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Abstract

Cofactors are essential for driving recombinant prion protein into pathogenic conformers. Polyanions promote prion aggre-
gation in vitro, yet the cofactors that modulate prion assembly in vivo remain largely unknown. Here we report that the
endogenous glycosaminoglycan, heparan sulfate (HS), impacts prion propagation kinetics and deposition sites in the brain.
Exostosin-1 haploinsufficient (Exz/*~) mice, which produce short HS chains, show a prolonged survival and a redistribu-
tion of plaques from the parenchyma to vessels when infected with fibrillar prions, and a modest delay when infected with
subfibrillar prions. Notably, the fibrillar, plaque-forming prions are composed of ADAM10-cleaved prion protein lacking
a glycosylphosphatidylinositol anchor, indicating that these prions are mobile and assemble extracellularly. By analyzing
the prion-bound HS using liquid chromatography—mass spectrometry (LC-MS), we identified the disaccharide signature
of HS differentially bound to fibrillar compared to subfibrillar prions, and found approximately 20-fold more HS bound to
the fibrils. Finally, LC-MS of prion-bound HS from human patients with familial and sporadic prion disease also showed
distinct HS signatures and higher HS levels associated with fibrillar prions. This study provides the first in vivo evidence
of an endogenous cofactor that accelerates prion disease progression and enhances parenchymal deposition of ADAM10-
cleaved, mobile prions.
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Introduction

More than 35 proteins aggregate into pathogenic fibrils in
systemic and neurodegenerative disorders, including dia-
betes and Alzheimer’s disease [22]. The fibril assembly is
accelerated in vitro by diverse anionic polymers, such as
RNA, heparin, and heparan sulfate (HS) [14, 16, 23], raising
the question of whether endogenous polymers affect dis-
ease progression in vivo. Heparin and HS are glycosami-
noglycans (GAGs), long polysaccharide chains containing
repeating disaccharide units assembled on extracellular and
membrane-bound proteins. HS is structurally similar to the
anticoagulant heparin, and has been found associated with
nearly all amyloids [35, 61, 66, 69, 97, 98, 100]. The specific-
ity of HS—protein binding is profoundly affected by HS chain
length as well as by the density and pattern of sulfation [62,
105, 114], which varies among cell types [93].

Prion diseases are rapidly progressive neurodegenera-
tive disorders [86] caused by the misfolding of the cell
surface-expressed prion protein monomer, PrP€, into a
fB-sheet-rich multimer, PrP5¢ [18, 20, 76, 87]. PrPS¢ can be
arranged as distinct conformers, or strains, having different
biochemical properties, cellular targets, and varying abili-
ties to spread into the central nervous system (CNS) [8-10,
13]. For example, fibrillar prions spread poorly from extra-
neural entry sites into the CNS, whereas subfibrillar pri-
ons, which do not form plaques or ultrastructurally visible
fibrils in situ, spread efficiently into the CNS [10-12, 52].
Yet the molecular mechanisms that govern prion assembly
into fibrils or subfibrils and that determine how structure
is linked to the capacity to spread are unknown.

Similar to other amyloidogenic proteins, prions bind
GAGs, and in vitro studies have revealed that GAGs pro-
mote prion conversion and fibril assembly [6, 46, 113]
and enhance prion uptake [40—42], but can also PrP€ [109].
Shortening or de-sulfating HS chains abrogated the accelera-
tion in fibril assembly and enhanced uptake of prions [46],
supporting a role for HS in prion conversion. Additionally,
HS co-localizes with prion plaques in brain sections from
patients and prion-infected mice [66, 96], which, together
with the in vitro findings, suggest HS may impact prion
aggregation, cell targeting, and spread in vivo.

Paradoxically, GAG mimetics delay prion disease in
animals [1, 26, 28, 29, 56, 57], potentially due to stabi-
lization of PrP® [109] or competition with endogenous
GAGs [17, 19]. These encouraging initial reports led to the
treatment of five variant Creutzfeldt-Jakob disease (vCID)
patients with intraventricular pentosan polysulfate; four
of five patients showed an extended survival as compared
to the mean for vCJD. While the results were promising,
a treatment effect due to differences in patient care could
not be excluded [68, 80, 107].
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To determine how HS modifications impact prion spread
through the brain, here we altered HS chain length and
tested the impact on prion assembly and replication in vivo.
Using ExtI™~ mice that express shorter HS chains due to
a reduction in exostosin-1 (Extl) [60], the co-polymerase
that assembles the HS chains [72], we assessed the spread
of three conformationally diverse prion strains. Ext] hap-
loinsuffuciency did not alter the conformation of any prion
strain. Instead, we found evidence that HS binds ADAM10-
cleaved, fibrillar prions, facilitates parenchymal plaque for-
mation, and accelerates disease, yet only minimally binds
to GPI-anchored, subfibrillar prions. Using mass spectrom-
etry and immunohistochemistry, we found high levels of HS
bound to fibrillar prions in mouse and human brain, and
localized HS to the plaque core. Collectively, our results elu-
cidate how HS impacts parenchymal prion plaque distribu-
tion in a strain-specific manner, and indicate a rationale for
selectively targeting the plaque-forming prions for treatment
trials designed to disrupt the HS—prion interface.

Methods
Prion transmission experiments in transgenic mice

Ext1™~ mice [60] were bred to wild-type mice (C57BL/6)
or rga20 mice, which overexpress mouse PrP€ [31]. Mice
were maintained under specific pathogen-free conditions on
a 12:12 light/dark cycle. Groups of 5-16 male and female
Ext1*~ and ExtI** littermate control mice (6-8 weeks old)
were anesthetized with ketamine and xylazine and inocu-
lated into the left parietal cortex with 30 ul of 1% prion-
infected brain homogenate prepared from terminally ill mice.
Prion-inoculated mice were monitored three times weekly
for the development of terminal prion disease, including
ataxia, kyphosis, stiff tail, hind leg clasp, and hind leg pare-
sis, and were then euthanized. The brain was halved, and
one hemisphere was immediately fixed in formalin. Fixed
brains were treated for 1 h in 96% formic acid, post-fixed
in formalin, cut into 2 mm transverse sections, and paraffin
embedded for histological analysis. A 2—3 mm transverse
section was removed from the remaining hemisphere at the
level of the hippocampus/thalamus, embedded in optimal
cutting temperature (OCT) compound, and immediately
frozen on dry ice. The remaining brain tissue was frozen for
biochemical studies. Survival time was calculated from the
day of inoculation to the day of terminal clinical disease.

Histopathology and immunohistochemical stains
Four micron sections were cut onto positively charged

silanized glass slides and stained with hematoxylin and eosin
(HE), or immunostained using antibodies for PrP [SAF84,
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epitope in the globular domain, amino acids 160-170 of
mouse PrP (Cayman Chemical); 12F10, epitope in the glob-
ular domain, amino acids 144—152 of human PrP (Cayman
Chemical); sPrP9?2, epitope in the proteolytically cleaved
C-terminus, including amino acid 228G of mouse PrP (gen-
erated in the laboratory of co-author MG) [63])], as well as
astrocytes (glial fibrillary acidic protein, GFAP), microglia
(Ibal), and endothelial cells (CD31). For all mouse and most
human PrP5¢ immunolabeling, sections were deparaffinized
and incubated for 5 min in 96% formic acid, then washed in
water for Smin, treated with 5 pg/ml of proteinase-K (PK)
for 7 min to digest PrP€, and washed in water for 7 min. Sec-
tions were then placed in citrate buffer (pH 6), heated in a
pressure cooker for 20 min, cooled for 5 min, and washed in
distilled water. Sections were blocked and incubated with
anti-PrP antibodies SAF84, sPrP®228 (mouse brain sections),
or 12F10 (human brain sections, sCJD and GSS-F198S
cases) for 45 min, followed by anti-mouse or anti-rabbit
biotin (Jackson Immunolabs) for 30 min, and then streptavi-
din—-HRP (Jackson Immunoresearch) for 45 min. Slides were
then incubated with DAB reagent (Thermo Scientific) for
15 min and counterstained with hematoxylin. For the GSS-
P102L case, brain sections were placed in 1.5 mM HCl in
a microwave for 15 min, blocked and incubated with 3F4
(epitope in amino terminus of PrP, amino acids 109-112 of
human PrP, [49]) for 1 h, incubated with enzyme-conjugated
polymer DAKO Envision for 30 min, and then DAKO DAB
reagent for 1 min prior to counterstaining with hematoxylin.
The immunostaining was performed on a Lab Vision 480
Autostainer.

