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ARTICLE INFO ABSTRACT
Keywords: Prion disease phenotypes (prion strains) are primarily determined by the specific misfolded conformation of the
Prion cellular prion protein (PrP®). However, post-translational modifications, including glycosyl phosphatidyl inositol

Transmissible spongiform encephalopathies
Chronic wasting disease

Glycosylation

Prion strains

(GPI) membrane anchoring and glycosylation, may influence strain characteristics. We investigated whether
these modifications are essential for maintaining the unique properties of bank vole-adapted Chronic Wasting
Disease (CWD-vole), the fastest known prion strain. Using a novel transgenic mouse model expressing 1109 bank
vole PrP€ lacking the GPI anchor and largely devoid of glycans, we performed serial passages of CWD-vole
prions. Despite elongated initial incubation periods, the strain maintained 100 % attack rate through three
passages. Although the pathological phenotype showed characteristic GPI-less features, including abundant
extracellular plaque formation, three subsequent serial passages in fully glycosylated and GPI-anchored bank
vole 1109 PrP® expressing transgenic mice TgVole (1x) demonstrated that the strain’s distinctive rapid propa-
gation properties were preserved. These findings suggest that neither GPI anchoring nor glycosylation are
essential for maintaining CWD-vole strain properties, supporting the concept that strain characteristics are
primarily encoded in the protein’s misfolded structure.
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1. Introduction

Prion diseases are a group of fatal neurodegenerative disorders
affecting humans and animals. The most relevant include Creutzfeldt-
Jakob disease (CJD) in humans, bovine spongiform encephalopathy
(BSE) in cattle, scrapie in small ruminants, and chronic wasting diseases
(CWD) in cervids (Parchi and Gambetti, 1995; Wells et al., 1987; Wil-
liams, 2005). Prion diseases are classified as protein misfolding diseases
since their common pathogenic mechanism is the conformational
change of the host-encoded cellular prion protein (PrP®) into a patho-
logical misfolded state (Prusiner, 1991).

Prion diseases are characterized by a noticeable phenotypic vari-
ability, not only among different species abut also within a single spe-
cies. This phenomenon in which minor structural differences in the
misfolding of a single protein yields a distinct disease phenotype is
described as “prion strains” (Collinge and Clarke, 2007). The mecha-
nisms driving prion strain’s biological outcomes are yet unknown. The
biological determinants of the differential brain lesion and prion protein
deposit distribution, the relative proportions of glycoforms, the incu-
bation periods in animal models or the capacity to cross certain species
barriers remain still unexplained. All these properties seem to be enco-
ded in the distinct tertiary and/or quaternary structural organization of
each prion conformer (Hoyt et al., 2022; Kraus et al., 2021; Manka et al.,
2023a, 2023b).

One of the defining features of prion strains is the velocity with
which prions propagate within the central nervous system of an infected
subject, some of them showing a fast distribution pace while others are
slower. Among the rapid progressing prions, we can highlight the bank
vole (BV)-adapted CWD strain (CWD-vole) obtained after the experi-
mental intracerebral inoculation of an elk (Cervus canadiensis) CWD
isolate in bank voles (Myodes glareolus) presenting the 1109 poly-
morphism in the PrP. This strain has the ability to cause terminal disease
in its host in around 35 days after intracerebral inoculation being the
fastest prion strain ever described (Di Bari et al., 2013). Bioassays in
transgenic mouse models expressing BV PrP€ confirm the fast-spreading
capabilities of CWD-vole prions and that these are not exclusively
explained by the genetic background of Myodes glareolus, since it can
happen also in a mouse background (Otero et al., 2019).

Another feature of prion strains that has been widely explored in the
field is the glycosylation of the prion protein. The cellular prion protein
undergoes several post-translational modifications in the endoplasmic
reticulum (ER), including the attachment of two N-linked glycans and a
glycosyl phosphatidyl inositol (GPI) moiety at the C-terminus. PrP€ is
then further processed in the Golgi apparatus where the N-linked oli-
gosaccharides are modified to include complex sugar moieties. It is
subsequently moved to the cell surface, where it is attached to detergent-
resistant lipid rafts on the outer membrane of the cell through the GPI
anchor. The number of glycans attached to PrP¢ can vary, resulting in
the di-, mono-, or unglycosylated forms of the protein, and the propor-
tion of each of these glycoforms can vary with each prion strain (Lawson
et al., 2005; Rudd et al., 2002).

The implication of the GPI anchoring of PrP€ to the membrane on the
pathogenesis of prion diseases has been extensively studied using
transgenic mouse models expressing PrP¢ without the GPI anchor
(Chesebro et al., 2005; Watts et al., 2016). Bioassays in these mice
showed that anchorless PrP could still be misfolded, templated by the
inoculated prion strain; however, its pathogenesis was altered, and the
incubation period significantly delayed. The altered location of mis-
folded, proteinase-resistant PrP (PrP™) in this model, shed in the brain
interstitial fluid instead of being anchored to the membrane, prevented
the usual neuronal spread of prions within the brain and shifted it to the
brain interstitial fluid draining pathways, thus accumulating extracel-
lularly in the perivascular, subependymal, and submeningeal spaces
(Rangel et al., 2014). Interestingly, the loss of the GPI in prions propa-
gated in that transgenic model was later demonstrated to have altered
the features of some experimental strains (mouse-adapted CWD),
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whereas others remained unchanged (ME7, RML, or 22L) in terms of
both incubation period and morphology of PrP™ deposits when back-
passaged in wild-type mice (Aguilar-Calvo et al., 2017).

