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Complement 3+-astrocytes are highly
abundant in prion diseases, but their
abolishment led to an accelerated disease
course and early dysregulation of microglia
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Abstract

Astrogliosis and activation of microglia are hallmarks of prion diseases in humans and animals. Both were viewed to
be rather independent events in disease pathophysiology, with proinflammatory microglia considered to be the
potential neurotoxic species at late disease stages. Recent investigations have provided substantial evidence that a
proinflammatory microglial cytokine cocktail containing TNF-α, IL-1α and C1qa reprograms a subset of astrocytes to
change their expression profile and phenotype, thus becoming neurotoxic (designated as A1-astrocytes). Knockout
or antibody blockage of the three cytokines abolish formation of A1-astrocytes, therefore, this pathway is of high
therapeutic interest in neurodegenerative diseases. Since astrocyte polarization profiles have never been
investigated in prion diseases, we performed several analyses and could show that C3+-PrPSc-reactive-astrocytes,
which may represent a subtype of A1-astrocytes, are highly abundant in prion disease mouse models and human
prion diseases. To investigate their impact on prion disease pathophysiology and to evaluate their potential
therapeutic targeting, we infected TNF-α, IL-1α, and C1qa Triple-KO mice (TKO-mice), which do not transit
astrocytes into A1, with prions. Although formation of C3+-astrocytes was significantly reduced in prion infected
Triple-KO-mice, this did not affect the amount of PrPSc deposition or titers of infectious prions. Detailed
characterization of the astrocyte activation signature in thalamus tissue showed that astrocytes in prion diseases are
highly activated, showing a mixed phenotype that is distinct from other neurodegenerative diseases and were
therefore termed C3+-PrPSc-reactive-astrocytes. Unexpectedly, Triple-KO led to a significant acceleration of prion
disease course. While pan-astrocyte and -microglia marker upregulation was unchanged compared to WT-brains,
microglial homeostatic markers were lost early in disease in TKO-mice, pointing towards important functions of
different glia cell types in prion diseases.

Keywords: Prion diseases, A1-astrocytes, Microglia, Neurotoxicity

Introduction
Prion diseases are neurodegenerative disorders that are
always fatal and affect humans and animals alike.
Sporadic Creutzfeldt–Jakob disease (sCJD) is the most
common human prion disorder. Prion diseases are char-
acterized by the conformational conversion of the cellu-
lar prion protein PrPC into the disease associated

protein isoform PrPSc which is key to prion formation
and disease progression [52]. Beside the accumulation of
aggregated PrPSc in the brain, prion diseases are charac-
terized by neuronal loss, spongiform lesions and wide-
spread reactive gliosis. To date, the mechanisms of
neurotoxicity leading to neuronal loss are only partially
understood. While direct toxic signaling of misfolded
PrPSc via cellular receptors on the neuronal membrane
have been discussed [19, 55], non-neuron autonomous
pathways have become of recent interest. The involve-
ment of microglia in prion diseases was already noted
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decades ago [6, 24, 57]. Microglia are highly activated in
prion disease mouse models and human prion diseases
[34, 36]. Recent investigations have shown that microglia
cells act beneficially at least in the early phases in in vitro-
and mouse models of prion diseases [12, 49, 65]. However,
it has been shown that suppression of microglia prolifera-
tion in the clinical disease phase significantly prolonged
survival [22]. While microglia seem to be able to clear
PrPSc at early disease stages, it was shown that microglia
lose their PrPSc degrading function during disease progres-
sion [28]. Although microglia are the professional phago-
cytes of the brain, they get pro-inflammatory in the course
of neurodegenerative diseases and may thereby contribute
to neuronal loss in the late disease stages [1, 33].
Another hallmark of prion diseases is the widespread

and severe reactive astrogliosis [45]. Since astrocyte acti-
vation was noted as a specific hallmark of prion diseases
with significant up-regulation of glial fibrillary acidic
protein (GFAP), the impact of its knockout on disease
pathophysiology was tested several years ago [23, 59].
Interestingly, GFAP-knockout did not influence disease
outcome [59].
Recently, it was shown that activation of microglia and

astrocytes might not be as independent as assumed
before: Liddelow at al. showed that a cytokine cocktail
composed of TNF-α, IL-1α and C1qa that is released by
activated microglia, could directly polarize a subset of
astrocytes (designated A1-astrocytes) towards a neuro-
toxic phenotype [39]. This astrocyte subtype is charac-
terized by increased expression of complement 3 (C3) as
a typical marker [39, 40, 63]. While astrocytes in models
of ischemic stroke may also express C3, however, this
may rather correlate with a certain degrees of inflamma-
tion [64]. In contrast, astrocytes in scar formation seem
to be devoid of C3 upregulation [18]. Of note, the
genetic knockout or the targeting of TNF-α, IL-1α and
C1qa with therapeutic antibodies was sufficient to abol-
ish the formation of A1-astocytes after an appropriate
stimulus in vitro and in vivo [39]. This, in turn, led to a
better survival of neurons. Therefore, this detrimental
pathway of microglia-to-astrocyte communication may
be of high therapeutic potential in neurodegenerative
diseases including prion diseases. Several proinflamma-
tory cytokines are upregulated in the brain during the
disease course in mouse prion disorders including TNF-α,
IL-1α and C1qa [12, 29]. However, whether the activation
of microglia might lead to the formation of A1-astrocytes
that affect neuronal survival and disease progression in
prion disorders was never assessed before.
Therefore, we wanted to investigate if A1-like-astro-

cytes are abundant in prion diseases, how they might
affect prion disease pathophysiology, and if their abolish-
ment might be a therapeutic option for treatment. Using
specific antibodies, we could show that C3+-astrocytes

are highly abundant in a prion disease mouse model and
in human sCJD. We then investigated the impact of
these astrocytes on prion disease pathophysiology by
prion infecting mice with a knockout of the three cyto-
kines TNF-α, IL-1α and C1qa, which are unable to de-
velop A1-astrocytes upon stimulation. We assessed
PrPSc loads, titer of infectious prions as well as astrocyte
and microglia activation markers at different time points
during the course of disease. Although the deposition of
misfolded PrPSc was unchanged, we found that knockout
of TNF-α, IL-1α and C1qa with the abolishment of
C3+-astrocyte formation let to a significant acceleration
of the prion disease course. This was paralleled by early
dysregulation of homeostatic microglia profile. Our data
rather exclude the abolishment of C3+-astrocytes as a
therapeutic strategy in prion diseases.

Material and methods
Ethics statement
All animal experiments were approved by the Ethical
Committee of the Freie und Hansestadt Hamburg, Amt
für Gesundheit und Verbraucherschutz (Permit number:
V 1300/591–00.33) and in strict accordance with the
principles of laboratory animal care (NIH publication
No. 86–23, revised 1985) and the recommendations in
the Guide for the Care and Use of Laboratory Animals
of the German Animal Welfare Act on protection of ani-
mals. All applicable international, national, and/or insti-
tutional guidelines for the care and use of animals were
followed. All inoculations were performed under Keta-
mine and xylazine hydrochloride anaesthesia, and all
efforts were made to minimize suffering. Mice received a
single intraoperative injection of Rimadyl (Carprofen 6
mg/kg) for post-operative pain prophylaxis.
Ethical approval for the use of anonymized human post

mortem tissues was obtained from the Ethical Committee
at the University Medical Center Hamburg-Eppendorf
and is in accordance with ethical regulations at study cen-
ters and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards.

Chemicals
Chemicals were purchased from Sigma-Aldrich (St.Louis,
USA), if not otherwise indicated.

Animals
C57/Bl6-mice were purchased from Charles River/
Germany. Triple-KO-mice (knockout of TNF-α, IL-1α
and C1qa on a C57/Bl6 background) where provided by
Shane Liddelow [39]. Eight weeks old male and female
mice of both groups were intra-cerebrally inoculated
with brain homogenate from terminally RML 5.0-prion
infected mice (3 × 105 logLD50 (high dose)). Control ani-
mals received mock homogenate (brain homogenate
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from uninfected CD-1 mice). Mice were taken at pre-
clinical days 80 and 110 post prion injection. To deter-
mine the incubation time to clinical prion disease,
remaining mice were allowed to progress to terminal
prion disease, where brain tissue was collected and proc-
essed either for immunohistochemistry or stored at − 80
°C for biochemical analyses. Terminal prion disease
stage was determined blinded to the mouse genotype by
an independent researcher. Control mice were taken at
corresponding time points for analysis.

Human CJD cases
We analyzed post-mortem brain tissue samples that
were obtained through Reference Center activities of the
German National Reference Center for Surveillance of
Transmissible Spongiform Encephalopathies and the
National Reference Center for Prion Diseases of the
German Society of Neuropathology (see Table 1 for
overview). Control tissues were obtained post-mortem
from the University Medical Center Hamburg-Eppendorf
and were age and gender matched for the investigated
CJD cases (Table 2). All cases underwent standardized
neuropathological assessment, including macroscopic and
microscopic examination. Controls did not show any sign
of neurologic or neurodegenerative diseases.

Determination of prion titer by bioassay
To determine the content of infectious prions in a given
tissue, 1% tissue homogenate (0.3 μg) was inoculated
intra-cerebrally into groups of 4 PrPC-overexpressing
tga20 transgenic mice [20]. Animals were observed daily
and sacrificed when clinical signs of prion disease
(reduced motor activity, weight loss, hunched posture,
hind limb paresis, and ataxia) were evident. Prion
titers were calculated according to the following equa-
tion (y = 11.45–0.088x), where x is the incubation time
to terminal disease in days and y is LD50 [20].

