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H I G H L I G H T S
� Antibody cross-linking neuronal PrPC induces apoptosis.
� Antibody cross-linking microglial PrPC induces neuronal apoptosis.
� Different apoptotic pathways were triggered by specific anti-PrP antibody treatments.
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A B S T R A C T

Previous reports highlighted the neurotoxic effects caused by some motif-specific anti-PrPC antibodies in vivo and
in vitro. In the current study, we investigated the detailed alterations of the proteome with liquid chromatogra-
phy–mass spectrometry following direct application of anti-PrPC antibodies on mouse neuroblastoma cells (N2a)
and mouse primary neuronal (MPN) cells or by cross-linking microglial PrPC with anti-PrPC antibodies prior to co-
culture with the N2a/MPN cells. Here, we identified 4 (3 upregulated and 1 downregulated) and 17 (11 upre-
gulated and 6 downregulated) neuronal apoptosis-related proteins following treatment of the N2a and N11 cell
lines respectively when compared with untreated cells. In contrast, we identified 1 (upregulated) and 4 (2
upregulated and 2 downregulated) neuronal apoptosis-related proteins following treatment of MPN cells and N11
when compared with untreated cells. Furthermore, we also identified 3 (2 upregulated and 1 downregulated) and
2 (1 upregulated and 1 downregulated) neuronal apoptosis-related related proteins following treatment of MPN
cells and N11 when compared to treatment with an anti-PrP antibody that lacks binding specificity for mouse PrP.
The apoptotic effect of the anti-PrP antibodies was confirmed with flow cytometry following labelling of Annexin
V-FITC. The toxic effects of the anti-PrP antibodies was more intense when antibody-treated N11 were co-cultured
with the N2a and the identified apoptosis proteome was shown to be part of the PrPC-interactome. Our obser-
vations provide a new insight into the prominent role played by microglia in causing neurotoxic effects following
treatment with anti-PrPC antibodies and might be relevant to explain the antibody mediated toxicity observed in
other related neurodegenerative diseases such as Alzheimer.
(M. Tayebi).
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1. Introduction

Prion diseases are a group of fatal neurodegenerative diseases char-
acterized by the conversion of the α-helices-rich cellular prion protein,
PrPC and deposition in the central nervous system (CNS) of humans and
animals of a disease specific isoform, PrPSc that is rich in β-sheet structure
and partially proteinase-resistant (Prusiner and DeArmond, 1994; Tayebi
and Hawke, 2006). The majority of PrP molecules carry bi-, tri- and
tetra-antennary neutral and N-linked sialylated oligosaccharides at two
sites (Endo et al., 1989; Haraguchi et al., 1989). A disulfide bond links the
only two cysteines in the mature prion protein (Turk et al., 1988).

Several drugs have been tested for interaction with PrPSc and its
accumulation, including Polyanions (Ehlers and Diringer, 1984), Iodo-
doxorubicin, Tetracycline (Forloni et al., 2002) Congo red (Caughey and
Raymond, 1993), β-sheet breakers (Soto et al., 2000), Polyene antibiotics
(Adjou et al., 2000), Chlorpromazine and Quinacrine (Korth et al., 2001).
Only amphotericin analogue MS8209 has had an appreciable effect on
the disease course (Adjou et al., 1995, 1996). Otherwise, many of these
drugs suppress prion replication in vitro but fail to show significant effi-
cacy in vivo. Alternative treatment strategies for prions include
antibody-mediated therapy which appears to be one of the most prom-
ising approaches (Bardelli et al., 2018; Heppner et al., 2001; Schwarz
et al., 2003; Sigurdsson et al., 2002; White et al., 2003). One of the
earliest reports that established the proof-of-concept for in vivo prion
immunotherapy demonstrated that antibodies for both PrP conformers
were able to prevent prion disease onset (White et al., 2003). However,
some of these anti-PrP antibodies led to neuronal apoptosis in vivo (Jones
et al., 2010; Solforosi et al., 2004), Fyn activation (Mouillet-Richard
et al., 2000) and modulation of calcium-dependent protein kinase C in
mice (Mazzoni et al., 2005) following cross-linking PrPC. Moreover, it
was also demonstrated that treatment of neuronal cells with therapeutic
anti-PrP antibodies caused overexpression of apolipoprotein E, activation
of cytoplasmic phospholipase A2 and production of prostaglandin
(Tayebi et al., 2010). This report by Tayebi and colleagues demonstrated
that the toxicity was achieved via binding an anti-PrP antibody to the
N-terminal region of PrPC, while an antibody that bound an epitope
located on the C-terminal domain of PrPC was innocuous and failed to
cause apoptosis (Tayebi et al., 2010). Interestingly, both the N- and
C-terminal antibodies were subsequently shown to be safe and did not
lead to hippocampal neuronal apoptosis following their intracranial
administration to mice (Kl€ohn et al., 2012). Nevertheless, a later study by
Reimann and colleagues disputed these findings by demonstrating that
the anti-PrP antibody with specific binding to the N-terminal side of PrPC

led to neurotoxicity (Reimann et al., 2016), confirming the
epitope-specific neurotoxicity following cross-linking PrPC (Bardelli
et al., 2018; Tayebi et al., 2010).

Microglial activation can be triggered by various factors which in turn
contributes to neurodegeneration (Aguzzi and Falsig, 2012). Gliosis is a
well-established hallmark of most neurodegenerative disorders,
including prion diseases (Aguzzi and Zhu, 2017; Baker et al., 2002;
Monz�on et al., 2018). Microglia-related molecules, such as cytokines
(Schultz et al., 2004), toll-like receptors (TLRs) (Sethi et al., 2002), in-
flammatory regulators (Mok et al., 2007), chemokines (Felton et al.,
2005), complement systems (Lv et al., 2015), and phagocytosis mediators
(Hanayama et al., 2002; N'Diaye et al., 2009; Takahashi et al., 2005) are
involved in the pathogenesis of prion diseases (Aguzzi and Zhu, 2017). It
was previously reported that the cytotoxic effects on primary cells
following treatment with a PrP peptide were dependent on microglia
activation, suggesting that these are important mediators for inducing
neuronal death (Brown et al., 1996). In this study, we used a set of
anti-PrP antibodies, including ICSM (Beringue et al., 2003), SAF (Demart
et al., 1999; F�eraudet et al., 2005) and POM (Polymenidou et al., 2008)
that bind to either the globular domain (GD) or flexible tail (FT) of PrPC

(Table 1 and Figure 1) and treated a neuroblastoma (N2a) (Klebe, 1969),
mouse primary neuron (MPN), and a microglial (N11) cell line (Righi
et al., 1989) to investigate the molecular mechanisms underlying
2

antibody-induced toxicity. Mass spectrometry analysis was applied to
detect a shift in the cell proteome, to identify apoptosis related proteins
and to characterize possible pathways leading to apoptosis post-antibody
treatment.

We showed that direct application of anti-PrP antibodies on N2a can
trigger apoptosis and we identified 4 (3 upregulated and 1 down-
regulated) apoptosis-related proteins. Co-culture of N2a with antibody
treated N11 led to a more substantial disturbance of the proteome and we
identified 17 (11 upregulated and 6 downregulated) apoptosis related
proteins. Moreover, we also identified 1 (upregulated) and 4 (2 upre-
gulated and 2 downregulated) neuronal apoptosis-related proteins
following direct treatment of mouse primary neuronal (MPN) cells
(Haigh et al., 2011) or co-culture of antibody-treated N11 with MPN cells
when compared with untreated cells. Similarly, 3 (2 upregulated and 1
downregulated) and 2 (1 upregulated and 1 downregulated) neuronal
apoptosis-related related proteins were identified when compared with
control 3F4 anti-PrP antibody (Kascsak et al., 1987) treatment.

This study not only confirms the toxic effects of anti-PrP antibodies
with binding specificity to the GD of PrPC but importantly, emphasizes
the important role played by microglia in triggering apoptosis.

2. Materials and methods

2.1. Cell lines and mouse primary cell lines

N2a Cell Line: N2a is an adherent cell and its morphology is neuronal-
like and resembles amoeboid stem cells. N2a cells produce large quan-
tities of microtubular protein which is believed to play a role in a con-
tractile system responsible for axoplasmic flow in nerve cells. This cell
line was used extensively as an in vitromodel to study prion infection and
antibody toxicity (Enari et al., 2001; Jones et al., 2010; Pankiewicz et al.,
2006; Wu et al., 2017).

N11 Cell Line: The N11 cell line was produced by Righi et al. from
embryonic brain primary cell cultures by immortalizing microglial cells
with oncogenic retroviruses (Righi et al., 1989). The viruses used were
new recombinants (termed 3RV) carrying the v-myc or v-mil oncogenes
of the avian retrovirus MH2. N11 is able to produce several cytokines,
namely interleukin 1 (IL 1), interleukin 6 (IL 6) and tumour necrosis
factor α (TNF-α). N11 exhibits the phenotype for microglial cells since
they are F4/800, FcR0, Mac-10 positive and do not express astroglial,
bipotential glial precursor or oligodendroglial markers (GFAP-, A2B5-
and Gal-C-) (Righi et al., 1989).

The mice primary neuronal (MPN) cells were produced from eight
week-old wild-type (WT) mice (C57BL/6 x SV129 background) (Haigh
et al., 2011). Initially, neuronal stem cells (NSC) used in this study for
differentiation into mouse primary neurons (MPN) were harvested from
the sub ventricular zone (SVZ) of the whole brain of WT mice as
described (Haigh et al., 2011).

2.2. Treatment of mouse neuroblastoma and microglia cell lines with Anti-
PrP antibodies

We used mouse neuroblastoma (N2a) (American Type Culture
Collection, ATCC, USA) (Klebe, 1969) and microglia (N11) (Righi et al.,
1989) cell lines to investigate the neurotoxic effect of anti-PrP antibodies.
The N2a cells were used to assess toxicity following direct application of
anti-PrP antibodies (DAT). The N11 cells, initially treated with anti-PrP
antibodies, were used to assess their toxic effects on N2a cells
following direct co-culture (DMT) or after separating the N11 antibody
treated and N2a cells by a tissue culture insert (IMT). Both N2a and N11
cells were grown in complete medium [Dulbecco's Modified Eagle Me-
dium (DMEM) (Thermo Fisher Scientific, Australia), 10% fetal bovine
serum (FBS) (Gibco, Fisher Scientific, Australia), and 1%
Penicillin-streptomycin (Sigma, USA)] at 37 �C in 5% CO2. For N2a dif-
ferentiation, cells were initially cultured for 24 h in complete media then
cultured in complete media containing 2% serum and 20μM retinoic acid



Figure 1. Schematic representation of the binding sites of different anti-PrP antibodies on the different regions of the mouse major prion protein.

Table 1. Properties of the different anti-PrP antibodies used in this study.

Antibody Isotype Immunogen Adjuvant/Protein
Carrier

Host Immunised Mouse
Strain

Epitope Position Epitope position in
Structure

References

ICSM 18 IgG1 Human (rα PrP91-231) CFA and IFA FVB/N Prnpo/o mice 146–159 Globular domain Beringue et al. (2003)

ICSM 35 IgG2b Human (rβ PrP91-231) CFA and IFA FVB/N Prnpo/o mice 91–110 Flexible tail region Beringue et al. (2003)

SAF 32 IgG2b SAF preparation from
infected
Syrian hamster brain (β)

KLH and CFA back-footpads of Biozzi
mice
(Biozzi ABH) (PrP0/0)

59–89 Octa repeat region F�eraudet et al. (2005)

SAF70 IgG2b SAF preparation from
infected
Syrian hamster brain (β)

KLH and CFA back-footpads of Biozzi
mice
(Biozzi ABH) (PrP0/0)

142–160 Globular domain Demart et al. (1999)

POM1 IgG1 Mouse (rα PrP23-231) CFA Prnpo/o mice H1 (138–147)
H3
(204/208/212)

Globular domain Polymenidou et al.
(2008)

POM2 IgG1 Mouse (rα PrP23-231) CFA Prnpo/o mice 57–88 Octa repeat region Polymenidou et al.
(2008)

POM3 IgG1 Mouse (rα PrP23-231) CFA Prnpo/o mice 95–100 Flexible tail region Polymenidou et al.
(2008)
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for 48 h N2a cells were then washed and recultured in complete media
containing 2% serum and 10 ng/ml BDNF for 24 h prior to use for the
treatment studies.

