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ABSTRACT

Current diagnostic methods for prion diseases only work in late stages of the disease
when neurodegeneration is irreversible. Therefore, biomarkers that can detect the disease
before the onset of clinical symptoms are necessary. High-throughput discovery
proteomics is of great interest in the search for such molecules. Here we used mass
spectrometry to analyse the cerebrospinal fluid proteome in an animal prion disease:
preclinical and clinical sheep affected with natural scrapie, and healthy sheep. Interestingly,
we found 46 proteins in the preclinical stage that were significantly altered (p<0.01)
compared to healthy sheep, mainly associated with biological processes such as stress
and inflammatory responses. Five of them were selected for validation by enzyme-like
immunosorbent assay: synaptotagmin binding, cytoplasmic RNA interacting protein
(SYNCRIP), involved in nucleic acid metabolism; phospholipase D3 (PLD3) and cathepsin
D (CTSD), both related to lysosomal apoptosis; complement component 4 (C4), an element
of the classical immune response; and osteopontin (SPP1), a proinflammatory cytokine.
These proteins significantly increased in the preclinical stage and maintained their levels
in the clinical phase, except for CTSD, whose concentration returned to basal levels in the
clinical group. Further research is ongoing to explore their potential as preclinical
biomarkers of prion diseases.
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Introduction the central nervous system (CNS). PrP>¢ is the abnor-
mal isoform of a physiological membrane glycopro-
tein called cellular prion protein (PrPS) and it is the
causal agent of these diseases and the only pathog-
nomonic biomarker identified so far. Consequently,
the confirmatory diagnosis of TSE is still based on

post mortem histopathological observation of the

Transmissible spongiform encephalopathies (TSE) or
prion diseases are progressive and fatal neurodegen-
erative disorders that affect both animals and
humans. This group of disorders includes various dis-
eases in animals, such as bovine spongiform enceph-

alopathy in cattle and scrapie in small ruminants, the
latter being the first identified and most studied ref-
erence model of these diseases (McGowan 1922;
Prusiner 1982). In humans, sporadic Creutzfeldt-Jakob
disease (sCJD) is the most common type of prion dis-
order nowadays, with 1-2 cases per million per year
worldwide (Mackenzie and Will 2017).

All of them are characterised by the accumulation
of the pathological prion protein (PrP*¢), mainly in

characteristic spongiform lesions and detection of
PrP*c using CNS tissue samples. However, in sheep
scrapie, it is possible to diagnose the infection in vivo
by the detection of PrP*¢ in lymphoid tissue through
biopsies of rectal mucosa, third eyelid or tonsils since
PrP>c can be distributed throughout the lymphoretic-
ular system before reaching the CNS. This technique
has certain limitations when used as a diagnostic
procedure, due to the variability of the magnitude
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and time of onset of lymphoid tissue involvement
between different animals, genotypes of the gene
encoding PrP¢ or even prion strains; however, it can
be considered 100% specific (Monledn et al. 2011).

The cerebrospinal fluid (CSF) is produced in the
CNS and it is found to be in equilibrium with the
brain and spinal cord, playing an essential role in
maintaining the homeostasis of neuronal cells
(Wright et al. 2012; Lun et al. 2015). Its potential to
reflect changes in the CNS makes CSF one of the
preferred sources to study early in vivo biomarkers in
neurological pathologies (Lle6 et al. 2015).

So far, potential biomarkers for human prion dis-
eases have been studied in cerebrospinal fluid. These
include direct detection of prion seeding activity,
notably by means of the ultrasensitive technique real-
time quaking-induced conversion (RT-QuIC), but also
surrogate biomarkers of neuronal damage, among
which we can highlight 14-3-3 and tau proteins for
being commonly used in human clinical practice
(Zerr 2022). However, these surrogate biomarkers are
found to be dysregulated after neuronal damage and
they are thus not highly specific for TSE. Besides, and
more importantly, they can only be detected in an
advanced stage of neurodegeneration, having low
sensitivity in early stages of disease (Thompson and
Mead 2019; Zerr 2022). Although some presymptom-
atic abnormalities have been reported using mag-
netic resonance imaging in a patient carrying a
predisposing mutation for Creutzfeldt-Jakob disease
(Koizumi et al. 2021), clinical diagnosis of these rapid
progressive diseases is frequently made in the late
stages, especially in non-predictable sporadic patients.
Therefore, in vivo biomarkers to enable early diagno-
sis of prion diseases are urgently needed.

For this objective, proteomic analysis using mass
spectrometry has been a breakthrough as one of the
most powerful techniques for high-throughput identi-
fication and quantification of proteins. CSF proteomic
approaches have already been conducted to search
for biomarkers and gain a deeper understanding of
the proteome function in neurodegenerative diseases
(Pal et al. 2015; Puranik et al. 2020). Data-dependent
acquisition (DDA) methods are still the most accurate
for protein identification, while data-independent
acquisition (DIA) ones are used for quantification. In
the last years, the SWATH-MS (Sequential window
acquisition of all theoretical mass spectra) technique
has greatly contributed to the field of protein quanti-
fication as a variant of DIA methods, reducing inter-
ferences in ion detection and increasing the proteome
coverage obtained by other techniques (Anjo et al.
2019; Chantada-Vazquez et al. 2021).

In this study, we aimed to discover new potential
CSF biomarkers for prion diseases in the preclinical
stage of sheep scrapie as a model of these disorders,
combining the proteomic mass spectrometry
approach with an ELISA (enzyme-like immunosor-
bent assay) validation of the most significantly dys-
regulated proteins. This combined technology could
provide new insights into the early diagnosis of
these diseases.

Materials and methods
Ethics statement

All experimental procedures in animals comply with
the ARRIVE guidelines and have been conducted
under the projects with references PI02/08 and PI21/13,
approved by the Ethical Committee for Animal
Experimentation of the University of Zaragoza. Animals
were treated in accordance with the Spanish Royal
Decree 53/2013, which complies with the European
Directive 2010/63 on the protection of animals used
for experimental and other scientific purposes.