Western blot analysis
For Western blot analysis, brains were homogenised
(FastPrep FP120, Qbiogene, Illkirch, France) at 10%
(weight/volume, w/v) in RIPA buffer (150 mM NaCl, 1%
NP-40, 0.5% DOC, 0.1% SDS, 50 mM Tris-HCl pH 8.0)
and a subset of samples from comparable time points
were digested with proteinase K (PK) (20 μg/ml) (Roche,

Mannheim, Germany) for 1 h at 37 °C. Digestion was
stopped by addition of 10× sample buffer and boiling for
10 min. Samples were analyzed by SDS-page (AnykD,
Biorad, Hercules, USA), transferred to nitrocellulose
membranes (0.2 μm pore size, BioRad) at 400 mA for 1
h, blocked for 1 h at room temperature in 5% milk pow-
der in TBST buffer and incubated overnight at 4 °C with
anti-PrP antibody Pom1 [50], Iba1 (Wako), Actin (Milli-
pore), and GLP-1R (Santa Cruz) [63]. After washing and
incubation for 1 h at room temperature with an HRP-
conjugated anti-mouse or anti-rabbit secondary antibody
(1:10.000 in blocking buffer), signals were detected with
ECL femto reagent (Thermo Scientific) and visualized
and quantified with a BioRad ChemiDoc imaging station
and Biorad VersaDoc.

Immunohistochemistry
Mouse brain tissues were fixed in 4% buffered formalin
and prion infectivity was inactivated by immersion in
98% formic acid for 1 hour. Human brain tissues were
fixed in 4% buffered formalin. To inactivate prion infect-
ivity, tissues were incubated in 98% formic acid for 1.5 h.
Tissues from control mice and healthy human controls
were treated with formic acid, too, to enable identical
staining conditions. Mouse tissues were rinsed thor-
oughly, post fixed in 4% buffered formalin overnight and
processed for paraffin embedding. Alternatively, tissues
were soaked in 20% sucrose/PBS overnight, embedded
in Tissue Tek, frozen into blocks and stored at − 80 °C.
Sections (2 μm for paraffin, 8 μm for frozen tissue) were
subjected to HE staining and glial fibrillary acidic protein
(GFAP; Dako), ALDH1L1 (Abcam), ionized calcium
binding adaptor molecule 1 (Iba1; Wako), YKL-40
(Thermo Fisher Scientific), microglial homeostatic
markers TMEM119 (Synaptic Systems), and P2ry12 [11]

Table 1 Summary of clinical parameters of Creutzfeldt-Jakob patients enrolled with post mortem brain tissue samples in this study

Age Sex Diagnosis Subtype Disease duration [months] 14–3-3 RT-Quic

F 69 CJD VV1 9 + +

M 72 CJD MM/MV1 n.a. n.a. n.a.

F 78 CJD MM/MV1 n.a. n.a. n.a.

F 59 CJD MV2K 45 n.a. n.a.

M 78 CJD MV2K + C 10 – n.a.

Table 2 Summary of age and gender matched human post
mortem control brain samples

Age Sex Diagnosis Cause of death

F 69 Control Bronchogenic adenocarcinoma

M 72 Control Aortic dissection

F 78 Control Acute myocardial infarction

F 59 Control Cryptogenic liver cirrhosis

M 79 Control Ventricular fibrillation
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immunohistochemistry according to standard protocols
using a Ventana Benchmark XT (Ventana, Tuscon,
Arizona, USA). Antigen retrieval was performed on
deparaffinised sections by boiling for 30 to 60 min in 10
mM citrate buffer, pH 6.0. Sections were incubated with
primary antibody for 1 h, anti-rabbit or anti-mouse His-
tofine Simple Stain MAX PO Universal immunoperoxi-
dase polymer (Nichirei Biosciences, Wedel, Germany)
were used as secondary antibodies. Detection of second-
ary antibodies and counter staining was performed with
an ultraview universal DAB detection kit from Ventana
(Ventana, Tuscon, Arizona, USA). Data acquisition was
performed using a Leica DMD108 digital microscope.
Positive signal area and particle size (cellular bodies or
processes) were quantified in three to four different
sections for GFAP, Iba1, P2ry12 and TMEM119 using
the Analyze function in the ImageJ 1.52e software [56].
Total area for each section was 273,000 μm2.
For the profiling of spongiform lesions from each

experimental group at least 3 mice were analyzed by a
scientist that was blinded to the animal identity, at 4
different anatomical regions: cortex, hippocampus,
thalamus, and cerebellum. Spongiosis was scored in
HE-sections on a scale of 0–4 (not at all, mild, moderate,
severe, status spongiosus). Since the degree of spongiosis
was still low in preclinical animals, for assessment of
days post infection 80 and 110, the sum of the scores of
all four brain regions per animal was plotted. However,
at clinical disease, we displayed the lesion pattern score
of every brain region separately.
Human paraffin embedded tissues were cut at 2 μm

sections and stained similar as the mouse tissues using
primary antibodies GFAP (Dako), YKL-40 (Thermo
Fisher Scientific), Complement 3 (Abcam), and GBP2
(LSBio). For PrPSc-detection in human brains, mounted
paraffin tissue sections (3 μm) were incubated at least
overnight at 60 °C. Sections were deparaffinized and
boiled for 30 min in 2 mM hydrochloric acid. After cool-
ing down, sections were pretreated with 98% formic acid
for 5 min. Further processing was performed on an auto-
mated staining machine (BenchMarkTX, VENTANA,
Roche Diagnostics, Mannheim, Germany) without further
pretreatment. PrPSc was detected with anti-prion antibody
3F4 (Merck), followed by the secondary antibody biotinyl-
ated anti-mouse IgG. Color development and counter-
staining was according to standard protocols.

Immunofluorescence analysis
Human formic acid inactivated and paraffin embedded
tissues were cut into 2 μm sections. These were dewaxed
and antigen retrieval was performed for 30 min at 96 °C
in 10mM citrate buffer pH 6.0. Mouse tissues were
likewise inactivated in 98% formic acid, washed, incu-
bated in 20% sucrose overnight, embedded in tissue tek,

frozen, and cut at 8 μm thickness on a cryostat. Sections
were washed, permeabilized with 0.2% TritonX 100
(Roche) in TBS and blocked in blocking buffer (Protein--
Free T20 (TBS) Blocking buffer #37071 Thermo Fischer)
for 1 h. A1 astrocyte marker anti-Gbp2 antibody (LSBio)
and anti-GFAP (Dako) or anti-Iba1 (Synaptic Systems)
were applied on the human sections, A1-astrocyte
marker C3d (R&D Systems) [63], A1-astrocyte marker
C3 (HycultBiotech) [40], and anti-GFAP (Chemicon) on
the mouse sections overnight at 4 °C with gentle agita-
tion. Afterward, sections were intensively washed and
followed by incubation with Alexa647-conjugated sec-
ondary anti-rabbit antibody and Alexa488-conjugated
secondary anti-mouse antibody or A488-conjugated
secondary anti-guinea pig antibody for 1.5 h at room
temperature. After repeated washing, sections were
mounted with Fluoromount-G (SouthernBiotech, Bir-
mingham, USA). Data acquisition was performed using a
Leica Sp5 confocal microscope and Leica application
suite software (LAS-AF-lite). Positive signal area was
quantified in three different sections for GFAP and C3
using the Analyze function in the ImageJ 1.52e software
[56]. Total area for each section was 62.500μm2.

RNA isolation and quantitative real-time PCR
Total RNA was extracted from mouse thalamus brain
tissue using the miRCURY™ RNA Isolation Kit (Exiqon;
Cell and Plant #300110) according to the manufacturer
with one exception: To inactivate prion infectivity,
tissues were homogenized in lysis buffer and incubated
in it for 2 h at room temperature before further process-
ing of the RNA.
Total RNA (30 ng) with specific mRNA probes

(Applied Biosystems) were used for conventional quanti-
tative reverse transcription polymerase chain reaction
(qRT-PCR), after reverse transcription reaction accord-
ing to the manufacturer (high-capacity cDNA Reverse
Transcription Kit; Applied Biosystems). Amplifications
were performed using Vii7 (Applied Biosystems) with
commercially available FAM-labeled Taqman probes
(Applied Biosystems/Thermo Fisher Scientific) and
mRNAs levels were normalized relative to GAPDH. All
qRT-PCRs were performed in duplicate, and the data are
presented as relative expression compared to Gapdh as
mean ± s.e.m.

