (~20 µL) were reserved for PFF quality control 

by thioflavin T assay, dynamic light scattering (using Zetasizer Nano S, Malvern, DLS 

assay) and TEM imaging as described 104. 

 

PFFs were characterized using a negative staining protocol 103. PFFs were added to 200 

mesh copper carbon grids (SPI Supplies, 3520C-FA), fixed with 4% PFA (Thermo Fisher 

Scientific, A1131322) for 1 min and stained with 2% uranyl acetate (Electron Microscopy 

Sciences, 22400-2) for 1 min. PFFs were visualized using a transmission electron 

microscope (FEI Tecnai 12 Bio Twin 120kV TEM) coupled to an AMT XR80C CCD 

Camera and analyzed with Fiji-ImageJ1.5 and GraphPad Prism 9 software. 

 

Characterized PFF were conjugated with 10 nm gold beads (CytoDiagnostics, CGN5K-

10-2), immediately before experimental use, as described by Bayati et al. 105.    

 

Differentiation and Culture of AIW002-02 and 3450 DA Neurons 

A previously reported differentiation protocol was used to generate DA neurons from two 

different iPSC cell lines: AIW002-02 (MNI, C-BIG) and 3450 (MNI, C-BIG) 106. hiPSCs 

were plated onto Matrigel (Corning, 354277)-coated plates in mTeSR1 medium 

(STEMCELL Technologies, 85857). The culture medium was changed daily until the cells 

reached ~80% confluency. The cells were then passaged, frozen, or differentiated. A 

previously described protocol was used to generate ventral midbrain dopaminergic neural 

progenitor cells 106. Dopaminergic neural progenitor cells were dissociated with StemPro 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 2, 2023. ; https://doi.org/10.1101/2023.05.29.542776doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.29.542776
http://creativecommons.org/licenses/by-nd/4.0/


   

 

   

 
90 

Accutase Cell Dissociation Reagent (Thermo Fisher Scientific, A1110501) into single-cell 

suspensions. Plating on coverslips was done using neural progenitor plating medium 

(DMEM/F12 supplemented with N2, B27 supplement from Thermo Fisher Scientific, 

A4192001, 17502001 and 17504044, respectively). To further differentiate into 

dopaminergic neurons, neural progenitor medium was switched to dopaminergic neural 

differentiation medium (Brainphys Neuronal medium from STEMCELL Technologies, 

05790) supplemented with N2A Supplement A (STEMCELL Technologies, 07152), 

Neurocult SM1 Neuronal Supplement (STEMCELL Technologies, 05711), BDNF at 

20 ng/mL (MilliporeSigma, SRP3014), GDNF at 20 ng/mL (Peprotech, 450-10), 

Compound E at 0.1 μM (STEMCELL Technologies, 73954), db-cAMP at 0.5 mM 

(MilliporeSigma, D0260), Ascorbic acid at 200 μM (MilliporeSigma  A5960) and laminin 

at 1 μg/mL (MilliporeSigma, L2020 ). 

 

Differentiation and Culture of DYR0100 DA NPCs 

The monolayer method was used for the differentiation of DYR0100 iPSCs into DA NPCs 

as described by Chen et al. 107. Frozen DYR0100 NPCs were thawed and allowed to 

recover for one week prior to seeding for downstream assays.  

 

Generation and Differentiation of NGN2-induced Neurons 

AIW002-02 iPSCs expressing doxycycline-inducible NGN2 were generated as described 

previously 108. Briefly, the parental AIW002-02 iPSC line was split with ReLesR 

(STEMCELL Technologies, 100-0484) and seeded at a density of 135,000 cells per well 

in a 6-well plate in mTesR1 media plus Y27632 one day prior to simultaneous 

transduction with separate lentiviruses encoding Ngn2 and rtTA. The media was changed 

to mTesR1 only 1 h prior to transduction at a dilution factor of 1/100 for each virus. This 

resulted in a MOI of one. The transduction was carried out in mTesR1 media plus 4ug/ml 

of polybrene over a period of 24 h prior to puromycin selection at 1ug/ml for a total of 48 

h. Throughout the transduction, selection and iPSC expansion steps, the media was 

changed daily. The AIW002-02 Ngn2 rtTA line was tested for pluripotency by 

immunofluorescence for Nanog, Tra-1-80, Oct3/4 and SSEA (positive for all markers, 
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data not shown) and for mycoplasma (negative, data not shown). Subsequently, AIW002-

02 iPSCs were differentiated into Ngn2 neurons based on a protocol adapted from Zhang 

et al.109  and Meijer et al.110 and characterized by immunofluorescence for neuronal 

markers (MAP2 and PSD95) at the differentiation endpoint. 

