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A B S T R A C T

Progressive aggregation of α-synuclein (α-Syn), a small cytosolic protein involved in cell vesicle trafficking, in the 
midbrain, hypothalamus, and thalamus is linked to Parkinson’s disease (PD). Amyloid oligomers and fibrils 
formed as a result of such aggregation are highly toxic to neurons. However, it remains unclear whether amyloid- 
induced toxicity of neurons is the primary mechanism of the progressive neurodegeneration observed upon PD. 
In the current study, we investigated cytotoxicity exerted by α-Syn fibrils formed in the lipid-free environment, as 
well as in the presence of two phospholipids, on macrophages, dendritic cells, and microglia. We found that 
α-Syn fibrils are far more toxic to dendritic cells and microglia compared to neurons. We also observe low toxicity 
levels of such amyloids to macrophages. Real-time polymerase chain reaction (RT-PCR) results suggest that 
toxicity of amyloids aggregates is linked to the levels of autophagy in cells. These results suggest that a strong 
impairment of the immune system in the brain may be the first stop of neurodegenerative processes that are 
taking place upon the onset of PD.

1. Introduction

α-Synuclein (α-Syn) is a small cytosolic protein involved in vesicle 
trafficking in synaptic clefts [1–4]. Its progressive aggregation is asso
ciated with several diseases, including Parkinson’s disease (PD). α-Syn 
aggregates observed in substantia nigra pars compacta (SCpc) upon PD 
have high structural and morphological heterogeneity [5–11]. A 
growing body of evidence indicate that α-Syn oligomers can propagate 
from cells to cells, causing the spread of PD across the midbrain, hy
pothalamus and thalamus. Some of the formed α-Syn oligomers initiate 
template association of misfolded α-Syn, which results in the formation 
of mature fibrils that have β-sheet secondary structure [12,13].

Microscopic analysis of α-Syn deposits in the brain of PD pa
tients revealed the presence of fragments of lipid membranes [14]. 
These findings, as well as numerous in vitro experiments, suggest 
that lipid membranes can alter the rate of α-Syn aggregation, as 
well as modify the secondary structure of both oligomers and fi
brils [6,15–19]. Recently reported results from our and other research 
groups indicate that anionic lipids strongly accelerate α-Syn aggrega
tion, whereas zwitterionic phosphatidylcholine (PC), on the opposite, 

strongly inhibited protein aggregation [15,16]. Furthermore, the change 
in the rate of α-Syn aggregation directly depends on protein-to-lipid 
ratio [18,20,21]. With an increase in the concentration of lipid vesi
cles relative to the concentration of α-Syn, an increase in the protein 
aggregation rate is observed [18,20,21]. Galvagnion and co-workers 
hypothesized that surface of lipid vesicles facilitated protein-protein 
interactions that were critical for the oligomer formation. However, 
with the following increase in the concentration of lipids, a decrease in 
rate of α-Syn aggregation was observed [18,20,21]. This effect was 
explained by a drastic increase in the surface of lipid membranes relative 
to the concentration of protein [18,22,23]. NMR and fluorescence 
methods demonstrated that lipid membranes not only act as aggregation 
sites for α-Syn, but also provide lipids that interact with the protein. In 
this case, charged headgroups of lipids interact with charged amino acid 
residues of α-Syn, such as lysine and glutamic acid, that are highly 
abundant in the N-terminus (aa 1–60) of α-Syn [24]. In parallel, protein- 
lipid complexes are also stabilized by hydrophobic interactions that are 
taking place between the central part (aa 61–95) of α-Syn, also known as 
the non-amyloid component (NAC) domain, and fatty acids of lipids 
[25,26]. Utilization of nano-Infrared spectroscopy showed that such 
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protein-lipid complexes form structurally different fibrils compared to 
the lipid-free conditions [27,28]. Furthermore, oligomers and fibrils 
formed in the presence of lipids exert drastically different cytotoxicity to 
rat dopaminergic neurons [15]. Similar findings were reported by 
Matveyenka and co-workers for other amyloidogenic proteins, such as 
insulin and lysozyme [29–32]. It should be noted that such studies are 
focused on elucidation of the toxic effect of protein aggregates on neu
rons [6,17–19,29–36]. However, several research groups showed that 
other cells in the brain, including astrocytes, can be affected by α-Syn 
aggregates [37–40]. In such cases, neurons become extremely 
vulnerable, which leads to their progressive degeneration.