mRNA analysis using microfluidics qPCR
Total RNA was extracted from whole brain, from wild-
type (WT) or Il1a−/−Tnf−/−C1qa−/− triple knock-out
(TKO) animals following prion infection or saline injec-
tion. Total RNA was extracted using the qScript™ cDNA
SuperMix kit (QuantaBio). We designed primers using
NCBI primer Basic Local Alignment SearchTool (BLAST)
software, and as described previously all primers had 90 to
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105% efficiency, primer pairs to amplify products that
spanned exon–exon junctions to avoid amplification of
genomic DNA, and specificity of primer pairs was exam-
ined using agarose gel electrophoresis [39]. Samples were
prepared as previously described [39] and involved pream-
plification for genes of interest, removal of excess primers
and dilution of sample. Five microliters of sample mix
containing preamplified cDNA and amplification Master
mix (20mM MgCl2, 10mM dNTPs, FastStart Taq poly-
merase, DNA-binding dye loading reagent, 50× ROX, 20×
Evagreen) was loaded into each sample inlet of a 96.96
Dynamic Array chip (Fluidigm Corporation), and 5 μL
from an assay mix containing DNA-assay loading reagent,
as well as forward and reverse primers (10 pmol·μL − 1)
was loaded into each detector inlet. Dynamic Array Chips
were mixed and loaded using a Nano-FlexTM 4-IFC Con-
troller (Fluidigm) before processing the chip in a BioMark
HD Real-Time PCR System (Fluidigm) using the standard
fast program. Data were collected using BioMark Data
Collection Software 2.1.1 build 20,090,519.0926 (Fluidigm)
as the cycle of quantification, where the fluorescence sig-
nal of amplified DNA intersected with background noise.
Fluidigm data were corrected for differences in input
RNA using the mean of the reference gene Rplp0.
Data preprocessing and analysis was completed using
Fluidigm Melting Curve Analysis Software 1.1.0 build
20,100,514.1234 (Fluidigm) and Real-time PCR Ana-
lysis Software 2.1.1 build 20,090,521.1135 (Fluidigm)
to determine valid PCR reactions. Invalid reactions
were removed from later analysis.

mRNA analyses using nanoStringTM nCounter®
Total RNA was extracted as above, and purity and con-
centration measured using a NanodropTM OneC micro-
volume UV-Vis spectrophotometer (ThermoFisher). One
hundred nanograms of total RNA was used to run an
nCounter® Inflammation Panel (Mouse v2) to detect 770
mRNA targets, with additional custom targets included
(Aldh1l1, Gfap, Aspg, Ggta1, H2-D1, Hsbp1, Iigp1,
Stat3). Chips were run by the Genome Technology
Center at NYU Langone School of Medicine on an
nCounter® MAX Analysis System (nanoStringTM Tech-
nologies). Gene expression was normalized using the in-
cluded 30 predefined reference genes using the nSolver
Anlaysis Software (v4.0, nanoString Technologies). Heat-
maps were generated using the ClustVis online tool [46].

Statistical analyses
For statistical comparison of data the Graphpad Prizm
v7.05 program was used applying one-way ANOVA with
Tukey’s multiple comparison for grouped analyses. For
comparison of two cohorts, student’s t-Test was applied.
For Kaplan-Meier curve calculation the Log-rank (Man-
tel-Cox) test was applied and for immunohistochemical-

based quantifications a semi-quantitative measurement
was applied, with sample identity blinded to the investi-
gator. A minimal significance value was determined
when p < 0.05. Individual analyses and significance are
described in each figure legend. Levels for statistical
significance were set at p-values < 0.05 (*), < 0.01 (**)
and < 0.005 (***).

Results
A1 astrocytes are highly abundant in mouse and human
prion diseases
Reactive astrogliosis is a hallmark of human neurode-
generative diseases, however, it is particularly highly
abundant in prion disease mouse models and human
prion diseases [41, 45]. Human sCJD prion diseased pa-
tients show a highly positive staining pattern for the
pan-astrocyte markers GFAP and YKL-40 in brain tissue
(Additional file 1: Figure S1a). Brain tissues of terminally
sick RML5.0-prion infected mice were likewise highly
positive for pan-astrocyte markers GFAP and YKL-40
(Additional file 1: Figure S1a). Positive staining in the
mouse brain is highly prevalent especially in areas with
high amount of PrPSc deposition as in thalamus. To
evaluate, if A1-astrocytes are abundant in terminally sick
mice, we stained brain sections with the A1-marker
complement 3 (C3) (Fig. 1a) [39, 63]. Immunohisto-
chemistry for C3d showed positive cells in mice infected
with prions, but not in control animals, suggesting that
prion infection is able to activate astrocytes down this
neurotoxic phenotype (Fig. 1a). To assess, if formation
of A1-astrocytes also plays a role in human prion dis-
eases, we stained human brain tissue sections for the pu-
tative A1-astrocyte markers C3 (Additional file 1: Figure
S1b) and guanine-binding protein 2 (GBP2) (Fig. 1b, c,
Additional file 1: Figure S1b) [39]. Human sCJD prion
disease cases showed C3-positive astrocytes in compari-
son to control cases (Additional file 1: Figure S1b). How-
ever, non-astrocytic background staining was high with
C3-specific antibody in the human samples (Additional
file 1: Figure S1b). In contrast, GBP2 was highly positive
and co-localized with GFAP+-astrocytes in human sCJD
(Fig. 1b). Of note, GBP2-positive astrocytes were com-
pletely absent in human age- and gender-matched
healthy control individuals (see Additional file 1: Figure
S1c, d). Therefore, GBP2 seems highly suitable to
identify specifically polarized astrocytes in human brain
tissue. Interestingly, abundance of GBP2-positive-astro-
cytes was completely independent of the amount of
pathological prion protein deposition which was highly
variable in the investigated cases (for individual PrPSc

deposition pattern see Additional file 1: Figure S2). To
confirm specific co-localization of GBP2 with astrocytes,
we performed double-immunofluorescence staining of
GBP2 and GFAP or microglial marker Iba1, respectively
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(Fig. 1c). While GBP2 immunoreactivity almost exclu-
sively co-localized with GFAP+-astrocytes, Iba1+-micro-
glia did not co-localize with GBP2 at all (Fig. 1b, c).
Interestingly, microglia processes could be detected in
close contact with GBP2+/GFAP+-A1-astrocytes (close-
up in Fig. 1c). We detected a small number of
GBP2-positive oligodendrocytes or oligodendrocyte pre-
cursor cells (data not shown). However, those were also
only detectable in prion disease sCJD cases, but not in
control individuals.

Triple cytokine knockout does not influence PrPSc-
formation but leads to acceleration of prion disease
course
We show that C3+-astrocytes are highly abundant in
prion diseases. Since A1-astrocytes are considered to
exert neurotoxic functions and might thereby influence
disease progression, we wanted to investigate their im-
pact in the prion disease mouse model. Therefore, we
intra-cerebrally infected Triple-KO mice (TKO) lacking
expression of TNF-α, IL-1α and C1qa (which fail to
develop A1 reactive astrocytes following inflammatory
insult [39]) with RML-prions and determined patho-
physiology of prion disease progression in comparison
to infected WT-mice (WT). We took mice at preclinical
days 80 and 110 post infection (p.i.) and let the third
group of mice progress to terminal prion disease.
Amounts of pathological prion protein PrPSc were deter-
mined by Western-blot analysis after PK-digestion of
brain lysates, but did not differ between experimental

groups at 80, 110 p.i. and at clinical time points (Fig. 2a).
Unexpectedly, TKO-mice displayed a significantly acceler-
ated prion disease time course (p = 0.0003) (Fig. 2b;
Additional file 1: Table S1). While mean survival of
WT-mice was 146 +/− 3 days, TKO-mice had to be sacri-
ficed due to terminal disease at 131 +/− 5 days. Since, it
was shown that the amounts of deposition of misfolded
PrPSc and the titer of infectious prions in tissue are not
necessarily comparable [7, 35], we determined, if titers of
infectious prions were responsible for the differences in
incubation time. For this, we performed bioassays via in-
jection of brain tissues of TKO versus WT-mice at day 80
p.i. into highly susceptible tga20-mice (Fig. 2c). However,
titers of infectious prions were comparable in both groups
(p = 0.1451). To rule out the possibility that shortening of
incubation time in TKO-mice is due to differences in PrPC

expression, a prerequisite for PrPSc formation and path-
ology [9, 10], we performed Western Blot analyses of PrPC

at different corresponding time points from non-infected
animals. However, PrPC protein levels were similar in
WT- and TKO-mice (Fig. 3a).
To assess neuropathological changes in the experi-

mental groups, we stained brain sections of terminally
sick mice with H&E and determined the degree of spon-
giosis by semi-quantitative measurement (Fig. 3b).
Although both cohorts, WT and TKO, showed increased
levels of spongiosis in different regions of the brain
compared to non-infected mice of each genotype, they
were unchanged in TKO-mice. When we assessed
astrocytes distribution and morphology at clinical time
points by staining with the pan-astrocyte marker GFAP,

Fig. 1 A1-astrocytes are highly abundant in human prion diseases and a prion mouse model. a Representative immunofluorescence staining with the
A1-astrocyte marker C3d showed high abundance of A1 astrocytes in different brain regions in terminally prion diseased mice (n = 3 individual animals
per group), (age matched control mice; n = 3); red = C3d; blue = DAPI; scale bar: 25 μm. b Representative frontal cortex sections of control or sCJD
individuals showed that GBP2-positive A1-astrocytes can be only detected in human prion disease brains. GBP2-signal co-localize with GFAP-positive
astrocytes; (CJD cases; n = 5), (age and gender matched control; n = 5); red = GBP2; green = GFAP; scale bar: 50 μm. c Representative fluorescence
staining of human frontal cortex brain sections show that Iba1-positive microglia do not co-localize with GBP2, but keep close contact with GBP2+

astrocytes (see high magnification insert); GFAP (green) or Iba1 (green) and GBP2 (red); scale bar: 50 μm, close up: 20 μm
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it was highly upregulated upon prion infection. To our
surprise, we could not detect changes in immuno-histo-
chemical staining between prion-infected TKO- or
WT-mice (Additional file 1: Figure S3, S4). Since using
GFAP as a sole astrocyte marker might not be sufficient,
we also investigated immunoreactivity of two other
astrocyte proteins: YKL-40 and ALDH1L1 (Additional
file 1: Figure S3). The latter were both increased in their
intensity upon clinical prion disease. However, as with
GFAP, we could not detect differences in the astrocyte
activation profiles of infected WT- versus TKO-mice
(Additional file 1: Figure S3). Interestingly, while GFAP
was more homogenously upregulated in brains of in-
fected animals, YKL-40 and ALDH1L1 showed more

prominent increase in thalamus, the region with highest
PrPSc deposition. The pan-microglia/monocyte marker
Iba1 was likewise increased in terminal prion infected
animals but did not differ between TKO- or WT-mice
(Additional file 1: Figure S5). In contrast, the microglia
homeostasis marker TMEM119 was downregulated
upon prion disease in both cohorts (Additional file 1:
Figure S5). Next, we determined amount of microglial
Iba1 expression via Western blot analysis at day 80, day
110 post infection and at clinical prion disease. Although
Iba1 was significantly upregulated in prion diseased
animals, again, we could not detect changes between
TKO- and WT-mice upon prion infection (Additional
file 1: Figure S6).