 

iPSC Culturing of Forebrain Cortical Neurons 

AIW002-02 iPSCs were differentiated into forebrain cortical neurons according to a 

protocol based on EB formation combined with dual SMAD inhibition (STEMCELL, 

08581) 100. In summary, AIW002-02 iPSCs were dissociated into single cells and allowed 

to form EBs on low-attachment plates for one week in DMEM/F12 media supplemented 

with N2, B27, 10 µM SB431542, and 2 µM DMH1. This was followed by neural rosette 

formation onto polyornithine- and laminin-coated (MilliporeSigma, A-004-C and L2020, 

respectively) plates in the same media, which were selected semi-manually after 7 days. 

The rosettes were dissociated with Gentle Cell Dissociation Reagent for 5 min at room 

temperature (RT) and cultured on polyornithine- and laminin-coated plates in DMEM/F12 

media supplemented with N2 and B27 to generate NPCs. The NPCs were passaged 

every 5-7 days until day 25. Final differentiation, was carried out in Neurobasal media 

supplemented with N2, B27, 1 µg/mL laminin, 500 µM db-cAMP, 20 ng/mL BDNF, 20 

ng/mL GDNF, 200 µM ascorbic acid, 100 nM Compound E, and 1 ng/mL TGF-β 

(Peprotech, 100-21). 

 

SNCA Triplication, Double KO, and Quadruple KO iPSCs 

SNCA lines (originally named AST23, AST23-2KO, AST23-4KO) were generated and 

provided by Dr. Tilo Kunath from The University of Edinburgh according to methodology 

described previously 96,111. The AST23 line carries a triplication of the SNCA gene, while 

the AST23-2KO line has been corrected by CRISPR/Cas9-mediated deletion of 2 copies 

of the SNCA gene to create the isogenic control for the former. The AST23-4KO line is a 

complete SNCA knockout. 
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PFF + IFN-g treatment Regime  

The 14 d PFF and IFN-g treatment was described for confocal and Western blot analysis 

in Fig. 1A. For EM, the regime was described in Fig. S1A. The earlier 2 d time point, used 

in Western blots and quantifications, was described in Fig. S1B. Briefly, differentiated 

dopaminergic neurons, grown on 15 mm coverslips, were administered PFFs at 1 µg/mL. 

The cells were incubated for 48 h with PFF, in Brainphys Neuronal media (STEMCELL 

Technologies, 05790), and then given fresh Brainphys media and incubated for 72 h. 

Neurons were then given media supplemented with 0.2 µg/mL of IFN-g (Thermo Fisher 

Scientific, PHC4033) or PBS control. Cells were incubated for 24 h, and then given fresh 

media. 6 d neurons were collected at this point. 7 d neurons were collected 24 h after 

fresh media was given to cells. 10 d neurons were collected 72 h following the collection 

of 7 d neurons, and so on. 14 d neurons were collected 8 d following fresh media being 

given to neurons.  

 

For 2 d neurons, PFF was administered for 24 h, followed by the addition of IFN-g (or PBS 

for control) to the PFF containing media for 24 h. A graphical representation of the 2 d 

treatment is shown in Fig. S1B.  

