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Background: Previous reports identified proteins associated with ‘apoptosis’ following
cross-linking PrP® with motif-specific anti-PrP antibodies in vivo and in vitro. The
molecular mechanisms underlying this IgG-mediated neurotoxicity and the role of the
activated proteins in the apoptotic pathways leading to neuronal death has not been
properly defined. Previous reports implicated a number of proteins, including
apolipoprotein E, cytoplasmic phospholipase A2, prostaglandin and calpain with anti-
PrP antibody-mediated ‘apoptosis’, however, these proteins are also known to play an
important role in allergy. In this study, we investigated whether cross-linking PrP® with
anti-PrP antibodies stimulates a neuronal allergenic response.

Methods: Initially, we predicted the allergenicity of the epitope sequences associated with
‘neurotoxic’ anti-PrP antibodies using allergenicity prediction servers. We then investigated
whether anti-PrP antibody treatment of mouse primary neurons (MPN), neuroblastoma cells
(N2a) and microglia (N11) cell lines lead to a neuronal allergenic response.

Results: In-Silico studies showed that both tail- and globular-epitopes were allergenic.
Specifically, binding regions that contain epitopes for previously reported ‘neurotoxic’
antibodies such as ICSM18 (146-159), ICSM35 (91-110), POM 1 (138-147) and POM 3
(95-100) lead to activation of allergenic related proteins. Following direct application of anti-
PrPC antibodies on N2a cells, we identified 4 neuronal allergenic-related proteins when
compared with untreated cells. Furthermore, we identified 8 neuronal allergenic-related
proteins following treatment of N11 cells with anti-PrP® antibodies prior to co-culture with
N2a cells when compared with untreated cells. Antibody treatment of MPN or MPN
co-cultured with antibody-treated N11 led to identifying 10 and 7 allergenic-related
proteins when compared with untreated cells. However, comparison with 3F4 antibody
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treatment revealed 5 and 4 allergenic-related proteins respectively. Of importance, we
showed that the allergenic effects triggered by the anti-PrP antibodies were more potent
when antibody-treated microglia were co-cultured with the neuroblastoma cell line. Finally,
co-culture of N2a or MPN with N11-treated with anti-PrP antibodies resulted in significant
accumulation of NO and IL6 but not TNF-a in the cell culture media supernatant.

Conclusions: This study showed for the first time that anti-PrP antibody binding to PrP®
triggers a neuronal hypersensitivity response and highlights the important role of microglia
in triggering an IgG-mediated neuronal hypersensitivity response. Moreover, this study
provides an important impetus for including allergenic assessment of therapeutic
antibodies for neurodegenerative disorders to derive safe and targeted biotherapeutics.

Keywords: anti-PrP antibodies, cellular prion protein, neurotoxicity, allergenicity, mouse primary neurons,

neuroblastoma cell line, microglia cell line

INTRODUCTION

Prion diseases or transmissible spongiform encephalopathies
(TSE) are invariably fatal diseases characterized by loss of
motor control, dementia and paralysis (1, 2). These disorders
are caused by the conversion of a transmembrane cellular prion
protein (PrP°) into a misfolded form (PrP%) (3, 4). PrP¢ is a
soluble protein rich in alpha helical content while PrP** is rich in
B-pleated sheets and characterised by its insolubility in
detergents and partial resistance to proteases (4-7). The
function of PrP® has not been completely elucidated but due
its conserved nature in a wide range of species, it is believed to
play key and vital roles in maintaining cell homeostasis.
However, PrP¢ was implicated in cell activation, proliferation
and differentiation (8-10), copper binding (11), synaptic
plasticity and signal transduction (12-15). Prion diseases
immunotherapeutics that directly target PrP* elimination and
transient inhibition of PrP“ have been efficacious in rodent
models (16-20). However, several reports highlighted potential
side-effects caused by anti-PrP® antibody treatment in vitro and
in vivo (12, 15, 21-25). Of note, the antibody-mediated
‘neurotoxic’ effects reported previously were made on the basis
of microscopic assessments following TUNEL and/or standard
histological staining but have not been characterized at a
molecular level (23, 24, 26), with the exception of reports by
Tayebi et al, Sonati et al. and Goniotaki et al. that confirmed the
association of apolipoprotein E (APOE), cytoplasmic
phospholipase A2 (cPLA2), prostaglandin (PG), calpain
(CAPN) and group-I metabotropic glutamate receptors
(mGluR1 and mGlIuR5) with anti-PrP mediated ‘neurotoxicity’
(21,27, 28). In fact, these proteins are known to play a key role in
allergic reactions, and most were identified as human allergy-
related proteins by the AllerGAtlas database. For instance, levels
of APOE in the bronchoalveolar fluid derived from patients with
hypersensitivity pneumonitis were shown to be significantly
high and APOE was suggested to play an important role in
this allergic disease (29). Moreover, impaired delayed type
hypersensitivity responses were observed in APOE-null mice,
demonstrating the important role of APOE in regulating

allergy (30). The role of cPLA2 in allergic response was
characterized (31). Uozumi and colleagues showed that cPLA2-
deficient mice displayed marked decrease in the synthesis of
eicosanoids (including PG) and platelet activating factor and that
the anaphylactic responses were significantly affected. Moreover,
cPLA2 was also shown to be essential for fast eicosanoid
generation (including PG) by providing arachidonic acid (32).
PGs are synthesized by the cyclooxygenase (COX) enzymes in
the arachidonic acid metabolic pathway and have been shown to
play an important role in hypersensitivity (33). The neuron-
expressed mGluR7 was shown to regulate histamine and ablation
of mGluR7 in mice led to anaphylaxis (34). Of importance,
mGluR7-interactors; mGluR1 and mGluR5 were shown to form
complexes with PrP“ and their pharmacological inhibition
cancelled the ‘neurotoxic’ effects caused by anti-PrP antibodies
(28). Of interest, the anti-histaminic drug astemizole, a second
generation Hl-receptor antagonist, was shown to extend the
survival of mice infected with prions (35), suggesting a
connection between PrP and histamine.

Microglia activation is an important neuropathological
feature associated with neurodegenerative disorders, including
prion diseases (36-38). It was previously reported that the
cytotoxic effects triggered by a putative toxic PrP peptide were
intimately linked to microglia activation (36, 39). Moreover, a
report by Lefebvre-Roque et al. demonstrated that a 2-week
intraventricular infusion of a full length anti-PrP“ antibody or
with its F(ab’)2 and Fab fragment derivative to wild-type and
prion-infected mice initiated at the beginning of prion
neuroinvasion led to microglial recruitment/activation (25).
Interestingly, the authors show that microglial activation
associated with neuronal death was only observed after
injection of anti—PrP antibodies and did not seem to be related
to prion infection.

In this study, we aimed to verify whether direct treatment of
neurons with anti-PrP antibodies or following co-culture with
anti-PrP antibody-treated microglia leads to a neuronal
hypersensitive response. In order to investigate the molecular
mechanisms underlying antibody-induced toxicity, mass
spectrometry analysis was performed to identify allergenic
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proteins and to characterize possible pathways leading to IgG-
Mediated Neuronal Hypersensitivity post-antibody treatment.
Here, we used a set of anti-PrP antibodies, including ICSM
(40), SAF (41, 42), and POM antibodies (43) with binding
specificity for epitopes located on the globular domain (GD) or
flexible tail (FT) of PrP©. We show that direct application of anti-
PrP antibodies (DAT) on N2a induces a neuronal allergenic
reaction by activating 4 allergenic-related proteins. Co-culture of
N2a with antibody treated N11 (DMT) led to a more extensive
alteration of the proteome and identified 8 allergenic-related
proteins. Furthermore, DAT and DMT of mouse primary
neurons (MPN) revealed 10 and 7 allergenic-related proteins
respectively when compared with untreated cells; and 5 and 4
allergenic-related proteins when compared with treatment with a
hamster/human specific anti-PrP 3F4 antibody. Of importance,
we show that DMT with some of these anti-PrP antibodies lead
to a substantial release of proinflammatory cytokine Interleukin
6 (IL6) but not Tumour Necrosis Factor alpha (TNF-o)
confirming a possible role of anti-PrP antibodies in triggering
a type 2-like hypersensitive reaction (44). Finally, we show that
FceRla was activated following treatment with anti-PrP
antibodies. This study demonstrates and for the first time that
cross-linking PrP® with anti-PrP antibodies leads to a neuronal
allergic reaction and also highlights the crucial role played by
microglia in this IgG-Mediated Neuronal Type-2 like
Hypersensitive reaction.

METHODS

The overall methods of the in-silico study, in vitro experimental setup,
western blotting, immunofluorescence study and liquid-
chromatography mass-spectrophotometry (LC-MS) analysis are
illustrated in Figure 1. Methods related to the predictions of the 3-
dimensional structure of the human PrPS; of linear and
conformational B cell epitopes; and of the toxicity and allergenicity
of the linear B cell epitopes are described in extended methods.

Treatment of Neurons and Microglia Cell
Line With Anti-PrP Antibodies

We used a mouse neuroblastoma (N2a) (American Type Culture
Collection, ATCC, USA) (45), mouse primary neurons (MPN)
derived from eight week-old wild-type (WT) mice (C57BL/6 x
SV129 background) harvested from the brain’s sub ventricular
zone (SVZ) as described (46), and a mouse microglia (N11) (47)
cell line to investigate the effects of anti-PrP antibodies. The N2a
cells were used to assess hypersensitivity following direct
application of anti-PrP antibodies (DAT). The N11 cells,
initially treated with anti-PrP antibodies, were used to assess
their effects on N2a or MPNs following direct co-culture (DMT)
or after separating the antibody treated N11 and N2a cells by a
tissue culture insert (IMT).

Direct Antibody Treatment (DAT)
N2a cells were plated on 24 tissue culture well plates (Falcon,
country) at 200,000 cells/well for 48 hours in tissue culture

medium [Dulbecco’s Modified Eagle Medium (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% CO, until optimum
growth and adhesion to the surface of the plates were observed.
The medium was changed daily. After 48 hours, 3ug of different
anti-PrP antibodies, including ICSM18 (40), ICSM35 (40),
POMI (43), POM2 (43), POM3 (43), SAF32 (42), or SAF70
(41) were added daily to the N2a cultures for 3 days. The cells
were then removed from the plates and centrifuged at 800 rpm
for 5 minutes. The cells were 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.

Undifferentiated WT MPN were plated in 24 well plate at
50,000 cells/well in NeuroCult'™ Differentiation kit (Stem Cell
Technologies, Canada) and incubated at 37°C in 5% CO, for 7
days. The cells were then treated daily with 1pg of ICSMIS,
ICSM35 (40) or 3F4 (Sigma-Aldrich, Australia) for 3 days. Cells
were then trypsin-removed from the plates, centrifuged at 800
rpm for 5 minutes 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.

Direct Microglia Treatment (DMT)

For co-culture with N2a cells, the N11 cells were plated and
cultured on a Petri dish at 200,000 cells/well for 48 hours in
culture medium and incubated at 37°C in 5% CO,. N11 cells
were then treated with 3ug of different anti-PrP antibodies as
above daily for 3 days. The antibody treated N11 cells were
centrifuged at 800 rpm for 5 minutes before co-culturing with
confluent N2a cells for 3 days. Finally, the N2a/antibody-treated
N11 co-culture was centrifuged at 800 rpm for 5 minutes and the
pellet was lysed with NP-40 lysis buffer with addition of AEBSF
protease inhibitor then stored at —80°C until further use. The
supernatants were snap frozen in liquid nitrogen and stored at
—-80°C until further use. In another experiment, the antibody-
treated N11 cells were centrifuged at 800 rpm for 5 minutes and
the pellet was lysed with NP-40 lysis buffer with addition of
AEBSF protease inhibitor then stored at —80°C until further use.
The supernatants were snap frozen in liquid nitrogen and stored
at —80°C until further use.

For co-culture with MPN, the N11 cells were plated and
cultured on a 24 well plate at 50,000 cells/well for 24 hours in
culture medium (DMEM medium, 10% FBS, and 1% Penicillin-
streptomycin) and incubated at 37°C in 5% CO,. The cells were
then treated with 1pg of ICSM18, ICSM35 or 3F4 antibody as
above. The antibody treated N11 cells were centrifuged at
800 rpm for 5 minutes before co-culturing with confluent
MPN for 3 days. Finally, the WT MPN and antibody treated
N11 co-culture was centrifuged at 800 rpm for 5 minutes and the
pellet was lysed with NP-40 lysis buffer with addition of AEBSF
protease inhibitor then stored at —80°C until further use. The
supernatants were snap frozen in liquid nitrogen and stored
at —80°C until further use.
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FIGURE 1 | Overall workflow of the in silico and in vitro study for the identification of allergenic proteins following antibody treatment and LC-MS analysis.

Indirect Microglia Treatment (IMT)

In order to verify whether the potential allergenic 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 inserts (NuncTM Polycarbonate Cell Culture
Inserts, 0.4-micron pore size) in 24 well plate at 200,000 cells/
well for 48 hours. The N11 cells were treated daily with 3ug of
different anti-PrP antibodies as above. The tissue culture 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 800 rpm for 5 minutes and lysed with NP-40 lysis

buffer and AEBSF protease inhibitor before storing at —80°C
until further use.

Sample Preparation for Liquid
Chromatography-Mass Spectrometry
In-Solution Trypsin Digestion

The cell lysates prepared above were used for Liquid
Chromatography-Mass Spectrometry (LC-MS) sample
preparation. For in-solution trypsin digestion, 100ul of protein
sample (300 pg/mL cell lines or 170 pg/ml MPN) was
concentrated using Rotational Vacuum Concentrator (Martin
Christ Gefriertrocknungsanlagen GmbH, Germany). 6 uL DTT
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(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 30 uL of 6M Urea into the sample then incubated
for 1h at room temperature. 6 UL iodoacetamide (Sigma-Aldrich,
Australia) alkylating reagent (200 mM iodoacetamide in Tris buffer,
pH 7.8) was then added, the sample mixture vortexed then followed
by incubation for 1h at room temperature. The mixture was topped
up with 225 pL of distilled water before adding 5 uL 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 - Oasis
HLB 1 cc Vac Cartridge, 30 mg) vacuum manifold (Waters Milford,
Massachusetts, USA) then reconstituted in 15pL 0.1% formic acid,
vortexed and kept for 30 minutes at 25°C. The solution was then
vortexed and sonicated for 3 minutes then centrifuged at 14,000
rpm for 10 minutes before transferring into labelled glass vials.

In-Gel Trypsin Digestion

Cell lysates derived from ICSM35 or 3F4 antibody-treated MPN
were run in a 12% SDS-PAGE gel (Bio-Rad, CA, USA) as above.
Silver staining (ThermoFisher Scientific, Australia) was
performed following the manufacturer’s instructions. Band
were then cut out and used for in-gel trypsin digestion for final
LC-MS analysis. Initially, 200 pL wash solution (50%
acetonitrile, 50 mM ammonium bicarbonate) was added to the
sample following continuous vortex for 10 minutes at room
temperature. The solution was removed and repeated two times.
200 UL of acetonitrile was added to the gel, vortexed briefly and
incubated at room temperature for 5 minutes. Acetonitrile was
removed and residual amount was evaporated with a heated
vacuum centrifugal concentrator for 5 minutes. 100 UL of the
freshly prepared DTT solution (10 mM DTT in 50 mM
ammonium bicarbonate) was added to the dried gel and
incubated at 55°C for 1 hour. 100 UL of freshly prepared
iodoacetamide solution (55 mM iodoacetamide in 50 mM
ammonium bicarbonate) was then added to the gel then mixed
by brief vertexing and incubated in the dark at room temperature
for 45 minutes. 200 pL of wash solution was added to the sample
following continuous vertexing for 10 minutes at room
temperature. The wash solution was removed and repeated two
times. 200 UL of acetonitrile was added to the gel, vortexed briefly
and incubated at room temperature for 5 minutes. Acetonitrile
was removed and discarded, and the residual acetonitrile was
evaporated with a heated vacuum centrifugal concentrator for 5
minutes. 15 UL of 20 ng/uL trypsin solution (Promega
Corporation, USA) (in 50 mM ammonium bicarbonate) was
added to the dried gel core following 1 hour incubation at 30°C
for rehydrating the gel. Sufficient amount of digestion buffer (50
mM ammonium bicarbonate/10% acetonitrile) was added to the
gel and incubated at 37°C overnight. 50 UL of ultrapure (=18
MQ) H,0 was added to the in-gel digestion mixture following
continuous vertexing for 10 minutes at room temperature. The
supernatant was removed and collected in a fresh, non-stick
micro centrifuge tube prior to adding 50 UL of 50% acetonitrile/
5% formic acid (v/v) and incubated the tube for 60 minutes at
room temperature with frequent vortexing. The solution was

collected after spinning the tube briefly in a micro centrifuge.
Finally, the volume of the pooled solution was concentrated
using a centrifugal concentrator at room temperature until the
appropriate volume (~20 UL) is reached. The samples were then
transferred into glass vial and ready for LS-MS analysis.

