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A B S T R A C T   

Choroid plexus epithelial cells (CPEpiCs) determine the composition of cerebrospinal fluid (CSF) and constitute 
the blood-CSF barrier (BCSFB), functions that are altered in neurodegenerative diseases. In Parkinson's disease 
(PD) the pathological environment oxidizes and deamidates the ceruloplasmin, a CSF-resident ferroxidase, which 
undergoes a gain of RGD-recognizing integrin binding property, that may result in signal transduction. We 
investigated the effects that oxidized/deamidated ceruloplasmin (Cp-ox/de) may exert on CPEpiCs functions. 
Through RGD-recognizing integrins binding, Cp-ox/de mediates CPEpiCs adhesion and intracellular signaling, 
resulting in cell proliferation inhibition and alteration of the secretome profile in terms of proteins related to cell- 
extracellular matrix interaction. Oxidative conditions, comparable to those found in the CSF of PD patients, 
induced CPEpiCs barrier leakage, allowing Cp-ox/de to cross it, transducing integrins-mediated signal that 
further worsens BCSFB integrity. This mechanism might contribute to PD pathological processes altering CSF 
composition and aggravating the already compromised BCSFB function.   

1. Introduction 

The choroid plexus is a convoluted structure facing the brain ven-
tricles, composed of fenestrated blood vessels and a monolayer of 
specialized epithelial cells (Johanson et al., 2011). Choroid plexus 
epithelial cells (CPEpiCs) mainly determine the production and 
composition of cerebrospinal fluid (CSF) in terms of proteins, organic 
molecules, metals, and salts content (Marques et al., 2017). This is 
achieved by the synthesis and release of proteins and metabolites, and 
by the regulation of barrier permeability (Marques et al., 2017). Indeed, 
CPEpiCs constitute the blood-CSF barrier (BCSFB), in which the 
permeability is strictly controlled by the presence of epithelial tight- 
junctions (Tietz and Engelhardt, 2015). Moreover, CPEpiCs-derived 
extracellular vesicles and exosomes have been proposed as communi-
cation mechanisms able to deliver compounds in the brain parenchyma 

during inflammation and neurodegeneration (Balusu et al., 2016; Grapp 
et al., 2013). Changes in choroid plexus anatomy and function are re-
ported in aging and neurodegenerative diseases, such as Parkinson's 
disease (PD), Alzheimer's disease (AD), and multiple sclerosis 
(Demeestere et al., 2015; Emerich et al., 2005; Kaur et al., 2016). These 
alterations include epithelial atrophy and thickness, expression of stress 
response proteins, mitochondrial induction of apoptosis, reduced CSF 
synthesis and turnover, altered permeability, and basal lamina thick-
ening (Anthony et al., 2003; Masseguin et al., 2005; Perez-Gracia et al., 
2009; Pisani et al., 2012; Serot et al., 1997; Shrestha et al., 2014; Vargas 
et al., 2010). These alterations are fostered in AD mainly by amyloid-β 
deposition, but can be promoted by conditions that characterize several 
neurodegenerative disorders, like iron and copper homeostasis 
dysfunction and oxidative stress (Brkic et al., 2015; Mesquita et al., 
2012; Perez-Gracia et al., 2009; Vargas et al., 2010; Zheng and Monnot, 
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2012). Thus, the alteration of CPEpiCs physiology in neurodegenerative 
disease patients can lead to BCSFB dysfunction and CSF composition 
changes, which might reflect and/or contribute to the pathological 
mechanisms. 

The copper-protein ceruloplasmin (Cp) is a ferroxidase enzyme 
present in the CSF, which contributes to iron homeostasis regulating 
cellular iron loading and export (Hellman and Gitlin, 2002; Jeong and 
David, 2003). The absence of Cp's ferroxidase activity, which charac-
terizes the monogenic rare disease aceruloplasminemia, results in neu-
rodegeneration caused by brain iron accumulation (Piperno and Alessio, 
2018). Through regulated iron oxidation, the Cp also protects the central 
nervous system (CNS) from iron-mediated free radicals injury (Ayton 
et al., 2013; Texel et al., 2008). The CSF's pathological environment 
from PD and AD patients promotes oxidative modifications of both 
endogenous Cp and purified Cp spiked within the CSFs (Barbariga et al., 
2015, 2014; Olivieri et al., 2011). Cp structural changes occur upon 
protein oxidation, with consequent release of coordinated copper ions 
and loss of ferroxidase activity (Barbariga et al., 2014; Olivieri et al., 
2011). Cp modifications promote de novo gain of integrin-binding 
properties, following the deamidation of two Asn-Gly-Arg (NGR)-mo-
tifs present in the Cp sequence. Converted into the isoAsp-Gly-Arg 
(isoDGR), these motifs are then able to bind Arg-Gly-Asp-(RGD)- 
recognizing integrins (Barbariga et al., 2015, 2014; Corti and Curnis, 
2011; Curnis et al., 2006). The oxidized/deamidated-Cp (Cp-ox/de) 
transduces via isoDGR/integrin binding an intracellular signal that may 
regulate cell cycle, proliferation, and cytoskeletal rearrangement in 
epithelial cells (Barbariga et al., 2015, 2014). This signaling results in 
proliferation inhibition, cell cycle arrest, and apoptosis induction in 
HaCaT cells, promoting inhibition of CPEpiCs proliferation (Barbariga 
et al., 2020). In vivo, Cp oxidation and deamidation could be fostered by 
hydrogen peroxide (H2O2) found at higher concentrations in the CSF of 
PD, compared to the CSF of healthy subjects (≈ 50 vs. 22 μM, respec-
tively) (Barbariga et al., 2015). 

Based on the observations that histological organization, tight 
junctions and barrier permeability of CPEpiCs are altered in neurode-
generative diseases and on the direct contact of these cells with the CSF, 
we hypothesized that CPEpiCs could be targeted by Cp-ox/de present in 
the pathological CSF. This study reports that Cp-ox/de interaction with 
RGD-recognizing integrins expressed on CPEpiCs affects their physi-
ology in terms of secretome profile, proliferation inhibition, and barrier 
properties. This effect - promoted by the alteration of BCSFB properties - 
occurs under oxidative stress conditions, allowing Cp-ox/de to cross the 
barrier and interact with RGD-recognizing integrins expressed on the 
basal side of CPEpiCs. Altogether, these circumstances might contribute 
to neurodegeneration altering the CSF composition and worsening the 
BCSFB leakage already fostered by the oxidative environment. 

2. Material and methods 

2.1. Cell cultures and reagents 

The primary human choroid plexus epithelial cells (HCPEpiCs) 
(ScienCell Research Laboratories) were cultured as described in (Bar-
bariga et al., 2020). Cells were used within three culture passages to rule 
out de-differentiation to mesenchymal cells (Redzic, 2013). The Z310 
rat choroid plexus epithelial cell line (Zheng and Zhao, 2002) was 
cultured as described in (Monnot and Zheng, 2013). If not specified, the 
chemical reagents used were from Sigma. Human plasma purified Cp 
was from Molecular Innovations. A synthetic peptide corresponding to 
the fifth type I repeat of human fibronectin (FN-I5), containing an NGR 
motif, was diluted in 100 mM ammonium bicarbonate buffer, pH 8.5, 
and incubated for 16 h at 37 ◦C (FN-I5/37 ◦C) in order to favour isoDGR 
motif formation (Curnis et al., 2006). Human recombinant vitronectin 
was from Life Technologies (cat. A14700). The antibodies used were: 
anti-mouse/rat α5β1 (hamster HMα5–1, Biolegend #103902) and anti- 
rat αVβ5 (mouse KN52, ThermoFisher #14–0497-82) for Z310 cells; 

anti-human α5β1 (mouse P1D6, MAB-14049, Immunological Sciences) 
and anti-human αVβ3 (mouse MAB-10055 clone LM609, Immunological 
Sciences) for HCPEpiCs cells. Control isotype monoclonal antibodies 
used were: Armenian Hamster IgG Isotype Control (ThermoFisher, 
#14–4888-81) and Mouse IgG1 κ Isotype Control (BD Pharmingen™, 
550,878). 

2.2. Ceruloplasmin oxidation and aging treatments 

Accelerated aging and oxidation of purified Cp were carried out as 
described previously (Barbariga et al., 2020, 2014). Briefly, Cp was 
incubated (16 h at 37 ◦C) in 100 mM ammonium bicarbonate buffer, pH 
8.5, containing 10 mM H2O2, i.e. a buffer known to favour the deami-
dation of the asparagine at the NGR sites and the oxidation of Cp (Bar-
bariga et al., 2014; Olivieri et al., 2011). Bovine serum albumin (BSA) 
was treated in parallel as negative control. The oxidized/deamidated 
products were dialyzed against PBS and used fresh; they are referred in 
the text as oxidized/deamidated-Cp (Cp-ox/de) and oxidized/ 
deamidated-BSA (BSA-ox/de), respectively. 