In vitro studies showed that unglycosylated, GPI-less recombinant
human PrP (recPrP) is capable of blocking PrPC conversion into PrP™S in
PMCA reactions (Yuan et al., 2013), and this result was replicated with
hamster recPrP (Kim et al., 2009). Also, removal of the GPI anchor with
phosphatidylinositol-specific phospholipase C (PI-PLC) yielded normal
brain homogenates unable to propagate misfolded, disease-associated
PrP (PrP%%) seeds in vitro, highlighting the relevance of the GPI in the
conversion process, probably related to its role in the location of PrP€ in
the cellular membrane (Kim et al., 2009). On the other hand, a stop
codon mutation in the gene encoding for PrP has been described to elicit
a Gerstmann-Straussler-Scheinker syndrome (GSS) phenotype in pa-
tients with anchorless PrP™* (Jansen et al., 2010; Shen et al., 2021),
associated with prion protein amyloid angiopathy. Despite numerous
evidence showing that misfolded recombinant prion proteins (recPrP5%)
can propagate in various environments, both in vivo and in vitro (Erana
et al., 2024) there is no evidence to suggest that the absence of glycans
and GPI allows for the maintenance of specific strains when they are
propagated in a recombinant environment.

The study of PrP€ glycosylation has attested to its relevance in many
aspects of prion diseases pathogenesis, including, but not limited to,
lymphotropism, brain area tropism of different strains, and neuro-
inflammatory responses (Makarava and Baskakov, 2023). Transgenic
mouse expressing non-glycosylated PrP¢ can be infected, and the
resulting strain is then infectious to wild-type mice, proving that
glycosylation is not essential for prion replication, even though its
absence profoundly alters transmission properties (Tuzi et al., 2008).
Relevant differences were also noted between strains. For instance,
while 79A was infectious to mice expressing non-glycosylated PrP¢, ME7
was not. However, ME7 was infectious to mice expressing PrPC with one
glycan at position N196 but not to those which lacked glycosylation at
the N180 position (Tuzi et al., 2008). Host glycosylation has also been
proven to be a strong determinant of the interspecies transmission
barrier (Wiseman et al., 2015) and to influence neuroinvasion after
peripheral inoculation of ME7 and 79A scrapie strains and their
neuroanatomical PrP™ distribution in the brain (Cancellotti et al.,
2010). However, de-glycosylated PrPS¢ has been shown to maintain the
strain specific neurotropism of both RML and 301C prions (Piro et al.,
2009). Similarly, several BSE derived prion isolates have been shown to
maintain their pathobiological features after either in vitro or in vivo
passage through a non-glycosylated human PrPC-expressing mouse
model (TgNN6h) (Otero et al., 2022).

Understanding whether the GPI anchor and the glycosylation of PrP¢
are essential for maintaining the extraordinary propagation speed of the
fastest known prion strain has a fundamental relevance in the prion
field, providing insights into the molecular determinants responsible for
the unique propagative properties of bank vole-adapted CWD, while also
having important practical implications for structural studies, particu-
larly given that recent breakthroughs in cryo-EM characterization of
prion strains have relied on proteins lacking these post-translational
modifications. Therefore, we conducted serial passages in our novel
bank vole GPI-less transgenic mouse model followed by back-passages
into the TgVole (1x) mice (Erana et al., 2019) to comprehensively
assess the role of post-translational modifications in strain stability.

2. Materials and methods

2.1. Generation of a transgenic mouse model expressing bank vole GPI-
less Prp©

After isolation by PCR amplification from genomic DNA, extracted
using GeneJET™ Genomic DNA Purification Kit (Fermentas) from a
bank vole brain tissue sample using 5 CCGGAATTCCGGCGTAC-
GATGGCGAACCTCAGCTAC 3 and 5
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GTCTAGACTAGGCCGGCCTTAGGAACTTCTCCCTTCGTAG 3 as
primers, the open reading frame (ORF) of the bank vole PRNP gene with
1109 polymorphism with a STOP codon after residue 231 was cloned
into the pDrive vector (Qiagen).The ORF from, the GPI-less bank vole
1109-PrP was excised from the cloning vector by using the restriction
enzymes BsiWI (Thermo Fisher Scientific Inc.) and Fsel (New England
Biolabs Ltd.) and then inserted into a modified version of MoPrP.Xho
vector (Borchelt et al., 1996) as described previously (Castilla et al.,
2005), which was also digested with BstWI and Fsel. This vector con-
tains the murine PrP promoter and exon-1, intron-1, exon-2 and 3’ un-
translated sequences. Finally, the construct was excised using Notl
enzyme and purified with an Invisorb Spin DNA Extraction Kit (Inviteck)
according to the manufacturer recommendations.