Fig. 2 Triple-KO leads to significant acceleration of prion disease course a Western blot analysis of PrPSc after proteinase K digestion of brain tissue at
80 and 110 days p.i. and at clinical prion disease. Quantification of signal intensity showed that WT and Triple-KO mice do not show significant
differences at all three investigated time points (n = 4 independent animals per group and time point) day80 p = 0.347; day 110 p = 0.126; clinical prion
disease p = 0.297. b Kaplan-Meier survival curve of RML-prion infected WT- (n = 8 individual animals) and TKO-mice (n = 10 individual animals), Mantel-
Cox log rank *** p = 0.0003. c Titers of prion infectivity as measured by bioassay in tga20-mice are similar in brains of WT- or TKO-mice 80 days post
prion infection (p = 0.1451). Brain homogenates of two individual infected mice per group were injected into 4 individual tga20-mice, each
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Astrocyte expression signature is specifically changed in
prion disease
We next assessed expression levels of A1-astrocyte
markers as well as microglia disease markers via qPCR
(Fig. 4a). We first assessed expression of TNF-α as an in-
ternal control. TNF-α was significantly upregulated upon
terminal prion disease in brains of WT animals, but as
expected, not abundant in the TKO-mice. In contrast to
the pan-astrocyte maker GFAP, which was highly upreg-
ulated in both infected groups (Additional file 1: Figure
S3, S4), C3 and GBP2 were both significantly upregu-
lated in terminally sick WT-animals, but not in the
TKO-mice, as would be expected when devoid of forma-
tion of A1-astrocytes (Fig. 4a). However, the microglia
disease marker Clec7a [33] was significantly upregulated
in both groups of infected animals (Fig. 4a). To confirm
the differences in C3 protein levels, we performed
double staining of C3 and GFAP in brains of another set
of terminally sick mice (Fig. 4b). While GFAP immuno-
reactivity was unchanged between prion diseased TKO-
and WT-mice, C3 was significantly less upregulated in
terminally sick TKO-mice (Fig. 4c).
To investigate the astrocyte activation profile at clin-

ical prion disease in more detail, we performed micro-
fluidic qPCR [39] and Nanostring expression analysis
using bulk RNA from thalamus tissue of infected
terminally sick animals and age matched controls of
both genotypes. Analysis of expression of specific Pan-,
A1- and A2-astrocyte marker proteins revealed that in

terminal prion disease, a mixed astrocyte activation
phenotype is generated (Additional file 1: Figure S7a, b).
Astrocyte profiles are characterized by significant and
high upregulation of pan-markers and a mixed upregula-
tion of A1 and A2-markers (Fig. 5a, b; Additional file 1:
Figure S7a, b). Therefore, reactive astrocytes in prion
diseases might be termed C3+-PrPSc-specific to
distinguish them from classical A1-astrocytes in other
neurodegenerative diseases. Although subtle, astrocyte
activation signatures differ between terminally sick WT-
and TKO-mice, which cluster separately (Fig. 5b;
Additional file 1: Figure S7b). This is even more obvious
when including other immune parameters in the Nano-
string expression analysis (Fig. 5c, d). In contrast, unin-
fected mice of both genotypes always cluster together
(Fig. 5d; Additional file 1: Figure S7a, b, c).
Recently, the involvement of A1-astrocytes in a mouse

model of Parkinson’s disease has been described. Block-
ing of A1-astrocyte conversion by microglia was neuro-
protective in this model [63]. Interestingly, up-regulation
of the microglial glucagon-like peptide-1 receptor (GLP-
1R) was identified as a disease marker in Parkinson’s dis-
ease and targeting of GLP-1R with an agonist lead to its
down-regulation and the abolishment of microglia-
dependent A1 astrocyte conversion [63]. To determine,
if GLP-1R up-regulation also plays a role in prion dis-
eases, and is targeted by our knockout strategy, we
assessed levels of GLP-1R in brain homogenates from
terminally prion diseased TKO- and WT-mice and their

Fig. 3 Prion pathology in TKO- is similar to WT-mice at clinical time points a Determination of PrPC expression by Western blot and subsequent
quantification of PrPC normalized to β-actin in age matched non-infected mice brain homogenates showed similar expression levels at the age of
200 days (corresponding to the clinical time point). b Representative H&E staining of hippocampus and thalamus of clinical prion diseased mice
and age matched non-infected controls; scale bar: 50 μm. c Semi-quantitative determination of spongiosis levels showed no differences between
clinical TKO versus WT mice (n = 4 individual mice each). In contrast, uninfected TKO or WT mice do not display spongiosis (n = 3 individual
mice each)
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non-infected age-matched controls. Expression levels of
GLP-1R were similar and low in uninfected mice (Fig.
6a, b). Surprisingly, GLP-1R was not upregulated in ter-
minally prion diseased WT-mice compared to control
mice (Fig. 6a, b). Since GLP-1R is considered to be a
microglia marker [63], we propose that microglia dysreg-
ulation in prion diseases might be very distinct from that
in other neurodegenerative diseases. Interestingly,
GLP-1R was significantly increased in infected TKO-
mice, pointing to a distinct microglia activation state as
compared to infected WT-mice (Fig. 6a, b).

Microglia homeostatic signature is lost early in the
disease course in triple-KO mice upon prion infection
Since GLP-1R was found to be significantly changed in
TKO-mice at clinical prion disease, we asked whether
microglia homeostasis was disturbed earlier in the prion
infected TKO-mice. When we determined amounts of
GLP-1R at day 80 post infection, we found it already up-
regulated in TKO-mice, but significantly down-regulated
in prion infected WT-mice (Fig. 6c, d). Disease associ-
ated microglia activation is very high in prion disorders
and starts rather early in disease in prion mouse models
[22, 34]. Moreover, loss of homeostatic signature is espe-
cially severe in mouse models and human prion diseases
[33, 36, 49]. Therefore, we took a closer look at the dis-
ease profile at day 80 and 110 post infection. We first

determined the spongiosis score in infected mice.
Although there was a trend towards more spongiosis in
the infected TKO-mice at day 80, this was not signifi-
cant (p = 0.1901) (Additional file 1: Figure S8). To assess
neuropathological changes in the experimental groups,
we stained brain sections of all four groups of mice at
80 days p.i. against pan-astrogliosis (GFAP) and pan-
microglia/monocyte markers (Iba1) as well as microglia
homeostatic marker proteins TMEM119 and P2ry12
(Fig. 7a). High magnification images confirmed that
microglia morphology changed towards an activated
phenotype with bushy appearance in both infected WT
and TKO-brains (Fig. 7a). However, P2ry12 and
TMEM119 intensity was more down-regulated in in-
fected TKO- than in WT-brains. Quantification of total
positive signals or cell counts revealed that while the
pan-markers were unchanged at day 80 post infection,
microglial homeostasis markers were significantly down-
regulated in prion infected TKO-mice in contrast to the
WT-animals (Fig. 7b, Additional file 1: Figure S9).
Although A1-astrocytes are considered to be rather

detrimental to neuronal health, our findings show for
the first time that C3+-PrPSc-reactive-astrocytes, a prion-
induced specific subtype of reactive astrocytes, might act
beneficially in prion disease pathophysiology by stimulat-
ing and supporting microglia and possibly slowing the
progression of prion infection throughout the brain.

Fig. 4 A1-astrocyte markers are significantly altered in TKO mice upon prion infection a qPCR expression analysis of microglia and astrocyte disease
markers in thalamus tissue from terminally sick mice and age matched control confirmed the knockout of TNFα in TKO mice, but significant upregulation
in diseased WT-mice (p= 0.0004). A1-astrocyte markers are significantly less upregulated in diseased TKO-mice (C3 p= 0.0006; GBP2 p= 0.0001). In contrast,
microglia disease marker Clec7a was upregulated in both infected groups (p= 0.0023) n = 3 independent mice/group. b Representative staining of GFAP
(red), C3 (green) and DAPI (blue) in Thalamus tissue at clinical prion disease. c Quantification of positive staining area (μm2 × 1000) showed significant
upregulation of GFAP in both, prion infected WT- and TKO-mice (p = 0.0003), while C3 is significantly upregulated in WT-mice only (p= 0.0005); n = 3
independent from Fig. 4a animals/group
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Abolishment of this type of astrocytes does not seem to
be a therapeutic option in prion disease treatment. It is
unknown by which mechanism this occurs, but it will be
an avenue of intense future investigation. The crosstalk
between glia cell populations might be more subtle in
prion diseases and seem to be very different from that in
other neurodegenerative diseases.

