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Mammalian prions are neurotropic pathogens formed from PrP5¢ assem-
blies, a misfolded variant of the host-encoded prion protein PrP¢. Multiple
PrP5° conformations or strains self-propagate in host populations or mouse
models of prion diseases, exhibiting distinct biological and biochemical
phenotypes. Constrained interactions between PrP> and PrP® conforma-
tions confer species specificity and regulate cross-species transmission. The
pathogenicity of fibrillar assemblies derived from bacterially expressed
recombinant PrP (rPrP) has been instrumental in demonstrating the
protein-only nature of prions. Yet, their ability to encode different strains
and transmit between species remains poorly studied, hampering their use
in exploring structure-to-strain relationships. Fibrillar assemblies from rPrP
with hamster, mouse, human, and bovine primary structures were gener-
ated and tested for transmission and adaptation in tg7 transgenic mice
expressing hamster PrPC. All assemblies, except the bovine ones, were fully
pathogenic on the primary passage, causing clinical disease, PrP>° brain
deposition, and spongiform degeneration. They exhibited divergent adapta-
tion processes and strain properties upon subsequent passage. Assemblies
of hamster origin propagated without apparent need for adaptation, those
of mouse origin adapted abruptly, and those of human origin required
serial passages for optimal fitness. Molecular analyses revealed the presence
of endogenously truncated PrP¢ species in the resulting synthetic strains
that lack the 90-140 amino acid region considered crucial for infectivity. In
conclusion, rPrP assemblies provide a facile means of generating novel
prion strains with adaptative/evolutive properties mimicking genuine
prions. The PrP amino acid backbone is sufficient to encode different
strains with specific adaptative properties, offering insights into prion
transmission and strain diversity.

Abbreviations

AFM, atomic force microscopy; BSE, bovine spongiform encephalopathy; CJD, Creutzfeldt—Jakob disease; CNS, central nervous system,;
GdnHCI, guanidine hydrochloride; GPI, glycosylphosphatidylinositol; Ha, hamster; HMW, high molecular weight; Hu, human; IMW,
intermediate molecular weight; LMW, low molecular weight; Mo, mouse; PIRIBS, parallel-in-register intermolecular p-sheet; PK, proteinase
K; PMCA, protein misfolding cyclic amplification; rPrP, recombinant PrP; RT-QuIC, real-time quacking-induced conversion; SD, seeding dose;

TME, transmissible mink encephalopathy.
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Synthetic prion strainness and evolution

Introduction

In mammals, the mature form of the cellular prion
protein (PrP€) is mainly expressed in the central ner-
vous system (CNS). PrP¢ is a monomeric, ~ 210
amino acids long, glycosylphosphatidylinositol
(GPI)-anchored membrane glycoprotein with high
structural identity across mammalian species. The dis-
ordered N terminus contrasts with the folded C termi-
nus, which comprises three a-helices and a short
antiparallel p-sheet [1,2]. Prions, constitutively, are
abnormally folded conformations of PrP® (termed
PrP°) with infectious properties. The misfolding pro-
cess involves refolding in all regions but the N termi-
nus, leading to increased f-sheet content and the
formation of multiple assemblies with respect to their
secondary to quaternary structures (for reviews [3-5]).
PrP5¢ self-replicates by templating the conversion and
polymerization of PrP€ in the CNS, causing fatal neu-
rodegenerative diseases like Creutzfeldt-Jakob disease
(CJD) in humans, scrapie in sheep and goats, bovine
spongiform encephalopathy (BSE) in cattle and
chronic wasting disease in cervids [6]. PrP transgenic
modeling and cell-free conversion assays indicate that
most mammalian PrP¢ can convert into PrP%, with
the lowest convertible species being dog, horse, and
rabbit PrP€ [7-10].

Multiple prion strains coexist within the same host
population, each exhibiting unique biological proper-
ties. These strain-specific characteristics include disease
duration (the time between infection and disease onset
or terminal stage), the nature of clinical signs, and the
spatial distribution of both PrP5¢ deposits and spongi-
form vacuolation in the CNS. These traits are herita-
ble under defined transmission conditions and are
encoded within structurally distinct conformers of
PrP5° [3,11], as revealed by biochemical analyses and
direct Cryo-EM analyses of purified PrP. In these
experiments, while PrP5 adopted a common parallel-
in-register intermolecular p-sheet (PIRIBS)-based core
architecture, notable variations were observed in the
folding of the C-terminal domain [12-14]. The strain-
specific relationship between PrP> fold and disease
phenotype remains poorly understood. Adding another
layer of complexity is the evidence for the accumula-
tion of more than one PrP%¢ conformer in the brain
during disease pathogenesis. Within a single strain,
there is evidence for a larger diversity of PrP5¢ confor-
mations [15-20], varying significantly in their specific
infectivity [3,21], due to a deterministic, highly
dynamic, diversification process during the replication
[22]. The physiopathological role, if any, of each PrP5
subset remains to be clarified. Remarkably, the strain
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phenotype is encoded in subpopulations as small as
dimers of PrP% [23].

Interspecies transmission of prions can occur, exem-
plified by the emergence of variant CJD in the human
population dietary exposed to BSE prions. Interspecies
transmission is typically limited by a species or trans-
mission barrier, the magnitude of which depends criti-
cally on both the infecting strain type and the
conformational landscape of the recipient host PrPC.
Conceptually, if one of the infecting PrP%° conformers
within the strain aligns with the portfolio of conforma-
tions foreign PrPC can adopt in the PrP5¢ state, there
will be little or no transmission barrier. Experimen-
tally, in transgenic mouse models expressing hetero-
typic PrP—considered among the most relevant for
studying prion transmission barriers [3,24-26]—propa-
gation will thus occur at full attack rate on primary
passage, with minimal reduction of disease duration
and limited evolution of the strain phenotype on sub-
sequent passages. If not, transmission will not occur or
be less efficient, resulting in a low attack rate, pro-
longed incubation times, or asymptomatic disease on
primary passage. Achieving full pathogenicity, stabi-
lized incubation times and neuropathological pheno-
types will then necessitate serial passaging. However,
this can sometimes occur abruptly at the second pas-
sage, a phenomenon referred to as prion ‘mutation’
because variants with new strain properties suddenly
emerge [27-29]. Adaptation may not occur when con-
ditions remain unfavorable, a phenomenon called ‘non
adaptative prion amplification’ or transient prion repli-
cation [8]. Homotypic PrP transmissions generally
appear to lack a transmission barrier. Nonetheless, evi-
dence suggests the possible emergence of new strain
types, due to preferential selection of substrains or
mutational events, akin to heterotypic transmissions
[30-33].

