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Abstract

In prion disease, a profound microglial activation that precedes neurodegeneration has been observed in the CNS. It is still
not fully elucidated whether microglial activation has beneficial effects in terms of prion clearance or whether microglial
cells have a mainly detrimental function through the release of pro-inflammatory cytokines. To date, no disease-modifying
therapy exists. Several immunization attempts have been performed as one therapeutic approach. Recently, naturally
occurring autoantibodies against the prion protein (nAbs-PrP) have been detected. These autoantibodies are able to break
down fibrils of the most commonly used mutant prion variant PrP106-126 A117V and prevent PrP106-126 A117V-induced
toxicity in primary neurons. In this study, we examined the phagocytosis of the prion peptide PrP106-126 A117V by primary
microglial cells and the effect of nAbs-PrP on microglia. nAbs-PrP considerably enhanced the uptake of PrP106-126 A117V
without inducing an inflammatory response in microglial cells. PrP106-126 A117V uptake was at least partially mediated
through scavenger receptors. Phagocytosis of PrP106-126 A117V with nAbs-PrP was inhibited by wortmannin, a potent
phosphatidylinositol 3-kinase inhibitor, indicating a separate uptake mechanism for nAbs-PrP mediated phagocytosis. These
data suggest the possible mechanisms of action of nAbs-PrP in prion disease.
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Introduction

Prion diseases are a group of transmissible neurodegenerative
diseases characterized by progressive neuronal cell death, astro-
gliosis and microglial activation, leading to a spongiform
degeneration of the central nervous system (CNS). The hallmark
of the disease is the conversion of the physiological cellular prion
protein (PrPC) into its isoform called scrapie prion protein (PrPSC).
This conversion is followed by further oligomerization and
fibrillation, which has a pathological effect on cells. PrP* is
characterized by high B-sheet content, protease resistance and a
potential to accumulate into aggregates [1,2].

Recently, autoantibodies against the prion protein (nAbs-PrP)
have been detected [3]. They are able to block the fibrillation into
aggregates of prion peptides i vitro and can further reduce the
toxicity of the peptides on cultured primary neurons. Naturally
occurring autoantibodies (nAbs) are part of the innate immune
system and make up 2/3 of the total IgG in humans [4]. nAbs
have also been detected against other aggregating proteins,
including B-amyloid (A), tau and a-synuclein, and their role in
neurodegenerative diseases is a major topic of current research
[3,5,6,7].
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Prion-induced toxicity to neuronal cells depends on PrP¢
expression, as cells from PrP”° mice are not susceptible to prion
exposure [8]. The toxicity of prion peptides to neuronal cells
further requires the presence of microglial cells [9,10]. The release
of destructive oxidants by microglial cells is involved in this
mechanism [8]. Microglial cells play an important role in
neurodegenerative diseases such as Alzheimer’s disease. However,
it is still controversial whether they play a protective role by
secreting neurotrophic and anti-inflammatory molecules and
support the clearance of accumulated proteins or whether they
contribute to disease progression by releasing several cytotoxic
substances, such as nitric oxide (NO) and pro-inflammatory
cytokines [11]. In prion disease, microglial activation precedes
neuronal cell death, indicating a potential detrimental role of
microglia [12]. On the other hand, microglia internalize PrP> and
prion peptides, suggesting a clearance activity of microglial cells in
prion disease [13].

Therefore, we aimed to analyze whether primary microglial
cells phagocytose PrP106-126 A117V and whether this uptake can
be influenced by nAbs-PrP. PrP106-126 Al117V is a synthetic
peptide carrying residues 106-126 of human prion protein with an
A117V mutation, which is linked to Gerstmann-Straeussler-
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Scheinker-syndrome. PrP106-126 A117V exhibits some of the
physiochemical and pathogenic properties of Prp*, including the
formation of fibrils and the ability to induce apoptosis in neuronal
cells [14,15]. Compared to PrP106-126, it forms fibrils even faster
in vitro [16], and both peptides are widely used to mimic the effect
of PrP> in vitro.

Materials and Methods

Ethics Statement

All animal procedures were conducted according to current
German law for animal welfare and were announced to the
Regierungsprasidium Giessen (district president). Approval by an
institutional animal welfare committee as such is not required for
this type of experiment. According to current German law
(TierSchG, 86 Abs. 1, Nr. 4), it is sufficient to announce these
experiments to the district president (http://www.rp-giessen.
hessen.de/irj/
RPGIE_Internet?cid = efcda20a6301329333db4f7¢186a14d1). All
animal procedures were approved by the office of the district
president and the Institutional Animal Care and Use Committee
of the University of Marburg.

Primary Cell Culture

Primary mouse cell cultures were prepared from embryonic day
13.5 (E13.5) Swiss Webster mice. Pregnant mice were purchased
from Janvier at the stage when the embryo was at day 12.5 (Fanvier,
Le Genest-saint-Isle, France) and housed overnight in our animal-
care facility until sacrifice. Mice were housed on a 12-hour light-
dark schedule (lights on 07:00-19:00). They had free access to tap
water, were fed ad libitum and were kept under standard conditions.
The oldest embryo used during the latest period of this study was
13.5 days. After pregnant dams were sacrificed by cervical
dislocation by experienced researchers, embryos were removed
from the uterus. Embryonic death was confirmed by dislocating
their heads before preparation of the brain.