GFAP immunohistochemistry for astrocytes (1:6000;
DAKO) was performed on an automated tissue immu-
nostainer (Ventana Discovery Ultra, Ventana Medical Sys-
tems, Inc) with a protease antigen retrieval (P2, Ventana)
for 16 min.

For the PrP5¢ and CD31 (endothelial cells) dual immu-
nolabeling, tissue sections were stained sequentially using
anti-PrP SAF84 (1:250) and CD31 antibodies (1:150;
Dianova) using the tyramide signal amplification system
(TSA; Thermo Fisher). Slides were stained on a Ventana
Discovery Ultra (Ventana Medical Systems, Tucson, AZ,
USA). Antigen retrieval was performed using a slightly basic
treatment solution (CC1; pH 8.5, Ventana) for 92 min at
95 °C. Sections then were incubated in anti-PrP antibody for
32 min at 37 °C, followed by anti-mouse-HRP (UltraMap
Detection Kit, Ventana) and TSA-Alexa 594. The antibodies
were denatured by treatment in a citric acid-based solution,
pH 6 (CC2, Ventana) for 24 min at 95 °C. Subsequently,
the slides were incubated with anti-CD31 antibody (rat) for
32 min at 37 °C followed by rabbit anti-rat (1:500; Jackson
ImmunoResearch) and detected using the OmniMap system
(Ventana) to fluorescently label the CD31-expressing cells
with TSA-Alexa 488.

For the PrP and HS dual immunolabeling, tissue sec-
tions were deparaffinized and epitopes were exposed by
sequential treatment with formic acid, PK, and heated
citrate buffer (pH 6) as described above for PrP staining.
Sections were blocked and incubated with anti-PrP [SAF-
84 (1:250) or 12F10 (1:400)] and anti-HS [10E4 (1:200;
AMS Bioscience)] antibodies for 45 min followed by anti-
mouse IgM biotin (1:500; Jackson Immunolabs) for 30 min
and streptavidin—-HRP (1:2000; Jackson Immunoresearch)
for 45 min, and then incubated with tyramide-Alexa488
(Invitrogen) for 10 min. Finally, sections were incubated
with anti-mouse IgG—CY3 (1:200; Jackson Immunolabs),
nuclei were labeled with DAPI, and slides were mounted
with fluorescent mounting medium (Dako). As controls for
the HS stain, a subset of duplicate slides were treated with
8 milli-units of heparin lyases I, II, and III for 1 h prior to
immunostaining. I[sotype immunoglobulin controls, single
sections immunostained for PrP or HS, and prion-negative
cases were also included.

For quantitative analysis of microglial inflammation in
tga20"~Ext1*'~ and 1ga20%/~Ext1*"* mice, brain regions
containing cerebral cortex, hippocampus, thalamus, hypo-
thalamus, and cerebellum were imaged (approximately 6
fields per mouse) using the Olympus EX41 microscope with
DP Controller. Images were converted to grayscale and FIJI
(an ImageJ-based image processing software) was used to
measure the total brain area and quantify microglia using the
“Measure” function. Activated microglia were demarcated
using the “Find the edges” function and particle analysis was
used to measure the area occupied by microglia. The total
area covered by microglia was divided by the total area in
each brain region.

For the Alcian blue stain, brain sections were deparaffi-
nized and incubated for 3 min in 3% acetic acid, then stained
in Alcian blue solution in the microwave for 30 s, cooled
for 40 min, washed in distilled water, and counterstained
in nuclear fast red solution for 5 min. For the Congo red
staining, slides were deparaffinized, fixed in 70% ethanol for
10 min, immersed in an alkaline solution, and then stained
with Congo red solution for 20 min.

Histopathologic lesion profiles

Two investigators blinded to animal identification performed
the histological analyses. Brain lesions from ExtI*'~ and
Ext1** prion-infected mice were scored for the level of
spongiosis, gliosis, and PrP immunological reactivity on
a scale of 0-3 (0=not detectable, 1 =mild, 2 =moderate,
3 =severe) in nine regions including gray and white matter:
(1) dorsal medulla, (2) cerebellum, (3) hypothalamus, (4)
medial thalamus, (5) hippocampus, (6) septum, (7) medial
cerebral cortex dorsal to hippocampus, (8) cerebral pedun-
cle, and (9) cerebellar peduncle. A sum of the three scores
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resulted in the value obtained for the lesion profile for the
individual animal and was depicted in the ‘radar plots’.

Western blot and glycoprofile analyses

PrP5¢ was concentrated from 10% brain homogenate in
phosphate-buffered saline (PBS) (w/v) by performing
sodium phosphotungstic acid precipitation prior to west-
ern blotting [110]. Briefly, 20 pl of 10% brain homogen-
ate in an equal volume of 4% sarkosyl in PBS was digested
with benzonase™ (Sigma-Aldrich) followed by treatment
with 20 pg/ml PK at 37 °C for 30 min. After addition of
4% sodium phosphotungstic acid in 170 mM MgCl, and
protease inhibitors (Complete TM, Roche), extracts were
incubated at 37 °C for 30 min and centrifuged at 18,000xg
for 30min at 25 °C. Pellets were resuspended in 2% sarko-
syl prior to electrophoresis and immunoblotting. Samples
were electrophoresed through a 10% NuPage Bis-Tris gel
(Thermo Fisher Scientific) and transferred to nitrocellulose
by wet blotting. Membranes were incubated with monoclo-
nal antibody POM19 [discontinuous epitope at C-terminal
domain, amino acids 201-225 of the mouse PrP [85]] or
polyclonal antibody sPrP%*?® followed by incubation with
an HRP-conjugated IgG secondary antibody. The blots were
developed using a chemiluminescent substrate (Supersignal
West Dura ECL, Thermo Fisher Scientific) and visualized on
a Fuji LAS 4000 imager. Quantification of PrP>¢ glycoforms
was performed using Multigauge V3 software (Fujifilm).
For mCWD, 100 pl of 10% brain homogenate was digested
with 100 pg/ml PK prior to electrophoresis through a 10%
NuPage Bis—Tris gel.

For quantifying the level of PrP€ expression in uninfected
mice and PrPS¢ in prion-infected mice, the total protein con-
centration was measured in brain homogenates by bicin-
choninic acid assay (Pierce) and equivalent protein levels
were immunoblotted as described. Membranes were also
probed for actin (Genetex) (PrP¢ analysis only).

Conformation stability assay

Prion strain stability in guanidine hydrochloride (GdnHCI)
was measured as previously described [82]. In brief, 10%
brain homogenates in PBS (w/v) were denatured for 1 h in
increasing concentrations of GdnHCI from 0 to 6 M. Sam-
ples were then diluted in a Tris-based lysis buffer (10 mM
Tris—HCI, 150 mM NaCl, 10 mM EDTA, 2% sarkosyl, pH
7.5) to 0.15M GdnHCI and digested with PK at a ratio of
1:500 (1 pg PK: 500 pg total protein) for 1 h at 37 °C. The
digestion was stopped with 2 mM phenylmethylsulfonyl
fluoride (PMSF) and protease inhibitors (Complete TM,
Roche), followed by centrifugation at 18,000xg for 1 h.
The pellets were washed in 0.1 M NaHCO; (pH 9.8) and
centrifuged at 18,000xg for 20 min. The pellets were then
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denatured in 6 M guanidine isothiocyanate (GdnSCN),
diluted with 0.1 M NaHCO;, and coated passively onto an
ELISA plate. PrP was detected with biotinylated-POM1
antibody (epitope in the globular domain, amino acids
121-231 of the mouse PrP [85]), a streptavidin—HRP-
conjugated secondary antibody, and a chemiluminescent
substrate. The PrP stability was measured in a minimum
of three independent experiments for each strain, always
comparing Ext1*~ with ExtI™* (3-4 mice per strain).