2.3. Cell proliferation and apoptosis assays 

Z310 cells were cultured (37 ◦C, 5% CO2) in 96-well plates (10,000 
cells/well) in medium containing 0.1% fetal bovine serum for a 24 h 
starvation. The cells were incubated for additional different times (24, 
48, 72, 96, 120 h), depending on the type of assay, in the presence of Cp, 
Cp-ox/de, or BSA-ox/de (2–20 μg/ml). In selected experiments, cells 
were incubated 24 h in the presence of various concentrations of H2O2 
(range 0–100 μM) in RPMI medium. At the end of the incubation time, 
cell proliferation/viability was determined by adding 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (final 
concentration 0.25 mg/ml) to each well. After 2 h of incubation at 37 ◦C, 
the cell medium was removed and the formazan crystals were dissolved 
with dimethyl sulfoxide (200 μl/well). Absorbance was then measured 
at 570 nm using iMark microplate reader (BioRad). The cell number in 
treated wells was quantified using an external standard curve prepared 
by plating various amounts of Z310 cells (range 0–105 cell/well, in 
quadruplicate, 12 serial dilutions 1:2) in a 96-well plate on the day of the 
assay and stained in parallel with MTT. The cell viability data are re-
ported as the percentage of seeded cells. The effect of the treatments on 
Z310 cell apoptosis was evaluated using annexin-V-FITC staining 
(Immunological Sciences), followed by flow cytometry analysis (Accuri 
C6 instrument, BD Biosciences and FCS Express 6 Flow v6.06.0033, 
DeNovo Software). 

2.4. Cell adhesion assay and PIMT treatment 

96-well polyvinyl chloride microtiter plates were coated with Cp or 
Cp-ox/de (2, 5, 20 μg/ml in PBS, 16 h at 4 ◦C). After washing and 
blocking (3% BSA in PBS), the plates were seeded with Z310 cells 
(40,000 cells/well in DMEM containing 0.1% BSA) and cells left to 
adhere 3 h at 37 ◦C, 5% CO2; unbound cells were removed by washing. 
Adherent cells were fixed, stained with crystal violet, and quantified by 
measuring absorbance at 570 nm using a microplate reader (Barbariga 
et al., 2014). The effect of L-isoaspartyl methyltransferase (PIMT) 
treatment on cell adhesion was evaluated as follows: coated plates 
(prepared as described above) were washed and incubated with 50 μl of 
PIMT enzyme solution (0.02 mM S-adenosyl-L-methionine, in 50 mM 
Na3PO4, pH 6.8) supplemented with 5 μl of PIMT enzyme (IsoQuant 
Isoaspartate Detection kit, Promega) at 37 ◦C for 16 h. Then, plates were 
washed and the cell adhesion assays were performed as described above. 
In selected experiments, an isoDGR containing peptide (acetyl- 
CisoDGRCGVRSSSRTPSDKY, called isoDGR-peptide) was included as a 
positive control (Barbariga et al., 2015). 

Competitive cell adhesions assays were performed as described 
above using mixtures of Z310 or HCPEpiCs cells incubated with various 
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amounts of Cp-ox/de or Cp (0, 3, 30, and 100 μg/ml) and seeded onto 
microtiter plates coated with FN-I5/37 ◦C (10 μg/ml), VN (5 μg/ml), 
anti-integrins antibodies or isotype control monoclonal antibodies 
(mAb) (3 μg/ml). 

2.5. Western blot analysis 

Z310 cells were resuspended in lysis buffer (50 mM Tris, 150 mM 
NaCl, 1 mM EDTA, 1% Triton-X, 0.1% SDS, protease inhibitors cocktail, 
and 25 mM NaF and 5 mM NaVO3 as phosphatase inhibitors). Following 
centrifugation (15 min, 13,000 rpm at 4 ◦C), the concentration of 
extracted proteins was quantified with Bradford assay (Bio-Rad). Pro-
teins were resolved by 10%-acrylamide SDS-PAGE, transferred to 
nitrocellulose filters and analyzed by Western blot (WB) using the 
following antibodies: anti-ceruloplasmin (ab8813, Abcam); anti-FAK 
(#3285), anti-p-Tyr397FAK (#3283), anti-ERK1/2 (#9102), anti-p- 
Thr202/Tyr204ERK1/2 (#9101), anti-GSK3β (#9315), anti-p-Ser9GSK3β 
(#9336), anti-AKT (#4691), anti-p-Ser473AKT (#193H12) from Cell 
Signaling Technology; anti-β-tubulin (T6199, Sigma.). The binding of 
primary antibody was detected using appropriate HRP-conjugated sec-
ondary antibodies, followed by enhanced chemiluminescence reaction 
(ECL reagent, GE-Healthcare) and film exposure. Films with different 
exposure times (5 s, 20 s, 1 min, 3 min, 10 min) were acquired by G-Box 
CCD-camera system (Syngene) and densitometric analysis was per-
formed using ImageJ software (Rasband, W.S., ImageJ, U.S. National 
Institutes of Health, Bethesda, MD, USA). Signals were normalized to 
total protein loaded (Romero-Calvo et al., 2010) or to tubulin 
expression. 

Evaluation of expression and phosphorylation of ERK1/2 was per-
formed by Simple Western capillary immunoassay on JESS system 
(ProteinSimple) using the Size Separation 12–230 kDa kit. Z310 cell 
lysates, prepared as described above at the end of the different treat-
ments, were transferred to the assay plate, and size-based protein sep-
aration and detection in capillaries were performed by 
chemiluminescence, according to the manufacturer's instruction. The 
antibodies used were anti-ERK1/2 (#9102) and anti-p-Thr202/Tyr204-

ERK1/2 (#9101) from Cell Signaling Technology. Protein expression 
levels and phosphorylation were quantified using Compass software 
(ProteinSimple) and reported as p-ERK1/2:ERK1/2 signals ratio. 

2.6. Secretome analysis by mass spectrometry 

HCPEpiCs cells were seeded in 6-well cell culture plates (40,000 
cells/well); after 24 h, the culture medium was replaced with medium 
without serum alone (untreated condition) or supplemented with Cp- 
ox/de (20 μg/ml) and the cells cultured for additionally 24 h. At the 
end of the incubation, the medium was recovered and centrifuged to 
remove cell debris; samples underwent acetone precipitation and pro-
tein concentration determined with Bradford assay. Proteins were 
resolved by 10%-acrylamide SDS-PAGE and stained with Coomassie 
blue. Each lane was cut in ten slices that were in-gel digested with 
trypsin (10 ng/μl, Roche) as reported (Barbariga et al., 2014). Peptides 
were recovered and desalted using Stage tips C18 columns (Thermo-
Scientific), then injected in a capillary chromatographic system (EasyLC, 
Proxeon Biosystem). Peptides separation occurred on a homemade 25 
cm long reverse-phase spraying fused silica capillary column, packed 
with 3-μm ReproSil 120 Å C18 AQ resin. A gradient of eluents A (2% v/v 
acetonitrile, 0.5% v/v acetic acid in water) and B (80% v/v acetonitrile, 
0.5% v/v acetic acid in water) was used to achieve separation; from 10 
to 35% B in 230 min, from 35 to 50% B in 5 min and from 50 to 70% B in 
30 min, at 0.15 μL/min flow rate. Mass spectrometry (MS) analysis was 
performed using LTQ-Orbitrap mass spectrometer (ThermoScientific) 
equipped with nanoelectrospray ion source (Proxeon Biosystems). Full 
scan spectra were acquired with the lock-mass option, resolution set to 
60,000, and mass range from m/z 350 to 1700 Da. The six most intense 
doubly and triply charged ions were selected and fragmented in the ion 

trap. Target ions already selected for the MS/MS were dynamically 
excluded for 120 s. To quantify proteins, the raw data were loaded into 
MaxQuant software version_1.5.2.8: label-free protein quantification 
was based on the intensities of precursors, both as protein intensities and 
normalized protein intensities (LFQ intensities). Peptides and proteins 
were accepted with a false discovery rate < 1%, two minimum peptides 
per protein with one unique. The experiments were in technical dupli-
cates; searches were performed against the UniProt_Human Complete 
Proteome_cp_hum_2018_0228 with trypsin specificity, two missed 
cleavages allowed, cysteine carbamidomethylation as fixed modifica-
tion, acetylation at protein N-terminus, and oxidation of methionine as 
variable modifications. Mass tolerance was set to 5 ppm and 0.6 Da, for 
precursor and fragment ions, respectively. 

2.7. Barrier permeability analysis on cell culture transwell system 

Z310 CPEpiCs barrier properties were analyzed using the cell-culture 
transwell system (0.4-μm pore, Transwell Support, Corning Life Sci-
ences) pre-coated with 0.01% collagen-type 1. Cells were seeded in the 
upper chamber (5000 cells/well) and incubated 72 h, in the presence of 
1 μM dexamethasone, until cell monolayer formation (Monnot and 
Zheng, 2013). Then, the cells were further incubated 24 h in the pres-
ence of different concentrations of H2O2 in RPMI medium (range 0–100 
μM) or, in selected experiments, in the presence of 20 μg/ml Cp, Cp-ox/ 
de or BSA-ox/de. Barrier integrity was evaluated quantifying the 
amount of 150 kDa FITC-dextran (FD150S, Sigma, i.e. a molecule with a 
molecular weight similar to that of Cp) in the lower chamber 30 min 
later its addition (100 μg) to the upper chamber, by fluorimetric analysis 
(Victor3 plate reader, PerkinElmer). In selected experiments, the capa-
bility of Cp, seeded in the upper chamber of the transwell (20 μg/ml in 
100 μl), to cross the Z310 CPEpiCs barrier upon treatment with different 
concentrations of H2O2 (0–20-50 μM) was evaluated by WB analysis 
using an anti-Cp antibody on acetone-precipitated medium collected in 
the lower chamber. Treatment with cytochalasin B (1 μg/ml), which 
affects actin cytoskeleton organization, was used as control for cell 
barrier integrity disruption. 

