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Abstract (150 words)

Since SARS-CoV-2 virus started spreading worldwide, evidence pointed towards an impact of the infection
on the nervous system. COVID-19 patients present neurological manifestations and have an increased risk of
developing brain-related symptoms in the long term. In fact, evidence in support of the neuroinvasive
potential of SARS-CoV-2 has emerged.

Considering that viral parkisonism was observed as a consequence of encephalopathies caused by viral
infections, it has been already suggested that COVID-19 could affect the dopaminergic neurons and
contribute to neurodegeneration in Parkinson’s disease (PD), by promoting the formation of amyloid fibrils
constituted by the PD-related protein alpha-synuclein. Here, we not only observe that SARS-CoV-2 viral
Spike protein and Nucleocapsid protein can alone promote alpha-synuclein aggregation, but also that the
Spike protein organization in a corona shape on the viral envelope may be crucial in triggering a fast amyloid

fibrils formation, thus possibly contributing to PD pathogenesis.
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Introduction

In the last four years, since the first case was officially reported in Wuhan, China [1], COVID-19 has been a
dramatic global health emergency, with more than half a billion cases reported worldwide and patients still
reporting a broad variety of symptoms for up to more than a year after onset [2].

Other than its most common respiratory symptoms, ranging from mild to severe and fatal[3], patients can
also present a series of neurological signs, including encephalopathies and inflammatory central nervous
system (CNS) syndromes, but most commonly the insurgence and persistence of anosmia and dysgeusia in
COVID-19 patients [4], common non-motor features of Parkinson's disease (PD) [5].This spiked the interest
of the scientific community, raising the question of whether this infection could represent a risk factor for the
insurgence of neurodegenerative diseases, as shown for example in the past, following Influenza infections
[6]. Clinically this concern deserves credit, a very large cohort of patients were analysed six months after the
infection showing an overall increased risk of developing brain-related symptoms, which includes both
mental health issues and neurological defects [7].

Recovered patients have also been affected by small fiber peripheral neuropathy, similarly to other neuronal
degenerative diseases, even months after recovery [8].

This concern was also substantiated by an emerging body of evidence in support of the neuroinvasive
potential of SARS-CoV-2 with multiple studies reporting the presence of viral RNA in different brain
sections in post-mortem patients, and immunostaining analysis confirming the presence of SARS-CoV-2
proteins in cranial nerves originating from the lower brainstem, Human Brainstem Nuclei and cortical
neurons [9,10]. Interestingly, the angiotensin-converting enzyme 2 (ACE2) receptor, which mediates SARS-
CoV-2 entry into target cells [11], plays a role in brain function and development and it has been detected at
the level of different neuronal and glial cell types, including dopaminergic neurons [12,13]. Moreover, the
Neuropilin 1 receptor (NRP1), which facilitates SARS-CoV-2 cell entry [14], is also expressed in neurons
[15]. In this frame, using human brain organoids and mice overexpressing human ACE2, the virus was also
confirmed to be able to directly target neurons for invasion [11,16] and some studies also report traces of the
virus S-protein (Spike protein) within neurons of the olfactory mucosa and endothelial cells of small CNS

vessels [14,17], indicating two possible entryways that the virus could exploit to reach the brain.

Our avenue of investigation in the realm of neurodegeneration is Parkinson’s disease (PD), which is
characterized by the progressive loss of dopaminergic neurons of the substantia nigra pars compacta [18].
Indeed, viral parkinsonism is a well-known secondary consequence of encephalopathies caused by viral
infections, like those caused by influenza, Coxsackie, Japanese encephalitis B, St. Louis, West Nile and HIV
viruses [19]. Possible scenarios of how COVID-19 would affect the dopaminergic system have already
emerged in the literature [20]. Among these, of great interest is the study of alpha-synuclein (asyn)
aggregates formation, whose presence inside proteinaceous deposits called Lewy bodies is a well-known
hallmark of PD [18]. The fact that asyn aggregation can be promoted by other proteins has been already

established [21,22]. In more recent studies the same was demonstrated for SARS-CoV-2 proteins, which
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were shown to interact with asyn in vitro and when overexpressed in cell models, suggesting that they can
contribute to the formation of amyloid aggregates [23,24]. Moreover, intracellular asyn aggregates were also
identified in the substantia nigra of macaques infected with SARS-CoV-2 virus [25].

