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Abstract

The corona virus (SARS-CoV-2) pandemic and the resulting long-term neurological complications in patients,
known as long COVID, have renewed the interest in the correlation between viral infections and neurodegenerative
brain disorders. While many viruses can reach the central nervous system (CNS) causing acute or chronic infections
(such as herpes simplex virus 1, HSV-1), the lack of a clear mechanistic link between viruses and protein
aggregation into amyloids, a characteristic of several neurodegenerative diseases, has rendered such a connection
elusive. Recently, we showed that viruses can induce aggregation of purified amyloidogenic proteins via the direct
physicochemical mechanism of heterogenous nucleation (HEN). In the current study, we show that the incubation
of HSV-1 and SARS-CoV-2 with human cerebrospinal fluid (CSF) leads to the amyloid aggregation of several
proteins known to be involved in neurodegenerative diseases, such as: APLP1 (amyloid beta precursor like protein
1), ApoE, clusterin, a2-macroglobulin, PGK-1 (phosphoglycerate kinase 1), ceruloplasmin, nucleolin, 14-3-3,
transthyretin and vitronectin. Importantly, UV-inactivation of SARS-CoV-2 does not affect its ability to induce
amyloid aggregation, as amyloid formation is dependent on viral surface catalysis via HEN and not its ability to
replicate. Our results show that viruses can physically induce amyloid aggregation of proteins in human CSF, and
thus providing a potential mechanism that may account for the association between persistent and latent/reactivating

brain infections and neurodegenerative diseases.
Introduction

The COVID-19 pandemic is estimated to have caused more than 6 million deaths worldwide in addition to
tremendous economic and societal disruptions. While lock-down measures and vaccines helped ameliorate the acute
impact of the pandemic, millions of people continue to suffer from post-acute COVID syndrome, or what is
commonly known as long COVID (1). Many of the symptoms associated with long COVID are neurological in
nature, such as fatigue, frequent headaches, and so-called “brain fog”, which includes difficulties with memory and
concentration (2—4). The large and increasing number of people with post-COVID neurological symptoms has
renewed the interest in the link between viruses and neurodegenerative brain disorders. There have been similar
findings with other post-viral syndromes, including herpes simplex virus 1 (HSV-1) and its link to Alzheimer’s
disease (AD) (5) and likewise for influenza virus and Parkinson’s disease (PD) (6). More recently, a strong link has
been found between Epstein-Barr virus and multiple sclerosis (7). However, several factors have complicated the

understanding of the connection between viruses and neurodegeneration, including:

1. The prevalence of viral infection is usually much higher than the prevalence of neurodegenerative diseases.
For example, while nearly two-thirds of the human population have been infected with HSV-1 (8), the
prevalence of AD is less than 2% (9).
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2. The latent or persistent nature of viral brain infections, which usually involves alternating cycles of latency
and activation, together with the long course of neurodegenerative diseases make it difficult to establish
accurate temporal causal links.

3. The lack of a mechanism linking viral infections to amyloid aggregates, a hallmark of neurodegenerative

disease.

The first two factors relate to the nature of viral infections of the brain and its immune responses to viruses. Since
excessive inflammation can lead to irreparable neuronal damage, the brain evolved as an “immune-privileged”
organ, where immune responses are tightly balanced and limited in magnitude and duration to prevent tissue damage
(10, 11). Thus, while viral access to the brain is generally restricted by physical barriers (skull and meninges) and
physiological barriers (the blood-brain-barrier), the viruses that manage to reach the brain benefit from the immune
privilege and establish long-term latent (non-replicating) or persistent (low-level replication) infections, which can
be reactivated depending on the genetic background and the immune status of the host (12). Furthermore, the non-
replicating or low-level-replication of latent or persistent infections makes it very difficult to accurately quantify
viral presence in the brain. However, the differential reactivation patterns across individuals may explain the
prevalence gap between viral infections and neurodegenerative diseases, where some people are more susceptible
than others to the long-term effects of chronic infections. Additionally, more sensitive detection methods are helping
to better spatially and temporally correlate viruses with particular neurodegenerative pathologies. For example,
RNAscope, a highly sensitive in-situ RNA hybridization method, has recently been utilized to differentiate between
latent and lytic transcripts in human brain tissue and in the brains of AD mouse models infected with HSV-1, a
result that was not attainable by normal qPCR (13). The same technique was used to show that SARS-CoV-2 infects
cortical neurons in the brains of a subgroup of COVID-19 patients and induces AD-like neuropathology, including
amyloid aggregation (14). Additionally, the proximity of the appearance of neurological symptoms to SARS-CoV-
2 infection and the availability of large datasets from patients are enabling better causal correlations to be made.
This has been demonstrated recently in a study of UK biobank participants, which identified significant longitudinal
effects of SARS-CoV-2 infection on the brains of infected individuals, such as a reduction in grey matter thickness