Animals

A total of 30 Rasa Aragonesa female sheep were
included in this study, with an average age of
4years and 9months and a standard deviation of
27 months. All of them were genotyped for PRNP
polymorphisms, as previously reported (Acin et al.
2004), and displayed the ARQ/ARQ genotype, which
is one of the most frequent genotypes in the scra-
pie-affected Rasa Aragonesa sheep (Acin et al.
2004). These animals were divided into three groups
according to their scrapie-infection condition and
stage of the disease: healthy controls, preclinical
stage sheep and clinical stage sheep. The mean
ages among the three groups were similar (one-
way ANOVA-analysis of variance-test, p-value
> 0.05). Healthy animals (n=12) were selected from
flocks located in areas where no scrapie cases had
been reported. Scrapie-infected animals (n=18)
were obtained from several scrapie-affected flocks.
From these, animals in the preclinical stage of the
disease (n=5) were identified before showing clini-
cal signs by immunohistochemistry of rectal mucosa
biopsy, as already described (Gonzélez et al. 2008).
Sheep in the clinical stage (n=13) were identified
by the observation of typical scrapie clinical signs,
the most notable being pruritus with the appear-
ance of alopecic areas around the lumbar region
and tail, alteration of mental status, cachexia, ataxia,
teeth grinding and head tremors (Vargas et al.
2005). The median time that the clinical scrapie-in-
fected animals lived showing clinical signs was
1.6 months, with an interquartile range of 4 months.
The prion infection in both groups of sheep was
confirmed post mortem by immunohistochemical
detection of PrP>* in the CNS, as previously
described (Monledn et al. 2004).

Sample collection

Sheep were euthanised in the Centre for Encephalopathies
and Emerging Transmissible Diseases at the University
of Zaragoza by an intravenous injection of sodium
pentobarbital and exsanguination, and the necropsy
was performed right after. Three to five mL of CSF
were collected into polypropylene tubes, immedi-
ately placed on ice and processed within one hour
post extraction. After checking for no visible blood



contamination, CSF samples were aliquoted and pre-
served at —80°C until used. One mL of CSF was sent
to the Proteomic Unit at the Health Research Institute
in Santiago de Compostela - IDIS, where the pro-
teomic analyses were performed.

Protein in-gel digestion

Protein concentration was quantified using RC DC
Protein Assay Kit (Bio-Rad, USA) according to the
manufacturer’s protocol and no depletion of most
concentrated proteins was applied due to the lack
of specific kits for sheep. An equal amount of pro-
tein of each sample was mixed with loading buffer,
prepared with 10% SDS (sodium dodecyl sulphate),
500mM DTT (dithiothreitol), 50% glycerol, 500 mM
Tris-HCI and 0.05% bromophenol blue dye. The mix
was then heated at 95°C for 5min and loaded into
a 10% Tris-glycine SDS-polyacrylamide gel. It was
submitted to 40V electrophoresis through the stack-
ing gel, which was later upgraded to 80V. When the
migration front was 3mm into the resolving gel,
electrophoresis was stopped, and the gel was
stained with Coomassie staining. The gel was placed
into a destaining solution containing 45% methanol
and 7.5% acetic acid solution overnight. Next, the
protein band of each sample was excised and sub-
jected to an in-gel tryptic digestion, as described
previously (Chantada-Vazquez et al. 2021). Briefly,
gel pieces were washed, dehydrated, reduced with
DTT (10mM, in 50 mM ammonium bicarbonate) and
alkylated with iodoacetamide (55mM, in 50 mM
ammonium bicarbonate). Later, modified porcine
trypsin (Promega, USA) was added at a final concen-
tration of 25ng/pL trypsin in 20mM ammonium
bicarbonate, and digestion was left at 37°C over-
night. After digestion with trypsin, peptides were
extracted from the gel using three incubations with
a 60% acetonitrile and 0.5% formic acid solution.
Finally, they were vacuum dried and kept at —20°C
until processed.

Protein identification by RPLC-MS/MS analysis

From each sample, 4 ug of digested peptides were
diluted in 0.1% formic acid by sonication and
loaded into a microflow liquid chromatography
system (Eksigent Technologies nanolLC 400, Sciex,
USA) coupled to a TripleTOF 6600 mass spectrome-
ter (Sciex, USA), using a flow rate of 10uL/min.
First, samples went through a YMC-TRIART C18
200x0.05mm precolumn (YMC Technologies,
Teknokroma), with a 120 A pore size and 3 pm par-
ticle size. The analytical column was a silica-based
reverse phase Chrom XP C18 150x0.3mm column
(Eksigent, Sciex, USA), with same pore and particle
sizes as the precolumn, where reverse phase liquid
chromatography (RPLC) separation at a 5puL/min
flow rate took place. Mobile phase A was 0.1% for-
mic acid in water, while mobile phase B was 0.1%
formic acid in acetonitrile. Peptides were separated
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by RPLC using a 90-minute gradient ranging from
2% to 90% of mobile phase B and analysed on a
TripleTOF 6600 QTOF (Quadrupole Time-Of-Flight)
instrument using a DDA workflow, with the Analyst
TF (version 1.7.1) software. Best interface condi-
tions were previously determined and used
(Chantada-Vazquez et al. 2020, 2021).

Library preparation and protein quantification by
SWATH-MS analysis

All samples from each group were pooled and the
three resulting pools were loaded into the microflow
reverse phase liquid chromatography tandem mass
spectrometry (microRPLC-MS/MS) for library prepara-
tion. The same procedure described above was per-
formed using a DDA workflow, but using a 40-minute
gradient on this occasion. All MS/MS spectra were
obtained using the PeakView 2.2 software for the cal-
culation of superposed variable windows with a
SWATH-MS Variable Window Calculator (Sciex, USA).
A hundred windows were created and imported into
Analyst TF 1.7.1, the mass spectrometer software.
Each sample was then loaded in duplicates into the
same equipment but using a SWATH-MS acquisition
method and previously described parameters
(Chantada-Vazquez et al. 2020).