Transgenic mouse founders of the C57Bl6 x CBA background were
generated by microinjection of Notl excised DNA into pronuclei
following standard procedures (Castilla et al., 2003). DNA extracted
from tail biopsies was analyzed by PCR using specific primers for the
mouse exon 2 and 3’ untranslated sequences (5 GAACTGAACCATTT-
CAACCGAG 3’ and 5 AGAGCTACAGGTGGATAACC 3'). Those which
tested positive were bred to mice null for the mouse Prnp gene in order to
avoid endogenous expression of mouse prion protein. Absence of the
mouse endogenous Prnp was assessed using the following primers: 5
ATGGCGAACCTTGGCTACTGGC 3' and 5 GATTATGGGTACCCC
CTCCTTGG 3. Bank vole PrP° expression levels of brain homogenates
from transgenic mouse founders were determined by Western blot using
anti-PrP Sha31 (1:4000) monoclonal antibody (Cayman Chemical) and
compared with the PrP expression levels from a C57/BL6 WT mouse
brain homogenate (Supplemental Figs. S1 and S2).

The international code to identify this transgenic mouse
lines is B6&CBA.1290la-Tg(Prnp-Vol09I-GPILess)1Sala/Cicb although
throughout the article it is referred to as TgVole-GPI-less.

2.2. Mouse bioassays

Inocula were prepared as a 10 % (w/v) homogenate in PBS of either
TgVole (1x) mice inoculated with CWD-vole provided by Romolo
Nonno, ISZ, Rome (Di Bari et al., 2013) or 10 % (w/v) in PBS from a
single, TSE-confirmed, mouse brain form each bioassay, selecting the
brain homogenate of an animal from each group showing an incubation
period as close as possible to the mean of the group and good PrP™*
signal assessed by Western blotting.

Mice of 42-56 days of age were intracerebrally inoculated, under
intraperitoneal anesthesia [ketamine/medetomidine (75/1 mg/kg,
Imalgene 1000, Boehringer Ingelheim/ Domtor, Ecuphar)] reversed
with atipamezole hydrochloride (1 mg/kg, Antisedan, Ecuphar),
through the right parietal bone, with a 27G needle (Terumo) to inoculate
a volume of 20 pl. Mice were kept in a controlled environment at a room
temperature of 22 °C, 12 h light-darkness cycle and 60 % relative hu-
midity in HEPA filtered cages (both air inflow and extraction) in
ventilated racks. The mice were fed ad libitum, observed daily and their
clinical status assessed twice a week. The presence of TSE-associated
clinical signs was scored. Positive TSE diagnosis relied on the detection
of PrP"™ (by either immunohistochemistry and/or Western blotting) and
associated spongiform changes on stained histological sections of the
brain parenchyma.

2.3. PrP%¢ detection by electrophoresis and Western blot

Proteinase K digestion of brain homogenate samples: For PrPS
detection in brain homogenates from inoculated animals, proteinase K
(PK) digestion was performed prior to Western blotting. For that, brains
of inoculated animals homogenized at 10 % (w/v) in Phosphate buffered
saline (PBS) (Fisher Bioreagents) with Protease inhibitor cocktail
(Roche), were mixed with digestion buffer [2 % (w/v) Tween-20 (Sigma-
Aldrich), 2 % (v/v) NP-40 (Sigma-Aldrich) and 5 % (w/v) Sarkosyl
(Sigma-Aldrich) in PBS] at 1:1 (v/v). PK (Roche) was added to each
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sample to reach a final concentration of 170 pg/ml, and these were
incubated at 42 °C for 1 h at 450 rpm of shaking in a thermomixer
(Eppendorf). Digestion was stopped by adding loading buffer (NuPage
4x Loading Buffer, Invitrogen) 1:3 (v/v) and boiling samples for 10 min
at 100 °C. For the detection of PrP5¢ with atypical biochemical signature,
we based on a procedure described previously (Wenborn et al., 2015).
Briefly, 10 % brain homogenates were digested with Pronase E (Sig-
ma-Aldrich) at 100 pg/ml for 30 min at 37 °C and vigorous shaking (800
rpm). After addition of EDTA (Calbiochem) for a final concentration of
10 mM and Sarkosyl for a final 2 % (w/v) concentration, Pronase
E-digested samples were further processed with Benzonase (Merck) at
50 U/ml for 10 min at 37 °C and 800 rpm. Then, sodium phospho-
tungstic salt (NaPTA) (Sigma-Aldrich) was added at 0.3 % (w/v) and
samples incubated for 30 min at 37 °C and 800 rpm. Upon addition of
iodixanol 60 % (OptiPrep density gradient medium, Sigma-Aldrich) and
NaPTA, for final concentrations of 35 % (w/v) and 0.3 % (w/v),
respectively, samples were centrifuged at 16,100g for 90 min and su-
pernatant (avoiding flocculants) transferred to a new tube after filtration
through 0.45 pm pore-size microcentrifuge filtration units (Millipore).
These supernatants were afterwards mixed 1:1 with a buffer composed
by 2 % Sarkosyl (w/v) and 0.3 % NaPTA diluted in PBS. After an
additional 90 min centrifugation at 16,100g the supernatant was dis-
carded, and pellet resuspended in washing buffer [iodixanol 17.5 %
(w/v) and Sarkosyl 0.1 % (w/v) in PBS]. The resuspended pellets were
then digested with Proteinase K at a final concentration of 10 pg/ml for
1 h at 37 °C and 800 rpm. After adding washing buffer and NaPTA for a
final concentration of 0.3 % (w/v), samples were once more centrifuged
at for 30 min at 16,100g and supernatants discarded. This step was
repeated, and the final pellet resuspended in loading buffer (NuPage 4 x
Loading Buffer, Invitrogen) 1:3 (v/v).