2.2.1. Direct antibody treatment (DAT)
N2a cells were plated on a 24 well plates (Falcon, Becton. Dickinson,

Australia) at 200,000 cells/well for 48 h in tissue culture medium and
kept in a tissue culture incubator at 37 �C and 5% CO2 until optimum
growth and adhesion to the surface of the plates were observed. The
medium was changed daily. After 48 h, 3μg of different anti-PrP anti-
bodies ICSM18 (Beringue et al., 2003), ICSM35 (Beringue et al., 2003),
POM1 (Polymenidou et al., 2008), POM2 (Polymenidou et al., 2008),
3

POM3 (Polymenidou et al., 2008), SAF32 (F�eraudet et al., 2005), or
SAF70 (Demart et al., 1999)) were added daily to the N2a cultures for 3
days. On day 5, N2a cells were removed from the plates and centrifuged
at 149xg (800 rpm) for 5 min. The cells were then lysed with NP-40 lysis
buffer (150mM NaCl, 1.0% Nonidet P-40 and Triton X-100, 50 mM
Tris-Cl, adjust PH to 7.4) with addition of AEBSF protease inhibitor
(Sigma, USA) and stored at �80 �C until further use.

2.2.2. Direct microglia treatment (DMT)
The N11 cells were plated and cultured on a 24 well plates at 200,000

cells/well for 48 h in culture medium (DMEMmedium, 10% FBS, and 1%
Penicillin-streptomycin) and incubated at 37 �C in 5% CO2. N11 cells



Figure 2. Overall methodology for the identification of apoptotic proteins following antibody treatment and LC-MS analysis.
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were then treated with 3μg of different anti-PrP antibodies as above daily
for 3 days. The antibody treated N11 cells were detached via trypsini-
zation and centrifuged at 149xg (800 rpm) for 5 min before co-culturing
with confluent N2a cells for 3 days. Finally, the N2a/antibody-treated
N11 co-culture was centrifuged at 149xg (800 rpm) for 5 min and the
pellet was lysed with NP-40 lysis buffer with addition of AEBSF protease
inhibitor then stored at �80 �C until further use.

2.2.3. Indirect microglia treatment (IMT)
In order to verify whether the potential toxic effect is caused by

molecules released from N11 cells following treatment with anti-PrP
antibodies, the N11 cells were plated and cultured on tissue culture in-
serts (Nunc™ Polycarbonate Cell Culture Inserts, 0.4-micron pore size) in
24 well plate at 200,000 cells/well for 48 h. The N11 cells were treated
daily with 3μg of different anti-PrP antibodies as above. The tissue cul-
ture inserts containing antibody treated N11cells were transferred to 24
well tissue culture plate containing confluent N2a cells and left for 3
days. Finally, the N2a cells were removed from the wells and centrifuged
at 149xg (800 rpm) for 5 min and lysed with NP-40 lysis buffer and
AEBSF protease inhibitor before storing at �80 �C until further use.
4

2.3. Treatment of mouse primary neuronal cells and microglia cell line with
Anti-PrP antibodies

2.3.1. Direct antibody treatment (DAT) of primary neuronal cells
The WTmouse neuronal stem cells (NSC) were plated in 24 well plate

at 50,000 cells/well in mice NeuroCult™ Differentiation kit (Stem Cell
Technologies, Canada) and incubated at 37 �C in 5% CO2 for 7 days. The
NSC were differentiated into mouse primary neuron (MPN) after 7 days
which was checked by neuronal markers, NeuN and Nurr1. The cells
were then treated daily with 1μg of ICSM18, ICSM35 (Beringue et al.,
2003) or 3F4 (Sigma-Aldrich, Australia) for 3 days. Cells were
trypsin-removed from the plates, centrifuged at 149xg (800 rpm) for 5
min and lysed with NP-40 lysis buffer (150mM NaCl, 1.0% Nonidet P-40
and Triton X-100, 50 mM Tris-Cl, adjust PH to 7.4) with addition of
AEBSF protease inhibitor (Sigma, USA) and stored at�80 �C until further
use.

2.3.2. Direct microglia treatment (DMT) of primary neuronal cells
The N11 cells were plated and cultured on a 24 well plate at 50,000

cells/well for 24 h in culture medium (DMEMmedium, 10% FBS, and 1%
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Penicillin-streptomycin) and incubated at 37 �C in 5% CO2. N11 cells
were then treated with 1μg of ICSM18, ICSM35 or 3F4 antibody as above.
The antibody treated N11 cells were centrifuged at 149xg (800 rpm) for 5
min before co-culturing with confluent WT MPN cells for 3 days. Finally,
theWTMPN cells and antibody treated N11 co-culture was centrifuged at
149xg (800 rpm) for 5 min and the pellet was lysed with NP-40 lysis
buffer with addition of AEBSF protease inhibitor then stored at �80 �C
until further use.
Table 2. Properties of the identified all proteins including apoptotic proteins followin
were identified by Progenesis Software after the LC-MS analysis.

Accession Protein Name Gene ID Subcellular location U
p

A0A2I3BPI0 Coiled-coil domain-
containing protein 187

Ccdc187 Cytoskeleton 2

B2RUM8 RNA helicase Ddx18 Nucleus 4

P19426 Negative elongation factor E Nelfe Nucleus 5

Q497U2 Pcnt protein (Fragment) Pcnt Cytoskeleton, Cytosol 2

Q05816 Fatty acid-binding protein 5 Fabp5 Nucleus 3

A0A0N4SVL0 Eukaryotic translation
initiation factor 4 gamma 3

Eif4g3 cytosol 3

A0A2R8VHP3 Predicted pseudogene 5478 Gm5478 Cytoskeleton 2

A2A8L5 Receptor-type tyrosine-
protein phosphatase F

Ptprf plasma membrane 5

A2RSV8 Cytochrome c oxidase subunit
IV isoform

Cox4i1 mitochondrion 2

A2RSY1 KAT8 regulatory NSL complex
subunit 3

Kansl3 Nucleus 3

A4FUV6 Met protein (Fragment) Met plasma membrane 7

A7E215 Rps6ka3 protein (Fragment) Rps6ka3 Nucleus, Cytosol 3

B1AZR7 Protocadherin 11 X-linked Pcdh11x Plasma membrane 4

E9QKD1 Nucleolar protein 8 Nol8 Nucleus 2

H7BX49 WD repeat-containing protein
90

Wdr90 Cytoskeleton 3

Q3TW28 Uncharacterized protein Tpp2 Nucleus, Cytosol 9

B1GX81 PAK3cb protein Pak3 Cytosol, Plasma
membrane

3

Q3UBP6 Uncharacterized protein Actb Extracellular,
Cytoskeleton, Nucleus

3

Q3UR03 Myomegalin (Fragment) Pde4dip Cytoskeleton, Nucleus,
golgi apparatus

3

Q5U430 E3 ubiquitin-protein ligase Ubr3 plasma membrane 3

Q6PDI5 Proteasome adapter and
scaffold protein ECM29

Ecpas Cytoskeleton, Nucleus,
Endoplasmic reticulum,
Endosome

6

Q8K442 ATP-binding cassette sub-
family A member 8-A

Abca8a Plasma membrane 2

Q9WUM5 Succinate–CoA ligase [ADP/
GDP-forming] subunit alpha_
mitochondrial

Suclg1 Mitochondrion 4

Q80XC6 Nuclear exosome regulator
NRDE2

Nrde2 Nucleus 2

Q99JW2 Aminoacylase-1 Acy1 Extracellular, Cytosol 2

Q499M4 Tigger transposable element
derived 5

Tigd5 Nucleus 2

Q02819 Nucleobindin-1 Nucb1 Extracellular,
Endoplasmic reticulum

4

5

2.3.3. Immunofluorescence analysis of primary neuronal cells
Immunofluorescence analysis was performed to confirm whether the

mouse neuronal stem cells have been fully differentiated to become
mature neurons expressing PrPC. Cover slips were sterilized by
immersing in 70% ethanol followed by washing in 100% ethanol, rinsing
in autoclaved water, and finally washing with RPMI. The coverslips were
then coated with Matrigel (Sigma-Aldrich, USA) solution. The fully
differentiated WT MPN cells were transferred to a new 24 well plates
g direct antibody treatment (DAT) of the neuroblastoma cell line. The properties

nique
eptides

Confidence
score

Anova (p) Max fold
change

Highest
Mean

Lowest
Mean

55.9 0.04328225 33.2 Control Antibody
Treatment

57.5 0.00837738 20 Control Antibody
Treatment

117 0.0036431 12.3 Control Antibody
Treatment

107 0.02199705 20.3 Control Antibody
Treatment

260 0.01718987 16 Control Antibody
Treatment

88.3 0.00489254 14.1 Antibody
Treatment

Control

91.5 0.00393282 267 Antibody
Treatment

Control

102 0.00607666 11.9 Antibody
Treatment

Control

60.5 0.00229063 17.9 Antibody
Treatment

Control

74.2 0.03078433 13.7 Antibody
Treatment

Control

130 0.00315318 23.4 Antibody
Treatment

Control

42.8 0.03518287 18 Antibody
Treatment

Control

60.8 0.00666053 11.7 Antibody
Treatment

Control

74.5 0.04856417 201 Antibody
Treatment

Control

73.6 0.04129529 16.1 Antibody
Treatment

Control

171 0.00407148 111 Antibody
Treatment

Control

37.7 0.022568968 11.2 Antibody
Treatment

Control

802 0.01880576 12.3 Antibody
Treatment

Control

49.1 0.02084224 29.9 Antibody
Treatment

Control

53.5 0.00548724 65.4 Antibody
Treatment

Control

142 0.00749419 11.1 Antibody
Treatment

Control

60 0.00447174 12.7 Antibody
Treatment

Control

68.1 0.04593013 17.1 Antibody
Treatment

Control

46.5 0.04874164 28.8 Antibody
Treatment

Control

62.7 0.02111784 Infinite Antibody
Treatment

Control

45.2 0.01042085 10.7 Antibody
Treatment

Control

52 0.04447922 33.1 Antibody
Treatment

Control
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containing cold PBS. The coverslips were rinsed two times in cold PBS
followed by addition of 300μL of 4% paraformaldehyde for 20 min at
room temperature. The coverslips were then washed x3 with in cold PBS.
0.01% Triton was added to the coverslips and left to incubate for 1 min,
followed by washing then addition of 2% BSA for 20 min. Primary mouse
anti-NeuN antibody (1:500) (MerckMillipore, Australia), rabbit Anti-
Nurr1 (1:500) (Life Technology, Australia), and ICSM18 antibody
(1:1000) was added for 1 h at room temperature followed by secondary
anti-mouse IgG (Hþ L)-Texas Red antibody (Sigma-Aldrich, USA) (1:500
dilution) and goat anti-rabbit IgG (Hþ L)-FITC antibody (1:500 dilution)
(Sigma-Aldrich, USA) for 1 h at room temperature. The coverslips were
washed with PBS x3 and finally mounted on glass slides using VECTA-
SHIELD HardSet Antifade Mounting Medium with DAPI (Vector Labo-
ratories, CA, USA) in aqueous mounting media (Agilent Technologies,
CA, USA) (1:3 ratio) and sealed with clear nail polish to prevent
dehydration.