Expanding upon this, we investigated cytotoxicity exerted by α-Syn 
fibrils formed in the lipid-free environment, as well as in the presence of 
zwitterionic phosphatidylethanolamine (PE) and anionic phosphatidyl
glycerol (PG) on macrophages, dendritic cells (DC) and microglia. PE 
was chosen to determine the effect of zwitterionic lipids on the aggre
gation of α-Syn, while PG represents the effect of anionic lipids on the 
aggregation of the protein. Macrophages are key players in our immune 
system. They endocytose and rapidly digest viruses and microorganisms, 
as well as remove dead cells. Unlike macrophages, DC cells preserve the 
captured antigens for their later presentation on the major histocom
patibility complex (MHC) [41]. Antigen presentation by DCs initiate T 
cell immune response and other cascades are required for the activation 
of immune response [42]. Brain macrophages, also known as non- 
parenchymal macrophages, and microglia are essential for the devel
opment, homeostasis, and diseases of the central nervous system 

mononuclear phagocytes [43]. These cells constitute 5–10 % of total 
brain cells [44]. Microglia cells express transmembrane protein 119 
(TMEM119), P2Y purinoceptor 12 (P2RY12), and Sal-like protein 1 
(SALL1), which non-parenchymal macrophages express CD45 and MHC 
class II molecules [43]. Brain macrophages and microglia interact with 
almost all cell types in the brain. Brain macrophages and microglia 
phagocytose apoptotic and pre-apoptotic cells in the developing and 
adult brain [45]. Thus, these cells are also at the frontline of the brain 
defense against viruses and microorganisms. Several reported to date 
pieces of experimental evidence indicate that microglial directly and 
indirectly contributes to the onset and progression of neurodegenerative 
processes in the brain [46–48]. However, it remains unclear to what 
extent microglia, macrophages, and DC cells themselves are affected by 
amyloid aggregates.

2. Results and discussion

Kinetic analysis of protein aggregation showed that neither PG nor 
PE changed the lag-phase of α-Syn aggregation. We only observed a 
small, however, statistically insignificant increase in the rate of 
protein aggregation in the presence of PE, Fig. 1, A and B. After 120 
h of α-Syn aggregation in the lipid-free environment at 37 ◦C, we 
observed the presence of long 6–21 nm in height fibrillar species, Fig. 1, 
C and D. We also found that PG facilitated lateral assembly of amyloid 
fibrils without substantial changes in their height (6–15 nm). At the 
same time, the presence of PE at the stage of α-Syn aggregation resulted 

Fig. 1. Phospholipids alter aggregation properties of α-Syn. ThT kinetics (A) of α-Syn aggregation in the presence of PG (red) and PE (blue), as well as in the lipid-free 
environment (green) with corresponding lag-phase (tlag) and half-time (t1/2) that represent 10 % and 50 % increase in the ThT intensity, respectively; n = 3 (B). 
According to one-way ANOVA, *p < 0.05, NS is non-significant difference. AFM images (C) with corresponding height histograms (D) of protein aggregates formed at 
120 h of α-Syn aggregation at 37 ◦C under 510 rpm shaking, pH 7.4. For each sample, at least 30 individual aggregates were measured. Scale bars are 250 nm. IR 
spectra (E) of samples incubated at 37 ◦C under 510 rpm shaking, pH 7.4 for 120 h. Final protein final concentration of 40 μM, protein: lipid ratio was 1:1. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in the formation of thin filaments (9–12 nm in height) and large ag
gregates (18–21 nm in height), Fig. 1, C and D. Based on these results, we 
can conclude that PG and PE alter morphology of α-Syn aggregates 
formed in their presence. We also used FTIR spectroscopy to 
examine the extent to which PE and PG alter the secondary struc
ture of α-Syn aggregates, Fig. 1, E. FITR spectra acquired from these 
samples exhibited strong amide I and II bands. Amide I band in all 
acquired spectra has a peak at 1630 cm¡1, which indicates the 
predominance of parallel β-sheet in α-Syn, α-Syn:PE, and α-Syn:PG 
fibrils. We also observed a shoulder at ~ 1660 cm¡1, which points 
on the presence of the small amount of unordered protein in all 
analyzed samples. Finally, in the IR spectrum acquired from α-Syn: 
PG fibrils, we observed a vibrational band centered at 1735 cm-1, 
which originated from C––O vibration of PG.