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
contamination in the system. LC-MS was performed using a
Waters nanoAcquity UPLC equipped with a Waters nanoEase M/
Z Peptide BEH C18 Column, 130A, 1.7 ym 75 um x 100 mm,
thermostatted to 40°C (Waters Corporation, 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, 1004, 5 pum, 180 pm x 20mm) at 5 uL/min at 99%
Solvent A for 3 min before being eluted on the Analytical Column
with a flowrate of 0.30 uL/min. An initial solvent composition of 1%
B was ramped to 85% B over 50 minutes. Injections of 1 UL 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 uL/min a lock spray solution of
1 pg/uUL 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/hr., cone gas 20 L/hr. MassLynx Mass Spectrometry
Software (Waters Corporation, USA) was used to process the data.
Each sample was run for three times in the LC-MS system and
finally the collected data were run against the mouse proteome
using Uniprot database and analysed using Progenesis QI software
(Waters Corporation, USA).

Identification of the Allergy Related Genes

The final dataset from LC-MS was checked to find out whether
there is any allergy related genes or not in our identified gene list.
We used AllerGAtlas 1.0 (http://biokb.ncpsb.org/AlleRGatlas/),
a human allergy-related genes database which has been
developed based on the 1195 well-annotated human allergy-
related genes, determined by text-mining and manual curation
(48). The objectives of developing this AllerGAtlas database was
to look on the pathogenesis and epidemiology of individual
cases, novel diagnostic and prognostic biomarker, individual
treatment responses and precision medicine (48).

Western Blot Analysis

Cell lysates derived from antibody-treated cell lines and MPN
was mixed with an equal volume of Laemmli buffer (Bio-Rad,
CA, USA). The solution was vortexed then heated for 5 min to
95°C. The solution was left to cool down before loading the
sample into 12% SDS-PAGE gel (Bio-Rad, CA, USA) and run at

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 639008


http://biokb.ncpsb.org/AlleRGatlas/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Adhikari et al.

Anti-PrPC Antibody-Neuronal Hypersensitivity

200 Volt for 5 min then 1h 30 min at 100V in running buffer
(Bio-Rad, CA, USA). Following transfer at 18V for 2h 30 min in
transfer buffer (Bio-Rad, CA, USA), the membranes were blocked
using 2% bovine serum albumin (BSA) (Sigma-Aldrich, USA) or
5% skimmed milk followed by human TrueStain FC,"" blocker
(Biolegend, San Diego, USA) (5pl/blot). The blots were rinsed with
TBST and 0.5 pug/ml of primary antibody mouse anti-human
FceRIow (Biolegend, San Diego, USA) was added for overnight
incubation before washing with 0.1% TBST buffer. The secondary
antibody goat anti-mouse IgG (Fab specific) (1:80000) (Sigma-
Aldrich, USA) was then added for 1hour at room temperature. The
blot was washed using 0.1% TBST then visualized using the Clarity
Western ECL Substrate (Bio-Rad, CA, USA) in iBrightTM CL1000
Imaging System (Thermo Fisher Scientific).

Nitric Oxide, TNFo and IL-6 assays
Nitric oxide (NO) production was measured in all antibody-
treated cells and N11 cells by Griess reaction. Cell supernatants
were collected and mixed with Griess reagent (1% sulfanilamide
in 5% phosphoric acid and 0.1% N-1-naphthylethylenediamine
dihydrochloride in Milli-Q water) for NO measurement in a
microplate which was monitored under 540 nm using a
microplate reader (BMG CLARIOstar, Victoria, Australia).
Supernatants derived from anti-PrP-treated cells were also
collected and analysed for IL-6 and TNF-o synthesis using
commercial ELISA kits (IL6: Biolegend, Australia; TNEF:
Peprotech, Australia) according to the manufacturer’s instructions.

Statistical Analyses

Statistical analyses were assessed using GraphPad Prism 9 with
One-way ANNOVA followed by Tukey’s multiple comparisons
test method. The results were considered significant at p<0.05.

RESULTS

Identification of Allergenic B Cell Epitopes
in the Three-Dimensional Structure of the
Human Major Prion Protein

Following modelling of the human major prion protein (huPrP)
3-dimensional structure (Figure S1), we predicted the linear B cell

epitopes from the huPrP 3D structure and found 10 B cell linear
epitopes ranging from 4 to 26 amino acids long with a protrusion
index (PI) of 0.503 to 0.798 (Table 1) (49). The full-length huPrP
is divided into three major parts, including the flexible tail (FT)
region (23-123), which comprises the octa-peptide repeats (OR)
region (50-90) and the globular domain (GD) regions (124-230).
We found four epitopes (epitope L7: 24-49, epitope L9: 56-66 and
epitope L10: 76-86, epitope L2: 89-111) in the FT region, two of
them located in the OR region. The GD contained three epitopes
(epitope L4: 137-153, epitope L3: 167-174 and epitope L6: 189-
204). On the contrary, the short epitope 1-4 (epitope L8) is located
in the N-terminal region (signal peptide region) and
comparatively two longer epitopes L1:222-238 (both in GD and
non-structured region) and L5:245-253 (non-structured region)
are located in the C-terminal region of the full length huPrP
(Table 1). The position of the B cell linear epitopes on the protein
structure are illustrated in (Figures 2A, B). We also predicted 9 B
cell conformational epitopes, shown in Table 2. The length of the
B cell conformational epitopes ranged between 4 and 36 amino
acid residues. The protrusion index value for the B cell
conformational epitopes ranged between 0.55 and 0.883.

The B cell linear epitope L2 overlapped with B cell conformational
epitopes C2 and C9 (Tables 1 and 2). Further, linear epitope L4 also
overlapped with conformational epitope C4 (Tables 1 and 2). On the
other hand, rest of the other linear epitopes L1 overlapped with both
C1 and C6; L3 overlapped with C5; L5 overlapped with C7; L6
overlapped with C4; L7 overlapped with both C3 and C8; and both L9
and L10 overlapped with C9 (Figures 2C, D).

In the in silico analysis, the prediction of the toxicity for each
linear epitope was achieved with ToxinPred server (http://crdd.
osdd.net/raghava/toxinpred/) using Support Vector Machine
(SVM) and Quantitative Matrix (QM) method (50). The SVM
method did not identify ‘toxic’ B cell linear epitopes from 3D
structure however, the QM method identified epitopes L2 (89-
111), L4 (137-153), L7 (24-49), L9 (56-66), and L10 (76-86) as
being toxic. Of note, L2 and L4 epitope contain the binding
sequences for the ‘neurotoxic’ anti-PrP antibodies
ICSM35/POM3 antibodies (40, 43) and ICSM18/POM]1
antibodies (40, 43), respectively. Interestingly, epitopes L9 (56-
66) and L10 (76-86) are located in the octa-repeat region of the
huPrP protein that contains the binding sequences for SAF 32

TABLE 1 | Linear B cell epitopes and their toxicity and allergenicity from the three-dimensional structure of the human major prion protein.

Epitope No. Position Peptide Number of Residues Score Allergenicity Overall
AllergenFP AllerTop 2.0

L1 222-238 SQAYYQRGSSMVLFSSP 17 0.798 Non-allergenic Non-allergenic Non-allergenic
L2 89-111 WGQGGGTHSQWNKPSKPKTNMKH 23 0.767 Non-allergenic Allergenic Allergenic

L3 167-174 DEYSNQNN 8 0.751 Allergenic Non-allergenic Allergenic

L4 137-153 PIIHFGSDYEDRYYREN 17 0.737 Allergenic Non-allergenic Allergenic

L5 245-253 SFLIFLIVG 9 0.701 Non-allergenic Non-allergenic Non-allergenic
L6 189-204 VTTTTKGENFTETDVK 16 0.685 Non-allergenic Non-allergenic Non-allergenic
L7 24-49 KRPKPGGWNTGGSRYPGQGSPGGNRY 26 0.676 Non-allergenic Non-allergenic Non-allergenic
L8 1-4 MANL 4 0.559 Allergenic Allergenic Allergenic

L9 56-66 GWGQPHGGGWG 1 0.541 Non-allergenic Allergenic Allergenic

L10 76-86 PHGGGWGQPHG ih 0.503 Non-allergenic Allergenic Allergenic
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FIGURE 2 | Predicted linear and conformational B cell epitopes and their position in the human major prion protein structure. Here, the protein structures have
shown as cartoon structure and the linear and conformational B cell epitopes have shown as spheres on the protein structures. (A) Linear B cell epitopes where L1
(222-238), L2 (89-111), L3 (167-174), L4 (137-153), L5 (245-253), L6 (189-204), L7 (24-49), L8 (1-4), L9 (66-66), and L10 (76-86) representing different epitope
position. (B) all the linear B cell epitopes have been shown as spheres by different colours to see the overlaps of the identified linear B cell epitopes.

(C) Conformational B cell epitopes where C1(227-235), C2 (100-112), C3 (25-38), C4 (137-149, 151-153, 157, 189, 191-204), C5 (164, 168-174, 177), C6
(222-225), C7 (236-238, 242, 245-253), C8 (39-49), and C9 (55-67, 75-86, 89-99) representing different epitope position. (D) all the conformational B cell epitopes
have been shown as spheres by different colours to see the overlaps of the identified conformational B cell epitopes. Here, liner B cell epitope L1 was found in the
conformational B cell epitope position C1 and C6; C2 and C9 representing the linear epitope L2; C5 representing the linear epitope L3; C4 (two position where one
is in the left side and the other one is in the middle position of the structure) representing the linear epitope L4 and L6; C7 representing the linear epitope C5; C3 and
C8 representing the linear epitope L7; and the conformational epitope C9 (two position in the bottom of structure) representing both the linear epitope L9 and L10.

TABLE 2 | Conformational B cell epitopes from the three-dimensional structure of the human major prion protein.

Epitope Residues Number of Score
No. residues

C1 Q227, R228, G229, S230, S231, M232, V233, L234, F235 9 0.883
c2 N100, K101, P102, S103, K104, P105, K106, T107, N108, M109, K110, H111, M112 13 0.811
C3 R25, P26, K27, P28, G29, G30, W31, N32, T33, G34, G35, S36, R37, Y38 14 0.747
C4 P137, 1138, 1139, H140, F141, G142, S143, D144, Y145, E146, D147, R148, Y149, R151, E152, N153, Y157, V189, T191, T192, 32 0.717

T1983, K194, G195, E196, N197, F198, T199, E200, T201, D202, V203, K204

C5 R164, E168, Y169, S170, N171, Q172, N173, N174, H177 9 0.708
(of} S222, Q223, A224, Y225 4 0.708
C7 S236, S237, P238, L242, S245, F246, 1L.247, 1248, F249, 1250, 1251, V252, G253 13 0.669
Cc8 P39, G40, Q41, G42, S43, P44, G45, G46, N47, R48, Y49 11 0.579
Cc9 G55, G56, W57, G58, Q59, P60, H61, G62, G63, G64, W65, G66, Q67, Q75, P76, H77, G78, G79, G80, W81, G82, Q83, P84, 36 0.55

H85, G86, W89, G90, Q91, G92, GI3, G94, T95, HI6, S97, Q98, W99
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(59-89) (42) and POM2 (57-88) antibodies (43), respectively. We
also predicted the allergenicity for the B cell linear epitopes using
the AllergenFP (51) and AllerTop (52) allergenicity prediction
server. L3 (167-174), L4 (137-153), and L8 (1-4) were predicted
to be allergenic in AllergenFP, while AllerTop server identified
epitopes L2 (89-111), L8 (1-4), L9 (56-66), and L10 (76-86) as
allergenic. The allergenicity prediction results are shown in
Table 1. Three linear epitopes were shown to be non-toxic and
non-allergenic and included L1 (222-238) and L6 (189-204) on
the globular domain and L5 (245-253) located on the non-
structured region. We therefore investigated whether ICSM18,
ICSM35, POM1, POM2, POM3, SAF32, and SAF70 antibodies
trigger a neuronal allergenic reaction in vitro.

Anti-PrP Antibodies Treatment Leads to
Neuronal Type 2-Like Hypersensitivity
In Vitro
Treatment of N2a cells with ICSM18, ICSM35, POM1 and SAF70
led to the identification of 211 proteins (p <0.05) after LC-MS
analysis when compared with untreated N2a cells. Out of the 211
proteins, only differentially expressed proteins were considered
using maximum fold change >10, at least 2 identified unique
peptides and a confidence score > 40. The stringent parameters
used here led to the identification of 26 proteins (Table S1). Of note,
the parameters used to identify proteins associated with anti-PrP
treatment are unusually high and would allow elimination of ‘false-
negatives’ post LC-MS analysis. The 26 proteins were then assessed
for allergenicity using AllergGAtlas database (http://biokb.ncpsb.
org/AlleRGatlas/) (48) and 4 allergy related proteins, including beta-
actin (ACTB), fatty acid-binding protein 5 (FABP5), protocadherin
11 (PCDH11X), and myomegalin (PDE4DIP) were identified.
Among the 4 allergenic-related proteins, ACTB, PCDH11X and
PDE4DIP were upregulated but FABP5 was found to be down
regulated when compared to untreated control (Table 3). Protein-
protein interaction of the identified 4 allergenic-related proteins
showed that PrP networks with ACTB via Cofilin-1 (CFL1), while
no direct interaction was observed for FABP5, PCDHI11X and
PDE4DIP (Figure 3A). Finally, analysis of individual anti-PrP
antibody treatments revealed that PDE4DIP was present after
DAT with ICSM18 and POMI treatment, however, DAT with
ICSM35 and SAF70 was not found to be associated with allergenic
related proteins (Table 4).

Treatment of MPN with 1ug of ICSM18 or ICSM35 led to the
identification of 135 proteins after LC-MS analysis when compared
with untreated cells (Table S2). However, 73 proteins were

identified when compared with MPN treated with lug of anti-
PrP antibody 3F4 antibody (Table S3). Differentially expressed
proteins (p< 0.05) were only considered with a confidence score 215
(Tables S2, S3). The 135 proteins (identified vs untreated control)
were assessed for allergenicity using AllergGAtlas database and 10
allergenic related proteins were identified, including vascular
endothelial growth factor receptor 1 (FLT1), peroxiredoxin-1
(PRDX1), lysophosphatidic acid receptor 2 (LPAR2), 60 kDa heat
shock protein (HSPD1), protein disulfide-isomerase A3 (PDIA3),
L-lactate dehydrogenase (LDHA), interleukin-4 (IL4),
phosphoglycerate kinase (PGK1), peroxisome proliferator-
activated receptor delta (PPARD), and beta-actin (ACTB)
(Table 5). Among the identified 10 allergenic-related proteins,
LPAR2, HSPDI1, PGK1, PPARD, and ACTB were found to be
upregulated, but FLT1, PRDX1, PDIA3, LDHA, and IL4 were found
to be downregulated when compared to untreated control
(Table 5). Furthermore, allergenicity assessment of the 73
proteins (identified vs 3F4 treated control) revealed 5 allergenic-
related proteins, including LDHA, LPAR?2, elongation factor 1-
alpha (EEF1A1), FLT1, and gamma actin-like protein (ACTGI)
(Table 6). Among the 5 allergenic proteins, LDHA, EEF1A1 and
FLT1 were found to be downregulated and LPAR2 as well as
ACTGI were found to be upregulated (Table 6).

Analysis of individual direct anti-PrP antibody treatment effect
on MPN (vs no treatment) showed that FLT1, PRDX1, LPAR2,
PDIA3 and 114 are present after ICSM18 and ICSM35 treatment,
but PGK1 and HSPD1 were found to be present after ICSM35
treatment when compared with untreated cells (Table 7). However,
analysis of individual direct anti-PrP antibody treatment effect on
MPN (vs 3F4) revealed that LDHA, LPAR2, EEF1Al, FLT1 and
ACTG] are present after ICSM18 and ICSM35 treatment (Table 8).