Finally, viral particles themselves have been shown to facilitate the formation of amyloid aggregates, as in
the case of the Alzheimer’s disease related protein amyloid-beta [26], leading to the question of whether a
similar outcome could be expected following the interaction of the SARS-CoV-2 virus with asyn.

In this study, we compared, both in vitro and in a cell model, the different contributions that soluble SARS-
CoV-2 viral S-protein, soluble SARS-CoV-2 viral N-protein (Nucleocapsid protein) and SARS-CoV-2
pseudo-viral particles have on asyn aggregation kinetics and products, to understand the importance of the

organized distribution of the S-protein on the viral particle surface for the aggregation of asyn.

Results and Discussion

We first set out to investigate how the interactions between recombinant S-protein and asyn may affect the
amyloid fibrils formation kinetics in in-vitro experiments. Since a recent report suggested that SARS-CoV-2
N-protein can accelerate asyn fibrils formation [23], we also studied the N-protein impact on this process.
For this purpose, we exploited an asyn seed amplification assays (SAAs), called RT-QulC, typically used in
diagnostic to detect abnormally folded prion proteins [27] (Fig. 1a).

Aggregation lag time normalized to the control is significantly reduced in the presence of either viral protein
(Fig. 1b). Specifically, in both tested conditions, the presence of the viral proteins has a shortening effect on
the lag time, resulting in intermediate values as compared to the positive controls for asyn aggregation (1 ng
and 1 pg of PFFs). The process was further studied by characterizing the slopes of the exponential growth
phase of the aggregation curves (Fig. 1c¢). Strikingly, only the presence of the viral N-protein has a
significant effect on the derivative of the curve, which is steeper, suggesting a faster elongation of the fibrils.
A decrease in the aggregation lag time was previously reported to occur only because of the interaction
between N-protein and asyn [23] and not with S-protein, suggesting that the different methods used to assess
their effects (ThT kinetics vs RT-QulC) may allow to identify different behaviours.

To further characterize the possible role of the S-protein assembled on the SARS-CoV-2 virus in the
promotion of asyn amyloid fibrils formation, we verified whether SARS-CoV-2-mimicking VSVAG
pseudoviral particles would have a similar effect on asyn aggregation compared to the viral proteins. Indeed,
recent reports indicate that some viruses interact with amyloidogenic peptides though their protein corona,
functioning as nucleation points for amyloid aggregation [26]. With this aim, we used the RT-QulC setup to
test three serial dilutions of both S-protein exposing VSVAG pseudoviral particles (VSVAG-S-protein) and
control VSVAG pseudoviral particles presenting the stomatitis virus proper surface glycoprotein (VSVAG-
G). Once again, we measured both the aggregation lag time and slope of the exponential growth phase of the
aggregation curves. (Fig. 1d-f).

The two highest concentrations used of VSVAG-S-protein significantly reduce the aggregation lag time
compared to the control, while VSVAG-G show no significant effect on asyn aggregation lag time (Fig. 1e).
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Similarly, under the same two VSVAG-S-protein aggregation conditions, the exponential growth phase of
the aggregation curves presents a significantly higher derivative compared to the control. The same occurs
for the higher concentration of VSVAG-G, which also shows a significant increase of the slope of the curve
(Fig. 1f). When comparing VSVAG-S-protein result to the one obtained in the presence of the S-protein
alone, we found that the relative reduction in the lag time was similar: 0.68 + 0.14 and 0.79 £ 0.17 in the case
of the two highest concentrations of VSVAG-S-protein and 0.77+0.12 in the presence of only viral S-protein.
To further compare these two conditions, we quantified by western blot the level of the S-protein present in
the VSVAG-S-protein samples used for the aggregation assays and compared it to the amount used in the
assays where the S-protein alone was present (Fig. 1g). While we were able to detect a signal from the serial
dilutions of recombinant S-protein, the same was not possible in the pseudoviral particle samples. These data
suggest that the amount of S-protein in the VSVAG-S-protein samples is lower than in the aggregation assay
where only the recombinant S-protein was used, supporting the notion that when ordered in a “corona”
shape, S-protein is much more efficient in speeding up the aggregation process.