2.8. Integrins binding and signaling by Cp-ox/de in cell culture transwell 
system 

Integrins engagement and signaling by Cp-ox/de upon Z310 CPEpiCs 
barrier alteration were evaluated by WB for ERK1/2 phosphorylation as 
described above. Z310 cells were cultured on transwell system until 
monolayer formation (see above), proteins were extracted with lysis 
buffer from untreated cells, from cells treated 24 h with 50 μM H2O2, 
from cells treated 2 h with 20 μg/ml Cp-ox/de, or from cells that un-
derwent the combined treatment (Cp-ox/de + H2O2). Competition for 
Cp-ox/de integrins binding was performed by adding isoDGR-peptide 
(30 μg/ml) to the cell monolayer in the transwell system 30 min before 
the treatment with Cp-ox/de alone or in combination with H2O2. The 
effect of PIMT treatment on isoDGR-mediated binding of Cp-ox/de to 
integrins was evaluated as follows: before the addition to the cell cul-
ture, Cp-ox/de was incubated with S-adenosyl-L-methionine and PIMT 
solution (as described above) and then used alone or in combination 
with H2O2 in the assay for the evaluation of integrin engagement and 
signaling across the Z310 CPEpiCs barrier. In selected experiments, after 
different treatments, the amount of Cp-ox/de bound to CPEpiCs was 
evaluated on protein extracts by WB performed with anti-Cp antibody. 

2.9. Immunofluorescence analysis 

Z310 cells were cultured on coverslip glasses (13 mm Ø x 170 μm) 
coated with poly-L-lysine until they formed a confluent monolayer. Cells 
were treated with different concentrations of H2O2 (0–20-50 μM) or 
cytochalasin B (1 μg/ml) as described above. After treatments, cells were 
fixed with 4% paraformaldehyde, permeabilized with 0.5% saponin and 
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immunostained with a mouse anti-ZO1 antibody (339,100, Invitrogen) 
followed by an Alexa-546-conjugated goat-anti-Mouse IgG (A11003, 
Invitrogen) secondary antibody. Alexa-647-conjugated phalloidin 
(A22287, Invitrogen) and Hoechest-33,342 (Invitrogen) were used for 
actin and nuclei staining, respectively. Staining was assessed by confocal 
microscopy (Leica TCS SP5 Laser Scanning Confocal), and images were 
acquired with LAS-AF software (Leica). 

2.10. Statistical and bioinformatics analysis 

Statistical significance among three or more groups was evaluated by 
One-way Analysis of Variance (ANOVA) if the data passed the normality 
test for Gaussian distribution (Kolmogorov-Smirnov test) or Kruskal- 
Wallis test. Ad hoc post-test analysis was performed to compare all 
pairs of groups or selected pairs of groups; respectively, Tukey's or 
Bonferroni's or Holm-Šídák's test were used for the ANOVA. The Dunn's 
test was used in the case of Kruskal-Wallis analysis. In selected analysis, 

Fig. 1. Proteins showing different levels in the secretome of primary human choroid plexus epithelial cells (HCPEpiCs) treated with Cp-ox/de. a) Hierarchical cluster 
analysis of label free quantification intensities derived from MaxQuant elaboration of MS spectra; the heat-map shows proteins found to have different levels of 
secretion between untreated (Ctrl) and Cp-ox/de treated HCPEpiCs (p < 0.05, MeV software, student-t); up- and down-regulated proteins are indicated in red and 
green, respectively; [COL4A1 and A5, collagen-α1(IV) and-α5(IV); LAMC1, laminin subunit-γ1; PSMA1, proteasome subunit α type-1; PSAP, prosaposin; RPS8, 40S 
ribosomal protein-S8; CPA4, carboxypeptidase-A4; PLOD3, Multifunctional procollagen lysine hydroxylase and glycosyltransferase LH3; SDF4, 45 kDa calcium- 
binding protein; SEMA7A, semaphorin-7A; CATSD, cathepsin-D; CALU, calumenin; FH, fumarate hydratase, mitochondrial; PA2G4, proliferation-associated pro-
tein-2G4; SEPT11, septin-11; ADSS, adenylosuccinate synthetase isozyme-2; SERPINE1, plasminogen activator inhibitor-1; COPA, coatomer subunit-α; RCN1, 
reticulocalbin-1; ENO1, α-enolase isoform-2; TXNDC5, thioredoxin domain-containing protein-5; IGFBP2, insulin-like growth factor-binding protein-2; KRT10, 
keratin type-I cytoskeletal-10; FKBP4, peptidyl-prolyl cis-trans isomerase FKBP4; CLSTN2, calsyntenin-2; YWHAB, 14–3-3 protein β/α]. b) Volcano plot analysis 
performed on the 468 identified proteins. The y-axis shows the negative log10 p value (dashed line at y = 1.3 indicates a p value of 0.05) and the x-axis the log2 of the 
fold change of protein levels in the secretoma of Cp-ox/de-treated cells vs. untreated cells as evaluated by MeV software. Proteins with significant different levels of 
secretion in Cp-ox/de-treated cells are highlighted in red (increased levels) or green (decreased levels). c) Protein network highlighted by protein-protein interaction 
STRING analysis within the 25 proteins showing different levels of secretion. Connection lines: thin = interaction confidence >0.400; thick = interaction confidence 
>0.900. d) Multivariate unsupervised principal component analysis (PCA) performed on the 468 identified proteins; Cp-ox/de samples are distinguished from control 
(Ctrl) samples; analysis was assessed by Prism 9 software. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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due to the large variability obtained in the biological replicates, the 
Wilcoxon matched-pairs signed rank test had been used to compare 
different treatments and controls within the same experiments. In all 
analyses, a p value <0.05 was considered statistically significant 
comparing means ± standard error (SEM). All the analyses were per-
formed with Prism V9.1.1 software (GraphPad Inc.). Multi-Experiment 
Viewer, MeV software v4.9.0 was used for the secretome data analysis 
to generate unsupervised hierarchical clustering heat-map and volcano 
plot. Prism V9.1.1 software was used for principal component analysis 
(PCA). Gene Ontology (GO) -Cellular Component enrichment analysis 
was performed using Panther Classification System v13 (Panther Over-
representation test) and GO database Released 2018_06_01. Protein- 
protein interaction network analysis and functional pathway enrich-
ment analysis were performed using STRING v11.0 software. 

3. Results 

3.1. Cp-ox/de treatment affects the secretome profile of primary 
HCPEpiCs 

Since CPEpiCs mainly determine CSF composition, we investigated 
the effect that integrins engagement, via modified-Cp, has on the 
secretome, namely the whole set of proteins released in the CSF by the 
CPEpiCs, as secreted proteins, part of microvesicles/exosomes and 
extracellular matrix (ECM) components. Cp-ox/de mediates cell adhe-
sion and signal transduction in HCPEpiCs, that do express αVβ3 and 
α5β1 integrins suitable for isoDGR motif binding (Barbariga et al., 2020). 
In the secretome of Cp-ox/de-treated or untreated HCPEpiCs we iden-
tified and quantified by mass spectrometry analysis a total of 468 pro-
teins (Supplemental Materials, SM: Table-SM1a). Within these proteins, 
the Gene Ontology (GO) Cellular Component enrichment analysis 
showed a significant overrepresentation of proteins belonging to the 
extracellular environment and the cell-cell and the cell-ECM interaction, 
indicating the specificity of the investigated sub-proteome (SM: 
Fig. SM1; Table-SM2). 

Differential protein levels analysis between Cp-ox/de treated and 
control (Ctrl) untreated HCPEpiCs showed 25 proteins with significant 
different levels (as performed by MeV software t-test, p < 0.05) high-
lighted by hierarchical clustering and volcano plot representation 
(Fig. 1a and b; SM: Table-SM1b). A brief description of the features of 
the proteins showing different levels of secretion is provided in Sup-
plemental Materials Text-SM1. Based on their characteristics, most of 
these proteins can be grouped according to their involvement in cell 
growth and proliferation, protease activity, protein synthesis and pro-
cessing, basement membrane and ECM organization, neurons func-
tionality, neurodegeneration, integrins functionality and barrier 
permeability (SM: Fig. SM2). The level of most of these proteins was 
downmodulated in Cp-ox/de treated cells compared to untreated cells, 
while 2 proteins, collagen-IV-α1/− α5 and laminin-C1 were up-regulated 
(Fig. 1a, b). In the case of collagen, based on the identified peptides, 
discrimination between the two protein isoforms α1/− α5 was not 
possible. Protein-protein interaction network analysis generated by 
STRING among the 25 proteins showing different levels of secretion 
highlighted a network of 18 proteins (Fig. 1c). The network showed inter 
alia the significant enrichment in pathways related ECM interaction and 
rearrangement (i.e. ECM-receptor interaction, focal adhesion, regulation 
of plasminogen activation, basement membrane organization, ECM or-
ganization) intracellular signaling (i.e. estrogen signaling, AGE-RAGE 
signaling, PI3K-Akt signaling, collagen-activated tyrosine kinase recep-
tor signaling) and exocytosis (SM: Table-SM1c). These enrichments 
suggested the role of integrins engagement by Cp-ox/de in the modifi-
cation of HCPEpiCs functionality by transducing intracellular signaling 
that affects cells secretome and their anchorage to the ECM. Differences 
in protein secretome profiles were underlined by multivariate unsu-
pervised analysis, performed by principal component analysis (PCA) on 
the 468 identified proteins. Limitations of our study were the restricted 

number of replicates we analyzed and the use of label-free method for 
protein quantitation. The first was due to the use of primary HCPEpiCs 
cells that cannot be cultured for a long time without serum and cannot 
be expanded sufficiently because they de-differentiate to fibroblast; the 
second because resulted in data variability, in particular in the control 
group. Nevertheless, the PCA was able to clearly distinguish Cp-ox/de 
samples from control (Ctrl), and the two groups were mainly sepa-
rated in PC1, which explains >55% of the variance within the dataset 
(Fig.1d). 