Protein-protein interaction analysis of the identified 10
allergenic-related proteins revealed that FLT1, PRDX1, PDIA3,
IL4, PGK1, HSPD1, LDHA and ACTB are part of the same
interactome, however, PDIA3 and HSPD1 were observed to
interact directly with PRNP (Figure 3B). Protein-protein
interaction analysis of the 5 allergenic-related proteins (vs 3F4)
revealed that EEF1A1 and ACTGI directly interact with each other,
whereas LDHA and FLT1 interact via other proteins (Figure S2).

Co-Culture of Anti-PrP Antibody Treated-
Microglia with Neurons Leads to Neuronal
Type 2-Like Hypersensitivity In Vitro

Initially, we measured levels of NO, IL6 and TNF-o in the
supernatants of N11 following treatment with anti-PrP

TABLE 3 | Properties of the identified allergenic proteins following direct antibody treatment (DAT) of the neuroblastoma cell line.

Accession Gene Id Protein Name Anova (p) Max Fold Change
Q05816 Fabp5 Fatty acid-binding 0.017 16

protein 5
B1AZR7 Pcdh11X  Protocadherin 11 0.006 1.7
Q3UBP6 Actb Uncharacterized protein 0.018 12.3
Q3UR03 Pdeddip  Myomegalin (Fragment) 0.02 29.9

Confidence Score Peptides Unique Highest Mean Lowest Mean
peptides
260 22 3 CTL DAT
60.8 9 4 DAT CTL
802 58 3 DAT CTL
49.1 7 3 DAT CTL

The properties were identified by Progenesis Software after the LC-MS analysis.
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FIGURE 3 | Protein-protein interaction of the identified allergenic genes following direct antibody treatment (DAT) of mouse neuroblastoma cells and mouse primary
neuron (MPN). Protein-protein interaction analysis was performed using STRING v11.0 server. The Mus Musculus database was used as the host organism for the
identification of protein interactions. (A) Protein-protein interaction of the identified allergenic genes in mouse neuroblastoma cells. Herein, interaction among the
allergenic proteins (numbered 1, 2, 3, & 4) and with PrP® (numbered 5) following direct antibody treatment. (B) Protein-protein interaction of the identified allergenic
genes in mouse primary neuron (MPN). Herein, interaction among the allergenic proteins (numbered 1, 2, 3, 4, 5, 6, 7, 8, 9 & 10) and with PrPC (numbered 0)
following direct antibody treatment, where red and yellow color indicate the downregulated and upregulated genes, respectively and green color represents the

antibodies to confirm the activation status of the cells (Figure 4).
Here, we show that treatment with POM1 and POM2 as well as
ICSM18 and ICSM35 led to substantial accumulation of NO and
IL6 in the cell culture media supernatant at day 1, 2 and 3, with
exception of POM3 which led to increased synthesis of NO but
not IL6. Moreover, TNF-a release into the supernatant was
found to be marginally increased on day 1 and 3 post antibody
treatment with POM1, POM2, POM3, ICSM18 and ICSM35.
Co-culture of N2a cells with anti-PrP antibody-treated N11
cells led to the identification of 2346 proteins (only p < 0.05) after
LC-MS analysis when compared with co-culture of N2a cells
with untreated-N11 cells. Out of the 2346 proteins, only the
differentially expressed proteins were considered using
maximum fold change >10, at least 2 identified unique
peptides and a confidence score > 40. The stringent parameters
used here led to the identification of 113 proteins (Table S4). The
113 proteins were assessed for allergenicity, and 8 proteins were

confirmed to be allergenic (Table 9), including IF rod domain-
containing protein (VIM), peroxiredoxin-1 (PRDX1), Legumain
(LGMN), cytoskeletal beta-actin (ACTB), V(D)] recombination-
activating protein 1 (RAG1), L-lactate dehydrogenase (LDHA),
Receptor-type tyrosine-protein phosphatase C (PTPRC), and
TIR domain-containing protein (TLR3). Among the identified
8 allergenic-related proteins, 7 (VIM, LGMN, ACTB, RAGI,
LDHA, TLR3, PTPRC) showed the highest mean for DMT when
compared with N2a cultured with untreated-N11 cells (Table 9).

Protein-protein interaction of the identified 8 allergenic-
related proteins showed that PrP interacts with ACTB via
Cofilin-1 (CFL1), while VIM, PTPRC, and LDHA directly
interacts with ACTB (node 1, 2, 3, 4 in Figure 5A). It was
previously shown that overexpression of PrP® itself activates the
NADPH oxidase (NOS) for reactive oxygen species (ROS)
production that initiates the cofilin activation and finally
induce cofilin-actin rods in hippocampal neurons (53).

TABLE 4 | Identification of antibody-specific allergenic proteins following direct antibody treatment (DAT).

Gene ID Accession ICSM Antibodies SAF Antibody POM Antibody
ICSM18 CTL ICSM35 CTL SAF70 CTL POM1 CTL
Q05816 Fabp5 - - - -
B1AZR7 Pcdn11X - - - -
Q3UBP6 Actb - - - -
Q3UR03 Pde4dip \ - N _

() Upregulated and (-) Downregulated.
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TABLE 5 | Properties of the identified allergenic proteins following direct antibody treatment (DAT) and direct microglia treatment (DMT) on the mouse primary neuron

(MPN) cells in comparison with untreated cells.

Accession Gene Description Peptides Unique Confidence Anova Max fold Highest Lowest
ID peptides score (p) change Mean Mean
Direct Antibody Treatment (DAT)

AOAOR4J0OA4  Fit1 Vascular endothelial growth factor 4 4 15.6 7.59E-05 5.69 NOT DAT
receptor 1

B1AXW5 Prdx1 Peroxiredoxin-1 (Fragment) 8 6 60.2 9.35E-05 2.44 NOT DAT

AOA571BEW5 Lpar2 Lysophosphatidic acid receptor 2 3 2 19.3 0.000114 10.6 DAT NOT

P63038 Hspd1 60 kDa heat shock protein_ 48 43 479 0.008456 1.76 DAT NOT
mitochondrial

F6Q404 Pdia3 Protein disulfide-isomerase A3 6 1 34.6 0.00903 1.79 NOT DAT
(Fragment)

Q3TCI7 Ldha L-lactate dehydrogenase 15 4 126 0.011567 3.83 NOT DAT

Q91Y50 114 Interleukin-4 3 1 27 0.015679 2.02 NOT DAT

S4R2M7 Pgk1 Phosphoglycerate kinase 12 1 115 0.018003 1.54 DAT NOT

AOA3B2W7W2 Ppard Peroxisome proliferator-activated 19 17 121 0.036966 1.43 DAT NOT
receptor delta

Q3UBP6 Actb Uncharacterized protein 36 4 356 0.040245 1.39 DAT NOT

Direct Microglia Treatment (DMT)

AOAOR4J0OA4  Flt1 Vascular endothelial growth factor 4 4 15.6 8.51E-05 10.3 NOT DMT
receptor 1

Q3TD08 Ndrg?  Uncharacterized protein 6 6 32 0.001982 2.86 DMT NOT

Q78NA6 Rag1 V(D)J recombination-activating protein 1 5 3 22.3 0.002166 2.98 NOT DMT

Q61916 Mucbac Mucin (Fragment) 3 1 24.4 0.013162 1.5 DMT NOT

AOA571BEW5 Lpar2 Lysophosphatidic acid receptor 2 3 2 19.3 0.013879 2.94 DMT NOT

Q3UBS0 Apoe Uncharacterized protein 7 5 38.8 0.015268 2.15 NOT DMT

Q99LXO0 Park? Protein/nucleic acid deglycase DJ-1 7 7 58.3 0.044158 1.36 NOT DMT

The properties were identified by Progenesis Software after the LC-MS analysis.

Protein-protein interaction revealed that both RAG1 (node 6 in
Figure 5A) and TLR3 (node 5 in Figure 5A) indirectly interact
with ACTB (node 1 in Figure 5A) via PTPRC (node 3 in
Figure 5A) while PRDX1 (node 7 in Figure 5A) indirectly
interacts with ACTB via LDHA (node 4 in Figure 5A). A
study by Wagner and co-workers showed that PRDX6 was
upregulated in scrapie-infected mice and neuronal cell lines
(54). However, LGMN (node 8 in Figure 5A) did not interact
with any of the identified allergenic-related proteins as well as
with PrP® protein (node 9 in Figure 5A). Among the identified

allergenic-related proteins, VIM was found to be involved in the
progression of allergic diseases via inflammasome (55, 56) and
VIM-P38MAPK complex facilitates mast cell activation via
FceRI/CCR1 activation (57). LDHA was identified as a
potential marker in allergic alveolitis, airway inflammation,
allergic encephalomyelitis, asthma disease (58-61). PRDX1 was
found as a negative regulator of inflammation (62), Th2-type
airway inflammation, and allergen-related hyperresponsiveness
(63). PTPRC was found to be associated with asthma related
phenotypes in a microarray analysis (64). LGMN was found to be

TABLE 6 | Properties of the identified allergenic proteins following direct antibody treatment (DAT) and direct microglia treatment (DMT) on the mouse primary neuron

(MPN) cells in comparison with 3F4 antibody treated cells.

Accession Gene Description Peptides Unique Confidence Anova Max fold Highest Lowest
ID peptides score (p) change Mean Mean
Direct Antibody Treatment (DAT)
Q3TCI7 Ldha L-lactate dehydrogenase 15 4 126 1.31E-05 14.9 3F4 DAT
AOA571BEWS5 Lpar2 Lysophosphatidic acid receptor 2 3 2 19.3 1.65E-05 32.4 DAT 3F4
Q58E64 Eeftfal  Elongation factor 1-alpha 22 2 253 0.000541 9.08 3F4 DAT
AOAOR4J0A4 Fit1 Vascular endothelial growth factor 4 4 15.6 0.000542 5.12 3F4 DAT
receptor 1
Q9QZ83 Actgl  Gamma actin-like protein 25 1 267 0.020739 2.44 DAT 3F4
Direct Microglia Treatment (DMT)
Q78NA6 Rag1 V(D)d recombination-activating protein 5 3 22.3 0.000645 4.79 3F4 DMT
1
Q546G4 Alb Serum albumin 29 26 194 0.023819 2.29 DMT 3F4
P16045 Lgalst  Galectin-1 3 3 20 0.027397 2.06 DMT 3F4
Q3UBS0 Apoe Uncharacterized protein 7 5 38.8 0.03547 2.23 3F4 DMT
The properties were identified by Progenesis Software after the LC-MS analysis.
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TABLE 7 | Identification of antibody-specific allergenic proteins following direct antibody treatment (DAT) and direct microglia treatment (DMT) on mouse primary neuron

(MPN) cells in comparison with untreated cells.

Comparison with No Treatment (NOT)

Treatment Accession ID Gene ID ICSM18 CTL (NOT) ICSM35 CTL (NOT)
Direct Antibody Treatment AOAOR4JOA4 Flt1 V - V
(DAT) B1AXW5 Praix1 - V - N
AOA571BEW5S Lpar2 V - N -
P63038 Hspd1 - v -
F6Q404 Pdia3 - V - v
Q3TCI7 Ldha - -
Q91Y50 4 - V - v
S4R2M7 Pgk - N -
AOA3B2W7W2 Ppard . . .
Q3UBP6 Actb - - -
Direct Microglia Treatment AOAOR4JOA4 Fit1 - V - V
(DMT) Q3TDO8 Ndrg1 v V
Q78NA6 Rag1 - V - Vv
Q61916 Muc5ac - - N
AOA571BEW5S Lpar2 - - v -
Q3UBSO Apoe - V - V
Q99LX0 Park7 - - -

() Upregulated and (-) Downregulated.

TABLE 8 | Identification of antibody-specific allergenic proteins following direct antibody treatment (DAT) and direct microglia treatment (DMT) on mouse primary neuron

(MPN) cells in comparison with 3F4 antibody treated cells.

Comparison with 3F4

Treatment Accession ID Gene ID ICSM18 CTL (3F4) ICSM35 CTL (3F4)
Direct Antibody Treatment Q3TCI7 Ldha - V - vV
(DAT) AOA571BEW5S Lpar2 N - v -
Q58E64 Eef1al - N - v
AOAOR4JOA4 Fit1 - v - N
Q9Q783 Actgi \ - v -
Direct Microglia Treatment Q78NAB Rag1 - J - v
(DMT) Q546G4 Alb - N -
P16045 Lgals1 - - -
Q3UBS0 Apoe - v

(V) Upregulated and (-) Downregulated.

involved in allergic reaction by potentiating antigen processing
(65). A study by Sehra et al. showed that RAGI-deficient mice
exhibited reduced mast cell infiltration when it was used as a
chronic model of allergic inflammation (66). TLR3 activation in
an established experimental allergic asthma mice model
increased the release of proinflammatory cytokines and mucus
production which was also associated with the increased
production of interleukin 17 (IL-17A) by natural killer (NK)
cells (67).

The highest versus lowest mean of the allergenic-related
protein expression by individual antibody treatments when
compared to untreated control is shown in Table 10. Here, we
show that ICSM18, ICSM35, and SAF70 share 62.5% allergy
related proteins (5 proteins: VIM, LGMN, RAGI1, LDHA, and
PTPRC). POM2 and SAF32 showed 75% effect with 6 proteins,
but the proteins were found to be different for both POM2 (VIM,
ACTB, LGMN, RAGI, LDHA, and TLR3) and SAF32 (VIM,
ACTB, LGMN, RAGI, LDHA, and PTPRC). However, the
lowest effect of antibody was observed for both POMI1
(4 proteins; VIM, ACTB, RAGI, and TLR3) and POMS3
(4 proteins; VIM, ACTB, LGMN, and LDHA) with 50% effect.

Co-culture of N2a cells with anti-PrP antibody-treated N11
cells led to substantial accumulation of NO and IL6 but not
TNF-o in the cell culture media supernatant at day 3 (Figure 6).
More specifically, POM3, SAF32, SAF70 and ICSM18 led to a
substantial increase of NO in the cell culture media supernatant;
however, POM1, POM2 and ICSM35 did not show similar effect
(Figure 6A). Moreover, POM3, ICSM18 and ICSM35 but not
POM1, POM2 SAF32 and SAF70 also led to a substantial
increase of IL6 in the cell culture media supernatants
(Figure 6B). Interestingly, none of the antibodies had an effect
on TNF-a release (Figure 6C). Of note, String analysis showed
that IL6 interacts directly with 4 out of 8 allergenic-related
proteins (ACTB, RAGI, TLR3, PTPRC) and indirectly with 2
out of 8 allergenic-related proteins via ACTB (VIM, LDHA)
(data not shown).

Co-culture of untreated MPNs with ICSM18 or ICSM35-
treated N11 led to the identification of 161 proteins (p <0.05)
when compared with co-culture with MPN co-cultured with
untreated N11. Furthermore, 77 proteins (p <0.05) were
identified when compared with co-culture of MPN with 3F4-
treated N11. Out of the 161 proteins and 77 proteins, only the
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FIGURE 4 | Activation of microglia cells (N11) following treatment with anti-PrP antibodies. Measurement of proinflammatory cytokines following direct anti-PrP
antibody treatment of mouse microglia (N11) cell line in cell culture supernatant. Herein, fold change of NO (A), IL-6 (B) and TNF-a (C) production on day 1, 2 and 3
post-antibody treatments compared to untreated cells (day 0). *p < 0.05, *p < 0.01, **p < 0.001, **p < 0.0001 vs. day 0, *p < 0.05, **p < 0.0001 compared
between day 1, 2 and 3. P values were obtained by One-way ANNOVA followed by Tukey’s multiple comparisons test analysis by GraphPad Prism 8.

TABLE 9 | Properties of the identified allergenic proteins following direct microglia treatment (DMT) on the neuroblastoma cell line.

Accession Gene Protein Name Anova (p) Max Fold Confidence Peptides Unique Highest Lowest
ID Change Score Peptides Mean Mean
Q3TWV0  Vim IF rod domain-containing protein 0.000478 221 865 61 2 DMT Control
B1AXW5  Prdxi Peroxiredoxin-1 (Fragment) 0.010465 10.7 280 28 3 DMT DMT
A2RTI3 Lgmn  Legumain 3.27E-07 443 51.3 8 2 DMT DMT
089054 Actb Cytoskeletal beta-actin (Fragment) 2.63E-05 28.2 201 16 2 DMT DMT
Q78NA6 Rag1 V(D)J recombination-activating protein 1 2.91E-13 13.5 95.2 16 5 DMT DMT
Q3UDU4 Ldha L-lactate dehydrogenase 7.9095E- 13.5 474 4 6 DMT DMT
05
Q3TM31 TIr3 TIR domain-containing protein 0.043612 14.8 43.2 9 2 DMT DMT
P06800 Ptprc Receptor-type tyrosine-protein 6.11E-07 12.5 411 6 2 DMT DMT

phosphatase C

The properties were identified by Progenesis Software after the LC-MS analysis.
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differentially expressed proteins were considered using the

p value < 0.05 and confidence score >15. After applying those

A parameters, we found 88 proteins (vs untreated) (Table S5) and

B
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FIGURE 5 | Protein-protein interaction analysis among the identified
allergenic genes following direct microglial treatment (DMT) with anti-PrP
antibodies in cell line and mouse primary neuron. The analysis was
performed using STRING v11.0 server. The Mus Musculus database was
used as the host organism for characterising the protein interactions.