Bioinformatic data analysis

Peptide and protein identifications were performed
using ProteinPilot 5.0.1 software (Sciex, USA) with a
sheep specific (Ovis aries) Uniprot database. False dis-
covery rate (FDR), which reflects an estimate of the
chance an individual peptide or protein identification
is incorrect, was set to 1%.

Furthermore, the data from the SWATH-MS
method were analysed by PeakView 2.2 software
using the SWATH Acquisition MicroApp (version 2.2)
and based on the spectral library created with the
DDA method, comprising a thousand proteins iden-
tified with a confidence score above 99%. Peptide
retention time calibration was performed using pep-
tides from the proteins identified in our samples.
Protein peak areas were obtained by summing ten
peptide peak areas per protein and seven ion frag-
ment peak areas per peptide, and only peptides
with FDR less than 1% were used for protein quan-
tification. These peak areas were then exported to
the MarkerView software for quantitative analysis
and a global normalisation based on the total sum
of all peak areas was done, thus controlling a possi-
ble uneven loss of sample during preparation. A
Student’s t test between groups was done for all
possible comparisons, obtaining a p-value. Fold
change (FC) was calculated as the ratio of the arith-
metic mean of all samples in each group and pre-
sented as a base-2 logarithm (log,).

Unsupervised multivariate statistical analysis using
principal component analysis (PCA) was conducted
in R (version 4.2.2, ggfortify package) to compare
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sample data across the three groups studied, using a
logarithmic transformation of peak area data before
the analysis. Heatmap was designed using the
ComplexHeatmap version 2.140 R package. Fold
changes of healthy samples were calculated by divid-
ing the peak area of each healthy sheep by the
mean of peak areas of all infected samples, whereas
fold changes of preclinical and clinical sheep peak
areas were referred to the mean of the healthy
group. Z-score was calculated in R using the scale
function and a heatmap was plotted. A complete
linkage method and the Spearman Rank Correlation
method for distance calculation were used for clus-
tering proteins.

Venn diagrams and volcano plots were also
designed to graph all proteomic data, using the
VennDiagram and ggplot2 R packages, respectively.

Enrichment of KEGG (Kyoto Encyclopaedia of
Genes and Genomes) pathways and GO (Gene
Ontology) terms were examined using DAVID
(Database for Annotation, Visualization and Integrated
Discovery) (version Dec. 2021, accessible at https://
david.ncifcrf.gov/) and ShinyGO (version 0.77, accessi-
ble at http://bioinformatics.sdstate.edu/go/) tools (Ge
et al. 2020; Sherman et al. 2022). FunRich (version
3.1.3) was also used for functional enrichment analy-
sis comparing proteins in the three groups studied.
Protein interactions were examined with STRING
(Search Tool for the Retrieval of Interacting Genes/
Proteins) (version 11.5, accessible at https://string-db.
org/), using a high confidence interaction score
threshold of 0.7.

ELISA validation

Based on a comprehensive analysis of both DDA-MS
and SWATH-MS results, we selected potential bio-
markers for validation using the ELISA technique. We
prioritised proteins that were significantly dysregu-
lated in the preclinical group compared to healthy
controls in the SWATH-MS analysis, while also consid-
ering proteins uniquely identified in the preclinical
group by the DDA-MS method. This complementary
approach allowed us to identify five proteins with
strong potential as early-stage biomarkers. Proteins
with their corresponding ELISA kits and dilution of
CSF samples, indicated as ratio of CSF sample to
diluent volume, are listed as follows: SYNCRIP (1:10,
E14H0387, BlueGene, China), PLD3 (Undiluted,
MBS9361401, MyBioSource, USA), C4 complement
(1:4, E14C0012, BlueGene, China), SPP1 (1:250,
E1400005, BlueGene, China), CTSD (1:1, E14C0651,
BlueGene, China). All samples were analysed in dupli-
cate and the manufacturer’s protocols were followed.
Briefly, in PLD3 protocol, 50 uL of standards and sam-
ples were added to a 96-well plate. Right after, 100 uL
of horseradish peroxidase conjugate reagent was
added and the plate was incubated at 37°C for one
hour. After washing all the wells four times with
wash solution, chromogen solutions A and B were
added (50uL from each) and the plate was

incubated for 15min at 37°C protected from light.
The reaction was stopped by adding 50uL of stop
solution and the optical density (OD) was measured
at 450nm immediately after, using an ELISA reader
(Sunrise, Tecan). The protocol for the other four pro-
teins varied slightly. A volume of 100pL of each
standard and sample was needed and 10puL of a bal-
ance solution provided by each kit were mixed in
each well. Next, 50uL of conjugate were added and
the same incubation and developing procedures
were followed, reading the plate OD at 450 nm.

Statistical analysis

All statistical analyses were performed in R (ver-
sion 4.2.2).

ELISA OD sample results were subtracted by the
mean value of blank controls. Intra-assay coefficients
of variation were calculated as a percentage ratio of
the standard deviation to the mean of replicates
OD, obtaining values in all cases below 10%. Inter-
assay coefficients of variation were as well calcu-
lated with a subset of 10-15 samples per protein to
check plate-to-plate variation, giving values below
15%. The standards data were plotted, and a third-
or fourth-degree polynomial curve was fitted.
Sample concentrations were determined by regres-
sion analysis.

Normal distribution of data was checked using a
quantile-quantile plot (ggpubr R package) and the
Shapiro-Wilk test (stats R package), recommended when
having less than 50 samples. For normally distributed
data, the homogeneity of variances was studied using
Levene's test (car R package) for its lower sensitivity to
departures from the normal distribution. When assum-
ing normality and homogeneity of variance, the one-
way ANOVA test (stats R package) was used for
comparing the three groups analysed, followed by the
Tukey HSD (Honestly-significant-difference) test (stats R
package) for multiple pairwise-comparisons between
the means of the groups. When the assumptions of nor-
mality and homogeneity of variance were not met,
Kruskal-Wallis test (stats R package) was performed, fol-
lowed by Dunn's test (FSA R package) for multiple pairwise-
comparisons.