h-FTAA staining and fluorescence lifetime imaging
(FLIM)

Sections (10 um) of OCT-embedded brain samples were
cut onto positively charged silanized glass slides, dried
for 1h, and fixed in 100% then 70% ethanol for 10 min
each. After washing with deionized water, sections were
equilibrated in PBS, pH 7.4, for 10 min. Heptamer-formyl
thiophene acetic acid (h-FTAA) was diluted in PBS to a
final concentration of 1.5 pM and added to the sections.
The sections were incubated with h-FTAA for 30 min at
room temperature, washed with PBS, and mounted using
Dako fluorescence mounting medium. The fluorescence
decay of h-FTAA bound to PrP aggregates was collected
using an inverted Zeiss (Axio Observer.Z1) LSM 780
microscope (Carl Zeiss Microlmaging GmbH) equipped
with a modular FLIM system from Becker and Hickl. In
this setup, the emitted photons were routed through the
direct coupling confocal port of the Zeiss LSM 780 scan-
ning unit and detected by a Becker and Hickl HPM-100-
40 hybrid detector. Data were recorded by a Becker and
Hickl Simple-Tau 152 system (SPC-150 TCSPC FLIM
module) with the instrument recording software SPCM
version 9.42 in the FIFO image mode, 256 X 256 pixels,
using 256 time channels (Becker and Hickl GmbH). For
all acquisitions, a T8OR20 main beam splitter was used
and the pinhole was set to 20.2 pm. Scanning area was
set to 235.7 pm X 235.7 pm, with a scanning resolution of
512 %512 pixels. A Plan-Apochromat 40 x/1.3 Oil DIC
objective lens was used and a 510 nm longpass filter was
positioned in front of the hybrid detector. Excitation uti-
lized the 490 nm laser line from the pulsed tunable In
Tune laser (Carl Zeiss Microlmaging GmbH) with a rep-
etition rate of 40 MHz. Data was subsequently analyzed
in SPCImage version 3.9.4 (Becker and Hickl GmbH), fit-
ting each of the acquired decay curves to a tri-exponential
function and color-coded images, as well as distribution
histograms, showing the intensity-weighted mean lifetimes
generated with the same software. The procedure of stain-
ing and FLIM imaging protein aggregates with h-FTAA is
described in detail in Ref. [71].
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Purification of PrP> to quantify and characterize
the bound heparan sulfate

Samples were purified from mouse (whole brain) and human
brain (cerebellum: GSS-F198S, sCID MM1 and sCID MV1,
frontal cortex: GSS-P102L and sCJD MM2, and occipital
cortex: SCID MM1) as previously described [89] with minor
modifications. One ml of 10% brain homogenate in PBS
(w/v) was mixed with an equal volume of TEN(D) buffer (5%
sarkosyl in S0mM Tris—HCI, 5mM EDTA, 665 mM NaCl,
0.2mM dithiothreitol, pH 8.0), containing complete TM pro-
tease inhibitors (Roche). Samples were incubated on ice for
1h and centrifuged at 18,000xg for 30 min at 4 °C. All but
100 pl of supernatant was removed, and the pellet was resus-
pended in 100 pl of residual supernatant and diluted to 1 ml
with 10% sarkosyl TEN(D). Each supernatant and pellet was
incubated for 30 min on ice and then centrifuged at 18,000xg
for 30min at 4 °C. Supernatants were recovered while pel-
lets were held on ice. Supernatants were added separately
into ultracentrifuge tubes with 10% sarkosyl TEN(D) buffer
containing protease inhibitors and centrifuged at 150,000xg
for 2.5h at 4 °C. Supernatants were discarded, while pellets
were rinsed with 100 ul of 10% NaCl in TEN(D) buffer with
1% sulfobetaine (SB 3—14) and protease inhibitors and then
combined and centrifuged at 225,000xg for 2h at 20 °C. The
supernatant was discarded and the pellet was washed and then
resuspended in ice cold TMS buffer containing protease inhibi-
tors (10mM Tris—HCI, 5mM MgCl,, 100mM NaCl, pH 7.0).
Samples were incubated on ice overnight at 4 °C. Samples
were then incubated with 25 units/ml benzonase™ (Sigma-
Aldrich) and 50mM MgCl, for 30min at 37 °C, followed by a
digestion with 10 pg/ml PK for 1h at 37 °C. PK digestion was
stopped by incubating samples with 2mM PMSF on ice for
15 min. Samples were incubated with 20mM EDTA for 15min
at 37 °C. An equal volume of 20% NaCl was added to all
tubes followed by an equal volume of 2% SB 3—14 buffer. For
the sucrose gradient, a layer of 0.5M sucrose, 100mM NaCl,
10mM Tris, and 0.5% SB 3-14, pH 7.4, was added to ultra-
centrifuge tubes. Samples were then carefully transferred and
the tubes topped with TMS buffer. Samples were centrifuged
at 200,000xg for 2h at 20 °C. The pellet was rinsed with 0.5%
SB 3-14 in PBS. Pellets were resuspended in 50pl of 0.5% SB
3-14 in PBS and stored at — 80 °C. Gel electrophoresis and
silver staining were performed to confirm the purity of the
PrP5¢. To quantify PrP levels, samples were compared against
a dilution series of recombinant PrP by immunoblotting and
probing with POM19 and 3F4 anti-PrP antibodies.

Heparan sulfate purification and analysis by mass
spectrometry

The purified PrP5¢ samples were digested with 0.5 M NaOH
(final concentration) on ice for 16 h at 4 °C, neutralized

with 0.5 M acetic acid (final concentration), and digested
with pronase for 25h at 37 °C. HS was next extracted by
anion exchange chromatography using diethyl-aminoethyl
(DEAE) Sepharose columns (Healthcare Life Sciences). For
depolymerization, HS was extensively digested with 1 milli-
unit each of heparinases I, II, and III. The disaccharides
resulting from enzymatic depolymerization were tagged by
reductive amination with [12C6]aniline [58, 59]. The [12C6]
aniline-tagged disaccharides were mixed with [13C6]aniline—
tagged disaccharide standards. Samples were analyzed by
liquid chromatography—mass spectrometry (LC-MS) using
an LTQ Orbitrap Discovery electrospray ionization mass
spectrometer (Thermo Fisher Scientific). Internal disaccha-
rides were identified based on their unique mass and quanti-
fied relative to the wet weight of tissue [58, 59]. The level
of measured HS relative to the PrP5¢ level (measured by
western blotting with a recombinant PrP dilution series) was
calculated and plotted.

Human patients with sporadic or familial prion
disease

Brain samples from patients with sporadic Creutzfeldt—Jakob
disease (sCJD) or Gerstmann—Straussler—Scheinker disease
(GSS) (Table 1) were used to investigate how the level of HS
molecules bound to PrP*° correlated with the histopathologic
lesions. The sCJD brain samples originated from patients
referred to the UC San Francisco (UCSF) Memory and
Aging Center for rapidly progressive neurologic disease. All
patients had extensive clinical testing, including brain MRI
as well as CSF analysis for 14-3-3, neuron-specific enolase
(NSE), and total tau. All were classified as probable sCID
by UCSF clinical and radiological diagnostic criteria [33,
102]. The mean age of sCJD patients at disease onset was
59 +5 years (mean +SD) and the duration of clinical neu-
rologic signs ranged from 1.5 to 24 months (10 + 9 months).
The GSS brain samples were received and character-
ized at the National Prion Disease Pathology Surveillance
Center (NPDPSC). The mean age of GSS-F198S patients
at disease onset was 57 + 8 years. The duration of clinical
neurologic signs markedly varied from 63 to 120 months
(86 +25 months). Of the familial prion disease cases, the
GSS-P102L patient showed the earliest age of disease onset
(22 years) and the shortest disease duration (23 months).
For all patients, the PRNP open reading frame was
sequenced to define the genotype at polymorphic codon
129 (methionine or valine) and to test for mutations in the
PrP sequence (performed at NPDPSC). Genomic DNA was
extracted from frozen brain tissue samples using Qiagen
QIAamp DNA minikit (Qiagen, Gaithersburg, MD) accord-
ing to the manufacturer’s protocol, and a 760-bp fragment
corresponding to the human PrP gene (residues 5-258)
was amplified by PCR using primers HRM-F (5-TATGTG
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«Fig. 1 ExtI™* and ExtI*~ mice infected with subfibrillar prions
show similar survival times, brain lesions, and biochemical properties
of PrP%°. a A comparison of survival times revealed no differences
for RML-infected Ext/*'~ mice and a modest delay in ME7-infected
ExtI*~ mice as compared to the ExtI** mice. b Brain sections
immunolabeled for PrP and GFAP, or stained with hematoxylin and
eosin (HE), show indistinguishable prion aggregate distribution
and morphology (arrowheads), spongiform degeneration (arrows),
and astrogliosis in Ext/™* and ExtI*’~ brains. ¢ Lesion profiles of
RML- and ME7-infected ExtI** and ExrI*~ mice (1-dorsal medulla,
2-cerebellum, 3-hypothalamus, 4-medial thalamus, 5-hippocampus,
6-septum, and 7-cerebral cortex) are almost superimposable. d Elec-
trophoretic mobility and e glycoprofiles of RML and ME7 strains in
ExtI™* and ExtI*~ mice. The RML and ME7 inocula were loaded
for comparison ([first lane 9 (d)]). *P <0.05, Log-rank (Mantel-Cox)
test (a). Cerebral cortex (RML) and hippocampus (ME7) shown in
(b). Scale bar=50 pm (b). RML: n=6-7 mice/group; ME7: n=4-5
mice/group