The main theoretical model describing prion
cross-species adaptation is the ‘conformational selec-
tion” model [34,35]. Grounded in the concept of best
replicator selection [36], this model considers the exis-
tence of structurally heterogenous PrP5¢ assemblies
within a prion strain or isolate. Cross-species transmis-
sion favors the selection of the best PrP5° replicator
either because it pre-exists as an integral part of what
defines a prion strain or because it is generated de
novo, such as by complementation between structurally
distinct PrP5° assemblies [37]. A ‘deformed templating’
variant of this model has been developed to account
for the in vivo evolutionary process of certain recombi-
nant prions [38]. The basic assumption of this variant
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Fig. 1. Schematic of the recombinant PrP
assemblies bioassay and details of the
transgenic mice used to characterize their
transmission  properties.  (A)  Scheme
describing the strategy adopted to generate
the recombinant PrP (rPrP) assemblies
in chaotropic conditions (guanidine
hydrochloride, GdnHCI) and characterize
their  transmission/strain  properties in
transgenic mice expressing hamster PrP
(tg7 line) over passaging. The color code
used for the rPrP assemblies is used
throughout  all  figs. (B, C) PrP©
overexpression levels in tg7 mouse brain.
(B) Detection by immunoblot (Sha31
antibody) and (C) quantification of PrP¢
expression levels in the brains of hamster
PrP mice (tg7 line) and golden Syrian
hamsters. Quantification was performed on
immunoblots with n=3 animals. Results
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is the absence of initial PrP assemblies heterogeneity,
compensated by the creation of heterogeneity on initial
passages in the new host, based on the templating
interface misfit between PrP and host PrPC. Altered
PrP% conformers may be initially generated on pri-
mary passage and outcompeted by the best replicant
on serial adaptation.

In direct support of the protein-only nature of
prions, there exists a global consensus regarding the
bona  fide infectivity/proteopathic  activity  of
bacterially-derived recombinant PrP (rPrP) refolded in
vitro into amyloid fibrils [39-46]. Prions resulting from
the experimental infection of laboratory rodents or
PrP transgenic mice with rPrP fibrils are termed syn-
thetic prions. However, generating fully pathogenic
synthetic prions often required additional brain
co-factors and/or prior PrP%%-seeded amplification
through chemically defined processes using protein
misfolding cyclic amplification (PMCA) [47-52] or
technologically optimized variants thereof [53,54].
Given these challenges, the capacity of pure rPrP
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amyloid fibrils (i.e., those made without co-factors
and/or no prior amplification) to generate different
synthetic prion strains [41,46] has seldom been
addressed, and their abilities to cross PrP transmission
have been explored even less frequently.

In this study, we examined the transmission proper-
ties of pure rPrP fibrils obtained from four distinct
mammalian species in transgenic mice expressing
homotypic or heterotypic PrP. All but one species
exhibited full pathogenicity. Additionally, we observed
the selection of three distinct synthetic prion strains,
with their adaptation characterized by either a
straightforward process or dominance of a species bar-
rier, crossed through mutational events or requiring
multiple passages.

Results

The general strategy employed in this study is schema-
tized in Fig. 1A. Recombinant PrP amyloid-like prepa-
rations from hamster (rPrP™), human (PrP™™),
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mouse (rPrPM°), and bovine (rPrP®°) primary struc-

tures were generated in partially unfolding conditions
(Materials and methods and Fig. S1). Their morpho-
logical characterization was conducted using tech-
niques such as atomic force microscopy (AFM). Their
transmission properties, capacity to adapt and
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strain-specified  characteristics  were investigated
through four iterative passages in hamster PrP trans-
genic mice (tg7 line), thus involving both homotypic
PrP and heterotypic PrP transmission contexts. Tg7
mice overexpress 4-fold PrP€ in the brain (Fig. 1B,0).
This model, routinely used in our laboratory for prion
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Fig. 2. Quaternary structure characterization of mouse, hamster, human, and bovine recombinant PrP assemblies. (A) Size distribution of the
recombinant PrP (rPrP) assemblies, as estimated by dynamic light scattering (DLS). The mean average hydrodynamic radius ranged
between 100 and 150 nm. (B) Representative images of mouse rPrP assemblies by atomic force microscopy (AFM). Multiple types of
organization were identified; fibrillar assemblies (F), fibrillar assemblies in interaction with oligomeric species (F:0), oligomers at the fibrils
vicinity (O/F) and isolated oligomers (O). (C) Representative AFM images of human, mouse, hamster and bovine rPrP assemblies. Note the
morphological heterogeneity for human, mouse and hamster species with presence of fibrillar and spherical (arrows) assemblies.
(D) Number of spherical objects per pm? estimated for the four rPrPs assemblies preparation which served for inoculation. The statistics
were performed by estimating the number of spherical objects on four different AFM fields of 500 x 500 nm. The data were then
normalized to 1 pum?. Results are expressed as number of oligomers per surface = SD. (E) Size distribution of the spherical objects from
rPrP"@ assembly preparation. Two distinct sizes of spherical objects can be observed. (F) Representative AFM image of spherical objects
enriched by ultracentrifugation, highlighting the presence of the two oligomeric populations. (G) Fibril height distribution from rPrP"
assembly preparation. Two distinct sets of fibrils can be observed. The AFM images shown are representative of n=46 (mouse), n=60

(hamster), n=35 (human, bovine) images analyzed from one (bovine) or two batches of rPrP assemblies inoculated to tg7 mice.

structural and transmission studies, has been instru-
mental in previous research [15,37,55-58]. There is no
evidence for spontaneous disease or infectivity in these
mice, based on a history of over 1000 mice inoculated
with foreign prions (whether of natural or laboratory
origin) or prion-free tissue extracts ([37,56] and V.
Béringue, unpublished data).