Mesencephalons were used for the preparation of microglial cell
cultures to achieve highest yield of microglial cells [17]. Briefly,
mesencephalons from embryonic brains, were collected in 2 ml
Leibovitz L-15 medium (PAA Laboratories, Pasching, Austria) and
homogenized by gently pipetting up and down 30 times. After the
addition of 5 ml Leibovitz L-15 medium, the cell solution was left
for 10 minutes to remove debris and 5 ml of the supernatant was
transferred into a new tube. After centrifugation at 300 g for
5 min, the supernatant was discarded and the remaining pellet was
resuspended in 1 ml Dulbeccos modified Eagles medium (DMEM
with L-glutamine; Lonza, Basel, Switzerland) supplemented with
10% fetal calf serum (FCS) (PAA Laboratories), 100 U/ml
penicillin and 100 pg/ml streptomycin (Lonza). Cells were
cultured in polyethylenimine (PEI)-coated 6-well plates. To further
improve the yield of microglial cells, the cell media was
supplemented with 10 ng/ml GM-CSF (Roche, Basel, Switzer-
land) as previously described by Re et al. and Esen et al. [18,19].
Instead of the trypsinization protocol and the replating of
microglial cells described by Saura et al., we replated the cells
without a preceding trypsinization step. Then we followed the
protocol by Saura et al. and cells were cultured for 14 days until
experimental use [20]. Cells were replated onto PEI-coated 24-
well or 48-well plates in a density of 1-2x10° cells per ml. Cells
obtained by this protocol were mainly microglia (>95%) as
quantified by CDI11b staining using FACS analysis before
experimental use of the cells.

For neuronal cells, embryonic cortices were isolated and
prepared as described above. After centrifugation, cell pellets
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were resuspended in Neurobasal-A Medium (Invitrogen, Grand
Island, NY, USA) supplemented with B27 (GIBCO, Basel,
Switzerland), 100 U/ml penicillin, 100 pg/ml streptomycin and
L-glutamine and plated in PEI-coated plates. Cells were used for
experiments on day 7 in vitro.

Peptides

Peptides were purchased by PSL - Peptide Specialty Labora-
tories (PSL, Heidelberg, Germany). These peptides included
PrP106-126 A117V with the sequence KTNMKHMAGAVAA-
GAVVGGLG as well as PrP106-126 A117V with an N-terminal

fluorescein isothiocyanate (FITC).

Purification of nAbs-PrP and ft-PrP

Antibody preparations were isolated from intravenous immu-
noglobulin (IVIg) as previously described [3]. Briefly, disposable
chromatography columns were packed with Ultralink Iodoacetyl
Gel (Thermo Scientific, Rockford, IL, USA). PrP106-126 A117V
was conjugated to the matrix according to manufacturers
instructions. IVIg (1:1 in PBS) was loaded on the columns
overnight at 4°C. Unbound fractions (IVIg depleted of nAbs-PrP,
termed flow-through (ft-PrP)) were passed through the columns
and collected. After several washes, bound IgG fractions were
released and collected by passing elution buffer (50 mM glycine at
pH 2.5) through the column. As was shown by Wei et al. (2012),
nAbs-PrP bind to the extreme N-terminus of PrP106-126 [3]. The
binding requires, at a minimum, residues KTNMK (PrP106-110),
with both lysine residues being critical for high-affinity antibody
binding. nAbs-PrP bound specifically to PrP106-126 A117V, as
was shown by immunoprecipitating PrP106-126 Al117V from
homogenates of brains from transgenic mice expressing the human
sequences encompassing residues 106-126 [3].

Fibril Formation Assay

The formation of fibrils was quantified by the thioflavin T (ThT)
binding assay [21]. Peptides were dissolved in PBS with or without
antibodies at final concentrations of 150 pM peptide and 2.5 pM
antibody. After incubation for 48 hours at 37°C, samples were
added to 80 pul glycine buffer (50 uM, pH 9.2) and 10 ul ThT
(4 uM working concentration). Fluorescence was measured using a
Tecan Infinite M200 reader with excitation at 450 nm and
emission at 485 nm.

Cell Viability Assays

Peptides were prepared as described above. Microglial cells
were treated with a final peptide concentration of 10 uM for 24
hours in DMEM without FCS. Viability was measured either
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) reduction assay and/or by staining with fluorescein
diacetate/propidium iodide (FDA/PI). For the MTT assay, cells
were incubated for 1 hour at 37°C with serum-free medium
containing 0.5 mg/ml MTT. Cells were permeabilized with
dimethyl sulfoxide (DMSO) (AppliChem, Darmstadt, Germany)
for another 30 minutes, and absorbance was measured at 570 nm.
For FDA/PI staining, cells were incubated with FDA and PI at
final concentrations of 0.15 mg/ml and 0.02 mg/ml, respectively.
For the treatment of neuronal cells with the supernatant of
microglial cells, medium was removed, and the conditioned
medium from treated microglial cells was added. The MTT assay
was conducted after 24 hours. All measurements were performed
at least in duplicate.
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Quantification of IL-6, TNF-a. and NO Release

Primary microglial cells were stimulated with peptide prepara-
tions (10 uM) and LPS (1 pg/ml; extracted from Escherichia coli,
Sigma). After 24 hours, the supernatant was collected, and 1L-6
and TNF-o were quantified using the Duoset ELISA system
(R&D, Minneapolis, MN, USA). The production of NO was
measured by using the Griess reagent (1 mM sulfanilamide, 1 mM
naphthalenediamine dihydrochloride, 100 mM HCL), which
detects a degradation product, nitrite (NOy ). Absorbance was
measured at 450 and 540 nm for the ELISA and Griess assay,
respectively.

Western Blot

Cell lysates were prepared according to the manufacturer’s
protocol using M-Per solution (Thermo Scientific, Rockford, IL,
USA) supplemented with protease inhibitor. Total cell protein was
loaded onto 4-12% NuPage Bis-Tris gel (Invitrogen, Carlsbad,
CA, USA) and electroblotted onto nitrocellulose membranes.
Following blocking with 1x Roti-block (Carl Roth, Karlsruhe,
Germany), membranes were stained with POD-conjugated anti-
human IgG (Thermo Scientific, Rockford, IL, USA) (1/25000) or
anti-o-tubulin antibody (Sigma, St. Louis, MO, USA) (1/5000).
Binding was visualized by incubating membranes with Super
Signal West Dura Extended Duration working solution (Thermo
Scientific, Rockford, IL, USA) followed by exposure to an
autoradiographic film (CL-Xposure Film, Thermo Scientific,
Rockford, IL, USA).

