Received: 1 December 2025

W) Check for updates

Accepted: 21 January 2026

DOI: 10.1111/bpa.70077

RESEARCH ARTICLE

Brain
"~ Pathology

Rapid generation of prion disease models using AAV-delivered PrP
variants in knockout mice

Maitena San-Juan-Ansoleaga '

| Eva Fernandez-Muiioz' | Jorge M. Charco'>>

Enric Vidal* | Diego Herrero-Martinez® | Josu Galarza-Ahumada' |

Cristina Sampedro-Torres-Quevedo'” | Samanta Giler® | Marivi Geijo® |

Gloria Gonzilez-Aseguinolaza>’ | Hasier Eraiia

!Center for Cooperative Research in
Biosciences (CIC bioGUNE), Basque Research
and Technology Alliance (BRTA), Derio, Spain

2Centro de Investigacién Biomédica en Red de
Enfermedades infecciosas (CIBERINFEC),
Carlos III National Health Institute, Madrid,
Spain

3ATLAS Molecular Pharma S. L., Derio, Spain

“IRTA, Programa de Sanitat Animal, Centre de
Recerca en Sanitat Animal (CReSA), Campus
de la Universitat Autonoma de Barcelona
(UAB), Bellaterra, Spain

SDNA & RNA Medicine Division, Gene
Therapy for Rare Diseases Department, Center
for Applied Medical Research (CIMA),
University of Navarra, IdisNA, Pamplona,
Spain

®Animal Health Department, NEIKER-Basque
Institute for Agricultural Research and
Development, Basque Research and
Technology Alliance (BRTA), Derio, Spain
"Vivet Therapeutics, Pamplona, Spain

SIKERBASQUE, Basque Foundation for
Science, Bilbao, Spain

Correspondence

Joaquin Castilla, Center for Cooperative
Research in Biosciences (CIC bioGUNE),
Basque Research and Technology Alliance
(BRTA), Derio, Spain.

Email: jeastilla@cicbiogune.es

Funding information

Ministerio de Ciencia e Innovacion,
Grant/Award Numbers: PID2024-1600220B-
100, PID2021-1222010B-C21,
PID2021-1222010B-C22, CEX2021-001136-S;
European Regional Development Fund,
Grant/Award Number: EFA031/01 NEURO-
COOP; Creutzfeldt-Jakob Disease Foundation,
Grant/Award Number: 2024 grant

12,3 I 1,2,8

Joaquin Castilla

Abstract

The study of prion biology has traditionally relied on transgenic mouse
models, which, while valuable, require significant time and resources to
develop. Here, we present a rapid and flexible alternative using adeno-
associated virus (AAV) vectors to express modified prion proteins in PrP-
knockout (PrP-KO) mice. Through systematic evaluation of multiple AAV
constructs, we optimized vector design by comparing different CNS-specific
promoters and regulatory elements to generate prion disease models capable
of faithfully propagating the inoculated prion strain. We identified an opti-
mized AAV construct incorporating the human synapsin promoter, MVM
enhancer, and WPRE posttranscriptional regulatory element encapsidated in
the AAVIP31 serotype to drive neuron-specific expression of modified mouse
PrP (W144Y epitope) and bank vole 1109 PrP (W145Y epitope). Following
intravenous administration, we achieved brain-wide expression at levels com-
parable to or even exceeding endogenous PrP in some regions. When chal-
lenged with mouse-adapted RML prions or human Gerstmann-Striussler-
Scheinker (GSS-A117V) disease-causing prions, AAV-PrP mice developed
characteristic signs of prion disease with accelerated kinetics (58-106 days
post-inoculation for RML; 105-112 dpi for GSS-A117V), displaying features
typical of each strain. Serial transmission of AAV-generated RML prions to
wild-type mice confirmed preservation of strain-specific properties (165 £ 4
dpi), validating the authenticity of prion propagation in this system. This
approach provides a versatile platform for rapidly generating and studying
prion variants in an authentic brain environment. By reducing model genera-
tion time from months to weeks, this system enables accelerated investigation
of prion structure—function relationships, strain properties, and therapeutic
strategies, with potential applications extending to other protein misfolding
diseases.
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1 | INTRODUCTION

Prion diseases, also known as transmissible spongiform
encephalopathies (TSEs), represent a unique class of fatal
neurodegenerative disorders affecting both humans and
animals [1]. These diseases are characterized by the con-
formational transformation of the cellular prion protein
(PrPC) into its pathological isoform (PrP5%). While PrP¢
is a physiological protein rich in a-helical structures, solu-
ble, and protease-sensitive, PrP%¢ exhibits a predomi-
nantly B-sheet structure, insolubility, partial protease
resistance, and, most importantly, the ability to template
its aberrant conformation onto native PrP“ molecules [2].
This distinctive molecular mechanism underlies both the
propagation of neurodegeneration within affected indi-
viduals and the transmissibility of these disorders
between hosts.

The study of prion propagation has been pursued for
decades using various experimental approaches, each
offering distinct advantages and limitations. In vitro sys-
tems, particularly protein misfolding cyclic amplification
(PMCA) [3], have proven invaluable for maintaining
strain properties and evaluating transmission barriers [4].
However, their reliance on brain homogenates can be
limiting. Cell culture models have successfully propa-
gated certain prion strains, primarily murine [5, 6], and
their genetic manipulation has facilitated the study of
strain phenomenon and transmission barriers [7]. Never-
theless, several clinically relevant prion strains, particu-
larly human variants, have remained resistant to
propagation in cellular models [8, 9], highlighting signifi-
cant gaps in our current experimental toolkit.

In vivo models, especially wild-type and transgenic
mice, have been instrumental in advancing our under-
standing of prion biology across multiple dimensions,
including strain propagation, transmission barriers, and
strain phenomenon [10-12]. The development of diverse
mouse models expressing PrP variants from different spe-
cies, with varying expression levels, polymorphisms, and
modifications, has generated crucial insights into prion
biology [1]. However, the creation of transgenic animals
i1s resource-intensive, requiring substantial time and
financial investment, which can limit the scope and pace
of prion research.

Recent advances in structural biology, particularly
cryo-electron microscopy (cryo-EM), have revolutionized
our ability to study prion structures at the molecular level
[13-16]. This technical breakthrough has created an
urgent need for efficient methods to generate and study
diverse prion variants. Ideally, these variants might be
studied in their native brain environment, as the complex
cellular and molecular context of the central nervous sys-
tem likely plays a crucial role in determining prion struc-
ture, propagation, and strain properties. The ability to
rapidly produce and propagate prions with specific modi-
fications in an authentic brain environment would greatly
accelerate our understanding of structure—function

relationships in prion biology and potentially inform
therapeutic strategies.

Here, we present a proof-of-concept study demon-
strating an alternative to traditional transgenic mouse
models that enables rapid and flexible exploration of
prion protein variants in an encephalic environment. Our
approach leverages the unique properties of the adeno-
associated virus (AAV) vector serotype 9P31 [17], which
offers several distinct advantages: high-efficiency neuro-
nal transduction, sustained long-term expression and
broad distribution throughout the brain. Furthermore,
various modified prion proteins can be delivered to PrP-
KO animals, establishing a competent model for bona
fide prion propagation.

Using the mouse-adapted RML (Chandler) prion
strain [18] and human Gerstmann-Straussler-Scheinker
(GSS)-causing prions bearing the A117V variant [19] as
prototypes, we demonstrate that this simple, rapid, and
cost-effective methodology can generate in vivo prion-
propagating models within 2-3 weeks. This system opens
numerous possibilities for prion research, including:
(1) rapid screening of PrP variants with specific muta-
tions or modifications for their ability to support prion
propagation, (2) generation of diverse prion strains in
quantities suitable for cryo-EM structural studies,
(3) investigation of species barriers and strain adaptation
through expression of heterologous PrP sequences,
(4) examination of PrP trafficking and processing
through tagged variants, and (5) evaluation of potential
therapeutic strategies targeting specific PrP domains or
modifications. The flexibility and efficiency of this system
could significantly accelerate both fundamental research
and therapeutic development in the field of prion
diseases.