Coexistence of fibrillar and oligomeric assemblies
in interaction in the rPrP preparations

The rPrP assemblies were characterized for their size
distribution, mean average molecular weight and mor-
phology. As shown in Fig. 2A, for all the four species,
the dynamic light scattering analyses of the assemblies
revealed a mean hydrodynamic size distribution
between 100 and 150 nm. The ultra-structure and mor-
phology analyses of the assemblies by AFM using a
10 A nominal cantilever revealed an overall fibrillar
shape (Fig. 2B,C). However, in the case of rPrP"®
rPrP™™ and rPrPM° fibrillar preparations, numerous
spherical objects were observed. The bovine assemblies
differed from the other three by a lower abundance of
these spherical objects; the estimation of the number
of spherical objects per pm? suggested that their popu-
lation in rPrP®° is less compared to rPrP"®, rprpHv
and rPrPM° assemblies (Fig. 2D). These spherical
objects were either staked on the fibrils as protrusions
or at vicinity or occasionally as isolated objects
(Fig. 2B,C). Measurements of the mean average
Z-sizes of the spherical objects, as typically estimated
from rPrP™®, suggested that two distinct sets of spheri-
cal objects were present: one of 25 A, the other of
40 A (Fig. 2E). By comparison, the size of monomeric
recombinant PrP is approximatively 12 A. These two
types of spherical objects were morphologically distinct
by AFM (Fig. 2F). These observations indicate that
the spherical objects are oligomeric states of PrP.

Notably, measurements of the mean fibril heights also
indicated that two distinct sets of fibrils were present
in the rPrP"* assemblies preparations (Fig. 2G).

Altogether, this morphological characterization
highlights the existence of constitutional structural het-
erogeneity for rPrP™, rPrP™" and rPrP™° assemblies,
with the coexistence of at least two types of fibrillar
and oligomeric assemblies. Furthermore, AFM images
tend to suggest that the oligomeric species specifically
interact with the fibrillar component. By considering
the coexistence of multiple types of assemblies in inter-
action within the preparation, the term assembly
rather than amyloid fibrils will be then used in the
following.

Efficient transmission of hamster, mouse, and
human rPrP assemblies to tg7 mice

We inoculated groups of tg7 mice with 10 pg of rPrP
assemblies by intracerebral route. As negative controls,
tg7 mice were inoculated with hamster, mouse, and
human rPrP monomers (10 pg). None of the mice inoc-
ulated with the monomers exhibited any signs of dis-
ease over >700days post-inoculation (Table SI).
Concerning the rPrP assemblies, all groups, except for
those inoculated with the rPrP®°, developed a symp-
tomatic neurological disease (Table 1). The clinical
phase was protracted compared to laboratory-adapted
hamster prions such as 263K/Sc237, 139H or ME7-H
(4-6 weeks vs. 3-7days, [15,37,58]). Waddling gait,
weight loss, kyphosis, and progressive hindlimb paraly-
sis were observed in the three groups. Intense scraping
and pruritus were noticed in tg7 mice inoculated with
rPrP" and rPrP™" assemblies.

On primary passage, rPrP™?/rPrPM°, and rPrPH"
assemblies achieved 100% and ~90% attack rates,
respectively. The mean disease durations were
~280days for rPrP™® ~ 345days for rPrP™° and
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Table 1. Serial transmission of hamster, mouse, human, and bovine rPrP assemblies to tg7 mice by intracerebral route.

Mean survival in days & SEM (n/ng)®

rPrP assemblies Hamster Mouse Human Bovine

1st passage 282 +17 (9/9) 346+ 10 (10/10) 476 £ 11 (8/9) 574 + 47 (0/10)
2nd passage 273 +12 (8/8) 84 +1 (8/8) 260 + 16 (8/8) 661 4+ 40 (0/10)
3rd passage 244 +13 (8/8) 84 +2(7/7) 215+ 7 (6/6)

4th passage 238+ 15 (5/5) 80 + 2 (6/6) 219+ 7 (8/8)

2n/no, number of mice with neurological disease and positive for PrP™® in the brain by immunoblotting/number of inoculated mice.

~ 480 days for rPrP™ (Table 1). Subsequently gener-
ated batches of rPrP assemblies, 4 years later, were
100% pathogenic, with disease durations consistent
with the initial observations for rPrPH® and rPrPM°,
and slightly longer (though not significant) for rPrPH"
(Fig. 3A). This observation suggests deterministically
governed processes in the conversion of monomeric
rPrP into pathogenic assemblies.

For rPrP®°, the second passage performed with a
pool of brains from primary passage remained nega-
tive. For rPrP"™, rPrPM° and rPrP"", three subpas-
sages were performed with brains from individual, sick
mice to investigate potential transmission barriers or
low infectivity issues (Table 1). With rPrP™® assem-
blies, the mean disease duration on the second passage
was close to that seen on primary passage and
decreased modestly over further passaging to reach
~240days at the 4th passage. Conversely, with
rPrPM° assemblies, the mean disease duration abruptly
decreased on the second passage and stabilized at
~ 80 days. With rPrP™" assemblies, the mean disease
duration decreased to reach ~ 220 days at the 3rd pas-
sage where it stabilized. Except for rPrPM° assemblies,
the clinical phase remained prolonged on subpassaging
of rPrP™™ and rPrP™" assemblies.

Altogether, one rPrP assemblies (rPrP®°) was not
transmissible to tg7 mice and three were fully patho-
genic, with their disease duration evolution suggestive
of faithful propagation (rPrP™®) or distinct adaptation
processes (rPrPM° and rPrP™®). Based on the final dis-
ease durations, it is anticipated that at least two differ-
ent synthetic prion strains emerged—one derived from
mouse rPrP assemblies, and the other from
hamster/human assemblies.

Seeding activity of rPrP-derived prions

The real-time quacking-induced conversion (RT-QulC)
assay is based on PrP5¢-seeded polymerization and con-
version of rPrP substrate into a thioflavin T-positive
amyloid conformation [59]. It enables rapid and highly
sensitive detection of prions and, in an endpoint dilution
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mode, titration of their seeding activity. It serves as a
quantitative proxy for infectivity titrations through end-
point dilution in animal bioassays [60].

We first compared the initial seeding activity of the
rPrP assemblies to check whether the absence of disease
in tg7 mice inoculated with rPrPB° was due to a lack of
converting capacity. Serial 10-fold dilutions of the rPrP
assemblies were added to the RT-QulC reaction mixture
containing human rPrP as substrate and subjected to the
assay. The Spearman—Kiérber method was used to esti-
mate the seeding dose (SD) per mL in which 50% of the
replicate reactions are thioflavin T-positive (SDsg). As
shown in Fig. 4A, the SDs, values of the assemblies were
all within the same range, between, 10139 and 10'4°
SDs, per mL of a 20 pm solution. Thus, rPrPB° assem-
blies were not discrepant.