3.2. Cp-ox/de inhibits the adhesion of primary HCPEpiCs mediated by 
α5β1 and αVβ3 integrin 

To demonstrate that Cp-ox/de could bind the RGD-binding integrins 
αVβ3 and α5β1 expressed by the HCPEpiCs (Barbariga et al., 2020) we 
analyzed the effect of Cp-ox/de on HCPEpiCs adhesion mediated by 
coated-plate with anti-α5β1 mAb P1D6 and anti-αVβ3 mAb LM609, i.e. 
two functional antibodies capable to promote cell adhesion. The results 
showed that Cp-ox/de, but not unmodified Cp, was able to inhibit the 
HCPEpiCs adhesion in dose-dependent fashion (α5β1: ANOVA, p <
0.0001; Holm-Šídák's post-test p < 0.0001 and p = 0.0163 for Cp-ox/de 
at 100 μg/m and at 30 μg/ml, respectively. αVβ3: ANOVA, p < 0.0001; 
Holm-Šídák's post-test p < 0.0001 and p = 0.0059 for Cp-ox/de at 100 
μg/m and at 30 μg/ml, respectively) (Fig. 2a and b). Since it is known 
that the epitope recognized by the LM609 mAb is located very closely to 
the RGD-binding site in αVβ3 integrin (Borst et al., 2017), the Cp-ox/de- 
mediated inhibition of cell adhesion to this mAb was likely due to steric 
hindrance between the two molecules. Differently, P1D6 mAb does not 
inhibit α5β1 integrin interactions with the RGD site in fibronectin but 
inhibits α5β1 interactions with the synergy site of fibronectin (Mould 
et al., 1997). Therefore, inhibition of the interaction of α5β1 with P1D6 
mAb, mediated by the Cp-ox/de, might be caused by an indirect 
competition of the interactions of the mAb with the epitope on α5β1 
integrin, due to steric hindrance between large molecules, or, in alter-
native, the binding of Cp-ox/de might induce a conformational change 
of the α5β1 integrin that prevents further interactions dependent on the 
epitope recognizing the synergy site on fibronectin. 

Together, these results clearly demonstrated that Cp-ox/de directly 
binds, at least, α5β1 and αVβ3 RGD-binding integrins on HCPEpiCs 

3.3. Cp-ox/de inhibits the adhesion of primary HCPEpiCs mediated by 
deamidated fifth type I repeat of fibronectin and vitronectin 

Next, we investigated whether Cp-ox/de, binding to the RGD- 
recognizing integrins, could affect the HCPEpiCs adhesion to ECM pro-
teins, such as the deamidated fifth type I repeat of fibronectin (FN-I5/ 
37 ◦C) and vitronectin (VN). FN-I5/37 ◦C was chosen because it contains 
an NGR motif which, upon forced deamidation, generates an isoDGR 
motif that specifically binds the αVβ3 integrin and promotes αVβ3- 
mediated cell adhesion (Curnis et al., 2006). The results showed that Cp- 
ox/de inhibited in a dose-dependent manner the cell adhesion and 
spreading on both VN- and FN-I5/37 ◦C-coated plates (VN: ANOVA, p <
0.0001; Holm-Šídák's post-test p < 0.0001 and p = 0.0043 for Cp-ox/de 
at 100 μg/m and at 30 μg/ml, respectively. FN-I5/37 ◦C: ANOVA, p <
0.0001; Holm-Šídák's post-test p < 0.0001 and p = 0.0016 for Cp-ox/de 
at 100 μg/ml and at 30 μg/ml, respectively) (Fig. 2c and d). Notably, the 
highest concentration of unmodified Cp caused a slight inhibition of cell 
adhesion to VN-coated plates, but not to FN-I5/37 ◦C-coated plates 
(Holm-Šídák's post-test p = 0.0432). This modest effect might be due to 
the spontaneous deamidation of Cp, which can occur during purification 
procedures and storage. These results demonstrated that Cp-ox/de can 
act as antagonist of RGD-containing ligands (or isoDGR-containing li-
gands) of the ECM and preventing the binding to RGD-recognizing 
integrins. 
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3.4. Cp-ox/de mediates Z310 choroid plexus epithelial cells adhesion via 
isoDGR/integrin binding, interacts with α5β1 and αVβ5 integrins and 
competes for cell adhesion to vitronectin 

Primary HCPEpiCs have been reported not suitable for barrier 
studies due to the lack of tight junctions formation in culture (Redzic, 

2013). To study the effect of Cp-ox/de on BCSFB properties, we used the 
Z310 murine CPEpiC line, which has been described to be appropriate 
for barrier permeability studies (Zheng and Zhao, 2002). Flow cytom-
etry and WB analysis showed that Z310 cells do express αVβ5 and α5β1 
integrins suitable for isoDGR motif binding (Barbariga et al., 2014; Corti 
and Curnis, 2011), but not the αVβ3, αVβ6 and αVβ8 heterodimers 

Fig. 2. Cp-ox/de inhibits HCPEpiCs adhesion mediated by anti-α5β1 and anti-αVβ3 antibodies, vitronectin and deamidated fifth type I repeat module of human 
fibronectin (FN-I5/37 ◦C). a and c, upper panels) Adhesion of HCPEpiCs to microtiter plates coated with the indicated anti-integrin antibodies, isotype control 
antibodies and ECM proteins. Representative microphotographs of adherent cells to wells coated with the indicated antibodies and proteins are shown. a and c, lower 
panels) Effect of various doses of Cp-ox/de and unmodified Cp (Liquid-phase competitor) to cells adhesion to plates coated with the indicated antibodies and proteins 
(Solid-phase). Representative microphotographs of the effect of Cp-ox/de and unmodified Cp on cell adhesion are shown. b and d) Cell adhesion quantification by 
crystal violet staining of experiments depicted in panels a and c). Cell adhesion assays were carried out as described in “Materials and Methods” using 15,000 cells/ 
well. Statistical significance p value in panel b and d was evaluated by One-way ANOVA (p < 0.0001) comparing means ± SEM (n = 3 with 3 replicates each) with 
Holm-Šídák's post-test (*, p < 0.05; **, p < 0.01; ****, p < 0.0001). Dashed line indicates the background level. Scale bar = 100 μm. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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(Fig. SM3). 
Similarly to what reported for HCPEpiCs (Barbariga et al., 2020), 

Z310 cells showed dose-dependent adhesion to plates coated with Cp- 
ox/de, but not to plates coated with untreated Cp (ANOVA, p <
0.0001; Tukey's post-test Cp vs. Cp-ox/de p < 0.01 at 5 μg/ml; p < 0.001 
at 20 μg/ml) (Fig. 3a). Pre-treatment of the plates coated with Cp-ox/de 
or coated with a control isoDGR-peptide with PIMT, an enzyme that 
converts isoAsp to Asp (Curnis et al., 2006), inhibited their pro-adhesive 
activity (ANOVA, p < 0.0001; Bonferroni's post-test p < 0.0001 for Cp vs. 
Cp-ox/de and Cp vs. isoDGR, p < 0.001 for isoDGR vs. isoDGR + PIMT, p 
< 0.05 for Cp-ox/de vs. Cp-ox/de + PIMT) (Fig. 3b and c). This pointed 
out that cell adhesion to Cp-ox/de was mediated by the isoDGR motifs, 
since the DGR motif is not structurally suitable for integrin binding 
(Curnis et al., 2006). Differently from HaCaT (Barbariga et al., 2014) 
and HCPEpiCs, Z310 cells showed limited cell spreading on both Cp-ox/ 
de and isoDGR-peptide (Fig. 3c). 

Analogously to what was observed for HCPEpiCs, but in accord with 
the integrins expressed by the Z310 cells, Cp-ox/de inhibited the Z310 
cell adhesion to microtiter plates coated with anti-α5β1 mAb HMα5–1, 
anti-αVβ5 mAb KN52 (i.e., two functional antibodies capable to promote 
cell adhesion) and vitronectin (α5β1: Kruskal-Wallis test, p < 0.0001; 

Dunn's post-test p = 0.0010 and p = 0.0337 for Cp-ox/de at 100 μg/m 
and at 30 μg/ml, respectively; αVβ5: Kruskal-Wallis test, p < 0.0001; 
Dunn's post-test p = 0.0203 and p = 0.0104 for Cp-ox/de at 100 μg/ml 
and at 30 μg/ml, respectively; VN: ANOVA, p < 0.0001; Holm-Šídák's 
post-test p < 0.0001 for Cp-ox/de both at 100 μg/m and at 30 μg/ml) 
(Fig. 4a, b, c and d). These effects were not seen using for the compe-
tition the unmodified Cp. As expected, Z310 cells did not adhere to wells 
coated with deamidated FN-I5, confirming the lack of αVβ3 integrin 
expression (Fig. 4c and Fig. SM3). Together these results demonstrated 
that Cp-ox/de directly binds α5β1 and αVβ5 integrins expressed on Z310 
cells and confirm that Cp-ox/de can act as antagonist of RGD-containing 
ligands (or isoDGR-containing ligands) of the ECM for the binding to 
RGD-recognizing integrins. 