2.3.4. Flow cytometry analysis
For DAT and DMT, cell lines and MPN cells were treated as above.

Some cells were also treated with 500μM H2O2 for 30 min in a tissue
culture incubator at 37 �C in 5% CO2. Following treatment with anti-
bodies or H2O2, cells were scrapped and kept in the incubator for 30 min
for membrane recovery. The cells were then transferred into FACS tubes
(Stem Cell Technologies, Australia) and centrifuged for 5 min at 4 �C at
186xg (1000 rpm). Cells were washed with cold PBS prior to addition of
100μL of 1x Annexin binding buffer (Invitogen, Australia). This was
followed by adding 3μL of Alexa Fluor® 488 Annexin V (Invitogen,
Australia) and 1μL of 100 μg/mL propidium iodide (PI) working solution
(Invitogen, Australia) to each 100μL of cell suspension and incubated for
15 min at room temperature. 400μL 1X Annexin-binding buffer was
added Flow cytometry analysis. Analysis was performed using MACS-
Quant Analyzer (Miltenyi Biotec, Australia). Raw data was analysed on
FlowJo software (version 10.7.1, LLC, Ashland, OR, USA).

2.4. Sample preparation for liquid chromatography-mass spectrometry

Following antibody treatment, the cells were lysed as above for use in
Liquid Chromatography-Mass Spectrometry (LC-MS). For trypsin diges-
tion, 100μL of protein sample (300 μg/mL cell lines or 170 μg/ml primary
cells) of DAT, DMT and IMT were concentrated using Rotational Vacuum
Concentrator (Martin Christ Gefriertrocknungsanlagen GmbH, Ger-
many). 6μL DTT (Roche Diagnostics Deutschland GmbH, Germany) (200
mM DTT in Tris buffer, pH 7.8) was then added and the mixture was
vortexed before addition of 30μL of 6M Urea into the sample then
incubated for 1h at room temperature. 6μL iodoacetamide (Sigma-
Aldrich, Australia) alkylating reagent (200mM iodoacetamide in Tris
buffer, pH 7.8) was then added, the sample mixture vortexed then fol-
lowed by incubation for 1h at room temperature. Themixture was topped
up with 225μL of distilled water before adding 5μL of trypsin (Promega
Corporation, USA) solution and incubated overnight at 37 �C. Finally, the
reaction was stopped, and the pH of the solution adjusted to <6 with
concentrated acetic acid.

After trypsin digestion, the solution was purified using Solid Phase
Extraction (SPE) vacuummanifold (Waters Milford, Massachusetts, USA)
then reconstituted in 15μL 0.1% formic acid, vortexed and kept for 30
Table 3. Identification of antibody-specific apoptotic proteins following direct antibo

Accession ID Gene ID Effect of Anti-PrP Antibodies

ICSM18 CTL ICSM35

Q497U2 Pcnt - √ -

A2A8L5 Ptprf - - -

A7E215 Rps6ka3 √ - -

B1GX81 Pak3 - - -

(√) Upregulated and (-) Downregulated.

6

min at 25 �C The solution was then vortexed and sonicated for 3 min then
centrifuged at 14,000 rpm for 10 min before transferring into labelled
glass vials.

2.5. Liquid chromatography-mass spectrometry analysis

The samples prepared above were carefully placed in a Waters Total
Recovery chromatography sample vials for analysis. System specific
cleaning protocol was run before loading the sample to avoid contami-
nation in the system. LC-MS was performed using a Waters nanoAcquity
UPLC equipped with a Waters nanoEase M/Z Peptide BEH C18 Column,
130Å, 1.7 μm 75 um x 100 mm, thermostatted to 40 �C (Waters Corpo-
ration, USA). Briefly, solvent A consisted of ultrapure water (Milli-Q) plus
0.1% formic acid and solvent B consisted of LC-MS grade acetonitrile
(Burdick and Jackson) plus 0.1% formic acid. Samples were injected onto
a trapping column (Waters nanoEase M/Z Symmetry C18 Trap Column,
100A, 5 μm, 180 μm � 20mm) at 5uL/min at 99% Solvent A for 3 min
before being eluted on the Analytical Column with a flowrate of 0.30uL/
min. An initial solvent composition of 1% Bwas ramped to 85% B over 50
min. Injections of 1 μL were made from sample solutions stored at 4 �C.

Mass spectrometry was performed using a Waters SYNAPT G2-Si
(HDMS) spectrometer fitted with a nano electrospray ionization source
and operating in positive ion mode. Mass accuracy was maintained by
infusing at 0.5 μL/min a lock spray solution of 1 pg/μL leucine encephalin
in 50% aqueous acetonitrile, plus 0.1% formic acid, calibrated against a
sodium iodide solution. The capillary voltage was maintained at 3 kV,
cone voltage at 30 V, source offset at 30 V, ion block temperature 80 �C,
gas (N2) flows: purge gas 20 L/h, cone gas 20 L/h. MassLynx Mass
Spectrometry Software (Waters Corporation, USA) was used to process
the data. Samples from 2 biological replicates were run three times in the
LC-MS system and finally the collected data was processed against the
mouse proteome using Uniprot database and analysed using Progenesis
QI software (Waters Corporation, USA).

2.6. Functional analysis and protein-protein interaction prediction

Functional analysis of the final dataset of DAT, DMT and IMT was
performed using DAVID Bioinformatics Resources 6.8 (https://david.nci
fcrf.gov/) (Huang et al., 2009; Jiao et al., 2012). DAVID is an enriched
online unified biological knowledge base and analytic tools which
thoroughly extract the biological meaning from the expansive gene or
protein list (Huang et al., 2009). The interaction analysis among all the
identified genes or proteins were achieved using STRING v11.0 (htt
ps://string-db.org/). This online platform is used as functional protein
association networks which provides an in-depth assessment and inte-
gration of protein–protein interactions including both direct and indirect
associations (Szklarczyk et al., 2015).

2.7. Classification of gene and gene enrichment analysis

The identified gene dataset was submitted to the online-based
PANTHER classification system v14.0 (http://www.pantherdb.org/) for
the classification of the identified genes based on the biological process,
cellular components, molecular function, protein class, and signalling
pathways (Mi et al., 2019). This is a wide-ranging system that helps
dy treatment (DAT) of neuroblastoma cell lines.

CTL SAF70 CTL POM1 CTL

- - - - -

- - - - -

- - - - -

- - - - -

https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
https://string-db.org/
https://string-db.org/
http://www.pantherdb.org/


Figure 3. Protein-protein interaction and classification of the identified apoptotic genes following direct antibody treatment (DAT) to the neuroblastoma N2A cell line
and primary neuronal cells. The protein-protein interaction analysis was performed using STRING v11.0 server and PANTHER server was used for the classification
analysis. The Mus musculus database was used as the host organism for characterising the protein interactions and classification in both STRING v11.0 and PANTHER
server. A) Interaction among the apoptotic proteins (numbered 2, 3, 4 & 5) with PrPC (numbered 1) following direct antibody treatment. B) Interaction among the
identified apoptotic proteins from cell line (numbered 2, 3, 4 & 5) and primary neuronal cells (numbered 6) with PrPC (numbered 1) following direct antibody
treatment. Classification of the C) biological processes; and D) signalling pathways of the identified apoptotic genes from neuroblastoma cell line compared to the
untreated cells. Classification of the E) molecular function F) biological process of the identified apoptotic genes from primary neuronal cells compared to the 3F4
antibody treated cells.
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Table 4. Properties of the identified apoptotic proteins following direct antibody treatment (DAT) and direct microglia treatment (DMT) of mouse primary neuronal
cells. The properties were identified by Progenesis Software after the LC-MS analysis.

Sample Accession Gene ID Protein Name Peptides Unique
peptides

Confidence
score

Anova
(p)

Max fold
change

Highest
Mean

Lowest
Mean

Comparison with
No Treatment
(NoT)

Direct Antibody
Treatment
(DAT)

Q3TAJ5 Rsl1d1 ribosomal L1
domain
containing 1

1 1 5.66 0.029092 â̂�z DAT CTL
(NoT)

Direct Microglia
Treatment
(DMT)

Q547V2 Igf1 Insulin-like
growth factor 1

1 1 4.7 0.001422 68.3 DMT CTL
(NoT)

Q9DBX1 Rgcc Regulator of cell
cycle RGCC

1 1 5.5 0.019531 16.7 DMT CTL
(NoT)

D3YXU4 Chil1 Chitinase-like 1
(Fragment)

1 1 5.39 0.019619 380 CTL
(NoT)

DMT

Q9D5K8 Zfp819 zinc finger
protein 819

1 1 4.28 0.03142 14.6 CTL
(NoT)

DMT

Comparison with
3F4

Direct Antibody
Treatment
(DAT)

A3KG38 Ikbkg kappa-B essential
modulator
(Fragment)

1 1 4.62 0.000377 40.9 DAT 3F4

Q5I2A0 Serpina3g Serine protease
inhibitor A3G

5 5 21.9 0.000556 10.9 DAT 3F4

Q9D5K8 Zfp819 zinc finger
protein 819

1 1 4.28 0.008202 21.9 3F4 DAT

Direct Microglia
Treatment
(DMT)

Q9D5K8 Zfp819 zinc finger
protein 819

1 1 4.28 0.007086 11.1 3F4 DMT

Q5NCK8 Mapk9 Mitogen-
activated protein
kinase

1 1 6.09 0.039174 38.5 DMT 3F4
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assess and analyse extensive genome-wide experimental data (Mi et al.,
2019). In addition, the gene enrichment analysis was conducted on the
identified final dataset of DAT, DMT and IMT using FunRich software v
3.1.3 (Pathan et al., 2017). FunRich is a stand-alone software tool used
mainly for functional enrichment and interaction network analysis of
genes and proteins (Pathan et al., 2015, 2017).
2.8. Statistical analyses

Statistical analyses were assessed by Student's t-test, Chi-Squared test
or analysis of variance (ANOVA) test. The results were considered sig-
nificant at p < 0.05.

3. Results

3.1. Treatment of neuroblastoma N2a cell lines with Anti-PrP antibodies
leads to apoptosis

The overall workflow for the identification of apoptotic proteins and
confirmation of apoptosis is shown in Figure 2. Treatment of N2a cells
Table 5. Identification of antibody-specific apoptotic proteins following direct antib
neuronal cells. (√) Upregulated and (-) Downregulated.

Comparison with No Treatment (NoT)

Accession ID Gene ID

Direct Antibody Treatment (DAT) Q3TAJ5 Rsl1d1

Direct Microglia Treatment (DMT)
Q547V2 Igf1

Q9DBX1 Rgcc

D3YXU4 Chil1

Q9D5K8 Zfp819

Comparison with 3F4

Accession ID Gene ID

Direct Antibody Treatment (DAT)
A3KG38 Ikbkg

Q5I2A0 Serpina3g

Q9D5K8 Zfp819

Direct Microglia Treatment (DMT)
Q5NCK8 Zfp819

Q9D5K8 Mapk9
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with anti-PrP antibodies ICSM18, ICSM35, POM1 or SAF70 led to the
identification of 27 proteins after liquid-chromatography mass spec-
trometry (LC-MS) analysis when compared with N2a cells treated only
with tissue culture medium and no addition of antibodies. Differentially
expressed proteins (p < 0.05) were considered with a maximum fold
change �10 and at least 2 identified unique peptides and a confidence
score �40 (Table 2 and Table S1).