We next estimated the relative concentrations of
prion seeding activity of rPrP™- rPrP""- and
rPrPM°-derived synthetic prions in tg7 mouse brains to
assess any change in the seeding activity over passag-
ing and adaptation and compared the final values to
those of the 263K hamster prion strain in tg7 mice. As
shown in Fig. 4B, the SDsy per mL of 10% brain
homogenate values were consistent over passaging,
regardless of the rPrP assemblies transmitted. At the
fourth passage, brains from tg7-rPrP"* and tg7-rPrP™"
showed positive replicates down to the 107°/107 dilu-
tion, and those from tg7-rPrPMO brains down to the
1073 dilution. In comparison, with 263K, the last posi-
tive dilution established 107%/10~7 (Fig. 4C). The seed-
ing activities of the synthetic prions were thus
equivalent or 100-fold lower than those of
hamster-adapted 263K scrapie prions. The lag phase
of the RT-QulC reactions was shortened with the syn-
thetic prions compared to 263K, particularly at the
lowest dilutions (Fig. 4C). Similar results were
obtained when hamster rPrP replaced human rPrP as
substrate in the RT-QulC reactions (Fig. 4D). There-
fore, while the number of seeding-competent particles
is comparable or lower between synthetic prions and
263K in tg7 brains, the conversion rate/speed per par-
ticle is higher in the former.
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To be noted, RT-QulC reactions seeded with aged,
uninfected tg7 brain dilutions as negative controls
remained thioflavin T negative up to 25h with human
and hamster rPrP substrates (Fig. 4C,D), indicating no
spontaneous conversion of the substrates and the
absence of spontaneously forming, seeding-competent
PrP in tg7 mice.

Recombinant PrP assemblies induce differing
PrP™* patterns in tg7 mouse brains

To characterize the strain properties of the rPrPHe-,
rPrP™- and rPrPM°-derived synthetic prions, we
examined the electrophoretic signature of proteinase K

Synthetic prion strainness and evolution

Fig. 3. Distinct batches of hamster, mouse and human
recombinant PrP assemblies are pathogenic in tg7 mice.
(A) Kaplan-Meier curve plotting the percentage of mice without
prion disease (probability of survival) against the incubation time
(days post-inoculation). Square symbol refers to the inoculated
batch 1 (Table 1). Circle symbol refers to the inoculated batch 2,
prepared independently with a 4-year interval. The survival curves
for batch 1 and batch 2 were not statistically significantly different
(logrank test). The survival times, expressed as mean + SEM days,
and in parenthesis the number of diseased, PrP™*-positive/number
of inoculated mice are indicated for each batch. (B) Electrophoretic
pattern of PrP™® in the brains of tg7 mice inoculated with different
batches of assemblies from hamster (Ha), mouse (Mo) or human
(Hu) recombinant PrP. The 3F4 and Sha31 monoclonal anti-PrP
antibodies were used to detect full-length and truncated PrP™®
bands (see Fig. 5). Tg7-passaged Sc237 and DY PrP™® are shown
as control. MM: molecular mass markers. The western blot shown
is representative of three independent experiments, and n=6
(batch 1) and n=5 (batch 2) mouse brains analyzed.

(PK)-resistant PrP5¢ (PrP™) in the brains of the dis-
eased mice. All analyzed brains accumulated substan-
tial levels of PrP™®, regardless of the rPrP species
inoculated and the number of passages. The electro-
phoretic profiles were atypical compared to prototypi-
cal Sc237 PrP™ and varied among the three rPrP
species inoculated.

In tg7-rPrP™ brains, PrP™ was characterized by
the presence of three bands from ~ 15 to ~23kDa,
over four passages (Fig. 5A, top panel). This banding
pattern was resolved into a single band migrating at
~ 15kDa (Fig. 5A, middle panel) after deglycosylation
with PNGase, suggesting variable glycosylation, simi-
lar to Sc237 PrP™°, but ~ 5kDa shorter in size. The
monoglycosylated isoform was dominant. Mice
infected with the second batch of rPrP™® assemblies
showed a similar low molecular weight (LMW) PrP™*
banding pattern in the brain (Fig. 3B), indicating an
invariance in the banding pattern as the function of
the batch.

In tg7-rPrP™™ brains over three passages, The PrP™
banding pattern resembled that of tg7-rPrP™ but at
the 4th passage, a second PrP' product of higher
molecular weight (HMW) appeared in all analyzed
mice (n=4; Figs 5A and 3B with the second batch).
After deglycosylation, this band migrated slightly fas-
ter than Sc237 PrP™ (Fig. 5A). Therefore, tg7-rPrPH"
prions and tg7-rPrP™* prions differed, despite overlap-
ping final disease durations in tg7 mice.

In tg7-rPrPM° brains, PrP™ displayed both LMW
and HMW bands in variable proportions (Fig. 5A).
After deglycosylation, an additional product of inter-
mediate molecular weight (IMW), migrating at
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~ 16 kDa, was detected (Fig. SA). The heterogeneity in
PrP™ signatures persisted with the second batch of
rPrPM° assemblies (Fig. 3B).

To further resolve the PrP™ banding patterns spe-
cific to each assembly inoculated, we performed an epi-
tope mapping with anti-PrP antibodies spanning the