3.5. Cp-ox/de binding to Z310 CPEpiCs transduces an intracellular signal 
and results in proliferation inhibition 

In Z310 cells, the binding of Cp-ox/de to integrins was able to trigger 
intracellular signaling underlined by the phosphorylation of the acti-
vation residues Thr202/Tyr204 of ERK1/2 (Fig. 5a). Contrary to what was 
observed for HCPEpiCs, neither FAK nor GSK3β molecules were found to 

Fig. 3. Cp deamidation mediates Z310 cell adhesion via isoDGR-integrins interaction. a) Adhesion of Z310 cells to plates coated with different amount of either Cp or 
oxidized/deamidated-Cp (Cp-ox/de). Adhesion was evaluated as absorbance at 570 nm of the crystal violet stained cells. ANOVA, p < 0.0001. b) Inhibition of Z310 
cells adhesion occurs after treatment of Cp-ox/de and Cp coating proteins (20 μg/ml) with PIMT (+) compared to the untreated wells (− ). Coating with isoDGR- 
peptide (20 μg/ml) was used as positive control. c) Representative images of stained cells adherent to Cp or Cp-ox/de or isoDGR peptide coating treated with (+) or 
without (− ) PIMT enzyme are shown. Scale bar = 50 μm. ANOVA, p < 0.0001; post-test **** for Cp vs. Cp-ox/de and Cp vs. isoDGR, *** for isoDGR vs. isoDGR +
PIMT, * for Cp-ox/de vs. Cp-ox/de + PIMT. Statistical significance p value was evaluated by One-way ANOVA comparing means ± SEM (n = 3 with 3 replicates each) 
with Tukey's post-test analysis in panel a or Bonferroni's post-test analysis in panel b (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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be phosphorylated (Fig. 5a). Z310 cells showed proliferation reduction 
after 48 h and 96 h of incubation with Cp-ox/de (ANOVA, p < 0.0001; 
Bonferroni's post-test p < 0.05 for Cp vs. Cp-ox/de at 48 h and p < 0.001 
at 96 h, p < 0.01 for Cp-ox/de vs. BSA-ox/de at 96 h), while treatment 
with either unmodified Cp or BSA-ox/de were uneffective in inhibiting 
Z310 cell proliferation (Fig. 5b). Therefore, similarly to HCPEpiCs cells 

(Barbariga et al., 2020), Cp-ox/de interacts with Z310 murine CPEpiCs 
throughout integrins binding, mediated by isoDGR motifs, which in turn 
transduces an intracellular signal which results in cells proliferation 
inhibition. Contrary to the epidermal epithelial HaCaT cells (38), the 
signal transduced in Z310 cells did not promote cell apoptosis, as 
assessed by annexin-V staining after 72 h and 96 h treatment with Cp- 

Fig. 4. Cp-ox/de inhibits Z310 cell adhesion mediated by anti-α5β1 and anti-αVβ5 antibodies and vitronectin. a and c, upper panels) Adhesion of Z310 to microtiter 
plates coated with the indicated anti-integrin antibodies, isotype control antibodies and proteins. Representative microphotographs of adhered cells to wells coated 
with the indicated antibodies and vitronectin are shown. a and c, lower panels) Effect of various doses of Cp-ox/de and unmodified Cp (Liquid-phase competitor) to 
cells adhesion to plates coated with the indicated antibodies and vitronectin (Solid-phase). Representative microphotographs of the effect of Cp-ox/de and unmodified 
Cp on cell adhesion are shown. Note that no cells adhesion to FN-I5/37 ◦C coated wells was observed. b and d) Cell adhesion quantification by crystal violet staining 
of experiments depicted in panels a and c). Cell adhesion assays were carried out as described in “Material and Methods” using 40,000 cells/well. Statistical sig-
nificance p value comparing means ± SEM (n = 3 with 3 replicates each) was evaluated in panel b by Kruskal-Wallis test (p < 0.0001) with Dunn's post-test, and in 
panel d by One-way ANOVA (p < 0.0001) with Holm-Šídák's post-test (*, p < 0.05; **, p < 0.01; ****, p < 0.0001). Dashed line indicates the background level. Scale 
bar = 50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ox/de (Fig. 5c; SM4). In the medium of the Z310 cells treated with Cp- 
ox/de we validated by WB the levels of some of the proteins showing 
different levels in the secretome of HCPEpiCs; we found an increase of 
Laminin C1 and a decrease of α-enolase, SERPIN 1, prosaposin and 
cathepsin D (Fig SM5). 

3.6. Oxidative environment induces choroid plexus epithelial cell barrier 
leakage, which allows Cp to cross the barrier 

Integrins are usually expressed on the basal side of epithelial 
monolayers (Lee and Streuli, 2014). Therefore, on CPEpiCs that face the 
CSF by the apical side, integrins engagement by modified-Cp is likely 
unfeasible due to the presence of tight junctions, unless the oxidative 
conditions found in the PD-CSF affects the BCSFB properties (Barbariga 
et al., 2015). Confocal microscopy analysis confirmed the basal 
expression of integrins in a sealed monolayer of Z310 cells, showing β5- 
and β1-integrin expression in basal sections of z-axes compared to the 
expression of the tight junction marker ZO1 found in more apical sec-
tions (Fig. SM6A and B). 

The cell culture transwell system was used to investigate the barrier 
permeability properties of the Z310 CPEpiCs monolayer. Treatments 
either with Cp, Cp-ox/de or BSA-ox/de were per se not able to affect the 
barrier properties of the Z310 CPEpiCs, while cytochalasin B, i.e. a well- 
known agent capable to disgregate actin-cytoskeleton organization 
necessary to maintain barrier function, as expected induced barrier 
disruption (Fig. 6a). CPEpiCs treatment with increasing concentration of 
H2O2 showed that a barrier leakage was induced at a concentration of 
50 μM (ANOVA, p < 0.0005; Tukey's post-test p < 0.01 for 0 vs. 50 μM 
H2O2 and 20 vs. 50 μM H2O2, p < 0.05 for 10 vs. 50 μM H2O2, 30 vs. 50 
μM H2O2 and 40 vs. 50 μM H2O2) (Fig. 6b). This concentration is similar 
to that found in the CSF of PD patients (Barbariga et al., 2015). The 
outflow of dextran-FITC, used as a reporter of barrier leakage, induced 
by 50 μM H2O2 was about 20% of that observed when the complete 
barrier disruption was induced by cytochalasin B treatment (Fig. 6b). 
Interestingly, this treatment caused also the passage of Cp across the cell 
barrier (ANOVA, p = 0.0028; Tukey's post-test p < 0.01 for 0 vs. 50 μM 
H2O2, p < 0.05 for 20 vs. 50 μM H2O2), with a Cp outflow of about 40% 
of that one induced by cytochalasin B treatment (Fig. 6c and d). This 
effect was not due to cells death because Z310 cells viability was not 

affected by incubation with 50 μM H2O2, at least at 24 h, even though 
cell proliferation was reduced (Fig. SM7). Differences in cell number 
might also contribute to the observed reduced barrier properties; how-
ever, since in the transwell experiments cells were treated with H2O2 
when they already had reached the monolayer confluence status, it is 
unlikely that the proliferation slow down would have affected the bar-
rier properties. 

3.7. Oxidative environment promotes tight junctions disassembly and 
actin cytoskeleton rearrangement in choroid plexus epithelial cell 

Confocal microscopy analysis on Z310 monolayer indicated that the 
barrier leakage induced by treatment with H2O2 concentrations similar 
to those found in the CSF of PD patients, might be due to actin cyto-
skeleton re-organization and tight junctions disassembly. Indeed, while 
treatment with 20 μM H2O2 did not alter/modify the continuous staining 
on the cell edges of the tight junction marker ZO1, the staining was 
rearranged in discontinuous dots upon treatment with 50 μM H2O2 
(Fig. 7). In cells treated with 50 μM H2O2, a disorganizing effect was also 
observed on the actin cytoskeleton (Fig. 8). Actin lost its organization on 
cell edges aimed to give rigidity to a sealed epithelial barrier in favour of 
a dispersed irregular filamentous staining (Fig. 8). Thus, the actin 
cytoskeleton rearrangement and the tight junctions disassembly might 
promote barrier leakage. Nevertheless, 50 μM H2O2 concentration 
treatment did not induce a complete destructuring of the cell monolayer, 
as it occurred when cells were treated with cytochalasin B, which 
induced cells retraction and generation of evident holes in the mono-
layer (Fig. SM8). These results suggested that pathological oxidative 
conditions may induce BCSFB leakage that allows Cp to cross the barrier. 

3.8. Cp-ox/de crosses the choroid plexus epithelial cell barrier under 
oxidative conditions and transduces an intracellular signal via integrin 
binding 

Using the Z310 CPEpiCs monolayer model, we next investigated 
whether, under oxidative conditions, the Cp-ox/de that crossed the 
barrier was able to engage integrins. We found that the RGD-recognizing 
integrin profile was not changed upon H2O2 treatment in Z310 
(Fig. SM3D). The combined treatment of 50 μM plus Cp-ox/de was able 

Fig. 5. Via isoDGR-integrins interaction Cp-ox/de transduces an intracellular signal promoting Z310 cell proliferation inhibition. a) Western blot analysis of the 
signal transduced by Cp-ox/de in Z310 cells treated (2 h, 5 μg/ml) with either Cp or Cp-ox/de. Total protein expression (Total) and phosphorylation of specific 
residues (Phospho) was evaluated in the cell lysate for FAK and p-Tyr397FAK, ERK1/2 and p-Thr202/Tyr204ERK1/2, GSK3β and p-Ser9GSK3β, AKT and p-Ser473AKT. 
Signals were normalized by β-Tubulin. Cropped images are from the same or twin SDS-PAGE, with different film exposure to avoid signal saturation. b) Proliferation 
measured by MTT assay on Z310 cells. Cells were incubated for different times with 5 μg/ml of untreated Cp, Cp-ox/de or BSA-ox/de. Cells number was reported as 
percentages of the seeded cells. Statistical p value was evaluated by One-way ANOVA comparing means ± SEM (n = 3 with 6 replicates each) with Bonferroni's post- 
test analysis (ANOVA, p < 0.0001; post-test for Cp vs. Cp-ox/de * at 48 h and *** at 96 h, for Cp-ox/de vs. BSA-ox/de ** at 96 h) (*, p < 0.05; **, p < 0.01; ***, p <
0.001; ****, p < 0.0001). c) Apoptosis detection. Z310 cells were incubated for 72 and 96 h as they are (None) or with 5 μg/ml of untreated Cp, Cp-ox/de or BSA-ox/ 
de; cells were then stained with annexin-V FITC and analyzed by flow cytometry. Percentage of annexin-V positive cells at different times is reported as means ± SEM 
(n = 3). See Supplemental Materials Figure SM4 for gating strategy and flow cytometry profiles of a representative experiment. 
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to foster ERK1/2 phosphorylation (ANOVA, p < 0.0001; Bonferroni's 
post-test p < 0.01 for untreated vs. H2O2 + Cp-ox/de, p < 0.05 for H2O2 
vs. H2O2 + Cp-ox/de, p < 0.05 for Cp-ox/de vs. H2O2 + Cp-ox/de), while 
treatment with either H2O2 or Cp-ox/de alone were not (Fig. 9). The 
hypothesis that signal transduction was mediated by Cp-ox/de binding 
to RGD-recognizing integrins was supported by the evidence that ERK1/ 