2 | MATERIALS AND METHODS

2.1 | AAY vector design

To optimize PrP expression in the brain, we designed
nine AAV vector genomes (carrying the inverted terminal
repeats [ITRs]) incorporating different CNS-specific pro-
moters and regulatory elements. All constructs included
the 9P31 capsid variant for efficient blood—brain barrier
penetration [20].

Expression cassettes incorporate the mouse PrP
sequence with two mutations: one enabling specific detec-
tion by BAR 224 antibody (W144Y) and another pre-
venting recognition by 94B4 antibody (193InsT), while
the protein remains detectable by other antibodies with-
out this modification. Similarly, one construct incorpo-
rated bank vole 1109 PrP sequence, including W145Y
epitope for specific recognition.

The CNS-specific promoters evaluated were: (i) human
synapsin (huSyn) promoter; (ii) shortened rat neuron-
specific enolase (ratNSE0.3) promoter; (iii) calmodulin
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1 (CALM1) promoter; (iv) calcium/calmodulin-dependent
protein kinase II alpha (CaMKIla) promoter; and
(v) gfaABCID, a GFAP-derived astrocyte-specific pro-
moter. All promoters were evaluated in combination with
regulatory elements including the MVM (Minute Virus of
Mice) intron, WPRE (Woodchuck Hepatitis Virus Post-
transcriptional Regulatory Element), and bGH (bovine
growth hormone) polyadenylation signal in various
configurations.

After identifying huSyn as the most effective pro-
moter through comparative analysis in PrP-KO mice
(n = 3 per construct), additional constructs were tested
with different enhancer combinations: WPRE and MVM
together, WPRE alone, MVM alone, or no enhancers.
The optimal construct incorporated the huSyn promoter,
MVM intron, WPRE, and bGH poly(A) signal. This
construct design was also used for the bank vole 1109 PrP
variant.

2.2 | AAV vector construction, production,
and titration

Nine recombinant AAVIP31 vectors were produced and
characterized (Figure SIA, Supporting Information).
For promoter evaluation, five constructs were generated
incorporating different CNS-specific promoters along with
MVM intron and WPRE: AAV-CaMKIla-MVM-mPrP-
WPRE, AAV-ratNSE-MVM-mPrP-WPRE, AAV-
CALMI1-MVM-mPrP-WPRE, AAV-huSyn-MVM-mPrP-
WPRE, and AAV-gfaABC1D-MVM-mPrP-WPRE. Based
on the superior performance of the huSyn promoter, three
additional constructs were generated to evaluate the contri-
bution of individual regulatory elements: AAV-
huSyn-mPrP (lacking both enhancers), AAV-huSyn-M VM-
mPrP (MVM only), and AAV-huSyn-WPRE-mPrP
(WPRE only). Finally, the optimal configuration (huSyn
+ MVM + WPRE) was applied also to bank vole 1109
PrP, generating AAV-huSyn-MVM-bvPrP-WPRE (named
as AAV-huSyn-bvPrP in the text). Additionally, a similar
construct for the expression of mCherry instead of PrP was
designed to evaluate AAV-derived long-term toxicity,
AAV-huSyn-MVM-mCherry-WPRE (named as AAV-
huSyn-mCherry in the text). Finally, for regional
expression level assessment and prion propagation
experiments, mouse PrP with only the W144Y substitu-
tion was used with the same design in terms of pro-
moters and enhancers (huSyn + MVM + WPRE),
named as AAV-huSyn-mPrP W144Y in the text. All
vectors incorporated the 9P31 capsid variant for
enhanced blood-brain barrier penetration.

Vectors were produced in HEK-293T cells using
polyethyleneimine-based co-transfection (PEI, Sigma-
Aldrich) with two plasmids: the first containing expres-
sion cassettes flanked by ITRs, and the second carrying
adenoviral helper genes, AAV2 rep gene, and AAVIP31
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cap gene. Supernatants and cells were collected 72 h post-
transfection.

2.2.1 | Purification

Supernatants were treated with 8% (v/v) polyethylene gly-
col 8000 (PEG8000, Sigma-Aldrich) for 48-72 h at 4°C,
then centrifuged at 3000 rpm for 15 min. Pellets were
resuspended in lysis buffer (50 mM Tris—HCI, 15 mM
NaCl, 2 mM MgCl,, 0.1% Triton X-100) and stored at
—80°C. Cells were collected and treated with the same
lysis buffer, followed by three freeze—thaw cycles. Both
cell lysate and PEG-treated supernatant were digested
with DNase I and RNase A (10 mg/mL each, Roche) for
30-60 min at 37°C, then stored at —80°C until further
processing. Viral particles were purified by iodixanol den-
sity gradient ultracentrifugation (Optiprep, Sigma-
Aldrich) and concentrated using Amicon Ultra-15 mL
centrifugal filters (Millipore).

2.2.2 | Titration

Viral titers were determined by qPCR. Viral DNA was
extracted from 20 pL of purified vector using the High
Pure Viral DNA Kit (Roche). Quantification was performed
using ITR-specific primers (Forward: 5-GGAACCCC-
TAGTGATGGAGTT-3'; Reverse: 5-CGGCCTCAGT-
GAGCGA-3) with GoTaq qPCR Master Mix 2x
(Promega) on a CFX96™ Real-Time PCR Detection
System (Bio-Rad). Titers were calculated by comparison
to a standard curve generated using serial dilutions of the
production plasmid. Purified vectors were reconstituted
in sterile vehicle solution containing 5% (w/v) sucrose in
PBS and 0.001% Pluronic® F-68 (Sigma-Aldrich) and
stored at —80°C until use.

2.3 | AAYV administration

AAYV vectors were administered via intravenous tail vein
injection in a total volume of 100 pL. PrP-KO mice
received AAV dosages of either 1 x 10'" viral genome
copies (gc) or 5 x 10'° gc (n = 3-5), depending on experi-
mental objectives. The lower dose was specifically used
for mice designated for subsequent RML prion inocula-
tion to achieve more moderate PrP expression levels and
better assess disease progression kinetics. Following
AAYV administration, animals were monitored daily and
maintained with ad libitum access to food and water.
For expression analysis, mice were euthanized 21 days
post-administration via cervical dislocation, a time-
point selected to ensure stable transgene expression
while minimizing animal use. For prion bioassay
experiments, mice received intracerebral prion
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inoculation 21 days after AAV administration (see sec-
tion 2.5.3) and were subsequently monitored until they
developed terminal prion disease, at which point they
were euthanized via cervical dislocation according to
established humane endpoints.

2.4 | Preparation of inocula

24.1 | RML prion inoculum (first passage)
Brain homogenates (10% w/v) were prepared from a
pool of three terminally ill wild-type mice infected with
the well-characterized mouse-adapted RML prion
strain (CIC bioGUNE strain collection). Whole brains
were homogenized manually using a glazed mortar
and pestle in ice-cold Phosphate Buffered Saline (PBS,
Fisher Reagents) supplemented with Complete Protease
Inhibitor Cocktail (Roche). Homogenates were clarified by
low-speed centrifugation (2000g, 2 min, 4°C) to remove
large debris, aliquoted, and stored at —80°C. For intracere-
bral inoculation, 10% stock homogenates were diluted to
1% (w/v) in Dulbecco’s PBS (DPBS, Gibco) immediately
before use.

242 |
passage)

RML prion inoculum (second

Brain homogenates were prepared using the same pro-
tocol from a single terminally ill AAV-transduced
mouse from the first passage, processed as described
above.

24.3 | GSS-A117V prion inoculum
A 10% (w/v) brain homogenate was prepared from the
frontal cortex of a clinically diagnosed GSS patient carry-
ing the A117V mutation [19]. Tissue was obtained with
informed consent and institutional ethical approval.
Homogenization and processing were performed as
described for RML inocula, with final dilution to 1%
(w/v) in DPBS for inoculation.

All inocula were kept on ice during preparation and
inoculation procedures. Aliquots were thawed only once
to minimize freeze—thaw cycles.