Discussion
Glia cells are getting increasingly recognized as active
participants in the pathogenesis of neurodegenerative
diseases [1, 26, 51]. However, only recently, it was pro-
posed that microglia and astrocytes cooperate closely to
generate a specific subset of astrocytes, designated A1
that is supposed to be more neurotoxic and might there-
fore considerably contribute to neuronal loss and disease
progression [39]. Abolishment of A1-astrocyte formation
by knockout or pharmacologic inhibition of TNF-α,
IL-1α and C1qa have been shown to have therapeutic
potential [39]. Since both, activation of microglia and
massive astrogliosis are prominent in brains of human

CJD patients, and are also reproduced in mouse models
of prion infection, we set up the first study to investigate
astrocyte profiles and their impact on prion disease
pathophysiology. We show that complement
3+-PrPSc-specific-astrocytes are highly abundant in hu-
man prion diseases and prion mouse models. A major
aim of our study was to determine, if targeting these ac-
tivated astrocytes could be used as a therapeutic strategy
in prion disease treatment. Surprisingly, abolishment of
C3+-astrocyte formation by knocking out TNF-α, IL-1α
and C1qa accelerated the prion disease course.
Very recent investigations in mouse models of tauopa-

thies and Alzheimer’s disease suggested regulation of the
complement 3 receptor (C3aR), that is abundant on as-
trocytes and microglia, rather than C3 itself as a feasible
target for therapies aiming to reduce gliosis and forma-
tion of A1-astrocytes. It could be shown that C3aR in-
hibition led to reversion of an immune network
deregulation including microglia and astrocytes [40].
Therefore, it would be interesting to determine, if C3aR
is altered in prion diseases and could pose a more

Fig. 5 Analyses of immune cell and astrocyte marker expression. a Fold change induction of reactive astrocyte specific transcripts split to Pan-,
A1-, and A2-specific cassettes for all experimental groups including age matched control groups. Data are mean +/−SEM using Nanostring
nCounter data. b Fold change induction of reactive astrocyte specific transcripts split to Pan-, A1-, and A2-specific cassettes showing significant
differences between infected WT- and TKO-mice. Data are mean +/−SEM using microfluidic qPCR. c Heatmap of transcripts of Nanostring
encounter expression analysis from terminally sick prion infected WT- and TKO-mice. Although subtle, there are clustering differences between
infected WT- versus TKO-mice. d PCA plot of Nanostring expression data. Unit variance scaling is applied to rows; singular value decomposition
with imputation is used to calculate principal components. X and Y axis show principal component 1 and principal component 2 that explain
50.6 and 12% of the total variance, respectively. All control animals regardless of genotype cluster closely together, while prion infected animals
are clustered according to genotype; n = 3 individual animals per group for all analyses
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Fig. 6 GLP-1R is upregulated in TKO-mice but not in WT-mice after prion infection a Western blot analysis of GLP-1R at clinical prion disease and
age-matched controls (n = 3 individual mice per group). b Quantification of GLP-1R levels normalized to β-actin showed that GLP-1R is
significantly increased in TKO-mice at clinical prion disease (p = 0.0001); n = 3 independent animals per group. c Western blot analysis of GLP-1R
at day 80 p.i. and age-matched controls (n = 3 individual mice per group). d Quantification of GLP-1R levels normalized to β-actin showed that
GLP-1R is increased in TKO-mice at day 80 post infection, but significantly downregulated in WT-mice (p = 0.0022); n = 3 independent animals
per group

Fig. 7 Homeostatic microglia markers are significantly altered in pre-clinical prion diseased TKO-mice at day 80 p.i. a Representative
immunostaining of GFAP, Iba1, P2ry12, or TMEM119 in thalamus in brain sections of TKO- and WT-mice and age matched control; scale bar:
50 μm; high magnification: 25 μm. b Quantification of positive staining area (μm2 × 1000) of GFAP, Iba1, P2ry12, and TMEM119 of brain sections at
80 days post infection. While GFAP and Iba1 staining intensities are unchanged between prion infected TKO and WT-mice, both are significantly
upregulated compared to uninfected control (GFAP p = 0.0058; Iba1 p = 0.0030). In contrast, P2ry12+ and TMEM119+-microglia are significantly
dysregulated in prion infected TKO-mice only (P2ry12 p = 0.0069; TMEM119 p = 0.0089) n = 3–4 individual mice/group
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suitable target than the cytokine triad TNF-α, IL-1α and
C1qa. Dysregulation of immune functions have already
been shown to be prominent in prion diseases [12, 22,
29, 61]. Since stimulating the inflammatory phenotype of
microglia in prion diseases did not influence disease
pathophysiology [28], restoring microglia homeostasis
might be a more suitable strategy. While we detected no
difference of Iba1+-microglia activation or disease
markers such as Clec7a in our TKO-model, the loss of
microglia homeostasis markers (P2ry12 and TMEM119)
early in disease correlated with accelerated disease pro-
gression without affecting PrPSc loads.
The deposition of endogenous misfolded protein spe-

cies is a hallmark of several neurodegenerative diseases
[21]. Interestingly, when compared to WT-controls, the
amounts of misfolded PrPSc were unchanged in prion
infected TKO-mice despite reduction of C3+-astrocyte
formation. This is in contrast with a recent report of
Yun et al. [63] where decreased amounts of C3+-astro-
cytes in a mouse model for Parkinson’s disease directly
correlated with decrease of α-synuclein deposition,
reduction of neuronal loss, and improvement of disease
outcome. In their study, the authors showed that
increased microglial GLP-1R signaling was involved in
the formation of A1-astrocytes and used the pharmaco-
logical targeting of GLP-1R to ameliorate microglia sig-
naling and reactive astrocyte formation. Since Yun et al.
identified upregulated GLP-1R on activated microglia in
disease [63], we were interested to evaluate its thera-
peutic potential in prion diseases. Unexpectedly, GLP-1R
expression was even reduced in prion infected WT-mice
compared to control. Therefore, GLP-1R reducing strat-
egies might probably be unsuitable as a therapeutic option
in prion diseases. Interestingly, GLP-1R was significantly
increased in the TKO-mice upon prion infection, stressing
the fact that microglia are significantly dysregulated in the
TKO-mouse model upon prion infection.
Although we speculated that early dysregulation of

microglia in prion infected TKO-mice might be due to
disturbed glia communication and reduction of C3+-as-
trocytes, we cannot rule out that dysregulated microglia
phenotype is induced by the TNF-α, IL-1α and C1qa
knockout itself. TNF-α, IL-1α and C1qa knockout mice
develop normally and do not show signs of neurodegen-
eration [39]. Of note, TNF-α, IL-1α and C1qa are upreg-
ulated in mouse models of prion disease [12, 29] and
TNF-α and IL-1α in human CJD [42], which would
make polarization of astrocytes towards A1 very likely in
prion diseases [39]. Knockout or depletion of either
TNF-α or C1qa in mouse models of prion disease did
not influence prion disease course after intracerebral
prion infection [32, 43], however, microglia homeostatic
phenotypes had not been determined in these studies.
Interestingly, in both models, knockout significantly

improved disease outcome after peripheral prion infec-
tion. In contrast, the impact of knockout of IL-1α or all
three cytokines in prion disease pathophysiology has
never been studied before. However, since we did not
detect changes in PrPSc amount, which we assume,
would be altered if microglia’s function phagocytosis
would be impaired, direct effects of triple cytokine
knockout on microglia might be mild. Regardless, if the
effect in our TKO model was due to altered microglia
response or reducing amounts of C3+-astrocytes, unfor-
tunately, it did not ameliorate disease.
Microglia are the professional phagocytes of the brain

and have been proposed to contribute to phagocytosis/
degradation of PrPSc [3, 65]. The role of astrocytes in
prion disease pathophysiology is less clear: Astrocytes
have also been shown to efficiently degrade misfolded
PrP species in vitro [13]. On the other hand, astrocytes
express measurable amounts of the substrate protein
PrPC for conversion into PrPSc [48] and they have been
shown to accumulate PrPSc [17, 62]. Astrocytes have also
been suggested to actively replicated PrPSc and contrib-
ute to PrPSc production and disease progression [16, 37]
or even to spreading of PrPSc [27, 60]. Since most of
these studies have been performed in vitro, it is still con-
troversial, if astrocytic PrPSc formation alone is sufficient
to mount a clinical prion disease in vivo [2, 30, 44, 54].
Astrocyte subtypes might contribute differentially to the
features ascribed to astrocytes in prion diseases with
C3+-PrPSc-reactive astrocytes potentially acting benefi-
cial as suggested by our study. When we investigated the
astrocyte expression profile in more detail, we could not
determine a clear A1 profile. This might be attributed to
specific activation patterns unique to astrocytes in prion
diseases. However, our analyses come with several
limitations: (I) We used bulk tissue from thalamus.
Therefore, regional differences in astrocyte profiles in re-
sponse to PrPSc deposition will not be considered since
the thalamus is already very heterogeneous in terms of
prion pathology. In contrast, Shi et al. could determine a
slight clustering of A1-specific expression changes using
microfluidic qPCR in bulk tissue analyses from brains of
Tau transgenic mice [58]. (II) Most genes are not com-
pletely astrocyte specific and the astrocyte profile might
be masked by down/upregulation of expression in other
cells types. (III) We analyzed tissue at terminal disease,
where a lot of cells are already exhausted, including
microglia with a loss of functional signature [49]. (IIII)
Only three animals were analyzed per group, which gives
great variances with one outliner, which we had in both
groups of infected animals. Nevertheless, we could see
clear clustering into separate expression signatures. As it
has been shown for myeloid cell populations in the neu-
roinflammatory brain [31], future research using single
cells sequencing of astrocyte populations in preclinical
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and clinical animals will undoubtedly help to identify full
picture of astrocyte profiles in the prion diseased brain.
A better understanding of astrocyte subpopulations
might help to determine regional activation pattern in
the future [4, 47]. Moreover, stem-cell derived co-cul-
tures have been shown to be feasible models to study as-
pects of neurodegeneration in the past [25]. The newly
established in vitro model of prion infection and PrPSc