PrP106-126 A117V Uptake Assay

Fibrillation was carried out as described above using 150 pM
FITC-labeled PrP106-126 Al117V with or without 2.5 uM
antibodies (nAbs-PrP or ft-PrP). Primary microglial cells were
treated with PrP106-126 A117V-FITC for 3 hours at 37°C in
DMEM without FCS. For flow-cytometric analysis, cells were
harvested after several washes with ice-cold PBS. Cells were
washed with fluorescence-activated cell sorting (FACS) buffer (PBS
with 0.1% FCS) and probed with APC-conjugated CDI11b
antibody (eBioscience, San Diego, CA, USA) for 20 minutes at
4°C and protected from the light. After washing cells with FACS
buffer, cells were stained with HOECHST 33258 (Sigma, St.
Louis, MO, USA) to detect dead cells. Measurements were carried
out with an LSR II flow cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA), and the analysis was performed using Flow]Jo
software (Tree Star Inc., Ashland, OR, USA). Only CDI11b-
positive and Hoechst-negative cells were used for the evaluation of
PrP106-126 A117V-FITC uptake. PrP106-126 A117V uptake was
measured by the mean fluorescence intensity of the cells. The
uptake of antibodies was determined by Western blot.

Statistical Analysis
All results are presented as the mean = SD. To assess statistical

significance, we used Student’s ¢ test. The following definitions
were used: p<0.05 (¥), p<0.01 (**) and p<<0.001 (***).

Results

nAbs-PrP Block Fibril Formation of PrP106-126 A117V
All experiments were carried out using PrP106-126 A117V in
its fibrillated form. For this purpose, the peptide was incubated
either alone or with nAbs-PrP or fi-PrP for 48 hours at 37°C.
Fibrillation was reduced by 70% when the peptide was incubated
with nAbs-PrP, whereas co-incubation of the peptide with
unspecific IgG (ft-PrP) did not reduce the fibril formation (Fig. 1).
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Figure 1. nAbs-PrP block fibril formation of PrP106-126 A117V.
PrP106-126 A117V peptide (150 uM) was incubated with or without
nAbs-PrP and ft-PrP at a ratio of 1:60 at 37°C for 48 hours. The ThT Assay
was performed to measure fibril formation. Fibril formation of PrP106-
126 A117V was referred to as 100%. Experiments were performed at
least three times independently.
doi:10.1371/journal.pone.0067743.g001

The monoclonal anti-PrP antibody 3F4 also reduced PrP106-126
Al117V fibril formation by 60% (data not shown).

Uptake of PrP106-126 A117V, nAbs-PrP and ft-PrP in
Primary Microglial Cells

Prion peptides are taken up by neurons, microglia and
astrocytes [13]. We found that microglial cells phagocytosed
FITC-labeled PrP106-126 A117V fibrils in a time-dependent
manner, with a maximum uptake after 6 hours when normalized
to untreated cells (Fig. 2A). This effect was energy-dependent and
was not due to unspecific binding of fibrils to the cells, as we
verified by control experiments carried out at 4°C (Fig. 2A).

Because we demonstrated that nAbs-PrP, as well as the
monoclonal anti-PrP antibody 3F4, prevented PrP106-126
Al17V fibril formation, we next investigated the effect of
nAbs-PrP on the phagocytic ability of microglia. PrP106-126
A117V fibrillation was carried out in the presence or absence of
nAbs-PrP or 3F4, and cells were treated with those peptide
preparations for 3 hours. To be able to measure either a drop
or a rise in the uptake of PrP106-126 Al17V when co-
incubated with nAbs-PrP, we chose this intermediate uptake
level for further experiments (compared with Fig. 2A). After
cells were treated with co-incubations of labeled prion peptide
and the monoclonal anti-PrP-antibody 3F4 or nAbs-PrP, a 10-
fold increase in prion peptide uptake was observed (Fig. 2B). To
rule out a non-specific antibody effect, we repeated the same
experiment with ft-PrP. ft-PrP did not significantly increase the
FITC-PrP106-126 Al17V uptake of microglia compared to
nAbs-PrP (Fig. 2C). To investigate whether primary microglial
cells phagocytosed nAbs-PrP and ft-PrP, we performed Western
blot analysis with microglial cell lysates after 3 hour treatment
(Fig. 2D). Cells were either treated with antibodies alone (nAbs-
PrP or ft-PrP) or co-incubated with a combination of PrP106-
126 Al117V and antibody (PrP106-126 A117V with nAbs-PrP
or ft-PrP). Microglial cells phagocytosed nAbs-PrP to a slightly
greater extent than ft-PrP. The co-administration of PrP106-126
A117V and nAbs-PrP led to a strong increase in nAbs-PrP
uptake, whereas the co-administration of PrP106-126 A117V
with ft-PrP led only to a slight increase of ft-PrP uptake.
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Figure 2. Uptake of prion fibrils, nAbs-PrP and ft-PrP in primary microglial cells. The uptake of PrP106-126 A117V fibrils (10 uM) was
measured after 0, 0.5, 1.5, 3, 6 and 24 hour treatment by flow-cytometric analysis. Control experiments were conducted at 4°C to verify that this
process was energy-dependent and not due to unspecific binding to the cells (A). To measure the antibody-mediated uptake of PrP106-126 A117V,
cells were treated with preparations from the co-incubation of prion peptides with monoclonal antibody 3F4 or nAbs-PrP (B) for 3 hours. Values are
normalized to untreated cells, and one representative experiment out of three is shown (A, B). (C) Uptake was measured following incubation of the
cells with PrP106-126 A117V, with or without nAbs-PrP or ft-PrP. Values are normalized to PrP106-126 A117V fibril-treated cells, and data from three
independent experiments are shown (C). Western blot analysis of antibody uptake in microglial cells was performed after treatment of the cells for 3
hours with nAbs-PrP, ft-PrP or the co-administration of PrP106-126 A117V and nAbs-PrP or ft-PrP (D). Membranes were probed with peroxidase-
conjugated anti-human IgG to detect antibody uptake. a-Vinculin was used as a loading control. One representative experiment out of three is
shown.