After functional analysis of the 27 identified proteins using DAVID
bioinformatics resources (Huang et al., 2009; Jiao et al., 2012), we found
4 proteins associated with the apoptotic process, including Receptor-type
tyrosine-protein phosphatase F (PTPRF), Ribosomal Protein S6 Kinase A3
protein (RPS6KA3), p21-activated Kinase 3 (PAK3), and Pericentrin
protein (PCNT) (Table 2). The functional annotation showed that
RPS6KA3 is associated with negative regulation of cysteine-type endo-
peptidase activity involved in apoptotic process (Anjum et al., 2005;
Carriere et al., 2008) whereas both PTPRF and PAK3 are involved in
positive regulation of apoptosis (Bera et al., 2014; McPhie et al., 2003;
Stewart et al., 2017). However, PCNT protein which displayed the
highest mean in the untreated N2a cells, is involved in the negative
regulation of apoptotic process (Kim et al., 2019; Zimmerman et al.,
ody treatment (DAT) and direct microglia treatment (DMT) of mouse primary

ICSM18 CTL (NoT) ICSM35 CTL (NoT)

√ - √ -

√ - √ -

√ - √ -

- √ - √

- √ - √

ICSM18 CTL (3F4) ICSM35 CTL (3F4)

√ - √ -

√ - √ -

- √ - √

√ - √ -

- √ - √



Figure 4. Gene enrichment analysis of the identified apoptotic genes following direct anti-PrP antibody treatment (DAT) to the neuroblastoma cell line and primary
neuronal cells. Classification of the A) molecular functions; and B) biological processes of the identified 4 apoptotic genes following direct anti-PrP antibody treatment
(DAT) to the N2A cells compared to the untreated N2A cells. Classification of the C) molecular functions; D) biological processes of the identified 2 apoptotic genes
following direct anti-PrP antibody treatment (DAT) to the primary neuronal cells compared to the 3F4 antibody treated cells. Functional gene enrichment analysis was
performed using FunRich software (v3.1.3). The p-value in the plot is the Bonferroni corrected p-value and the reference p-value is p ¼ 0.05.
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2004) (Table S2). Analysis of individual anti-PrP antibody treatment
effect on N2a cells revealed that RPS6KA3 and PCNT were present after
direct ICSM18 treatment (Table 3). However, direct treatment with
ICSM35, POM1 and SAF70 was not associated with apoptosis proteins.

It should be noted that for PCNT, the highest mean was associated
with untreated N2a cells and might reflect its downregulation as a result
of antibody treatment leading to apoptosis following upregulation of
PTPRF and PAK3 via MAPK3 stimulation/upregulation (Table 2 &
Figure 3A). Protein-protein interaction (STRING, Version 11.0) analysis
of PTPRF, PAK3, RPS6KA3 were shown to be part of the same protein
network as PrPC whereas the downregulated PCNTwas not identified as a
PrPC interactor (Figure 3A). Interestingly, PrPC was shown to interact
directly with MAPK3 which in turn directly interacts with RPS6KA3 and
9

PTPRF and indirectly with PAK3 via RAC1 protein (Figure 3A). However,
PrPC did not interact with PCNT directly but required stimulation of at
least another 3 proteins (Figure 3A).
3.2. Treatment of primary neuronal cells with Anti-PrP antibodies leads to
apoptosis

In order to verify the biological relevance of the anti-PrP antibody
neurotoxic effects, we treated mouse primary neuronal cells (Haigh et al.,
2011) with 1μg ICSM18 or ICSM35 anti-PrP antibodies. This led to the
identification of 32 proteins after the LC-MS analysis when compared
with untreated cells (Table S3). In order to confirm the specificity of the
apoptotic effect of these anti-PrP antibodies, we treated the primary



Table 6. Properties of the identified apoptotic proteins following direct microglia treatment (DMT) of neuroblastoma cell line. The properties were identified by
Progenesis Software after the LC-MS analysis.

Gene ID Accession Protein Name Peptides Unique
peptides

Confidence
score

Anova
(p)

q Value Max fold
change

Highest
Mean

Lowest
Mean

APBB1 A0A0R4J2C1 Amyloid-beta A4 precursor
protein-binding family B member 1

9 5 52.1 0.002787 0.002517 11.5 Direct
Microlia
Effect

Control

ANK2 S4R2T7 Ankyrin-2 (Fragment) 11 6 75.2 3.53E-11 4.03E-10 12.2 Direct
Microlia
Effect

Control

CASP8AP2 Q9WUF3 CASP8-associated protein 2 28 10 171 4.59E-07 1.34E-06 11.9 Direct
Microlia
Effect

Control

CUL1 Q05DR6 Cul1 protein (Fragment 9 3 46.7 1.06E-13 2.76E-12 11.4 Direct
Microlia
Effect

Control

CUL7 A9C491 Cullin 7 12 4 56.7 5E-08 1.92E-07 1210 Control Direct
Microlia
Effect

DOCK1 Q8BUR4 Dedicator of cytokinesis protein 1 11 5 60.1 2.23E-08 9.74E-08 13.8 Control Direct
Microlia
Effect

FNDC1 E9Q043 Fibronectin type III domain-
containing 1

13 7 67.9 1.66E-09 1.06E-08 16.4 Control Direct
Microlia
Effect

INTS1 K3W4P2 Integrator complex subunit 1 43 8 228 9.03E-09 4.55E-08 41.3 Direct
Microlia
Effect

Control

LGMN A2RTI3 Legumain 8 2 51.3 3.27E-07 1.01E-06 443 Direct
Microlia
Effect

Control

MT1 P02802 Metallothionein-1 7 3 66.1 0.004504 0.003806 12.8 Control Direct
Microlia
Effect

PDE1A Q61481 Calcium/calmodulin-dependent
3'_50-cyclic nucleotide
phosphodiesterase 1A

10 2 60.6 4.35E-14 1.26E-12 24.7 Control Direct
Microlia
Effect

PHB2 O35129 Prohibitin-2 18 3 160 1.45E-09 9.48E-09 22.8 Control Direct
Microlia
Effect

PTPRC P06800 Receptor-type tyrosine-protein
phosphatase C

6 2 41.1 6.11E-07 1.72E-06 12.5 Direct
Microlia
Effect

Control

RAG1 Q78NA6 V(D)J recombination-activating
protein 1

16 5 95.2 2.91E-13 6.9E-12 13.5 Direct
Microlia
Effect

Control

RPS3 Q3UK56 KH type-2 domain-containing
protein

21 2 201 1.04E-08 5.05E-08 10.5 Direct
Microlia
Effect

Control

SEMA6A D3YWM8 Semaphorin-6A 10 3 56.5 4.86E-07 1.41E-06 40.8 Direct
Microlia
Effect

Control

TLR3 Q3TM31 TIR domain-containing protein 9 2 43.2 0.043612 0.026424 14.8 Direct
Microlia
Effect

Control
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neuronal cells with the 3F4 antibody, previously shown to react with
hamster but not mouse PrP (Kascsak et al., 1987). Here, 22 proteins were
identified following LC-MS analysis when compared to treatment with
1μg of 3F4 antibody (Table S4). After functional analysis of the 32 (vs. no
treatment) and 22 (vs. 3F4) proteins using DAVID bioinformatics re-
sources, we found 1 (Ribosomal L1, 1RSL1D1) and 3 (Inhibitor of kappaB
kinase gamma, IKBKG - SERPINA3G, Serine peptidase inhibitor, clade A,
member 3G - zinc finger protein 819, ZFP819) apoptotic related proteins,
respectively (Table S2 and Table S5). 1RSL1D1 has previously been
shown to regulate apoptosis (Li et al., 2012; Ma et al., 2015). IKBKG was
found to be associated with intrinsic apoptotic signalling pathway (Frelin
10
et al., 2008) while SERPINA3Gwas shown to be involved in the apoptotic
process (Liu et al., 2003). However, ZFP819 which displayed highest
mean in the 3F4 treatment was reported to be associated with positive
regulation of the apoptotic process (Jin et al., 2017) (Table 4 and
Table S2).

Analysis of individual anti-PrP antibody treatment effect onMPN cells
revealed that RSL1D1, IKBKG, SERPINA3G and ZFP819 were present
after ICSM18 and ICSM35 treatments (Table 5). Since the identified
apoptotic related proteins were found to be different between antibody
treated N2a cells and primary neuronal cells, we performed protein-
protein interaction analysis through STRING server (version 11.0) to



Figure 5. Protein-protein interaction and classification analysis among the identified apoptotic genes following direct microglial treatment (DMT) with anti-PrP
antibodies. The protein-protein interaction analysis was performed using STRING v11.0 server and PANTHER server was used for the classification analysis. The
Mus musculus database was used as the host organism for characterising the protein interactions and classification in both STRING v11.0 and PANTHER server. A)
displays interactions among the 17 identified apoptotic genes and B) displays interactions between the Prnp gene and the 17 identified apoptotic genes following direct
microglial treatment (DMT) to the cell line. Classification of the C) molecular function; D) biological processes; and E) signalling pathways of the identified apoptotic
genes from neuroblastoma cell line compared to the untreated cells. Classification of the F) molecular function; G) biological process; and H) signalling pathways of the
identified apoptotic genes from primary neuronal cells compared to the untreated cells.
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Table 7. Identification of antibody-specific apoptotic proteins following direct microglia treatment (DMT) of neuroblastoma cell lines.

Accession ID Gene ID Effect of Different Anti-PrP Antibodies

ICSM Antibodies POM Antibodies SAF Antibodies

ICSM18 CTL ICSM35 CTL POM1 CTL POM2 CTL POM3 CTL SAF32 CTL SAF70 CTL

A0A0R4J2C1 Apbb1 - - - - √ - √ - √ - - - - -

S4R2T7 Ank2 √ - - - - - √ - - - √ - √ -

Q9WUF3 Casp8ap2 - - √ - - - √ - - - √ - - -

Q05DR6 Cul1 √ - √ - - - √ - √ - - - √ -

A9C491 Cul7 - √ - √ - √ - √ - √ - √ - √

Q8BUR4 Dock1 - √ - - - - - √ - √ - √ - √

E9Q043 Fndc1 - √ - √ - √ - √ - √ - √ - √

K3W4P2 Ints1 √ - √ - - - √ - √ - √ - √ -

A2RTI3 Lgmn √ - √ - - - √ - √ - √ - √ -

P02802 Mt1 - √ - √ - - - √ - √ - √ - √

Q61481 Pde1a - √ - √ - √ - √ - √ - √ - √

O35129 Phb2 - √ - √ - √ - √ - √ - √ - √

P06800 Ptprc √ - √ - - - - - - - √ - √ -

Q78NA6 Rag1 √ - √ - √ - √ - - - √ - √ -

Q3UK56 Rps3 √ - - - - - √ - - - √ - - -

D3YWM8 Sema6a √ - √ - - - √ - √ - √ - √ -

Q3TM31 Tlr3 - - - - √ - √ - - - - - - -

(√) Upregulated and (-) Downregulated.
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verify whether these proteins belong to the same interactome. We found
that RSL1D1 interacts with PCNT, PTPRF, RPS6KA3 and PAK3 viaWdr12
(Figure 3B) while IKBKG and SERPINA3G belonged to the same protein
‘hub’.