Continuous normally distributed variables were
expressed as meanzstandard deviation, whereas
non-normally distributed variables were summarised
as medianztinterquartile range. Box plots were
designed using the ggplot2 R package.

Results

We analysed cerebrospinal fluid samples in two dif-
ferent stages of the classical scrapie infection in
sheep, preclinical (n=5) and clinical (n=13) stages,
and the results were compared with those obtained
in healthy control animals (n=12).

First, a qualitative analysis using microRPLC-MS/MS
in a DDA mode was performed to identify the pro-
teins expressed in the cerebrospinal fluid samples. In
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all cases, only proteins with an FDR less than 0.01
were selected. Then, we did a complementary quan-
titative analysis using the SWATH-MS method to cal-
culate protein expression differences between groups.

Several proteins are uniquely identified in scrapie-
infected animals by qualitative analyses

Two different qualitative analyses were performed
with the DDA data. We first selected the common
proteins found in at least all but one samples per
group (‘'n — 1 analysis, being n the total number of
samples per group), and a total of 222 proteins were
identified. As shown in Figure 1A, we detected 27
unique proteins in the preclinical stage of the scrapie
infection. Enrichment analyses of metabolic pathways
using KEGG revealed that these proteins were associ-
ated with regulation of actin cytoskeleton and pro-
teoglycans pathways. In addition, the five unique
proteins identified in the clinical stage of the disease
were mainly associated with the carbon metabolism
pathway.

We then ran a second, less restrictive analysis and
compared the results with those of the previous one.
Considering that the non-detection of a protein in a
sample may be due to a change in its polarity con-
ditions causing it to become undetectable by mass
analysis, rather than due to its absence, we took all
common and uncommon proteins in all samples of
each group (Figure 1B). In this case, a total of 1160
proteins were identified. Among these, 24 proteins
were detected only in the preclinical stage, including
proteins connected to oxygen transport, regarding a
biological process analysis. Besides, on the metabolic
pathway enrichment analyses performed using KEGG,
protein digestion and absorption and oestrogen and
insulin signalling pathways were associated with the
123 proteins uniquely identified in clinical scra-
pie sheep.

Proteins uniquely identified in preclinical and clin-
ical stages of disease in both analyses are listed in
Supplementary Table S1.

can)

HC (182)
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Functional enrichment analyses were performed
on FunRich with all the proteins obtained from the
second qualitative analysis detailed above (common
and uncommon proteins). Figure 2 shows the per-
centage of proteins involved in ten biological pro-
cesses at each stage of the infection. Briefly, the
percentage of proteins associated with proteolysis
and cell adhesion was found to be higher in scra-
pie-infected animals compared to healthy controls. A
similar pattern was also observed for the immune
system, complement activation and inflammatory
response processes. On the other hand, proteins
linked to protein folding and protein and ion trans-
port processes were underrepresented in the preclin-
ical stage of the disease.

Quantitative analyses identify significantly
dysregulated proteins involved in
neurodegeneration in preclinical stages

Quantitative analysis using the SWATH-MS method
was performed to determine the significantly dysreg-
ulated expression of proteins in CSF between the
preclinical and clinical stages of scrapie infection
compared to healthy controls. To achieve this, we
pooled all samples from each experimental group
and used the pools to generate a library of a thou-
sand proteins that was later used to reanalyse the
samples using a SWATH-MS acquisition methodology.
First, a PCA was performed as an unsupervised
method for reducing the dimensionality of our large
dataset to compare samples across the groups.
Principal component 1 explained 99.42% of the vari-
ance between samples (Supplementary Figure S1).
After the PCA, a comparison between scrapie-in-
fected animals (clinical and preclinical) and healthy
controls was performed. Significantly dysregulated
proteins were considered those with a p-value less
than 0.05 and an absolute value of log,FC higher
than 0.5. In this comparison, 27 proteins were found
to be upregulated in infected sheep (both preclini-
cal and clinical) compared to healthy controls and

PC (426) C (693)

HC (999)

Figure 1. Venn diagrams showing the distribution of proteins among the two scrapie-infected groups studied in the preclin-
ical stage (PC) and clinical stage (C), compared to the healthy control group (HC). The total number of proteins identified in
each group is specified next to the group name. Proteins shown were identified by microRPLC-MS/MS using a DDA mode: A)
in all but one samples (n—1) per group; B) common and uncommon proteins in every sample of each group.
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122 proteins were downregulated in infected ani-
mals compared to the control group (Supplementary
Figure S2 and Table S2). We performed a GO analy-
sis on the set of these 149 significantly dysregu-
lated proteins. As shown in Figure 3, amino acid
and carbon metabolism, complement cascades, oxi-
dative phosphorylation and routes related to neuro-
degenerative diseases were among the most altered
pathways.

Additional comparisons between groups were
performed using volcano plots, looking for signifi-
cantly dysregulated proteins with a more restrictive

response to oxidative stress
cytoskeleton organization
inflammatory response
complement activation
monoatomic ion transport

protein transport

Biological process

protein folding
immune system process

cell adhesion

proteolysis

0 2 4 6 8 10 12 14

Percentage of proteins

[E Clinical stage [l Preclinical stage [[] Healthy controls

Figure 2. Functional enrichment analysis by FunRich per-
formed on all proteins identified by the common and
uncommon analysis of the DDA data. Bars represent the per-
centage of proteins assigned to each biological process, for
each of the clinical stages.

p-value < 0.01 and an absolute value of log,FC >
0.5. Specifically, and from this point onward, we
focused on the preclinical stage versus healthy con-
trols comparison, trying to elucidate potential bio-
markers that change their expression in the earliest
stage of the disease. A total of 33 proteins were
significantly upregulated in the preclinical sheep
compared to healthy sheep, whereas 13 proteins
were significantly downregulated in the preclinical
stage compared to the control group (Figure 4A
and Table 1). On the other hand, regarding the clin-
ical stage versus healthy group comparison, 110
proteins were significantly downregulated in clini-
cal animals, whereas only 17 were upregulated in
that same group (Figure 4B and Supplementary
Table S3). Finally, we detected many more down-
regulated than upregulated proteins in the clinical
stage compared to the preclinical one (Figure 4C
and Supplementary Table S4).