Western blot: Digested samples, together with non-digested controls,
were boiled at 100 °C for 10 min prior to loading in 4-12 % acrylamide
gels (NuPAGE Midi gel, Invitrogen Life Technologies) for 1 h 20 min (10
min at 70 V, 10 min at 110 V and 1 h at 150 V). Samples were then
transferred to PVDF membranes through the iBlot™ 3 (Invitrogen), that
were then developed using the iBind™ Flex Western Device (Invitrogen)
and Sha31 (1:4000) monoclonal antibody (Cayman Chemical). After
incubation with peroxidase-conjugated secondary anti-mouse antibody
(m-IgGk BP-HRP, Santa Cruz Biotechnology), membranes were devel-
oped with an enhanced chemiluminescent horseradish peroxidase sub-
strate (West Pico Plus, Thermo Scientific), using an iBright™ CL750
imaging system (Invitrogen) for image acquisition and the software
AlphaView (Alpha Innotech) for image processing. In some cases, anti-
a-tubulin mAb (1:16,000) (Sigma-Aldrich) was also used as primary
antibody to develop the membranes to control the amount of brain
homogenate loaded in each case.

2.4. Anatomopathological analysis and immunohistochemistry

Transversal sections of each half brain fixed in formalin were per-
formed at the levels of the medulla oblongata, piriform cortex and optic
chiasm. All sections were then embedded in paraffin-wax after dehy-
dration through increasing alcohol concentrations and xylene. Sections
of four micrometres were placed on glass microscope slides and stained
with haematoxylin (Sigma) and eosin (Casa Alvarez) (H&E). Additional
sections were mounted in 3-trietoxysilil-propilamine-coated glass mi-
croscope slides (Dako) for immunohistochemistry, as described previ-
ously (Vidal et al., 2022). Treated tissue sections were deparaffinized
and subjected to epitope unmasking treatments: immersion in formic
acid and boiling (at pH 6.15) in a pressure cooker and pre-treating them
with 4 pg/ml of proteinase K (Roche). Endogenous peroxidases were
blocked by immersion in a 3 % H205 in methanol solution. Sections were
then incubated overnight with anti-PrP monoclonal antibody 6C2
(1:1000, CVI-Wageningen UR) or exceptionally with 2G11 (1:100,
Bertin Pharma), and visualized using the Goat anti-mouse EnVision
system (DAKO) and 3,3-diaminobenzidine (Sigma Aldrich). As a
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background control, incubation with the primary antibody was omitted.
Brain histological lesions, spongiform change and PrP™ immunolabel-
ing, were evaluated under a light microscope. Using a semi-quantitative
approach (Vidal et al., 2022), spongiform lesion and PrP™® immuno-
labeling were separately scored in fourteen different brain regions:
piriform cortex (Pfc), hippocampus (H), occipital cortex (Oc), temporal
cortex (Tc), parietal cortex (Pc), frontal cortex (Fc), striatum (S), thal-
amus (T), hypothalamus (HT), mesencephalon (M), medulla oblongata
(Mobl), cerebellar nuclei (Cm), cerebellar vermis (Cv) and cerebellar
cortex (Cc). Scores ranging from (0) absence of spongiosis or immuno-
labeling: (1) mild, (2) moderate, (3) intense and (4) maximum intensity
of lesion or immunolabeling were assigned to each brain area studied,
that was investigated globally as region for the scoring. Brain profiles
were plotted as a function of the anatomical areas which were ordered
representing the caudo-rostral axis of the encephalon. Graphs were
plotted using Microsoft Office Excel software.

3. Results

3.1. Generation of a transgenic mouse model expressing bank vole GPI-
less Prp¢

To investigate the role of post-translational modifications in CWD-
vole strain properties, we generated a transgenic mouse model
expressing bank vole PrP€ lacking the GPI anchor attachment signal. The
transgenic construct was designed based on our previous models, with
key modifications to prevent GPI anchoring. The construct contained the
mouse PrP promoter and the bank vole PRNP open reading frame (ORF)
with the 1109 polymorphism, modified by introducing a stop codon
immediately after residue 231 to prevent GPI anchor attachment signal
translation. The absence of this signal alters the biosynthetic pathway of
the PrPC, resulting in mostly unglycosylated protein. Four founder lines
were obtained and successfully transmitted the transgene to their
progeny. These lines were backcrossed with Prnp™~ mice (Manson
et al.,, 1994) to eliminate endogenous PrP expression. Western blot
analysis of brain homogenates from the different lines revealed varying
PrPC expression levels. We selected one line, designated TgVole-GPI-
less, showing homozygous PrP® expression at 0.25x compared to
wild-type bank voles. This relatively low expression level is consistent
with other GPI-less transgenic models previously published (Chesebro
et al., 2005; Stohr et al., 2011). As expected, biochemical character-
ization demonstrated both the absence of glycosylation and a lower
molecular weight of the protein due to the lack of the GPI anchor
(Supplemental Fig. S1). The altered post-translational modifications
band pattern confirms the successful disruption of the normal biosyn-
thetic pathway in this model.