(A) Protein-protein interaction among the identified 8 allergenic genes
following direct microglial treatment (DMT) with anti-PrP antibodies in
mouse neuroblastoma cell line. Herein, interaction among the allergenic
proteins and with PrP® where the numbered purple circles (numbered 1, 2,
3, 4, 5, 6) and numbered red circle refer to allergenic-related proteins
identified following DMT and shown here to be part of the same
interactome. The red circle (numbered 7) was shown to be downregulated
and the orange circle (numbered 8) is not part of the interactome with other
allergenic-related proteins. Finally, the green circle (numbered 9) represents
the prion protein, PrPC. (B) Protein-protein interaction among the 7
identified allergenic genes following direct microglial treatment (DMT) with
anti-PrP antibodies in mouse primary neuron (MPN). Herein, Interaction
among the allergenic proteins (numbered 1, 2, 3, 4, 5, 6 & 7) and with PrpC
(numbered 0) following direct microglia treatment where red and yellow
color indicate the downregulated and upregulated genes, respectively and
green color represents the cellular prion protein PrPC.

49 proteins (vs 3F4 treated) (Table S6). The allergenicity
assessment of the 88 proteins (vs untreated) through identified
7 allergenic-related proteins, including FLT1, uncharacterized
protein (NDRG1), RAGI, mucin (MUC5AC), LPAR2,
uncharacterized protein (APOE), and protein/nucleic acid
deglycase DJ-1 (PARKY7) (Table 5). Moreover, Analysis of the
49 proteins (vs 3F4 treated) identified 4 allergenic-related
proteins including, RAGI1, serum albumin (ALB), galectin-1
(LGALS1) and APOE (Table 6). Protein-protein interaction
analysis of the 7 allergenic-related proteins (vs untreated)
revealed that PRNP directly interacts with APOE and PARK7
while FLT1, RAG1, LPAR2, NDRGI are part of the same
interactome (Figure 5B). Protein-protein interaction among
the identified 4 allergenic-related proteins (vs 3F4) showed
direct interaction between PRNP, APOE and ALB (Figure S3).

The individual effect of anti-PrP antibody treatment on MPN
when compared with untreated control is shown in Table 7. Herein,
NDRGl1was upregulated while FLT1, RAG1 and APOE were
downregulated after ICSM18 treatment (Table 7). Moreover,
ICSM35 treatment upregulated NDRG1, MUC5AC and LPAR2
and downregulated FLT1, RAG1 and APOE (Table 7).

The individual effect of anti-PrP antibody treatment on MPN
when compared with 3F4 treated control is shown in Table 8. No
protein upregulation occurred after ICSM18 treatment, however
downregulation of RAG1 was observed. ICSM 35 led to
upregulation of ALB while both RAG1 and APOE were
downregulated (Table 8).

In order to verify whether the allergenic-related proteins
identified in MPN following DMT were specifically stimulated in
neurons (and not in both neurons and microglia), we compared the
proteome of the anti-PrP antibody-treated microglia without co-
culture with neurons and found that anti-PrP antibody-treated
microglia only did not display any common allergy-related proteins
with DMT (Table S7) indicating that our identified allergy-related
proteins were specifically activated in neurons.

Co-culture of MPN with ICSM18 or ICSM35 anti-PrP
antibody-treated N11 cells led to substantial accumulation of
NO and IL6 (Figures 7A, B) but not TNF-o. (Figure 7C) in the
cell culture media supernatant at day 3 when compared with
both untreated and 3F4-treated cells. String analysis showed that
IL6 interacts directly with 5 out of 7 allergenic-related proteins vs
untreated (APOE, RAG1, MUC5AC, FLT1, PARK?7) and directly
with 4 out of 4 allergenic-related proteins vs 3F4-treated control
(RAG1, ALB, LGALSI1, APOE) (data not shown).

Contactless Co-Culture of Anti-PrP
Antibody Treated-Microglia with Neurons
Leads to Neuronal Type 2-Like
Hypersensitivity In Vitro

Contactless co-culture of anti-PrP antibody treated microglia
N11 and N2a cells was designed to verify whether the allergenic
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TABLE 10 | Identification of antibody-specific allergenic proteins following direct microglia treatment (DMT).

AccessionID  Gene ID ICSM Antibodies POM Antibodies SAF Antibodies
ICSM18 CTL ICSM35 CTL POM1 CTL POM2 CTL POM3 CTL SAF32 CTL SAF70 CTL

Q3TWVO Vim N - V - N - V - Vv . v - v -
B1AXW5 Prax1 - V - N - - - N ) ; ; J - J
A2RTI3 Lgmn N - Vv - - - Vv - Vv - Vv - v -
089054 Actb - - - - v - Vv - Vv - Vv - - -
Q78NA6 Rag1 N - N - N - N - - - N - N -
Q3UDU4 Ldha N - N - - - N - v - v - Vv -
Q3TM31 T3 - - - - N - N - - - - - - -
P06800 Ptprc v - v - - - - - - - v - v -
() Upregulated and (-) Downregulated.
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FIGURE 6 | Production of proinflammatory cytokines following direct microglial treatment (DMT) with anti-PrP antibody treatment of mouse neuroblastoma cell line.
Herein, fold change of NO (A), IL-6 (B) and TNF-a (C) production in N2a following DMT. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001 vs. no treatment (NoT).
P values were obtained by One-way ANNOVA followed by Tukey’s multiple comparisons test analysis by GraphPad Prism 8.

analysis by GraphPad Prism 8.

effects caused by DMT were due to a direct cognate interaction of
N2a and N11 or via indirect release of microglial factors which in
turn might have led to hypersensitivity. N11 cells were initially
treated with anti-PrP antibodies, including ICSM18, ICSM35,
POM1, POM2, POM3, SAF32 or SAF70 on cell culture inserts
before placing the inserts containing antibody-treated microglia
on cell culture plate containing untreated N2a cells (IMT). IMT
resulted in an initial dataset of 292 proteins (p < 0.05) after LC-
MS analysis. Differentially expressed proteins (p < 0.05) were
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FIGURE 7 | Production of proinflammatory cytokines following direct microglial treatment (DMT) with anti-PrP antibody treatment of mouse primary neuron (MPN).
Herein, fold change of NO (A), IL-6 (B) and TNF-a (C) production in MPN following DMT. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001 vs. no treatment (NoT).
#n < 0.01, " p < 0.001, **p < 0.0001 vs. 3F4 antibody treatment. P values were obtained by One-way ANNOVA followed by Tukey’s multiple comparisons test

considered with a maximum fold change =10 and at least 2
identified unique peptides and a confidence score > 10 and
identified a total of 11 proteins (Table S8). Out of the 11
proteins, AllergGAtlas database only identified Integrin beta-4
(ITGB4) (upregulated, p=0.034, maximum fold change 45,
confidence score 33.6, peptide 6, unique peptide 3) as being
allergenic. The protein-protein interaction analysis showed that
ITGB4 indirectly interacts with PRNP via ITGB6 and NCAM 1
(Figure S4).
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Anti-PrP Antibody Treatment of Neurons
Leads to Differential Expression of FceR1a
The high affinity IgE receptor (FceRI) is a tetrameric receptor
complex which is composed of one o-subunit (FceRIar), one 3-
subunit (FceRIB) (68) and two y-subunits (FceRIy) (69-71).
During a classic IgE-mediated allergic immune response,
FceRIa directly binds IgE with high affinity, while FceRIp and
FceRIy are responsible for mediating intracellular signals (68,
71-73). Furthermore, binding of the IgG receptors FcyRII and
FcyRIII receptors to the IgE-immune complexes contribute to
the induction of cell activation (74). Ujike and colleagues also
showed that FcyRII and FcyRIII not only modulates IgG-
mediated hypersensitivity responses but also acts as an effective
regulators of IgE-mediated reactions (75). The IgG/FcyR
pathway was shown to induce an anaphylactic reaction
following activation of basophils, macrophages, and
neutrophils (76-78). The IgG FcyR and IgE FceRI share a
common Y subunit and comparable signaling pathways.
Falanga and colleagues showed that the Lyn and Fyn kinases
were activated after FcyR stimulation (79). Of importance, the
authors demonstrated that both Fyn and Lyn regulate FcyR-
mediated degranulation and cytokine and chemokine and
histamine release was regulated by Fyn and Lyn. Moreover,
clustering of PrP® was shown to activate Fyn kinase as both
localize lipid rafts (14). Finally, PrP“-dependent signal
transduction revealed that PrP© coupled with Fyn kinase
following anti-PrP antibody-mediated cross-linking (15).
Herein, we wanted to verify whether cross-linking neuronal/
microglial PrP© with anti-PrP antibody alters the expression of
FceRI. Western blot analysis displayed a ~50 kDa and ~25 kDa
band corresponding to FceRIo and FceRIy subunits respectively,
in MPN after DAT with ICSM35 (Figure 8A). DAT of MPN
with ICSM18, 3F4 and untreated cells did not display any band
(Figure 8A). However, Western blotting and densitometry
analysis following DMT with ICSM18 and ICSM35 of MPN
displayed substantially higher ~50 kDa and ~25 kDa band
intensity corresponding to FceRIow and FceRIy respectively
when compared with DMT with 3F4 and untreated cells
(Figures 8A, B). Similarly, Western blotting and densitometry
analysis following DMT with ICSM18 and ICSM35 of co-
cultured N2a with ICSM18 or ICSM35-treated N11 displayed
higher ~50 kDa, ~35 kDa and ~25 kDa band intensity
corresponding to FceRIo, FceRIB and FceRIy respectively
when compared with untreated cells (Figures 8C, E). In
contrast, DAT with ICSM35 of N2a displayed higher ~50
kDa, ~35 kDa and ~25 kDa band intensity corresponding to
FceRlIo, FceRIP and FceRly respectively when compared with
ICSM18 treated and untreated cells (Figures 8C, D).

In order to identify the protein interactors with FceRIol
following DAT with ICSM35 of MPN, the corresponding gel
bands were trypsin digested prior to LC-MS analysis. Here, 12
proteins were identified, of which peroxisome proliferator-
activated receptor delta (PPARD) was recognized as an
allergenic-related protein (Table S9). Protein-protein
interaction of PPARD and FceRIo showed that they are
located in the same protein network and interacting through

two signaling molecules, namely CREB-binding protein
(CREBBP) and Tyrosine-protein kinase Lyn (LYN)
(Figure 8F). Further protein network analysis showed that
PPARD directly interacts with several allergy and
inflammation proteins such as fatty acid-binding protein
(FABP5) (80, 81), retinoic acid receptor RXR-alpha (RXRA)
(82), pyruvate dehydrogenase E1 component (PDHX) (83),
catenin beta-1 (CTNNBI1) (84-86), mothers against
decapentaplegic homolog 4 (SMAD4) (87, 88) and retinoic
acid receptor RXR-beta (RXRB) (89) (Figure 8G) confirming
its association with allergy. This interaction analysis also revealed
that PRNP interacts with PPARD and FceRl1a via a network of
other proteins as part of the same interactome (Figure 8H). As
summarized in Figure 9, most of the proteins associated with all
treatments with anti-PrP antibodies have their primary location
in the plasma membrane and cytoplasm, whereas only 3 were
seen in the nucleus, 2 in the endoplasmic reticulum, 1 in the
Golgi, 1 in the mitochondria, and 1 in the lysosome. NDRGI,
PARK?7 and VIM proteins have a ubiquitous cellular location.
Proteins involved in negative regulation of reactive oxygen
species, of neuronal apoptosis and development of neuronal
projections were highly represented.

DISCUSSION

Hypersensitivity reactions are triggered by the immune
response. Little is known about the so-called IgG-mediated
neuronal hypersensitivity, however, a body of new emerging
studies suggest that hypersensitivity is an important feature in
response to IgG immunotherapy or disease-associated auto-
antibodies (90-92). Fcy receptors (FcyRs) are known to
mediate protective immune functions via binding of IgG
molecules to the Fc domain in addition to modulating the
adaptive immune response. FcyRs have been implicated in
hypersensitivity reactions; for instance, Fcy-chain-deficient
mice were protected against a number of autoimmune
disorders [reviewed in (93)], suggesting an important role
for FcyRI in hypersensitivity reactions. Furthermore,
functional polymorphism in FCyRs genes was shown to play
an important role in the pathogenesis of allergy (94). A
number of in vitro and in vivo studies have demonstrated
the presence of FcyRs in neurons. Previous reports implicated
IgG in inducing a neuronal hypersensitivity reaction (91). Of
importance, Fuller et al. highlighted the importance of
increased expression and ligation of FcyRs in the CNS as a
result of administration of therapeutic antibodies or by
endogenous IgG which resulted in vascular damage and
exacerbation of neurodegeneration (95). Furthermore,
experimental treatment with anti-PrP antibodies directed
against PrP© led to neuronal apoptosis based on microscopic
assessments (23, 24, 26). Upon further analysis, some
of these studies also revealed that anti-PrP antibodies
induced activation of allergenic-related proteins identified
by the AllerGAtlas database (21, 27, 28). We therefore
sought molecular confirmation of a neuronal type 2-like
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FIGURE 8 | Differential expression of FceR receptors following anti-PrP antibody treatment to mouse primary neuron cells and mouse neuroblastoma cell line.
Western blotting of (A) direct antibody treatment (DAT) and direct microglia treatment (DMT) of mouse primary neuron cells (B) densitometry analysis of (A). (C) DAT
and DMT of mouse neuroblastoma cells (D, E) densitometry analysis of (F). (F) protein-protein interaction of PPARD with FceR1a (G) lllustration of protein
interactome with PPARD (H) lllustration of protein-protein interactions between PPARD, FceR1a and PrPC.

hypersensitivity process associated with anti-PrP antibody
treatment of neurons and microglia in vitro. Initially, we
performed in silico analysis to predict the most antigenic
epitopes from the huPrP 3D structure and to verify whether
some of the predicted motifs overlap with those recognized by
the reported ‘neurotoxic’ anti-PrP antibodies such as ICSM
and POM antibodies (40, 43). The in-silico analysis revealed a
set of antigenic B cell linear epitopes located on the flexible tail

(FT) region. Interestingly, epitopes L2 and L9/L10 were
mapped to the ‘neurotoxic’ antibodies ICSM35 (26, 40) and
POM3 (23, 24, 27, 43). We also confirmed that L2, L9 and L10
were toxic following assessment with the ToxinPred server
(50) by quantitative matrix based method (QM method). The
in-silico analysis also revealed a set of antigenic B cell linear
epitopes located on the globular (GD) region of which L4 was
mapped to the ‘neurotoxic’ antibodies ICSM18 (24, 26, 40)
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FIGURE 9 | Cellular and subcellular localisation of allergenic-related proteins. Allergenic related proteins activated following direct anti-PrP antibody and microglia
treatments of neuroblastoma cell line and mouse primary neurons are grouped according to cellular location.

and POM1 (24, 27, 43). The ToxinPred server also identified
L4 as being toxic. While performing in-silico analysis to assess
antigenicity and toxicity of epitopes located on the huPrP 3D
structure, we also noticed that some antigenic epitopes were
predicted to be allergenic by AllergenFP (51) and AllerTop
(52) allergenicity prediction servers. A total of 7 B cell linear
epitopes were identified as allergenic. Of interest, L4 was
mapped to the neurotoxic antibodies POM1 and ICSM18
and L2 was mapped to ICSM35 and POM3 while L9 and
L10 were both mapped to POM2. POM], a similar antibody to
ICSM18 and mapped to the L4 epitope was previously shown
to induce neurotoxicity via calpain (27). Our LC-MS data also
shows that calpain 1 is activated by ICSM18 treatment, but on
the contrary led to inhibition of calpain 3 (data not shown),
probably via negative feedback following cross-linking PrP®.
In addition to its newly characterized role in antibody-induced
neuronal apoptosis, calpains have a well-established role in
allergy (96-98). For instance, a study by Wu et al. showed that
calpain 1 contributes to mast cell degranulation (96).
Furthermore, inhibition of mGluRs, known to regulate
histamine (34), abolished the anti-PrP antibody toxic effects
(28). Taken together and in addition to the allergenic-related
proteins associated with ICSM35 treatment reported by
Tayebi and colleagues (21), this provides sufficient evidence
to investigate the allergenic pathways potentially induced by
treatment with anti-PrP antibodies which we refer to as “IgG-
Mediated Neuronal Hypersensitivity”. To that end, we treated
mouse primary neurons (MPN), mouse neuroblastoma (N2a)
and microglia (N11) cell lines with anti-PrP antibodies then
assessed the neuronal allergenic proteome following mass
spectrometry analysis as well as expression of neuronal
FceRla. ACTB was found to be activated in both MPN and

N2a shown to interact with PrP® via cofilin 1. Walsh and co-
workers demonstrated that overexpression of PrPC activates
the NADPH oxidase (NOS) for reactive oxygen species (ROS)
production which initiates cofilin activation and finally induce
cofilin-actin rods in hippocampal neurons (53). Among the 10
allergenic-related protein identified following DAT of MPN,
FLT1 was found to be directly interacting with IL4 in protein-
protein interaction analysis. FLT1 was previously shown to be
highly expressed in asthmatic patients (99), associated with
allergic inflammation as an inducer that increases the allergic
sensitization and also played a significant role in Th2 type
inflammatory responses (100). IL4 identified following DAT
of MPN directly interacting with both HSPD1 and ACTB. IL4
is a cytokine that plays a crucial role in the progression or
pathogenesis of allergic diseases since it has a key role in the
development of helper T-cell and the production of IgE (101-
106). Shi and colleagues characterised the positive role of IL-4
in airway responsiveness in patients with allergic bronchial
asthma (103). Further, Ryan and co-workers confirmed the
inhibitory role of IL-4 on mouse bone marrow and fetal liver-
derived mast cell FceRI expression through a STAT6
transcription factor-dependent mechanism (107). A study by
Niggemann et al. showed that IL-4 increases histamine release
from mast cells and peripheral blood basophils in both in vitro
and in vivo study where IL-4 plays priming effects on
histamine release (108). In another study on IL-4 primed
human cultured mast cells, enhanced IL-13 production was
observed by cross-linking of FceRI (109). Both IL-10 and IL-4
were detected in CSF of patients with Creutzfeldt-Jakob
disease (CJD) (110).