2 phosphorylation induced by H2O2 + Cp-ox/de treatment was inhibited 
by both competition with isoDGR-peptide and Cp-ox/de pretreatment 
with PIMT (ANOVA, p < 0.0001; Bonferroni's post-test p < 0.01 for 
H2O2 + Cp-ox/de vs. H2O2 + Cp-ox/de + isoDGR, p < 0.0001 for H2O2 +

Cp-ox/de vs. H2O2 + Cp-ox/de + PIMT) (Fig. 9). Similarly, upon H2O2 +

Cp-ox/de treatment, the amount of Cp bound to the cell monolayer, 

Fig. 6. Oxidative environment promotes choroid plexus epithelial cell barrier leakage. a) Z310 cell cultures on transwell-system were treated 24 h with 20 μg/ml of 
either Cp, Cp-ox/de, BSA-ox/de or 2 h with cytochalasin B (Cyt B) (1 μg/ml). Barrier permeability was measured evaluating the amount of dextran-FITC, dispensed in 
the upper chamber (100 μg), that was recovered in the bottom chamber (n = 3 with 3 replicates each). b) Barrier permeability was measured as in panel A, but cells 
were treated 24 h with increasing concentration of H2O2 or Cyt B as control. Statistical significance p value was evaluated by One-way ANOVA (p = 0.0005) 
comparing means ± SEM (n = 10) with Tukey's post-test analysis (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). c) Barrier permeability was measured 
as in panel A by evaluating the amount of Cp that crosses the cell monolayer; cells were treated 24 h with either 0, 20, or 50 μM H2O2 or 2 h with Cyt B as control. Cp 
(2 μg) was administered into the upper chamber and the amount that crossed the barrier after 1 h incubation was evaluated by WB analysis on the acetone- 
precipitated medium recovered from the bottom chamber. Statistical significance p value was evaluated by One-way ANOVA (p = 0.0028) comparing means ±
SEM (n = 5) with Tukey's post-test analysis (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). d) A representative WB of Cp signal found in the transwell 
bottom chamber at the end of the incubation. 
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detectable in the cell lysates, was significantly higher than the Cp-ox/de 
bound upon treatment with Cp-ox/de alone (ANOVA, p < 0.0001; 
Bonferroni's post-test p < 0.001 for Cp-ox/de vs. H2O2 + Cp-ox/de) 
(Fig. 10a). The increase of Cp-ox/de binding to Z310 cells, observed 
upon the combined treatment, was reduced by both competition with 
isoDGR-peptide and Cp-ox/de pretreatment with PIMT (ANOVA, p <
0.0001; Bonferroni's post-test p < 0.0001 for H2O2 + Cp-ox/de vs. H2O2 
+ Cp-ox/de + isoDGR and p < 0.01 for H2O2 + Cp-ox/de vs. H2O2 + Cp- 
ox/de + PIMT) supporting the hypothesis of Cp-ox/de binding to RGD- 
recognizing integrins (presumably αVβ5 and α5β1) (Fig. 10a). Integrins 
engagement by Cp-ox/de under oxidative environment further wors-
ened the choroid plexus barrier leakage induced by H2O2 treatment 
alone, while in the absence of oxidative environment Cp-ox/de was 
uneffective (Wilcoxon matched-pairs signed rank test: p = 0.0497, H2O2 
vs. H2O2 + Cp-ox/de; p = 0.0078, None vs. H2O2; p = 0.0156, None vs. 
H2O2 + Cp-ox/de; p = ns, None vs. Cp-ox/de; p = 0.0078, for Cp-ox/de 
vs. H2O2 and vs. H2O2 + Cp-ox/de) (Fig. 10b). 

The copper atoms coordinated within Cp molecule are released upon 
in vitro oxidation and deamidation (Barbariga et al., 2014). Even though 
free Cu atoms should not be present in the Cp-ox/de preparation because 
the modified protein was dialyzed before the use, to rule out any in-
fluence of Cu atoms on the observed Cp-ox/de effect on CPEpiCs barrier 
properties, we investigated the possible role that these atoms might 
exert on the CPEpiCs monolayer permeability. We used copper con-
centrations similar or higher than the theoretical concentration (about 
800 nM) that can be achieved by the Cu atoms eventually released from 
the highest Cp concentration (20 μg/ml) used in the barrier permeability 
experiments. The results showed that the presence of the copper alone or 
in combination with oxidative conditions did not affect the barrier 
permeability properties of the choroid plexus epithelial cells (Fig. SM9). 

Together, our results indicated that, under oxidative conditions, Cp- 

ox/de may cross the BCSFB, transducing an intracellular signal via 
integrin binding. This suggests that a pro-active interaction of Cp-ox/de 
with integrins may also occur in vivo in neurodegenerative pathologies 
characterized by oxidative stress. 

4. Discussion 

This work shows that RGD-recognizing integrins engagement by Cp- 
ox/de, via the isoDGR motif, triggers a signaling that alters CPEpiCs 
physiology in terms of cell proliferation, protein secretome profile, and 
BCSFB properties. 

Asparagine deamidation is a spontaneous reaction that occurs during 
protein aging and that can be accelerated by the oxidative environment 
(Shimizu et al., 2005; Weintraub and Deverman, 2007). In the CSF of PD 
patients, the oxidative environment induces Cp deamidation at the 
962NGR motif, which is converted into the isoDGR-motif able to bind 
integrins (Barbariga et al., 2015, 2014; Olivieri et al., 2011; Zanardi and 
Alessio, 2021). Deamidation of the same NGR motif of Cp has been re-
ported to occur in the serum of type 2 diabetes patients (Golizeh et al., 
2017). Moreover, an enhanced deamidation of NGR motifs present in the 
ECM proteins has been reported in human atherosclerotic plaques, 
where the motif mediate monocyte adhesion via integrin binding (Dutta 
et al., 2017). Like the CSF of PD, the serum of diabetes patients and the 
atherosclerotic plaques are characterized by pro-oxidant pathological 
environments. Therefore, RGD-recognizing integrins engagement by 
deamidated NGR-motifs might be a mechanism of protein gain of 
function that occurs in vivo under pathological conditions implying 
oxidative stress. Whether the new function has favorable or detrimental 
consequences on the progression of the different pathologies is not yet 
known. Indeed, integrins engagement can result in the activation of 
different intracellular signaling, which regulates a plethora of events 

Fig. 7. Pathological oxidative environment induces tight junctions organization derangement. Expression and distribution of the ZO1 tight junctions protein marker 
was evaluated by immunofluorescence and confocal microscopy analysis in Z310 CPEpiCs monolayer upon treatment with H2O2 at concentrations corresponding to 
those detected in the CSF of either healthy subjects (20 μM) or Parkinson's disease patients (50 μM) (Barbariga et al., 2015). Upper panels show the ZO1 signal 
merged with Hoechest-33,342 nuclei staining; lower panels show ZO1 staining in gray levels mode. Arrows indicate the re-arranged dotted signal of ZO1 under 
pathological oxidative conditions. Bars = 25 μm. Brightness and contrast levels have been automatically adjusted on the entire images using Adobe Photoshop CS4 
v11 software. 
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such as cytoskeletal rearrangement, cell polarity, differentiation, 
growth, survival, and apoptosis (Gilmore, 2005; Lee and Streuli, 2014; 
Luo et al., 2007; Moreno-Layseca and Streuli, 2014; Streuli and Akhtar, 
2009). In the case of Cp here described, it seems that the gain of RGD- 
recognizing integrins binding function is an unfavorable event that 
might progress the neurodegenerative conditions by altering the BCSFB 
features. Our hypothesis that CPEpiCs might be targeted by deamidated 
Cp found in the CSF of PD is supported by the evidence that, in both 
primary human CPEpiCs (Barbariga et al., 2020) and murine CPEpiC 
line, Cp-ox/de mediates cell adhesion and transduces a signaling that 
induces cell proliferation inhibition, via isoDGR/integrin binding. 
Differently from what was observed in epidermal epithelial cells (Bar-
bariga et al., 2020), in CPEpiCs the proliferation inhibition mediated by 
Cp-ox/de does not result in overt apoptosis, but seems to be associated 
with the alteration of the cell-cell and cell-ECM interactions. 