 

The staggered nature of the PFF and IFN-g treatment was to enable neurons to survive 

and form inclusions. In earlier iterations of this protocol, PFF and IFN-g were treated 

simultaneously. This led to massive (over 70%) neuronal cell death, and left very few cells 

for imaging and analysis, and very few inclusions to study. By increasing PFF exposure 

to 48 h, we were able to increase PFF fluorescence in samples at 14 d and ensure 

nanogold-PFF could be easily found in EM samples. Incubation in fresh media allowed 

for neuronal recovery and greatly enhanced neuronal survival. IFN-g treatment was then 

limited to 24 h to enhance survival while allowing for the formation of PFF-positive 

inclusions to occur as early as 7 d into our treatment. Overall, our treatment aimed to 

increase cell survival while creating the environment necessary for the formation of 

inclusions in DA neurons. All fixed samples were imaged on an SP8 microscope (Leica).  

 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 2, 2023. ; https://doi.org/10.1101/2023.05.29.542776doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.29.542776
http://creativecommons.org/licenses/by-nd/4.0/


   

 

   

 
93 

The same protocol was used for the administration of IL-1b (Thermo Fisher Scientific, 

RIL1BI), where IL-1b was administered at 50 ng/mL instead of IFN-g. This concentration 

was used previously by Tong et al. 112.  

 

Maintenance of iPSC-derived Neurons  

We note here, that if stressed, iPSC-derived neurons can present with structures that are 

ultrastructurally somewhat similar to the inclusions we have observed. These structures 

can even appear in control cells, if care is not taken to 1) Incubate iPSCs at the back of 

the incubator (most stable temperature), 2) Avoid the use of cold media when changing 

cell media (temperature shock related stress), 3) ensure cells are never dry while 

changing media, and 4) avoid contamination. All these factors can lead to cellular stress 

and cell death, which when viewed under an electron microscope, may lead to cells with 

dark lysosomes and disorganized cytoskeletal elements, which can be mistaken for Lewy 

bodies. Fortunately, these apoptotic features in cells lack major compaction and 

organization when compared to LB-like inclusions, which make them easy to differentiate 

from bonafide inclusions. Apoptotic cells (or remnants of cells) also lack PFF-gold staining 

and mitochondrial incorporation.  

 

The utmost importance is to check the quality of the cells and the level of neuronal stress 

in cultured iPSCs in the control conditions before starting these experiments. If cells are 

regularly present with pyknotic nuclei, contain dark lysosomes, or unclear mitochondrial 

cristae in control conditions, measures should be taken to improve cell culturing 

techniques to ensure the most minimal amount of cellular stress. This will lead to less 

confusion as to what structures are inclusions and what structures are not when looking 

at their cellular ultrastructure.  

 

Reactive Oxygen Species Experiment  

In order to quantify the amount of reactive oxygen species (ROS) that were forming as a 

result of our 14 d treatment, DA neurons and forebrain cortical neurons were plated on 
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live imaging chambers and underwent our 14 d treatment in the presence or absence of 

IFN-g, along with an IFN-g only condition and a control condition where no PFF or IFN-g 

was administered (PBS was used instead). Cells were then stained with CellROX and 

MitoSOX (Thermo Fisher Scientific, C10444 and M36008, respectively) for 1 h prior to 

live imaging. MitoSOX and CellROX fluorescence was then quantified for both cortical 

and DA neurons, across two independent experiments. Images were captured on an LSM 

880 microscope (Zeiss).  

 

EM Processing  

Neurons and cell lines were plated in 8 well chamber slides (Lab-Tek, Nunc, Thermo 

Fisher Scientific, 177445) and were put through the dual hit treatment. After treatment, 

the media was removed and cells were fixed with 2.5% glutaraldehyde in 0.1 M sodium 

cacodylate buffer (Electron Microscopy Sciences, 1653715) supplemented with 2 mM 

calcium chloride, washed in buffer, and then post-fixed with 1% osmium tetroxide and 

1.5% potassium ferrocyanide in sodium cacodylate buffer. Cells were then en bloc stained 

with 4% uranyl acetate (Electron Microscopy Sciences, 22400-2) and dehydrated in 

ascending ethanol concentration to 100% and infiltrated with a 50:50 mixture of 100% 

ethanol and Spurr’s resin, followed by pure Spurr’s resin overnight. After a fresh addition 

of resin, samples were polymerized overnight at 70°C in an oven. Ultrathin sections were 

cut on a Leica Ultracut E using a 45° diamond knife and collected on 100 mesh copper 

hex grids (Electron Microscopy Sciences, HD100H-Cu). Some sections were stained with 

uranyl acetate for 5 min for enhanced membrane staining. Grids were examined with a 

FEI Tecnai Spirit 120 kV transmission electron microscope and images captured using a 

Gatan Ultrascan 4000 camera. 