Next, as shown in Figure 5, a heatmap analysis of
the 46 preclinical-stage significantly dysregulated
proteins was designed to graphically represent fold
change values (converted into z-score values) of the
peak areas of these proteins in all three groups of
analysed animals (healthy, preclinical and clinical).
Clustering analysis revealed two main clusters of pro-
teins, one including proteins with lower expression
in the infected individuals (both preclinical and clini-
cal) than in the healthy control group, and another
that contained proteins with higher expression in
infected animals than in healthy ones.

Furthermore, we studied the potential interac-
tions between these significantly preclinical-stage
dysregulated proteins using the Ovis aries STRING
database, as shown in Figure 6. Only 38 out of the
total of 46 dysregulated proteins were in the
STRING database and included in the network.

Cysteine and methionine metabolism

Biosynthesis of amino acids N of Genes
e 5
Complement and coagulation cascades e 10
Carbon metabolism ® 15
Oxidative phosphorylation ® 20
® 25
Prion disease | =———o
Parkinson disease W =—————e -log10(FDR)
Huntington disease | =————e W 35
M 40
Pathways of neurodegeneration | =———————e W 45
Metabolic pathways | =—@
0 5 10 15

Fold Enrichment

Figure 3. Gene Ontology analysis regarding KEGG pathways using ShinyGO, in which genes encoding significantly dysregu-
lated proteins in the infected group compared to healthy animals with p-value < 0.05 and absolute value of log,FC > 0.5 are
involved. Top 10 KEGG pathways altered are displayed, sorted by fold enrichment. Fold enrichment shows the ratio between
the relative frequency of dysregulated proteins annotated to that pathway, and the total number of proteins in the reference
species. Colour varies depending on the significance (-log,,FDR), where the false discovery rate (FDR) value reflects the statis-
tical chance of observing a number of proteins in a given list annotated to a specific pathway. Circle size shows the number

of genes encoding input proteins involved in each pathway.
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Another 20 proteins were also added by STRING
considering their predicted functional similarities to
the original set. The definitive network obtained
had 58 proteins (nodes) and 60 interactions (edges),
with a protein-protein interaction enrichment
p-value of 3.31E-08. The most interesting biological
processes involved were response to stress, cell
adhesion and inflammatory response. Additionally,
the molecular function of protein binding and
KEGG pathways such as extracellular matrix recep-
tor interaction and complement and coagulation
cascades were identified as potentially related to
neurodegenerative diseases.
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Five proteins identified as potential diagnostic
biomarkers in scrapie cerebrospinal fluid

Following an integrated evaluation of the DDA data
and SWATH results, specifically in the comparison of
the preclinical stage and healthy control groups, we
chose five proteins to be validated in CSF samples by
ELISA. SYNCRIP (Synaptotagmin binding, cytoplasmic
RNA interacting protein) was the first selected, as it
was identified both significantly upregulated in the
SWATH analysis and uniquely identified in the pre-
clinical group by DDA (Supplementary Figure S3).
The other four proteins, PLD3 (Phospholipase D fam-
ily member 3), C4 (Complement component 4), CTSD
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Figure 4. Volcano plots showing the results of the SWATH-MS analysis of CSF protein expression, representing three of the
possible comparisons between groups: A) the preclinical stage group compared to the healthy control group; B) the clinical
stage group compared to the healthy control group; C) the clinical stage group compared to the preclinical stage group. In
all plots, the horizontal dotted line indicates a statistical significance (-Log,, p-value) of 2, i.e. a p-value of 0.01, while the
vertical dotted lines represent fold change values (Log, Fold Change) of —0.5 and +0.5, respectively. In each comparison,
significantly upregulated CSF proteins are coloured in red and significantly downregulated CSF proteins are shown in blue. In

grey, proteins without notable variation are marked.
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Table 1. Significantly dysregulated proteins by SWATH-MS with p-value < 0.01 and absolute value of log,FC > 0.5, upregu-
lated (positive log,FC, in green) and downregulated (negative log,FC, in red) in the preclinical stage group, compared to the

healthy control group.