GACTGATGTCGGCCTCTGCAAGAAGCGC-3") and
HRM-R (5'-CCACCTCAATTGAAAGGGCTGCAGGTG
GATAC-3") with defined cycling conditions [39, 53]. The
Met/Val polymorphism at codon 129 and mutation of the
PRNP coding region were determined by deep (63) or direct
Sanger sequencing as previously described [53, 79]. Nucleo-
tide sequences from both deep and Sanger sequencing were
analyzed using DNAStar Lasergene Software Suite v.7.1.0
(Madison, WI).

The sCJID patients included 129 MM (2), MV (3), and
VV (1). The four GSS-F198S patients had a missense muta-
tion at PRNP codon 198 (F198S mutation) and were 129
MV (3) or VV (1). The GSS-P102L case had a missense
mutation at PRNP codon 102 (P102L) and was 129 MV
(Table 1).

A diagnosis of prion disease was confirmed for all cases
by detection of PK-resistant PrP on immunoblots of brain
samples. Characterization of sCJD prion subtype was based
on PrP5¢ electrophoretic mobility and PRNP genotype. All
four GSS-F198S patient brain samples showed 8 kDa and
higher molecular weight PrP bands by immunoblot, con-
sistent with the published N- and C-terminally truncated
PrP fragment (;,,GQPHGGGWGQPHGGGWGQGGGTH-
SQWNKP,,) [83] and multicentric plaques histologically,
whereas the GSS-P102L case showed a~r21 kDa (type 1)
PrP band and no lower molecular weight bands, as well as
diffuse, synaptic PrP deposits in the cerebral cortex, and
multicentric plaques in the cerebellum, similar to a subset
of GSS-P102L cases previously published [78].

Statistics

Log-rank (Mantel-Cox) tests were performed to assess sur-
vival differences between groups. A Student’s 7 test (two-
tailed, unpaired) was used to determine the statistical signifi-
cance between the Ext]™~ and ExtI™* mouse groups for the
PrPC expression level, lesion profiles, activated microglia,

PrP5° glycoprofiles, PrP5¢ conformation stability, and PrP5¢
fibril structure (FLIM). A non-parametric Fisher’s exact
test was used to compare the proportion of Ext/*/~ versus
ExtI™* mice having plaques by brain region. A two-way
ANOVA with Bonferroni’s post-test was used to compare
the number of parenchymal, vascular, and periventricular
plaques in ExtI*~ versus ExtI** mice, as well as the HS
composition associated with different prion strains. A non-
parametric Spearman correlation test was used to test the
correlation of plaque numbers in the corpus callosum ver-
sus velum interpositum within a mouse group (ExtI™~ or
ExtI™"). The statistical significance in the level of HS bound
to PrP and the level of ADAMI10-cleaved PrP among prion
strains was determined by performing a non-parametric,
two-tailed Wilcoxon rank sum test (when 2 strains were
compared) or a one-way ANOVA with Tukey’s post test
(when three or more strains were compared). For all analy-
ses, p <0.05 was considered significant.

The Wilcoxon test is an exact test, meaning the minimum
observable p value is constrained when the sample size is
small. Notably, there were two comparisons (Figs. 4f and
5d) where there was a complete separation of values, but
nonetheless the exact test p value did not reach statistical
significance. In this circumstance, the lack of formal statisti-
cal significance should not be interpreted as a null finding.

Study approval

All animal studies were performed following procedures to
minimize suffering and were approved by the Institutional
Animal Care and Use Committee at UC San Diego. Proto-
cols were performed in strict accordance with good animal
practices, as described in the Guide for the Use and Care of
Laboratory Animals published by the National Institutes of
Health.

This study was approved by the Human Research Pro-
tection Committees at UC San Francisco and Case West-
ern Reserve University (IRB study numbers 10-04905 and
03-14-28, respectively). All brain tissues utilized were
deidentified samples collected at autopsy (NIH Office of
Human Subjects Research Protections, exemption 4).

Results

HS proteoglycans (HSPG) promote prion internalization and
replication in vitro [46, 113]. To determine how HS modu-
lates prion infection in vivo, we challenged Ext] +=160]
and ExtI*'* (WT) littermate control mice with prions.
Groups of mice were inoculated intracerebrally with three
mouse-adapted prion strains, RML, ME7, and mCWD,
or uninfected control brain (mock). mCWD prion infec-
tion is prolonged in WT mice (approximately 550 days);
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therefore, ExtI*'~ mice were bred to tga20 mice, which
express four—six-fold higher levels of mouse PrP® [31], and
the F1 generation (1ga20%~;Ext1/~ and rga20*/~;Ext1*/*
mice) was inoculated with mCWD. The PrP expression in
the brain was similar for Ext/*~ and ExtI** mice as well
as for tga20™~;Ext1*'~ and tga20™'~;Ext/** mice (Online
Resource 1).

Prion disease phenotype triggered by subfibrillar
strains is minimally altered in mice expressing
short HS chains

ExtI*~ and ExtI™* mice exposed to RML subfibrillar pri-
ons showed no difference in the survival time [141 11
versus 145 +4 days post-inoculation (dpi), respectively]
(Fig. 1a); however, Ext]*'~ mice exposed to ME7 prions
showed a modest but significantly prolonged survival
[169 + 7 dpi versus 157 + 12 dpi (ExtI*'~ and ExtI*'* mice,
respectively)] (Fig. 1a). In comparing the two subfibrillar
strains histologically, we found that RML prions induce
fine to punctate 1-5 um aggregates and ME7 prions induce
punctate and small, plaque-like deposits, both accompanied
by spongiform change and astrocytic gliosis (Fig. 1b). The
prion-infected Ext/*~ and ExtI*"* mice showed similar
aggregate morphologies and affected brain regions within
each strain, resulting in nearly overlapping lesion profiles
(spongiform change, gliosis, and prion deposition) and indi-
cating no major differences in the histopathology due to the
shortened HS chains (Fig. 1c).

To determine whether the biochemical properties of RML
and ME7 were altered in mice expressing short HS chains,
we compared the electrophoretic mobility, glycoform profile,
and PrP5° level in brain, and found no differences (Fig. 1d,
e and Online Resource 2). Thus the shorter HS chains in
ExtI*'~ mice do not markedly affect the brain lesions, PrP
levels, or the biochemical properties of subfibrillar prions,
but led to a modest prolongation in survival following infec-
tion with one subfibrillar strain, ME7.