HSPD1 has been found to be involved in the alveolar macrophages
immune functions in relation to allergic asthma (111).
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Zanin-Zhorov et al. showed that HSPD1 can inhibit the Thi-
mediated immune responses through the suppression of tumour
necrosis factor oo (TNF-o) (112). HSPD1 was found to be associated
with PrP€ as a major interactor (113, 114).

PDIA3 identified following from DAT of MPN was found to
be directly interacting with PRDX1 (found in both DAT of MPN
and DMT of neuroblastoma cells), ACTB (found in DAT of
MPN and both in DAT and DMT of neuroblastoma cells), and
HSPD1. Recently, Krajewski and co-workers showed that protein
disulfide isomerase catalytic activity plays an important role in
the regulation of mast cell activation (115). They also showed
that the inhibition of protein disulfide isomerase activity via pre-
treatment of mast cells with curcumin or other protein disulfide
isomerase inhibitor such as PACMA-31 are able to supress the
IgE mediated activation and various cytokines secretion (115).
Inouue et al. showed that PRDX1 protects against allergen-
related hyperresponsiveness and Th2-type airway inflammation
and involved in the inhibition of allergen-specific T-cell
proliferation through immunological synapse (63). PPARD
identified following DAT of MPN was found to be interacting
with FABP5 (found in DAT of neuroblastoma cells). Expression
of PRAR is altered during inflammatory responses such as airway
inflammation, indicating that PPAR is involved in the
pathogenesis of allergic asthma (116-120). PPARbeta/delta was
found to be act modulators in many mediators of inflammation
(118, 121-124) while the activation of PPARbeta/delta also play
an important roles in inflammation by inducing expression of
transforming growth factor-B1 (TGF-B1) (125) and sIL-1ra
(126). Several studies have confirmed the inhibitory effect of
PPAR agonists in immune and inflammatory responses,
especially in the central nervous system inflammation and
demyelination in experimental autoimmune encephalomyelitis
(127-130). Kanakasabai and co-workers showed that PPARD
agonist (GW501516 and L165041) ameliorates the experimental
autoimmune encephalomyelitis in C57BL/6 mice by inhibiting T
helper type 1 (Thl) and Th17 responses (131). The inhibitory
effect of PPARD agonist was also found to be associated with an
increase of cytokine IL-4 and IL-10 expression and decreased IL-
12 and IL-23 expression in the CNS confirming the modulatory
effect of PPARD agonist in experimental autoimmune
encephalomyelitis (131).

Due to the important role played by microglia in the
exacerbation of neuropathology in the prion and other related
disorders, we sought to verify whether co-culture of N2a/MPN
with anti-PrP antibody-treated N11 (DMT) leads to a neuronal
hypersensitivity reaction.

A study by Toda et al. revealed that VIM-P38MAPK complex
facilitates mast cell activation via FceRI/CCRI1 activation (57).
Amongst the DMT associated allergenic-related proteins, LDHA
was found to interact with PRDXI. Interestingly, PRDX6, a
protein that directly networks with our downregulated PRDX1,
was shown to be upregulated in scrapie-infected mice and
neuronal cell lines and controls expression of PrP© and PrP*
in neuronal cells (54). PTPRC previously shown to be
upregulated in brain of mice following infection of prion (132),
is associated with asthma related phenotypes (64) and its ligation

enhances the frequency of constitutive apoptosis in human
eosinophils (133). RAG1 plays an important regulatory role in
the reorganization and recombination of T cell receptor (TCR)
and immunoglobulin (Ig) genes (134). A study by Sehra et al.
showed that Ragl-deficient mice exhibited reduced mast cell
infiltration when it was used as a chronic model of allergic
inflammation (66). Of importance, RAG1 was a common protein
identified in DMT with N2a and MPN (vs untreated and 3F4
treated) and was shown to directly interact with IL6 in String
analysis. Further, we show that IL-6 was substantially increased
in all DMTs, including co-cultures N11 with N2a (vs untreated)
and N11 with MPN (vs untreated and vs 3F4 treated). Previous
studies demonstrated the effect of treatment of toxic PrP peptide
in inducing microglia activation and cytokine release (135).
Garcao and colleagues showed that treatment of microglia led
to increased IL-6 secretion, responsible for increased neuronal
death (136, 137). Interestingly, none of the antibody treatment
following DMT were able to affect the production and increase of
TNF-o. Previous studies have demonstrated that IL6 antagonizes
the action of TNF-o (138, 139).

Another allergenic protein identified following DMT is TLR3
that directly interact with PTPRC. TLR3 is a membrane protein
which act as a pathogen recognition receptor and is expressed in
the CNS and other cell types (140). TLR3 activation by poly
(inosinic-cytidylic) acid in an established experimental allergic
asthma mice model increased the release of proinflammatory
cytokines and mucus production which was also associated with
increased production of IL-17A by NK cells (67). Starkhammar
and colleagues showed that combined stimulation of TLR3 and
TLR4 causes airway hyperresponsiveness which is increased
during an ongoing allergic inflammation (141). ALB was
identified following DMT of MPN when compared with 3F4
treated cells. ALB is a multifunctional protein which is broadly
distributed in the body and is used as a sensitizing mediator in
various immunological pathways and also acts as a carrier of
several drugs (142). The involvement of ALB in allergy has been
described in several studies (143-146).

Analysis of individual anti-PrP antibody treatment identified
that the highest allergenic effect, as assessed by the number of
allergenic-related proteins, was associated with the GD and FT
targeting antibodies ICSM18/SAF70 and ICSM35 which shared 5
common proteins. ICSM18 and 35 were produced in PrP-null
mice against truncated hPrP®'">*' while SAF70 was raised in
hamsters using SAF preparation. However, both ICSM18 and
SAF70 bind to a similar epitope on the GD but ICSM35 epitope
is located on the FT domain. ICSM35 and SAF70 are of the same
Ig isotype (IgG2b). It remains a challenge to pinpoint which of
these antibody characteristics led to activation of the common
proteins, however, there is strong indication that inherent
antibody properties (e.g. epitope; isotype etc.) trigger similar
allergenic pathways. POM2 and SAF32, two antibodies that bind
to an epitope on the octa-repeat activated 6 proteins separately
where 5 proteins were common and the protein TLR3 and
PTPRC was found to be activated by POM2 and SAF32,
respectively. SAF32, similar to SAF70 was raised in hamsters
using SAF preparation and is an IgG2b, while POM2 was raised
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in PrP-null mice against full-length mPrP****! and is an IgG1. In
this case, the common octa-repeat epitope appears to be playing
a key role in triggering similar allergenic pathways by these 2
antibodies, however, all molecular aspects should also be
considered, including antibody affinity for instance. It is
noteworthy that among the 5 common proteins shared by
POM2 and SAF32, 4 proteins were also common with
ICSM18, ICSM35 and SAF70 treatments, possibly reflecting
the involvement of several antibody properties. Finally, POM1
and POM3, raised in PrP-null mice against full-length mPrP**
»*! and of IgGl isotype with binding motifs located on GD and
FT domains respectively activated only 4 proteins with very little
commonality with the other antibody treatments.

Differential expression of FceRla was observed following
DAT and DMT with ICSM35 antibody treatment of MPN and
mouse neuroblastoma cells. However, FceRla overexpression
was only observed following DAT of MPN with ICSM35 but
not ICSM18, suggesting that ICSM35 binding to PrP® FT
domain stimulates FceR1 probably via binding to FcyR. Co-
localisation of PPARD with FceR1 following treatment with
ICSM35 further confirms the allergenic phenomenon induced
by the anti-PrP antibody treatment. A recent study by Moon and
co-workers have shown that a PPARY agonist (troglitazone) is
able to weaken PrP—mediated neurotoxicity in primary neuronal
cells via PPARY signal activation and autophagy flux
inhibition (147).

Antibody-mediated therapy for prions attracted intense
debate and controversy as some of the reported were
contradictory partly because these relied on a somewhat
superficial assessment using microscopy and also due to the
failure of investigating the fine molecular events caused by cross-
lining PrP© with anti-PrP antibodies. Luckily, this controversy
related to prion antibody treatment did not lead to fatalities in
humans affected with CJD. However, Alzheimer’s disease trials
have led the death of individuals administered with therapeutic
antibodies. This study led to a unique discovery showing that
anti-PrP antibodies led to neuronal allergenicity via different
pathways but also highlights the key role played by microglia in
causing the allergenic reaction. This study also emphasizes the
need to include a screening ‘allergenicity’ step during
development of therapeutic antibodies to avoid potential
side-effects.

REFERENCES

1. Weissmann C. Molecular Biology of Transmissible Spongiform Encephalopathies.
FEBS Lett (1996) 389:3-11. doi: 10.1016/0014-5793(96)00610-2

2. Prusiner SB. Prions. Proc Natl Acad Sci USA (1998) 95:13363-83.
doi: 10.1073/pnas.95.23.13363

3. Riek R, Hornemann S, Wider G, Glockshuber R, Wiithrich K. NMR
Characterization of the Full-Length Recombinant Murine Prion Protein, mPrP
(23-231). FEBS Lett (1997) 413:282—288. doi: 10.1016/s0014-5793(97)00920-4

4. Riek R, Hornemann S, Wider G, Billeter M, Glockshuber R, Wiithrich K.
NMR Structure of the Mouse Prion Protein Domain PrP(121-231). Nature
(1996) 382:180-2. doi: 10.1038/382180a0

5. Gasset M, Baldwin MA, Fletterick RJ, Prusiner SB. Perturbation of the Secondary
Structure of the Scrapie Prion Protein Under Conditions That Alter Infectivity.
Proc Natl Acad Sci USA (1993) 90:1-5. doi: 10.1073/pnas.90.1.1

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

UKA performed experiments and wrote draft manuscript, ES,
XZ, UH, SK, MM and MS performed experiments; CGL, GJG,
LO, MAD, SC, and TK. reviewed manuscript; MT designed,
managed, wrote and revised manuscript. All authors contributed
to the article and approved the submitted version.

FUNDING

This work was supported by an Ainsworth Medical Research
Innovation Fund Grant awarded to MT. TK received funding
from two project grants from the National Health and Medical
Research Council [#1102012 and #1141789] and the NHMRC
dementia research team initiative [#1095215] as well as the
Ainsworth Medical Research Innovation Fund and the
Australian Research Council [#DP18010473].

ACKNOWLEDGMENTS

UKA was awarded an Australian Government Research Training
Program Stipend Scholarship (RTP) for PhD support. The
authors would like to acknowledge the Mass Spectrometry
Facility (MSF) of Western Sydney University for access to
its instrumentation.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
639008/full#supplementary-material

6. Pan KM, Baldwin M, Nguyen ], Gasset M, Serban A, Groth D, et al.
Conversion of Alpha-Helices Into Beta-Sheets Features in the Formation of
the Scrapie Prion Proteins. Proc Natl Acad Sci USA (1993) 90:10962—10966.
doi: 10.1073/pnas.90.23.10962

7. Taylor DM. Inactivation of BSE Agent. Dev Biol Stand (1991) 75:97-102.

8. Mattei V, Garofalo T, Misasi R, Circella A, Manganelli V, Lucania G, et al.
Prion Protein is a Component of the Multimolecular Signaling Complex
Involved in T Cell Activation. FEBS Lett (2004) 560:14-8. doi: 10.1016/
S0014-5793(04)00029-8

9. Lee YJ, Baskakov IV. The Cellular Form of the Prion Protein is Involved in

Controlling Cell Cycle Dynamics, Self-Renewal, and the Fate of Human

Embryonic Stem Cell Differentiation. J Neurochem (2013) 124:310-22.

doi: 10.1111/§.1471-4159.2012.07913.x

Bribian A, Fontana X, Llorens F, Gavin R, Reina M, Garcia-Verdugo M,

et al. Role of the Cellular Prion Protein in Oligodendrocyte Precursor Cell

10.

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 639008


https://www.frontiersin.org/articles/10.3389/fimmu.2021.639008/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.639008/full#supplementary-material
https://doi.org/10.1016/0014-5793(96)00610-2
https://doi.org/10.1073/pnas.95.23.13363
https://doi.org/10.1016/s0014-5793(97)00920-4
https://doi.org/10.1038/382180a0
https://doi.org/10.1073/pnas.90.1.1
https://doi.org/10.1073/pnas.90.23.10962
https://doi.org/10.1016/S0014-5793(04)00029-8
https://doi.org/10.1016/S0014-5793(04)00029-8
https://doi.org/10.1111/j.1471-4159.2012.07913.x
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Adhikari et al.