The presence of isoleucine at position 109 of bank vole PrP has been
consistently associated with spontaneous prion disease development in
transgenic models with onset timing correlating inversely with PrP¢
expression levels (Otero et al., 2021; Vidal et al., 2022; Watts et al.,
2016). However, TgVole-GPI-less mice showed remarkable stability,
with lifespans comparable to wild-type animals and no detectable clin-
ical phenotype. Only sporadic cases presented extensive extracellular
PrP™ deposits at advanced ages (> 700 days), likely reflecting the
protective effect of the model’s low PrP¢ expression levels combined
with the absence of membrane anchoring, which may reduce the effi-
ciency of spontaneous misfolding events.

In summary a new mouse model was generated expressing GPI-less
and mostly unglycosylated bank vole PrP¢ in a murine knockout
background.

3.2. The fastest known prion strain propagates in TgVole-GPI-less
To assess whether this strain could maintain its distinctive properties

in the absence of post-translational modifications, we challenged
TgVole-GPI-less with the previously described bank vole-adapted CWD
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strain (CWD-vole) (Di Bari et al., 2013).The first passage showed com-
plete penetrance, with all animals developing disease signs by 618 + 7
dpi (mean + SEM) (Table 1). Clinical manifestations suggestive of
neurological impairment were first observed in one animal at 591 dpi,
although these signs were partially masked by age-related conditions in
this and all other animals in the group. Despite the extended incubation
period, which was expected given the low PrPC expression levels, the
prolonged clinical phase allowed for substantial accumulation of PK-
resistant PrP (PrP™®) with a distinctive migration pattern reflecting the
lack of glycosylation (Fig. 1 and Supplemental Fig. S3). Histopatholog-
ical examination showed mild spongiosis mixed with age-related spon-
giosis. Visible amyloid plaques were observed not associated with this
spongiform change. Immunohistochemical analysis revealed wide-
spread small extracellular PrP™ plaques with radial organization
(Fig. 2). These plaques predominantly accumulated in perivascular,
submeningeal, and subependymal spaces, showing a broad distribution
throughout the brain with higher density in the neocortex, paleocortex,
and hippocampus. The isolate obtained from the brains of these mice
was named CWD-vole GPI-less-1p.

A second passage was conducted to evaluate strain adaptation to the
GPI-less environment. Animals were euthanized at 455 dpi following
general body condition decline, despite the absence of clear neurological
signs. Biochemical and histopathological analysis revealed again a 100
% attack rate. The spongiform pattern remained consistent with the first
passage, showing mild changes accompanied by prominent senile
spongiosis. However, immunohistochemistry revealed a marked in-
crease in PrP™® accumulation, with plaque-like deposits visible even in
H&E staining and a threefold increase in PrP™ immunostaining scores
compared to the first passage (Fig. 2). The characteristic biochemical
pattern of PK-resistant PrP remained unchanged (Fig. 1). The resulting
isolate was subsequently named CWD-vole GPI-less-2p.

A third passage was conducted to confirm strain adaptation to the

x
o
Non- E
Vole-adpated CWD inoculated X g
2 =
2 TgVol 5 6
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) GPI-less - -
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- 40
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Fig. 1. Biochemical analysis of the PrPS° from the TgVole GPI-less and the
TgVole animals sequentially inoculated with the bank vole-adapted CWD prion
strain. A representative example from animals of each passage performed to
adapt the vole-CWD prion strain to TgVole GPI-less model (p1, p2 and p3) and
back-passages to TgVole (pl, p2 and p3), expressing GPI-anchored and fully
glycosylated PrP€ are shown as analyzed by proteinase K digestion and Western
blot using monoclonal antibody Sha31 (1:4000). The original inoculum, ob-
tained from a CWD-vole infected TgVole (p0 TgVole) is also included in the gel
together with the analysis of the brains of two non-inoculated TgVole GPI-less
mice, negative for PrP%¢, Undigested controls of brain homogenates from both
models are also shown as size references. CWD-vole inoculated TgVole GPI-less
mice, as expected show a PrPSc fragment corresponding to the non-glycosylated
form of PrP, slightly lower than the unglycosylated fragment from TgVole an-
imals due to the absence of the GPI-anchor. The product resulting of the
adaptation of this GPI-less prions back to TgVole are indistinguishable from the
original inoculum, with identical protease resistant core size and predominant
diglycosylated fragment. PK: Proteinase K; Mw: Molecular weight. Uncropped
blot provided as a .tiff file named Supplemental Fig. S3.
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Fig. 2. Neuropathological characterization of serial bioassays of bank vole adapted CWD in the TgVole-GPI-less mouse model. A) Brain lesion and PrP™ deposit
distribution profiles for the three sequential bioassays of CWD-vole in TgVole-GPI-less mice. Brain lesion profiles and PrP™ deposition profiles represent the mean
semi-quantitative scoring (0 -absence of lesion- to 4 -maximum intensity-, vertical axis) and error bars are the standard error of the mean of the spongiform lesions
(continuous black line) and the immunohistochemical labelling of PrP™* deposits (dashed line) against 14 brain regions (Pfc: piriform cortex, H: hippocampus, Oc:
occipital cortex, Tc: temporal cortex, Pc: parietal cortex, Fc: frontal cortex, S: striatum, T: thalamus, HT: hypothalamus, M: mesencephalon, Mob: medulla oblongata,
Cm: cerebellar nuclei, Cv: cerebellar vermis, Cc: cerebellar cortex). B) Haematoxylin-eosin staining of the hippocampus of representative mice evidencing mild to
absent spongiform lesion on the left column and, on the right column, PrP** immunostaining with the monoclonal antibody 6C2 (1:1000) where extracellular plaques
are stained in brown (arrows). A few plaques were observed on the first passage, while a higher number and bigger in size on the second passage and, on the third
passage, a similar number but smaller in size, likely because the animals were culled before terminal disease. Each image corresponds to a representative animal of
the graph in panel A, on the left. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Sequential intracerebral inoculation of CWD-vole prion strain in TgVole-GPI-less mice and TgVole (1 x) mice.
Strain Model 1st passage 2nd passage 3rd passage
Attack Days post- PrP% classic Attack Days post- PrP%° classic Attack Days post- PrP% classic
rate inoculation pattern rate inoculation pattern rate inoculation pattern
(+ SEM) (WB/IHC) (+ SEM) (WB/IHC) (+ SEM) (WB/IHC)
CWD-vole TgVole GPI 8/8 618 +7 8/8 4/4 455+ 0 4/4 5/5 326 + 327 5/5
less
CWD-vole- TgVole 5/5 8243 5/5 6/6 64+ 3 6/6 5/5 67 £3 5/5
GPI-less-3p (1x)
CWD-vole TgVole 6/6 58 +£2 6/6
1x)