To understand whether the observed variations on the kinetics of fibril formation due to the presence of
VSVAG-S-protein could also affect fibril elongation, amount and morphology, we performed steady-state
Thioflavin T (ThT) fluorescence measurement and atomic force microscopy (AFM) imaging. ThT
fluorescence emission allowed to evaluate the presence of beta-sheet positive amyloid fibrils, which were
particularly significant in the seed-induced fibrils, as expected, but were also present in the VSVAG-S-
protein and VSVAG-G fibrils (Fig. Suppl. 1a). Accordingly, AFM imaging (Fig. 2) performed on aliquots
taken at the same time points of aggregation runs, performed either in the presence of asyn pre-formed seeds,
of VSVAG-S-protein or of VSVAG-G, evidenced substantially higher amounts of fibrillar material with
respect to the aggregation of asyn alone. In particular, aggregations only containing asyn were observed to be
almost devoid of fibrils after 168h of incubation, whereas abundant fibrils with the diameter typically
associated with mature asyn amyloids observed in similar conditions (~7.5 nm) [28] were present in the
remaining three samples.

Overall, these data support the concept that unbound S-protein can impact on the aggregation of asyn, but its
effect is dramatically increased upon inclusion on the surface of VSVAG-S-protein pseudoviral particles.
This suggests that S-protein can act as a nucleating factor for the aggregation of asyn, but more efficiently
when ordered or simply locally more concentrated on the particle surface.

We finally wanted to verify whether the VSVAG-S-protein pseudoviral particles were able to induce the
accumulation of asyn aggregates in a cellular model. To this aim, we exploited an inducible HEK293T cell
line, which allows to induce the over-expression of asyn by the addition of doxycycline (dox) in cell culture
medium in a concentration-dependent manner (Fig. Suppl. 2a). In this model, we developed two different
paradigms to investigate the role of SARS-CoV-2 proteins or infection in cells: (i) we over-expressed the
VSV Glycoprotein or the S-protein, which we showed are localized not only at the plasma membrane, but
also in the cytoplasm, in immortalized cell lines (Fig. Suppl. 2b), thus being possibly able to interact with
the over-expressed asyn; (ii) we induced the assembly of pseudo-viral particles within the HEK293T cells by

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Chemical Neuroscience Page 6 of 16

over-expressing either the VSV Glycoprotein or the S-protein, and then by infecting the cells with the
VSVAG-G pseudoviral particles. The Ilatter allowed to produce VSVAG-G and VSVAG-S-protein
pseudoviral particles within the cells, that were also released in the medium and could be taken up by
HEK293T cells (Fig. Suppl. 2¢) possibly via the classical interaction with the ACE2 and NRP1 receptors,
which are expressed by this cell type (Fig. Suppl. 2d). Despite being artificial, we predicted that this way it
would be more likely to have good levels of VSV Glycoprotein or S-protein, or of the respective pseudoviral
particles, able to promote their interaction with the overexpressed asyn, within the cells, at the plasma
membrane or within the endo-lysosomal compartment.