UniProt code Protein name Gene name p-value Log,FC
W5PUJ4 Synaptotagmin binding cytoplasmic RNA interacting protein SYNCRIP 3.79E-07 1.9080
W5Q611 Keratin 1 KRT1 1.23E-06 1.1040
W5PV25 Chromogranin A CHGA 7.82E-06 0.7627
W5P9G8 Phospholipase D family member 3 PLD3 1.12E-05 1.7877
W5PZI1 Clusterin CLU 2.00E-05 0.5120
W5Q160 Keratin 10 KRT10 3.42E-05 0.8281
W5NSA6 Alpha-2-macroglobulin A2M 1.39E-04 0.6101
G3LUQ4 Alpha-S1-casein CSN1S1 1.63E-04 0.7229
W5Q9H2 Protein disulfide-isomerase P4HB 1.93E-04 0.9196
W5P7W2 Stromal cell derived factor 4 SDF4 2.36E-04 0.9210
K4GWI0 2',3'-cyclic-nucleotide 3’-phosphodiesterase CNP 2.78E-04 0.8010
P12303 Transthyretin TTR 2.84E-04 0.7207
W5P3V7 Myelin associated glycoprotein MAG 2.87E-04 1.2398
WB8TGE9 Thioredoxin trxA 3.53E-04 0.7741
W5PKU1 Phospholysine phosphohistidine inorganic pyrophosphate phosphatase ~ LHPP 4.62E-04 1.7733
Q9TTUS Major prion protein PrP 4.67E-04 0.7745
W5PZY7 Ubiquitin-40S ribosomal protein S27a RPS27A 4.88E-04 1.1526
W5PD45 Vesicle amine transport 1 like VAT1L 5.20E-04 1.0725
K4P1S5 Peptidyl-prolyl cis-trans isomerase PPIA 7.07E-04 0.5838
W5Q687 Keratin 5 KRT5 7.22E-04 0.6335
W5P0Q4 Haptoglobin HP 8.55E-04 1.4903
W5Q349 Potassium channel tetramerization domain containing 12 KCTD12 1.65E-03 0.8219
W5QEC3 Methyltransferase like 3 METTL3 1.99E-03 1.1629
Q29439 Complement component C4 (Fragment) C4 2.31E-03 0.8035
QIMZS8 Cathepsin D (Fragment) CTSD 2.66E-03 0.8585
W5NX56 Osteopontin SPP1 3.20E-03 0.8784
Q1KYZ7 Beta-A globin chain HBBA 4.34E-03 3.3458
W5PMH1 Glutathione synthetase GSS 5.54E-03 0.7351
W5PMS1 Cartilage oligomeric matrix protein COMP 5.54E-03 0.9293
W5PAT6 Agrin AGRN 5.87E-03 0.5580
W5P2C6 Calsyntenin 3 CLSTN3 7.22E-03 0.5767
W5P3R8 Carboxypeptidase Q CcPQ 9.42E-03 1.3320
W5QHS2 Matrix Gla protein MGP 9.95E-03 1.2977
W5PH95 Immunoglobulin heavy constant mu IGHM 2.47E-05 —1.0651
W5PSQ7 Immunoglobulin lambda-1 light chain-like IGL1 6.10E-04 —0.6858
A2P2I13 VH region (Fragment) VH 7.23E-04 —1.0243
W5Q0L2 Serpin family A member 5 SERPINA5 8.76E-04 —0.9834
W5P8RO Uncharacterized protein NDUFA4 1.41E-03 —1.2904
W5NV16 Ig-like domain-containing protein W5NV16_SHEEP 1.61E-03 —0.5445
W5Q039 Tubulin beta chain TUBB3 2.73E-03 —1.1546
W5PJP2 Neurofilament light NEFL 3.26E-03 —-0.9773
W5P9V5 Polymeric immunoglobulin receptor PIGR 3.48E-03 —0.8420
W5NR63 Protein S100 S100A4 4.49E-03 —1.1087
A2P2G8 VH region (Fragment) VH 5.34E-03 -0.7139
W5PGR8 Ependymin related 1 EPDR1 8.71E-03 —0.6334
W5Q3K6 Protein C, inactivator of coagulation factors Va and Vllla PROC 9.11E-03 —0.5547

The unknown gene names are annotated with the UniProt code.

(Cathepsin D) and SPP1 (Osteopontin), were chosen
for their promising significant upregulation in the
preclinical animals compared to healthy controls in
the SWATH-MS analysis.

Figure 7 shows the ELISA concentrations of the
five selected proteins in CSF samples. We obtained
very similar data compared to that from the mass
spectrometry results, thus validating the proteomic
analysis done in this study. The first protein studied,
SYNCRIP, was found to be significantly upregulated
in the preclinical (63.9+1.13ng/mL, p-value = 1.34E-
5) and clinical (55.7+0.30ng/mL, p-value = 5.83E-4)
stages of the scrapie disease compared to healthy
sheep (32.4+16.10ng/mL). Regarding PLD3 expres-
sion, significantly higher concentrations were found
in preclinical (6.29+0.37ng/mL, p-value = 3.62E-3)
and clinical (6.01+0.46ng/mL, p-value = 5.93E-3)
infected sheep compared to healthy controls (531
0.61ng/mL). Complement C4 concentration followed
the same pattern, with a significantly upregulated
expression in the preclinical (89.3+16.3 ug/mL,

p-value = 0.02) and clinical (97.0+£19.9 ug/mL, p-value
= 5.85E-4) stages, compared to that in healthy sheep
(73.4+10.5 ug/mL). The expression of cathepsin D in
the CSF of preclinical sheep was significantly higher
(2.62+£0.279ng/mL, p-value = 2.6E-6) than in the
healthy control group (1.40+0.306ng/mL), but
expression in the clinical stage group (1.11+0.427 ng/
mL) was indistinguishable from that of healthy sheep.
Osteopontin expression was significantly higher in
preclinical (107+1.04ng/mL, p-value = 0.0282) and
clinical (104+15.1 ng/mL, p-value = 0.03) sheep com-
pared to the healthy control group (83.2+20.6 ng/mL).

Discussion

Classical sheep scrapie is a valuable preclinical model
for studying human prion diseases (Llorens et al.
2018; Zetterberg et al. 2019; Lépez-Pérez et al. 2020),
and shares key biophysical and biochemical features
with other neurodegenerative disorders commonly
called prion-like disorders, such as Alzheimer’s
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Figure 5. Heatmap analysis of the 46 significantly dysregulated proteins identified in the preclinical stage group and healthy
group comparison. Relative expression of each protein is displayed with a colour range from red (downregulated) to green
(upregulated), representing z-scores of the proteins’ normalised peak areas. Clustering of proteins in rows, represented by a
dendrogram in the left y-axis, was performed using a complete linkage method and the Spearman Rank Correlation method
was applied for distance measurement. Columns represent all samples included in this study: 12 healthy sheep, 5 and 13 in

the preclinical and clinical stages of the disease, respectively.