 

Plasmids and Lentivirus 

α-synuclein-HA-tagged adenovirus was obtained from Applied Biological Materials Inc. 

(44541051). Protocols provided by the manufacturer were followed for transduction.  
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Fixation and Antibody Staining  

Cells were fixed with 4% paraformaldehyde (PFA; Thermo Fisher Scientific, A1131322) 

for 10 min at 4°C, washed with PBS and then permeabilized for 30 min with 0.05% Triton 

X-100 (MilliporeSigma, X100-1L) in PBS (Wisent, 311-010-CL) along with 5% bovine 

serum albumin (BSA, Wisent, 800-095). Coverslips were then transferred into a wet 

chamber and incubated for 2 h at RT with a 1:500-1:1000 dilution of the primary antibody 

diluted in PBS containing 0.01% Triton X-100 and 5% BSA (dilutions varied depending 

on the antibody). Coverslips were then gently washed twice with PBS, and a 1:1000 

dilution of secondary antibody diluted in the same buffer was added and incubated for 2 

h. Cells were then washed with PBS and, in some situations, stained with 1 µg/ml Hoechst 

33342 (Fisher Scientific, H3570) diluted in PBS for 10 min at RT. Coverslips were 

mounted on a glass slide with Fluorescence Mounting Medium (Dako, Agilent, S3023). 

Samples were then imaged using a Leica TCS SP8 confocal microscope.  

 

LB-like Inclusion Extraction (Western Blot and EM) 

Neurons undergoing the dual hit treatment regime were collected at day 7 and 10 for the 

extraction of inclusions. This was done since previous attempts at extraction of inclusions 

from 14 d samples resulted in very little isolated material, perhaps due to cellular stress 

and cell death common with that time point. In brief, cells were washed three times in 

PBS 1x, pH 7.4 and scraped off in a hypotonic lysis buffer (20 mM HEPES, 1 mM EDTA, 

pH 7.4) supplemented with protease and phosphatase inhibitor cocktail mix. Cells were 

kept on ice for 30 min then passed 8 times through a 27G needle until homogenized. 

Homogenates were kept on ice for 30 min and then 10% of the homogenate was 

transferred into a fresh tube (total homogenate sample), and the remainder was 

centrifuged at 720 x g for 10 min at 4°C using a tabletop centrifuge. The post-nuclear 

supernatant (PNS sample) was transferred into a fresh tube and the pellet (P sample) 

containing large LB-like inclusions and nuclei was suspended in lysis buffer. For Western 

blot, all samples were sonicated for 10 sec at 40% amplitude and lysates were prepared 

in Laemmli sample buffer (1x) followed by SDS-PAGE. For EM, the pellet was kept at -

80°C until processed. 
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Western blot protocol   

Cells were washed three times in PBS (pH 7.4) and then scraped off in RIPA buffer: 50 

mM TRIS-HCl pH 7.4, 150 mM NaCl, 1mM EDTA, 0.5% sodium deoxycholate, 0.1% SDS 

(pH 7.4). RIPA lysis buffer was supplemented with a protease and phosphatase inhibitor 

cocktail mix. Lysates were sonicated for 10 sec at 40% amplitude, kept on a nutating 

rocker for 30 min at 4°C and centrifuged at 21,000 x g for 15 min at 4°C using a tabletop 

centrifuge. Supernatants were collected in a new tube and protein concentrations were 

measured using a BCA protein assay kit (Thermo Fisher Scientific, 23225).  

 

Equal amounts of protein from each condition tested were prepared in Laemmli sample 

buffer prior to SDS-PAGE. Samples were resolved on large gels with the appropriate 

gradient of polyacrylamide. Proteins were transferred to nitrocellulose membrane and 

labelled appropriately. For Western blot, membranes were blocked in 5% milk in TBST 

(20 mM TRIS, 150 mM NaCl, 0.1% Tween20, pH 7.4). Primary antibodies were diluted in 

5% BSA in TBST and membranes incubated overnight at 4°C with constant rocking. 