and global brain volume, compared to controls (15).

The third factor that put into question viral involvement in neurodegenerative diseases was the early finding that
brain material inactivated by exposure to ultraviolet (UV) light can induce amyloid aggregation and
neurodegeneration when inoculated into naive brains (16, 17). Since UV light inactivates nucleic acids, the agent
inducing amyloid protein aggregation was hypothesized to be non-viral in nature, protein-only (prion), since viruses
require nucleic acids for propagation (18). Protein-only prions are hypothesized to carry the conformational
information required to template the transformation of normal proteins into amyloids (19). However, we have

demonstrated earlier that viruses, including HSV-1 and respiratory syncytial virus (RSV), can induce amyloid
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aggregation of amyloidogenic proteins via the physicochemical mechanism of heterogenous nucleation (HEN) in
the absence of a protein seed acting as a conformational template (20). Recently, we outlined a theoretical
framework that governs this process, illustrating that amyloid formation is a spontaneous folding event that is
thermodynamically favorable under the conditions of supersaturation and nucleation and not a templated replication
process (21). We have also recently demonstrated that, due to the highly stable and inert nature of amyloids, toxicity
in amyloid pathologies might be more dependent on protein sequestration in the insoluble amyloid form (loss-of-

function toxicity) rather than direct toxicity from the aggregates (gain-of-function toxicity) (21-23).

In the current study, we show that HSV-1 and UV-inactivated SARS-CoV-2 induce amyloid aggregation of proteins
in human cerebrospinal fluid (CSF) ex-vivo. Using mass spectrometry-based proteomics to analyze the virus-
induced amyloids, we identify several proteins that have been previously found in plaques from patients with
neurodegenerative diseases. Our results indicate that viruses are mechanistically capable of directly triggering

amyloid aggregation of proteins in human CSF.
Results
HSV-1 and SARS-CoV-2 induce protein aggregation in the CSF

To determine whether viral particles can catalyze amyloid aggregation of proteins in a complex human biofluid at
their native concentration, we incubated live HSV-1 virus and UV-inactivated SARS-CoV-2 virus with CSF
harvested from healthy individuals. We traced the ability of the viruses to induce amyloid formation using the
thioflavin-T (ThT)-assay, where ThT fluorescence is enhanced upon binding to amyloid fibrils (24). Both viruses
were able to induce amyloid aggregation of proteins in the CSF, while CSF with no virus added did not display any
substantial signal for increasing amyloid aggregation over time (Figure 1. A and B). Additional controls, including
non-infected cell medium and virus-only, produced a much lower signal, which is similar to what we reported earlier
with purified amyloidogenic proteins (20). The maximum ThT fluorescence enhancement obtained from the viral
treated CSF was significantly higher than all the controls (Supplementary Figure 1.). In addition, we used
transmission electron microscopy (TEM) to visualize amyloid formation induced by the viruses in the CSF. We
found multiple fibrillar amyloid structures interacting at the surface of HSV-1 (Figure 1. C & D) and SARS-CoV-
2 (Figure 1. E & F), suggestive of surface-mediated catalytic nucleation (HEN) events.
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Figure 1. HSV-1 and SARS-CoV-2 induce amyloid aggregation of proteins in human CSF. CSF was incubated with
HSV-1(A) or UV-inactivated-SARS-CoV-2 (B) and ThT solution. Fluorescence was measured at 440 nm excitation and
480 nm emission over 48 h at 37 °C. Means + SEM of 8 replicates with CSF from two different individuals are shown.
RFU = relative fluorescent unit. Negatively stained TEM images of HSV-1 (C, D) or UV-inactivated-SARS-CoV-2 (E,
F) HSV-1 incubated with CSF for 48 h at 37 °C. White arrows indicate viral particles and black arrows indicate amyloid

fibrillar structures.
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Proteomic analysis of the viral-induced amyloid aggregates