SEM: Standard error of the mean. WB: Western blotting, IHC: immunohistochemistry.
@ Euthanized before onset of clinical signs.

TgVole-GPI-less model. Animals were culled at 326 + 32 dpi, with initial body condition decline, despite the absence of clear neurological signs.
euthanasia of two animals due to concurrent neoplastic disease. These All animals showed PK-resistant PrP™, maintaining a 100 % attack rate
animals tested positive for TSE by both WB and immunohistochemistry even in those euthanized earlier due to neoplasia. Histopathological
(IHC), prompting euthanasia of the remaining group upon early signs of examination revealed minimal to absent spongiform change, while
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PrP™ deposits maintained a distribution pattern similar to the second
passage but with notably smaller plaques, likely due to the ~129 days
shorter survival period (Fig. 2). The combination of shortened incuba-
tion time and consistent PrP™* distribution pattern, despite reduced
plaque size, suggested successful strain adaptation to the GPI-less
environment. The resulting isolate of this passage was named CWD-
vole-GPI-less-3p.

In summary, the CWD-vole strain successfully infected the new
TgVole-GPI-less model, albeit with long incubation periods, through
three serial passages, fully adapting to the GPI-les environment and
showing a distinct phenotype, similar to that observed in other GPI-less
models.

3.3. Anchorless and non-glycosylated CWD-vole strain retained its
pathobiological features upon back passage to TgVole (1x) mice

After adaptation to the GPI-less environment, we investigated
whether the strain maintained its original properties by performing back
passages into TgVole (1x) mice expressing fully glycosylated, GPI-
anchored bank vole 1109 PrP. The initial back passage showed com-
plete penetrance, with all animals succumbing to disease at 82 + 3 dpi.
To ensure complete strain stabilization and rule out potential trans-
mission barriers between models, we performed two additional pas-
sages. Both showed 100 % attack rates with shortened incubation
periods of 64 + 3 dpi and 67 + 3 dpi. There was no statistically signif-
icant difference between this, and the incubation period observed for the
original CWD-vole strain (58 + 2 dpi) (Table 1) (Kruskal-Wallis test, p-
value = 0.061).

Clinical and biochemical characterization of the back passages
revealed consistent disease features across all three bioassays. All ani-
mals developed typical prion disease clinical signs including kyphosis,
rough coat, and gait abnormalities. Biochemical analysis showed pro-
teinase K-resistant PrP with a classical three-band migration pattern
identical to that observed in control CWD-vole infected TgVole (1x)
mice (Fig. 1).

The neuropathological analysis revealed a temporal evolution of
lesion patterns. In the first back passage, animals showed moderate
thalamic spongiosis and minimal changes in mesencephalon and me-
dulla oblongata, consistent with classical CWD-vole infection in TgVole
(1x) mice (Fig. 3A and B). However, three out of five animals also
displayed distinctive features: moderate hippocampal spongiosis and
small PrP™-positive plaques in the alveus layer (Fig. 3C). Additionally,
the thalamus showed a subtle intracellular punctate pattern, visible only
at high magnification (40x) (Fig. 3B, inserts).