3.3. Gene ontology (GO) analysis of apoptosis related proteins associated
with direct antibody treatment

Using PANTHER classification system (v.14.0) (Mi et al., 2019), a
gene classification server and FunRich (Functional Enrichment analysis
tool – Version 3.1.3) (Pathan et al., 2015) protein Gene enrichment
software (reference list “rodent database”), we performed Gene Ontology
(GO) analysis for molecular function, biological process, and the signal-
ling pathway.

PANTHER identified RPS6KA3, PTPRF, PAK3 apoptotic related genes
involved in molecular functions, biological processes and signalling
pathways. The molecular function of RPS6KA3, PTPRF, PAK3 genes were
found to be associated with catalytic activity. The biological process of
both PTPRF and PAK3 was found to be associated with metabolic pro-
cess, biogenesis and cellular process. Moreover, PAK3 was found to be
involved in signalling, response to stimulus, multicellular organismal
process, developmental process, and biological regulation whereas
PTPRF was found to be associated with biological adhesion (Figure 3C).
Signalling pathway analysis identified both RPS6KA3 and PAK3 associ-
ation with the Ras Pathway (Figure 3D). The signalling pathway analysis
of the PAK3 was found to be associated with angiogenesis, cytoskeletal
regulation by Rho GTPase, inflammation mediated by chemokine and
cytokine signalling pathway, and T cell activation (Figure 3D). On the
other hand, RPS6KA3 was found to be involved in CCKR signalling map,
IGF pathway-mitogen activated protein kinase kinase/MAP kinase
cascade, interleukin signalling pathway, and PDGF signalling pathway
(Figure 3D).

Further gene ontology analysis of the apoptotic related proteins
(IKBKG, SERPINA3G, and ZFP819) identified following treatment of
primary neuronal cells revealed molecular function and biological pro-
cesses (Figure 3E and F). The molecular function of SERPINA3G was
found to be associated with binding, catalytic activity, and molecular
function regulator whereas ZFP819 was found to be involved in binding
and molecular function regulator and IKBKG is involved in binding ac-
tivity (Figure 3E). The biological process analysis of the IKBKGwas found
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to be associated with biological regulation, cellular process, metabolic
process, response to stimulus, and signalling pathway. On the other hand,
both SERPINA3G and ZFP819 were found to be involved in biological
regulation and metabolic process (Figure 3F).

FunRich analysis revealed two significant molecular functions,
including chondroitin sulfate proteoglycan binding (PTPRF; p ¼ 0.004),
and transmembrane receptor protein tyrosine phosphatase activity
(PTPRF; p ¼ 0.007) (Figure 4A). FunRich also identified several biolog-
ical processes, including positive regulation of neuron apoptosis process
(PTPRF, PAK3; p < 0.001), regulation of neuron projection development
(PTPRF, PAK3; p < 0.001), negative regulation of cell projection orga-
nization (PTPRF; p ¼ 0.01), negative regulation of neurotrophin TRK
receptor signaling pathway (PTPRF; p ¼ 0.025), and neuron projection
regeneration (PTPRF; p ¼ 0.038) (Figure 4B).

Further FunRich analysis of the IKBKG, SERPINA3G, and ZFP819
revealed several molecular functions, including peroxisome proliferator
activated receptor binding (IKBKG; p ¼ 0.026), K63-linked polyubiquitin
modification-dependent protein binding (IKBKG; p ¼ 0.022), transferrin
receptor binding (IKBKG; p ¼ 0.007), linear polyubiquitin binding
(IKBKG; p < 0.001) (Figure 4C). FunRich also identified several biolog-
ical processes including activation of NF-kappaB-inducing kinase activity
(IKBKG; p ¼ 0.038), negative regulation of endoplasmic reticulum stress-
induced intrinsic apoptotic signalling pathway (IKBKG; p ¼ 0.077),
anoikis (IKBKG; p ¼ 0.017), and establishment of vesicle localization
(IKBKG; p ¼ 0.003) (Figure 4D).

3.4. Co-culture of Anti-PrP antibody treated-microglia N11 with N2a cell
lines leads to apoptosis of N2a cells

Co-culture of N2a cells with N11 cells treated with anti-PrP antibodies
ICSM18, ICSM35, POM1, POM2, POM3, SAF32 or SAF70 led to the
identification of 113 proteins after LC-MS analysis when compared with
co-culture of N2a with untreated-N11 cells. Differentially expressed
proteins (p < 0.05) were considered with a maximum fold change �10
and at least 2 identified unique peptides and a confidence score �40
(Table S6). The functional analysis of the identified 113 proteins showed
that 17 proteins are associated with apoptosis (Table 6 and Table S2).

Among the identified apoptotic proteins Amyloid-beta A4 precursor
protein-binding family B member 1 (APBB1), Fibronectin type III
domain-containing 1 (FNDC1), KH type-2 domain-containing protein
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(RPS3) and TIR domain-containing protein (TLR3) are associated with
positive regulation of the apoptotic process (Jang et al., 2004, 2012;
Salaun et al., 2006; Sato et al., 2009) whereas Integrator complex
subunit 1 (INTS1), Legumain (LGMN), Metallothionein-1 (MT1),
Prohibitin-2 (PHB2), and V(D)J recombination-activating protein 1
(RAG1) proteins are involved in the negative regulation of the apoptotic
process (Andrade et al., 2011; Hata and Nakayama, 2007; Novoa et al.,
2019; Shimoda et al., 2003; Sun et al., 2018; Yang et al., 2018). In
addition, CASP8-associated protein 2 (CASP8AP2), Receptor-type tyro-
sine-protein phosphatase C (PTPRC) and TIR domain-containing protein
(TLR3) proteins identified in the dataset play a role in the extrinsic
apoptotic signalling pathway (Hanaoka et al., 1995; Salaun et al., 2006;
Sun et al., 2011; Wang and Lenardo, 2000) whereas RPS3 protein is
involved in intrinsic apoptotic signalling pathway (Jang et al., 2004,
2012) (Table S2). Among the identified 17 apoptotic proteins, 11
(APBB1, ANK2, CASP8AP2, CUL1, INTS1, LGMN, PTPRC, RAG1, RPS3,
SEMA6A, TLR3) showed the highest mean for DMT when compared
with N2a cultured with untreated-N11 cells (Table 6). On the contrary,
the remaining 6 proteins (CUL7, DOCK1, FNDC1, MT1, PDE1A, PHB2)
exhibited highest mean values for N2a cultured with untreated-N11
cells indicating that downregulation of these proteins following
anti-PrP antibody treatment might be involved in the apoptosis process
(Table 6).

Protein-protein interaction (STRING, Version 11.0) analysis of the
identified 7 out of 11 apoptotic proteins with highest mean following co-
culture of N2a cells with antibody-treated N11 (APBB1, ANK2, CUL1,
INTS1, PTPRC, RAG1, TLR3) were shown to be part of the same protein
network as PrPC (Figure 5A and B). Interestingly, protein-protein
Figure 6. Immunofluorescence analysis of the fully differentiated primary neuronal
and ICSM18 was used for the detection of PrPC expression.
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interaction analysis of the 6 identified apoptotic related proteins with
lowest mean (CUL7, DOCK1, FNDC1, MT1, PDE1A, PHB2) following co-
culture of N2a cells compared with untreated N11 were not part of PrPC

network, suggesting that their downregulation is probably caused by
negative feedback interaction associated with PrPC. For instance, CUL1
which interacts directly with PrPC, also interacts with CUL7 (Table 6).
Interestingly and with the exception of SAF32, and POM1 all other an-
tibodies tested, including ICSM18, ICSM35, POM2, POM3 and SAF70
displayed highest mean of CUL1 and lowest mean of CUL7 confirming
cross-feedback between these 2 proteins (Table 6 and Table 7). Table 7
provides details of highest versus lowest mean protein expression caused
by individual antibody treatment. This shows that ICSM18 and SAF32
share 47.05% apoptotic proteins (7 proteins: ANK2, INTS1, LGMN,
PTPRC, RAG1, RPS3, SEMA6A) and ICSM35 and SAF70 share 41.17%
apoptotic proteins (6 proteins: CUL1, INTS1, LGMN, PTPRC, RAG1,
SEMA6A). POM2 showed highest effect on expression of apoptotic pro-
teins with 58.82% (10 proteins: APBB1, ANK2, CASP8AP2, CUL1, INTS1,
LGMN, PTPRC, RAG1, SEMA6A, TLR3), and the lowest effect was
observed for the POM1 treatment (17.64% with 3 proteins: APBB1,
RAG1, and TLR3) and POM3 (29.41% with 5 proteins: APBB1, CUL1,
INTS1, LGMN, SEMA6A).
3.5. Co-culture of Anti-PrP antibody treated-microglia N11 with primary
neuronal cells leads to apoptosis of neuronal cells

Prior to co-culturing of anti-PrP antibody treated N11 microglia with
the primary neuronal cells, we performed immunofluorescence analysis
to confirm the mouse neuronal stem cells were differentiated into
cells. Here, NeuN and Nurr1 were used for the identification of neuronal marker



Figure 7. Gene enrichment analysis of the identified apoptotic genes following direct microglia treatment (DMT) to the neuroblastoma cell line and primary neuronal
cells. Classification of the A) biological processes; and B) cellular components of the identified 17 apoptotic genes following direct microglia treatment (DMT) to the
N2A cells compared to the untreated cells. Classification of the C) cellular components; D) biological processes; and E) reactome pathway of the identified 4 apoptotic
genes following direct microglia treatment (DMT) to the primary neuronal cells compared to the untreated cells. Functional gene enrichment analysis was performed
using FunRich software (v3.1.3). The p-value in the plot is the Bonferroni corrected p-value and the reference p-value is p ¼ 0.05.
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neurons (MPN) expressing the cellular prion protein using Neuronal
Nuclei (NeuN), Nur-related factor (Nurr1) and ICSM18 antibodies. The
positive staining of both NeuN and Nurr1 and PrPC indicated that the
mouse neuronal stem cells were fully differentiated into neurons (MPN)
(Figure 6).

Co-culture of MPN cells with N11 treated with 1 μg of ICSM18 or
ICSM35 led to the identification of 25 proteins after LC-MS analysis when
compared with co-culture of MPN cells with untreated N11 cells
(Table S7) while 8 proteins were identified when compared to treatment
with 3F4 antibody (Table S8). The functional annotation of the identified
25 proteins showed that 4 proteins are associated with apoptosis whereas
the analysis of 8 proteins revealed 2 apoptosis related proteins (Table 4
and Table S2). Among the identified apoptosis related proteins, Mitogen-
activated protein kinase 9 (MAPK9), Zinc finger protein 819 (ZFP819)
and Regulator of cell cycle (RGCC) are associated with positive regula-
tion of the apoptotic process (Table S2). However, Insulin-like growth
factor 1 (IGF1) is involved in negative regulation of apoptosis and
negative regulation of extrinsic apoptotic signalling pathway whereas
chitinase-like 1 (CHIL1) was found to be involved in the apoptotic pro-
cess (Table S2). Among the identified 4 apoptosis related proteins, IGF1
and RGCC showed the highest mean for DMT when compared with MPN
cells cultured with untreated N11 cells (Table 4). On the contrary, CHIL1
and ZFP819 exhibited the highest mean for the MPN cells cultured with
untreated N11 cells indicating their downregulation following anti-PrP
antibody (ICSM18 and ICSM35) treatment (Table 4). ZFP819 was also
found to be downregulated when compared with 3F4 antibody treatment
(Table 4).