Next, we performed cell proliferation assay to reveal the extent 
to which α-Syn fibrils formed in the lipid-free environment, as well as in 
the presence of PE and PG (α-Syn:PE and α-Syn:PG), altered the prolif
eration of macrophages, DC, microglia, and neurons, Fig. 2. We found 
that after 24 h of exposition of all cell types to the amyloid aggregates, 
substantial decrease in the cell proliferation was observed for high 
concentrations (20 μM) of fibrils formed in the lipid-free environment 
(α-Syn), Fig. 2, A. We also found that α-Syn:PE exerted a much greater 
magnitude of proliferation impairment on macrophages, DC cells and 
microglia, whereas nearly no changes in the proliferation of neurons 
were observed in the presence of α-Syn:PE. At the same time, α-Syn:PG 
aggregates at all examined concentrations caused no noticeable changes 
on the proliferation of macrophages and microglia, whereas substantial 
decrease in the proliferation of DC and neuronal cells were observed in 
the presence of 10–20 μM of α-Syn:PG. It should be noted that PE and PG 
themselves caused no substantial changes on proliferation of any of the 
tested cell types.

A cross-comparison of magnitude of exerted suppression in the cell 
proliferation during 24 h caused by α-Syn, α-Syn:PE, and α-Syn:PG fibrils 
revealed that DC were the most vulnerable while macrophages were the 
least vulnerable to the toxic effect exerted by these amyloids. This 

conclusion is further supported by the analysis of cell proliferation after 
48 h of macrophages, DC, microglia, and neurons to amyloid aggregates, 
Fig. 2, B. We found that DC and microglia cells’ proliferation was 
strongly impaired by α-Syn fibrils formed in the lipid-free environment, 
as well as in the presence of PE and PG. Nearly all microglia and DC cells 
exposed to amyloid aggregates died by 48 h. We also found that only 
high (20 μM) concentration of amyloid aggregates caused substan
tial changes in the proliferation of neurons and macrophages. 
Macrophages were able to fully recover after exposition to medium 
(10 μM) and low (5 μM) concentrations of α-Syn fibrils formed in the 
lipid-free environment, as well as in the presence of PE and PG. How
ever, such an efficient recovery was not evident for neurons. Although 
we did not find as detrimental effects of amyloid aggregates on neurons 
as were observed for microglia and DC, only near 30 % of the prolifer
ation was evident for neurons exposed to α-Syn fibrils and ~ 20 % for 
α-Syn:PE and α-Syn:PG present at medium and low concentrations. 
These results indicate that amyloid aggregates formed in the 
presence of lipids caused stronger impairment of neuronal prolif
eration compared to amyloid fibrils formed in the lipid-free envi
ronment. These results are consistent with experimental findings 
previously reported by Dou and co-workers [16]. We can also 
conclude that DC, neurons, and microglia cells appeared to be 
highly vulnerable to amyloid aggregates, whereas macrophages 
were able to recover if exposed to medium and low concentrations 
of amyloid aggregates formed in the presence and absence of lipids. 
These results are consistent with experimental findings previously 
reported by Matveyenka and co-workers [49].

We also used lactate dehydrogenase (LDH) assay to validate the 
discussed above results of cell proliferation. Our results show (Fig. S1) 
that α-Syn fibrils formed in the presence and absence of lipids exert 
weaker cytotoxic effects in macrophages, DC cells, and microglia 
compared to neurons after 24 h of cell exposition to amyloid aggregates. 
We also observed a substantial decrease in the viability in all cells except 
macrophages after 48 h of cell exposition to amyloid aggregates. These 
results confirmed the discussed above conclusions about high vulnera
bility of DC, neurons, and microglia cells to amyloid aggregates.

We hypothesized that amyloid aggregates could alter cytokine pro
files of macrophages, microglia, DC, and neurons. TNFα, INF, 
interleukin-1 beta (IL-1β), and interleukin 6 (IL-6) are key inflammatory 
cytokines in macrophages [50–52]. The release of these cytokines ini
tiates a potent defensive inflammatory response [53–56]. In addition to 
these interleukins, macrophage colony-stimulating factor (G-CSF) acti
vates macrophage differentiation into inflammatory cells (M1) [57]. We 
found that α-Syn fibrils formed in the lipid-free environment, as well as 
in the presence of PE and PG (α-Syn:PE and α-Syn:PG), activated both IL- 
6 and TNFα in macrophages, whereas no significant changes in the 
expression of INF were observed. We also observed a strong expression 
of G-CSF and IL-1β in macrophages exposed to α-Syn fibrils formed in the 
lipid-free environment, whereas expression of these interleukins was not 
observed by these cells as a response to α-Syn:PE and α-Syn:PG aggre
gates, Fig. 3, A. It should be noted that lipids themselves caused no 
changes in the expression of G-CSF, IL-1β, IL-6, TNFα, and INF. These 
results indicate that only amyloid aggregates trigger strong changes in 
the cytokine profile of macrophages. Our results also indicate that 
macrophages strongly differentiate α-Syn fibrils formed in the lipid-free 
environment from α-Syn fibrils formed in the presence of lipids.