2.5 | Animal studies

2.5.1 | Animals

All experiments used mice on a CS57BL/6 genetic
background. For AAV transduction experiments,
homozygous prion protein knockout mice [21] (Prup””,
B6&CBA.12901a-Prnp™™™/Cicb, hereafter referred

to as PrP-KO) were bred at CIC bioGUNE (Spain).
For second passage experiments, wild-type C57BL/6
mice were obtained from Inotiv (formerly Envigo).
Both sexes were used and assigned to experimental
groups as evenly as possible, subject to availability.

2.5.2 | Animal housing

Mice were housed in groups of 3-6 per cage in a con-
trolled environment maintained at 22 + 1°C with a 12-h
light/dark cycle and 60% relative humidity. Cages were
HEPA-filtered and individually ventilated. Animals had
ad libitum access to food and water and received environ-
mental enrichment (nesting material and shelters).

2.5.3 | Prion inoculation

Mice aged 2-4 months received intracerebral prion inoc-
ulation 21 days post-AAV administration (see sec-
tion 2.3). Mice were anesthetized using either isoflurane
inhalation or ketamine/medetomidine combination
(7511 mg/kg, i.p.). For ketamine/medetomidine anesthe-
sia, atipamezole hydrochloride (1 mg/kg, i.p.) was admin-
istered for reversal. Animals received subcutaneous
buprenorphine (0.3 mg/kg) for pre-emptive analgesia
30 min before inoculation. Prion inoculum was injected
into the mouse’s brain using a 1 mL syringe with a sterile
27-gauge hypodermic needle. The injection was per-
formed slowly with 20 pL inoculum per mouse at a verti-
cal depth of 1 mm on the right side of the sagittal suture
where the parietal bones meet, and approximately 1 mm
anterior to the lambda suture where the sagittal suture
meets the occipital bone. The injection duration was
maintained for 30 s, and the needle was kept in place for
an additional 30 s after the injection. Post-procedure, ani-
mals were maintained on a heating pad until complete
recovery from anesthesia.

All prion inoculations were performed at Neiker Bas-
que Institute for Agricultural Research and Development
(Derio, Spain). All animal procedures were approved by
institutional animal welfare committees (CIC bioGUNE:
P-CBG-CBBA-0314, 15,005/16/006; Neiker: NEIKER-
OEBA-2021-003) and conducted in strict accordance
with European Directive 2010/63/EU on the protection
of animals used for scientific purposes and Spanish legis-
lation (Real Decreto 53/2013 de 1 de febrero).

2.54 | Clinical monitoring

Following inoculation, mice were monitored daily for
general health and weighed weekly. Detailed neurological
assessment was performed twice weekly until the first
appearance of clinical signs, after which monitoring fre-
quency increased to daily observation. Prion disease

85URD1 SUOWILLOD) BAIERID 3(geatjdde au Aq pausenob a1e sapIe YO B8N JO S9N o} AIqIT8UIUO A8]IM UO (SUORIPUOD-PUR-SLLBYW0D™ A8 | IMARRIq 1 BUIIUO//SHNY) SUORIPUOD pue SWR L 3LY 38 [9202/20/20] U0 AiqIT8uIIUO A8|IM ‘(PEPILES 8P OLIBISIUIIN) UOSIAOLY [UO N BURILI0D USILEAS AQ 22002 @da/TTTT'OT/I0p/W0d Ao 1M AReid 1|pu1ju0//SANY WO popeojumoa ‘0 ‘6E9E0SLT



RAPID PRION MODELS USING AAV

progression was evaluated using a standardized scoring
system for the following parameters: kyphosis, gait
abnormalities, coat condition, postural abnormalities,
activity level, body condition, and incontinence. Animals
displaying sustained clinical signs (score 22 in two or
more categories) or severe neurological impairment
compromising welfare were humanely euthanized by cer-
vical dislocation. Animals found dead or euthanized due
to intercurrent illness post-inoculation were excluded
from analysis. Survival time was recorded as days post-
inoculation (dpi) from inoculation to euthanasia.

2.5.5 | Sample collection

At the clinical endpoint, mice were euthanized by cervical
dislocation and brains were immediately extracted. Each
brain was bisected sagittally; one hemisphere was snap-
frozen and stored at —80°C for biochemical analysis,
while the contralateral hemisphere was immersion-fixed
in 4% neutral buffered formalin for at least 48 h prior to
histopathological and immunohistochemical processing.

2.5.6 | Statistical analysis

For AAV construct optimization, PrP expression levels
were quantified by densitometric analysis of Western blots
using ImageJ software (NIH). Band intensities were nor-
malized to a-tubulin loading control and expressed relative
to wild-type C57BL/6 mouse brain (set as 100%). Differ-
ences among groups were assessed by one-way analysis of
variance (ANOVA) followed by Tukey’s honest significant
difference (HSD) post hoc test for all pairwise comparisons.
Data are presented as mean * standard deviation (SD) for
n = 3 biological replicates per group. For prion bioassay
experiments, survival data are presented as mean
* standard error of the mean (SEM).

2.6 | Brain collection and processing
2.6.1 | Expression analysis cohort (non-
inoculated animals)

Mice were euthanized 21 days post-AAV administration
via cervical dislocation. Brains were immediately extracted
and bisected sagittally. One hemisphere was snap-frozen on
dry ice and stored at —80°C for biochemical analysis, while
the contralateral hemisphere was immersion-fixed in 4%
neutral buffered formalin for subsequent immunohisto-
chemical analysis at the Centre de Recerca en Sanitat Ani-
mal (IRTA-CReSA, Catalonia, Spain).

For global brain expression analysis, one frozen
hemiencephalon per animal was weighed and homoge-
nized to 10% (w/v) in ice-cold phosphate-buffered saline
(PBS, Fisher Reagents) supplemented with Complete
Protease Inhibitor Cocktail (Roche) using a glazed
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mortar and pestle. Homogenates were aliquoted and
stored at —80°C until Western blot analysis.

For regional expression analysis, frozen hemiencepha-
lons were dissected on ice into defined neuroanatomical
regions: olfactory bulb (Ob), striatum + diencephalon
-+ mesencephalon (S + D + M), cortex 4+ hippocampus
(Fc 4+ Tc + Pc + Oc), cerebellum (Cc + Cm + Cv), pons
+ medulla oblongata (P + Mo), and spinal cord (Sc). Each
region was weighed, homogenized individually to 10%
(w/v) in PBS with protease inhibitors as described above,
and stored at —80°C.

2.6.2 | Prion-inoculated animals

Mice reaching humane endpoints (see section 2.5.4) were
euthanized by cervical dislocation and brains were immedi-
ately extracted and processed as described above. One
hemisphere was used for biochemical detection of protease-
resistant PrP by Western blot, while the contralateral hemi-
encephalon was fixed in 4% neutral buffered formalin for
histopathological and immunohistochemical analysis.

2.7 | Western blotting
Western blot analysis was performed to quantify PrP¢
expression levels in non-inoculated mice and to detect
protease-resistant PrP (PrP™®) as confirmation of prion
disease in inoculated animals.

2.8 | Sample preparation

2.8.1 | For PrP expression analysis

Brain homogenates (10% w/v) were diluted at a 3:17:10
ratio (homogenate:PBS:NuPage LDS Sample Buffer 4x,
Invitrogen). Serial two-fold dilutions were prepared to
ensure signals within the linear detection range.

2.8.2 |
brains

For PrP™® detection in RML-infected

Brain homogenates (10% w/v) were diluted 1:1 (v/v) in
digestion buffer containing 2% (w/v) Tween-20, 2% (v/v)
NP-40, and 5% (w/v) Sarkosyl (all from Sigma-Aldrich)
in PBS. Samples were digested with 10 pg/mL proteinase
K (PK, Roche) for 1 h at 42°C with shaking (450 rpm).