To characterize the proteins present in the amyloid fractions, we collected and purified the amyloid aggregates
induced by the viruses. We applied a protocol that involved using 4% SDS to remove the associated non-amyloid
proteins, followed by washing, centrifugation, then solubilization of the amyloid fraction in 99% formic acid, which
is among the few reagents that can solubilize the highly stable amyloid structures (25). In the proteomic analysis,
we found that a large set of proteins was enriched in the virus-induced amyloid fractions compared to those present
in untreated CSF (Figure 2. & Supplementary Table 1.). In total, 279 proteins were enriched in the virus-induced
amyloid fractions compared to untreated CSF. More than 40% (n= 113) of the enriched proteins were shared in the
amyloid fractions induced by both viruses, while about 37% (n= 102) were unique for the HSV-1-induced amyloid
fraction, and 23% (n= 64) unique for the SARS-CoV-2-induced amyloid fraction. The large overlap between the
sets of proteins enriched by the two viruses indicates that certain proteins in the CSF are more vulnerable to
aggregation catalysts, most likely due to their high expression close to their supersaturation levels (26, 27). Previous
proteomic studies have shown that a multitude of proteins can be found in amyloid plaques harvested from patients
(28, 29). We found 135 proteins (Supplementary table 2) previously reported in plaques harvested from AD patients
(28), including established components such as APLP1 (amyloid beta precursor like protein 1), ApoE, clusterin and
o2-macroglobulin. Moreover, we identified proteins that have been linked to PD (30) such as ceruloplasmin,
nucleolin, 14-3-3 and PGK-1 (phosphoglycerate kinase 1), and proteins related to other amyloid pathologies
including transthyretin (TTR) and vitronectin (31). These results demonstrate that viral particles can efficiently

catalyze the amyloid aggregation of a plethora of proteins in human CSF.
Discussion

While viruses have long been implicated in neurodegenerative diseases, it has been difficult to establish a
mechanistic link. However, the large number of patients developing post-COVID neurological symptoms and the
extensive data available from studying COVID-19 patients are starting to shed light on the possible causative role
of viruses in chronic neurological disorders. A recent longitudinal study of 785 UK biobank participants
demonstrated that SARS-CoV-2 infection led to a significant reduction in grey matter thickness and global brain
volume, in addition to greater cognitive decline in infected individuals compared to non-infected controls (15).
These longitudinal results corroborated previous observations about the detrimental effects of SARS-CoV-2
infection on the brain and cognition of infected individuals (4, 32). Furthermore, in older adults (age >65 years),
COVID-19 patients were shown to have significantly higher risk for a new diagnosis of AD within 360 days after
the initial COVID-19 diagnosis, in comparison with age-matched controls (33). Moreover, results from recent
studies in animal models and in brain tissue of COVID19- patients suggest that SARS-CoV-2 infection of the brain

is associated with amyloid protein aggregation (14, 34). In addition, several SARS-CoV-2 proteins have been shown
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to have amyloidogenic potential (35, 36). Similar findings have been previously demonstrated for HSV-1, where
HSV-1 reactivation was shown to increase AD risk (37), and HSV-1 infection was shown to induce amyloid
aggregation in animal models (20, 38, 39). Thus, in parallel with the advancements in etiologically connecting
viruses to neurodegenerative diseases, it is also important to uncover the pathophysiological mechanisms linking

the two.