Such amyloid-specific response was not evident, however, in 
microglia, Fig. 3, B. We found that microglia cells expressed G-CSF, IL-6, 
and TNFα interleukins as a response to α-Syn fibrils formed in the lipid- 
free environment, as well as in the presence of PE and PG. We did not 
observe the expression of INF or IL-1β in these cells. At the same time, 
amyloid-specific response was observed in DC cells that expressed G- 
CSF, IL-6, and TNFα interleukins as a response to α-Syn fibrils formed in 
the lipid-free environment, whereas DC cells exposed to α-Syn:PE 
expressed only IL-1β and TNFα, as well as cells exposed to α-Syn:PG 
expressed only IL-6 and TNFα, Fig. 3, C. Finally, our results indicate that 

Fig. 2. Proliferation of macrophages, DC, microglia and neurons exposed 
to 5 μM, 10 μM, and 20 μM of α-Syn, α-Syn:PE and α-Syn:PG aggregates as well 
as lipids themselves (PE and PG) for 24 h (A) and 48 h (B). ±SD with n = 3. 
Final protein final concentration of 40 μM, protein: lipid ratio was 1:1.
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neurons do not express G-CSF, IL-1β, IL-6, TNFα, and INF interleukins 
upon exposition to amyloid aggregates and lipid vesicles, Fig. 3, D.

Autophagy is an intracellular degradation process that is essential for 
the survival of eukaryotic cells [58,59]. To analyze the extent to which 
the amyloid aggregates were internalized by macrophages, microglia, 
DC, and neurons, we quantified changes in the expression of LC3b and 
p62 proteins, Table 1. LC3 protein is required for autophagosome for
mation and, therefore, has been widely used to monitor the number of 
autophagosomes, as well as autophagic activity [60]. Moreover, 
emerging evidence has shown that during selective autophagy, LC3 
functions as an adaptor protein to recruit selective cargo to the auto
phagosome via interaction with cargo receptors [61,62]. P62, also called 
sequestosome 1 (SQSTM1), is a ubiquitin-binding scaffold protein that 
colocalizes with ubiquitinated protein aggregates in many neurode
generative diseases and proteinopathies of the liver [63,64].

Our results indicate that co-incubation of neurons with α-Syn fibrils 
formed in the lipid-free environment, as well as in the presence of PE and 
PG, results in ~3-fold activation of the expression of p62, Table 1. We 
found that removal of amyloid aggregates does not substantially 
decrease the expression of p62 after 48 h. It should be noted that lipids 
themselves trigger the increase in the expression of p62 that also re
mains relatively high (3.1 and 1.4 folds for PE and PG, respectively) after 
48 h in cells washed from the lipid vesicles. α-Syn fibrils formed in the 
lipid-free environment, as well as in the presence of PE and PG, caused 
only small increases in LC3b expression that nearly completely leveled 
back to the normal level in the cells after 48 h. Similar to p62, expression 
levels of LC3b were found elevated in the neuronal cells exposed to both 
PE and PG.

A strong activation of the expression of p62 was observed for DC cells 
as a result of the cell exposition to α-Syn fibrils formed in the lipid-free 
environment, as well as in the presence of PE and PG, as well as lipids 
themselves. However, substantially weaker activation of LC3b were 
evident for DC cells exposed to α-Syn:PE and α-Syn:PG aggregates. An 
increase in the expression of this autophagosome marker was observed 
only in the DC cells exposed to α-Syn fibrils formed in the lipid-free 

Fig. 3. Changes in the cytokine profiles of macrophages (A), microglia (B), DC (C), and neurons (D), as a result of the cell exposure to α-Syn fibrils formed in the lipid- 
free environment, α-Syn:PE and α-Syn:PG, as well as lipids themselves (PE and PG). Final protein final concentration of 40 μM, protein: lipid ratio was 1:1. Fluo
rescence measurements were recorded using a flow cytometer. For each reading, 10,000 cells were analyzed.