doi:10.1371/journal.pone.0067743.9g002

The Effect of PrP106-126 A117V on Viability and exocytosis of the reduced tetrazolium dye in cells [22].
Activation of Microglial Cells Therefore, the use of MTT assay in combination with
amyloidogenic peptides has limitations. To investigate whether
the reduction in signal intensity examined by MTT assay
following the treatment with PrP106-126 A117V preparations
refer to a reduction of vitality of microglial cells, we additionally

To investigate the effect of prion peptide uptake on microglial
cells, we examined the viability of treated cells by applying two
different methods. To gain first insights into the reaction of
microglial cells following a treatment with PrP106-126 Al117V Ny - . ) o
alone, with co-incubation of PrP106-126 A117V with antibodies ~ Performed FDA/PL staining. No reduction in vitality was

. oo observed when counting living cells after the treatment with
(nAbs-PrP or ft-PrP) or with antibodies alone (nAbs-PrP or ft- ; . . )
PrP), we performed an MTT assay to measure mitochondrial PrP106-126 A117V alone or with a combination of PrP106-126

activity (Fig. 3A). We examined a 15-25% reduction of the Al117V and nAbs-PrP or ft-PrP. Instead, the cells seemed to

signals assessed by MTT assay following a treatment with pr(zl{l(fer?;icgilitfB)\;vhcthcr the treatment of microglial cells
PrP106-126 A117V alone or with a combination of PrP106-126 Lo . & i

o resulted in cytokine or NO release, concentrations of interleu-
Al117V and antibodies (nAbs-PrP or ft-PrP) when compared kin-6 (IL-6), tumor necrosis factor o (TNF-0) and NO were
with control cells. Cells treated with nAbs-PrP or f{t-PrP alone ’

. . . . . ) . examined in the supernatant of microglial cells (Fig. 3C, D). No
dlc,i not exhibit any differences in the signal intensity dSS(:":SSCd b‘y cytokine or NO release was observed (I pg/ml LPS served as a
MTT assay compared to untreated cells. Amyloidogenic

des b b N b be abii b b positive control). To examine whether microglial cells exhibited
peptides have been shown to bear the abtity to enhance the detrimental function toward primary neuronal cells, we exposed
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Figure 3. Effect of PrP106-126 A117V on microglia. Following treatment for 24 hours with 10 uM PrP106-126 A117V with or without nAbs-PrP
or ft-PrP, the MTT assay was performed to measure the mitochondrial activity of microglial cells. Values are normalized to untreated cells (A). The
vitality of treated cells was verified by staining microglia with fluorescein diacetate/propidium iodide, and values are normalized to untreated cells (B).
Supernatants of the cells were subjected to cytokine ELISA (C) and Griess assay (D) with LPS (1 ug/ml) as the positive control. (E) Conditioned
supernatant of microglial cells was administered to primary neurons for 24 hours, and the MTT assay was performed. Values are normalized to
untreated cells. All experiments were performed at least three times independently.
doi:10.1371/journal.pone.0067743.9g003

neurons to conditioned microglial supernatant. No change in

viability was observed (Fig. 3E).
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Inhibition
Blocker

of PrP106-126 A117V Uptake by Specific

To investigate the uptake mechanisms of microglia for PrP106-
126 A117V, different uptake blockers were employed. Specific
blockers were administered to the cells for 30 minutes (10 uM
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cytochalasin D, 500 pg/ml fucoidan) or 60 minutes (10 uM
wortmannin) prior to the treatment with PrP106-126 A117V.

Cytochalasin D interferes with microfilament function and
inhibits the phagocytic activity of cells by depolymerizing actin
[23,24]. Pre-treatment of microglial cells with cytochalasin D
(10 uM) resulted in an almost complete inhibition of uptake of all
three PrP106-126 A117V preparations (PrP106-126 A117V alone
or with nAbs-PrP or ft-PrP) (Fig. 4A).

Wortmannin is a potent inhibitor of phosphatidylinositol 3-
kinase (PI3K) [25] and inhibits actin-dependent endocytosis, fluid-
phase pinocytosis and phagocytosis [26]. Pre-treatment with
wortmannin moderately reduced phagocytosis to 60% with regard
to treatment with either PrP106-126 A117V fibrils or PrP106-126
Al117V co-incubated with ft-PrP. It markedly reduced the uptake
of PrP106-126 A117V co-incubated with nAbs-PrP (down to 38%)
(Fig. 4B).

Fucoidan is an effective inhibitor of scavenger receptors A and
B, which have been previously shown to mediate the uptake of AR
in its fibrillar state [27,28]. There was a marked inhibitory effect of
fucoidan on the uptake of PrP106-126 A117V fibrils (25% of
control), whereas uptake of PrP106-126 A117V co-incubated with
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nAbs-PrP was only reduced to 40% of the control level (Fig. 4C).
Co-incubation with fucoidan and wortmannin did not further
reduce uptake of PrP106-126 Al17V fibrils alone (30%) but
greatly reduced uptake of PrP106-126 A117V co-incubated with
nAbs-PrP or ft-PrP (16% or 27%, respectively) (Fig. 4D).

Wortmannin Inhibits the Uptake of nAbs-PrP and ft-PrP
In addition to investigating the effects of specific inhibitors on
the uptake of PrP106-126 A117V, we further examined the uptake
of nAbs-PrP and ft-PrP. The results presented above revealed that
the impact of the different phagocytosis blockers on the uptake of
PrP106-126 Al17V varied depending on whether it was co-
incubated with nAbs-PrP or with ft-PrP (i.e., wortmannin blocked
the uptake of PrP106-126 A117V co-incubated with nAbs-PrP to a
greater extent than PrP106-126 A117V co-incubated with ft-PrP).
This experiment showed a general inhibitory effect of all three
blockers on the uptake of nAbs-PrP but not on the uptake of ft-PrP
when either one was co-administered with PrP106-126 A117V
(Fig. 5A). When nAbs-PrP or f{t-PrP was administered without
PrP106-126 Al117V, fucoidan and cytochalasin D had no
inhibitory effect on the uptake of the antibodies, whereas
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Figure 4. Inhibition of PrP106-126 A117V uptake by specific blockers. Phagocytosis assay was performed following pre-treatment of
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shown.
doi:10.1371/journal.pone.0067743.g005

wortmannin greatly reduced the uptake of nAbs-PrP or ft-PrP
(Fig. 5B).