Membranes were washed three times (10 min each) in TBST and then incubated in the 

corresponding secondary antibody for 1 h at RT. Membranes were then washed three 

times in TBST with constant rocking. For signal exposure, membranes were incubated 

with the Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific, 32106) for 1 

min and developed on autoradiography film in a dark room. 

 

All Western blots were done three times, from three separate iPSC frozen batches, prior 

to being incorporated into the manuscript.  

 

IFN-g and PAH Treatment in DA Neurons and Cell Survival  

DA NPCs were thawed and cultured on 24 well plates, pre-treated with PO and laminin. 

NPCs were then matured into neurons using the Midbrain Neuronal Maturation Kit 

(STEMCELL Technologies, 100-0041) for 14 d. Following differentiation, neurons were 

treated with varying concentrations of IFN-g or PAH for 24 h. Cells were then stained with 
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Hoechst 33342 for 20 min at RT, washed with PBS and nuclear fluorescence quantified 

using Infinite 200 Pro Tecan plate reader. Six measurements for each concentration of 

PAH were conducted and used in the quantification. Quantification was done by setting 

the control condition’s nuclear fluorescence to 100% and dividing all subsequent cell 

counts by the control, resulting in the percentage of cell count compared to control.   
 

PAH Treatment in DA Neurons for Western Blot Experiment 

DA NPCs were thawed and cultured in 6-well plates in STEMdiff™ Neural Progenitor 

Medium (STEMCELL Technologies, 05835). The cells were then differentiated into 

neurons using Midbrain Neuron Maturation Kit (STEMCELL Technologies, 100-0041) for 

14 d. Following differentiation, 6 wells were established as various controls: (1) null 

condition with PBS and DMSO treatment, (2) IFN-g only condition in which neurons were 

treated with IFN-g for 48 h and then incubated in fresh Brainphys Neuronal media 

(STEMCELL, 05790) and maintained for 14 d, (3) PFF only condition in which neurons 

were only treated with PFF for 48 h and then incubated in fresh media and maintained for 

14 d, (4) PAH only condition in which cells were treated with 10 µM PAH for 24 h, given 

fresh media and maintained for 14 d, (5) PFF and PAH condition in which neurons were 

incubated with PFF for 48 h given fresh media for 72 h, and then treated with PAH for 24 

h, (6) IFN-g and PAH condition, in which neurons were treated with PBS (control for PFF) 

for 48 h, given fresh media, incubated with IFN-g for 24 h, given fresh media for 24 h, and 

then given 0.025 mM of PAH for 24 h, then given fresh media and maintained until 14 d. 

5 wells were then designated as experimental conditions: (7) cells were given PFF for 48 

h, fresh media for 72 h, IFN-g for 24 h, 24 h of fresh media, 24 h of media supplemented 

with 0.025 mM PAH, following by 72 h of incubation with fresh media before cell collection, 

(8) same as condition 7, except that 96 h elapsed between IFN-g treatment and PAH 

treatment, (9) same as condition 7 except that 8 d elapsed between IFN-g and PAH 

treatment. (10) same as condition 7 except that no PAH treatment was done and samples 

were maintained until 14 d, (11) same as condition 10, except that IFN-g treatment was 

done for 48 h, followed by incubation in fresh media until 14 d. All cells were fixed 72 h 

after the addition of PAH.  
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Endogenous α-syn expression in KO and WT SNCA DA Neurons 

KO and WT SNCA DA NPCs from Mohamed et al. 96 were differentiated into neurons as 

described above. Neurons were then treated for 48h with α-syn-HA adenovirus (Applied 

Biological Materials, 445410520200) at concentration of 2 x 105 IFU/PFU (infectious 

unit)/ml. Neurons were then collected, lysed, and processed for Western blotting.  

For imaging experiments, neurons grown on coverslips, then underwent the protocol 

described above and in Fig. S10, in which they are given 72 h of rest in fresh media, 

followed by administration of IFN-g for 24 h, followed by administration of fresh media. 