Table 1 
Heat-map of LC3b and p62 RNA expression in macrophages (A), microglia (B), 
DC (C) and neurons (D) at 24 after cells were exposed to α-Syn, α-Syn:PE, and 
α-Syn:PG, as well as lipids themselves (PE and PG). After 24 h, cells were washed 
away from the aggregates and incubated another 24 h (48 h). Glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) was used to normalize the data.

A

α-Syn α-Syn:PE α-Syn:PG PE PG

LC3b 24 h 1.2 2.3 1.9 2.5 1.1
48 h 0.9 0.8 0.8 1.2 0.9

p62
24 h 0.6 1.3 1.4 1.2 1.4
48 h 1.2 1.6 1.2 1.0 0.3

B
α-Syn α-Syn:PE α-Syn:PG PE PG

LC3b
24 h 3.8 0.7 0.8 0.8 1.0
48 h 0.8 0.4 0.2 0.2 0.2

p62 24 h 7.6 3.8 3.9 4.0 3.6
48 h 3.9 2.2 1.4 1.1 1.2

C
α-Syn α-Syn:PE α-Syn:PG PE PG

LC3b
24 h 1.9 1.8 1.0 2.2 1.3
48 h 0.6 0.8 0.7 0.8 0.4

p62
24 h 3.1 4.4 5.4 8.7 4.6
48 h 4.5 3.4 4.4 8.3 5.7

D
α-Syn α-Syn:PE α-Syn:PG PE PG

LC3b
24 h 1.3 1.2 2.3 2.5 1.4
48 h 0.7 0.8 1.1 1.3 1.0

p62
24 h 2.6 3.1 2.7 3.4 2.1
48 h 4.2 2.8 2.4 3.1 1.4
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environment that was ~4-fold higher even after aggregates were 
removed and cells were incubated in the amyloid-free environment for 
24 h. Similar conclusions could be made about microglia cells. We 
observed significant increases in the expression of p62 in the microglia 
cells exposed to α-Syn fibrils formed in the lipid-free environment, as 
well as in the presence of PE and PG. It should be noted that α-Syn and 
α-Syn:PE fibrils caused a strong activation of LC3b that was not evident 
for α-Syn:PG fibrils. However, expression levels of LC3b were brought to 
the normal levels after cells were incubated in the amyloid-free envi
ronment for 24 h. It should be noted that both PE and PG caused a very 
strong upregulation of LC3b and p62 in microglia cells.

Finally, we observed a strong upregulation in the expression of LC3b 
and p62 in macrophages exposed to α-Syn:PE and α-Syn:PG aggregates. 
However, no changes in the expression of these autophagosome markers 
were observed for the cells exposed to α-Syn fibrils formed in the lipid- 
free environment. Similar to microglia, PE vesicles caused a strong 
upregulation of LC3b in macrophages, whereas PG, on the other hand, 

triggered an activation of the expression of p62. The expression levels of 
both of these markers were normalized after cells were incubated in the 
lipid-free environment for 24 h. These results indicate that both amyloid 
aggregates and lipids themselves caused a strong increase in the auto
phagosome activity in macrophages, microglia, DC and neurons. Our 
results show that magnitude of the autophagosome activity is deter
mined by the lipid. These results suggest that lipid control toxicity of 
amyloid aggregates by changing the levels of cell autophagosome ac
tivity, and consequently, their ability to clear out amyloid aggregates.

Finally, we used ELISA to prove that both cells and exosomes possess 
amyloid aggregates, Fig. 4. Our results showed that macrophages, 
microglia, DC, and neurons possessed high concentrations of α-Syn ag
gregates after 24 h of their exposition to amyloids, Fig. 4, A. Our results 
also show that concentrations of α-Syn aggregates in all cells have only 
statistically insignificant variability. These results are in good agreement 
with the discussed above qPCR-based evidence of amyloid internaliza
tion by cells. We also found that after 30 h and 48 h, only neurons 

Fig. 4. ELISA of α-Syn in (A) macrophages, microglia, DC and neurons, as well as in the cell exosomes (B) at 24 h, 30 h and 48 h. According to one-way ANOVA, **p 
< 0.01, NS is non-significant difference; n = 3. Final protein final concentration of 4 μM, protein: lipid ratio was 1:1.
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possessed statistically significant amount of α-Syn, whereas no evidence 
of α-Syn was observed in macrophages, DC, or microglia cells. As was 
previously reported by our group, macrophages have innate mecha
nisms that degrade amyloids. This conclusion is further supported by 
their strong proliferation under these experimental conditions. We infer 
that no amyloids in DC and microglia cells were evident due to high 
mortality of these cells.