Short HS chains prolong survival and alter
the distribution of fibrillar prions

Unlike RML and ME7, mCWD prions form long fibrils
visible in situ by electron microscopy [95] and accumu-
late as extracellular plaques containing acidic polysaccha-
rides (Online Resource 3). In contrast to the mice infected
with subfibrillar prions, tga20*~ExtI*™'~ mice infected
with mCWD prions showed a markedly prolonged sur-
vival that was more than 30 days longer as compared to the
1ga20™~Ext1*"* mice (275 +25 versus 237 + 37 dpi, respec-
tively) (Fig. 2a), yet with no differences in the total PrP5
levels at terminal disease (Online Resource 2). However, the
histopathology in the 7ga20™'~Ext1*'~ mice was profoundly
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altered. Most of the 7ga20"/~Ext1*'* mice infected with
mCWD (80%, 8/10 mice) developed large (50-100 pum)
extracellular plaques in the corpus callosum (Fig. 2b), as
is typical for this prion strain (100% of mCWD-infected
tga20 mice, n=11) [12]. In contrast, only approximately
30% (5/16) of 1ga20*~ExtI1™'~ mice accumulated plaques
in the corpus callosum (Fig. 2c), and the plaque number
in each mouse was significantly reduced (Fig. 2d). Instead,
mCWD prions accumulated within and around blood vessels
(amyloid angiopathy) more broadly distributed throughout
the brain, including unusual locations rarely observed in
the 1ga20™~ExtI™"* mice or in any of the previous mCWD-
infected rga20 mice examined, such as the thalamus and
hypothalamus (Fig. 2c and Online Resource 4a).

Interestingly, rga20"~Ext/*'~ brains showed signifi-
cantly more perivascular plaques in the cerebellum and
velum interpositum, a continuum of the subarachnoid space
[30], as compared to 7ga20™'~ExtI*'* brains (Fig. 2d). In
the 1ga20*~ExtI*/* brains, the plaque numbers in the cor-
pus callosum and velum interpositum were inversely corre-
lated (p <0.01, Spearman correlation test), suggesting that
with PrP5¢ forming fewer parenchymal plaques, deposition
occurred instead perivascularly.

We next compared the plaque distribution with survival
time in the 7ga20™~Ext/*"~ mice and found that the mice
that survived the longest (more than 260 dpi) had the most
widely distributed plaques, with plaques in the hippocam-
pus, cortex, thalamus, and basal ganglia (Online Resource
4b), despite having total plaque numbers that did not sig-
nificantly vary from the mice with shorter survival times.

The spongiform change and gliosis in the infected
tga20™~Ext1™~ brains closely resembled the
tga20*~ExtI™* brains (Fig. 2e). The plaques remained
congophilic (Fig. 2f) and showed a similar plaque morphol-
ogy as seen in the rga20™~Ext1*'* brains (Fig. 2b). Dual
immunostaining of brain sections for PrP and endothelial
cells revealed that all the plaques in the corpus callosum
were parenchymal, whereas nearly all plaques in non-cal-
losal regions were perivascular (tga20"~Ext1™*: 88% and
1ga20"~Ext1"~: 94%) (Fig. 2g). Notably, some plaques were
also observed subjacent to the ventricle (1ga20"~Ext1™*:
8% and 1ga20""Ext1*'~: 3%).

To determine how the expanded mCWD plaque distri-
bution impacted the neuroinflammatory response, we next
measured the level of activated microglia in the brains of
tga20""Ext1™'~ and tga20"~ExtI™* mice by immunola-
beling with ionizing calcium-binding adaptor molecule 1
(Ibal) antibody [47]. The level of microglial activation and
clustering around mCWD plaques was indistinguishable
between mice at terminal prion disease (Fig. 2h), suggest-
ing there were no differences in the inflammatory response.

Short HS chains could alter the mCWD conformation,
which may change the plaque distribution and prolong prion
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disease. Thus, we next studied whether the mCWD fibril
structure differed in 7ga20"~Ext1*'~ mice using fluores-
cence lifetime imaging (FLIM) of h-FTAA stained depos-
its. h-FTAA is a heptameric oligothiophene that has previ-
ously been used to distinguish prion aggregates associated
with distinct prion strains [2, 65]. FLIM experiments were
conducted with excitation of h-FTAA at 490 nm and the
acquired decay curves were fitted with a bi-exponential
decay function and two components of the fit. We found
that the intensity-weighted mean lifetime (ti) displayed by
h-FTAA showed similar distributions for mCWD deposits in
tga20*~Ext1™'~ and tga20*~Ext1*"* mice (Fig. 3a). Thus,
h-FTAA binds in an analogous fashion to these prion depos-
its, suggesting that mCWD is not structurally altered in the
1tga20*~Ext1*'~ mice. Consistent with this result, the bio-
chemical properties of the mCWD PrP5¢ in 1ga20™/~Ext1*'*
and 1ga20*~ExtI*'~ mice, including electrophoretic mobil-
ity, glycoprofile, and aggregate stability in GdnHCI, were
indistinguishable (Fig. 3b, c¢), indicating that the altered
prion distribution observed with Ext/ haploinsufficiency
was not due to a change in the prion conformation.

mCWD prions are GPl anchorless

PrPC is tethered to the outer leaflet of the plasma membrane
by a GPI anchor; however, 10-15% of PrPC is constitutively
cleaved between Gly228 and Arg229 (murine PrP) by the
metalloproteinase ADAMI10, releasing nearly full-length
PrP€ from the cell surface [4, 106] (Fig. 4a). Prion aggre-
gates reportedly contain the GPI anchor [103], yet conform-
ers are diverse and it is possible that not all prions are GPI
anchored. To determine whether mCWD prions harbor a
GPI anchor, we employed a newly developed antibody
that recognizes ADAM10-cleaved PrP (sPrPY%?®) [63] and
an antibody that recognizes cleaved and uncleaved (total)
PrP (POM19) [85]. We found that abundant mCWD PrP5¢,
yet minimal RML and ME7 PrP5¢, were recognized by the
sPrP%2?8 antibody, indicating that PK-resistant mCWD is
largely composed of ADAM10-cleaved PrP lacking the GPI
anchor and three C-terminal amino acid residues (Fig. 4b).
The level of ADAM10-cleaved PrP%° correlated with the
plaque morphology among the three strains, as mCWD had
the highest ratio of GPI-anchorless PrP* to total PrP%¢ signal
(630) and showed 100% extracellular plaques. In contrast,
RML and ME7 had lower ratios (0.36 and 3.25, respectively)
(Fig. 4c) and no or few extracellular plaques, respectively,
consistent with being GPI anchored, as previously reported
for PrP5¢ [67, 104]. To localize ADAM10-cleaved PrP5¢ in
mCWD-infected brain, we performed immunostaining on
brain sections using the sPrP%??® antibody. These experi-
ments revealed strong immunolabeling of mCWD plaques,
indicating GPI-anchorless PrP forms plaques of near

full-length PrP. Conversely, there was very weak immuno-
labeling of RML aggregates (Fig. 4d).

GPl-anchorless prions contain high levels of HS

We reasoned that the GPI-anchorless state may enable shed
PrPC and small prion aggregates to better interact with HS in
the extracellular matrix. In this case, GPI-anchorless prions
would be predicted to have more HS bound. To compare the
levels of HS bound to GPI-anchored and -anchorless prions,
we utilized two GPI-anchored (sPrP%??8 negative), subfibril-
lar prion strains, RML and (22L shown in Online Resource
3 and 5), that had been serially passaged in transgenic mice
expressing GPI-anchorless PrP [tg(GPI-PrP)] [21], gen-
erating GPI-anchorless RML and 22L (GPI-anchorless
RML shown in Online Resource 3). In the GPI-anchorless
state, RML and 22L prions are fibrillar and vasculotropic
[3], as originally reported by Chesebro and colleagues for
RML [21]. We purified the GPI-anchored and anchorless
prions from brain, assessed the PrPS purity by silver stain
(Online Resource 6), quantified the PrP5¢ levels, measured
the HS levels by liquid chromatography—mass spectrom-
etry (LC-MS), and calculated the HS: PrP%° ratio. Remark-
ably, we found approximately 20-fold more HS bound to
GPI-anchorless RML and 22L prions as compared to GPI-
anchored RML and 22L (Fig. 4e, f). Furthermore, upon test-
ing mCWD prions we also found relatively high levels of HS
bound (Fig. 4f), consistent with the other GPI-anchorless
prions.