These distinctive hippocampal features disappeared in subsequent
passages, with second and third passage animals showing only the
characteristic CWD-vole pattern: mild spongiosis in thalamus and
mesencephalon, accompanied by fine intraneuronal punctate PrP™
deposits in thalamus, mesencephalon, and medulla oblongata. This final
profile was indistinguishable from that of classical CWD-vole infection
in TgVole (1x) mice (Fig. 3A and B). A comprehensive overview of the
experimental design is provided in Supplemental Fig. S4.

In summary, serial back passages of the GPI-less adapted CWD-vole
strain into TgVole(1x) mice showed that the lesion profile remained
unaltered.

4. Discussion

We have generated a novel transgenic mouse model expressing GPI-
less bank vole PrPC that recapitulates key features of previously
described anchorless PrP¢ models, including low PrP° expression levels
and minimal glycosylation (Bett et al., 2013; Chesebro et al., 2005;
Rangel et al., 2014; Stohr et al., 2011). This characteristics stem from the
absence of the GPI anchor, which normally directs PrP¢ through the
Golgi apparatus where post-translational glycosylation occurs. By
altering this trafficking pathway, our model produces predominantly
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unmodified PrP€, providing an ideal system to investigate whether post-
translational modifications are essential for the remarkable propagation
speed of bank vole-adapted CWD, the fastest known prion strain (Di Bari
et al., 2013).

The GPI-less model showed complete susceptibility to CWD-vole
infection, achieving 100 % attack rate despite low PrP® expression
levels. The extended incubation periods observed were expected, given
both the low PrP® expression and the mismatch between the GPI-
anchored, fully glycosylated inoculum and the unmodified host PrPC.
To ensure complete adaptation to the GPI-less environment, we per-
formed three serial passages, following established protocols (Aguilar-
Calvo et al., 2017). The consistent 100 % attack rate across all passages,
combined with a significant reduction in incubation time by the second
passage, indicated successful strain adaptation. Although the third
passage animals were culled before clinical onset due to concurrent
health issues, preventing assessment of further incubation period
shortening, the experiment achieved its primary objectives: complete
strain adaptation to the GPI-less environment and elimination of the
original inoculum’s influence.

The neuropathological phenotype in our GPI-less model aligned with
previous observations in anchorless systems (Aguilar-Calvo et al., 2017;
Chesebro et al., 2005; Priola and Lawson, 2001; Rangel et al., 2014;
Stohr et al., 2011), showing a distinctive pattern of PrP™ accumulation.
Large extracellular PrP™ deposits with radial arrangement appeared in
perivascular, subependymal, and submeningeal spaces (Fig. 2). These
deposits reached peak abundance during the second passage, when an-
imals progressed to terminal disease stages, demonstrating successful
strain adaptation. While the third passage showed similar numbers of
deposits, their smaller size likely reflected the earlier euthanasia time-
point rather than altered strain properties. This pattern of abundant
extracellular plaques contrasted markedly with the subtle PrP™ accu-
mulation seen in conventional CWD-vole infected TgVole mice, where
only sparse punctate deposits were visible in neurons and neuropil under
high magnification (40x).

The identical PrP° sequence in both models allows us to attribute the
phenotypic differences specifically to the absence of membrane
anchoring. Our findings suggest that anchorless PrP™* deposits exhibit
reduced neurotoxicity compared to their membrane-bound counter-
parts. While these deposits maintain infectivity and transmissibility,
they appear to cause clinical disease only after extensive accumulation
overwhelms neuronal homeostasis. Several mechanisms could explain
this reduced pathogenicity: First, membrane-bound PrP™* facilitates
efficient conversion by maintaining close proximity to newly synthe-
sized PrPC. Second, membrane association enables interaction with key
receptors that trigger neurotoxic cascades, such as the p75 neurotrophin
receptor (Della-Bianca et al., 2001; Marco-Salazar et al., 2014). Third,
membrane localization promotes cell-to-cell spread (Vilette et al., 2018),
a mechanism notably absent in the anchorless model.

Additionally, two alternative mechanisms warrant consideration:
GPI-less PrP™ may preferentially form large polymeric assemblies with
reduced neurotoxicity compared to smaller oligomers (Chesebro et al.,
2005; Silveira et al., 2005), or GPI-anchored Prp© might serve as an
essential mediator of PrP¢ neurotoxicity, as suggested by PrP-knockout
grafting studies (Brandner et al., 1996). Supporting this latter hypoth-
esis, our back-passage experiments showing rapid disease progression in
TgVole (1x) mice suggest that the reduced toxicity stems from the
absence of membrane-bound PrPC rather than intrinsic properties of the
GPI-less prions themselves.