RPS9 . PFKP
KRTS S " . e
i KRT2 . re RPSS ~ Ha-2 et ® ACACA
KRT2 e s 00, | RPS18 . HNRNPK
KRT10 M Mt RPL27A - . KRT8 ES copB1
KRT1 v ope ACLY e MTHFD1
KRTS . 3 ASS1 o o
KRTS et . * HSPI0AAT e MACROH2A1 .%o Cg’:ﬁ;
YWHAZ > ® HSP90B1 S RAN g LARS1
Wi oy -2 o8 FERMT2
KT N Rk KRT9 M RPS6 e ones DDX46
KRT14 secesqe RPSA = PSMD8 - NUP205
YWHAZ S i PHGDH ~ ANP32A
$100A8 B | S Enriched]  PHOOM - SReF1 e AKR1B10
HSP9OB1 . e VTN s Depleted| TCP1 . onn PRPF6
SPoo cte PSMAT o - s BLVRB
KRT17 e .otr, RPL34 eoe o0 0o AP2M1 . EIF2s2
HRNR oo RPS15A co® BAX
HRNR - RPL4 - emon oy VPS29
wite Nt oot oL - EIFsH e DDX398
PGK1 Enriched T RPLS S . DYNCILI
PEBP1 PP Depleted | 1ke A E'SF’%\? it TTese s MARS1
. 1PO4
APOA2 don APOE “w E'I)Félt; ::'. EWSR1 ) PRPS1
CFH -on 2 2 oum YBX1 oo woe pm;is;f
PSMC3 ovem CTNNA1 o o -
CPE i RPS27L P CCNK - -
COL18A1 e o0e COPBZ e o L. PAFAH1B1 -
AGT e PAZGA e AP281 oo IGF2BP2 - oo
LYz A R oTuB1 * e TBC1D8B .o
ALoag0221 R EIF253 . - CARHSP1 - FAM120A .
vz we GM2A oo, cLTC . oo ATE1 -
RPL3 co o TPM3 e SMARCA1 o o
APLP1 e . RPS19 ° wse GNE ‘o o
BCAN ety vie . DNAAF5 -
ECM1 cve LAP3 P ARPC3 " EIF5 e
TTR eoones 3 LA RPS27 P ACSLA -
IARS1 Se[ome S100A11 oo eee RTRAF o
SERPINF1 . egom AEBP1 A pSXTD‘g o P Jheed
-~
WASF2 voo
GM2A . o oo B4GAT1 R RPS25 . -~ STIP1 el TBK1 e
GMDS @ v o
g SRPRA =
F2 oo . aese
5 N SPARCL1 > o~ P‘S: g EML4 aoe UMPS o
= ApOA1 I DoXT . HNRNPR .oo
5 - .t TRIM28
8 Cieorey N R 1eKV1-33 - HNRNPM - RBMX - by
EIF3B - DCTN4 Control
SERPINA3 e @ c s DYNC1H1 e HNRNPE "o, HP?;([S ontrol
NONO o e ¥
APOCI e APOD -t ep, o PPAT ~eo SUPT6H EEE SARS-CoV2
CAPZB . oar MDH2 oo e ARIH1 [r——,
IGHG2 oo ogee cPE ooty @ PRMT1 e ANAPC7
PPIB e s AgL;Z oo TFG et M;Fég
anon
e cencd HRG R SNRNP70 ot HNRNPUL2
AC093884.1 sotmne NUDTS e STAF]
PLTP s m crsz con sere PCBP2 et - ONAJCT3
KRT80 R S COPS3 et DNAJC7
- .
COL18A1 S TR - Yoles TR‘S"ﬁg .o = : MAP2K3
SERPIND1 . s -~ . . 2
PLTP ~e o ABCE1 vou ITGB1 ~ ot
HTRA1 oo v ARCN1 ot DNAJA1
RBM39 * Wemn .
HP e sp & SERPINC1 % ¥ SEPTINT olovoae ElF4Az LI CDK5
PSMD1 e AP3S1 o
i PRUIERY SERPINA1 ., GMPS Pt LRBA - CTNND1 -
. . APIS oo omor CACYBP . e
SERPINI e T % s ACTR2 cdwoe VDAC2 ~ HERC4 -l
FAM3C e et o OLA1 o new 0GA .r.
1GHG1 et e UBE2N o 000 o . EEF1B2 e e
SERPINC1 et g GHG - DDX3X oo o HS3ST1 = XPO4 oo wee
. ETF1 - MCM2 . o om
CNDP1 . APOA1 el P SMAégig osune - PSMBO o on EPRS1 -
. e FEN1
CRTAC1 . s @ o -t e e N
. PAICS )
SERPING1 ec M SF3A3 - NCAPH
LCAT . " . a RPL9 e e o SMARCA4
IGHG1 * we Pgﬁ;; -“'::- COPS7B o CDC123
SERPINA1 oo oes pm OomG ste e "y WDR82 . toeenm HSPA12A
ALDH7A1 i NEK9 % e MAPAKS
ORM1 et w W IGHG2 & Su= RPLPO | * - oo @0 DCLK1
KLC1
Il . SNX5 e o VBSR Ly
AzM R 4 A2M I3 [ 20 AP2A2 come CYBSRS o PPP1R7
KLK& . ooy - TUBA4B e ®e®s o o UBE4B
KLKE O 2 NLE1 - o ACTBL2 o . GMPPA
PTGDS .to sane MAPRES “ .o MEMO1
o cout DHX9 |o L pspct | o - SMG1
HPX oo o eun SERPIND1 S FAid e o] I
4.0 45 5.0 55 4.0 45 5.0 55 4.0 45 5.0 55 4.0 45 5.0 55 4.0 45 5.0 55
Intensity Intensity Intensity Intensity Intensity