2.8.3 | For PrP™ detection in GSS-infected

brains

An adapted protocol for atypical PrP™ detection was
employed [22]. Brain homogenates (10% w/v) were
digested with 100 pg/mL Pronase E (Sigma-Aldrich) for
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30 min at 37°C with vigorous shaking (800 rpm). EDTA
(Calbiochem) and Sarkosyl (Sigma-Aldrich) were added
to final concentrations of 10 mM and 2% (w/v), respec-
tively. Samples were then treated with 50 U/mL Benzo-
nase (Merck) for 10 min at 37°C with shaking (800 rpm),
followed by addition of 0.3% (w/v) sodium phospho-
tungstic acid (NaPTA, Sigma-Aldrich) and incubation
for 30 min at 37°C.

For PrP™ precipitation, iodixanol (OptiPrep, Sigma-
Aldrich) and NaPTA were added to final concentrations of
35% (wiv) and 0.3% (w/v), respectively. After centrifugation
at 16,100g for 90 min at 4°C, supernatants were transferred
to fresh tubes and mixed 1:1 with buffer containing 2%
(w/v) Sarkosyl and 0.3% (w/v) NaPTA in PBS. Following
an additional centrifugation (16,100g, 90 min, 4°C), pellets
were resuspended in washing buffer [17.5% (w/v) iodixanol
and 0.1% (w/v) Sarkosyl in PBS] and digested with 10 pg/
mL PK for 1 h at 37°C with shaking (800 rpm). After add-
ing washing buffer and NaPTA to a final concentration of
0.3% (w/v), samples were centrifuged (16,100g, 30 min,
4°C). This washing step was repeated twice. Final pellets
were resuspended in NuPage 4x Loading Buffer (1:3 v/v).

2.9 | SDS-PAGE and immunoblotting

All samples were boiled for 10 min at 100°C before load-
ing. Samples (16 pL for PrP€ analysis; 15 pL for PrP™
analysis) were loaded onto 4-12% Bis-Tris polyacryl-
amide gels (NuPage Midi gels, Invitrogen) alongside
5 pL of molecular weight marker (Nippon Genetics). For
PrP™* analysis, 5 pL of undigested brain homogenate was
included as a reference. Electrophoresis was performed in
MES-SDS running buffer (Invitrogen) at 70V for
10 min, 110 V for 10 min, then 150 V for 70 min. Pro-
teins were transferred to PVDF membranes (iBlot 3 midi
PVDF transfer stacks, Invitrogen) using the iBlot 3 Trans-
fer System (Invitrogen) according to the manufacturer’s
protocol (7 min, program PO).

2.10 | Antibody detection

Blocking and antibody incubations were performed using
the iBind Flex Western Device (Invitrogen) according to
the manufacturer’s instructions. All antibodies were
diluted in 1x iBind Flex Solution (Invitrogen).

2.10.1 | For PrP€ expression analysis
Membranes were incubated with anti-PrP monoclonal
antibody Sha-31 (1:4000; Bertin Bioreagent) and anti-
a-tubulin (1:16,000-1:32,000; Sigma-Aldrich) as loading
control, followed by HRP-conjugated anti-mouse IgG
secondary antibody (1:600; m-IgGk BP-HRP, Santa Cruz
Biotechnology).

2.10.2 | For RML PrP™® detection
Membranes were first probed with anti-PrP monoclonal
antibody Bar 224 (1:1000; Bertin Bioreagent), which spe-
cifically recognizes the W144Y epitope in AAV-delivered
mouse PrP, followed by HRP-conjugated anti-mouse
IgG (1:600; Santa Cruz Biotechnology). Membranes were
subsequently re-probed with Sha-31 antibody (1:4000) as
described above to detect total PrP.

2.10.3 | For GSS PrP™ detection

Membranes were incubated with monoclonal antibody
9A2 (1:4000; Central Veterinary Institute, WUR), fol-
lowed by HRP-conjugated anti-mouse IgG (1:600; Santa
Cruz Biotechnology).

2.11 | Signal detection and quantification

Immunoreactive bands were visualized by enhanced
chemiluminescence using SuperSignal West Pico PLUS
substrate (Thermo Scientific Pierce). Images were
acquired using an iBright CL750 Imaging System
(Invitrogen) and analyzed with AlphaView (Alpha Inno-
tech) and ImageJ (NIH) software. For PrP® quantifica-
tion, densitometric analysis was performed and
normalized to a-tubulin signal. Relative expression levels
were calculated by comparison to wild-type mouse brain
homogenate included as a reference standard on each gel.

2.12 | Histopathological and
immunohistochemical analysis
2.12.1 | Tissue processing

Formalin-fixed brain hemiencephalons were sectioned
coronally at standardized neuroanatomical levels: olfac-
tory bulb (when adequately preserved), optic chiasm,
piriform cortex, cerebellum, and medulla oblongata. Sec-
tions were dehydrated through graded alcohol series,
cleared in xylene, and embedded in paraffin wax. Serial
sections (4 pm thickness) were cut using a rotary micro-
tome and mounted on glass slides.

2.12.2 |
staining

Hematoxylin and eosin (H&E)

Deparaffinized sections were rehydrated and stained with
Harris hematoxylin (Sigma-Aldrich) and eosin Y (Casa
Alvarez) using standard protocols. Stained sections were
evaluated for spongiform degeneration, neuronal loss,
gliosis, and other neuropathological changes characteris-
tic of prion disease.
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2.12.3 | Immunohistochemistry for PrP5
detection

For prion protein detection, serial sections were mounted
on aminosilane-coated slides (3-triethoxysilyl-propylamine,
Dako). Sections were deparaffinized, rehydrated, and sub-
jected to a sequential epitope retrieval and denaturation
protocol adapted from Vidal et al. [23]: (1) immersion in
98% formic acid for 5Smin at room temperature,
(2) autoclaving in citrate buffer (pH 6.15) for 15 min at
121°C in a pressure cooker, and (3) digestion with 4 pg/mL
proteinase K (Roche) for 10 min at 37°C. Endogenous per-
oxidase activity was quenched by incubation in 3% H>O, in
methanol for 30 min. Sections were incubated overnight at
4°C with anti-PrP monoclonal antibody 6C2 (1:1000; Cen-
tral Veterinary Institute, Wageningen, Netherlands), which
recognizes both mouse and human PrP. Immunoreactivity
was detected using the EnVision+ Dual Link System-HRP
(Dako) with goat anti-mouse immunoglobulins conjugated
to peroxidase-labeled polymer, and visualized with 3,3'-dia-
mino-benzidine (DAB, Sigma-Aldrich) as chromogen. Sec-
tions were counterstained with hematoxylin, dehydrated,
cleared, and mounted.

2.12.4 |
detection

Immunohistochemistry for mCherry

For transgene expression analysis in AAV-mCherry-
transduced mice, deparaffinized sections underwent heat-
induced epitope retrieval in Target Retrieval Solution
(Dako) at 95°C for 5 min. After cooling and washing, sec-
tions were incubated with monoclonal anti-mCherry anti-
body (1:500; clone OTII0G6, TA180028, OriGene
Technologies) overnight at 4°C, followed by detection using
the EnVision+ system and DAB as described above. For
all immunohistochemical procedures, negative controls con-
sisted of adjacent sections processed identically but with
omission of the primary antibody.

2.12.5 | Microscopic evaluation

All histological and immunohistochemical sections were
examined by light microscopy by an experienced neuro-
pathologist blinded to experimental groups. PrP% deposi-
tion patterns were categorized by morphology (diffuse,
synaptic, plaque-like) and neuroanatomical distribution.
Digital images were captured using an Easy one MOTIC
Scanner for histological slides and the Aperio Image-
Scope v12.4.6.5003 software.

2.12.6 | Semi-quantitative scoring

Spongiform lesions and PrP% immunolabeling were
scored semi-quantitatively (04 scale: 0 = absent,
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1 = mild, 2 = moderate, 3 = intense, 4 = maximum) in
14 brain regions as described previously [23]. Lesion pro-
files were plotted as a function of neuroanatomical region
along the rostro-caudal axis.