replication in human astrocytes derived from induced
pluripotent stem cells (iPS cells) might facilitate to study
the capability of subtypes of astrocytes in prion disease
pathophysiology in more detail [37]. Using advanced
co-culture models might facilitate to dissect contribu-
tions of different cells types in future experiments [53].
Both, microglia and astrocytes are massively dysregu-

lated in human and mouse prion disorders, but it re-
mains poorly understood, how both cell types interact
and contribute to progression of disease. Although
C3+-PrPSc-specific-astrocytes are abundant in human
and mouse prion diseases, abolishment of their forma-
tion led to an acceleration of prion disease progression.
Our data showed that astrocyte signatures in prion dis-
eases are distinct from other neurodegenerative diseases.
These include those found in response to chronic neuro-
degenerative diseases like Alzheimer’s and Parkinson’s
diseases or aging [8, 15, 58, 63], and those stimulated
following acute injuries and traumas [5, 14]. However,
astrocyte responses are highly heterogeneous and not a
simple ‘positive’ or ‘negative’ response to such complex
mediators. Although A1-astrocytes have been shown to
have largely detrimental effects in models for chronic
diseases like Alzheimer’s, it has been hypothesized that
this function could locally have a positive effect (e.g. re-
moval of aberrantly firing neurons), while globally being
detrimental (e.g. death of too many neurons) [38, 39].
Irrespective of the reason for the formation of this react-
ive subtype, future investigations into how astrocytes
and microglia communicate in the face of such chal-
lenges will hold much hope for understanding a wide
array of CNS diseases.

Conclusion
Our study demonstrates that the expression signature of
reactive astrocytes in prion diseases is very distinct from
other neurodegenerative diseases and characterized by
upregulation of complement 3 and a mixed A1/A2
phenotype. Unexpectedly, abolishment of C3+-astrocyte
formation by specific cytokine knockout led to an accel-
eration of disease and early dysregulation of microglia
homeostatic marker expression. Our findings rather ex-
clude the abolishment of reactive astrocytes as a thera-
peutic option in prion disease treatment, while restoring
microglia function might be a better option.

Additional file

Additional file 1: 'Complement 3+-astrocytes are highly abundant in
prion diseases, but their abolishment led to an accelerated disease
course and early dysregulation of microglia' Supplementary Figures and
Table. (DOCX 15895 kb)

Acknowledgements
K.H. (technician) and S.K. (scientist) are running the Core Facility of
Experimental Mouse Pathology at UKE. We thank the UKE Microscopy
Imaging Facility for using their microscopes.

Funding
C.Mu. was funded by the Werner Otto Stiftung Grant 9/91 by a stipend to
S.K.

Availability of data and materials
The data supporting the conclusions of this article are included within the
article. Original slides, tissues and photographs are retained. All reagents
used in this study are available from scientific supply companies.

Authors’ contributions
SK conceived the study and the experiments, designed and assembled all
Figs. KH and SK performed the experiments with help of IVLR, SL, CMu, DS-F,
CMa, MG, and JM. SL provided the TNF-α, IL-1α, and C1qa Triple-KO mice
(TKO-mice). OB provided microglia-specific antibody P2ry12 and scientific
input regarding microglia signature loss. DS-F performed data analysis. SK
wrote the manuscript with input from DS-F, IVLR, CMa, OB, JM, CMu, and SL.
All authors reviewed the manuscript and approved its final version.

Ethics approval
All animal experiments were approved by the Ethical Committee of the Freie
und Hansestadt Hamburg, Amt für Gesundheit und Verbraucherschutz
(Permit number: V 1300/591–00.33) and in strict accordance with the
principles of laboratory animal care (NIH publication No. 86–23, revised 1985)
and the recommendations in the Guide for the Care and Use of Laboratory
Animals of the German Animal Welfare Act on protection of animals. All
applicable international, national, and/or institutional guidelines for the care
and use of animals were followed. All inoculations were performed under
Ketamine and xylazine hydrochloride anaesthesia, and all efforts were made
to minimize suffering. Mice received a single intraoperative injection of
Rimadyl (Carprofen 6 mg/kg) for post-operative pain prophylaxis.
Ethical approval for the use of anonymized human post mortem tissues was
obtained from the Ethical Committee at the University Medical Center
Hamburg-Eppendorf and is in accordance with ethical regulations at study
centers and with the 1964 Helsinki declaration and its later amendments or
comparable ethical standards.

Consent for publication
This manuscript has been approved for publication by all authors.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Institute of Neuropathology, University Medical Center Hamburg-Eppendorf,
Hamburg, Germany. 2Neuroscience Institute; Neuroscience Institute, NYU
Langone Medical Center, New York, USA. 3Department of Neuroscience and
Physiology, NYU Langone Medical Center, New York, USA. 4Ann Romney
Center for Neurologic Diseases, Department of Neurology, Brigham and
Women’s Hospital, Harvard Medical School, Boston, MA, USA. 5Department of
Pharmacology and Therapeutics, the University of Melbourne, Melbourne,
Australia.

Hartmann et al. Acta Neuropathologica Communications            (2020) 7:83 Page 13 of 15

https://doi.org/10.1186/s40478-019-0735-1


Received: 28 March 2019 Accepted: 13 May 2019

References
1. Aguzzi A, Barres BA, Bennett ML (2013) Microglia: scapegoat, saboteur, or

something else? Science 339:156–161
2. Aguzzi A, Liu Y (2017) A role for astroglia in prion diseases. J Exp Med 214:

3477–3479. https://doi.org/10.1084/jem.20172045
3. Aguzzi A, Zhu C (2017) Microglia in prion diseases. J Clin Invest 127:3230–

3239. https://doi.org/10.1172/JCI90605
4. Anderson MA, Ao Y, Sofroniew MV (2014) Heterogeneity of reactive astrocytes.

Neurosci Lett 565:23–29. https://doi.org/10.1016/j.neulet.2013.12.030
5. Anderson MA, Burda JE, Ren Y, Ao Y, O’Shea TM, Kawaguchi R, Coppola G,

Khakh BS, Deming TJ, Sofroniew MV (2016) Astrocyte scar formation aids
central nervous system axon regeneration. Nature 532:195–200. https://doi.
org/10.1038/nature17623

6. Barcikowska M, Liberski PP, Boellaard JW, Brown P, Gajdusek DC, Budka H
(1993) Microglia is a component of the prion protein amyloid plaque in the
Gerstmann-Straussler-Scheinker syndrome. Acta Neuropathol Berl 85:623–627

7. Barron RM, Campbell SL, King D, Bellon A, Chapman KE, Williamson RA,
Manson JC (2007) High titers of transmissible spongiform encephalopathy
infectivity associated with extremely low levels of PrPSc in vivo. J Biol Chem
282:35878–35,886

8. Boisvert MM, Erikson GA, Shokhirev MN, Allen NJ (2018) The Aging
Astrocyte Transcriptome from Multiple Regions of the Mouse Brain. Cell Rep
22:269–285. https://doi.org/10.1016/j.celrep.2017.12.039

9. Brandner S, Isenmann S, Raeber A, Fischer M, Sailer A, Kobayashi Y, Marino
S, Weissmann C, Aguzzi A (1996) Normal host prion protein necessary for
scrapie-induced neurotoxicity. Nature 379:339–343. https://doi.org/10.1038/
379339a0

10. Bueler H, Aguzzi A, Sailer A, Greiner RA, Autenried P, Aguet M, Weissmann C
(1993) Mice devoid of PrP are resistant to scrapie. Cell 73:1339–1347

11. Butovsky O, Jedrychowski MP, Moore CS, Cialic R, Lanser AJ, Gabriely G,
Koeglsperger T, Dake B, Wu PM, Doykan CE et al (2014) Identification of a
unique TGF-beta-dependent molecular and functional signature in
microglia. Nat Neurosci 17:131–143

12. Carroll JA, Race B, Williams K, Striebel J, Chesebro B (2018) Microglia Are
Critical in Host Defense Against Prion Disease. J Virol. https://doi.org/10.
1128/JVI.00549-18

13. Choi YP, Head MW, Ironside JW, Priola SA (2014) Uptake and degradation of
protease-sensitive and -resistant forms of abnormal human prion protein
aggregates by human astrocytes. Am J Pathol 184:3299–3307. https://doi.
org/10.1016/j.ajpath.2014.08.005