Figure 2. Proteins enriched in viral-induced amyloid fractions. (A-B) Differentially expressed proteins detected in
both SARS-CoV-2-induced or HSV-1-induced amyloid fractions compared to control untreated CSF, assessed using a
linear model (limma). All listed proteins had an adjusted p-value < 0.05 (Benjamini-Hochberg correction). C) Proteins
detected in both SARS-CoV-2-induced and HSV-1-induced amyloid fractions but never in untreated CSF control
samples. (D-E) Proteins uniquely detected in either SARS-CoV-2-induced or HSV-1-induced amyloid fractions but never
in CSF control samples. (A-E) For all values local regression normalization (cyclic loess) were performed on protein
intensity followed by Log2 transformation. 6 replicates with CSF from two different individuals were analyzed.
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We have previously shown that viruses can directly induce amyloid aggregation of well-known amyloidogenic
proteins such as amyloid-3 peptide 1-42 (AB42) and amylin via HEN by acting as catalytic surfaces for nucleation
(20). In a recent review, we outlined the physicochemical and thermodynamic basis of this interaction in light of
the classical nucleation theory, where the presence of viral surfaces lowers the energy barrier for the phase transition
of proteins from the soluble form into the solid amyloid form (21). This phase transition is spontaneous under
conditions of supersaturation after crossing the nucleation barrier. Moreover, any protein sequence possesses the
information necessary to adopt the amyloid conformation (cross-f), with no requirement for a protein seed/prion to
act as a conformational template. In the current study, we show that HSV-1 and UV-inactivated SARS-CoV-2
catalyze amyloid aggregation of a multitude of proteins in their native environment and at their physiologic
concentration in human CSF. This result further supports the notion that protein aggregation is a function of the
recipient environment in terms of the concentration of specific proteins that is close to their limit of solubility
(supersaturation) and their ability to interact with nucleating surfaces (26, 27, 40). Supersaturation provides the
molecular proximity required to favor the generic infermolecular interactions necessary for amyloid formation over
the specific intramolecular interactions required for native folding, with surfaces acting as nucleation sites that
catalyze phase transition by lowering the interfacial energy barrier (21). In this physical sense, UV-inactivation
should not, and did not, prevent SARS-CoV-2 viral particles from catalyzing amyloid nucleation on their surfaces.
Indeed, in our current study, both live HSV-1 and UV-inactivated SARS-CoV-2 induced amyloid aggregation of a
highly overlapping set of proteins. Thus, the resistance of infectious amyloidogenic agents to UV inactivation,
which was demonstrated early on (16, 17) and was taken as evidence of the non-viral nature of such agents (18,
19), should be reconsidered. UV-inactivation, while it deactivates viral nucleic acids, does not affect the ability of
viruses or other membranous structures to act as catalytic surfaces that induce amyloid aggregation. Importantly,
the ability of viruses to invade the CNS and replicate, together with their ability to catalyze amyloid nucleation via
HEN, make them more likely causes of amyloid aggregation in the brain compared to seed/prion transmission,

which has been demonstrated only via the artificial procedure of direct injection into the brain.