Although the LC-MS was performed on highly purified
prion preparations, it is possible that HS associates with
PrP during the isolation process. To further investigate
the association of HS and PrP, we localized PrP and HS in
brain sections from mCWD-infected tga20™~Ext/** and
tga20™~Ext1*'~ by dual immunolabeling in situ. Support-
ing the in vivo binding of PrP and HS, we found that HS
intensely co-labeled with prion plaques, whereas the hepa-
rinase-digested (Fig. 4g) and isotype control samples were
HS negative. HS and PrP single stains confirmed antibody
specificity. We found that parenchymal plaques consistently
showed strong HS immunolabeling (100%, n =35 plaques).

The GPI-anchorless prions had exceedingly more HS
bound than their GPI-anchored counterparts, suggesting that
GPI-anchored prions rarely or only transiently interact with
HS. We reasoned that adding a GPI anchor onto mCWD
should create a prion that binds less HS. Therefore, we next
tested a recently developed GPI-anchored mCWD strain
obtained by passaging GPI-anchorless mCWD into zga20
mice (new mCWD) [3] (Fig. Sa—c). The new GPI-anchored
mCWD formed diffuse deposits in the corpus callosum and
hippocampus, and no longer formed plaques, bound Congo
red, or stained strongly with Alcian blue (Fig. 5a). We
performed LC—MS on prion-bound HS isolated from the
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brains of mice infected with GPI-anchorless mCWD prions
(tg(GPI-PrP) mice) and the new GPI-anchored mCWD pri-
ons (zga20 mice) to compare with the original ADAM10-
cleaved mCWD. Strikingly, while the ADAMI10-cleaved
mCWD and GPI-anchorless mCWD prions had abundant
HS bound, the new GPI-anchored mCWD prions resembled
other GPI-anchored prions in consistently showing very low
levels of HS binding (Fig. 5d, e), supporting earlier findings
that GPI-anchored prions harbor less HS. Interestingly, the
HS disaccharide composition was somewhat similar between
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the ADAM10-cleaved mCWD and the new GPI-anchored
mCWD, yet differed from the GPI-anchorless mCWD, as HS
was generally more sulfated in the GPI-anchorless mCWD,
specifically in the level of N-sulfated and 2-O-sulfated HS
(Fig. 5f and Online resource Table 1). In HS-immunola-
beled brain sections, we also found that HS co-localized
with ADAM10-cleaved and GPI-anchorless mCWD, but
not with the new GPI-anchored mCWD prions, indicating
that HS mainly accumulates in extracellular, fibrillar prion
plaques (Fig. 5g).
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«Fig.2 mCWD-infected rga20™~ExtI*~ mice show prolonged sur-
vival times and altered plaque distribution. a mCWD-infected
1ga20""Ext]*~ (“ExtI™~) mice show a significant delay in sur-
vival time. b PrP immunolabeled brain sections show mCWD prion
plaques in the corpus callosum (CC) of ExtI** mice, whereas in
ExtI*~ mice, plaques are present in other brain regions including
thalamus (TH), and velum interpositum (VI). The plaque morphol-
ogy was unchanged. ¢ The distribution of mCWD plaques varied
between the ExtI** and ExtI™~ mice, as fewer ExtI*~ mice devel-
oped plaques in the corpus callosum (CC), whereas more ExtI*/~
mice developed plaques in the basal ganglia (BG) and thalamus (TH)
(HP hippocampus, HT hypothalamus, CX cerebral cortex, and CB
cerebellum). d Ext/*’~ mice show fewer plaques in the corpus cal-
losum and more plaques in the velum interpositum and cerebellum. e
Lesion profiles comparing spongiform degeneration, astrogliosis, and
PrP5¢ deposition are similar in Ext/** and Ext1*~ mice (1—medulla,
2—cerebellum, 3—hypothalamus, 4—medial thalamus, S5—hip-
pocampus, 6—septum, 7—cerebral cortex, 8—cerebral peduncle and
9—cerebellar peduncle). f mCWD plaques are congophilic in Ext/**
and ExtI*~ mice [shown is cerebellum (ExtI**) and hippocam-
pus (ExtI*7)]. g Dual immunostaining for PrP and endothelial cells
(CD31) shows typical non-vascular plaques in the corpus callosum
(upper panels), perivascular plaques in the basal ganglia, and periven-
tricular plaques adjacent to the lateral ventricle (middle panels, white
arrowheads show blood vessel; bottom panels, V ventricle). ExtI*~
mice show fewer parenchymal plaques in the corpus callosum and
more vascular plaques in the velum interpositum and cerebellum. h
Ibal immunolabeling of activated microglia shows similar clustering
of activated microglia around mCWD plaques in ExtI™* and ExtI*~
brain sections (arrowheads). Quantification of activated microglia
shown in the upper panel (for corpus callosum ExtI**: n=5 and
ExtI™: n=3; for cerebellum ExtI**: n=3 and ExtI*~: n=4). Scale
bars=500 pm (left) and 50 pm (right) (b), 50 pm (f, g), and 1 mm
(panel h). *P<0.05, Log-rank (Mantel-Cox) test (a). *P<0.05,
**P<0.01, ***P<0.001, Fisher’s exact test (c¢), two-way ANOVA
with Bonferroni’s post test (d, g), unpaired, 2-tailed Student’s ¢ test
(e). ExtI™*: n=11 mice; ExtI*~: n=16 mice

Human plaque-forming prions also bind abundant
HS

In certain human familial prion diseases, particularly
Gerstmann-Straussler—Scheinker (GSS) disease, N- and
C-terminally cleaved, GPI-anchorless PrP forms parenchy-
mal plaques or perivascular amyloid [35-38, 48, 83, 116],
whereas in other diseases, near full-length to full-length
PrP forms fine granular synaptic deposits and plaque-like
deposits [50]. To test whether human plaque-forming prions
also bind significantly more HS than the non-plaque-forming
prions, we used LC-MS to measure the prion-bound HS lev-
els and composition in post-mortem brain samples from 11
patients diagnosed with familial or sporadic prion disease.
The familial cases consisted of five patients having missense
mutations in codon 198 (F198S) or codon 102 (P102L) of
PRNP. The six sCJD cases were previously characterized by
subtype [74], and consisted of subtypes MM1 (2), MV1 (1),
MV2K (2), and VV2 (1) (Table 1).

Four of the patients with familial prion disease (GSS-
F198S) had developed compact multicentric PrP plaques
involving deep layers of the neocortex and subpial regions

with no spongiform degeneration (Online resource 7).
Confluent plaques were identified throughout the gray
matter structures within the basal ganglia, thalamus, mid-
brain, cerebellar molecular layer, and dentate nuclei. PK-
resistant PrP fragments of 8 kDa and higher were detected
by immunoblotting (Fig. 6a), consistent with published
reports [24, 25, 37, 38, 44, 84]. The fifth familial case
(GSS-P102L) developed moderate, full-thickness spongi-
form degeneration with synaptic deposits (no plaques)
throughout the cortex (Online resource 7) and scattered
pleomorphic unicentric and multicentric plaques and
plaque-like deposits in the cerebellum and thalamus.
Immunoblotting of the frontal cortex revealed PK-resist-
ant PrP composed of three bands from~21 to 30 kDa,
similar to PrP from the sCJD MMI cases although with
a different glycoform ratio (Fig. 6a), consistent with a
previously published study [78].

The three sCJD cases with rapidly progressive disease
(1.6-6 months) (MM1 and MV1) histologically showed a
moderate degree of spongiform change with small, some-
times confluent vacuoles and fine granular and synaptic PrP
aggregates (Online Resource 7). PK-resistant PrP having an
electrophoretic mobility of 21 kDa (unglycosylated PrP) was
detected by immunoblot (Fig. 6a). The MV2 and VV2 cases
were characterized histologically by mild spongiform change
(MV2) or focal areas of spongiform change (VV2) and dif-
fuse aggregates as well as small plaques and plaque-like
deposits (Online resource 7 and Table 1). Upon immunob-
lotting, PK-resistant bands were present at 19 and 20 kDa or
19 kDa, respectively (Fig. 6a).