Anti-PrPC Antibody-Neuronal Hypersensitivity

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Proliferation and Differentiation in the Developing and Adult Mouse CNS.
PloS One (2012) 7:¢33872. doi: 10.1371/journal.pone.0033872

Jackson GS, Murray I, Hosszu LL, Gibbs N, Waltho JP, Clarke AR, et al.
Location and Properties of Metal-Binding Sites on the Human Prion
Protein. Proc Natl Acad Sci USA (2001) 98:8531-5. doi: 10.1073/pnas.
151038498

Mazzoni IE, Ledebur HCJ, Paramithiotis E, Cashman N. Lymphoid Signal
Transduction Mechanisms Linked to Cellular Prion Protein. Biochem Cell
Biol (2005) 83:644-53. doi: 10.1139/005-058

Hugel B, Martinez MC, Kunzelmann C, Blattler T, Aguzzi A, Freyssinet J-M.
Modulation of Signal Transduction Through the Cellular Prion Protein is
Linked to its Incorporation in Lipid Rafts. Cell Mol Life Sci (2004) 61:2998-
3007. doi: 10.1007/s00018-004-4318-2

Stuermer CAO, Langhorst MF, Wiechers MF, Legler DF, Von Hanwehr SH,
Guse AH, et al. PrPc Capping in T Cells Promotes its Association With the
Lipid Raft Proteins Reggie-1 and Reggie-2 and Leads to Signal Transduction.
FASEB ] Off Publ Fed Am Soc Exp Biol (2004) 18:1731-3. doi: 10.1096/1j.04-
2150fje

Mouillet-Richard S, Ermonval M, Chebassier C, Laplanche JL, Lehmann S,
Launay JM, et al. Signal Transduction Through Prion Protein. Sci (80-)
(2000) 289:1925-8. doi: 10.1126/science.289.5486.1925

Bardelli M, Frontzek K, Simonelli L, Hornemann S, Pedotti M, Mazzola F,
et al. A Bispecific Immunotweezer Prevents Soluble PrP Oligomers and
Abolishes Prion Toxicity. PloS Pathog (2018) 14:¢1007335. doi: 10.1371/
journal.ppat.1007335

Heppner FL, Musahl C, Arrighi I, Klein MA, Riilicke T, Oesch B, et al. Prevention
of Scrapie Pathogenesis by Transgenic Expression of Anti-Prion Protein
Antibodies. Sci (80-) (2001) 294:178-82. doi: 10.1126/science.1063093

Schwarz A, Kritke O, Burwinkel M, Riemer C, Schultz J, Henklein P, et al.
Immunisation With a Synthetic Prion Protein-Derived Peptide Prolongs
Survival Times of Mice Orally Exposed to the Scrapie Agent. Neurosci Lett
(2003) 350:187-9. doi: 10.1016/S0304-3940(03)00907-8

Sigurdsson EM, Brown DR, Daniels M, Kascsak R]J, Kascsak R, Carp R, et al.
Immunization Delays the Onset of Prion Disease in Mice. Am ] Pathol
(2002) 161:13-7. doi: 10.1016/S0002-9440(10)64151-X

White AR, Enever P, Tayebi M, Mushens R, Linehan ], Brandner S, et al.
Monoclonal Antibodies Inhibit Prion Replication and Delay the
Development of Prion Disease. Nature (2003) 422:80-3. doi: 10.1038/
nature01457

Tayebi M, David M, Bate C, Jones D, Taylor W, Morton R, et al. Epitope-
Specific Anti-Prion Antibodies Upregulate Apolipoprotein E and Disrupt
Membrane Cholesterol Homeostasis. ] Gen Virol (2010) 91:3105-15.
doi: 10.1099/vir.0.023838-0

Jones DR, Taylor WA, Bate C, David M, Tayebi M. A Camelid Anti-PrP
Antibody Abrogates PrP Replication in Prion-Permissive Neuroblastoma
Cell Lines. PloS One (2010) 5:e9804-4. doi: 10.1371/journal.pone.0009804
Solforosi L, Criado JR, McGavern DB, Wirz S, Sanchez-Alavez M, Sugama S,
et al. Cross-Linking Cellular Prion Protein Triggers Neuronal Apoptosis in
vivo. Science (2004) 303:1514-6. doi: 10.1126/science.1094273

Reimann RR, Sonati T, Hornemann S, Herrmann US, Arand M, Hawke S,
et al. Differential Toxicity of Antibodies to the Prion Protein. PloS Pathog
(2016) 12:e1005401-e1005401. doi: 10.1371/journal.ppat.1005401
Lefebvre-Roque M, Kremmer E, Gilch S, Zou W-Q, Féraudet C, Gilles CM,
et al. Toxic Effects of Intracerebral PrP Antibody Administration During the
Course of BSE Infection in Mice. Prion (2007) 1:198-206. doi: 10.4161/
pri.1.3.4870

Klshn P-C, Farmer M, Linehan JM, O’'Malley C, de Marco M, Taylor W,
et al. PrP Antibodies do Not Trigger Mouse Hippocampal Neuron
Apoptosis. Science (2012) 335:52. doi: 10.1126/science.1215579

Sonati T, Reimann RR, Falsig J, Baral PK, O’Connor T, Hornemann S, et al.
The Toxicity of Antiprion Antibodies is Mediated by the Flexible Tail of the
Prion Protein. Nature (2013) 501:102. doi: 10.1038/nature12402

Goniotaki D, Lakkaraju AKK, Shrivastava AN, Bakirci P, Sorce S, Senatore
A, et al. Inhibition of Group-I Metabotropic Glutamate Receptors Protects
Against Prion Toxicity. PloS Pathog (2017) 13:21006733. doi: 10.1371/
journal.ppat.1006733

Hara A, Aibara N, Ohyama K, Akiyama Y, Okuno D, Miyamura T, et al.
Immune Complexome Analysis Detects Apolipoprotein E as a Disease-

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Specific Immune Complex Antigen in Bronchoalveolar Fluids From Patients
With Summer-Type Hypersensitivity Pneumonitis. B34 ILD Cell Mech
(2020) 201:A3084-4. doi: 10.1164/ajrccm-conference.2020.201.1_Meeting
Abstracts.A3084

Laskowitz DT, Lee DM, Schmechel D, Staats HF. Altered Immune
Responses in Apolipoprotein E-Deficient Mice. ] Lipid Res (2000) 41:613-
20. doi: 10.1016/50022-2275(20)32409-3

Uozumi N, Kume K, Nagase T, Nakatani N, Ishii S, Tashiro F, et al. Role of
Cytosolic Phospholipase A2 in Allergic Response and Parturition. Nature
(1997) 390:618-22. doi: 10.1038/37622

Fujishima H, Sanchez Mejia RO, Bingham CO3rd, Lam BK, Sapirstein A,
Bonventre JV, et al. Cytosolic Phospholipase A2 is Essential for Both the
Immediate and the Delayed Phases of Eicosanoid Generation in Mouse Bone
Marrow-Derived Mast Cells. Proc Natl Acad Sci USA (1999) 96:4803-7.
doi: 10.1073/pnas.96.9.4803

Ricciotti E, FitzGerald GA. Prostaglandins and Inflammation. Arterioscler
Thromb Vasc Biol (2011) 31:986-1000. doi: 10.1161/ATVBAHA.110.207449
Rogoz K, Aresh B, Freitag FB, Pettersson H, Magnusdottir EI, Larsson
Ingwall L, et al. Identification of a Neuronal Receptor Controlling
Anaphylaxis. Cell Rep (2016) 14:370-9. doi: 10.1016/j.celrep.2015.12.033
Karapetyan YE, Sferrazza GF, Zhou M, Ottenberg G, Spicer T, Chase P, et al.
Unique Drug Screening Approach for Prion Diseases Identifies Tacrolimus
and Astemizole as Antiprion Agents. Proc Natl Acad Sci USA (2013)
110:7044-9. doi: 10.1073/pnas.1303510110

Aguzzi A, Zhu C. Microglia in Prion Diseases. ] Clin Invest (2017) 127:3230-
9. doi: 10.1172/JCI90605

Baker CA, Martin D, Manuelidis L. Microglia From Creutzfeldt-Jakob
Disease-Infected Brains are Infectious and Show Specific mRNA
Activation Profiles. J Virol (2002) 76:10905-13. doi: 10.1128/
jvi.76.21.10905-10913.2002

Monzon M, Hernandez RS, Garces M, Sarasa R, Badiola JJ. Glial Alterations
in Human Prion Diseases: A Correlative Study of Astroglia, Reactive
Microglia, Protein Deposition, and Neuropathological Lesions. Med
(Baltimore) (2018) 97:€0320. doi: 10.1097/MD.0000000000010320

Brown DR, Schmidt B, Kretzschmar HA. Role of Microglia and Host Prion
Protein in Neurotoxicity of a Prion Protein Fragment. Nature (1996)
380:345-7. doi: 10.1038/380345a0

Beringue V, Mallinson G, Kaisar M, Tayebi M, Sattar Z, Jackson G, et al.
Regional Heterogeneity of Cellular Prion Protein Isoforms in the Mouse
Brain. Brain (2003) 126:2065-73. doi: 10.1093/brain/awg205

Demart S, Fournier J-G, Creminon C, Frobert Y, Lamoury F, Marce D, et al. New
Insight Into Abnormal Prion Protein Using Monoclonal Antibodies. Biochem
Biophys Res Commun (1999) 265:652-7. doi: 10.1006/bbrc.1999.1730

Feraudet C, Morel N, Simon S, Volland H, Frobert Y, Créminon C, et al.
Screening of 145 Anti-PrP Monoclonal Antibodies for Their Capacity to
Inhibit PrPSc Replication in Infected Cells. ] Biol Chem (2005) 280:11247-
58. doi: 10.1074/jbc.M407006200

Polymenidou M, Moos R, Scott M, Sigurdson C, Shi Y-Z, Yajima B, et al. The
POM Monoclonals: A Comprehensive Set of Antibodies to Non-
Overlapping Prion Protein Epitopes. PloS One (2008) 3:e3872.
doi: 10.1371/journal.pone.0003872

Stone SF, Cotterell C, Isbister GK, Holdgate A, Brown SGA. Elevated Serum
Cytokines During Human Anaphylaxis: Identification of Potential
Mediators of Acute Allergic Reactions. J Allergy Clin Immunol (2009)
124:786-92.e4. doi: 10.1016/j,jaci.2009.07.055

Klebe RJ. Neuroblastoma: Cell Culture Analysis of a Differentiating Stem
Cell System. J Cell Biol (1969) 43:69A.

Haigh CL, McGlade AR, Lewis V, Masters CL, Lawson VA, Collins SJ. Acute
Exposure to Prion Infection Induces Transient Oxidative Stress Progressing
to be Cumulatively Deleterious With Chronic Propagation in vitro. Free
Radic Biol Med (2011) 51:594-608. doi: 10.1016/j.freeradbiomed.
2011.03.035

Righi M, Mori L, Libero G, Sironi M, Biondi A, Mantovani A, et al.
Monokine Production by Microglial Cell Clones. Eur J Immunol (1989)
19:1443-8. doi: 10.1002/¢ji.1830190815

Liu J, Liu Y, Wang D, He M, Diao L, Liu Z, et al. AllerGAtlas 1.0: A Human
Allergy-Related Genes Database. Database (Oxford) (2018) 2018:1-7.
doi: 10.1093/database/bay010

Frontiers in Immunology | www.frontiersin.org

20

July 2021 | Volume 12 | Article 639008


https://doi.org/10.1371/journal.pone.0033872
https://doi.org/10.1073/pnas.151038498
https://doi.org/10.1073/pnas.151038498
https://doi.org/10.1139/o05-058
https://doi.org/10.1007/s00018-004-4318-2
https://doi.org/10.1096/fj.04-2150fje
https://doi.org/10.1096/fj.04-2150fje
https://doi.org/10.1126/science.289.5486.1925
https://doi.org/10.1371/journal.ppat.1007335
https://doi.org/10.1371/journal.ppat.1007335
https://doi.org/10.1126/science.1063093
https://doi.org/10.1016/S0304-3940(03)00907-8
https://doi.org/10.1016/S0002-9440(10)64151-X
https://doi.org/10.1038/nature01457
https://doi.org/10.1038/nature01457
https://doi.org/10.1099/vir.0.023838-0
https://doi.org/10.1371/journal.pone.0009804
https://doi.org/10.1126/science.1094273
https://doi.org/10.1371/journal.ppat.1005401
https://doi.org/10.4161/pri.1.3.4870
https://doi.org/10.4161/pri.1.3.4870
https://doi.org/10.1126/science.1215579
https://doi.org/10.1038/nature12402
https://doi.org/10.1371/journal.ppat.1006733
https://doi.org/10.1371/journal.ppat.1006733
https://doi.org/10.1164/ajrccm-conference.2020.201.1_Meeting Abstracts.A3084
https://doi.org/10.1164/ajrccm-conference.2020.201.1_Meeting Abstracts.A3084
https://doi.org/10.1016/S0022-2275(20)32409-3
https://doi.org/10.1038/37622
https://doi.org/10.1073/pnas.96.9.4803
https://doi.org/10.1161/ATVBAHA.110.207449
https://doi.org/10.1016/j.celrep.2015.12.033
https://doi.org/10.1073/pnas.1303510110
https://doi.org/10.1172/JCI90605
https://doi.org/10.1128/jvi.76.21.10905-10913.2002
https://doi.org/10.1128/jvi.76.21.10905-10913.2002
https://doi.org/10.1097/MD.0000000000010320
https://doi.org/10.1038/380345a0
https://doi.org/10.1093/brain/awg205
https://doi.org/10.1006/bbrc.1999.1730
https://doi.org/10.1074/jbc.M407006200
https://doi.org/10.1371/journal.pone.0003872
https://doi.org/10.1016/j.jaci.2009.07.055
https://doi.org/10.1016/j.freeradbiomed. 2011.03.035
https://doi.org/10.1016/j.freeradbiomed. 2011.03.035
https://doi.org/10.1002/eji.1830190815
https://doi.org/10.1093/database/bay010
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Adhikari et al.

Anti-PrPC Antibody-Neuronal Hypersensitivity

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Thornton JM, Edwards MS, Taylor WR, Barlow DJ. Location of
“Continuous” Antigenic Determinants in the Protruding Regions of
Proteins. EMBO ] (1986) 5:409-13. doi: 10.1002/j.1460-2075.1986.tb04226.x
Gupta S, Kapoor P, Chaudhary K, Gautam A, Kumar ROpen Source Drug
Discovery Consortium, et al. In Silico Approach for Predicting Toxicity of
Peptides and Proteins. PloS One (2013) 8:€73957. doi: 10.1371/
journal.pone.0073957

Dimitrov I, Naneva L, Doytchinova I, Bangov I. AllergenFP: Allergenicity
Prediction by Descriptor Fingerprints. Bioinformatics (2014) 30:846-51.
doi: 10.1093/bioinformatics/btt619

Dimitrov I, Bangov I, Flower DR, Doytchinova I. AllerTOP V.2 - A Server
for in Silico Prediction of Allergens. ] Mol Model (2014) 20:2278.
doi: 10.1007/s00894-014-2278-5

Walsh KP, Minamide LS, Kane SJ, Shaw AE, Brown DR, Pulford B, et al.
Amyloid-B and Proinflammatory Cytokines Utilize a Prion Protein-
Dependent Pathway to Activate NADPH Oxidase and Induce Cofilin-
Actin Rods in Hippocampal Neurons. PloS One (2014) 9:€95995.
doi: 10.1371/journal.pone.0095995

Wagner W, Reuter A, Hiiller P, Lower ], Wessler S. Peroxiredoxin 6
Promotes Upregulation of the Prion Protein (PrP) in Neuronal Cells of
Prion-Infected Mice. Cell Commun Signal (2012) 10:38. doi: 10.1186/1478-
811X-10-38

dos Santos G, Rogel MR, Baker MA, Troken JR, Urich D, Morales-Nebreda
L, et al. Vimentin Regulates Activation of the NLRP3 Inflammasome. Nat
Commun (2015) 6:6574. doi: 10.1038/ncomms7574

Xiao Y, Xu W, Su W. NLRP3 Inflammasome: A Likely Target for the
Treatment of Allergic Diseases. Clin Exp Allergy ] Br Soc Allergy Clin
Immunol (2018) 48:1080-91. doi: 10.1111/cea.13190

Toda M, Kuo C-H, Borman SK, Richardson RM, Inoko A, Inagaki M, et al.
Evidence That Formation of Vimentin Mitogen-Activated Protein Kinase
(MAPK) Complex Mediates Mast Cell Activation Following FceRI/CC
Chemokine Receptor 1 Cross-Talk. J Biol Chem (2012) 287:24516-24.
doi: 10.1074/jbc.M111.319624

Matusiewicz SP, Williamson IJ, Sime PJ, Brown PH, Wenham PR,
Crompton GK, et al. Plasma Lactate Dehydrogenase: A Marker of Disease
Activity in Cryptogenic Fibrosing Alveolitis and Extrinsic Allergic
Alveolitis? Eur Respir J (1993) 6:1282-6.