Our results also show that exosomes extracted from macrophages, 
microglia, DC, and neurons after 24 h of cell incubation with α-Syn fi
brils possess a high concentration of protein, Fig. 4, B. These results 
indicated that macrophages, microglia, DC, and neurons actively exo
cytosed α-Syn, which is in a good agreement with the previously dis
cussed results on cell autophagy. We also found no α-Syn in exosomes 
extracted from all types of cells past 24 h. Active autophagy explains a 
decrease in the protein in neurons at 24 and 30 h, as well as absence of 
significant changes in the concentration of α-Syn possessed by neurons 
between 30 h and 48 h.

3. Conclusions

Our results indicate that α-Syn fibrils formed in the lipid-free envi
ronment, as well as in the presence of PE and PG exerted substantially 
greater cytotoxicity to microglia and DC cell compared to neurons. It 
should be noted that PE and PG neither altered the rate of α-Syn ag
gregation, nor changed the morphology and structure of α-Syn fibrils. 
We also found that macrophages could quickly recover from the toxic 
effects of amyloid aggregates. Our data also indicates that PE and PG 
uniquely alter amyloid uptake by microglia, DC, macrophages, and 
neurons, as well as determine the change in cytokine profile of micro
glia, DC, and macrophages, while causing no expression of G-CSF, IL-1β, 
IL-6, TNFα, and INF interleukins in neurons. After their internalization, 
cells exocytose amyloid aggregate via autophagy. This mechanism likely 
aims to reduce cytotoxic effects of amyloid aggregates.

4. Experimental Procedures:

4.1. Materials

1,2-Dimyristoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (14:0 PG) 
and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (14:0 PE) were 
purchased from Avanti (Alabaster, AL, USA).

4.2. Protein expression and purification α-syn

To express protein, pET21a-α-synuclein plasmid was transformed 
into BL21 Escherichia coli (DE3), strain Rosetta. Transfomred cells were 
exposed to 1 mM of IPTG to induce α-Syn expression. Once appropriate 
optical density of the cell culture was reached, bacterial culture was 
centrifuged for 10 min at 8, 000 rpm. The formed pellet was resuspended 
in Tris buffer (10 mM EDT, 150 mM NaCl, 50 mM Tris, pH 7.5) and 
boiled for 30 min to lyse bacterial cells. Sample fraction enriched with 
α-Syn were centrifuged for 40 min at 16,000 g and the supernatant was 
collected. Next, we added streptomycin sulfate (10 % solution, 136 μL/ 
mL) in glacial acetic acid (228 μL/mL) to the supernatant to precipitate 
bacterial proteins and contaminants. Next, samples were centrifuged at 
4 ◦C for 10 min at 16,000 g. α-Syn in the supernatant was precipitated by 
saturated ammonium sulfate ((NH4)2SO4). The pellet was re-suspended 
in 100 mM NH4(CH3COO) under constant stirring for 5 min and absolute 
ethanol was added to the resuspended harvested α-Syn and dissolved in 
PBS.

4.3. Size Exclusion Chromatography (SEC)

Protein samples were exposed to 14,000 g for 30 min prior to SEC. 
For each SEC run, 500 μL of the concentrated α-syn was injected in AKTA 
pure (GE Healthcare) FPLC system equipped with a gel-filtration column 

(Superdex 200 10/300). The system and the column were kept at 4 ◦C. 
Samples were eluted isocratically using PBS, pH 7.4 at a flow rate of 0.5 
mL/min. Gel image of purified α-syn is shown in Fig. S2, while SEC 
profile of protein purification is shown in Fig. S3.

4.4. Liposome preparation

PG and PE were dissolved in chloroform. Once all solvent was dried, 
lipids were dissolved in PBS, pH 7.4. Next, lipid solution was heated in a 
water bath to ~50 ◦C for 30 min and cooled in liquid nitrogen for 3–5 
min. This procedure was repeated 10 times. After that, lipid solution was 
processed using an extruder equipped with a 100 nm membrane (Avanti, 
Alabaster, AL, USA). Dynamic light scattering was used to ensure that 
the size of PG and PE LUVs was within 90 ± 10 nm, Fig. S4.