Furthermore, we applied mass spectrometry-based proteomics to identify the proteins that were enriched in the
amyloid fraction triggered by the two viruses compared to the normal CSF proteome. We found several proteins
that were induced to form amyloids by HSV-1 and SARS-CoV-2, many of which are known to be involved in
neurodegenerative diseases and have been reported before to be present in amyloid plaques harvested from patients.
For example, APLP1, which is highly homologous to APP (amyloid precursor protein), is present in the plaques in
the subiculum and entorhinal cortex in AD (41, 42). ApoE is very commonly found in amyloid plaques, not only in
AD, but also in kuru and Creutzfeldt-Jakob disease (43, 44). Furthermore, ApoE is one of the major genetic risk
factors for AD and has been shown to interact with A in a variety of ways (45). The same has been demonstrated

for clusterin and o2-macroglobulin, which were shown to be associated with amyloid plaques in AD (46, 47). We
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also identified other proteins that are often related to PD. For example, PGK1, whose deficiency is associated with
young-onset parkinsonism (48), and ceruloplasmin and nucleolin, which have been shown to be lower in patients
with PD compared to controls (30, 49). Interestingly, 14-3-3 proteins, were also identified in the viral induced
amyloid fractions. The 14-3-3 protein family is highly abundant in the brain and has been found to accumulate
within Lewy bodies in PD and in plaques and tangles in AD (50-54). They have also been shown to interact with
SARS-CoV-2 (55). Moreover, we identified proteins commonly associated with systemic amyloidosis such as
transthyretin (TTR) and vitronectin (31, 56). However, both have also been detected in CNS amyloids (57, 58).
Other proteins identified in the viral-induced amyloid fractions include immunological components (e.g. IGHGI,
IGHG?2, complement C3), ribosomal proteins (e.g. ribosomal protein L.27a, ribosomal protein L3, ribosomal protein
L34), extracellular matrix proteins (e.g. collagen type XVIII alpha 1 chain, keratin 9, fibronectin 1) cytoskeleton
proteins (e.g. actin-related protein 2, microtubule-associated protein RP/EB family member 3), heatshock proteins
(e.g. HSP 60, 70 and 90) and proteasome proteins (e.g. proteasome 26S subunit alpha 1, proteasome activator
subunit 1). While many of these proteins have been detected before in patient-derived plaques (28), further studies
are required to address their contribution to a particular disease. However, many of the amyloid-enriched proteins
possess important functions in the brain, which suggests that catalyzing protein aggregation and subsequent
depletion and loss-of-function might be one mechanism by which viruses cause neurodegeneration. We have
recently demonstrated that protein depletion and related loss-of-function is more pathologically important than
plaque burden in AD, where high levels of soluble AB42 in the CSF were associated with preserved cognition even
in individuals with high amyloid plaque burden (22). Depletion of soluble AB42 in the CSF, which is a recognized
feature of many neurodegenerative disorders, has been demonstrated in patients with post-COVID neurological
symptoms (59), suggesting that protein depletion post-infection might contribute to the neurological symptoms.
Further studies examining the levels of more CSF proteins in post-COVID patients compared to controls could

reveal additional information on this potential pathophysiological mechanism.

In conclusion, we have demonstrated that HSV-1 and SARS-CoV-2 induce aggregation of a multitude of proteins
in human CSF. We have also demonstrated that UV-inactivation does not destroy the ability of viral particles to act
as a catalytic surface for amyloid nucleation. Hence, the role of viruses as causative agents of protein aggregation
in neurodegeneration needs to be reevaluated in light of the important catalytic role they can play in this process.
Understanding the mechanisms by which viruses may cause neurological disorders is especially important due to
the SARS-CoV-2 pandemic which has led to a large number of people suffering from long-COVID neurological
symptoms post infection. The availability of large and accurate databases of patients together with more sensitive
methods to detect viruses in the brain are making the link between virus infection and neurodegenerative brain

disorders more robust. Taken together with other mechanisms that might lead to viral-induced brain damage
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(inflammation, autoimmunity, blood-clots) (60), viral-induced protein aggregation via HEN can contribute to

neuronal pathology by catalyzing the aggregation and precipitation of important neuronal proteins.