H. Rezaei et al.

Fig. 4. Seeding activity of recombinant PrP-derived synthetic
prions. (A, B) Graphs plotting (A) the seeding activity 50 (SDsg) per
mL of 20 pum solution from the inoculated recombinant PrP (rPrP)
assemblies, (B) the SDso per mL of 10% (w/v) homogenates from
tg7-rPrPHa tg7-rPrP"Y and tg7-rPrPM° mice at passage 1 to 4, as
estimated by the Spearman-Karber method from the real-time
guacking-induced conversion (RT-QulC) reactions using serial
dilutions of rPrP assemblies or brain homogenates as seeds and
human rPrP as substrate. The results shown have been obtained
from n=4 (A) to n=8 (B) replicates. (C) RT-QuIC reactions with
dilutions (colored, as indicated) of brain homogenates from tg7-
rPrPHe, tg7-rPrPHY and tg7-rPrPM° mice at the 4th passage. As
positive control, brain homogenates from tg7 mice inoculated with
263K hamster prions were used. As negative control, brain
homogenates from aged, uninfected tg7 mice were used. Each
trace is the fitted curve plotting the mean+ SEM thioflavin T
fluorescence intensity over time (recorded every 30min) from
n=5 (tg7-rPrP™, tg7-rPrP™) to n=10 (tg7-rPrP"8, 263K, mock)
independent replicates. (D) Individual RT-QuIC reactions obtained
hamster rPrP with dilutions (colored, as indicated) of brain
homogenates from tg7-rPrPe, tg7-rPrP™ and tg7-rPrP™° mice at
the 4th passage. As positive control, brain homogenates from tg7
mice inoculated with 263K hamster prions were used. As negative
control, brain homogenates from aged, uninfected tg7 mice were
used. Each brain sample was serially diluted down to the 107°
dilution. Each trace is the fitted curve plotting thioflavin T
fluorescence intensity over time (recorded every 30 min). RT-QuIC
reactions were done in duplicates.

PrP amino acid sequence from the PK-cleavage sites
to the C terminus (Fig. 5B, Table S2). The LMW
PrP™ bands were not detected when immunoblots
were probed with antibodies with epitopes spanning
the PK-cleavage sites up to residues ~ 130 (Fig. 5C,
left column). The LMW PrP™® bands were detected by
antibodies with epitopes spanning the central part of
PrP up to the C-terminus (Fig. 5C, right column).
With these antibodies but Sha3l, a doublet LMW
band migrating at ~ 14kDa was detected (Fig. 5C,
right column and A, bottom panel). We estimated that
the ~ 15 and ~ 14kDa LMW PrP™ fragments would
have a sequence starting from position 140-145 and
150—155 up to the C terminus, respectively (Fig. 5D).

The HMW PrP™ bands in tg7-rPrPM° and tg7-
rPrP™" brains were detected with all the anti-PrP anti-
bodies tested. However, the HMWM® and HMW
PrP™ bands differed, with the former mostly disap-
pearing with 12B2 antibody and migrating slightly fas-
ter than the latter with the other antibodies (Fig. 5C).
This suggested that HMW™® PrP™ was slightly more
N-terminally truncated than HMW"* PrP™, beyond
PK-cleavage site at position 89-90, with HMW'"
starting at position ~ 90 and HMW™? starting at posi-
tion ~ 93 (Fig. 5D).

5058 The FEBS Journal 291 (2024) 5051-5076 © 2024 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85UB017 SUOLIWIOD A [ERID) @[qedtidde 3 Aq peunob 8.2 DR VO ‘88N JO S3|NJ 0 ARIqIT BUIUO 481 UO (SUOHIPUOD-PUE-SLUBHI0D" A3 1M ARe)q | pu1 uO//SANY) SUORIPUOD PUe SWS L 843 385 *[5202/50/22] U0 AXigiT8uliuO /AB]IM ‘SSUIPAA-US-UNLBNO-UESS3||BSIA 3P §1SIRAIN AG TEZLT SR TTTT OT/I0P/W0d A8 | 1M AReIq U UO'SGR)//SARY W01} papeoiumod ‘2z ‘¥Z0z ‘8S9vey.T



H. Rezaei et al.

The IMW PrP™ band in tg7-rPrPM° brains was not
positive with N-terminal anti-PrP antibodies, indicat-
ing truncation between amino acid positions 130 and
140 (Fig. 5B-D).

In summary, systematic PrP™ typing allows differ-
entiating of prions of hamster, human, and mouse
rPrP origin, revealing three distinct prion strains in tg7
mice. The coexistence of several proteolytic fragments,
particularly in the case of tg7-rPrP™" and tg7-rPrPM°,
indicates a substantial degree of structural heterogene-
ity in their respective PrP™ assemblies, irrespective of
the strain disease tempo in mice.

LMW PrPS¢ is mostly endogenously truncated

To investigate the origin of the N-terminally
truncated LMW PrP> fragments observed in immuno-
blots, tg7-rPrP"?, tg7-rPrP™ and tg7-rPrPM° brain
homogenates (2nd and 4th passage) were treated with
thermolysin to determine if these fragments pre-existed
or resulted from partial digestion of full-length PrP%°
by PK. For multiple prion strain/host PrP combina-
tions, including hamster PrP, limited digestion with
thermolysin completely degrades PrP® while leaving
>80% of PrP* as full-length form [61-63]. Mock-
infected brain homogenates from tg7 mice were treated
with thermolysin as a control for efficient digestion of
PrP€, and Sc237-infected tg7 brain homogenates were
used as a positive control. After SDS/PAGE electro-
phoresis, immunoblots were revealed with anti-PrP
antibodies with epitopes before or after PK-cleavage
sites (Fig. 5B, Table S2), to detect full-length PrP5°
and full-length + truncated PrP%, respectively. As
shown in Fig. 6A, no signal was detected in uninfected
brain homogenates, suggesting complete enzymatic
digestion of PrP®. Sc237-PrP*¢ was mostly detected as
full-length PrP%, inferred from the presence of
SAF34-positive signal and the faint, extended
pattern seen with both Sha31l and SAF84 antibodies.
Low levels of full-length PrP5 were detected in
thermolysin-digested PrP%® from tg7-rPrP"™ brains
(2nd and 4th passage) and from tg7-rPrP™" brains at
the 2nd passage. The protein was primarily found as
LMW truncated forms, including the doublet band.
Thermolysin-digested PrP> from tg7-rPrP™" brains at
the 4th passage and tg7-rPrPM° brains yielded a stron-
ger SAF34 positive signal, suggesting an enriched pres-
ence of full-length PrPS. Collectively, these data
indicate that the LMW PrP5° species are mostly trun-
cated prior to PK digestion.