4.5. Protein aggregation

To perform protein aggregation in the lipid-free environment, α-Syn 
was dissolved in PBS to reach the final protein final concentration of 40 
μM. For α-Syn:PG and α-Syn:PE, 40 μM of α-Syn and LUVs were mixed at 
1:1 M ratio in PBS. Next, samples were placed into 96 well-plate that was 
kept in the plate reader (Tecan, Männedorf, Switzerland) at 37 ◦C for 
150 h under 510 rpm agitation.

4.6. Kinetic measurements

Rates of α-Syn, α-Syn:PG and α-Syn:PE aggregation were measured 
using thioflavin T (ThT) fluorescence assay. For this, samples were 
mixed with 2 mM of ThT solution to reach 300 μM the final concen
tration of ThT and placed in into 96 well-plate that was kept in the plate 
reader (Tecan, Männedorf, Switzer-land) at 37 ◦C for 24 h under 510 
rpm agitation. Fluorescence measurements were taken every 10 min 
(excitation 450 nm; emission 488 nm).

4.7. AFM imaging

AIST-NT-HORIBA system (Edison, NJ) was used to acquire all AFM 
images. Silicon AFM probes (force constant 2.7 N/m; resonance fre
quency 50–80 kHz) purchased from Appnano (Mountain View, CA, USA) 
were utilized. Scar removal and noise filtering of the collected AFM 
images were made using AIST-NT software (Edison, NJ, USA).

4.8. Attenuated total reflectance Fourier-transform Infrared (ATR-FTIR) 
spectroscopy

FTIR spectra were acquired on Spectrum 100 FTIR spectrometer 
(Perkin-Elmer, Waltham, MA, USA) equipped with ATR module at room 
temperature. Spectra were analyzed using Thermo Grams Suite software 
(Thermo-Fisher Scientific, Waltham, MA, USA).

4.9. Cell culturing

Rat midbrain N27 neuronal cells were purchased from ATCC and 
grown in RPMI 1640 Medium (Thermo Fisher Scientific, Waltham, MA, 
USA) with 10 % fetal bovine serum (FBS) (Invitrogen, Waltham, MA, 
USA) in 96 well-plate (50,000 cells per well) at 37 ◦C and 5 % CO2. 
Macrophages H36.12j [Pixie 12j] were purchased from ATCC and grown 
in RPMI-1640 (Thermo Fisher Scientific, Waltham, MA, USA) with 10 % 
fetal bovine serum (FBS) (Invitrogen, Waltham, MA, USA) in 96 well- 
plate (50,000 cells per well) at 37 ◦C and 5 % CO2. Dendritic cells 
(DC2.4) were purchased from ATCC and RPMI-1640 with 10 % fetal 
bovine serum (FBS) (Invitrogen, Waltham, MA, USA) in 96 well-plate 
(50,000 cells per well) at 37 ◦C and 5 % CO2. Microglia cells (SIM-A9) 
were purchased from ATCC and grown in mix of medium DMEM and 
F12 in ratio 1:1 and 10 % fetal bovine serum (FBS) (Invitrogen, Wal
tham, MA, USA), 5 % horse serum (HS) (Invitrogen, Waltham, MA, USA) 
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at 37 ◦C and 5 % CO2. Antibiotic Normocin (InvivoGen, CA, USA) was 
added to all cell cultures to prevent bacterial contaminations.

4.10. Proliferation assay

After 24 h of incubation with the sample of protein aggregates, cells 
were stained using alamarBlue HS Cell Viability Reagent (Thermo Fisher 
Scientific, Waltham, MA, USA). Cells were incubated with 10 μL the dye 
for 3 h at 37 ◦C under 5 % CO2. Fluorescence measurements were made 
in plate reader (Tecan, Männedorf, Switzerland) at 560 nm excitation. 
Emission signal was collected at 590 nm. Every well was measured 25 
times in different locations.

4.11. Lactate dehydrogenase assay

After 24 h of cell incubation with the sample of protein aggregates, 
CytoTox 96 non-radioactive cytotoxicity assay (G1781, Promega, Mad
ison, WI, USA) was used to quantify LDH levels in the cell media. An 
increase in the concentration of LDH indicates a decrease in cell 
viability. Absorption measurements were made in plate reader (Tecan, 
Mannedorf, ¨Switzerland) at 490 nm. Every well was measured 25 times 
in different locations.