Discussion

In prion disease, a profound activation of microglial cells in
regions with vacuolation, plaque formation and neuronal damage
exists [29]. The exact role of microglia, however, is still not fully
elucidated. In cell culture conditions, microglial cells aggregate
around fibrillar PrP106-126 [30]. Continuous PrP106-126 expo-
sure at high concentrations (e.g., 80 pM) induces cytokine
production and the release of NO by microglia  wvitro [9,12].
Furthermore, PrP106-126 neurotoxicity in cell culture is induced
by and dependent on the presence of microglial cells [8]. These
results indicate that microglial cells have the potential to induce
neuronal cell death via an inflaimmatory response. However,
microglial cells have been considered to play a key role in prion
clearance [31]. Falsing et al. (2008) observed a 15-fold increase in
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prion titers on organotypic cerebellar slices following ablation of
microglia [32]. Kranich et al. (2010) considered the secreted
ligand milk fat globule epidermal growth factor 8 (Mfge8) to be
part of this potential clearance function of microglial cells [33].
McHattie et al. (1999) observed an internalization of PrP106-126
by microglia, neurons and astrocytes [13]. They further showed
that this uptake is independent of Prp© expression, indicating that
microglial cells phagocytose prion peptides per se and that this
uptake is at least not mediated through the PrP® protein.

Our results support the assumption that microglial cells are
mvolved in prion clearance by phagocytosis of the prion protein.
We demonstrated that microglial cells phagocytosed the prion
peptide PrP106-126 Al117V in its fibrillated form in a time-
dependent manner. We assume this uptake to be beneficial, as we
could not detect any release of either cytokines or NO in cultures
exposed to 10 uM PrP106-126 A117V. These findings contrast
with other studies demonstrating microglial activation following

June 2013 | Volume 8 | Issue 6 | e67743



80 uM PrP exposure, which indicates that higher concentrations
of PrP106-126 Al117V might be necessary to activate an
inflammatory response in microglia [34,35].

Prion peptides have a toxic effect on primary neuronal cells.
This toxic effect is prevented by the co-incubation of prion
peptides with naturally occurring autoantibodies against the prion
protein (nAbs-PrP) [3]. These results indicate a beneficial effect of
nAbs-PrP in terms of prion toxicity and raise hope for a possible
therapeutic strategy. Given the beneficial effect of IVIg in clinical
trials of Alzheimer’s disease patients [36], naturally occurring
antibodies have been considered a useful therapeutic agent for
neurodegenerative diseases [6,37]. In this paper, we demonstrated
that nAbs-PrP enhanced the uptake of prion peptides in primary
microglial cells. This effect was specific for nAbs-PrP, as we did not
see the same effect with ft-PrP. The increased uptake of prion
peptides did not result in an inflammatory response of microglial
cells. However, the uptake of PrP106-126 A117V seemed to result
in a drop in mitochondrial activity as assessed by MTT assay.
nAbs-PrP and ft-PrP applied alone did not elicit the same effect.
However, the use of MTT assay in combination with amyloido-
genic peptides has limitations because amyloidogenic peptides
bear the ability to enhance the exocytosis of the reduced
tetrazolium dye in cells [22]. We therefore applied a second
method to further examine the viability of microglial cells
following prion and antibody exposure. Interestingly, by staining
microglial cells with fluorescein diacetate/propidium iodide, we
detected an increase in cell count after exposing cells to PrP106-
126 A117V with or without antibodies. This result implies cell
proliferation rather than cell death. These findings are in line with
previous studies demonstrating an induced microglial proliferation
following PrP106-126 exposure [38].

We could not detect any effect on the viability of neuronal cells
following exposure to supernatants from microglia exposed to
PrP106-126 A117V and nAbs-PrP. Furthermore, the application
of nAbs-PrP and ft-PrP alone did not induce any inflammatory
response or toxic effects on microglia or neurons. This finding
reveals an important feature when considering IVIg and/or nAbs-
PrP as possible treatment options. Because our data represent an
in vitro model only, it further needs to be verified whether nAbs-
PrP also influence microglia wn vivo. There is evidence from
immunotherapy studies that peripherally applied antibodies are
able to pass the intact blood-brain barrier [39,40,41]. We have
shown that '''In-labelled naturally occurring autoantibodies
against AP cross the blood-brain barrier in the APP23 transgenic
mouse model of Alzheimer’s disease [42]. From these data, it can
be concluded that a certain amount of peripherally administered
nAbs-Af are able to cross the blood-brain barrier. Therefore, we
hypothesize that nAbs-PrP can as well because these are quite
similar to nAbs-AB. In our experiments, we used microglia of
mouse origin. Experiments by Fabrizi et al. (2001) revealed a
similar behavior of human microglial cells following PrP exposure
compared to the murine microglial cells used by Brown et al.
(1996) [34,38]. We therefore hypothesize that the comparability of
cells from different species also applies for the application of nAbs-
PrP. However, further experiments are necessary to address the
differences between microglial cells from different origin.