14. Clark DPQ, Perreau VM, Shultz SR, Brady RD, Lei E, Dixit S, Taylor JM, Beart
PM, Boon WC (2019) Inflammation in Traumatic Brain Injury: Roles for Toxic
A1 Astrocytes and Microglial-Astrocytic Crosstalk. Neurochem Res. https://
doi.org/10.1007/s11064-019-02721-8

15. Clarke LE, Liddelow SA, Chakraborty C, Munch AE, Heiman M, Barres BA
(2018) Normal aging induces A1-like astrocyte reactivity. Proc Natl Acad Sci
U S A 115:E1896–E1905. https://doi.org/10.1073/pnas.1800165115

16. Cronier S, Laude H, Peyrin JM (2004) Prions can infect primary cultured
neurons and astrocytes and promote neuronal cell death. Proc Natl Acad
Sci U S A 101:12271–12,276. https://doi.org/10.1073/pnas.0402725101

17. Diedrich JF, Bendheim PE, Kim YS, Carp RI, Haase AT (1991) Scrapie-
associated prion protein accumulates in astrocytes during scrapie infection.
Proc Natl Acad Sci U S A 88:375–379

18. Duan H, Ge W, Zhang A, Xi Y, Chen Z, Luo D, Cheng Y, Fan KS, Horvath S,
Sofroniew MV et al (2015) Transcriptome analyses reveal molecular
mechanisms underlying functional recovery after spinal cord injury. Proc
Natl Acad Sci U S A 112:13360–13,365. https://doi.org/10.1073/pnas.
1510176112

19. Fang C, Wu B, Le NTT, Imberdis T, Mercer RCC, Harris DA (2018) Prions
activate a p38 MAPK synaptotoxic signaling pathway. PLoS Pathog 14:
e1007283. https://doi.org/10.1371/journal.ppat.1007283

20. Fischer M, Rülicke T, Raeber A, Sailer A, Moser M, Oesch B, Brandner S,
Aguzzi A, Weissmann C (1996) Prion protein (PrP) with amino-proximal
deletions restoring susceptibility of PrP knockout mice to scrapie. EMBO J
15:1255–1264

21. Goedert M (2015) NEURODEGENERATION. Alzheimer’s and Parkinson’s
diseases: The prion concept in relation to assembled Abeta, tau, and alpha-
synuclein. Science 349:1255555. https://doi.org/10.1126/science.1255555

22. Gomez-Nicola D, Fransen NL, Suzzi S, Perry VH (2013) Regulation of
microglial proliferation during chronic neurodegeneration. J Neurosci 33:
2481–2493

23. Gomi H, Yokoyama T, Fujimoto K, Ikeda T, Katoh A, Itoh T, Itohara S (1995)
Mice devoid of the glial fibrillary acidic protein develop normally and are
susceptible to scrapie prions. Neuron 14:29–41

24. Guiroy DC, Wakayama I, Liberski PP, Gajdusek DC (1994) Relationship of
microglia and scrapie amyloid-immunoreactive plaques in kuru, Creutzfeldt-
Jakob disease and Gerstmann-Straussler syndrome. Acta Neuropathol Berl
87:526–530

25. Gupta K, Patani R, Baxter P, Serio A, Story D, Tsujita T, Hayes JD, Pedersen
RA, Hardingham GE, Chandran S (2012) Human embryonic stem cell
derived astrocytes mediate non-cell-autonomous neuroprotection through
endogenous and drug-induced mechanisms. Cell Death Differ 19:779–787.
https://doi.org/10.1038/cdd.2011.154

26. Heneka MT, Carson MJ, El Khoury J, Landreth GE, Brosseron F, Feinstein DL,
Jacobs AH, Wyss-Coray T, Vitorica J, Ransohoff RM et al (2015)
Neuroinflammation in Alzheimer’s disease. Lancet Neurol 14:388–405.
https://doi.org/10.1016/S1474-4422(15)70016-5

27. Hollister JR, Lee KS, Dorward DW, Baron GS (2015) Efficient uptake and
dissemination of scrapie prion protein by astrocytes and fibroblasts from
adult hamster brain. PLoS One 10:e0115351. https://doi.org/10.1371/journal.
pone.0115351

28. 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

29. Hwang D, Lee IY, Yoo H, Gehlenborg N, Cho JH, Petritis B, Baxter D, Pitstick
R, Young R, Spicer D et al (2009) A systems approach to prion disease. Mol
Syst Biol 5:252. https://doi.org/10.1038/msb.2009.10

30. Jeffrey M, Goodsir CM, Race RE, Chesebro B (2004) Scrapie-specific neuronal
lesions are independent of neuronal PrP expression. Ann Neurol 55:781–
792. https://doi.org/10.1002/ana.20093

31. Jordao MJC, Sankowski R, Brendecke SM, Sagar LG, Tai YH, Tay TL, Schramm
E, Armbruster S, Hagemeyer N et al (2019) Single-cell profiling identifies
myeloid cell subsets with distinct fates during neuroinflammation. Science
363. https://doi.org/10.1126/science.aat7554

32. Klein MA, Kaeser PS, Schwarz P, Weyd H, Xenarios I, Zinkernagel RM, Carroll
MC, Verbeek JS, Botto M, Walport MJ et al (2001) Complement facilitates
early prion pathogenesis. Nat Med 7:488–492. https://doi.org/10.1038/86567

33. Krasemann S, Madore C, Cialic R, Baufeld C, Calcagno N, El Fatimy R, Beckers
L, O’Loughlin E, Xu Y, Fanek Z et al (2017) The TREM2-APOE Pathway Drives
the Transcriptional Phenotype of Dysfunctional Microglia in
Neurodegenerative Diseases. Immunity 47:566–581 e569. https://doi.org/10.
1016/j.immuni.2017.08.008

34. Krasemann S, Neumann M, Luepke JP, Grashorn J, Wurr S, Stocking C,
Glatzel M (2012) Persistent retroviral infection with MoMuLV influences
neuropathological signature and phenotype of prion disease. Acta
Neuropathol 124:111–126. https://doi.org/10.1007/s00401-012-0944-1

35. Krasemann S, Neumann M, Szalay B, Stocking C, Glatzel M (2013) Protease-
sensitive prion species in neoplastic spleens of prion-infected mice with
uncoupling of PrP(Sc) and prion infectivity. J Gen Virol 94:453–463. https://
doi.org/10.1099/vir.0.045922-0

36. Krbot K, Hermann P, Krbot Skorić M, Zerr I, Sepulveda-Falla D, Goebel S,
Matschke J, Krasemann S, Glatzel M (2018) Distinct microglia profile in
Creutzfeldt-Jakob disease and Alzheimer’s disease is independent of disease
kinetics. Neuropathology in press: Doi https://doi.org/10.1016/j.bbamcr.2017.
06.022

37. Krejciova Z, Alibhai J, Zhao C, Krencik R, Rzechorzek NM, Ullian EM, Manson
J, Ironside JW, Head MW, Chandran S (2017) Human stem cell-derived
astrocytes replicate human prions in a PRNP genotype-dependent manner.
J Exp Med 214:3481–3495. https://doi.org/10.1084/jem.20161547

38. Liddelow SA, Barres BA (2017) Reactive Astrocytes: Production, Function,
and Therapeutic Potential. Immunity 46:957–967. https://doi.org/10.1016/j.
immuni.2017.06.006

39. Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L,
Bennett ML, Munch AE, Chung WS, Peterson TC et al (2017) Neurotoxic
reactive astrocytes are induced by activated microglia. Nature 541:481–487.
https://doi.org/10.1038/nature21029

40. Litvinchuk A, Wan YW, Swartzlander DB, Chen F, Cole A, Propson NE, Wang
Q, Zhang B, Liu Z, Zheng H (2018) Complement C3aR Inactivation

Hartmann et al. Acta Neuropathologica Communications            (2020) 7:83 Page 14 of 15

https://doi.org/10.1084/jem.20172045
https://doi.org/10.1172/JCI90605
https://doi.org/10.1016/j.neulet.2013.12.030
https://doi.org/10.1038/nature17623
https://doi.org/10.1038/nature17623
https://doi.org/10.1016/j.celrep.2017.12.039
https://doi.org/10.1038/379339a0
https://doi.org/10.1038/379339a0
https://doi.org/10.1128/JVI.00549-18
https://doi.org/10.1128/JVI.00549-18
https://doi.org/10.1016/j.ajpath.2014.08.005
https://doi.org/10.1016/j.ajpath.2014.08.005
https://doi.org/10.1007/s11064-019-02721-8
https://doi.org/10.1007/s11064-019-02721-8
https://doi.org/10.1073/pnas.1800165115
https://doi.org/10.1073/pnas.0402725101
https://doi.org/10.1073/pnas.1510176112
https://doi.org/10.1073/pnas.1510176112
https://doi.org/10.1371/journal.ppat.1007283
https://doi.org/10.1126/science.1255555
https://doi.org/10.1038/cdd.2011.154
https://doi.org/10.1016/S1474-4422(15)70016-5
https://doi.org/10.1371/journal.pone.0115351
https://doi.org/10.1371/journal.pone.0115351
https://doi.org/10.1038/msb.2009.10
https://doi.org/10.1002/ana.20093
https://doi.org/10.1126/science.aat7554
https://doi.org/10.1038/86567
https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1007/s00401-012-0944-1
https://doi.org/10.1099/vir.0.045922-0
https://doi.org/10.1099/vir.0.045922-0
https://doi.org/10.1016/j.bbamcr.2017.06.022
https://doi.org/10.1016/j.bbamcr.2017.06.022
https://doi.org/10.1084/jem.20161547
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.1038/nature21029