Thus, the proposed experimental approach allowed to compare the amount of asyn aggregates in asyn-dox
cells, either when overexpressing the S-protein or in the presence of VSVAG-S-protein pseudoviral particles,
with different control conditions (VSV Glycoprotein overexpression or VSVAG-G pseudoviral particles
presence, asyn-overexpressing or naive cells) (Fig. 3a). The expression of the different proteins (asyn, VSV
Glycoprotein or S-protein) was evaluated by western blot in the different conditions (Fig. 3b), while to
quantify the amount of asyn aggregates we exploited a custom-made ELISA assay [29], using specific
antibodies against asyn aggregates, which provided a larger sensitivity compared to other techniques. The
outcome of the measurements, which were performed on cellular lysates at the end of the experimental
procedure shown in Fig. 3a, suggested that the impact of the S-protein overexpression or the presence of
VSVAG-S-protein pseudoviral particles on the amount of asyn aggregates in HEK293T cells is negligible
compared to the asyn overexpressing cells, at least under our experimental conditions (Fig. 3¢). Seemingly in
contrast with the in vitro results, this could be explained by the fact that the measurement was performed at a
fixed point in time, dictated by the use of a cell model. Thus, we could neither monitor the development of
aggregates in real time nor observe changes that may have occurred at later stages, or even at earlier stages,
but undetected due to cell death and dispersion of possible asyn aggregates in the medium. The possible
compartmentalization of the viral proteins, the pseudoviral particles or of asyn (at the membranes or in
different intracellular compartments) could also interfere with the interaction and the possible impact on the
aggregation. Moreover, in the intracellular environment other processes, such as autophagy, are likely to
interfere with the asyn aggregation process, but also with the behaviour of the pseudoviral particles and of
the S-protein itself. Lastly, to confirm our observations regarding the Spike protein corona effect on the
aggregation of asyn, further study using a non-functionalized particle as a negative control would be ideal.
The replication-restricted rVSV-AG pseudotypes used as our model for the virus are versatile, but their
production process does not allow to easily obtain particles with no surface protein. Introducing a surface
protein presenting a cleavage site for the excision of any binding domain from the particle surface after
assembly and collection is for sure a possibility but requires further study and fine tuning. An alternative
option would be to adopt a different virus mimicking model, for example maleimide labelled lipid
nanoparticles to be later functionalized with the Spike protein [30], adapting our experimental design to
accommodate for the lack of replication ability of the nanoparticles and introducing the particles inside the

cells by other means, like microinjection or electroporation [31].
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These results and considerations suggest that further studies would be needed to understand whether the
SARS-CoV-2 proteins or the virus itself can work as nucleation centres and accelerate asyn aggregation in
cell models. Overall, our work showed that both N-protein and S-protein can accelerate the in vitro
formation of asyn amyloid fibrils when in their soluble unbound forms. Interestingly, in recently published
papers S-protein fragments are shown to be able to stimulate the aggregation of asyn, both in molecular
dynamics simulations studies [32] and in in vitro experiments [33], and some of these fragments also possess
amyloidogenic properties themselves in in vitro aggregation experiments [34]. One of these fragments in
particular is generated when the S-protein is processed by neutrophil elastase, suggesting that
neuroinflammation could contribute to the aggregation process during the viral infection [35].

In light of these findings we have to take into account that part of the promoting effect on aggregation that
we observe in our experiments could be due to S-protein fragmentation during the aggregation process. This
is certainly an avenue worth exploring in future projects.

Strikingly, less S-protein is sufficient to promote similar kinetic effects when it is assembled on pseudoviral
particles, thus suggesting that its ordered or locally confined distribution is a contributing factor that has a
similar or bigger relevance to the aggregation than the S-protein structural properties alone. This is in good
agreement with the fact that intracellular aggregates were found in the midbrain of macaques after SARS-
CoV-2 infection [25]. A clinical trial is ongoing to measure the presence of pathological asyn aggregates in
the olfactory mucosa of patients with COVID-19, using an RT-QulC method similar to the one we applied
(https://ichgep.net/clinical-trials-registry/NCT05401773), confirming that selecting the approach presented

here was ideal. It should also be mentioned that RT-QulC relies on the use of very low concentrations of
asyn (7uM) compared to the concentration chosen when applying other biophysical or biochemical
methodologies to study asyn aggregation in-vitro [36]. This means that also the seeds, being proteins,
fragments of asyn fibrils or viral particles, present very low concentrations in our assay. These experimental
conditions allow us to avoid molecular crowding effect that normally occurs because of the high
concentration of macromolecules present in solution, which causes the solvent to be less available to the
molecules thus increasing their local concentrations. Since we have low concentrations of the molecules
under investigation in the RT-QulC samples, we are aware that we are distant from the conditions of the
intracellular environment [37]. On the other hand, this approach allowed us to single out the mechanisms
unrelated to molecular crowding that could possibly determine the increase in the asyn aggregation rates in
the different conditions.