The effects of nAbs-AB on the phagocytosis of AP and the
viability of microglial cells have been analyzed in a recent
communication by our group [43]. In contrast to our experiments
with nAbs-PrP, Gold et al. (2013) found a profound inflammatory
response following the i wvitro treatment of microglia with co-
administration of oligomerized AR and nAbs-Af. With respect to
the inflammatory reactions observed in response to challenge with
different types of oligomers, microglial cells may react in a variety
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of ways [44]. The impact of nAbs-PrP or nAbs-AB on those
processes and the underlying signaling pathways are not yet fully
understood. However, in treatment with nAbs-PrP or nAbs-Af
alone, we did not observe any change in cytokine production,
whereas Gold et al. (2013) detected a slight increase in cytokine
concentrations. This discrepancy might have been caused by the
different types of antibodies used (i.e., nAbs-PrP or nAbs-Ap).
Because IVIg itself induces an inflammatory response in microglial
cells [45], it seems reasonable that the different antibody
preparations isolated from IVIg might induce a variety of
responses in microglia. Moreover, the i viwo experiments by Gold
etal. (2013) did not demonstrate any inflammatory reaction
following the administration of nAbs-AB in Tg2576 mice. These
results indicate the need for additional & vivo studies to further
evaluate the action of nAbs-PrP on inflammatory reactions i vivo.

Our results suggest that nAbs-PrP contribute to the clearance
function of microglial cells without leading to an inflammatory
response, thus triggering neuronal loss. In our study, we applied
10 uM PrP106-126 A117V, compared to 80 pM PrP in other
studies. Our findings indicate that microglia might only be
deleteriously activated by excessive prion accumulation, but low
concentrations might not lead to an activation that causes cell
damage. It may be concluded that nAbs-PrP are important for
prion clearance and have no detrimental side effects. However,
our results were obtained using PrP106-126 A117V peptides only.
It still needs to be verified if the same results can be achieved by
using full-length PrP. Preliminary experiments revealed highly
specific binding of nAbs-PrP to human recombinant PrP23-231
(data not shown). Wei et al. (2012) further demonstrated nAbs-PrP
to successfully immunoprecipitate PrP (A117V) from PrP (A117V)
transgenic mice [3]. These results provide evidence for a similar
mode of interaction of nAbs-PrP with other PrP peptides. Another
limitation, however, is that our studies were performed with single
cell culture systems only. Further studies with co-culture systems
are needed to characterize these effects in an interactive
environment.

To date, not much is known about the underlying mechanisms
of prion uptake in microglia. Filamentous actin is required for
phagocytosis in general. Cytochalasin D is an inhibitor of actin
depolymerization and inhibits scavenger-, complement- and Fcy
receptor-mediated phagocytosis [46,47]. We demonstrate here
that the uptake of prion peptide was almost completely prevented
when incubating the cells with cytochalasin D, indicating one of
these mechanisms underlies prion peptide uptake. The scavenger
receptors are essential for the uptake of AP in its fibrillated state
[27,28]. Therefore, we further investigated the role of scavenger
receptors and found that they were also involved in the uptake of
PrP106-126 A117V fibrils. However, uptake of co-preparations of
PrP106-126 A117V and nAbs-PrP or ft-PrP did not seem to be
mediated through this pathway, as those were not affected as
much by fucoidan as PrP106-126 Al17V alone was. In co-
preparations of PrP106-126 A117V with nAbs-PrP, wortmannin
effectively inhibited its microglial uptake. Wortmannin is a specific
PI-3K inhibitor that prevents pseudopod extension of the cells
during phagocytic processes. Especially for Fc receptor-mediated
phagocytosis, pseudopod extension (and PI-3K activity) is impor-
tant for the engulfment of particles [48]. In the present study we
used microglial cells of murine origin and human IgG. Human
Fcy receptor and murine Fey receptor share 65-75% identity in
their extracellular domains, and human Fcy receptor can bind
murine IgG [49]. So far, it is not known whether the murine Fey
receptor can bind to human IgG. Recently, Smith et al. (2012)
mntroduced a mouse model in which murine Fcy receptors have
been replaced by human Fcy receptors [50]. It might be worth
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testing nAbs-PrP on microglia from this mouse to exclude the
possible impact of species differences on the interaction of
immunoglobulin and Fc receptor. However, PI-3K activity is also
involved in complement receptor-mediated phagocytosis, even if
this process occurs rather passively with the appearance of only
small pseudopodia [51]. Comparison of the phagocytic charac-
teristics after fucoidan treatment alone, in contrast to fucoidan/
wortmannin co-treatment, revealed that additional wortmannin
mainly affected the uptake of PrP106-126 A117V co-administered
with nAbs-PrP. This finding was supported by further experiments
that investigated the effects of cytochalasin D, fucoidan and
wortmannin on the uptake of nAbs-PrP and ft-PrP. We found that
only wortmannin pre-treatment of microglial cells resulted in a
markedly reduced uptake of nAbs-PrP and ft-PrP. These findings
indicate that the uptake of nAbs-PrP or ft-PrP alone is mainly
achieved through PI-3K-mediated phagocytosis. Because our data
show that the uptake of PrP106-126 A117V fibrils is at least partly
scavenger receptor-mediated but phagocytosis of nAbs-PrP and ft-
PrP occurs mainly through PI-3K mediated pathways, we
conclude that there are at least two different mechanisms involved
in the uptake of PrP106-126 A117V and nAbs-PrP. However, the
mechanism that is mainly responsible for prion uptake and
whether nAbs-PrP merely support the uptake or give rise to a
completely new mechanism of prion uptake needs to be further
elucidated.

In summary, microglial cells are activated during prion disease
and thus contribute to neurodegeneration. In contrast, these cells
function in the clearance of prion proteins, and insufficient prion
clearance is a possible cause of severe prion accumulation [52]. In

References

1. Pastore A, Zagari A (2007) A structural overview of the vertebrate prion
proteins. Prion 1: 185-197.

2. Prusiner SB (1991) Molecular biology of prion diseases. Science 252: 1515-1522.

3. Wei X, Roettger Y, Tan B, He Y, Dodel R, et al. (2012) Human Anti-prion
Antibodies Block Prion Peptide Fibril Formation and Neurotoxicity. J Biol
Chem 287: 12858-12866.

4. Shoenfeld Y, Gershwin ME, Meroni PL (2006) Autoantibodies. : Elsevier
Science & Technology. 872 p.

5. DuY, Wei X, Dodel R, Sommer N, Hampel H, et al. (2003) Human anti-beta-
amyloid antibodies block beta-amyloid fibril formation and prevent beta-
amyloid-induced neurotoxicity. Brain 126: 1935-1939.