Attenuates Tau Pathology and Reverses an Immune Network Deregulated
in Tauopathy Models and Alzheimer’s Disease. Neuron 100:1337–1353
e1335. https://doi.org/10.1016/j.neuron.2018.10.031

41. Llorens F, Thune K, Tahir W, Kanata E, Diaz-Lucena D, Xanthopoulos K,
Kovatsi E, Pleschka C, Garcia-Esparcia P, Schmitz M et al (2017) YKL-40 in the
brain and cerebrospinal fluid of neurodegenerative dementias. Mol
Neurodegener 12:83. https://doi.org/10.1186/s13024-017-0226-4

42. Lu ZY, Baker CA, Manuelidis L (2004) New molecular markers of early and
progressive CJD brain infection. J Cell Biochem 93:644–652. https://doi.org/
10.1002/jcb.20220

43. Mabbott NA, Williams A, Farquhar CF, Pasparakis M, Kollias G, Bruce ME
(2000) Tumor necrosis factor alpha-deficient, but not interleukin-6-deficient,
mice resist peripheral infection with scrapie. J Virol 74:3338–3344

44. Mallucci G, Dickinson A, Linehan J, Klohn PC, Brandner S, Collinge J (2003)
Depleting neuronal PrP in prion infection prevents disease and reverses
spongiosis. Science 302:871–874. https://doi.org/10.1126/science.1090187

45. Manuelidis L, Tesin DM, Sklaviadis T, Manuelidis EE (1987) Astrocyte
gene expression in Creutzfeldt-Jakob disease. Proc Natl Acad Sci U S A
84:5937–5941

46. Metsalu T, Vilo J (2015) ClustVis: a web tool for visualizing clustering of
multivariate data using Principal Component Analysis and heatmap. Nucleic
Acids Res 43:W566–W570. https://doi.org/10.1093/nar/gkv468

47. Miller SJ, Philips T, Kim N, Dastgheyb R, Chen Z, Hsieh YC, Daigle JG, Datta
M, Chew J, Vidensky S et al (2019) Molecularly defined cortical astroglia
subpopulation modulates neurons via secretion of Norrin. Nat Neurosci.
https://doi.org/10.1038/s41593-019-0366-7

48. Moser M, Colello RJ, Pott U, Oesch B (1995) Developmental expression of
the prion protein gene in glial cells. Neuron 14:509–517

49. Muth C, Schrock K, Madore C, Hartmann K, Fanek Z, Butovsky O, Glatzel M,
Krasemann S (2017) Activation of microglia by retroviral infection correlates
with transient clearance of prions from the brain but does not change
incubation time. Brain Pathol 27:590–602. https://doi.org/10.1111/bpa.12441

50. Polymenidou M, Moos R, Scott M, Sigurdson C, Shi YZ, Yajima B, Hafner-Bratkovic
I, Jerala R, Hornemann S, Wuthrich K et al (2008) The POM monoclonals: a
comprehensive set of antibodies to non-overlapping prion protein epitopes.
PLoS One 3:e3872. https://doi.org/10.1371/journal.pone.0003872

51. Prokop S, Miller KR, Heppner FL (2013) Microglia actions in Alzheimer’s
disease. Acta Neuropathol 126:461–477

52. Prusiner SB (1982) Novel proteinaceous infectious particles cause scrapie.
Science 216:136–144

53. Qiu J, Dando O, Baxter PS, Hasel P, Heron S, Simpson TI, Hardingham GE
(2018) Mixed-species RNA-seq for elucidation of non-cell-autonomous
control of gene transcription. Nat Protoc 13:2176–2199. https://doi.org/10.
1038/s41596-018-0029-2

54. Raeber AJ, Race RE, Brandner S, Priola SA, Sailer A, Bessen RA, Mucke L, Manson
J, Aguzzi A, Oldstone MB et al (1997) Astrocyte-specific expression of hamster
prion protein (PrP) renders PrP knockout mice susceptible to hamster scrapie.
EMBO J 16:6057–6065. https://doi.org/10.1093/emboj/16.20.6057

55. Resenberger UK, Harmeier A, Woerner AC, Goodman JL, Muller V, Krishnan
R, Vabulas RM, Kretzschmar HA, Lindquist S, Hartl FU. et al (2011) The
cellular prion protein mediates neurotoxic signalling of beta-sheet-rich
conformers independent of prion replication. EMBO J 30: 2057–2070 Doi
emboj201186 [pii].

56. Rueden CT, Schindelin J, Hiner MC, DeZonia BE, Walter AE, Arena ET, Eliceiri
KW (2017) ImageJ2: ImageJ for the next generation of scientific image data.
BMC Bioinformatics 18:529. https://doi.org/10.1186/s12859-017-1934-z

57. Sasaki A, Hirato J, Nakazato Y (1993) Immunohistochemical study of
microglia in the Creutzfeldt-Jakob diseased brain. Acta Neuropathol Berl 86:
337–344

58. Shi Y, Yamada K, Liddelow SA, Smith ST, Zhao L, Luo W, Tsai RM, Spina S,
Grinberg LT, Rojas JC et al (2017) ApoE4 markedly exacerbates tau-mediated
neurodegeneration in a mouse model of tauopathy. Nature 549:523–527.
https://doi.org/10.1038/nature24016

59. Tatzelt J, Maeda N, Pekny M, Yang SL, Betsholtz C, Eliasson C, Cayetano J,
Camerino AP, Dearmond SJ, Prusiner SB (1996) Scrapie in Mice Deficient in
Apolipoprotein E or Glial Fibrillary Acidic Protein. Neurology 47:449–453

60. Victoria GS, Arkhipenko A, Zhu S, Syan S, Zurzolo C (2016) Astrocyte-to-
neuron intercellular prion transfer is mediated by cell-cell contact. Sci Rep 6:
20762. https://doi.org/10.1038/srep20762

61. Vincenti JE, Murphy L, Grabert K, McColl BW, Cancellotti E, Freeman TC,
Manson JC (2015) Defining the Microglia Response during the Time Course

of Chronic Neurodegeneration. J Virol 90:3003–3017. https://doi.org/10.
1128/JVI.02613-15

62. Yamasaki T, Suzuki A, Hasebe R, Horiuchi M (2018) Flow Cytometric
Detection of PrP(Sc) in Neurons and Glial Cells from Prion-Infected Mouse
Brains. J Virol 92. https://doi.org/10.1128/JVI.01457-17

63. Yun SP, Kam TI, Panicker N, Kim S, Oh Y, Park JS, Kwon SH, Park YJ,
Karuppagounder SS, Park H et al (2018) Block of A1 astrocyte conversion by
microglia is neuroprotective in models of Parkinson’s disease. Nat Med 24:
931–938. https://doi.org/10.1038/s41591-018-0051-5

64. Zamanian JL, Xu L, Foo LC, Nouri N, Zhou L, Giffard RG, Barres BA (2012)
Genomic analysis of reactive astrogliosis. J Neurosci 32:6391–6410. https://
doi.org/10.1523/JNEUROSCI.6221-11.2012

65. Zhu C, Herrmann US, Falsig J, Abakumova I, Nuvolone M, Schwarz P,
Frauenknecht K, Rushing EJ, Aguzzi A (2016) A neuroprotective role for
microglia in prion diseases. J Exp Med 213:1047–1059. https://doi.org/10.
1084/jem.20151000

Hartmann et al. Acta Neuropathologica Communications            (2020) 7:83 Page 15 of 15

https://doi.org/10.1016/j.neuron.2018.10.031
https://doi.org/10.1186/s13024-017-0226-4
https://doi.org/10.1002/jcb.20220
https://doi.org/10.1002/jcb.20220
https://doi.org/10.1126/science.1090187
https://doi.org/10.1093/nar/gkv468
https://doi.org/10.1038/s41593-019-0366-7
https://doi.org/10.1111/bpa.12441
https://doi.org/10.1371/journal.pone.0003872
https://doi.org/10.1038/s41596-018-0029-2
https://doi.org/10.1038/s41596-018-0029-2
https://doi.org/10.1093/emboj/16.20.6057
https://doi.org/10.1186/s12859-017-1934-z
https://doi.org/10.1038/nature24016
https://doi.org/10.1038/srep20762
https://doi.org/10.1128/JVI.02613-15
https://doi.org/10.1128/JVI.02613-15
https://doi.org/10.1128/JVI.01457-17
https://doi.org/10.1038/s41591-018-0051-5
https://doi.org/10.1523/JNEUROSCI.6221-11.2012
https://doi.org/10.1523/JNEUROSCI.6221-11.2012
https://doi.org/10.1084/jem.20151000
https://doi.org/10.1084/jem.20151000

	Abstract
	Introduction
	Material and methods
	Ethics statement
	Chemicals
	Animals
	Human CJD cases
	Determination of prion titer by bioassay
	Western blot analysis
	Immunohistochemistry
	Immunofluorescence analysis
	RNA isolation and quantitative real-time PCR
	mRNA analysis using microfluidics qPCR
	mRNA analyses using nanoStringTM nCounter®
	Statistical analyses

	Results
	A1 astrocytes are highly abundant in mouse and human prion diseases
	Triple cytokine knockout does not influence PrPSc-formation but leads to acceleration of prion disease course
	Astrocyte expression signature is specifically changed in prion disease
	Microglia homeostatic signature is lost early in the disease course in triple-KO mice upon prion infection

	Discussion
	Conclusion
	Additional file
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