Neurons were then fixed at various timepoints, stained with HA and phospho-α-syn 

antibodies.  

 

A 2 d shortened treatment was also conducted to serve as controls for the longer 

timepoint experiments (Fig. S1B).  

 

Microglia Media Analysis 

HMC3 cells were grown on 150 mm plates using EMEM (ATCC, 30-2003) supplemented 

with 10% bovine calf serum (GE Healthcare, SH30072.03) and Pen/Strep (Wisent, 

450201). Once cells reached 80% confluency, cells were given PBS, LPS, PFF, and LPS 

+ PFF. LPS (Thermo Fisher Scientific, 00-4976-93) was administered at 10 µg/mL 

concentration, while PFF was administered at 1 µg/mL concentration. Cells were 

incubated for 24 h in the treatment media then trypsin washed three times to remove PFF 

on the cell surface. Cells were passaged onto new plates and incubated in complete 

media for 24 h. Cells were washed four times with PBS 1x and incubated in serum-free 

media (EMEM + Pen/Strep) for 48 h. Media from each condition were collected, 

centrifuged for 10 min at 500 x g to eliminate any cells or large contaminants, then for 10 

min at 4000 x g to eliminate any small contaminants. Media were concentrated by 

centrifuging at 4000 x g for 30min using Amicon Ultra-15 Centrifugal Filter Units with a 

membrane NMWL of 10kDa (MilliporeSigma, UFC901024). Concentrations of protein in 

the media were quantified and equal amounts of protein from each condition were 
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resolved by SDS-PAGE followed by the corresponding Western blot to detect each 

protein.  

 

LysoTracker and LysoSensor Experiment 

To assess the lysosomal pH and health of neurons undergoing the 14 d dual hit treatment 

regime, LysoTracker (Thermo Fisher Scientific, L7528) and LysoSensor (Thermo Fisher 

Scientific, L7545) were used. LysoTracker was added to cells 15 min prior to imaging, 

while LysoSensor was added 5 min prior to imaging. Neurons were plated on 35 mm 

glass bottomed dishes (MatTek, Cat# P35G-1.5-14-C-GRD). Cells were imaged using 

LSM 880 (Zeiss), equipped with a live imaging chamber.   

 

LysoTracker lysosomal count was done by taking thresholded images (50% threshold) 

and loading them into ImageJ (NIH) and using the “3D Object Counter” function. The 

software then outputted the number of lysosomes in each image. Cell count was done by 

taking the Cell tracker (Thermo Fisher Scientific, C10094) channel and loading it into 

ImageJ and using the “Find Maxima” function to count the number of cells. The number 

of lysosomes was then divided by the number of cells to attain the “Number of Lysosomes 

per Cell” quantity. This was averaged across three independent experiments, with 3 

images from each experiment being taken.   

 

Co-culture experiments 

HMC3 cells were grown in EMEM media supplemented with 10% of bovine calf serum 

and 1x of Gibco Antibiotic and Antimycotic (Thermo Fisher Scientific, 15240062). 

Glioblastoma, U87 cell line were grown in DMEM media (Gibco, Thermo Fisher Scientific, 

11965092) supplemented with 10% of bovine calf serum, 2 mM of L-Glutamine (Wisent, 

609065), and 100 IU Penicillin 100 μg/ml Streptomycin. Cells were grown and expanded 

on 150 mm plates and were passaged onto 6-well plates prior to the beginning of the 

experiment. HMC3 (microglia) were treated with LPS at 10 µg/mL concentration or given 

PBS of equal volume (for control). Cells were also given 5 µL of CellTracker Violet dye 

(Thermo Fisher Scientific, C10094). 24 h following LPS treatment, cells were trypsinized, 
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washed and pelleted three times, and added to coverslips containing differentiated DA 

neurons previously exposed to PFFs (5.0 x 104 cells per coverslip). Microglia were 

incubated with DA neurons, in Neurobasal media for 48 h prior to fixation. Samples were 

then stained with β-III tubulin and prepared for microscopy.  