Protein-protein interaction (STRING, Version 11.0) analysis of the
identified 4 apoptotic proteins (IGF1, RGCC, CHIL1, ZFP819) following
co-culture of the MPN cells with antibody treated N11 cells were shown
to be part of the same protein network as PrPC (Figure S1). The inter-
action analysis among the identified 4 apoptotic proteins following co-
culture of the MPN cells with antibody treated N11 cells and the iden-
tified 17 apoptotic proteins following co-culture of the N2a cells with
antibody treated N11 cells were found to be part of the same protein
network as PrPC except for CHIL1, MT1, CASP8AP2, FNDC1 and PDE1A
(Figure S2). Interestingly, these non-interacting proteins (except CAS-
P8AP2) were found to be downregulated indicating their contribution to
the apoptotic process following anti-PrP antibody treatment (Table 4 and
Table 6).

The 2 apoptosis related proteins identified following co-culture of the
MPN cells with 3F4 antibody treated N11 cells and the 17 apoptotic
proteins identified following co-culture of the N2a cells with antibody
treated N11 cells were found to be part of the same protein network as
PrPC except the proteins MT1, CASP8AP2, FNDC1, and PDE1A
(Figure S3).

3.6. Gene ontology analysis of apoptosis related proteins associated with
direct microglia treatment

PANTHER analysis identified the DMT related apoptotic proteins as
being involved in different molecular functions, biological processes and
pathways (Figure 5). The molecular function was categorized into 5
different groups as detailed in Figure 5C where it was observed that
ANK2, TLR3, APBB1, RPS3, CUL1, SEMA6A were shown to be involved
in binding activity and PDE1A, LGMN, RPS3, PTPRC are associated with
catalytic activity. On the other hand, SEMA6A and CASP8AP2 are
involved in molecular function regulator and transcription regulator
activity, respectively (Table S9). Cellular components were found to be
categorized into 10 groups with PANTHER analysis including cell,
extracellular region, membrane, membrane-enclosed lumen, organelle,
and protein-containing complex (Table S9). SEMA6A was shown to be
located in the membrane and extracellular region of the cell. On the other
hand, RPS3, INTS1, CUL1 were found to be involved in cell and protein-
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containing complex (Table S9). However, TLR3 was found to be located
in the cell membrane and CASP8AP2 is associated with 3 different lo-
cations, including, membrane-enclosed lumen and organelle (Table S9).
The biological process analysis (Figure 5D) showed that SEMA6A is
associated with most functions except immune system process, metabolic
process, and multi-organism process, while CASP8AP2 was shown to be
involved in biological regulation, cellular process, metabolic process,
response to stimulus and signaling pathway (Table S9). The signaling
pathway is divided into 8 groups (Figure 5E) in which PTPRC is found to
be associated with B cell activation, JAK/STAT signaling pathway, and T
cell activation while DOCK1 is associated with the Integrin signaling
pathway (Table S9).

PANTHER analysis of the identified apoptotic related proteins (IGF1,
RGCC, CHIL1, ZFP819) observed in the primary neuronal cells revealed
their involvement in molecular function, biological process and path-
ways. The molecular functions were found to be categorized into 3
groups, including binding (ZFP819, CHIL1), catalytic activity (CHIL1),
and molecular function regulator (ZFP819) (Figure 5F). The biological
process analysis showed that ZFP819 is involved in biological regulation
and cellular process whereas both ZFP819 and CHIL1 are involved in
metabolic process (Figure 5G). In pathway analysis, only IGF1 was found
to be associated with gonadotropin-releasing hormone receptor pathway,
insulin/IGF pathway-mitogen activated protein kinase kinase/MAP ki-
nase cascade, and insulin/IGF pathway-protein kinase B signalling
cascade (Figure 5H). For the 2 apoptotic proteins (MAPK9 and ZFP819),
the molecular function was categorized into 3 groups where ZFP819 was
associated with both binding and molecular function regulator and
MAPK9 was involved in catalytic activity (data not shown).

FunRich analysis revealed a single significant molecular function,
namely oxidized pyrimidine DNA binding (p ¼ 0.004) (data not shown).
Herein, FunRich analysis for the biological process, showed statistically
significant biological process such as positive (p¼ 0.004) and negative (p
¼ 0.013) regulation of DNA repair, positive regulation of DNA N-glyco-
sylase activity, positive regulation of antigen receptor-mediated signal-
ling pathway (p ¼ 0.013), and negative regulation of thymidylate
synthase biosynthetic process (p ¼ 0.013) (Figure 7A). The functional
enrichment analysis of the cellular components identified significant
components such as perinuclear position of cytoplasm (p ¼ 0.003),
cytoplasm (p ¼ 0.026), membrane micro domain (p ¼ 0.005), NF-κB
complex (p ¼ 0.005), cell periphery (p ¼ 0.012), growth cone lamelli-
podium (p ¼ 0.015) and growth cone filopodium (p ¼ 0.031) with sta-
tistically significant p value (Figure 7B).

FunRich analysis of the 4 apoptotic proteins (IGF1, RGCC, CHIL1,
ZFP819) from primary neuronal cells when co-cultured with anti-PrP
antibody treated N11 and compared with untreated N11 revealed the
following: identified the important components for IGF1, including
insulin-like growth factor ternary complex (p¼ 0.002), interstitial matrix
(p ¼ 0.010), platelet alpha granule (p ¼ 0.021), and alphav-beta3
integrin-IGF-1-IGF1R complex (p ¼ 0.002) (Figure 7C). The functional
enrichment analysis of the biological process (Figure 7D) identified
positive regulation of extracellular matrix constituent secretion (RGCC; p
¼ 0.007), negative regulation of fibroblast growth factor production
(RGCC; p ¼ 0.013), negative regulation of oligodendrocyte apoptotic
process (IGF1; p¼ 0.003), negative regulation of cholangiocyte apoptotic
process (IGF1; p¼ 0.007), negative regulation of immune system process
(IGF1; p < 0.001), negative regulation of neuroinflammatory response
(IGF1; p ¼ 0.030), positive regulation of trophectodermal cell prolifera-
tion (IGF1; p< 0.001), regulation of establishment or maintenance of cell
polarity (IGF1; p ¼ 0.007), negative regulation of exit from mitosis
(RGCC; p < 0.001), negative regulation of mitotic cell cycle phase tran-
sition (RGCC; p ¼ 0.009), positive regulation of mitotic nuclear division
(RGCC and IGF1; p < 0.001), and positive regulation of glycoprotein
biosynthetic process (IGF1; p ¼ 0.009) (Figure 7D). Finally, FunRich
analysis for the reactome pathway showed the significant pathways for



Figure 8. Flow cytometry analysis of live
antibody-treated cells. A) Annexin V-FITC
staining of direct ICSM18 antibody treated
N2a cells in comparison with untreated N2a
cells B) Annexin V-FITC staining of direct
ICSM35 antibody treated N2a cells in com-
parison with untreated N2a cells C) Annexin
V-FITC staining of direct ICSM18 antibody
treated N11 cells co-cultured with N2a cells
comparing with untreated cells (DMT) D)
Annexin V-FITC staining in direct ICSM35
antibody treated N11 cells co-cultured with
N2a cells (DMT) comparing with untreated
cells E) Annexin V-FITC staining of direct
ICSM18 antibody treated N11 cells co-
cultured with primary neuronal cells in
comparison with untreated cells F) Annexin
V-FITC staining of direct ICSM35 antibody
treated N11 cells co-cultured with primary
neuronal cells in comparison with untreated
cells G) Annexin V-FITC staining of direct
ICSM18 antibody treated N11 cells co-
cultured with primary neuronal cells in
comparison with 3F4 treated cells H)
Annexin V-FITC staining of direct ICSM35
antibody treated N11 cells co-cultured with
primary neuronal cells (DMT) comparing
with 3F4 treated cells.
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the IGF1 (Figure 7E), including synthesis, secretion, and deacylation of
ghrelin (p ¼ 0.006), signalling by Type 1 insulin-like growth Factor 1
receptor (IGF1R) (p < 0.001), SHC-related events triggered by IGF1R (p
< 0.001), IRS-related events triggered by IGF1R (p < 0.001) (Figure 7E).

FunRich analysis identified the molecular function, biological process
and reactome pathways for the identified 2 apoptotic proteins (MAPK9
and ZFP819) from primary neuronal cells when co-cultured with anti-PrP
antibody treated N11 compared with 3F4 antibody treated N11. The
FunRich analysis of the molecular function identified the significant
molecular function for the MAPK9, including cysteine-type endopepti-
dase activator activity involved in apoptotic process (p ¼ 0.008),
mitogen-activated protein kinase kinase kinase binding (p¼ 0.042), JUN
kinase activity (p ¼ 0.001), and MAP kinase activity (p ¼ 0.018)
(Figure S4A). The functional enrichment analysis of the biological pro-
cess identified several biological processes including positive regulation
of macrophage derived foam cell differentiation (MAPK9; p ¼ 0.03),
positive regulation of prostaglandin biosynthetic process (MAPK9; p ¼
0.019), regulation of JNK cascade (MAPK9; p ¼ 0.045), positive regu-
lation of prostaglandin secretion (MAPK9; p¼ 0.021), positive regulation
of transcription factor catabolic process (MPAK9; p ¼ 0.003), JUN
phosphorylation (MAPK9; p ¼ 0.003), protein localization to tricellular
tight junction (MAPK9; p ¼ 0.002), and positive regulation of cell
morphogenesis involved in differentiation (MAPK9; p < 0.001)
(Figure S4B). Finally, MAPK9 was found be involved in several reactome
pathways in FunRich analysis such as activation of the AP-1 family of
transcription factors (p ¼ 0.003), FCERI mediated MAPK activation (p ¼
0.033), and JNK (c-Jun kinases) phosphorylation and activation medi-
ated by activated human TAK1 (p ¼ 0.009) (Figure S4C).

In order to verify whether the 17 identified apoptosis proteins from
cell lines were specifically stimulated in neurons following co-culture
with antibody-treated microglia, we used the ‘RNA expression in brain
cell types’ platform (http://celltypes.org/brain/) to measure the
expression of genes in these cells (McKenzie et al., 2018). Anti-PrP
antibody-treated microglia did not share any apoptotic-related proteins
identified following DMT (Table S10) indicating that our 17 identified
apoptosis-related proteins were specifically activated in neurons.

3.7. Contactless co-culture of Anti-PrP antibody treated-microglia N11 and
N2a cell lines fails to cause apoptosis

This experiment was designed to verify whether the apoptotic effects
caused by DMT were due to a direct contact or indirect release of
microglial factors which in turn might have led to apoptosis. N11 cells
were initially treated with ICSM18, ICSM38, POM1, POM2, POM3,
SAF32, or SAF70 on tissue culture inserts before placing the inserts
containing antibody treated microglia on tissue culture plate containing
untreated N2a cells (IMT). IMT resulted in a final dataset of 11 proteins
(9 upregulated and 2 downregulated) after LC-MS analysis. Differentially
expressed proteins (p < 0.05) were considered with a maximum fold
change �10 and at least 2 identified unique peptides and a confidence
score �10 (Table S11). Of importance, functional annotation of the
identified proteins following IMT did not reveal any apoptotic related
proteins confirming that the antibody mediated apoptosis was due to
direct cognate interaction between antibody treated N11 and N2a.

3.8. Biological confirmation of Anti-PrP related apoptosis with annexin V
staining

Annexin V is a sensitive marker to detect early apoptosis (Balaji et al.,
2013; Wlodkowic et al., 2009). Annexin V staining was performed
following treatment with 1μg of anti-PrP antibody ICSM18 or ICSM35
then assessed with flow cytometry. Direct antibody treatment of N2a led
to the significant increase of Annexin V-FITC positive cells in both
ICSM18 (p< 0.05; 2910� 133) (Figure 8A) and ICSM35 (p< 0.05; 3223
� 205) (Figure 8B) in comparison to the untreated cells (2833 � 60).
However, antibody treatment of the primary neuronal cells did not lead
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to significant difference with untreated cells (data not shown). Further-
more, co-culture of N2a with antibody-treated N11 led to significant
increase of Annexin V-FITC positive cells in both ICSM18 (p< 0.05; 3648
� 143) (Figure 8C) and ICSM35 (p < 0.05; 4378 � 265.2) (Figure 8D) in
comparison with untreated cells (2171 � 35.5).