Consistent with the results in mice, mass spectrometry
of HS bound to PrP purified from the human brain samples
revealed abundant HS bound to the plaque-forming prions
(GSS-F198S cases), with approximately 10- to 100-fold
higher HS levels than HS present in the seven cases having
plaque-like deposits (sCJD) or diffuse deposits [sCJD and
GSS-P102L (cortex)], respectively (Fig. 6b, c¢). Remarkably,
the lowest HS levels (~ 100-fold lower than GSS-F198S)
were associated with the diffuse prion aggregates [sCID
MMI1 and MV1 and GSS-P102L (cortex)], while interme-
diate levels of HS (~ 10-fold lower) were associated with the
sCJID cases having small plaques and plaque-like deposits
(VV2 and MV2 K) (Fig. 6¢). Thus, the HS levels once again
correlated with the presence of plaques or plaque-like depos-
its in the brain.

Notably, the composition of the HS bound to the mul-
ticentric plaque-forming GSS prions was similar to that
bound to sCJD prions. The primary differences were in
the relatively low levels of unsulfated N-acetylated HS and
6-O-sulfated HS in the GSS-F198S cases as compared to the
sCJID cases (Fig. 6d).

To localize the abundant HS detected in the GSS-F198S
cases in tissue sections, we next immunolabeled brain
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Fig.3 mCWD prion conformation is similar in mice having long or
short HS chains. a h-FTAA fluorescence lifetime decay of mCWD
prion plaques in 7ga20""ExtI** (“ExtI™*") and 1ga20""ExtI*~
(“ExtI*~") brain sections are similar. b mCWD electrophoretic
mobility and glycoprofile are also similar in Ext/** and ExtI*~

sections and found intense HS labeling concentrated in the
plaque core (Fig. 6e), reported to contain the N- and C-ter-
minally truncated PrP [38]. This finding indicates that HS
binds prion plaques in human brain parenchyma, and less so
to synaptic and punctate deposits, consistent with the find-
ings in the prion-infected mice.

Discussion

Here, we provide the first in vivo evidence of an endog-
enous cofactor, HS, that facilitates parenchymal prion plaque
deposition in the brain. mCWD prion-infected mice with
Ext1 haploinsufficiency showed fewer parenchymal plaques,
an increase in vascular plaques, and a prolonged survival
time. In addition, we found that the mCWD plaques were
composed of ADAMI10-cleaved, extracellular PrP and
exceedingly high levels of HS, particularly 6-O-sulfated HS.
Although mCWD-infected 1ga20™'~; Ext/*'~ mice showed
a longer survival time, there was no evidence for a change
in the prion conformation, biochemically or histologically,
implicating a role for HS in the altered plaque distribution.
Taken together, our studies suggest that HS binds shed, GPI-
anchorless prion protein and enhances parenchymal plaque
formation, potentially through scaffolding prion fibril assem-
bly and reducing prion transit toward blood vessels.
Surprisingly, Ext] haploinsufficiency led to either a mod-
est or no change in the disease progression induced by GPI-
anchored, subfibrillar prions. This remarkable and unex-
pected finding suggests little or only a transient interaction
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between HS and GPI-anchored prions, in stark contrast to
the GPI-anchorless prions in mice and humans typically
form parenchymal plaques or cerebral amyloid angiopathy
(CAA), depending on the specific mutation [21364890]. We
found a strong correlation between the GPI-anchored state
of the prion and the level of HS bound. Two GPI-anchorless
prion strains (GPI” RML and GPI™ 22L) bound abundant
HS, whereas their GPI-anchored counterparts bound very
little, suggesting that GPI-anchorless prions interact more
frequently with HS or with higher affinity. Additionally,
while ADAM10-cleaved, (GPI-anchorless) mCWD prions
bound abundant HS, the new GPI-anchored mCWD prions
bound very little HS. Collectively, our results suggest that
GPI anchoring of prions to the cell membrane topologically
constrains prions, limiting access and binding to extracel-
lular HS. Thus, we propose two key factors tightly linked to
the formation of parenchymal plaques in prion disease that
ultimately impact the disease phenotype: (1) mobile, GPI-
anchorless PrP and (2) extracellular HS.

The modest effect of ExtI haploinsufficiency on GPI-
anchored prion disease seemingly contradicts previous stud-
ies that HS or heparin binds and promotes PrP internali-
zation and conversion in vitro [7, 42, 46, 77, 94]. In vitro,
exogenously applied sulfated polyanions were shown to
reduce prion replication in cells, potentially by inhibiting
prion binding to endogenous HS [19]. Additionally, hep-
aranase overexpression in RML-infected mice infected
led to a prolonged survival time [54]; however, the impact
on prion aggregate conformation and brain distribution
was not described. Here, HS chains were shortened but
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Fig.4 ADAMI10-cleaved and full-length GPI-anchorless prions bind
HS. a Schematic representation of ADAMI10 cleavage at mouse PrP
residue 228 shows the release of shed PrP lacking the GPI anchor and
three C-terminal amino acid residues (RRS). b Immunoblots of brain
homogenate from prion-infected Ext/** mice using POMI9 anti-
body (PrP) and sPrpo228 antibody (ADAM10-cleaved PrP). ¢ Ratios
of ADAM10-cleaved PrP%¢ relative to total PrPS¢ reveal significantly
higher levels of ADAMI10-cleaved PrP in mCWD as compared
to the RML and ME?7 strains. d Brain immunolabeled for PrP with
SAF84 (amino acids 163-169 of mouse PrP) and sPrP%??® antibod-
ies reveals all mCWD plaques, but few diffuse RML aggregates, are
labeled by sPrP%??, e Quantification of HS bound to GPI-anchored

anchored anchorless

and —anchorless RML and 22L prions by LC-MS, and f a grouped
comparison of HS bound to GPI-anchored prions (RML and 22L)
versus GPI-anchorless prions (GPI™ RML, GPI™ 22L) and ADAM10-
cleaved mCWD shows that full-length, GPI-anchorless prions and
ADAMI10-cleaved prions (mCWD) bind more HS than their GPI-
anchored counterparts (for RML and 22L). g Dual immunostaining
of mCWD-infected brain sections for PrP and HS shows parenchymal
prion plaques in the corpus callosum label strongly for HS. Pre-treat-
ing brain sections with heparinases abolished HS labeling of plaques.
Scale bars =200 pm and 500 pm for upper and lower panel (d) and
25 pm (g). *P<0.05, **P<0.01 and ***P<0.001, Wilcoxon rank
sum test (c¢) and one-way ANOVA with Tukey’s post test ( f)
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Fig.5 GPIl-anchored mCWD prions do not form plaques and bind
low levels of HS. a Schematic representation of mCWD inoculated
into 7ga20 and GPI-anchorless PrP€ expressing mice [tg(GPI-PrP)]
with corresponding prion plaque morphology, Congo red, and Alcian
blue staining of brain sections (corpus callosum). Note that the new
mCWD prions do not bind Congo red or Alcian blue. b Western
blots of PK-treated PrP labeled with anti-PrP POMI19 (total PrP) or
sPrP%228 (ADAM10-cleaved PrP) antibodies reveal ADAM10-cleaved
PrP in the original mCWD, but not the GPI-anchorless mCWD or
the new mCWD-infected brain. ¢ Ratios of ADAM10-cleaved: total
PrP% are higher in the original mCWD than in the GPI-anchorless
mCWD or in the new mCWD-infected brains (original mCWD
results are also shown in Fig. 4c). d The new mCWD binds less
HS than the original mCWD or GPI-anchorless mCWD (original

not eliminated, therefore we cannot exclude a role for HS
chains in advancing GPI-anchored prion disease. Further
in vivo work using additional enzyme mutants involved in
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mCWD results are also shown in Fig. 4f). e A grouped compari-
son shows HS bound to GPI-anchorless prions (mCWD and GPI™
mCWD, black bar) versus the new GPI-anchored mCWD (pink bar).
f The HS bound to GPI-anchorless mCWD is more sulfated than the
HS associated with ADAM10-cleaved mCWD and the new GPI-
anchored mCWD, as it contains less unsulfated N-acetylated (NAc)
HS and higher levels of N-sulfated (NS) and 2-O-sulfated (2-O)
HS. g HS does not co-localize to the new mCWD aggregates (bot-
tom panel). Scale bars=100 pm for original and GPI" mCWD and
200 pm for new mCWD (a) and 25 pm (g). *P <0.05, **P<0.01 and
*#%P <(0.001, Wilcoxon rank sum test (c, e), one-way ANOVA with
Tukey’s post test (d), and two-way ANOVA with Bonferroni’s post-
test (f)
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Table 1 Human cases used for heparan sulfate analysis