3 | RESULTS

3.1 | Generation of an optimized AAYV for
CNS-specific high-level prion protein expression

To develop an efficient system for brain-targeted PrP
expression, we systematically evaluated eight AAVI9P31
vectors incorporating different combinations of CNS-
specific promoters and regulatory elements (Figure S1A).
The AAVIP31 capsid variant was selected for its estab-
lished capability to efficiently cross the blood—brain bar-
rier following systemic administration in C57BL/6
mice [20].

All constructs incorporated a modified mouse PrP
sequence (W144Y mutation) that enables specific detec-
tion by the BAR 224 monoclonal antibody, allowing dis-
crimination from endogenous PrP. Initial screening
evaluated five promoters (CaMKlIla, ratNSEQ.3,
CALMI1, huSyn, and gfaABCID) in combination with
MVM intron and WPRE regulatory elements. Following
intravenous administration to PrP-KO mice (n = 3 per
construct), brain-wide PrP expression analysis at 21 days
revealed the human synapsin (huSyn) promoter consis-
tently produced the highest transgene expression levels
(Figure S1B).

To optimize regulatory element configuration, we
generated three additional huSyn-based constructs: lack-
ing both enhancers (huSyn alone), containing MVM
intron only (huSyn-MVM), or WPRE only (huSyn-
WPRE). Comparative quantitative analysis by Western
blot densitometry demonstrated significant differences in
expression levels among groups (one-way ANOVA,
F (9, 20) = 38.7, p < 0.0001). The complete configuration
incorporating huSyn promoter with both MVM intron
and WPRE (huSyn-MVM-WPRE) achieved robust PrP
expression at levels comparable to endogenous wild-type
expression (93.3 £11.6% of wild-type, mean + SD;
p=0.72 vs. WT, Tukey’s post hoc test), while signifi-
cantly surpassing all other tested AAV configurations
(p <0.001 for all comparisons). In contrast, constructs
lacking one or both regulatory elements showed mark-
edly reduced expression. This optimal construct main-
tained the compact size necessary for efficient AAV
packaging (~2.7 kb total insert).

Based on these results, we designated AAV-huSyn-
MVM-mPrP-WPRE as our lead construct for subsequent
prion propagation studies. The WI144Y epitope tag
enables precise monitoring of AAV-derived PrP expres-
sion and facilitates analysis of prion conversion. To eval-
uate the versatility of this optimized design, we generated
an equivalent construct expressing bank vole 1109 PrP
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with the W145Y mutation (AAV-huSyn-MVM-bvPrP-
WPRE), establishing proof-of-concept for rapid genera-
tion of diverse PrP variant expression systems.

3.2 | Intravenous delivery of the optimized
AAYV construct results in sustained brain-wide
PrP expression at physiologically relevant level

Having identified the optimal regulatory configuration
(huSyn-MVM-WPRE) through systematic promoter and
enhancer screening (Figure S1), we next characterized the spa-
tial distribution and expression levels achieved by the finalized
AAV construct. For subsequent prion propagation studies, we
generated a streamlined version containing only the W144Y
epitope tag (AAV-huSyn-mPrP W144Y), removing additional
markers present in the screening constructs.

To evaluate regional PrP expression patterns, we admin-
istered the mouse AAV-huSyn-mPrP W144Yconstruct
intravenously to PrP-KO mice at two doses: 1 x 10" gc
(m=2) or 5x10° gc (m=1). At 2l days post-
administration, brains were bisected sagittally; one hemien-
cephalon was preserved for immunohistochemical analysis
while the contralateral hemiencephalon was dissected into
six neuroanatomical regions (olfactory bulb, striatum
+ diencephalon + mesencephalon, cortex + hippocampus,
cerebellum, pons + medulla oblongata, and spinal cord) for
quantitative Western blot analysis (Figure 1A).

Regional quantification revealed differential PrP
expression across brain regions, ranging from 0.65- to
2-fold relative to endogenous levels in wild-type mice
(Figure 1B). The higher dose (1 x 10'" gc) consistently
yielded expression levels at or above wild-type in most
regions, while the lower dose (5 x 10'° gc) produced
more moderate expression. Notably, all three animals
displayed successful brain-wide transduction despite
quantitative differences in absolute expression levels, vali-
dating the robustness of the AAVIP31 delivery system.

Immunohistochemical analysis using the Bar 224
antibody (1:1000) confirmed the regional expression

patterns observed biochemically and revealed the cellular
localization of AAV-derived PrP (Figure 1C). Transduc-
tion was evident throughout the neuraxis, with particu-
larly robust expression in the white matter of the piriform
cortex, likely reflecting strong labeling of mitral cell
axons projecting from the olfactory bulb. A punctate-
granular pattern was observed in the neuropil with occa-
sional intracytoplasmic granular staining in neurons, con-
sistent with expression in neuronal processes and synaptic
compartments rather than glial cells. The cerebellar cor-
tex exhibited comparatively lower signal intensity,
restricted primarily to synaptic glomeruli in the granular
cell layer. This regional variation in expression intensity
likely reflects differences in AAVIP31 transduction effi-
ciency, neuronal density, and local blood-brain barrier
permeability across brain regions.

To assess long-term transgene stability, we conducted a
parallel study using an identical vector design expressing
mCherry (AAV-huSyn-mCherry) under the same regulatory
elements. Three mice received intravenous administration
(2 x 10" gc in 100 pL) and remained apparently healthy
throughout the 270-day (9-month) observation period.

Collectively, these findings demonstrate that our opti-
mized AAV-huSyn-mPrP W144Y construct achieves sus-
tained brain-wide expression of PrP at physiologically
relevant levels in PrP-KO mice. The dose-dependent expres-
sion levels, ranging from moderate (~0.65-fold at lower
dose) to supra-physiological (~2-fold at higher dose) rela-
tive to wild-type, provide flexibility for experimental design.
The widespread neuronal transduction, sustained long-term
expression, and tunable dosing establish this system as a
viable platform for prion propagation studies.

3.3 | Rapid in vivo propagation of classical
and atypical prions in AAV-mediated PrP-
expressing knockout mice

To validate the functionality of our AAV-based system
for authentic prion propagation, we challenged PrP-KO

FIGURE 1 Regional characterization of AAV-mediated PrP expression in PrP-KO mice. (A) Experimental timeline and Western blot analysis.
PrP-KO mice received intravenous AAV-huSyn-mPrP W144Y at Day 0. At Day 21, brains were microdissected into six regions: olfactory bulb (Ob),
striatum + diencephalon + mesencephalon (S + D + M), cortex + hippocampus (Fc + Tc + Pc + Oc), cerebellum (Cc + Cm + Cv), pons

+ medulla oblongata (P + Mo), and spinal cord (Sc). Animals received 1 x 10'! gc (lanes 1-2) or 5 x 10'° g¢ (lane 3). Lane C: wild-type C57BL/6
control. Western blot used Sha-31 antibody with a-tubulin loading control, showing dose-dependent regional PrP expression with stronger rostral
signals. (B) Densitometric quantification of PrP expression levels. PrP signal intensities were first normalized to a-tubulin loading control from the
same lane, then expressed relative to wild-type C57BL/6 mouse brain (dashed line, set as 100%). Purple: 5 x 10'° gc (n = 1); green: 1 x 10'! gc (mean
+ SD, n = 2); gray: wild-type (n = 1). Expression ranged 0.65-2x wild-type levels, with rostral > caudal distribution. (C) Immunohistochemical
analysis using Bar 224 antibody (1:1000). Upper: schematic showing section levels. Lower: coronal sections with DAB staining. Micrographs show:
(1) Olfactory bulb with strong immunolabeling of white matter, the inset shows the olfactory glomeruli (glom.) with intense labeling and mitral cell
intracytoplasmic staining (arrows); (2) Frontal cortex with punctate neuropil pattern and strong labeling of the pyriform cortex white matter;

(3) Thalamic nuclei showing both intracellular PrP labeling (left inset) and neuropile and perineuronal punctate labeling (right inset);