Of importance, co-culture of MPN cells with antibody-treated N11 led
to significant increase of Annexin V-FITC positive cells in both ICSM18 (p
< 0.05; 1373 � 43) (Figure 8E) and ICSM35 (p < 0.05; 1313 � 65.5)
(Figure 8F) in comparison with untreated cells (1060 � 9.01). Finally, a
significant increase of Annexin V-FITC positive cells was observed for
both ICSM18 (1330 � 53) (Figure 8G) and ICSM35 (1331 � 23.5)
(Figure 8H) in comparison with the 3F4 antibody treated cells (751 �
10.3). Finally, and in order to confirm the apoptotic activity of Annexin V
(positive control), N2a cells were treated with H2O2 (Figure S5) and led
to significant increase of Annexin V-FITC positive cells in H2O2-treated
N2a cells (p < 0.05; 25000 � 2020).

4. Discussion

In this study, we used LC-MS to investigate the detailed changes in the
proteome after applying anti-PrPC antibodies directly to neurons, or by
cross-linkingmicroglial PrPC with anti-PrPC antibodies prior to co-culture
with neurons. We found that co-culture of nurons with anti-PrPC anti-
body treated microglia led to a more substantial disturbance of the
proteome.

A common but important property of all prion diseases is the con-
version of a host-encoded GPI-anchored sialo-glycoprotein cellular prion
protein (PrPC), into a disease associated abnormal isoform (PrPSc), which
is key to the pathogenesis of prion diseases (Prusiner, 1991; Stahl et al.,
1987, 1990). White and colleagues (White et al., 2003) established the
first proof of concept for antibody-based therapy for prion diseases
following passive intraperitoneal administration with ICSM35 and
ICSM18 antibodies produced in FVB/N Prnp null mice [FVB/N Prnp0/0 or
Zurich I mice (Büeler et al., 1992)] against human recombinant PrP91–231

folded either into β or α conformation respectively (Jackson et al., 1999).
However, a similar PrPC-specific antibody called D13 (Williamson et al.,
1998) which binds to an epitope within the 95 to 105 region of PrPC tail
region caused extensive neurotoxicity in the hippocampus of C57BL/10
mice (Solforosi et al., 2004). Of note, D13 was produced in PrP null mice
against dispersed SHaPrP 27–30 incorporated into liposomes (Wil-
liamson et al., 1998). Kl€ohn and colleagues failed to reproduce the
D13-mediated hippocampal neurotoxicity and appeared to demonstrate
that ICSM35 was innocuous in C57BL/10 mice (Kl€ohn et al., 2012). A
subsequent study by Reimann et al. contradicted these observations and
appeared to show that D13 was indeed neurotoxic when injected to the
hippocampus of C57BL/6 mice (Reimann et al., 2016). Further, these
authors also showed that ICSM18 and an antibody they called POM1
raised against mouse recombinant PrP23-231 folded into α conformation
and which binds to a discontinuous epitope within 138–147 and
204/208/212 (Polymenidou et al., 2008; Reimann et al., 2016) led to
hippocampal neurotoxicity (Reimann et al., 2016). An attempt was made
to justify this discrepancies by suggesting that this was due to differences
of the antibody dosage (Reimann et al., 2016), however, other important
factors such as differences of immunogen/antibody structure, antibody
isotype, mouse strain used in the toxicity studies and more importantly
the putative role played by other cellular components of the brain such as
microglia were not considered. In this study, we focused on the role of
anti-PrP antibody-treated microglia on neuroblastoma and primary
neuronal cells toxicity by assessing the ‘apoptotic proteome’. A previous
study by Marella and Chabry showed that recruitment of activated
microglia in the vicinity of PrPSc aggregates may cause neuronal cell
damage by inducing apoptosis following direct interaction with PrPC

(Marella and Chabry, 2004). Similar to PrPSc infection, the presence of
neuronal PrPC is a sine qua non condition for antibody-mediated neuro-
toxicity in vivo (Reimann et al., 2016; Solforosi et al., 2004) and in vitro
(Tayebi et al., 2010). The antibody-mediated toxicity was intensified in

http://celltypes.org/brain/
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mice overexpressing PrPC (Sonati et al., 2013), further confirming the
requirement of PrPC for this type of toxicity. In agreement with previous
reports (Reimann et al., 2016), our current study confirms the neurotoxic
effect of ICSM18 following direct application (DAT) of this antibody on
N2a cells. Further studies on primary neuronal cells also confirmed the
antibody-related apoptotic effect induced by ICSM18 and ICSM35 anti-
body. Although, this type of treatment (i.e. DAT) clearly led to apoptosis,
the effect was limited in scope as only 4 apoptotic related proteins in N2a
cells (and only 1 apoptotic related protein identified in primary neuronal
cells) were identified when compared to the DMT, where 17 apoptotic
related proteins (4 apoptotic related proteins identified in primary
neuronal cells) were recognized; highlighting for the first time the
important role played by microglia in inducing antibody-mediated
toxicity. This supports the hypothesis that antibody-mediated neurotox-
icity resembles the molecular pathways adopted by PrPSc-mediated
neurotoxicity and is mainly caused following microglial activation and
recruitment (Brown et al., 1996; Giese et al., 1998). Of note, our
approach for selecting apoptotic related proteins was very stringent and
relied on high-end parameters (p value � 0.05, maximum fold change
�10, unique peptide >1, confidence score �40–50) in comparison with
the other published data where selected parameters were less stringent
(e.g. low fold change values and random confidence scores) (Erin et al.,
2018; Schr€otter et al., 2017; Yerlikaya et al., 2015; Zafar et al., 2017;
Zhao et al., 2021). Among the identified 4 apoptotic proteins (PTPRF,
PAK3, RPS6KA3 and PCNT) following DATwith ICSM18, ICSM35, POM1
or SAF70 antibody, only RPS6KA3 was induced by ICSM18 antibody
treatment, while PCNT was downregulated. PCNT is a large and highly
conserved centrosome protein (Doxsey et al., 1994; Seo and Rhee, 2018)
that binds calmodulin and mediates assembly of the mitotic spindle
apparatus (Delaval and Doxsey, 2010; Flory et al., 2000; Zimmerman
et al., 2004). Kim and colleagues showed that deletion of PCNT is
harmful to the cells survival and also revealed that a fraction of the
specific cells (Hela and U2OS) underwent apoptosis when the PCNTwere
deleted from the cells (Kim et al., 2019). PCNT anchoring is important for
proper spindle organization and loss of the anchoring mechanism pre-
vents mitotic entry and triggers apoptosis and cell death (Zimmerman
et al., 2004). PTPRF, also known as LAR (leukocyte common
antigen-related) protein (Huang et al., 2018; Stewart et al., 2017) and
LAR-receptor protein tyrosine phosphatases (RPTP) complex is involved
in the positive regulation of the apoptosis process. RPS6KA3which is also
known as RSK2 encodes a number of RSK (ribosomal S6 kinase) family of
serine/threonine kinases which play significant roles in cellular prolif-
eration, differentiation, and cell survival (Anjum and Blenis, 2008; Car-
riere et al., 2008; Roux et al., 2007). The RSK family protein, especially
RSK1 and RSK2, are involved in the phosphorylation and inactivation of
DAPK (death-associated protein kinase) which inhibits pro-apoptotic
function and increases cell survival rate in response to the mitogenic
stimulation (Anjum et al., 2005; Carriere et al., 2008).

Protein-protein interaction analysis showed that PTPRF, RPS6KA3,
PAK3 interact with PrPC via MAPK3 pathway whereas PCNT interacts
with PLK1 and CDC42 before networking with MAPK3 then PrPC.
MAPK3 plays a crucial role in the apoptosis signal transduction pathway
through mitochondria-dependent caspase activation (Hatai et al., 2000)
and mediates signal transduction of various stressors like oxidative stress
as well as by receptor-mediated inflammatory signals, such as the tumour
necrosis factor (TNF) or lipopolysaccharide (LPS) (Liu et al., 2000; Morita
et al., 2001; Noguchi et al., 2005). In addition, the classification and gene
enrichment analysis of DAT also validated the above conclusions and
identified the apoptotic function of the identified proteins in which
PTPRF and PAK3 are directly involved in apoptosis signal transduction
pathway, whereas RPS6KA3 and PCNT are involved in the anti-apoptotic
function.

DAT of primary neuronal cells when compared with untreated cells
identified 1 apoptotic related protein, RSL1D1. Protein-protein interac-
tion analysis revealed that RSL1D1 is part of the interactome that
included PCNT, PTPRF, RPS6KA3, and PAK3. However, comparison of
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the apoptotic profile following treatment with 3F4 antibody revealed 3
apoptotic related proteins (IKBKG, SEPINA3G, and ZFP819) in DAT and 2
(ZFP819 and MAPK9) in DMT. IKBKG and SERPINA3G were found in the
same protein ‘hub’. IKBKG plays a positive regulatory role for the
enhancement of apoptosis where it is proteolysed by caspases and in-
terferes with the NF-kB activation signals (Frelin et al., 2008). SERPI-
NA3G is an intracellular protein and is considered as a novel EPOR/JAK2
target (Dev et al., 2014). SERPINA3G has been identified as a cytopro-
tective gene against oxidative stress (Dev et al., 2014; Li et al., 2014) and
plays a negative regulatory role in apoptotic process and protects the cells
from caspase-dependent apoptosis (Liu et al., 2003). Jin et al. showed
that ZFP819 regulates the germ cell-specific gene regulation and its
overexpression of ZFP819 induces apoptosis (Jin et al., 2017). Of
importance, antibody-induced apoptosis following treatment with
anti-PrP antibodies was confirmed through staining for Annexin V-FITC.
The biological confirmation of antibody-induced apoptosis was validated
in DAT and DMT of N2a cell lines as well as DMT of primary cell lines.