 

Cell Line Panel Experiments 

U87 and U2OS cells were grown in 500 mL DMEM media, supplemented with 10% bovine 

calf serum, 2 mM of L-Glutamine, and 100 IU Penicillin 100 μg/ml Streptomycin. SH-SY5Y 

cells were grown in 500 mL of Advanced DMEM1/F-12 (Gibco, Thermo Fisher Scientific, 

12634028) supplemented with 10% bovine calf serum, 2 mM of L-Glutamine, and 

Antibiotic-Antimycotic at 1x. Cells were grown and expanded on 150 mm plates and were 

passaged onto 6-well plates. Cells were treated with PFF for 48 h, trypsin washed on ice 

for 30 s, trypsinized, plated onto new 6-well plates and incubated for 48 h. Cells were 

then plated at low confluency onto poly-L-lysine (MilliporeSigma, A-005-M)-treated 

coverslips and incubated in fresh media for another 24 h. Cells were then treated with 

IFN-g (or PBS for the PFF-only condition), for 24 h. Cells were then given fresh media, 

and incubated for 8 days. The cells in the PFF-only condition had to be passaged once 

more 96 h later, due to overconfluency. Cells were then fixed, stained with LAMP1 (Cell 

Signaling Technology, 9091S) and Phalloidin (Thermo Fisher Scientific, A30104) and 

prepared for imaging.  

 

Graphical Abstract and Graphical Representation of treatment regimes 

Graphical abstract, graphical representation of treatments, and models were created 

using Biorender.com.  

 

Cell and Inclusion Count  

An automated approach was taken for the cell and inclusion counts as described by 

Labno 113. Cells and inclusions were counted by loading single-channel images into 

ImageJ (NIH) and performing the “analyze particles” function, following thresholding of 

images. The same threshold was used for all the conditions within each experiment 
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(thresholds were different for different experiments). For cell count, the nuclear staining 

channel was used, and for inclusions the PFF channel was used. For inclusions, particles 

smaller than 2.0 µm in diameter were not included in our count.  

 

Inclusion Size 

Using the “analyze particles” function in ImageJ, thresholded single channel images were 

loaded into ImageJ and particles of high circularity and 0-infinity in size were selected. 

The “show” and “outline” options were also chosen. From the outlines produced by 

ImageJ, the diameters of the inclusions were then measured manually. For the images in 

which inclusion size was measured, a high threshold was set to exclude most lysosomal-

PFF but include smaller puncta with high intensity levels. This was done so that a 

measure of the more intensely fluorescent puncta was incorporated in our size 

calculation. Although some puncta measured were under 2.0 µm in diameter, which is 

below our inclusion definition set above, we believe that this provides a better 

representation of where most PFFs are located, and what sort of structures they are 

localized to. In samples where PFFs are less aggregated, the brightest puncta were 

smaller, whereas in 14 d samples, more of the brightest PFF puncta will be localized to 

inclusions and therefore the PFF puncta will be of larger size. In short, we wanted to 

measure the size of the PFF puncta with the highest fluorescence intensities.  

 

Lysosomal Count, Lysosomal Size, Fluorescence Intensity 

To count the number of lysosomes per cell, results shown in Fig. S9, the MorphoLibJ 

plugin 114 was used, using fluorescent microscopy data. Single plane, single cell, single 

channel images previously thresholded were then loaded into ImageJ, and the number of 

puncta was calculated according to the methods outlined by Peters et al. 115. Lysosomal 

size was calculated using electron micrographs, and the lysosomes were measured 

manually using GMS 3.0 (Gatan). Fluorescence intensity was calculated using LAS X 

(Leica) software, where channel intensities are quantified using the “Quantification” 

function.  
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Quantification Analysis 

Measurements, including cell/inclusion count, inclusion size and puncta number, were all 

inputted into Graphpad Prism 9.0. Quantification data was statistically analyzed, using 

Student’s t-test when only two conditions were being compared, one-way ANOVA for 

multiple conditions (along with post hoc Tukey’s test), and two-way ANOVA when 

comparing multiple independent variables and multiple dependent variables (multiple 

comparisons was done within each column across different rows). All raw data and 

statistical analyses (not multiple comparisons analyses) have been deposited into 

Mendeley data online repository.  
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