(4) Mesencephalic neurons with perineuronal staining; (5) Medulla oblongata neurons with abundant cytoplasmic PrP and weak cerebellar cortex
signal restricted to granular cell layer glomeruli (arrows). This immunohistochemical analysis confirms brain-wide but regionally variable AAV-
mediated expression. Ob, olfactory bulb; Fc, frontal cortex; Tc, temporal cortex; Pc, parietal cortex; Oc, occipital cortex; Pfc, piriform cortex; H,
hippocampus; S, striatum; D, diencephalon; T, thalamus; HT, hypothalamus; M, mesencephalon; P, pons; Mo, medulla oblongata; Cc, cerebellar

cortex; Cm, cerebellar medulla; Cv, cerebellar vermis; Sc, spinal cord.
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FIGURE 2 AAV-mediated PrP expression enables rapid propagation of classical and atypical prion strains. (A) Kaplan—Meier survival curves.
Left: RML inoculation. PrP-KO mice administered AAV-huSyn-mPrP (W144Y-tagged mouse PrP, 5 x 10'° gc i.v.; orange) developed disease at 72
+ 13 dpi (n = 4), intermediate between wild-type C57BL/6 mice (172 * 4 dpi, n = 5; blue), Tga20x PrP-KO mice expressing PrP at 3-4x levels (88
+ 1 dpi, n = 6; purple), and Tga20 mice overexpressing PrP at 6-8x (70 * 3 dpi, n = 6; green). Black arrow indicates animal (65 dpi) used for second-
passage inoculum (Figure 3). Right: GSS-A117V inoculation. AAV-huSyn-bvPrP mice (W145Y-tagged bank vole 1109 PrP, 5 x 10'° gc i.v.; orange)
developed disease at 109 * 1 dpi (n = 5), intermediate between TgVole(I1109)1x (67 = 1 dpi, n = 8; blue) and TgVole(1109)0.5x mice (131 £ 7 dpi,

n = 8; green). This dose-dependent relationship confirms PrP expression levels modulate disease kinetics while maintaining strain fidelity. All mice
received intracerebral inoculation with 1% (w/v) brain homogenate at 21 days post-AAV. Data: mean £ SEM. (B) Biochemical detection of strain-
specific PrP™. Left: RML propagation. Western blots of terminal brain homogenates from AAV-PrP mice (lanes 1-3: 58, 106, 65 dpi). Proteinase K
digestion (PK+) reveals canonical three-band glycoform pattern (~30, 27, 21 kDa) with predominant monoglycosylated signal, characteristic of
RML. Upper: Bar 224 antibody (1:1000) specifically detects W144Y epitope, confirming PrP™ from AAV-transgene. Lower: Sha-31 (1:4000) shows
identical pattern. Right: GSS-A117V propagation. Specialized detection protocol (Pronase E, NaPTA precipitation, PK) reveals characteristic 7—

10 kDa low-molecular-weight fragment in all AAV-bvPrP mice (lanes 1-5), diagnostic of GSS-A117V atypical signature. Controls: RML-infected
WT brain (RML ori. inoc.); undigested brain homogenates (WT/TgVole mo BH, PK—). Molecular weights (kDa) indicated.

mice expressing AAV-delivered PrP variants with two struc-
turally distinct prion strains: the classical mouse-adapted
RML strain and the atypical human GSS-A117V strain.
This dual-strain approach enabled us to assess whether the
system could support propagation of prions with both con-
ventional three-band glycoform patterns and atypical low-
molecular-weight PrP™ signatures.

For RML propagation studies, four PrP-KO mice
received intravenous administration of AAV-huSyn-mPrP
(W144Y-tagged mouse PrP; 5 x 10'® gc in 100 puL). For
GSS propagation, five PrP-KO mice received AAV-
huSyn-bvPrP (W145Y-tagged bank vole 1109 PrP; 5 x 10'°
gc in 100 pL). At 21 days post-AAV administration—
allowing stable transgene expression—mice were inoculated
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intracerebrally with either 1% RML-infected mouse brain
homogenate or 1% GSS-A117V patient brain homogenate.

All AAV-administered animals developed progressive
neurological signs characteristic of prion disease
(Figure 2A, left and right panels). RML-challenged mice
expressing mouse PrP succumbed to disease at 58, 58,
65, and 106 days post-inoculation (dpi) (mean * SEM:
72 + 13 dpi, n = 4). These incubation periods were mark-
edly shorter than those observed in wild-type C57BL/6
mice inoculated with the same RML strain (172 * 4 dpi,
n=>5 [24]), and fell intermediate between Tga20xPrP-
KO mice expressing PrP at approximately 3-4x endoge-
nous levels (88 + 1 dpi, n = 6 [25]) and Tga20 transgenic
mice overexpressing wild-type mouse PrP at 6-8x endog-
enous levels (70 = 3 dpi, n = 6 [25]). Quantitative West-
ern blot analysis of terminal brain samples confirmed
that animals with shorter incubation periods exhibited cor-
respondingly higher PrP expression levels (Figure S2).
Notably, while the intermediate disease kinetics would sug-
gest expression levels between those of Tga20xPrP-KO and
Tga20 mice, the measured brain-wide PrP levels in AAV-
transduced animals were more modest than might be antici-
pated from the incubation times alone (Figure S2), an
observation consistent with the regional heterogeneity of
AAV-mediated transduction documented in Figure 1C and
further examined in section 4.

GSS-challenged mice expressing bank vole 1109 PrP
developed disease with incubation periods of 105-112 dpi
(mean: 109+ 1 dpi, n=75), falling between those
reported for homozygous TgVole(1109)1 x mice (67 + 1
dpi) and heterozygous TgVole(1109)0.5x mice (131 £ 7
dpi) inoculated with the same GSS isolate.

Biochemical confirmation of prion propagation was
obtained through Western blot detection of protease-
resistant PrP (PrP™%) in terminal-stage brain tissue
(Figure 2B). For RML-inoculated mice, following pro-
teinase K digestion and immunodetection with Sha-31
antibody, brain homogenates displayed the canonical
three-band PrP™ glycoform pattern (~30, 27, and
21 kDa) with the characteristic RML strain signature:
predominant signal in the monoglycosylated band. Criti-
cally, parallel probing with Bar 224 antibody—which

specifically recognizes the W144Y epitope—confirmed
that PrP™ originated exclusively from AAV-delivered
transgenic PrP rather than any residual endogenous pro-
tein, demonstrating authentic conversion of the modified
substrate (Figure 2B, left panel). Representative Western
blots from three animals (58, 106, and 65 dpi) illustrate
successful prion propagation across the range of observed
incubation periods.

For GSS-inoculated mice, we employed a specialized
detection protocol optimized for atypical PrP* with non-
canonical biochemical properties. Following sequential Pro-
nase E digestion, NaPTA precipitation, and final proteinase
K treatment, all five terminal brain samples exhibited the
characteristic 7-10 kDa low-molecular-weight PrP™ frag-
ment diagnostic of GSS-A117V prions (Figure 2B, right
panel). This atypical fragment contrasts sharply with the
classical three-band pattern and demonstrates that our
AAYV system supports propagation of structurally divergent
prion conformers.

3.4 | Serial transmission of AAV-generated
prions to wild-type mice confirms authentic
preservation of RML strain properties

To rigorously validate that AAV-mediated PrP expres-
sion supports generation of authentic transmissible prions
with preserved strain-specific characteristics, we per-
formed serial passage experiments in conventional wild-
type mice. This critical control addresses whether prions
propagated in AAV-PrP mice maintain infectivity and
strain fidelity when transmitted to animals expressing
endogenous PrP at physiological levels.