Materials and methods
Viral production

For HSV-1, strain F HSV-1 stocks were prepared by infecting African green monkey kidney (vero) cells at 80-90%
confluency in serum-free VP-SFM (Gibco). The virus was harvested 2 d after infection. Cells were subjected to two
freeze-thaw cycles and spun at 20,000 g for 10 min to remove cell debris. Clarified supernatant was aliquoted and
stored at -80°C until use. Non-infected cell medium was prepared with the same procedure without viral infection.
Plaque assay was used to determine viral titers. 10-fold dilutions of virus were added onto vero cells for 1 h at 37°C,
then inoculum was removed, and fresh medium containing 0.5% carboxymethyl cellulose (Sigma Aldrich) was
added. Cells were fixed and stained 2d later with a 0.1% crystal violet solution and the number of plaques was
counted. For SARS-CoV-2 stock production, Vero E6 cells were infected with the SARS-CoV-2 wild type (isolate
SARS-CoV-2/human/SWE/01/2020; Genbank accession: MT093571) in VP-SFM (Gibco). The virus was
harvested at day three, four and five post-infection and centrifuged at 1000 g for 6 min to remove cells debris. The
clarified supernatant was further centrifuged at 45000 g for 4h. After centrifugation, the supernatant was removed,
and the virus pellet was resuspended in fresh VP-SFM. Viral titers were determined via end-point-dilution assay.
For UV-inactivation, the virus stock was incubated under UV-light for 3 x 1.5 min, and complete inactivation was
confirmed by treating Vero E6 with the inactivated stock and observing no cytopathic effects (CPE) 5 days post-

treatment.

CSF ethical permit and harvesting

CSF samples were collected at Karolinska University Hospital Huddinge. The collection and test were approved by
the Regional Ethical Review Board in Stockholm (Diary number: 2020-03471 and 2009/2107-31-2). All CSF
samples were pre-cleared by 400 x g for 10 min and subsequent 2,000 x g centrifugation for 10 min. After that

aliquoted to a minimal volume of 500 pl and then frozen to -80°C, within 2 hours from sampling.
CSF amyloid aggregation

ThT (Sigma Aldrich) was prepared at 4 mM in MQ water. For the assay with HSV-1, 50ul of CSF were incubated
with 150ul of 4 mM ThT solution and 100 ul of HSV-1 (2 x 10’ PFU/ml), or non-infected supernatant. For the assay
with UV-inactivated SARS-CoV-2, 25ul of CSF were incubated with 150ul of 4 mM ThT solution and 25ul of
UV-inactivated SARS-CoV-2 (4.6 x 10’ PFU/ml), or non-infected supernatant. UV-inactivated SARS-CoV-2 was
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used instead of live SARS-CoV-2 for biosafety reasons since live SARS-CoV-2 was not safe to incubate in the
spectrophotometer outside the BSL-3 laboratory. Controls included CSF only without virus and virus only without
CSF, in both cases the missing volume was substituted with MQ water. ThT fluorescence was measured at 440 nm
excitation and 480 nm emission in a black clear-bottom 96-well plates (Corning, USA) at 440 nm excitation and
480 nm emission at 10-15 min. intervals (from bottom with periodic shaking) over 24-48 h on SpectraMax i3

microplate reader (Molecular Devices, USA). Curves were fitted using GraphPad Prism software.
Electron Microscopy

For TEM, equal volumes (50 ul) of viruses (HSV-1 (2 x 10" PFU/ml) or UV-inactivated SARS-CoV-2 (4.6 x 107
PFU/ml) and CSF were incubated at 37 °C for 48 h. Samples were then applied to Formvar/carbon coated 200 mesh
nickel grids (Agar Scientific, UK), then negatively stained using an aqueous solution of uranyl acetate (1%) and