The outcome of the clinical study mentioned above will hopefully allow us to better understand the
contribution of SARS-CoV-2 infection in PD and other synucleinopathies, in order to evaluate the possibility
that the pandemic may have (possibly in a large timeframe) an impact on PD predisposition in the former
COVID-19 patients similarly to other epidemiological and environmental risk factors (Fig. 4).

In conclusion, viral parkinsonism was already observed as a secondary consequence of encephalopathies

caused by viral infections [19] and asyn aggregation was shown to be promoted by other proteins [21,22,23],
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but no previous work that we could find focused was on viral particle themselves as a seeding agent for asyn
aggregation, as was done instead in the case of Alzheimer’s amyloid-beta protein [26].

With all this considered we believe that our work builds on previous publications on the topic, confirming
the role of SARS-CoV-2 proteins in asyn aggregation and suggesting an interesting avenue of research on
viral particle themselves as seeding agents, not only in the case of SARS-CoV-2, but also all those viral
infections linked to PD in which direct seeding by viral particles protein coronas themselves has not yet been

investigated.
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Figure 1. aSyn in-vitro aggregation is enhanced by SARS-CoV-2 proteins and SARS-CoV-2-mimicking VSVAG
pseudoviral particles.

(a) Representative RT-QulC assay aggregation curves in the presence of viral proteins as seeding agents. Samples consist in asyn-
only control, asyn in the presence of two serial dilutions of asyn preformed fibrils (PFFs) to act as positive controls [asyn : PFFs
molar ratio of 1:108 and 1:10'!], asyn in the presence of viral S-protein [asyn : S-protein molar ratio of 1:90] and asyn in the presence
of viral N-protein [asyn : N-protein molar ratio of 1:90]. (b) Aggregation curves lag times normalized to the control (multiple
comparison ordinary one-way ANOVA; S-protein, **** p < (0.0001; N-protein, *** p = 0.0001; PFFs 1ng, **** p < (0.0001; PFFs
Ipg, ** p = 0.0049; n = 10-20). (c) Slopes of the exponential growth phases of the aggregation curves normalized to the control
(multiple comparison ordinary one-way ANOVA; N-protein, **** p < 0.0001; PFFs 1ng, **** p < 0.0001; n = 10-20). (d)
Representative RT-QulC assay aggregation curves in the presence of VSVAG pseudoviral particles as seeding agents. Samples
consist in asyn-only control, asyn in the presence of two serial dilutions of asyn preformed fibrils (PFFs) to act as positive controls
[asyn : PFFs molar ratio of 1:10% and 1:10!'], asyn in the presence of three serial dilutions of S-protein exposing VSVAG
pseudoviral particles (VSVAG-S-protein) [asyn molecules : VSVAG-S-protein particles ratio of 1:3x10'!, 1:3x10'2 and 1:3x10'3] and
asyn in the presence of three serial dilutions of VSVAG pseudoviral particles presenting the stomatitis virus proper surface
glycoprotein (VSVAG-G) [asyn molecules : VSVAG-G particles ratio of 1:3x10'!, 1:3x10'2 and 1:3x10'3]. (e) Aggregation curves
lag times normalized to the control (multiple comparison ordinary one-way ANOVA; VSVAG-S-protein 1:3x10"14, **** p <
0.0001; VSVAG-S-protein 1:3x10715, *** p = 0.0006; PFFs Ing, **** p < 0.0001; PFFs lpg, **** p < 0.0001; n = 10-20). (f)
Slopes of the aggregation curves exponential growth phases normalized to the control (multiple comparison ordinary one-way
ANOVA; VSVAG-S-protein 1:3x10714, **** p < 0.0001; VSVAG-S-protein 1:3x10"15, **** p <0.0001; VSVAG-G 1:3x10"14, *
p = 0.0167; PFFs Ing, **** p < (0.0001; PFFs 1pg, **** p < (0.0001; n = 10-20). (g) Detection by western blot of the level of S-
protein present in the SARS-CoV-2-mimicking VSVAG pseudoviral particles samples used for the aggregation assays (three serial
dilutions containing respectively 1500, 150 and 15 particles) compared to the S-protein amount used in the protein-only assays.
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Figure 2. SARS-CoV-2 pseudoviral particles accelerate the formation of mature asyn fibrils in vitro. Representative
AFM micrographs of aliquots taken after 168h of incubation without additives (osyn), Ing asyn preformed fibrils (PFFs), S-
protein-exposing VSVAG pseudoviral particles (VSVAG-S) and pseudoviral particles presenting the stomatitis virus proper surface
glycoprotein (VSVAG-G). Scale bar: 1 pm.
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Figure 3. S-protein or S-protein pseudoviral particles do not impact on asyn aggregation in cell models.