Brain homogenate from a terminally ill AAV-PrP
mouse succumbing to RML at 65 dpi (from Figure 2A
cohort) was prepared at 1% (w/v) and inoculated intrace-
rebrally into five wild-type C57BL/6 mice (7 weeks old).
All inoculated animals (5/5, 100% attack rate) developed
progressive neurological signs characteristic of murine
prion disease, including kyphosis, ataxic gait, rough,
unkempt coat, reduced grooming behavior, and hindlimb
clasping when suspended by the tail. Disease onset

FIGURE 3 Serial transmission validates preservation of RML strain-specific properties. (A) Biochemical confirmation of PrP™ in second-
passage wild-type mice. Western blot of brain homogenates from five C57BL/6 mice inoculated with material from a terminally ill first-passage AAV-
PrP mouse (65 dpi; Figure 2A). Lanes 1-5: individual animals (survival: 146, 160, 160, 154, 150 dpi). Following proteinase K digestion (PK+), all
samples display the characteristic three-band PrP™* glycoform pattern (~30, 27, 21 kDa) with predominant monoglycosylated band signal, consistent
with RML signature. Controls: original RML inoculum (RML ori. inoc., PK+); undigested wild-type brain (WT mouse BH, PK—). Note identical
glycoform ratios across all samples, confirming faithful strain propagation. Antibody: Sha-31 (1:4000). Molecular weights (kDa) indicated.

(B) Comparative neuropathological analysis demonstrates preserved RML-specific lesion patterns. Left: Semi-quantitative lesion profiling across

14 brain regions. Top: Second-passage AAV-derived RML in wild-type mice (AAV-RML in WT). Bottom: Reference RML control. Spongiform
vacuolation (solid lines, @) and PrP™* immunolabeling (dashed lines, 4p) scored 0—4 scale across brain regions (rostro-caudal order): Pfc (piriform
cortex), H (hippocampus), Oc (occipital cortex), Tc (temporal), Pc (parietal), Fc (frontal), S (striatum), T (thalamus), HT (hypothalamus), M
(mesencephalon), Mob (medulla oblongata), Cm (cerebellar nuclei), Cv (cerebellar vermis), Cc (cerebellar cortex). Data: mean = SD. Both profiles
show characteristic RML pattern with prominent diencephalic involvement and relatively preserved cerebellum. Right: Representative occipital
cortex immunohistochemistry. Upper: AAV-derived RML (146 dpi). Lower: Reference RML (172 dpi). Left images: widespread fine granular PrP™
immunoreactivity with synaptic pattern (20x). Right enlarged images (80 x): punctate perineuronal/intraneuronal deposits typical of RML.
Immunohistochemistry: 6C2 antibody (1:1000), formic acid pretreatment, PK digestion (4 pg/mL), DAB chromogen.
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occurred at 156 + 3 days post-inoculation (mean + SEM,
range: 146-160 dpi), consistent with established incuba-
tion periods for RML passage through C57BL/6 mice
and comparable to the original RML inoculum used in
first-passage experiments (172 = 4 dpi in wild-type con-
trols [24]) (Figure 2A).

Biochemical analysis confirmed the presence of protein-
ase K-resistant PrP™ in all five second-passage animals
(Figure 3A). Western blot revealed the canonical three-band
glycoform pattern at ~30, 27, and 21 kDa with the charac-
teristic RML strain signature: predominant signal in the
monoglycosylated band (middle band). This biochemical
profile was indistinguishable from the original RML inocu-
lum and from first-passage AAV-PrP mice (Figure 2B),
demonstrating faithful maintenance of strain-specific glyco-
form ratios through serial transmission.

Comparative neuropathological examination provided
definitive evidence of strain fidelity preservation (Figure 3B).
Semi-quantitative lesion profiling across 14 brain regions
revealed virtually identical patterns of spongiform change and
PrP™ deposition between second-passage AAV-derived RML
mice and reference control mice inoculated with the original
RML stock [24]. Both groups displayed the characteristic
RML lesion profile, with prominent involvement of dience-
phalic structures (thalamus, hypothalamus), moderate cortical
and hippocampal pathology, and relatively spared cerebellar
regions (Figure 3B, left panels). Semi-quantitative scoring of
spongiform vacuolation (solid lines) and PrP™ immunolabel-
ing intensity (dashed lines) showed overlapping profiles across
all anatomical regions examined, with no statistically signifi-
cant differences between groups (two-way ANOVA: p = 0.82
for spongiform score, p = 0.79 for PrP™ score).

Microscopic examination of representative brain sec-
tions confirmed the quantitative findings (Figure 3B,
right panels). In the occipital cortex, both second-passage
AAV-derived RML (upper panels, representative animal
with survival period of 146 dpi) and reference RML con-
trol (lower panels, representative animal with survival
period of 172 dpi) displayed indistinguishable neuropath-
ological features. At low magnification, widespread fine
granular PrP** immunoreactivity was evident throughout
the neuropil with a characteristic synaptic pattern. High-
magnification views revealed punctate perineuronal and
intraneuronal PrP™ deposits typical of RML strain,
accompanied by mild to moderate spongiform change.
The preservation of these characteristic features—
including regional lesion distribution, PrP™® deposition
patterns, and cellular localization—across serial trans-
mission from AAV-PrP mice to conventional wild-type
hosts demonstrates faithful maintenance of strain-
encoded neuropathological determinants.

4 | DISCUSSION

The past decade has witnessed remarkable advances in
viral delivery systems, particularly in the development of
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AAYV vectors capable of efficient central nervous system
targeting. The emergence of specialized serotypes such as
AAVIP31, with its enhanced ability to cross the blood—
brain barrier in mice, has opened new possibilities for
CNS-directed gene delivery [20]. In developing this sys-
tem, we prioritized compact CNS-specific promoters
(0.4-1.3 kb) with established performance in AAV con-
texts rather than larger genomic regulatory regions com-
monly used in transgenic models. While promoters such
as the murine Prup genomic fragment [26] or Thy-1 have
proven highly effective in germline transgenesis, their
substantial size (6—7 kb) and complex architecture present
technical challenges for AAV packaging and have not
been systematically optimized for viral vector applica-
tions. In this study, we systematically evaluated multiple
combinations of promoters and regulatory sequences to
develop an AAV system capable of achieving neuron-
specific, brain-wide PrP€ expression at physiologically
relevant levels. Our optimized construct demonstrated
robust functionality, successfully supporting propagation
of two structurally distinct prion strains (classical RML
and atypical GSS-A117V) with preserved strain-specific
properties.

The observed discrepancy between measured brain-
wide PrP expression levels and disease kinetics in AAV-
transduced animals warrants consideration in the broader
context of transgenic PrP expression systems. While our
AAV-mediated approach achieved intermediate incuba-
tion periods between Tga20xPrP-KO and Tga20 mice
despite relatively moderate average expression levels, this
phenomenon likely reflects fundamental differences in
expression patterns between promoter-driven transgenic
systems and AAV-based delivery. Previous studies have
demonstrated that non-endogenous promoters, even
those characterized as cell type-specific, can result in
unexpected expression profiles that may not fully recapit-
ulate the cellular and subcellular localization patterns
achieved by the endogenous Prmp regulatory elements.
Notably, conditional expression systems using the
neuron-specific enolase (NSE) promoter or GFAP-
derived promoters have been shown to exhibit illegiti-
mate expression outside their intended cell types [27].
Similarly, transgenic mice expressing PrP under heterolo-
gous promoters such as NSE or myelin basic protein
(MBP) have revealed that while these systems can sup-
port prion replication or rescue specific phenotypes, the
spatial and cellular distribution patterns differ substan-
tially from those achieved with the endogenous Prnp pro-
moter [28, 29]. In the context of our AAV system
employing the human synapsin promoter, the regional
heterogeneity in transduction efficiency, with some brain
areas achieving expression levels substantially higher
than the brain-wide average, may create focal domains
where prion conversion proceeds more rapidly. This
regional concentration of PrP expression, rather than the
global average, would therefore be the primary determi-
nant of disease kinetics. Furthermore, the neuron-specific
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nature of the synapsin promoter ensures expression in
cells demonstrably competent for prion replication,
potentially maximizing the biological activity of the
expressed PrP despite moderate overall levels. This inter-
pretation aligns with the established principle that prion
propagation efficiency depends not merely on substrate
quantity but critically on the competence and accessibil-
ity of the cellular compartments where PrP€ is expressed.