Faruqi S, Wilmot R, Wright C, Morice AH. Serum LDH in Chronic Cough:
A Potential Marker of Airway Inflammation. Clin Respir J (2012) 6:81-7.
doi: 10.1111/.1752-699X.2011.00250.x

Kaplan AE, Brown LV, Salk J. Increases in Serum Lactate Dehydrogenase in
Experimental Allergic Encephalomyelitis. Nature (1970) 225:384-5.
doi: 10.1038/225384a0

Al Obaidi AHA, Al Samarai AGM, Al-Janabi ], Yahia A. The Predictive
Value of Eosinophil Cationic Protein and Lactate Dehydrogenase in Asthma:
A Comparative Study of Serum Versus Sputum. World Allergy Organ J
(2009) 2:144-9. doi: 10.1097/WOX.0b013e3181b2fe64

Wood ZA, Poole LB, Karplus PA. Peroxiredoxin Evolution and the
Regulation of Hydrogen Peroxide Signaling. Science (2003) 300:650-3.
doi: 10.1126/science.1080405

Inoue K, Takano H, Koike E, Warabi E, Yanagawa T, Yanagisawa R, et al.
Peroxiredoxin I is a Negative Regulator of Th2-Dominant Allergic Asthma.
Int Immunopharmacol (2009) 9:1281-8. doi: 10.1016/j.intimp.2009.07.010
Vaillancourt VT, Bordeleau M, Laviolette M, Laprise C. From Expression
Pattern to Genetic Association in Asthma and Asthma-Related Phenotypes.
BMC Res Notes (2012) 5:630. doi: 10.1186/1756-0500-5-630

Patel N, Krishnan S, Offman MN, Krol M, Moss CX, Leighton C, et al. A
Dyad of Lymphoblastic Lysosomal Cysteine Proteases Degrades the
Antileukemic Drug L-Asparaginase. J Clin Invest (2009) 119:1964-73.
doi: 10.1172/JCI37977

Sehra S, Yao W, Nguyen ET, Glosson-Byers NL, Akhtar N, Zhou B, et al.
TH9 Cells are Required for Tissue Mast Cell Accumulation During Allergic
Inflammation. J Allergy Clin Immunol (2015) 136:433-40.el. doi: 10.1016/
jjaci.2015.01.021

Lunding LP, Webering S, Vock C, Behrends J, Wagner C, Holscher C, et al.
Poly(inosinic-Cytidylic) Acid-Triggered Exacerbation of Experimental
Asthma Depends on IL-17A Produced by NK Cells. J Immunol (2015)
194:5615-25. doi: 10.4049/jimmunol.1402529

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Ra C, Nunomura S, Okayama Y. Fine-Tuning of Mast Cell Activation by
FceRlIbeta Chain. Front Immunol (2012) 3:112. doi: 10.3389/fimmu.2012.00112
Kinet JP. The High-Affinity IgE Receptor (Fc Epsilon RI): From Physiology
to Pathology. Annu Rev Immunol (1999) 17:931-72. doi: 10.1146/
annurev.immunol.17.1.931

Turner H, Kinet J-P. Signalling Through the High-Affinity IgE Receptor
FceRI. Nature (1999) 402:24-30. doi: 10.1038/35037021

Gomez G. Current Strategies to Inhibit High Affinity FceRI-Mediated
Signaling for the Treatment of Allergic Disease. Front Immunol (2019)
10:175. doi: 10.3389/fimmu.2019.00175

Kraft S, Rana S, Jouvin M-H, Kinet J-P. The Role of the FceRI B-Chain in
Allergic Diseases. Int Arch Allergy Immunol (2004) 135:62-72. doi: 10.1159/
000080231

Lin S, Cicala C, Scharenberg AM, Kinet J-P. The FceRIf Subunit Functions
as an Amplifier of FceRIy-Mediated Cell Activation Signals. Cell (1996)
85:985-95. doi: 10.1016/S0092-8674(00)81300-8

Takizawa F, Adamczewski M, Kinet JP. Identification of the Low Affinity
Receptor for Immunoglobulin E on Mouse Mast Cells and Macrophages as
Fc Gamma RII and Fc Gamma RIIL J Exp Med (1992) 176:469-75.
doi: 10.1084/jem.176.2.469

Ujike A, Ishikawa Y, Ono M, Yuasa T, Yoshino T, Fukumoto M, et al.
Modulation of Immunoglobulin (Ig)E-Mediated Systemic Anaphylaxis by
Low-Affinity Fc Receptors for IgG. J Exp Med (1999) 189:1573-9.
doi: 10.1084/jem.189.10.1573

Obata K, Mukai K, Tsujimura Y, Ishiwata K, Kawano Y, Minegishi Y, et al.
Basophils are Essential Initiators of a Novel Type of Chronic Allergic
Inflammation. Blood (2007) 110:913-20. doi: 10.1182/blood-2007-01-068718
Tsujimura Y, Obata K, Mukai K, Shindou H, Yoshida M, Nishikado H, et al.
Basophils Play a Pivotal Role in Immunoglobulin-G-Mediated But Not
Immunoglobulin-E-Mediated Systemic Anaphylaxis. Immunity (2008)
28:581-9. doi: 10.1016/j.immuni.2008.02.008

Jonsson F, Mancardi DA, Kita Y, Karasuyama H, Iannascoli B, Van Rooijen
N, et al. Mouse and Human Neutrophils Induce Anaphylaxis. J Clin Invest
(2011) 121:1484-96. doi: 10.1172/]JCI45232

Falanga YT, Chaimowitz NS, Charles N, Finkelman FD, Pullen NA, Barbour
S, et al. Lyn But Not Fyn Kinase Controls IgG-Mediated Systemic
Anaphylaxis. J Immunol (2012) 188:4360-8. doi: 10.4049/jimmunol.1003223
Suojalehto H, Kinaret P, Kilpeldinen M, Toskala E, Ahonen N, Wolff H, et al.
Level of Fatty Acid Binding Protein 5 (FABP5) Is Increased in Sputum of
Allergic Asthmatics and Links to Airway Remodeling and Inflammation.
PloS One (2015) 10:¢0127003. doi: 10.1371/journal.pone.0127003
Kobayashi S, Tayama S, Phung HT, Kagawa Y, Miyazaki H, Takahashi Y,
et al. Fatty Acid-Binding Protein 5 Limits ILC2-Mediated Allergic Lung
Inflammation in a Murine Asthma Model. Sci Rep (2020) 10:16617.
doi: 10.1038/541598-020-73935-y

Schwartz DM, Farley TK, Richoz N, Yao C, Shih H-Y, Petermann F, et al.
Retinoic Acid Receptor Alpha Represses a Th9 Transcriptional and
Epigenomic Program to Reduce Allergic Pathology. Immunity (2019)
50:106-20.e10. doi: 10.1016/j.immuni.2018.12.014

Sharkia I, Hadad Erlich T, Landolina N, Assayag M, Motzik A, Rachmin I, et al.
Pyruvate Dehydrogenase has a Major Role in Mast Cell Function, and its Activity
is Regulated by Mitochondrial Microphthalmia Transcription Factor. J Allergy
Clin Immunol (2017) 140:204-214.e8. doi: 10.1016/j.,jaci.2016.09.047

Jang ], Ha J-H, Kim $-M, Kim W, Kim K, Chung S-1, et al. B-Catenin
Mediates the Inflammatory Cytokine Expression Induced by the Der P 1
House Dust Mite Allergen. Mol Med Rep (2014) 9:633-8. doi: 10.3892/
mmr.2013.1852

Reuter S, Martin H, Beckert H, Bros M, Montermann E, Belz C, et al. The
Wnt/B-Catenin Pathway Attenuates Experimental Allergic Airway Disease.
J Immunol (2014) 193:485-95. doi: 10.4049/jimmunol.1400013

Huo R, Tian X, Chang Q, Liu D, Wang C, Bai J, et al. Targeted Inhibition of -
Catenin Alleviates Airway Inflammation and Remodeling in Asthma via
Modulating the Profibrotic and Anti-Inflammatory Actions of Transforming
Growth Factor-B1. Ther Adv Respir Dis (2020) 15:1-14. doi: 10.21203/rs.3.rs-
32854/v1

Miletic A, Petrovic-Stanojevic N, Radojkovic D, Nikolic A. Analysis of the
SMAD4 Gene in Asthma. Cent Eur ] Med (2014) 9:811-3. doi: 10.2478/
s11536-013-0316-9

Frontiers in Immunology | www.frontiersin.org

21

July 2021 | Volume 12 | Article 639008


https://doi.org/10.1002/j.1460-2075.1986.tb04226.x
https://doi.org/10.1371/journal.pone.0073957
https://doi.org/10.1371/journal.pone.0073957
https://doi.org/10.1093/bioinformatics/btt619
https://doi.org/10.1007/s00894-014-2278-5
https://doi.org/10.1371/journal.pone.0095995
https://doi.org/10.1186/1478-811X-10-38
https://doi.org/10.1186/1478-811X-10-38
https://doi.org/10.1038/ncomms7574
https://doi.org/10.1111/cea.13190
https://doi.org/10.1074/jbc.M111.319624
https://doi.org/10.1111/j.1752-699X.2011.00250.x
https://doi.org/10.1038/225384a0
https://doi.org/10.1097/WOX.0b013e3181b2fe64
https://doi.org/10.1126/science.1080405
https://doi.org/10.1016/j.intimp.2009.07.010
https://doi.org/10.1186/1756-0500-5-630
https://doi.org/10.1172/JCI37977
https://doi.org/10.1016/j.jaci.2015.01.021
https://doi.org/10.1016/j.jaci.2015.01.021
https://doi.org/10.4049/jimmunol.1402529
https://doi.org/10.3389/fimmu.2012.00112
https://doi.org/10.1146/annurev.immunol.17.1.931
https://doi.org/10.1146/annurev.immunol.17.1.931
https://doi.org/10.1038/35037021
https://doi.org/10.3389/fimmu.2019.00175
https://doi.org/10.1159/000080231
https://doi.org/10.1159/000080231
https://doi.org/10.1016/S0092-8674(00)81300-8
https://doi.org/10.1084/jem.176.2.469
https://doi.org/10.1084/jem.189.10.1573
https://doi.org/10.1182/blood-2007-01-068718
https://doi.org/10.1016/j.immuni.2008.02.008
https://doi.org/10.1172/JCI45232
https://doi.org/10.4049/jimmunol.1003223
https://doi.org/10.1371/journal.pone.0127003
https://doi.org/10.1038/s41598-020-73935-y
https://doi.org/10.1016/j.immuni.2018.12.014
https://doi.org/10.1016/j.jaci.2016.09.047
https://doi.org/10.3892/mmr.2013.1852
https://doi.org/10.3892/mmr.2013.1852
https://doi.org/10.4049/jimmunol.1400013
https://doi.org/10.21203/rs.3.rs-32854/v1
https://doi.org/10.21203/rs.3.rs-32854/v1
https://doi.org/10.2478/s11536-013-0316-9
https://doi.org/10.2478/s11536-013-0316-9
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Adhikari et al.

Anti-PrPC Antibody-Neuronal Hypersensitivity

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Kim YH, Lee S-H. TGF-B/SMAD4 Mediated UCP2 Downregulation
Contributes to Aspergillus Protease-Induced Inflammation in Primary
Bronchial Epithelial Cells. Redox Biol (2018) 18:104-13. doi: 10.1016/
j.redox.2018.06.011

Garcla-Sanchez A, Marcos-Vadillo E, Sanz C, Estravis M, Isidoro-Garcia M,
Davila I. PTGDR Expression is Upregulated Through Retinoic Acid
Receptors (RAR) Mechanism in Allergy. PloS One (2019) 14:e0215086.
doi: 10.1371/journal.pone.0215086

Giannoccaro MP, Crisp SJ, Vincent A. Antibody-Mediated Central Nervous
System Diseases. Brain Neurosci Adv (2018) 2:2398212818817497.
doi: 10.1177/2398212818817497

Khorooshi R, Asgari N, Mgrch MT, Berg CT, Owens T. Hypersensitivity
Responses in the Central Nervous System. Front Immunol (2015) 6:517.
doi: 10.3389/fimmu.2015.00517

Arneth BM. Neuronal Antibodies and Associated Syndromes. Autoimmune
Dis (2019) 2019:2135423. doi: 10.1155/2019/2135423

Bournazos S, Wang TT, Dahan R, Maamary ], Ravetch JV. Signaling by
Antibodies: Recent Progress. Annu Rev Immunol (2017) 35:285-311.
doi: 10.1146/annurev-immunol-051116-052433

Wu J, Lin R, Huang J, Guan W, Oetting WS, Sriramarao P, et al. Functional
Fcgamma Receptor Polymorphisms are Associated With Human Allergy.
PloS One (2014) 9:¢89196-6. doi: 10.1371/journal.pone.0089196

Fuller JP, Stavenhagen JB, Teeling JL. New Roles for Fc Receptors in
Neurodegeneration-the Impact on Immunotherapy for Alzheimer’s
Disease. Front Neurosci (2014) 8:235. doi: 10.3389/fnins.2014.00235

Wu Z, Chen X, Liu F, Chen W, Wu P, Wieschhaus AJ, et al. Calpain-1
Contributes to IgE-Mediated Mast Cell Activation. ] Immunol (2014)
192:5130-9. doi: 10.4049/jimmunol.1301677

Rao S-S, Mu Q, Zeng Y, Cai P-C, Liu F, Yang J, et al. Calpain-Activated
mTORC2/Akt Pathway Mediates Airway Smooth Muscle Remodelling in
Asthma. Clin Exp Allergy ] Br Soc Allergy Clin Immunol (2017) 47:176-89.
doi: 10.1111/cea.12805

Litosh VA, Rochman M, Rymer JK, Porollo A, Kottyan LC, Rothenberg ME.
Calpain-14 and its Association With Eosinophilic Esophagitis. ] Allergy Clin
Immunol (2017) 139:1762-1771.e7. doi: 10.1016/j.jaci.2016.09.027
Hoshino M, Nakamura Y, Hamid QA. Gene Expression of Vascular
Endothelial Growth Factor and its Receptors and Angiogenesis in
Bronchial Asthma. J Allergy Clin Immunol (2001) 107:1034-8.
doi: 10.1067/mai.2001.115626

Meyer N, Akdis CA. Vascular Endothelial Growth Factor as a Key Inducer of
Angiogenesis in the Asthmatic Airways. Curr Allergy Asthma Rep (2013)
13:1-9. doi: 10.1007/s11882-012-0317-9

Steinke JW, Borish L. Th2 Cytokines and Asthma. Interleukin-4: Its Role in
the Pathogenesis of Asthma, and Targeting it for Asthma Treatment With
Interleukin-4 Receptor Antagonists. Respir Res (2001) 2:66-70. doi: 10.1186/
rr40

Ryan JJ. Interleukin-4 and its Receptor: Essential Mediators of the Allergic
Response. ] Allergy Clin Immunol (1997) 99:1-5. doi: 10.1016/S0091-6749
(97)70293-8

Shi HZ, Deng JM, Xu H, Nong ZX, Xiao CQ, Liu ZM, et al. Effect of Inhaled
Interleukin-4 on Airway Hyperreactivity in Asthmatics. Am ] Respir Crit
Care Med (1998) 157:1818-21. doi: 10.1164/ajrccm.157.6.9710023

Chatila TA. Interleukin-4 Receptor Signaling Pathways in Asthma
Pathogenesis. Trends Mol Med (2004) 10:493-9. doi: 10.1016/
j-molmed.2004.08.004

Karo-Atar D, Bitton A, Benhar I, Munitz A. Therapeutic Targeting of the
Interleukin-4/Interleukin-13 Signaling Pathway: In Allergy and Beyond.
BioDrugs (2018) 32:201-20. doi: 10.1007/s40259-018-0280-7

Gour N, Wills-Karp M. IL-4 and IL-13 Signaling in Allergic Airway Disease.
Cytokine (2015) 75:68-78. doi: 10.1016/j.cyt0.2015.05.014

Ryan JJ, DeSimone S, Klisch G, Shelburne C, McReynolds LJ, Han K, et al.
IL-4 Inhibits Mouse Mast Cell Fc epsilonRI Expression Through a STAT6-
Dependent Mechanism. ] Immunol (1998) 161:6915-23.