To distinguish between two hypotheses, i.e., whether
LMW PrP% fragments result from in vitro sensitivity
to thermolysin or in vivo to endogenous proteolytic

Synthetic prion strainness and evolution

cleavage [64], the PrP%° electrophoretic pattern in the
same brain homogenates was analyzed by sedimenta-
tion assay without any protease treatment. Immuno-
blots were revealed with anti-PrP antibodies targeting
the central core of PrP to check for full-length +
truncated PrP¢. As shown in Fig. 6B, a faint signal
was detected in pelleted uninfected brain homogenates,
suggesting limited insolubility of PrP¢. Sc237-PrP%¢
was mostly detected as the full-length form. Sediment-
able PrP% species from tg7-rPrP™® and tg7-rPrP™"
brains were mostly detected as LMW truncated forms,
with a minor component of monoglycosylated domi-
nant full-length PrP% (i.e., different from the signal
observed in uninfected brain). PrP5 from tg7-rPrPM®
brains was predominantly found as full-length PrP5.
These data suggest that LMW PrPS fragments are
mostly endogenously truncated. Whether this occurs
through an endogenous degradative process post full-
length PrP€ conversion or due to straight conversion
of prionogenic PrP¢ fragment(s) of shorter size
remains to be determined [65,66].

Neuropathological features of recombinant PrP-
derived prions

The neuroanatomical distribution of PrP™ was studied
by histoblotting at the 4th passage, a stage where incu-
bation times were stabilized (Fig. 7). Brains from tg7-
rPrPM and tg7-rPrP™™ mice exhibited a similar pattern
with widespread LMW PrP™ deposition in several
brain regions, including the cerebral cortex, thalamus,
and brain stem. Several white matter tracts, such as
the corpus callosum, external capsule, cingulum, optic
and olfactory tracts, showed strong positive signals.
The deposition in these tracts was more visible at 3rd
passage with fewer contaminated brain areas (Fig. 8).
In tg7-rPrPM° brains, SAF84 antibody detected low
levels of PrP™, primarily in these white matter tracts
(Figs 7 and 8), suggesting overlapping deposition of
LMW PrP™ forms among the three synthetic strains.
The 3F4 antibody, which specifically detected
HMWMe PrP™ showed a deposition pattern broadly
overlapping with LMW PrP™, suggesting absence of
specific (e.g., truncated) PrP© substrate converted into
LMW PrP™ at the resolution of the histoblots.

To complete the analysis, vacuolar lesion profiles
were established at every passage by histological exam-
ination (Fig. 9A). Spongiform degeneration was more
severe and widespread in tg7-rPrP™?, tg7-rPrP"", and
tg7-rPrPM® brains as compared to tg7-Sc237 mice. The
spatial variability of the brain lesion profile was lim-
ited on subpassaging for the three synthetic strains.
tg7-rPrP™*  and  tg7-rPrP™"  lesion profiles were
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Synthetic prion strainness and evolution

Fig. 5. Biochemical properties of PrP™® from recombinant PrP-derived synthetic prions. (A) Immunoblots of PK-treated brain samples from
tg7-rPrPHa, tg7-rPrPHY and tg7-rPrP™° mice at passage 1 to 4 as indicated. Sc237 PrP™S in tg7 mouse brain is shown as control. PrPs
pattern is shown before (top panel) and after (middle and bottom panels) deglycosylation by PNGase. Immunoblots were probed with Sha31
and SAF84 anti-PrP monoclonal antibodies as indicated. (B, C) Immunoblots at 2nd and 4th passage with anti-PrP monoclonal antibodies as
indicated. Their epitopes are depicted in the schematic diagram (B). As controls, PrP™® from tg7-passaged Sc237 and DY prions were used.
HMW, IMW and LMW PrP™* (15 and 14 kDa forms) are indicated by arrows. MM: molecular mass markers. The western blots shown are
representative of three independent experiments, and n=6 (passage 1 and 2) and n=4 (passage 3 and 4) mouse brains analyzed.
(D) Inventory at the 4th passage and estimation of the size of the PrP™° fragments according to the epitopes of the antibodies that
detected these fragments, their relative migration in immunoblots and considering the average weight of one amino acid and the size of PrP

GPI anchor.

relatively similar, with the intensity of vacuolation
increasing on subpassaging. Intense areas of vacuola-
tion were observed in the cortex and hippocampus,
accompanied by visible neuronal loss. tg7-rPrPM°
lesion profile was different, with no evidence of neuro-
nal loss (Fig. 9B).

Collectively, these data indicate that rPrP assemblies
triggered prion-specific neuropathological stigmata,
from the primary passage onwards. They also differen-
tiate synthetic tg7-rPrPM° prions from tg7-rPrP"* and
tg7-rPrP™™ prions. Finally, they support the view that
LMW PrP5 species that propagate solely in tg7-rPrP"?
prions are fully pathogenic per se.

Recombinant PrP-derived prions convert hamster
PrP substrate from Syrian hamsters by PMCA

PMCA can expedite intraspecies prion transmissions
and maintain prion strains properties [57,67], offering
a time-efficient and ethically sound alternative to in
vivo investigations. We thus used this technology as a
surrogate to examine whether rPrP-derived prions
would propagate in hamsters. Brain lysates from Syr-
ian hamsters and tg7 mice were seeded with serial 1:3
dilutions of tg7-rPrP synthetic prions at the 4th pas-
sage (and at the 2nd one for tg7-rPrP™") and submit-
ted to 4 serial rounds of PMCA, as described in the
Materials and methods. As positive control, tg7-263K
prions were used. The amplified products were treated
with proteinase K and analyzed by western blotting
for the presence of PrP™* using Sha31 antibody. When
PrP%° brain lysates were used as substrate, no PrP™
was detected, indicating absence of residual
PrP™ from the tg7-rPrP seeds after four rounds of
PMCA (Fig. 10A). Both tg7 mouse and hamster brains
amplified 263K prions until the 107 dilution. Due to
PrP€ overexpression, the amount of PrP™ was greater
in tg7-amplified products (Fig. 10A). Both substrates
allowed amplification of tg7-rPrP™" (passages 2 and 4)
and tg7-rPrP"™® prions over the range of dilutions
tested, while both barely amplified tg7-rPPM° prions.

Similar to 263K, the amount of generated PrP™ was
greater with tg7 substrate (Fig. 10A). The fact that tg7
mice and hamsters react similarly in PMCA reactions
supports the view that rPrP-derived synthetic prions
would propagate in hamsters. Interestingly, using
SAF84 by western blot showed that the PrP5 species
generated by PMCA barely contained LMW
species (Fig. 10B). This observation supports the
hypothesis that the LMW truncations observed in vivo
occur through endogenous degradative processes post
full-length PrP® conversion, the proteolytic process
being inactive in the PMCA conversion assay.