(a) Schematic representation of the experimental setup used to test the ability of S/G-proteins alone or assembled on pseudoviral
particles to induce asyn aggregation in a cellular environment. Briefly, asyn overexpression was induced by the addition of 100 ng/ml
dox in the cell medium of stable and inducible HEK293T cells, while non-induced cells were used as negative control. Cells were
then transfected with either S-protein or G-protein encoding plasmids, or 3xFlag empty vector used as control. On the third day, half
of the cells were infected with VSVAG-G pseudoviral particles to promote S/G-protein assembly on their surface. Non-infected cells
were used to compare the effect of S/G-proteins alone on asyn aggregation. (b) 24-hour post-infection, asyn protein levels were
analyzed by western blot in all conditions, S-protein and G-protein expression was tested by specific antibodies and Actin was used
as loading control. (¢) The presence of asyn aggregates in the cell lysate was detected by a sandwich ELISA using the anti-
aggregated asyn MJFR14-6-4-2 antibody and the Syn-1 antibody (total asyn) as detection and capturing antibody, respectively. Data
are pooled together from three independent experiments with two technical replicates each. Data are presented as Mean +/- SD and
normalized for the S-protein-transfected condition within VSVAG-G infected and non-infected groups.
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Figure 4. Schematic representation of the possible impact of SARS-CoV-2 infection on the predisposition to develop PD or
other synucleinopathies.

a) A large variety of causative genes were associated to the etiology of PD, as well exposure to toxins, by promoting asyn
oligomerization and aggregation process. Moreover, genetic or environmental risk factors, including aging, were suggested to
increase the predisposition to PD or may be involved in the observed differences in PD onset, progression or symptoms.

b) SARS-CoV-2 infection, which can be associated to the presence of the virus in the infected neurons due to its neurotrophic
factors, may be one of the possible risk factors that in combination with the aging and other risk factors, can predispose to PD by
affecting the aggregation of asyn.
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Supporting Information

Supplementary file contains Supplementary Table S1, which contains aSyn and seeds final mix
concentrations and relative ratios used in RT-QulC assay. Supplementary figure S1, representing the study of
asyn aggregation using ThT and the details of the purification of the spike protein. It also contains
Supplementary figure S2, which shows the characterization of the used cells at the level of protein

expression (asyn, spike and glycoprotein and spike receptors).

Finally, the supplementary file also contains the materials and methods section, detailing: the production of
recombinant His-asyn, recombinant S-protein, and pseudoviral particles. The Real-time quaking-induced
conversion (RT-QulC) Aggregation Assay, asyn aggregation for AFM imaging and ThT assay. Generation
of inducible stable cell line and in-cell pseudoviral particle induced asyn aggregation. Western blot,

aggregated asyn ELISA assay and immunocytochemistry
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