Previous studies demonstrated that mouse-adapted CWD undergoes
substantial modifications when propagated in a GPI-less model (Aguilar-
Calvo et al., 2017), raising the question of whether the unique charac-
teristics of vole-adapted CWD would similarly be altered. To address
this, we conducted back passages of our GPI-less adapted strain into
TgVole (1x) mice, a model known to support rapid CWD-vole propa-
gation with incubation periods under 60 days (Table 1). The initial back
passage showed an incubation period of 82 + 3 dpi, longer than typical
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Fig. 3. Neuropathological characterization of the back-passage of GPI-less adapted CWD-vole in TgVole(1x) mice. A) Brain lesion and PrP*** deposit distribution
profiles for the bank vole adapted CWD (CWD-Vole) in TgVole(1 x) mice, top row and three sequential bioassays of the third passage of CWD-vole in TgVole-GPI-less
mice, back passaged in TgVole(1 x) mice. Brain lesion profiles and PrP"* deposition profiles represent the mean semi-quantitative scoring (0 -absence of lesion- to 4
-maximum intensity-, vertical axis) and error bars are the standard error of the mean of the spongiform lesions (continuous black line) and the immunohistochemical
labelling of PrP™* deposits (dashed line) against 14 brain regions (Pfc: piriform cortex, H: hippocampus, Oc: occipital cortex, Tc: temporal cortex, Pc: parietal cortex,
Fc: frontal cortex, S: striatum, T: thalamus, HT: hypothalamus, M: mesencephalon, Mob: medulla oblongata, Cm: cerebellar nuclei, Cv: cerebellar vermis, Cc:
cerebellar cortex). B) Haematoxylin-eosin (H&E) staining of the thalamus of representative mice evidencing mild to moderate spongiform lesion on the left column
and, on the right column, PrP™ immunostaining with the monoclonal antibody 6C2 (1:1000) where discreet small punctiform PrP™* deposits stained in brown
(arrows and digitally enlarged in the inserts). C) Detail of the lesions (H&E stain, left) and plaque-like immunostained PrP™* deposits (6C2, 1:1000) observed in the
hippocampus of a few animals of the first back passage (arrowheads, and digitally enlarged in the insert). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

CWD-vole infections. However, subsequent passages demonstrated
progressive shortening of incubation times of 64 + 3 dpi and 67 + 3 dpi.
These final incubation periods matched those of the original CWD-vole
strain (Kruskal-Wallis test, p-value = 0.06), indicating that the core
biological strain properties remained intact despite prolonged propa-
gation in a GPI-less environment.

Neuropathological and biochemical analyses of TgVole (1x) mice
revealed striking similarities between animals inoculated with original
CWD-vole and those receiving the GPI-less adapted strain (second and
third back-passages). However, the initial back-passage showed
distinctive features in three out of five animals: hippocampal spongiform
lesions accompanied by small plaque-like deposits in the alveus layer
(Fig. 3C). These unique characteristics might be explained by the con-
current propagation of an atypical strain, likely emerging during pro-
longed incubation periods in the TgVole-GPI-less model. This
observation aligns with previous reports of spontaneous atypical prion
formation in models expressing the bank vole 1091 polymorphism. Such
spontaneous strains typically emerge late in life (200-600 days), with
timing dependent on prp© expression levels (Otero et al., 2019; Stohr
etal., 2011; Vidal et al., 2022; Watts et al., 2016, 2012). Notably, when
directly inoculated into TgVole (4x) mice, these atypical strains show
incubation periods around 120 dpi (Otero et al., 2019). Our results
suggest a competitive propagation scenario during the initial back pas-
sage, where both the classical CWD-vole strain and an atypical compo-
nent coexisted. The highly susceptible TgVole model apparently
supported propagation of both strains initially. However, in subsequent
passages, a selective pressure resulted in the emergence of a pure clas-
sical CWD-vole phenotype, as evidenced by the consistent neuropatho-
logical and biochemical profiles observed in all animals from second and
third passages.

5. Conclusions

Our findings demonstrate that the remarkable propagation proper-
ties of CWD-vole, the fastest known prion strain, persist in the absence of
glycosylation and GPI anchoring, suggesting that these effects are pri-
marily determined by the protein’s misfolded structure, independent of
post-translational modifications. Although some strain-specific pheno-
typic features may be modulated by post-translational modifications, as
evidenced by the slower propagation speed in GPI-less models, the core
biological effects remain determined by the protein’s misfolded struc-
ture. These results have important implications for prion research
methodology. They validate the use of our PMSA-based system for
generating recombinant prions in vitro (Erana et al., 2024, 2023), which
produces unmodified proteins with diverse biological effects (i.e. strain-
specific properties) out of one given recombinant PRNP sequence. This
approach enables large-scale production of pure misfolded prion pro-
teins, essential for detailed structural studies. A crucial next step is the
propagation of this GPI-less, predominantly unglycosylated strain using
recombinant protein, which would enable structural studies and deeper
understanding of the molecular basis underlying its extraordinary
properties. Combined with recent advances in cryo-EM technology,
these tools will allow to further unravel the structural basis of prion
strain diversity (Manka et al., 2023a,b).

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nbd.2025.106894.

Glossary
BSE bovine spongiform encephalopathy
BV bank vole

CJD Creutzfeldt Jackob disease
Cryo-EM Cryo-electron microscopy

CWD chronic wasting disease

GPI glicosyl phosphatidyl inositol

GSS Gerstmann-Straussler-Scheinker syndrome
PrP¢ cellular prion protein

PrP™  resistant prion protein

PRNP gene encoding for PrP¢

sCJD sporadic CJD

PBS phosphate buffered saline

PI-PLC  phosphatidylinositol-specific phospholipase C
PIRIBS  parallel in-register intermolecular p-sheet

PK proteinase K

PMCA  protein misfolding cyclic amplification
PMSA  protein misfolding shaking amplification
TSE transmissible spongiform encephalopathies
w/v weight/volume
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