disease (AD) (Brundin et al. 2010; Frost and Diamond
2010). In the present study, we have performed for
the first time the identification and quantification of
the CSF proteome of naturally infected sheep with
classical scrapie at two stages of the disease: a pre-
clinical stage in which no clinical signs have yet
appeared and on which we have mainly focused,
and a clinical stage characterised by severe symp-
tomatology close to a fatal outcome. Data from both
stages have been compared with those of healthy
animals to search for differences between groups. In
the protein identification analysis, conducted by
RPLC tandem mass spectrometry in DDA mode, we
found remarkable qualitative differences in the pro-
teome of the three groups, highlighting approxi-
mately twenty proteins that were only detected in
preclinical animals. To further explore these

differences, we performed a quantitative analysis by
SWATH-MS in which we identified 46 and 127 highly
significant proteins differentially expressed in the
preclinical and clinical stages of disease, respectively,
compared to healthy controls. Among them, we
selected five for validation by ELISA based on their
significance and higher fold change in the preclinical
stage and their functions and possible relationship
with neurodegenerative diseases; these were SYNCRIP,
PLD3, CTSD, C4 complement and SPP1.

It should be noted that a limited number of ani-
mals were used, specifically in the preclinical stage;
this is due to the fact that we used naturally scra-
pie-affected animals, rather than experimentally
infected ones, and that preclinical diagnosis of scra-
pie in sheep, although possible, can only provide a
limited number of individuals. This may rise
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Figure 6. Interactions between proteins significantly dysregulated in the preclinical stage and those in the STRING sheep
database. Network nodes (circles) represent individual proteins and edges refer to protein-protein association evidences, with
a high confidence (0.700) interaction score. Edge (line) colours represent different interaction evidences: known interactions
with light blue (from curated databases) and pink (experimentally determined), predicted co-occurrence with dark blue, text-
mining with light green, co-expression with black and protein homology with purple. Node colours refer to functional enrich-
ment analysis in which proteins are involved as follows: dark blue for response to stress, light blue for cell adhesion, red for
inflammatory response, brown for protein binding, yellow for extracellular matrix receptor interaction and green for comple-

ment and coagulation Cascades.

questions about the statistical power of the differ-
ences observed in the preclinical group. Nevertheless,
and even though they have to be interpreted cau-
tiously, our results are promising and encourage fur-
ther evaluation of these proteins as early biomarkers
of prion diseases.

We have found numerous metabolic pathways
altered by scrapie pathology. Among them, an
increased inflammatory response was evidenced in
clinical sheep compared to healthy sheep. It is well
known that neuroinflammation is linked to neurode-
generative diseases, not only as a result of neurode-
generation but also potentially occurring before the
accumulation of misfolded proteins (Kwon and Koh
2020; Zhang et al. 2023). Related to this, comple-
ment and coagulation cascades were also upregu-
lated in infected animals when compared to healthy
sheep; these same cascades have been found to be
critical in synaptic plasticity and neuronal develop-
ment in other brain-related disorders (Berkowitz
et al. 2021; Heurich et al. 2022; Rydbirk et al. 2022).
Additionally, in infected animals, we observed a dis-
ruption in proteins involved in amino acid and car-
bon metabolism pathways, which were also altered
in metabolomic studies of CSF in AD patients, sup-
porting the similarities between prion and other
neurodegenerative diseases (Kaddurah-Daouk et al.

2013; Panyard et al. 2023). We have also detected
altered oestrogen and insulin signalling pathways in
clinical scrapie sheep. Both hormones have been pre-
viously studied for their function in brain develop-
ment, and their dysregulation has been reported in
AD and other neurodegenerative diseases (Zarate
et al. 2017; Shaughness et al. 2020; Tao and Cheng
2023). Interestingly, we have identified oxidative
stress response, cytoskeleton organisation and ion
transport pathways already altered in the preclinical
stage of scrapie. These pathways are known hall-
marks of neurodegenerative diseases, and this find-
ing supports the existence of measurable metabolic
alterations prior to the emergence of clinical signs
(Wilson et al. 2023). Moreover, proteins involved in
some of these metabolic pathways have also been
proposed as potential biomarkers of scrapie since
they have been identified to be already altered in
the preclinical stage of the disease (Lopez-Pérez
et al. 2020; Lozada Ortiz et al. 2023).

Regarding the functions of the validated proteins,
first, synaptotagmin binding, cytoplasmic RNA inter-
acting protein (SYNCRIP) is an RNA-binding protein,
primarily involved in nucleic acid metabolism (Geuens
et al. 2016). SYNCRIP also binds to synaptotagmins,
synapse proteins related to calcium-dependent mem-
brane trafficking (Mizutani et al. 2000; Yoshihara and
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Figure 7. Concentration (Y-axis) of selected proteins (SYNCRIP, PLD3, C4, CTSD and SPP1) measured by ELISA in CSF samples
of healthy controls (n=12) and preclinical (n=5) and clinical (n=13) scrapie-infected sheep. The boxes are drawn from the
first quartile to the third quartile and the median is shown as a horizontal line inside the box. The whiskers extend from the
box to the most extreme data point within 1.5 times the interquartile range, with the data points outside that range being
considered potential outliers. Significant differences between groups were measured using one-way ANOVA test followed by
Tukey HSD for multiple pairwise-comparisons or Kruskal-Wallis followed by Dunn’s test, for normally and non-normally distrib-
uted data, respectively. *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001, ****p-value < 0.0001.

Montana 2004), and calcium dysregulation can be
the underlying cause of synaptic dysfunction and
neuronal death in several neurodegenerative disor-
ders (Zundorf and Reiser 2011). Besides, it has been
related to the apolipoprotein B, a potential early
marker of AD (Blanc et al. 2001; Picard et al. 2022).
Furthermore, in our STRING interaction analysis,
SYNCRIP had a strong interaction with calreticulin, a
chaperone that prevents beta-amyloid aggregation
(Reid et al. 2022). Few studies have been performed
to detect SYNCRIP at the cellular and tissue levels,
but no research has yet described its expression in
CSF or any other accessible body fluid, and neither
has it ever been studied in prion diseases. In the
present study, we detected for the first time a highly
significant increase in the expression of SYNCRIP in
the CSF of preclinical and clinical scrapie-infected
sheep, compared to that in healthy animals.