Our results show that Cp-ox/de directly compete for the binding of, 
at least α5β1, αVβ3 and αVβ5 integrins, and acts as antagonist for cells 
adhesion to both deamidated fibronectin module-5 and vitronectin. The 
information on inappropriate cell-matrix interaction is usually provided 
by integrins that sense the ECM and connect it to the cytoskeleton, 
transducing intracellular signals (Humphrey et al., 2014). Thus, it is 
conceivable that inappropriate RGD-recognizing integrins engagement 
by isoDGR motifs of Cp-ox/de might trigger a signal that alters CPEpiCs 
anchorage to basal lamina, leading to cell proliferation reduction. This 
type of signaling depends on 1) the kind of tissues/cells involved, which 
use different ECM components for the adhesion; 2) the different ECM- 
receptors expressed on the cells (e.g., diverse integrins repertoire); 3) 
the pericellular proteolysis; and 4) the different co-stimulation provided 
by growth factor receptors signaling (Lee and Juliano, 2004; Michel, 
2003). In the case of Cp-ox/de, anomalous signaling might be due, for 
example, to the interaction of integrins with a single molecule, rather 

than to the interaction with the physiologically organized ECM that 
usually leads to a multiple engagement and clustering of integrins in 
focal adhesion, a necessary event for an effective signaling transduction 
(Shattil et al., 2010). In alternative, the presence of two deamidated 
NGR motifs in the Cp sequence could lead to an inappropriate integrin 
dimerization which in in turn could lead to aberrant signaling. 

Since we have shown that both NGR of Cp can undergo deamidation, 
resulting suitable for binding to RGD-recognizing integrins (Barbariga 
et al., 2014), a limitation of this study is the lack of identification of the 
specific role that these two Cp modification sites may play in the 
observed biological effects. In the future, it would be interesting to 
investigate this issue by using Cp mutants and synthetic peptides. 

The integrins signaling also controls the secretion of growth factors 
and basal lamina components and the release of extracellular vesicles/ 
exosomes, contributing to the changes of the extracellular milieu (Nolte 
et al., 2020). CPEpiCs have been reported to have high protein secretion 
capacity, their secretome, which also includes released microvesicles, 
mainly comprises carrier proteins, ECM-proteins, neurotrophic factors, 
proteases and protease inhibitors (Thouvenot et al., 2006). These pro-
teins contribute to the homeostasis of the brain's extracellular environ-
ment and play a role in neuronal growth, differentiation and functions 
(Silva-Vargas et al., 2016). The proteins showing different levels of 
secretion we found in the CPEpiCs secretome represent the mentioned 
above groups of proteins and clearly indicated that Cp-ox/de affected 
these cells' physiology by interacting with integrins (at least α5β1, αVβ3 
and αVβ5) and their interface with ECM, as inferred by competition 
experiments. The increased levels of collagen-IV-α1/− α5 and laminin- 
C1 found in the extracellular milieu upon Cp-ox/de treatment might 
result from the disassembly/derangement of the basal lamina and ECM 
anchorage of the CPEpiCs. This might be the consequence of the direct 
competition of Cp-ox/de with ECM proteins for the binding to RGD- 

Fig. 8. Pathological oxidative environment promotes actin cytoskeleton disassembly. Expression and distribution of the actin fibers were evaluated by immuno-
fluorescence and confocal microscopy analysis in Z310 CPEpiCs monolayer upon treatment with H2O2 at concentrations corresponding to those detected in the CSF of 
either healthy subjects (20 μM) or Parkinson's disease patients (50 μM) (Barbariga et al., 2015). Upper panels show the actin signal merged with Hoechest-33,342 
nuclei staining; lower panels show actin staining in gray levels mode. Bars = 25 μm. Brightness and contrast levels have been automatically adjusted on the entire 
images using Adobe Photoshop CS4 v11 software. 
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recognizing integrins as inferred by Cp-ox/de antagonism for cell 
binding to VN and deamidated FN-I5. In the alternative, it could be the 
consequence of the signal transduced by inappropriate integrins 
engagement, which fosters the expression decrease of proteins necessary 
for the organization of ECM and basal lamina, like for example, the 
reduced levels found for the procollagen lysine hydroxylase (PLOD3), a 
protein in charge of collagen fibrils formation (Wang et al., 2009). In 
addition, the pericellular proteolysis could also be affected by the 
reduced levels of both SERPINE1 protease inhibitor and α-enolase, 
proteins involved in the ECM remodeling (Nakajima et al., 1994; Planus 
et al., 1997). In the case of semaphorin 7A, which contributes to focal 
adhesion formation and contains an RGD-integrin binding domain 
(Pasterkamp et al., 2003), a direct competition with Cp-ox/de for 
integrin binding might be conceivable. 

From the molecular point of view, it is interesting to note that the 
signaling pathway transduced by the binding of Cp-ox/de to integrin in 
CPEpiCs, both HCPEpiCs (Barbariga et al., 2020) and Z310 cell line, is 
restricted to ERK1/2 activation, without the involvement of FAK1 and 
Akt. On the contrary, these kinases were activated in keratinocytes- 
derived epithelial cells by the same stimulus (Barbariga et al., 2014). 

This difference might explain why the apoptosis observed in HaCaT cells 
(Barbariga et al., 2020), was not induced in CPEpiCs. An integrin- 
mediated ERK1/2 activation has been reported to also occur indepen-
dently from FAK activation, but itself is not sufficient to trigger mito-
genic stimulus (Lee and Juliano, 2004). In order to induce cell 
proliferation, the cell adhesion mediated integrin signals need addi-
tional co-signaling events provided by growth factors via tyrosine kinase 
receptors (Lee and Juliano, 2004). Therefore, in the absence of FAK and 
Akt activation, the Cp-ox/de induced ERK1/2 phosphorylation should 
need one of such co-signaling stimuli to maintain cell proliferation. The 
absence or inadequate cross-talk between these signaling pathways 
might explain why CPEpiCs showed proliferation inhibition upon 
integrin engagement by Cp-ox/de. Noteworthy, a down-modulation of 
factors involved in cell growth and proliferation (such as α-enolase, 
insulin-like growth factor-binding protein 2, proliferation-associated 
protein 2G4, prosaposin) have been found among the proteins 
showing different levels in the secretome of HCPEpiCs treated with Cp- 
ox/de. This suggests an impoverishment in the CSF milieu of growth 
factors, which provide the co-signaling stimuli necessary for cell survival 
and/or proliferation, a condition that might be detrimental for many 
cells of the CNS, not only for CPEpiCs. In addition, an altered integrin- 
mediated signaling might also depend on the cellular integrin expres-
sion pattern, which can be modulated by the oxidative pathological 
environment (Lamari et al., 2007; Svineng et al., 2008), but this seems 
not to be the case in Z310 cells. Our results showed that Cp-ox/de in-
teracts at least with α5β1 and αVβ3 integrins on HCPEpiCs, and with 
α5β1 and αVβ5 integrins on Z310 cells. However, even though we know 
that HCPEpiCs do not express αVβ5 and αVβ6 (Barbariga et al., 2020), 
and that Z310 cells do not express αVβ3, αVβ6 and αVβ8, we cannot 
exclude that other RGD-recognizing integrins (likely αVβ1, αVβ8 and 
α8β1) might be expressed by these cells and engaged by Cp-ox. The 
pattern of integrins expression and the role of individual integrins might 
explain different cellular responses to Cp-ox/de binding. For example, 
the observed limited spreading of Z310 cells on Cp-ox/de coated wells in 
comparison to HCPEpiCs and HaCaT cells, could be related to the lack of 
αVβ3 integrin expression. Indeed, it has been reported that αVβ3 in 
particular, more than other RGD-recognizing integrins, can stimulate 
Rac1 activity and extensive cell spreading, whereas α5β1 integrin 
mainly activates RhoA/ROCK pathways, which counteracts cell 
spreading promoting actin cytoskeletal rearrangement and cell motility 
(Danen et al., 2002; Lin et al., 2013; van der Bijl et al., 2020). The 
binding of FN to αVβ3 and α5β1 integrins promotes an antagonizing 
effect, rather than to act synergistically, and the different activation 
pathways seems to depend on the way of integrins interact with FN 
(αVβ3 binds only the RGD sites of FN, while α5β1 binds both the RGD 
sites and the synergy sites of FN) (van der Bijl et al., 2020). Thus, in the 
case of Cp-ox/de binding to α5β1 integrin, which is mediated only by 
isoDGR motifs, the transduced signaling might result to be inappro-
priate, limiting cytoskeletal rearrangement and cell proliferation. The 
dissection of the signal transduced by Cp-ox/de in the epithelial cells of 
the choroid plexus, in terms of RhoA/ROCK and/or Rac1 activation 
deserves to be investigated in the future. 