6. Neff F, Wei X, Nolker C, Bacher M, Du Y, et al. (2008) Immunotherapy and
naturally occurring autoantibodies in neurodegenerative disorders. Autoimmun
Rev 7: 501-507.

7. Papachroni KK, Ninkina N, Papapanagiotou A, Hadjigeorgiou GM, Xiromer-
isiou G, et al. (2007) Autoantibodies to alpha-synuclein in inherited Parkinson’s
disease. J] Neurochem 101: 749-756.

8. Brown DR, Schmidt B, Kretzschmar HA (1996) Role of microglia and host
prion protein in neurotoxicity of a prion protein fragment. Nature 380: 345-347.

9. Brown DR (2000) Altered toxicity of the prion protein peptide PrP106-126
carrying the Ala(117)->Val mutation. Biochem J 346 Pt 3: 785-791.

10. Bate C, Boshuizen R, Williams A (2005) Microglial cells kill prion-damaged
neurons in vitro by a CD14-dependent process. J Neuroimmunol 170: 62-70.

11. Walter L, Neumann H (2009) Role of microglia in neuronal degeneration and
regeneration. Semin Immunopathol 31: 513-525.

12. Giese A, Brown DR, Groschup MH, Feldmann C, Haist I, et al. (1998) Role of
microglia in neuronal cell death in prion disease. Brain Pathol 8: 449-457.

13. McHattie SJ, Brown DR, Bird MM (1999) Cellular uptake of the prion protein
fragment PrP106-126 in vitro. J Neurocytol 28: 149-159.

14. Forloni G, Angeretti N, Chiesa R, Monzani E, Salmona M, et al. (1993)
Neurotoxicity of a prion protein fragment. Nature 362: 543-546.

15. Salmona M, Malesani P, De Gioia L, Gorla S, Bruschi M, et al. (1999)
Molecular determinants of the physicochemical properties of a critical prion
protein region comprising residues 106-126. Biochem J 342 (Pt 1): 207-214.

16. Levy Y, Hanan E, Solomon B, Becker OM (2001) Helix-coil transition of
PrP106-126: molecular dynamic study. Proteins 45: 382-396.

17. Kim WG, Mohney RP, Wilson B, Jeohn GH, Liu B, et al. (2000) Regional
difference in susceptibility to lipopolysaccharide-induced neurotoxicity in the rat
brain: role of microglia. J] Neurosci 20: 6309-6316.

18. Esen N, Kielian T (2007) Effects of low dose GM-CSF on microglial
inflammatory profiles to diverse pathogen-associated molecular patterns
(PAMPs). ] Neuroinflammation 4: 10.

PLOS ONE | www.plosone.org

Prion Disease and Microglia

infected mice, prion accumulation occurs in large plaques. In our
experiments, comparably lower concentrations were applied. One
possibility is that microglial clearance of prion proteins is only
functional under low concentrations and/or lower aggregates of
prion protein. The presence of larger aggregates therefore disrupts
this ability. From our experiments, it seems reasonable to
administer nAbs-PrP to help microglial cells to clear the
extracellular space at the very beginning of prion accumulation.
Our data also show that this clearance mechanism takes place
without any inflammatory response and by avoiding neuronal cell
death. Given the beneficial effects and few adverse side effects of
IVIg administration in clinical studies, nAbs-PrP might be a target
for therapeutic aspects of prion diseases. However, we must
emphasize that our data are from an i vitro model. Therefore,
further work using animal models is required to determine
whether these results also apply to the @ viwo situation.

Acknowledgments

We would like to thank Dr. Yansheng Du for continuous support in the
field of prion research. We would also like to thank Christine Forbach for
the preparation of nAbs-PrP. The article was edited for English language
by American Journal Experts (www.journalexperts.com).

Author Contributions

Conceived and designed the experiments: YR JPB. Performed the
experiments: YR. Analyzed the data: YR JPB IZ RD. Wrote the paper:
YR.

19. Re F, Belyanskaya SL, Riese RJ, Cipriani B, Fischer FR, et al. (2002)
Granulocyte-macrophage colony-stimulating factor induces an expression
program in neconatal microglia that primes them for antigen presentation.
J Immunol 169: 2264-2273.

20. Saura J, Tusell JM, Serratosa J (2003) High-yield isolation of murine microglia
by mild trypsinization. Glia 44: 183-189.

21. Naiki H, Higuchi K, Hosokawa M, Takeda T' (1989) Fluorometric determina-
tion of amyloid fibrils in vitro using the fluorescent dye, thioflavin T1. Anal
Biochem 177: 244-249.

22. Liu Y, Schubert D (1997) Cytotoxic amyloid peptides inhibit cellular 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction by
enhancing MTT formazan exocytosis. J Neurochem 69: 2285-2293.

23. Drevets DA, Campbell PA (1991) Macrophage phagocytosis: use of fluorescence
microscopy to distinguish between extracellular and intracellular bacteria.
J Immunol Methods 142: 31-38.

24. Axline SG, Reaven EP (1974) Inhibition of phagocytosis and plasma membrane
mobility of the cultivated macrophage by cytochalasin B. Role of subplasma-
lemmal microfilaments. J Cell Biol 62: 647-659.

25. Powis G, Bonjouklian R, Berggren MM, Gallegos A, Abraham R, et al. (1994)
Wortmannin, a potent and selective inhibitor of phosphatidylinositol-3-kinase.
Cancer Res 54: 2419-2423.

26. Araki N, Johnson MT, Swanson JA (1996) A role for phosphoinositide 3-kinase
in the completion of macropinocytosis and phagocytosis by macrophages. J Cell
Biol 135: 1249-1260.

27. Husemann J, Loike JD, Anankov R, Febbraio M, Silverstein SC (2002)
Scavenger receptors in neurobiology and neuropathology: their role on
microglia and other cells of the nervous system. Glia 40: 195-205.