Code Age of onset Disease dura- Gender PRNP genotype PrP5¢ subtype Symptoms at disease Family history of prion
tion (months) (mutation-129 onset disease
codon)

1 49 120 M F198S-129MV GSS, 8 kDa Cerebellar Sibling and niece
2 51 72 M F198S-129VV GSS, 8 kDa Cerebellar Sibling and daughter
3 60 89 M F198S-1290MV GSS, 8 kDa Not reported Parent
4 67 63 M F198S-129MV GSS, 8 kDa Not reported Not reported
5 22 23 M P102L-129MV fCID, Type 1 Seizures Cousin
6 60 20 M 129MV sCJD, Type intermedi-  Visuospatial Not reported

ate+2
7 55 6 F 129VV sCJD, Type 2 Apraxia Not reported
8 55 24 F 129MV sCJD, Type intermedi-  Behavior Not reported

ate+2
9 69 6 F 129MV sCID, Type 1 Behavior/Memory Not reported
10 60 1.5 M 129MM sCID, Type 1 Cognitive/Visual Not reported
11 57 4 F 129MM sCJD, Type 1 Motor Not reported

HS synthesis would be required to better understand how
cell surface HS impacts GPI-anchored prion disease.

The mCWD plaque redistribution to perivascular sites
and the delay in disease observed in the Ext/*~ mice are
reminiscent of findings from an Alzheimer’s disease mouse
model (APP/PS1) deficient in neuronal HS chains, which
showed a marked reduction in amyloid-f parenchymal
plaques and an increased amyloid angiopathy compared to
age-matched APP/PS1 mice [64]. Interestingly, clearance
of the amyloid-f monomer was increased in mice lacking
neuronal HS [64], suggesting that HS may trap amyloid-f in
the parenchyma and prevent clearance by bulk fluid flow. In
human brain, HS proteoglycans co-localize with amyloid-f
plaques [97, 108], similar to what we observed in the famil-
ial prion disease cases with plaques (F198S). Thus, HS may
be a fundamental component in parenchymal fibril assembly
common to a subset of prion diseases and Alzheimer’s dis-
ease. Future mass spectrometry studies may inform on the
HS composition in the amyloid-f plaques, enabling further
comparison with the prion-bound HS.

The mass spectrometry studies reported here are the first
to quantify the levels and composition of HS tightly bound
to any amyloidogenic protein in the brain. The findings show
striking differences among the prion strains. For example, in
comparing the GPI-anchored and -anchorless mCWD con-
formers, we noted significantly higher levels of N-acetylated
and 6-O-sulfated HS obtained from the anchorless prions. It
has been previously shown that HS sulfation plays a role in
the internalization and assembly of prions, tau, amyloid-f,
and a-synuclein [45, 46, 88, 105]. Additionally, sulfated
GAGs stimulate prion conversion in vitro [46]. Our detec-
tion of major variation in the prion-associated HS among
strains suggests either difference in the affinity of a prion
fold for a particular HS structure or in the HS molecules

synthesized near the prion deposition site. These findings
underscore the need to define the HS structures in different
brain regions as well as the molecular determinants for HS
binding to protein aggregates.

Collectively, these studies suggest that HS binds shed,
GPI-anchorless prions in the parenchyma, the question
remained, does HS scaffold prions, accelerating fibril
assembly and plaque formation? HS chains are abundant,
long flexible polymers that are highly anionic and typically
act as a scaffold, with electrostatic interactions being major
contributors to protein binding [15, 73, 93]. HS chains nor-
mally tether and locally concentrate proteins [27, 114], fos-
ter protein homo-oligomerization [81, 115], and stabilize
extracellular proteins [92], all of which would promote prion
assembly. In gelsolin fibril assembly, HS is not required for
the nucleation phase, but instead promotes the extension
phase, possibly by binding and scaffolding oligomers for
conversion into fibrils [99]. In prion assembly, Ma and col-
leagues found that cofactors were required for recombinant
prion protein to form a fibrillar conformation that was both
infectious and pathogenic [111]. We suggest that prions co-
opt HS as an endogenous cofactor post-nucleation, which
facilitates fibril assembly, as here ADAM10-cleaved and
GPI-anchorless prions consistently bound high levels of HS
and formed fibrils. Nevertheless, we cannot exclude the pos-
sibility that HS passively binds prions post-plaque assembly,
although this would not explain the plaque redistribution in
the context of the shortened HS chains.

The present findings may help explain the extraor-
dinarily rapid progression of most prion diseases, as
the majority are subfibrillar. Diffuse, subfibrillar prion
deposits (noncongophilic) correlate with rapidly progres-
sive disease, whereas plaque-forming, fibrillar prions
(congophilic) tend to correlate with longer, more slowly
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Fig.6 Abundant HS is associated with prion plaques in human brain.
a Immunoblots of PK-digested PrP purified from GSS and sCID
brain samples show differences in electrophoretic mobility and gly-
coprofile. Note that PrP from the GSS-P102L brain shows a PK core
size of 21 kD and a different glycoprofile than PrP from the sCJD
MMI1 and MV1 brain samples. b Fibrillar prion plaques from a GSS
F198S patient and an sCJD patient immunolabeled for PrP. Plaques
bind Alcian blue. ¢ Mass spectrometry of HS from purified prion
preparations derived from the GSS and sCJD patient brain samples
reveal significantly higher HS levels associated with the GSS-F198S
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purified prions. d The HS bound to GSS-F198S prions shows lower
levels of N-acetylated (NAc) and 6-O (6-O) sulfated disaccharides
than the HS bound to sCJD. e Cerebellar GSS-F198S plaques show
intense HS immunolabeling, primarily in the plaque core. Plaque
cores in GSS-F198S affected brains are Congo red positive (shown
is a representative example). Frontal cortex (GSS-F198S) and thala-
mus (sCJID MM1) are shown in (b). Scale bars=50 pm (sCJD) and
100 pm GSS-F198S (b), 25 pm (dual IF, e) and 250 pm (Congo
red, e). ¥***P<(0.001, One-way ANOVA with Tukey’s post test (c).
*P <0.05, Two-way ANOVA with Bonferroni’s post test (d)
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progressive disease, with some exceptions. Patients with
sporadic CJD (subtype MM1 or MV1) or familial CJD
(fCJD), from missense mutations in codon 200 (E200K)
[101] or 208 (R208H) [91] in PRNP, typically develop
subfibrillar aggregates (synaptic, granular, and plaque-
like deposits) and show a short survival time of less than
1 year [32, 51], whereas patients with PrP cerebral amy-
loidosis, for example, from missense or nonsense muta-
tions in codon 102 (P102L) [43, 55, 112], 145 (Y145X),
226 (Y226X), or 227 (Q227X) in PRNP [36, 48], develop
parenchymal or vascular amyloid and show a longer
survival time, with a mean of 5 years [34, 51]. How HS
impacts the kinetics of fibril assembly and ultimately
survival time would be worth further study. The rapidly
progressive disease in sCJD or fCJD could be explained,
in part, by the limited access of GPI-anchored prions to
extracellular HS scaffolds, reducing fibril assembly and
resulting in primarily subfibrillar aggregates, although
whether these aggregates are GPI anchored in human
prion disease is not clear. GPI-anchorless PrP fragments
have been detected in the brain of sCJD patients [70].
Our findings also have direct implications for therapy, as
interfering with HS binding or modifying endogenous HS
structure would be predicted to have the most significant
impact on the progression of fibrillar, plaque-forming
prion diseases, including GSS. As most systemic amyloids
form extracellularly and bind HS, including islet amyloid
polypeptide in type 2 diabetes [75], these results also sug-
gest that interfering with HS binding to amyloidogenic
proteins may be considered more broadly as a therapeutic
strategy for amyloidoses.
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