Discussion

The concept of strains—defined as varying conforma-
tions of misfolded protein assemblies that elicit specific
pathological manifestations in the affected host—origi-
nated with prion diseases and has been extended to
other protein misfolding neurodegenerative diseases
such as Alzheimer’s and Parkinson’s diseases [68].
Recombinant forms of the pathogenic proteins or pep-
tides are increasingly employed to study the relation-
ships between protein conformation and pathology, as
well as the underlying strain diversity across the spec-
trum of these disorders (for reviews [69-71]). Paradoxi-
cally, in the prion field, very few studies have
addressed the strain diversity and evolution of recom-
binant PrP assemblies, particularly those from crude
preparations. This was investigated here with fibrillar
rPrP assemblies differing in their primary structure on
serial passage to a common transgenic mouse model
expressing hamster PrP¢. The findings revealed that
chaotropic treatment of monomeric rPrP from differ-
ent species generated distinct prion strains. The adap-
tation process of these synthetic prions appeared to be
primarily governed by a species or transmission bar-
rier. Their biochemical characterization indicated the
presence of an endogenous truncated C-terminal PrP5¢
fragment, either alone or in combination with classical
PrP5¢. This observation suggests that the beginning of
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Fig. 6. Thermolysin-resistance and insolubility —of PrPSe  from
recombinant PrP-derived synthetic prions. Immunoblots of (A)
thermolysin-resistant PrPS°, (B) insoluble PrPS° from tg7-rPrPe,
tg7-rPrP™Y and tg7-rPrPM° mice at passage 2 and 4 as indicated.
As controls, thermolysin-digested or ultracentrifuged brain
homogenates from Sc237 infected or mock-inoculated tg7 mice
are shown. In panel (B), the electrophoretic pattern of proteinase
K-treated tg7-rPrPHa PrPS¢ is shown as control (labeled +PK). MM,
molecular mass markers. The western blots shown are
representative of three independent experiments, and n=2 mouse
brains analyzed per passage.

the globular domain in the PrP N terminus is dispens-
able to the PrP5 infectious core.

The species barrier primarily dictates rPrP
assemblies transmission efficacy

The systematic characterization of the transmission
properties, biochemical and histomolecular features of
hamster, human and mouse rPrP assemblies over four
passages in hamster PrP transgenic mice unequivocally
demonstrated their pathogenicity and the encoding of
three different synthetic strains in their structure. Their
adaptation process paralleled that seen with naturally
occurring or laboratory prions with respect to the
transmission/species barrier effect.

In the homotypic PrP transmission context with
rPrP"? assemblies, the 100% attack rate on first pas-
sage coupled with a < 15% shortening of the mean
disease duration, and the stability of both the PrP™
signature and the clinical and neuropathological phe-
notype over subsequent passage suggested optimized
propagation with minimal adaptation. The relative
invariance of the disease duration observed over pas-
saging is pivotal: (a) assessing reductions in disease
duration from primary to secondary passage is a com-
mon strategy to unveil a species/transmission barrier
[37,72-74], where a higher reduction signifies a stron-
ger transmission barrier; (b) in the absence of a species
barrier, a notable reduction may also indicate a low
prion titer in the infecting inoculum at the primary
passage. Figure 11A plots the disease duration ratio
between the 1st and 2nd passage for various animal
prions transmissions performed in our laboratory with
tg7 mice (details in Table S3). It demonstrates that
rPrP™® assemblies behave like hamster-adapted labora-
tory scrapie strains, with straight propagation in
tg7mice. The extended disease duration observed in
tg7-rPrPH® mice (~ 240 days at passage 4) compared to
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Synthetic prion strainness and evolution

Fig. 7. Neuropathological pattern of PrP™° deposition in tg7 mice inoculated with recombinant PrP assemblies at the fourth passage.
Representative histoblots of rostro-caudal transversal brain sections. Analyses were performed at the level of the septum (i), hippocampus
(i), midbrain (iii) and brainstem (iv) on n= 3 brains. As control, histoblots from mock-infected tg7 brain are shown. Histoblots were probed
with SAF84 and 3F4 anti-PrP monoclonal antibodies to detect LMW PrP™® and HMWM® PrP™s, respectively (note that the levels HMWH!
PrP™* were too low to be detected by histoblotting with 3F4). Arrows indicate PrP™® deposition in white matter tracts. Scale bar, 1 mm.

hamster-adapted prions (~ 40 to ~ 150 days; Fig. 11A)
might be misconstrued as a less efficient disease pro-
cess. However, it is crucial to consider prion titer and
disease duration thoughtfully since the latter is intri-
cately tied to prion toxicity [75]. In instances where
prions exhibit high infectivity but low toxicity, the dis-
ease duration may be prolonged (variant and sporadic
CJD prions have ‘long’ and ‘short’ disease durations
in humanized mice, despite similar infectious titers
[32,76]). Directly supporting the high prion titer of
tg7-rPrP™® synthetic prions, RT-QuIC experiments
revealed seeding activity in the range of that from tg7-

263K over the four passages. Therefore, we attribute
the relatively prolonged disease duration to the unique
characteristics of the tg7-rPrP™* synthetic strain. The
endogenous trimming of tg7-rPrP"® PrP may influ-
ence its neurotoxic potential [64] or induce distinct
neuronal dysfunction compared to full-length PrPSc.

In the heterotypic transmission context, rPrPB°
assemblies were not transmissible to tg7 mice, despite
robust levels of seeding activity. This outcome was
similar to that seen with naturally occurring bovine
prions responsible for classical BSE or atypical H-BSE
in these mice (Fig. 11B,C). In contrast, rPrPM° and
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Fig. 8. Neuropathological pattern of PrP™® deposition in tg7 mice inoculated with recombinant PrP assemblies at the third passage.
Representative histoblots of rostro-caudal transversal brain sections are shown at the 3rd passage, after challenge with recombinant PrP
assemblies from hamster, human and mouse species. Analyses were performed at the level of the septum (i), hippocampus (ii), midbrain
(i) and brainstem (iv) on n=3 brains. Histoblots were probed with 3F4 and SAF84 anti-PrP monoclonal antibody, as indicated. Arrows

indicate PrP™® deposition in white matter tracts. Scale bar, 1 mm.

rPrP™" assemblies induced clinical disease at a com-
plete or near-complete attack rate. The disease evolu-
tion differed from that observed with rPrP™ on
subpassaging. The disease durations evolved markedly,
either abruptly becoming very short with rPrPM°
assemblies or decreasing more slowly with rPrPH"
assemblies. There was no drastic change in seeding
activity over passaging, suggesting that the significant
reduction in incubation times truly reflects and adapta-
tion process, not a gain of activity. Notably, the dis-
ease ratio between the Ist and 2nd passages for
rPrPM° was among the highest observed in tg7 mice,
similar to that seen with atypical L-BSE prions
(Fig. 11A), which also underwent abrupt evolution
on subpassage (Fig. 11D). The transmission properties
of rPrPM° and rPrP"" assemblies thus mirrored
those observed in the evolution of naturally occurring
prions in the context of a species barrier or a transmis-
sion barrier, involving gradual or rather abrupt

(‘mutational’) adaptation to optimized pathogenesis
[27,28,37,73,74,77].