28. Koenigsknecht J, Landreth G (2004) Microglial phagocytosis of fibrillar beta-
amyloid through a betal integrin-dependent mechanism. J Neurosci 24: 9838
9846.

29. Rezaie P, Lantos PL (2001) Microglia and the pathogenesis of spongiform
encephalopathies. Brain Res Brain Res Rev 35: 55-72.

30. Ciesielski-Treska J, Grant NJ, Ulrich G, Corrotte M, Bailly Y, et al. (2004)
Fibrillar prion peptide (106-126) and scrapie prion protein hamper phagocytosis
in microglia. Glia 46: 101-115.

31. Aguzzi A, Zhu C (2012) Five questions on prion diseases. PLoS Pathog 8:
€1002651.

32. Falsig J, Julius C, Margalith I, Schwarz P, Heppner FL, et al. (2008) A versatile
prion replication assay in organotypic brain slices. Nat Neurosci 11: 109-117.

33. Kranich J, Krautler NJ, Falsig J, Ballmer B, Li S, et al. (2008) Engulfment of
cerebral apoptotic bodies controls the course of prion disease in a mouse strain-
dependent manner. J Exp Med 207: 2271-2281.

June 2013 | Volume 8 | Issue 6 | e67743



34.

36.

37.

38.

39.

40.

41.

42.

Fabrizi C, Silei V, Menegazzi M, Salmona M, Bugiani O, et al. (2001) The
stimulation of inducible nitric-oxide synthase by the prion protein fragment 106
126 in human microglia is tumor necrosis factor-alpha-dependent and involves
P38 mitogen-activated protein kinase. J Biol Chem 276: 25692-25696.

. Peyrin JM, Lasmezas CI, Haik S, Tagliavini F, Salmona M, et al. (1999)

Microglial cells respond to amyloidogenic PrP peptide by the production of
inflammatory cytokines. Neuroreport 10: 723-729.

Relkin NR, Szabo P, Adamiak B, Burgut T, Monthe C, et al. (2009) 18-Month
study of intravenous immunoglobulin for treatment of mild Alzheimer disease.
Neurobiol Aging 30: 1728-1736.

Roettger Y, Du Y, Bacher M, Zerr I, Dodel R, et al. (2012) Immunotherapy in
prion disease. Nat Rev Neurol.

Brown DR, Schmidt B, Kretzschmar HA (1996) A neurotoxic prion protein
fragment enhances proliferation of microglia but not astrocytes in culture. Glia
18: 59-67.

Kellner A, Matschke J, Bernreuther C, Moch H, Ferrer I, et al. (2009)
Autoantibodies against beta-amyloid are common in Alzheimer’s disease and
help control plaque burden. Ann Neurol 65: 24-31.

DeMattos RB, Bales KR, Cummins DJ, Dodart JC, Paul SM, et al. (2001)
Peripheral anti-A beta antibody alters CNS and plasma A beta clearance and
decreases brain A beta burden in a mouse model of Alzheimer’s disease. Proc
Natl Acad Sci U S A 98: 8850-8855.

Bard F, Cannon C, Barbour R, Burke RL, Games D, et al. (2000) Peripherally
administered antibodies against amyloid beta-peptide enter the central nervous
system and reduce pathology in a mouse model of Alzheimer disease. Nat Med
6: 916-919.

Bacher M, Depboylu C, Du Y, Noclker C, Oertel WH, et al. (2009) Peripheral
and central biodistribution of (111)In-labeled anti-beta-amyloid autoantibodies
in a transgenic mouse model of Alzheimer’s disease. Neurosci Lett 449: 240

245.

PLOS ONE | www.plosone.org

10

43.

44,

46.

47.

48.

49.

50.

51.

Prion Disease and Microglia

Gold M, Mengel D, Roskam S, Dodel R, Bach JP (2013) Mechanisms of action
of naturally occurring antibodies against beta-amyloid on microglia.
J Neuroinflammation 10: 5.

Garcao P, Oliveira CR, Agostinho P (2006) Comparative study of microglia
activation induced by amyloid-beta and prion peptides: role in neurodegener-
ation. J Neurosci Res 84: 182-193.

. Pul R, Nguyen D, Schmitz U, Marx P, Stangel M (2002) Comparison of

intravenous immunoglobulin preparations on microglial function in vitro: more
potent immunomodulatory capacity of an IgM/IgA-enriched preparation. Clin
Neuropharmacol 25: 254-259.

Sulahian TH, Imrich A, Deloid G, Winkler AR, Kobzik L (2008) Signaling
pathways required for macrophage scavenger receptor-mediated phagocytosis:
analysis by scanning cytometry. Respir Res 9: 59.

Newman SL, Mikus LK, Tucci MA (1991) Differential requirements for cellular
cytoskeleton in human macrophage complement receptor- and Fc receptor-
mediated phagocytosis. ] Immunol 146: 967-974.

Garcia-Garcia E, Rosales C (2002) Signal transduction during Fc receptor-
mediated phagocytosis. J Leukoc Biol 72: 1092-1108.

Gessner JE, Heiken H, Tamm A, Schmidt RE (1998) The IgG Fc receptor
family. Ann Hematol 76: 231-248.

Smith P, DiLillo DJ, Bournazos S, Li F, Ravetch JV (2012) Mouse model
recapitulating human Fcgamma receptor structural and functional diversity.
Proc Natl Acad Sci U S A 109: 6181-6186.

Allen LA, Aderem A (1996) Molecular definition of distinct cytoskeletal
structures involved in complement- and Fc receptor-mediated phagocytosis in
macrophages. J Exp Med 184: 627-637.

. Hughes MM, Field RH, Perry VH, Murray CL, Cunningham C (2010)

Microglia in the degenerating brain are capable of phagocytosis of beads and of
apoptotic cells, but do not efficiently remove PrPSc, even upon LPS stimulation.

Glia 58: 2017-2030.

June 2013 | Volume 8 | Issue 6 | e67743