Niggemann B, Zuberbier T, Herz U, Enssle K, Wahn U, Renz H. Interleukin-
4 (IL-4) Enhances and Soluble Interleukin-4 Receptor (sIL-4R) Inhibits
Histamine Release From Peripheral Blood Basophils and Mast Cells In Vitro
and In Vivo. Mediators Inflammation (1997) 6:111-8. doi: 10.1080/
09629359791802

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Toru H, Pawankar R, Ra C, Yata J, Nakahata T. Human Mast Cells Produce
IL-13 by High-Affinity IgE Receptor Cross-Linking: Enhanced IL-13
Production by IL-4-Primed Human Mast Cells. J Allergy Clin Immunol
(1998) 102:491-502. doi: 10.1016/S0091-6749(98)70140-X

Stoeck K, Bodemer M, Ciesielczyk B, Meissner B, Bartl M, Heinemann U,
et al. Interleukin 4 and Interleukin 10 Levels Are Elevated in the
Cerebrospinal Fluid of Patients With Creutzfeldt-Jakob Disease. Arch
Neurol (2005) 62:1591-4. doi: 10.1001/archneur.62.10.1591

Madore A-M, Perron S, Turmel V, Laviolette M, Bissonnette EY, Laprise C.
Alveolar Macrophages in Allergic Asthma: An Expression Signature
Characterized by Heat Shock Protein Pathways. Hum Immunol (2010)
71:144-50. doi: 10.1016/j.humimm.2009.11.005

Zanin-Zhorov A, Bruck R, Tal G, Oren S, Aeed H, Hershkoviz R, et al. Heat
Shock Protein 60 Inhibits Thl-Mediated Hepatitis Model via Innate
Regulation of Th1/Th2 Transcription Factors and Cytokines. J Immunol
(2005) 174:3227-36. doi: 10.4049/jimmunol.174.6.3227

Edenhofer F, Rieger R, Famulok M, Wendler W, Weiss S, Winnacker EL.
Prion Protein PrPc Interacts With Molecular Chaperones of the Hsp60
Family. ] Virol (1996) 70:4724-8. doi: 10.1128/jvi.70.7.4724-4728.1996
Satoh J, Onoue H, Arima K, Yamamura T. The 14-3-3 Protein Forms a
Molecular Complex With Heat Shock Protein Hsp60 and Cellular Prion
Protein. | Neuropathol Exp Neurol (2005) 64:858-68. doi: 10.1097/
01.jnen.0000182979.56612.08

Krajewski D, Polukort SH, Gelzinis ], Rovatti ], Kaczenski E, Galinski C, et al.
Protein Disulfide Isomerases Regulate IgE-Mediated Mast Cell Responses
and Their Inhibition Confers Protective Effects During Food Allergy. Front
Immunol (2020) 11:606837. doi: 10.3389/fimmu.2020.606837

Becker J, Delayre-Orthez C, Frossard N, Pons F. Regulation of Inflammation by
PPARs: A Future Approach to Treat Lung Inflammatory Diseases? Fundam Clin
Pharmacol (2006) 20:429-47. doi: 10.1111/j.1472-8206.2006.00425.x

Ward JE, Tan X. Peroxisome Proliferator Activated Receptor Ligands as
Regulators of Airway Inflammation and Remodelling in Chronic Lung
Disease. PPAR Res (2007) 2007:14983. doi: 10.1155/2007/14983

Banno A, Reddy AT, Lakshmi SP, Reddy RC. PPARs: Key Regulators of
Airway Inflammation and Potential Therapeutic Targets in Asthma. Nucl
Recept Res (2018) 5:101306. doi: 10.11131/2018/101306

Tan NS, Michalik L, Noy N, Yasmin R, Pacot C, Heim M, et al. Critical Roles
of PPAR Beta/Delta in Keratinocyte Response to Inflammation. Genes Dev
(2001) 15:3263-77. doi: 10.1101/gad.207501

Kytikova OY, Perelman JM, Novgorodtseva TP, Denisenko YK, Kolosov VP,
Antonyuk MV, et al. Peroxisome Proliferator-Activated Receptors as a
Therapeutic Target in Asthma. PPAR Res (2020) 2020:8906968.
doi: 10.1155/2020/8906968

Lee C-H, Chawla A, Urbiztondo N, Liao D, Boisvert WA, Evans RM, et al.
Transcriptional Repression of Atherogenic Inflammation: Modulation by
PPARdelta. Science (2003) 302:453-7. doi: 10.1126/science.1087344

Li AC, Binder CJ, Gutierrez A, Brown KK, Plotkin CR, Pattison JW, et al.
Differential Inhibition of Macrophage Foam-Cell Formation and
Atherosclerosis in Mice by PPARalpha, Beta/Delta, and Gamma. J Clin
Invest (2004) 114:1564-76. doi: 10.1172/JCI18730

Barish GD, Atkins AR, Downes M, Olson P, Chong L-W, Nelson M, et al.
PPARdelta Regulates Multiple Proinflammatory Pathways to Suppress
Atherosclerosis. Proc Natl Acad Sci USA (2008) 105:4271-6. doi: 10.1073/
pnas.0711875105

Takata Y, Liu J, Yin F, Collins AR, Lyon CJ, Lee C-H, et al. PPARdelta-
Mediated Antiinflammatory Mechanisms Inhibit Angiotensin II-Accelerated
Atherosclerosis. Proc Natl Acad Sci USA (2008) 105:4277-82. doi: 10.1073/
pnas.0708647105

Kim HJ, Ham SA, Kim SU, Hwang J-Y, Kim J-H, Chang KC, et al.
Transforming Growth Factor-Betal Is a Molecular Target for the
Peroxisome Proliferator-Activated Receptor Delta. Circ Res (2008)
102:193-200. doi: 10.1161/CIRCRESAHA.107.158477

Chong HC, Tan MJ, Philippe V, Tan SH, Tan CK, Ku CW, et al. Regulation
of Epithelial-Mesenchymal IL-1 Signaling by PPARbeta/delta is Essential for
Skin Homeostasis and Wound Healing. J Cell Biol (2009) 184:817-31.
doi: 10.1083/jcb.200809028

Jiang C, Ting AT, Seed B. PPAR-Gamma Agonists Inhibit Production of
Monocyte Inflammatory Cytokines. Nature (1998) 391:82-6. doi: 10.1038/34184

Frontiers in Immunology | www.frontiersin.org

22

July 2021 | Volume 12 | Article 639008


https://doi.org/10.1016/j.redox.2018.06.011
https://doi.org/10.1016/j.redox.2018.06.011
https://doi.org/10.1371/journal.pone.0215086
https://doi.org/10.1177/2398212818817497
https://doi.org/10.3389/fimmu.2015.00517
https://doi.org/10.1155/2019/2135423
https://doi.org/10.1146/annurev-immunol-051116-052433
https://doi.org/10.1371/journal.pone.0089196
https://doi.org/10.3389/fnins.2014.00235
https://doi.org/10.4049/jimmunol.1301677
https://doi.org/10.1111/cea.12805
https://doi.org/10.1016/j.jaci.2016.09.027
https://doi.org/10.1067/mai.2001.115626
https://doi.org/10.1007/s11882-012-0317-9
https://doi.org/10.1186/rr40
https://doi.org/10.1186/rr40
https://doi.org/10.1016/S0091-6749(97)70293-8
https://doi.org/10.1016/S0091-6749(97)70293-8
https://doi.org/10.1164/ajrccm.157.6.9710023
https://doi.org/10.1016/j.molmed.2004.08.004
https://doi.org/10.1016/j.molmed.2004.08.004
https://doi.org/10.1007/s40259-018-0280-7
https://doi.org/10.1016/j.cyto.2015.05.014
https://doi.org/10.1080/09629359791802
https://doi.org/10.1080/09629359791802
https://doi.org/10.1016/S0091-6749(98)70140-X
https://doi.org/10.1001/archneur.62.10.1591
https://doi.org/10.1016/j.humimm.2009.11.005
https://doi.org/10.4049/jimmunol.174.6.3227
https://doi.org/10.1128/jvi.70.7.4724-4728.1996
https://doi.org/10.1097/01.jnen.0000182979.56612.08
https://doi.org/10.1097/01.jnen.0000182979.56612.08
https://doi.org/10.3389/fimmu.2020.606837
https://doi.org/10.1111/j.1472-8206.2006.00425.x
https://doi.org/10.1155/2007/14983
https://doi.org/10.11131/2018/101306
https://doi.org/10.1101/gad.207501
https://doi.org/10.1155/2020/8906968
https://doi.org/10.1126/science.1087344
https://doi.org/10.1172/JCI18730
https://doi.org/10.1073/pnas.0711875105
https://doi.org/10.1073/pnas.0711875105
https://doi.org/10.1073/pnas.0708647105
https://doi.org/10.1073/pnas.0708647105
https://doi.org/10.1161/CIRCRESAHA.107.158477
https://doi.org/10.1083/jcb.200809028
https://doi.org/10.1038/34184
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Adhikari et al.

Anti-PrPC Antibody-Neuronal Hypersensitivity

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Clark RB, Bishop-Bailey D, Estrada-Hernandez T, Hla T, Puddington L,
Padula SJ. The Nuclear Receptor PPAR Gamma and Immunoregulation:
PPAR Gamma Mediates Inhibition of Helper T Cell Responses. ] Immunol
(2000) 164:1364-71. doi: 10.4049/jimmunol.164.3.1364

Niino M, Iwabuchi K, Kikuchi S, Ato M, Morohashi T, Ogata A, et al.
Amelioration of Experimental Autoimmune Encephalomyelitis in C57BL/6
Mice by an Agonist of Peroxisome Proliferator-Activated Receptor-y.
J Neuroimmunol (2001) 116:40-8. doi: 10.1016/S0165-5728(01)00285-5
Feinstein DL, Galea E, Gavrilyuk V, Brosnan CF, Whitacre CC, Dumitrescu-
Ozimek L, et al. Peroxisome Proliferator-Activated Receptor-Gamma
Agonists Prevent Experimental Autoimmune Encephalomyelitis. Ann
Neurol (2002) 51:694-702. doi: 10.1002/ana.10206

Kanakasabai S, Chearwae W, Walline CC, lams W, Adams SM, Bright JJ.
Peroxisome Proliferator-Activated Receptor Delta Agonists Inhibit T Helper
Type 1 (Thl) and Th17 Responses in Experimental Allergic
Encephalomyelitis. Immunology (2010) 130:572-88. doi: 10.1111/j.1365-
2567.2010.03261.x

Carroll JA, Striebel JF, Race B, Phillips K, Chesebro B. Prion Infection of
Mouse Brain Reveals Multiple New Upregulated Genes Involved in
Neuroinflammation or Signal Transduction. J Virol (2015) 89:2388-404.
doi: 10.1128/JV1.02952-14

Blaylock MG, Sexton DW, Walsh GM. Ligation of CD45 and the Isoforms
CD45RA and CD45RB Accelerates the Rate of Constitutive Apoptosis in
Human Eosinophils. ] Allergy Clin Immunol (1999) 104:1244-50.
doi: 10.1016/S0091-6749(99)70020-5

Tokunaga Y, Shirouzu M, Sugahara R, Yoshiura Y, Kiryu I, Ototake M, et al.
Comprehensive Validation of T- and B-Cell Deficiency in Ragl-Null
Zebrafish: Implication for the Robust Innate Defense Mechanisms of
Teleosts. Sci Rep (2017) 7:7536. doi: 10.1038/s41598-017-08000-2
Srivastava S, Katorcha E, Makarava N, Barrett JP, Loane DJ, Baskakov IV.
Inflammatory Response of Microglia to Prions is Controlled by Sialylation of
PrPSc. Sci Rep (2018) 8:11326. doi: 10.1038/541598-018-29720-z

Yang Y-T, Jin S. Effect of PrP105-132 on the Secretion of Interleukin-6 and
Interleukin-8 From Microglial Cells. vitro Exp Ther Med (2018) 15:999-
1004. doi: 10.3892/etm.2017.5498

Gargdo P, Oliveira CR, Agostinho P. Comparative Study of Microglia
Activation Induced by Amyloid-Beta and Prion Peptides: Role in
Neurodegeneration. ] Neurosci Res (2006) 84:182-93. doi: 10.1002/jnr.20870
Tilg H, Trehu E, Atkins MB, Dinarello CA, Mier JW. Interleukin-6 (IL-6) as
an Anti-Inflammatory Cytokine: Induction of Circulating IL-1 Receptor
Antagonist and Soluble Tumor Necrosis Factor Receptor P55. Blood (1994)
83:113—118. doi: 10.1182/blood.V83.1.113.113

Ulich TR, Yin S, Guo K, Yi ES, Remick D, del Castillo J. Intratracheal
Injection of Endotoxin and Cytokines. II. Interleukin-6 and Transforming
Growth Factor Beta Inhibit Acute Inflammation. Am ] Pathol (1991)
138:1097-101.

140. Fiebich BL, Batista CRA, Saliba SW, Yousif NM, de Oliveira ACP. Role of
Microglia TLRs in Neurodegeneration. Front Cell Neurosci (2018) 12:329.
doi: 10.3389/fncel.2018.00329

Starkhammar M, Kumlien Georén S, Dahlén S-E, Cardell L-O, Adner M.
Tnfo-Blockade Stabilizes Local Airway Hyperresponsiveness During TLR-
Induced Exacerbations in Murine Model of Asthma. Respir Res (2015)
16:129. doi: 10.1186/5s12931-015-0292-5

Liccardi G, Asero R, D’Amato M, D’Amato G. Role of Sensitization to
Mammalian Serum Albumin in Allergic Disease. Curr Allergy Asthma Rep
(2011) 11:421-6. doi: 10.1007/s11882-011-0214-7

Voltolini S, Spigno F, Cioe¢ A, Cagnati P, Bignardi D, Minale P. Bovine Serum
Albumin: A Double Allergy Risk. Eur Ann Allergy Clin Immunol (2013)
45:144-7.

Chruszcz M, Mikolajczak K, Mank N, Majorek KA, Porebski PJ, Minor W.
Serum Albumins—Unusual Allergens. Biochim Biophys Acta - Gen Subj
(2013) 1830:5375-81. doi: 10.1016/j.bbagen.2013.06.016

Spitzauer S, Pandjaitan B, Soregi G, Miihl S, Ebner C, Kraft D, et al. IgE
Cross-Reactivities Against Albumins in Patients Allergic to Animals.
J Allergy Clin Immunol (1995) 96:951-9. doi: 10.1016/s0091-6749(95)
70233-4

Restani P, Ballabio C, Cattaneo A, Isoardi P, Terracciano L, Fiocchi A.
Characterization of Bovine Serum Albumin Epitopes and Their Role in
Allergic Reactions. Allergy (2004) 59(Suppl 7):21-4. doi: 10.1111/j.1398-
9995.2004.00568.x

Moon J-H, Hong J-M, Park S-Y. The Antidiabetic Drug Troglitazone
Protects Against PrP (106-126)-Induced Neurotoxicity via the
PPARy-autophagy pathway in neuronal cells. Mol Med Rep (2021) 23:430.
doi: 10.3892/mmr.2021.12069

141.

142.

143.

144.

145.

146.

147.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Adhikari, Sakiz, Zhou, Habiba, Kumar, Mikhael, Senesi, Guang Li,
Guillemin, Ooi, David, Collins, Karl and Tayebi. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

23

July 2021 | Volume 12 | Article 639008


https://doi.org/10.4049/jimmunol.164.3.1364
https://doi.org/10.1016/S0165-5728(01)00285-5
https://doi.org/10.1002/ana.10206
https://doi.org/10.1111/j.1365-2567.2010.03261.x
https://doi.org/10.1111/j.1365-2567.2010.03261.x
https://doi.org/10.1128/JVI.02952-14
https://doi.org/10.1016/S0091-6749(99)70020-5
https://doi.org/10.1038/s41598-017-08000-2
https://doi.org/10.1038/s41598-018-29720-z
https://doi.org/10.3892/etm.2017.5498
https://doi.org/10.1002/jnr.20870
https://doi.org/10.1182/blood.V83.1.113.113
https://doi.org/10.3389/fncel.2018.00329
https://doi.org/10.1186/s12931-015-0292-5
https://doi.org/10.1007/s11882-011-0214-7
https://doi.org/10.1016/j.bbagen.2013.06.016
https://doi.org/10.1016/s0091-6749(95)70233-4
https://doi.org/10.1016/s0091-6749(95)70233-4
https://doi.org/10.1111/j.1398-9995.2004.00568.x
https://doi.org/10.1111/j.1398-9995.2004.00568.x
https://doi.org/10.3892/mmr.2021.12069
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Cross-Linking Cellular Prion Protein Induces Neuronal Type 2-Like Hypersensitivity
	Introduction
	Methods
	Treatment of Neurons and Microglia Cell Line With Anti-PrP Antibodies
	Direct Antibody Treatment (DAT)
	Direct Microglia Treatment (DMT)
	Indirect Microglia Treatment (IMT)

	Sample Preparation for Liquid Chromatography-Mass Spectrometry
	In-Solution Trypsin Digestion
	In-Gel Trypsin Digestion

	Liquid Chromatography-Mass Spectrometry Analysis
	Identification of the Allergy Related Genes
	Western Blot Analysis
	Nitric Oxide, TNFα and IL-6 assays
	Statistical Analyses

	Results
	Identification of Allergenic B Cell Epitopes in the Three-Dimensional Structure of the Human Major Prion Protein
	Anti-PrP Antibodies Treatment Leads to Neuronal Type 2-Like Hypersensitivity In Vitro
	Co-Culture of Anti-PrP Antibody Treated-Microglia with Neurons Leads to Neuronal Type 2-Like Hypersensitivity In Vitro
	Contactless Co-Culture of Anti-PrP Antibody Treated-Microglia with Neurons Leads to Neuronal Type 2-Like Hypersensitivity In Vitro
	Anti-PrP Antibody Treatment of Neurons Leads to Differential Expression of Fc&epsi;R1a

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