visualized.
Amyloid purification

Equal volumes (100 ul) of virus (HSV-1 (2 x 10’ PFU/ml) or UV-inactivated SARS-CoV-2 (4.6 x 10’ PFU/ml) and
CSF were incubated at 37 °C for 48 h. Amyloid aggregates were then collected by spinning at 20 000 g for 15 min.
at room temperature. The pellet was then washed 2x by vortexing in 100 pl lysis buffer (4% SDS, 25 mM HEPES
pH 7.6, 1 mM DTT) for 2 min. followed by 15 min, 20 000 g centrifugation at room temperature. The pellet was
then dissolved in 99% formic acid by vortexing for 2 min and sonication for 5 minutes. Formic acid was then
removed by speedvacing at room temperature for 30 min. and the proteins were resuspended in 50 pul PBS for

proteomic analysis.
Sample preparation for proteomics

The samples collected were lysed by 4 % SDS lysis buffer and prepared for mass spectrometry analysis using a
modified version of the SP3 protein clean up and digestion protocol. In brief, all the amount of sample was alkylated
with 4 mM Chloroacetamide. Sera-Mag SP3 bead mix (20 ul) was transferred into the protein sample together with
100% Acetonitrile to a final concentration of 70 %. The mix was incubated under rotation at room temperature for
18 min. The mix was placed on the magnetic rack and the supernatant was discarded, followed by two washes with
70 % ethanol and one with 100 % acetonitrile. The beads-protein mixture was reconstituted in 100 ul LysC buffer
(0.5 M Urea, 50 mM HEPES pH: 7.6 and 1:50 enzyme (LysC) to protein ratio) and incubated overnight. Finally,
trypsin was added in 1:50 enzyme to protein ratio in 100 pl 50 mM HEPES pH 7.6 and incubated overnight followed
by SP3 peptide clean up. The peptide mix was suspended in 15 pul LC mobile phase A and 5 pl was injected on the
LC-MS/MS system.
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Mass spectrometry

LC-ESI-MS/MS, Q-Exactive Online LC-MS was performed using a Dionex UltiMate™ 3000 RSLCnano System
coupled to a Q-Exactive mass spectrometer (Thermo Scientific). 5 uL. was injected from each sample. Samples were
trapped on a C18 guard desalting column (Acclaim PepMap 100, 75um x 2 cm, nanoViper, C18, 5 um, 100 A), and
separated on a 50 cm long C18 column (Easy spray PepMap RSLC, C18, 2 pum, 100A, 75 pmx15cm). The nano
capillary solvent A was 95% water, 5%DMSO, 0.1% formic acid; and solvent B was 5% water, 5% DMSO, 95%
acetonitrile, 0.1% formic acid. At a constant flow of 0.25 pl min’!, the curved gradient went from 6%B up to 43%B
in 180 min, followed by a steep increase to 100%B in 5 min. FTMS master scans with 60,000 resolution (and mass
range 300-1500 m/z) were followed by data-dependent MS/MS (30 000 resolution) on the top 5 ions using higher
energy collision dissociation (HCD) at 30% normalized collision energy. Precursors were isolated with a 2m/z
window. Automatic gain control (AGC) targets were 1e6 for MS1 and 1e5 for MS2. Maximum injection times were
100ms for MS1 and MS2. The entire duty cycle lasted ~2.5s. Dynamic exclusion was used with 60s duration.

Precursors with unassigned charge state or charge state 1 were excluded. An underfill ratio of 1% was used.
Bioinformatics

Orbitrap raw MS/MS files were converted to mzML format using msConvert from the ProteoWizard tool suite (61)
and processed with a pipeline built using Nextflow (62) with MSGF+ (63) as a peptide identification search engine,
Percolator for target-decoy scoring (64) and Hardklor/Kronik (65) for quantifying MS1 peptide features. MSGF+
settings included precursor mass tolerance of 10 ppm, fully-tryptic peptides, maximum peptide length of 50 amino
acids and a maximum charge of 6. Fixed modification was carbamidomethylation on cysteine residues, a variable
modification was used for oxidation on methionine residues. PSMs found at 1% FDR (false discovery rate) were
used to infer protein identities. All searches were done against the human protein subset of Ensembl 102 and custom-
built peptide database. 6 replicates with CSF from two different individuals were analyzed. Output from pipeline
was filtered, removing protein identifications present in less that 4/6 replicates per sample group any missing values
after filtering was imputed using the MissForest method (66). Protein intensity values were then normalized using
the cyclic-loess method with the NormalizerDE package (67), differentially expression analysis conducted using

LIMMA (68).
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