Besides, phospholipase D family member 3 (PLD3)
is a neuronal lysosomal protein that has been associ-
ated with anti-apoptotic processes, neurotransmission

and neuronal survival (Pedersen et al. 1998; Wang
et al. 2015; Gonzalez et al. 2018). Gene variants of this
protein have been related to the risk of developing
AD through beta-amyloid metabolism disruption
(Cruchaga et al. 2014). Here we investigated this pro-
tein for the first time in a model of prion disease,
reporting a significantly increased concentration of
PLD3 in the CSF of infected animals, and already in
the preclinical stage of the disease. This finding is sup-
ported by research showing that neuronal overexpres-
sion of PLD3 leads to an impairment of axonal
conduction and neural network function (Yuan
et al. 2022).

Like PLD3, cathepsin D (CTSD) is also localised in
the lysosome, being a lysosomal aspartic protease
with a variety of functions, such as protein degrada-
tion, antigen processing and presentation and regu-
lation of apoptosis (Benes et al. 2008; Stoka et al.
2016). In our STRING analysis, CTSD had a close inter-
action with a calcium-binding protein. Besides, we
found a significant increase of CTSD in the CSF of
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preclinical sheep, while the concentration of this pro-
tein returned to basal levels in the clinical stage.
Previous research supports our results since CTSD
has already been found to be increased in the brain
and CSF of AD patients (Schwagerl et al. 1995; Chai
et al. 2019). Similarly, the CTSD gene has also been
found to be upregulated in scrapie-infected mice
and clinical sCJD brains (Diedrich et al. 1991; Xiang
et al. 2004; Kovacs et al. 2007; Llorens et al. 2017;
Kanata et al. 2019).

Moreover, C4 complement is a key element in the
classical innate immune system, controlling synaptic
refinement to maintain optimal brain function and
development, besides its contribution to the inflam-
mation cascade (Rapino et al. 2023). Here, we have
identified an increase in the concentration of C4 in
CSF throughout the natural prion disease progres-
sion, as early as the preclinical stage in sheep. Most
studies are in line with these results, with an increase
of this protein being also reported in CSF from indi-
viduals affected by other neurodegenerative diseases,
such as AD and multiple sclerosis (Wijte et al. 2012;
Zelek et al. 2020). More recently, a significant increase
of C4 protein levels in the CNS of sCJD patients has
been described, as well as a remarkable overexpres-
sion at the gene level in a mouse model of sCJD in
the preclinical stage (Llorens et al. 2014), in agree-
ment with our own results.

Finally, osteopontin (SPP1) is an extracellular
matrix phosphoprotein involved in inflammatory pro-
cesses, acting as a cell adhesion molecule and as a
proinflammatory cytokine (Lund et al. 2009; Rittling
and Singh 2015; Stampanoni Bassi et al. 2023). The
STRING analysis revealed its interaction with integrins
and cell adhesion molecules, involved in inflamma-
tion processes and neurodegenerative diseases
(Mezu-Ndubuisi and Maheshwari 2021; Shu et al.
2022). Here, we studied for the first time its expres-
sion in CSF in a natural model of prion disease and
we found a significant increase in both the preclini-
cal and clinical stages. This is consistent with numer-
ous other studies conducted on SPP1, which found it
to be increased in the CSF of AD (Comi et al. 2010;
Sun et al. 2013) and the brain of CJD patients (Kanata
et al. 2019; Cheng et al. 2023).

Although clarifying the reason for the observed
changes in the CSF levels of these proteins is out of
the scope of this study, we can hypothesise that
their upregulation could be due to their delivery
from the CNS (following neuronal death), excessive
accumulation, or pathologically increased synthesis.
Another related, unresolved question is whether the
observed changes in protein levels predate the neu-
rodegenerative process or else are their conse-
quence. In this line, for example, it appears that the
upregulation of SYNCRIP has a protective role in
suppressing huntingtin protein aggregation in
human neuroblastoma cells (Ryu et al. 2019), and in
SYNCRIP-silenced cells, proinflammatory proteins
expressed in the CNS are upregulated (Cappelli
et al. 2018). Additionally, CTSD has been proved to
degrade beta-amyloid and tau aggregates (Wang

et al. 2020; Gallwitz et al. 2022). Similarly, a recent
study proposed that SPP1 has a promising role in
beta-amyloid clearance and might act as a neuro-
protective molecule in AD patients (Rentsendorj
et al. 2018). All these observations lead to the inter-
pretation of the upregulation of these proteins as a
neuronal adaptive mechanism against protein
aggregation. The reasons for the decrease in CTSD
in clinical animals compared to the preclinical stage
are unknown; it is perhaps due to the large accu-
mulation of misfolded protein and the saturation of
the apoptotic system in the terminal stage of dis-
ease, but further studies would be needed to verify
this hypothesis.

In contrast, it is known that complement overacti-
vation triggers early synaptic loss, which is associ-
ated with cognitive impairment in AD and other
neurodegenerative diseases (Hong et al. 2016; Wu
et al. 2019); thus, C4 upregulation could be under-
stood as a cause rather than a consequence of the
neurodegenerative process, although studies would
be required to corroborate this hypothesis.

Overall, the present study provides, for the first
time, insights on the CSF proteome of animals natu-
rally infected with scrapie during the preclinical and
clinical stages of the disease and contributes a battery
of new and promising potential biomarkers validated
in an in vivo model of natural prion disease. Although
the results for the preclinical animals should be inter-
preted cautiously, further analyses are being per-
formed to validate the results presented here and to
elucidate and better understand the functions and
roles of these differentially expressed proteins in the
pathogenesis of neurodegenerative diseases.
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