4.12. Expression of cytokines

After incubation cells with samples, RayPlex Inflammation Bead Kit 
(RayBiotech Life, GA, USA) was used. Prepare dilutions for standard and 
dilutions for samples. Obtain 6 clean 1.5 ml microcentrifuge tubes. 
Pipette 30 μl Std1 into tube Std2 and mix gently. Perform 5 more serial 
dilutions by adding 30 μl of Std2 to tube Std3, mix, and so on. Add 60 μl 
1× Assay Diluent or RayBio Serum Diluent to another tube labeled as 
negative. Add 60 μl 1× Assay Diluent or RayBio Serum Diluent as 
applicable to each tube. Add 25 μl of RayPlex Multiplex Bead Cocktail to 
25 μl each well that will contain the negative, standard, or sample. 
Shake at 1,000 rpm at room temperature for 2 h or overnight at 4 ◦C for 
which may increase the signal-to-noise ratio, particularly for proteins 
with low concentrations. Wash the beads by adding 200 μl 1× Wash 
Buffer. Add 25 μl of 1× Biotinylated Detection Antibody Cocktail to each 
well. Resuspend the beads by gently pipetting and incubate on an orbital 
shaker at 1,000 rpm at room temperature for 1 h and wash twice. Add 
50 μl of 1× Streptavidin-PE to each well, incubate on an orbital shaker at 
1,000 rpm at room temperature for 30 min. Wash plate once. Resuspend 
in 150 μl of 1× Wash Buffer. Analyze samples on BD LSR II Flow Cy
tometer (Becton Dickinson, USA).

4.13. Enzyme-linked immunoassay (ELISA)

ELISA assay was performed by using a α-Syn ELISA Kit (Invitrogen, 
cat.N. KHB0061). Cells were concentrated by centrifugation and lysed 
using Cell Extraction Buffer (10 mM Tris (pH 7.4), 100 mM NaCl, 1 mM 
EGTA, 1 mM NaF, 20 mM Na2P2O7, 2 mM Na3VO4, 1 % Triton X-100, 10 
% glycerol, 0.1 % SDS, and 0.5 % deoxycholate) for 30 min, on ice, with 
mixing on vortex at 10-mim intervals. Then lysate was centrifuged at 
13,000 rpm for 10 min at 40С, supernatant was saved.

After standards preparation, 50 μL of standards, controls, and sam
ples were added to wells, except for chromogen blanks. Then 50 μL of 
Hu-α-Synuclein Detection Antibody solution was added to each well 
except for the chromogen blanks. After incubation for 3 h at room 
temperature solution was aspirated from wells, and the wells were 
washed 4 times with Wash Buffer. Next 100 μL Anti-Rabbit IgC HRP was 
added into each well except for the chromogen blanks. The plate was 
incubated at room temperature for 30 min. After that solution was 
aspirated, and the wells were washed 4 times with Wash Buffer. Then, 
100 μL of Stabilized Chromogen was added to each well. After incuba
tion for 30 min in the dark 100 μL Stop Solution was added to each well. 
Absorbance was read at 450 nm.

4.14. Gene Expression

RNA was first extracted from the cells exposed to amyloid aggre
gates, as well as the cells that were treated using the same volume of PBS 
using a GeneJET RNA Purification Kit (K0732, Thermo Scientific). 
NanoDrop One (Thermo Scientific) was used to determine the concen
tration of extracted RNA. Next, synthesis of cDNA was performed with 
Super-Script™ III Reverse Transcriptase (18080093, Invitrogen) and 
random primers (48190011, Invitrogen). Specific primers were designed 
for p62 and LC-3 genes. qPCR were performed on C1000 Touch Thermal 
Cycler (BioRad). Each reaction mixture contained cDNAs and gene- 
specific primers, as well as SYBR Green PCR master mix (4309155, 
Applied Biosystems). PCRs were performed to 40 cycles. Beta-actin was 
used as a reference housekeeping gene to normalize the expression 
levels of p62 and LC-3 genes. The quantification of the relative expres
sion of p62 and LC-3 genes was determined using the comparative Ct 
method (2-ΔΔCt). In this approach, ΔCt represents the difference in 
threshold cycles between the target gene and the housekeeping gene 
(GAPDH), while ΔΔCt represents the difference in ΔCt values between 
the cells exposed to amyloid samples and the control.
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