Since integrins are usually expressed in the basolateral side of the 
CPEpiCs (Lee and Streuli, 2014), to transduce an anomalous integrin 
signaling, a mandatory condition was the possibility for Cp-ox/de, 
resident in the pathological CSF, to cross-back the BCSFB. Such condi-
tion is made possible by the BCSFB leakage promoted by the pro- 
oxidative CSF environment present in many neurodegenerative dis-
eases. Indeed, it is documented that oxidative stress induces tight 
junction disruption in epithelial cells, affecting their barrier properties 
(Coisne and Engelhardt, 2011; Rao, 2008). Several oxidative com-
pounds, including hydrogen peroxide, have been reported to disrupt 
adherens and tight junctions and their interaction with actin- 
cytoskeleton. This effect is mediated by the induction of protein modi-
fications (oxidation, nitration and carbonylation), but also by modu-
lating the intracellular signal transduction (Rao, 2008; Tietz and 

Fig. 9. Under oxidative conditions Cp-ox/de crosses the choroid plexus 
epithelial cell barrier, transducing an intracellular signal via integrin binding. 
Z310 CPEpiCs cell cultures on transwell system were treated 24 h with 50 μM 
H2O2 alone or 2 h with 20 μg/ml of Cp-ox/de alone, or with combined treat-
ment H2O2 + Cp-ox/de. Cells were then washed and lysed. Protein extracts 
were used to evaluate by WB the expression and phosphorylation of ERK1/2. 
Competition to Cp-ox/de integrin binding was performed incubating cells with 
30 μg/ml isoDGR-peptide 30 min before the addition of Cp-ox/de. Specificity of 
isoDGR-mediated integrin binding of Cp-ox/de was evaluated pre-treating Cp- 
ox/de with PIMT enzyme (16 h) before its addition to the CPEpiCs culture. 
Quantitative evaluation of the ratio of ERK1/2 phosphorylation and expression 
signals under different experimental conditions was performed by Simple 
Western capillary immunoassay on JESS system (ProteinSimple) using the 
ERK1/2 #9102 and p-Thr202/Tyr204ERK1/2 #9101 antibodies (Cell Signaling 
Technology). Protein expression levels and phosphorylation were quantified 
using the Compass software (ProteinSimple) and reported as ratio of p-ERK1/2: 
ERK1/2 signals. Representative cropped images of the ERK1/2 expression and 
phosphorylation (p-ERK1/2) signals obtained by Simple Western capillary 
immunoassay are shown. Statistical significance p value was evaluated by One- 
way ANOVA (p = 0.0004) comparing means ± SEM with Bonferroni's post-test 
analysis for comparison of selected pairs of groups (*, p < 0.05; **, p < 0.01; 
***, p < 0.001; ****, p < 0.0001); number of biological replicates (n) is indi-
cated within each bars of the different experimental conditions. 
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Engelhardt, 2015). The observations that in the absence of an oxidative 
insult Cp-ox/de is neither able to cross the CPEpiCs monolayer nor to 
transduce an intracellular signaling, suggest that Cp-ox/de could 
contribute to PD as a secondary event of a multi-step pathological 
mechanism in which the alteration of BCSFB promoted by pro-oxidant 
factors, like hydrogen peroxide, is the primary event. We observed 
that the concentration of H2O2 necessary to induce both actin cyto-
skeleton and tight junctions derangement, which in turn foster barrier 
leakage, is comparable with the concentration detected in the CSF of PD 
patients (Barbariga et al., 2015); thus, induction of the BCSFB leakage is 
plausible to occur in vivo in patients. Indeed, alteration of the BCSFB has 
been reported to occur in advanced PD patients in which the oxidative 
stress might have acted for a long time (Pisani et al., 2012). Several other 
factors can contribute to the alteration/disruption of the BCSFB, for 
example, the dysfunctions in copper and iron homeostasis affect the 
BCSFB, favoring oxidative stress and degenerative protein modifications 
(Gallart-Palau et al., 2019; Marques et al., 2017; Mesquita et al., 2012; 
Zheng and Monnot, 2012). Cp, which coordinates 6 copper atoms, is one 
of the major Cu-transport proteins (Hellman and Gitlin, 2002), and the 
structural changes induced by aging or pro-oxidant pathological con-
ditions, promote copper ions release (Barbariga et al., 2015, 2014; Musci 
et al., 1993; Olivieri et al., 2011; Sedlak et al., 2008). Thus, the amount 
of copper ions released in the CSF upon Cp oxidation could be patho-
logically relevant to BCSFB dysfunction, as reported for other barrier 
systems (Eskici and Axelsen, 2012; Ferruzza et al., 2002; Shukla et al., 
2006). Nevertheless, the copper atoms concentration as possibly 
released from oxidized/deamidate Cp, under our experimental condi-
tions, was not effective in altering CPEpiCs barrier properties. An 
additional consequence of Cp modifications and structural changes is 
the loss of ferroxidase activity, which favours intracellular iron accu-
mulation and oxidative stress (Barbariga et al., 2015, 2014; Olivieri 
et al., 2011). This is underlined by the brain iron accumulation char-
acterizing the rare genetic disease aceruloplasminemia (Piperno and 

Alessio, 2018). In the Cp knock-out mouse model of this disease, a strong 
iron deposition has been reported in the CPEpiCs (Zanardi et al., 2018), 
thus it is plausible that BCSFB leakage might be induced/strengthen by 
iron-mediated intracellular oxidative stress. 

The more relevant finding is that once crossed the barrier thanks to 
the BCSFB leakage fostered by the oxidative environment, the Cp-ox/de 
can bind RGD-recognizing integrins and transduce an intracellular 
signal that worse the CPEpiCs barrier alteration. This aggravation could 
result from several factors: 1) the signal activation limited to ERK1/2, 
which has been reported to play a major role in hydrogen peroxide- 
induced disruption of barrier function in brain endothelial cell mono-
layer (Kevil et al., 2001; Rao, 2008); 2) the inhibition of CPEpiCs pro-
liferation, that could contribute to the barrier impairment altering the 
physiological epithelial cells turnover necessary to maintain monolayer 
homeostasis (Barkho and Monuki, 2015); 3) the direct competition that 
Cp-ox/de might have with the ECM for the binding to integrins, which 
could alter tensegrity signaling affecting both epithelial cells' polarity 
and barrier organization (Lee and Streuli, 2014). 

Interestingly, different RGD-binding integrins, in particular αVβ3 
and α5β1, have distinct effects on cell-cell junction formation and bar-
rier function in epithelial and endothelial cells. This is, at least in part, 
due to differences in the activation of Rac and RhoA. Indeed the α5β1 
integrin activation, throughout the RhoA/ROCK pathway, promotes 
actin cytoskeletal rearrangement and regulates cadherin expression 
which in turn favours the disassembly cell-cell junction, and barrier 
leakage in endothelial cells (Amado-Azevedo et al., 2021; Hakanpaa 
et al., 2018, 2015; van der Bijl et al., 2020). On the opposite, the lack of 
αVβ3 integrin engagement, which is mainly involved in focal adhesion 
structures, and the consequent fail of downstream Rac1 activation 
promotes vascular leakage (Su et al., 2012). 

Regarding the αVβ5 integrin engagement by Cp-ox/de, it has been 
reported that, in addition to be recruited in focal adhesion for VN 
binding, αVβ5 is a phagocytic integrin which is abundantly found in 

Fig. 10. Under oxidative conditions Cp-ox/de crosses the choroid plexus barrier and binds integrins, affecting barrier properties. Z310 cells cultured on transwell- 
system were treated with H2O2 (24 h, 50 μM) or with Cp-ox/de (2 h, 20 μg/ml), or with combined treatments (H2O2 + Cp-ox/de). Cells were washed and protein 
extracts were subjected to WB for cell-bound Cp quantification. Competition of Cp-ox/de binding was performed incubating the cells with an isoDGR-peptide (30 μg/ 
ml) 30 min before the Cp-ox/de addition. Specificity of isoDGR-mediated integrin binding of Cp-ox/de was evaluated pre-treating Cp-ox/de with PIMT enzyme before 
the addition to CPEpiCs. a) Evaluation of Cp bound to Z310 CPEpiCs under different experimental conditions; signals were normalized to total proteins. Repre-
sentative WB images of Cp-ox/de bound to the Z310 CPEpiCs are shown; cropped areas are from the same SDS-PAGE or twin gels, and same WB exposure. b) Z310 
cells growing in transwell-systems were treated as described above, or 2 h with cytochalasin B (Cyt B) (1 μg/ml), and barrier permeability was measured evaluating 
the amount of dextran-FITC, dispensed in the upper chamber (100 μg), recovered in the lower chamber. Statistical significance p value was evaluated in panel A by 
One-way ANOVA (p < 0.0001) comparing means ± SEM with Bonferroni's post-test analysis; in panel B, due to the large variability in the biological replicates, the 
Wilcoxon matched-pairs signed rank test has been used to compare different treatments and controls within the same experiments. Number of biological replicates 
(n) is indicated within each bars of the different experimental conditions. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 

A. Zanardi et al.                                                                                                                                                                                                                                



Neurobiology of Disease 158 (2021) 105474

15

clathrin-coated structures and flat clathrin lattices, mechano-
transduction structures that sense the cell substrate stiffness indepen-
dently from actin cytoskeletal contractility (Baschieri et al., 2018; 
Zuidema et al., 2018). Similar role has the location of αVβ5 in the 
reticular adhesion complexes, which maintain cell-ECM attachment 
during cell division in the absence of actin cytoskeletal fibers organi-
zation (Lock et al., 2018). Interestingly, the β5 staining we observed in 
Z310 cells is reminiscent of such clathrin pits/lattices and reticular 
adhesion structures, suggesting that Cp-ox/de, interfering with them by 
competition to VN binding, might alter both mechanotransduction 
signaling and adhesion to the basal lamina, affecting cell division/ 
proliferation. 

5. Conclusions 

The loss of ferroxidase activity and the gain of RGD-recognizing 
integrin binding function of Cp, as a consequence of the modifications 
induced in the pathological PD CSF environment, might contribute to 
the mechanisms of neurodegeneration affecting CPEpiCs physiology. 
This alteration is added to the already present BCSFB leakage promoted 
by the oxidative stress conditions and worsens the choroid plexus barrier 
properties. The interaction of Cp-ox/de with RGD-recognizing integrins 
on the surface of CPEpiCs, affects the barrier modifying likely the 
interaction of cells with the ECM, antagonizing the binding to VN and 
deamidated fibronectin, and limiting cell monolayer renewal. Further-
more, the cross-talk between CPEpiCs and the other CNS cells, mediated 
by exosomes and secreted proteins, is also affected. Together these cir-
cumstances represent a novel mechanism with potentially critical 
pathological implications in PD that might contribute to neuro-
degeneration, not only at the level of CPEpiCs barrier, but also in a 
scenario within the CNS that involves other cells expressing suitable 
integrins and/or that are susceptible to oxidative stress. 
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