Our study demonstrates that DMT led to activation of 17 apoptotic
related proteins in cell lines as predicted by DAVID analysis (Jiao et al.,
2012). 6 out of the 17 identified proteins following DMT appeared to be
downregulated while 11 were upregulated when compared to untreated
control. Amongst the 6 downregulated proteins, Fibronectin type III
domain-containing 1 (FNDC1) and Metallothionein 1 (MT1) are
neuron-specific and not found in microglia (Hidalgo et al., 2001; Sung
et al., 2011; West et al., 2008). FNDC1 is a nuclear protein involved in the
positive regulation of cell apoptotic process where it initiates the
apoptotic signalling in response to hypoxia (Sato et al., 2009). Metal-
lothionein has been associated with human prion disease, bovine spon-
giform encephalopathy (BSE), Alzheimer's disease (AD), and multiple
sclerosis (MS) (Kawashima et al., 2000; Penkowa et al., 2003; Zambe-
nedetti et al., 1998). It was previously shown that MT3 attenuates
neuronal apoptosis in the hippocampus in SAMP8 mice by increasing
Bcl-2 and decreasing Bax levels (Ma et al., 2011). STRING analysis
revealed that MT1 (as well as MT2 & MT3) appear to interact with PrPC

via HSP90. DOCK1, involved in cytoskeletal reorganization necessary for
phagocytosis of apoptotic cells and cell motility (Wu and Horvitz, 1998)
was not identified as a direct interactor with PrPC in string analysis;
however, regulation of this protein was previously shown to be inti-
mately linked to prion incubation and progression (Majer et al., 2012)
and its downregulation here suggests abnormal cytoskeletal reorganiza-
tion of neurons. Cullin 7 (CUL7) is involved in the regulation of the
apoptotic process (Kim et al., 2007). A study by Kim et al. showed Cul7 is
an anti-apoptotic oncogene that blocks Myc-induced apoptosis in a
p53-dependent manner (Kim et al., 2007). Although it was previously
hypothesized that CULs, including Cul7 mediate PrPC ubiquitination (Liu
et al., 2013), we have not identified this protein as a direct interactor
with PrPC. PDE1A plays an important role in the regulation of smooth
muscle cell apoptotic process and more specifically it is involved in the
positive regulatory function of apoptosis (Abusnina et al., 2011; Nagel
et al., 2006). PHB2, is a membrane protein involved in different cellular
function including apoptosis where the mitochondrial prohibition com-
plex controls the mitochondrial intrinsic apoptotic pathway [Reviewed in
(Peng et al., 2015)]. However, its role in prion diseases is unknown but
was shown to be associated with AD, Parkinson disease (PD), and Hun-
tington's disease (HD) (Signorile et al., 2019). Interestingly, our study
reveals that DMT of cell lines with POM2 led to over-expression of the
highest number of apoptotic proteins (n ¼ 10), followed by SAF32 (n ¼
8). Both POM2 (57–88) and SAF32 (59–89) antibodies bind to a region
within the octapeptide repeat. However, the apoptotic interactome for
both antibodies were variable probably due to their intrinsic properties
such as isotype (IgG1 vs IgG2b), immunogen and genetic background of
mice used for their production which might confer a unique conforma-
tional structure. Similarly, this was also seen with both ICSM18 and
POM1 which bind to a similar globular region of PrPC. ICSM18 induced
overexpression of 8 apoptotic proteins while POM1 led to overexpression
of 3 apoptotic proteins. In this case, although the isotype is similar for
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both antibodies, the immunogen was distinct both in terms of the protein
species (human vs mouse) and the length of the protein (truncated vs
full-length). It is worth noting that a humanized version of the anti-PrPC

monoclonal antibody ICSM18 known as PRN100 did not induce
apoptosis in the hippocampus of C57BL/10 mice (Kl€ohn et al., 2012).
Another comprehensive study by Klyubin et al. found that peripheral
PRN100 treatment prevents Alzheimer's disease acute Aβ synaptotoxicity
(Klyubin et al., 2014). Although there is still debate over the neurotox-
icity of ICSM18 antibody, the humanized form of ICSM18 antibody
PRN100 is presently being tested in humans (Dyer, 2018). In contrast, the
OR region targeting antibody POM2 was found to be neuroprotective in
an in vivo investigation (Herrmann et al., 2015). POM2 antibody was also
shown to be non-toxic in two independent studies (Reimann et al., 2016;
Sonati et al., 2013). It was also discovered that POM2 as a ligand in the
FT area is not only safe, but also helps reduce the toxicity of the globular
domain (GD) (Herrmann et al., 2015; Sonati et al., 2013). POM2was also
shown to be capable of reducing prion-mediated neurotoxicity in tga20
cultured organotypic cerebellar slices (COCS) (Herrmann et al., 2015).

POM3 (95–100) which binds to an epitope that overlaps with ICSM35
(91–109) displayed a different apoptotic profile, probably due to the
same reasons discussed above (i.e. mouse vs human and full-length vs
truncated), in addition to the conformational structure of the immunogen
(α-fold vs β-fold). It was previously demonstrated that ligand-specific
activation of PrPC led to a unique pattern of signalling in vitro. Stimula-
tion with 6H4 anti-PrP antibody leads to alteration of MAPK signalling
pathways while PrPC activation with PrP106-126 led to activation of
growth factors related signalling pathways including phosphoinositide-3
kinase (PI3K) pathway and the vascular endothelial growth factor
(VEGF) signalling (Arsenault et al., 2012).

APBB1, shown to be a direct interactor with PrPC in our study, plays a
significant role in the response to DNA damage by translocating to the
nucleus and inducing apoptosis and may recruit different pro-apoptosis
factors such as MAPK8/JNK1 (Nakaya et al., 2008), indicating its role
in antibody-mediated apoptosis.

ANK2 is composed of six helices that are very similar to the death
domain of apoptotic-related proteins that seems to play a role in the auto-
inhibitory functions (Wang and Lenardo, 2000). CASP8AP2 is a member
of the family of cysteine proteases that contributes in the cell regulatory
networks maintaining inflammation and cell death (McIlwain et al.,
2015; Wang and Lenardo, 2000). However, CASP8AP2 is an initiator
caspase that is associated with the proliferation of cells, and death
receptor-mediated apoptosis (Wang and Lenardo, 2000). PTPRC (also
known as CD45) is involved in the extrinsic apoptotic signalling pathway
where the suppression of apoptosis is seen in mouse malignant T-lym-
phoma cells (Hanaoka et al., 1995). CUL1 is involved in the intrinsic
apoptotic signalling pathway and essential for developmentally pro-
grammed transitions from the G1 phase of the cell cycle to the G0 phase
or the apoptotic pathway (Kipreos et al., 1996). Sun and co-workers
showed that LGMN encourages oxLDL-induced macrophage apoptosis
by increasing the autophagy pathway with altered expression of Bax,
caspase 3 and 9 (Sun et al., 2018). The RAG1 and RAG2 recombination
assembles the immensely diverse T-cell receptor (TCR) and immuno-
globulin (Ig) genes (Bassing et al., 2002; Novoa et al., 2019). Rag1
deficient zebrafish showed increased expression of genes associated with
apoptosis and greater prevalence of cell cycle arrest, apoptosis, and
oxidative stress (Novoa et al., 2019). Rag1 deficient mice were used to
study the role of lymphocytes prion pathogenesis (Haybaeck et al., 2011;
Onodera, 2017). RPS3 is a pro-apoptotic, ribosomal, and DNA repair
endonuclease protein (Jang et al., 2004). A previous study showed that
RPS3 is involved in DNA repair and helps in the induction of apoptosis
through caspase dependent JNK activation (Jang et al., 2004, 2012). In
the present protein-protein interaction analysis, we found that RPS3 does
not interact directly with PrPC.

Shen and co-workers reported that truncated SEMA6A induces more
apoptosis than full length SEMA6A via FADD binding in lung cancer cells
(Shen et al., 2018). TLR3 induces apoptosis in human breast cancer cells
19
through type I IFN, TRIF and molecular adapter (Salaun et al., 2006).
TLR3 triggers both the intrinsic and extrinsic apoptotic signalling path-
ways by the activation of caspase 8 and 9 (Salaun et al., 2007; Sun et al.,
2011). Of importance, IMT did not stimulate any apoptotic related pro-
teins further proving the importance of cognate interactions of the
PrP-apoptotic protein interactome.

DMT of primary neuronal cells identified 4 apoptotic related proteins
(IGF1, RGCC, CHIL1, and ZFP819) when compared with untreated cells.
Individual anti-PrP antibody effect analysis of 4 apoptotic proteins on
primary neuronal cells when co-cultured with antibody treated N11
revealed that both ICSM18 and ICSM35 induced expression of IGF1 and
RGCC.

IGF1, RGCC, CHIL1 and ZFP819 were shown to be part of the same
interactome. Moreover, these proteins were also observed in the same
protein ‘hub’ as the 17 proteins identified following DMT of cell lines,
further confirming the specific apoptotic effect of the anti-PrP antibodies.

IGF-1 is well known anti-apoptotic, antioxidative, and pro-survival
factor (Kim and Park, 2018; Park et al., 2012); was found to be
involved in the negative regulation of apoptosis in melanoma cells (Hilmi
et al., 2008), myeloma cells (Tagoug et al., 2011) and positive regulation
of apoptosis in colon cancer cells (Fu et al., 2007) as well as alteration of
apoptotic signalling in prostate cancer (Watson et al., 2000). Besides,
IGF-1 was found to be associated with the PRNP gene and amyloid pre-
cursor protein (APP) expression via P13k/Akt pathway (Jiang et al.,
2017). Differentially expressed RGCC was identified as an apoptotic gene
in the malignant cell line U373 during the phenotypic alterations and
co-cultures study (Motaln et al., 2015). RGC-32 was found to be involved
in the negative regulation of apoptosis including the inhibition of cell
growth and invasion where RGC-32 knockdown increases the Bax, acti-
vate caspase-3, and cleaved poly (ADP-ribose) polymerase (PARP) in
human lung cancer cells (Xu et al., 2014). The positive regulatory role of
RGCC was established in Alzheimer's disease (AD) where RGCC reduc-
tion exhibit increasing cell survival via reduction of
cdc/cyclin-dependent kinase 1 (cdk1) target cyclin B1 (Counts and
Mufson, 2017).

The negative regulatory role of CHL1 has been established in in-
flammatory cell apoptosis through the inhibition of Fas expression, and
the activation of protein kinase B/AKT (Lee et al., 2009). CHIL1 was
found to be associated with prion disease mainly in the preclinical and
early stages of sporadic CJD (Llorens et al., 2017; Yeo et al., 2019).

DMT of primary neuronal cells identified 2 apoptotic related proteins
(ZFP819 and MAPK9) when compared with 3F4 antibody cells. MAPK
contributes to the β-amyloid (Aβ)-induced neuronal death mechanism
(Yao et al., 2005). Zinc finger protein 819 (ZFP819) is a Krüppel-asso-
ciated box (KRAB) zinc finger protein family that encodes a spermato-
genic cell-specific transcription factor (Jin et al., 2017) and
pluripotency-related factor (Tan et al., 2013). Jin et al. showed that
ZFP819 regulates the germ cell-specific gene regulation and the over-
expression of ZFP819 induces the apoptosis (Jin et al., 2017). On the
other hand, Tan and co-workers identified the function of ZFP819 as a
novel pluripotency-related factor in genomic integrity maintenance (Tan
et al., 2013).

It was speculated that the toxic effects induced by anti-PrP antibodies
originate from the octapeptide repeats located in the flexible tail even
when the toxic antibody binds to a motif located on the globular domain
(e.g. POM1 and ICSM18) (Sonati et al., 2013). In fact, deletion of the
octapeptide repeats prevented antibody-mediated toxicity directed at the
globular domain (Sonati et al., 2013). Furthermore, treatment with an
antibody directed at the repeats also prevented antibody-mediated
toxicity directed at the globular domain (Sonati et al., 2013). Interest-
ingly, the authors also showed that D13, which binds to an epitope
outside the octapeptide repeats (95–105 region of PrPC), if given at low
dose, also prevented the toxicity of the globular domain antibodies. We
have shown that a globular domain antibody (ICSM18) prevented the
toxic effects of a tail domain antibody (ICSM35) (David M and Tayebi M,
unpublished data), indicating that motif-specific antibody cross-linking
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either the globular and/or the tail domain of PrPC leads to apoptosis via
conformational shift. However, in addition to the cross-linking effects of
antibodies binding to PrPC, additional effects such as intramolecular
rearrangements, blocking of key contacts, and plasma membrane in-
teractions of antibodies binding to PrPC might be responsible for the
possible mechanisms of toxic effects.

In conclusion and similar to PrPSc-induced apoptosis, we show that
cross-linking microglial PrPC leads to extensive toxicity of neurons.
Taken together, our findings highlight the importance of investigating
the role of antibody toxicity via microglia in other related neurodegen-
erative diseases such as AD.
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