An important consideration for future applications of
this system concerns the relationship between PrP expres-
sion levels and experimental outcomes. While our
moderate-dose approach (achieving ~1-1.8x wild-type
expression) proved optimal for authentic prion propaga-
tion studies, the tunability of AAV-mediated expression
offers both opportunities and caveats. On one hand, sus-
tained high-level PrP overexpression—as observed in
some transgenic models—can lead to spontaneous mis-
folding, altered cellular trafficking, endoplasmic reticu-
lum stress, and non-infectious aggregate formation
[30, 31], potentially confounding prion biology studies.
Long-term monitoring of AAV-PrP mice at various
expression levels would help define safe operational win-
dows for different experimental applications. On the
other hand, the ability to rapidly generate high-expresser
models through AAV dose escalation presents intriguing
possibilities. If achievable without triggering spontaneous
pathology, such models could accelerate therapeutic
screening by shortening prion incubation periods, facili-
tate structural studies requiring abundant PrP%, or
enable investigation of dose-dependent phenomena in
prion replication. Thus, systematic characterization of
expression-dependent effects represents a valuable direc-
tion for optimizing this platform across diverse research
applications.

The field of prion research has benefited tremen-
dously from in vitro propagation systems, yet each
approach has shown distinct limitations. While RT-QulC
provides sensitive detection, it does not maintain strain
properties, RT-QulC products often being poorly infec-
tious in animal models [32]. PMCA, though effective in
preserving strain characteristics and modeling transmis-
sion barriers [3, 4, 33], is constrained by substrate avail-
ability and preparation requirements. Transgenic mouse
models have helped address some of these limitations by
providing novel substrates for both in vivo and in vitro
studies, enabling investigation of species and polymor-
phic barriers, and even generating previously unobtain-
able prion strains, such as rabbit prions [34]. However,
the time and resource-intensive nature of transgenic
model development have limited systematic studies of
PrP variants. Our AAV-based approach in PrP-KO mice
provides a rapid and flexible alternative, enabling expres-
sion of diverse PrP variants while maintaining the
authentic brain environment crucial for prion biology.

Our findings establish several principles demonstrat-
ing that AAV-delivered PrP functions as a fully compe-
tent substrate for prion replication. First, the capacity to

propagate structurally divergent prions—from RML’s
canonical three-band glycoform pattern to GSS-A117V’s
atypical 7-10 kDa fragment—validates the system’s ver-
satility across the prion conformational spectrum. This is
particularly significant given that many atypical human
prion strains resist propagation in conventional in vitro
systems and cell culture models, highlighting a key
advantage of AAV-mediated expression in authentic
brain tissue. Second, the accelerated disease kinetics
observed in AAV-PrP mice (72 £ 13 dpi for RML) com-
pared to wild-type animals (172 £ 4 dpi), while maintain-
ing strain-specific biochemical signatures, demonstrates
that modulation of PrP expression levels enables tunable
disease progression without compromising strain fidelity.
This dose-response relationship—further validated by
the intermediate incubation periods observed in GSS-
inoculated mice relative to transgenic vole models—
provides experimental control over study timelines while
preserving biological authenticity. Third, and most criti-
cally, the successful serial transmission of AAV-generated
prions to wild-type mice with preserved incubation
periods, glycoform ratios, and neuropathological lesion
profiles provides strong evidence that this system
generates authentic transmissible prions rather than non-
infectious aggregates. The faithful propagation of strain-
specific conformational information through serial
passage—without detectable drift or adaptation in these
two distinct isolates—supports that AAV-delivered PrP
serves as a fully competent substrate for prion replica-
tion, functionally equivalent to endogenous PrP in germ-
line transgenic models. While evaluation of additional
prion strains will be necessary to comprehensively assess
the breadth of this system’s applicability, these findings
demonstrate the AAV platform as a promising experi-
mental approach for investigating prion strain diversity,
transmission barriers, and structure—function relation-
ships with significant advantages in speed of model gen-
eration (3 weeks for AAV delivery and stable expression
vs. 6-12 months for transgenic line establishment) and
experimental flexibility.

The study of prion interference and dominant-negative-
effects has traditionally relied on crossing transgenic lines
expressing different PrP variants, a time-consuming process
[35, 36]. Our system enables rapid evaluation of multiple
PrP variants simultaneously, opening new possibilities for
studying protein interactions and dominant-negative effects.
Moreover, the spatial control possible with AAV delivery
could enable expression of different PrP variants in distinct
brain regions and specific cell types, allowing investigation of
cell-specific effects in either PrP-KO or wild-type back-
grounds. Thanks to the development of cell type specific pro-
moters [37], this system opens possibilities for studying prion
propagation in distinct neural populations, similar to previ-
ous transgenic studies but with greater experimental control
and reduced development time. Recent breakthroughs in
structural biology, particularly cryo-electron microscopy
(cryo-EM)  studies  revealing  atomic-level  prion
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structures [13, 15, 16, 38, 39], have emphasized the impor-
tance of understanding how amino acid differences influence
prion conformation and propagation. Our AAV-based sys-
tem provides a crucial bridge between structural insights and
biological relevance by enabling rapid testing of PrP variants
in an authentic brain environment. This capability is particu-
larly valuable for structure—function studies and validation of
structural predictions. This versatility positions the system as
a powerful tool for investigating the structural basis of prion
strain diversity and conformational selection. Furthermore,
the versatility of our system extends to investigating post-
translational modifications and protein trafficking. By
expressing PrP variants with modified glycosylation sites or
GPI anchor signals, researchers can study the roles of these
modifications in prion propagation and strain characteristics
within the brain environment. Additionally, the demon-
strated capacity to accelerate disease through controlled over-
expression also provides opportunities for shortening
preclinical therapeutic trials or forcing transmission across
species barriers to model zoonotic risk scenarios. These
diverse applications demonstrate the broad potential of this
platform to advance our understanding of protein misfolding
diseases. While our system offers numerous advantages, cer-
tain considerations warrant attention. Expression levels and
distribution patterns may vary with AAV dose and adminis-
tration route [40, 41], necessitating careful standardization
for experimental reproducibility.

Beyond prion diseases, the AAV-mediated modeling
approach has potential applicability to a broad range of
protein misfolding disorders. Neurodegenerative diseases
including Alzheimer’s disease (Ap, tau), Parkinson’s dis-
ease (a-synuclein), amyotrophic lateral sclerosis (TDP-
43, SOD1), and Huntington’s disease (mutant huntingtin)
share fundamental mechanistic features with prion disor-
ders: pathological protein misfolding, cell-to-cell propa-
gation of misfolded conformers, and strain-like
phenotypic diversity [42]. The rapid generation of animal
models expressing disease-associated protein variants at
controlled levels—validated here for prions—could accel-
erate research across the broader spectrum of proteinopa-
thies. For instance, AAV-mediated expression of
a-synuclein variants could enable rapid screening of
mutations associated with familial Parkinson’s disease,
investigation of a-synuclein strain properties underlying
multiple system atrophy versus Parkinson’s disease phe-
notypes, or evaluation of therapeutic strategies targeting
specific protein conformers. Similarly, the system could
facilitate studies of tau propagation patterns in tauopa-
thies, TDP-43 aggregation in ALS/FTD, or polygluta-
mine expansion effects in Huntington’s disease. The
demonstrated preservation of strain-specific properties
through serial transmission in our prion studies suggests
that AAV-based models could faithfully recapitulate the
conformational diversity observed in human proteinopa-
thies, bridging the gap between in vitro studies and
authentic disease modeling while dramatically reducing
development timelines.
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In conclusion, our AAV-based system represents a
significant technical advance in prion research methodol-
ogy and protein misfolding disease modeling more
broadly. The successful propagation of both one classical
and one atypical prion strain, coupled with apparent
preservation of strain-specific properties, at least in the
case of RML through serial transmission, validates this
platform as a promising experimental approach for inves-
tigating prion structure—function relationships, strain
properties, and disease mechanisms. By significantly
reducing the time required to generate in vivo models
from months to weeks, this approach has the potential to
accelerate both fundamental research and therapeutic
development across the spectrum of neurodegenerative
proteinopathies.
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