In tg7-rPrPM° synthetic prions, a mixture of LMW
and HMWM® PrP5¢ was consistently observed in west-
ern blot migration profiles across passages, indicating
that the degree of adaptation to the new hamster PrP
sequence did not significantly alter this pattern. Con-
versely, in tg7-rPrP™ brains, only LMW PrP™ was
detected over three passages before HMWH" Prpr
species emerged, and this transition did not signifi-
cantly impact the disease duration. This decoupling of
the appearance of ‘classical’ PrP™ profile and adapta-
tion contrasts with the ‘deformed-templating’ hypothe-
sis ([38] and the Introduction). Instead, it supports the
notion that our rPrP-derived prions undergo confor-
mational diversification similar to naturally occurring
prions (for review [3]).

Overall, we observed that rPrP assemblies behave sim-
ilarly to naturally occurring prions, with PrP sequence
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mismatches and strain types influencing the force of
prion species/transmission barriers. This suggests that
the PrP backbone alone, without post-translational
modifications or co-factors, allows sufficient structural
remodeling during the misfolding process to encode dif-
ferent strains and phenotypic properties, including
cross-species transmission capacities.

Using hamster PrP transgenic mice instead of ham-
sters for the bioassay is not a limitation in our study.
There is compelling evidence that transgenic animals
that overexpress PrP are highly relevant reporter
models for comparing prion strain properties and
cross-species transmission capacities and have a greater
chance of success than wild-type animals (for reviews
[24-26]), due to acceleration of disease development,
when it occurs (Fig. 11 for tg7 mice and [56,78-80] for
other transgenic models). In addition, using hamster
brain homogenate in our PMCA experiments as source
of PrP¢ provides clear evidence that tg7 mice do not
aberrantly react compared to hamsters to amplify tg7-
rPrP synthetic prions. They also lend support to the
view that hamsters would replicate these prions.

An infectious C-terminal PrPS° fragment

The LMW PrP™ pattern identified in the three syn-
thetic prion strains consists of 2 N-terminally trun-
cated fragments that start around amino acids
~ 140-145 and 150-155. The use of thermolysin as
chemical probe and differential centrifugation further
indicated that these truncations primarily occur in vivo.
This implies that PrP% is internalized and undergoes
endocytic processes during replication in the brain.
However, the association of extensive vacuolation
(Fig. 9) with intraneural PrP%¢ raises some controversy
compared to naturally occurring prions [81]. It also
prompts questions about the respective contributions
to neurodegeneration of these conformations versus
classical PrPS° when both are co-propagated in the
brain of rPrP-tg7 mice. The same questions remain
valid for naturally occurring prions, be there of animal
or human origin, as variably glycosylated PrP™ frag-
ments with a C-terminal core similar or slightly shorter
than LMW PrP™ have been identified in the brain of
patients with sporadic CJD, in the brain of cattle with
atypical H-type BSE and in ovine PrP mice inoculated
with certain sheep scrapie isolates [82-84].

Recently, we demonstrated that alpha-cleaved CI-
fragments from PrP® (truncation at amino acids
113/115, [85]) were convertible into prions in RK 13 cells,
when part of the a-helix H2 was deleted [86]. This result,
along with the infectivity of LMW PrP¢ fragments
found here, appears to contradict several reports

Synthetic prion strainness and evolution

suggesting that PrP amino acids ~ 90-100 to 155, nota-
bly the central polybasic domain with four lysines at
amino acids ~ 100-110, are an obligate domain of the
PrP™* infectious core [40,48,87-90]. This indicates that
the fold allowing prion infectivity and the strain struc-
tural determinant can undergo significant variations
with respect to the PrP domains involved.

Recombinant PrP assemblies heterogeneity may
facilitate heterotypic transmission

Why can our rPrP assemblies preparations adapt or not
in a heterotypic PrP context? In previous reports, we
detailed the intrinsic generation of two sets of
infectious/replicative PrP5° assemblies during the early
steps of prion conversion: a small oligomeric species
smaller than a pentamer and a larger species exceeding a
MDa in size. These two species influence their own for-
mation through kinetical feedback [22]. We proposed
that their synergetic interaction is essential for prion
adaptation and overcoming species barriers [37]. Mecha-
nistically, we hypothesized that this interaction, either
directly or through their elementary subunits [58], cre-
ates a templating interface for heterotypic PrP¢ that is
topologically absent in each subtype taken indepen-
dently. The spherical and fibrillar objects in the rPrP
assemblies may similarly interact, as suggested by AFM
images, and favor conversion in the heterotypic PrP
context. While many reasons could explain why the
bovine rPrP assemblies were unable to propagate in tg7
mice, it is noteworthy that such structural heterogeneity
was not observed in these preparations.

Previous studies on synthetic prions used fibrillar
preparations purified to structural homogeneity [38] or
employed preparations generated by in  vitro
self-amplification in the potential presence of different
co-factors. This practice may have selected certain
assemblies and/or modified the relative ratio of confor-
mations [22], resulting in delayed or inefficient trans-
mission. In the realm of soft matter biochemistry and
amyloid structural biology, tuning physico-chemical
conditions to achieve a high degree of structural
homogeneity is a common practice.

Are LMW prions compatible with recent prion
PIRIBS architectures?

Recent cryo-EM studies of purified PrP™ from ham-
ster 263K, and mouse RML or ME7 prion strains—
with PK-resistant cores spanning ~90 to ~ 230—
revealed a common structure. This structure is charac-
terized by a single- or paired-protofilament helical
structure with a PIRIBS-based core architecture
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Fig. 9. Spongiform degeneration in the brains of mice infected with recombinant PrP-derived synthetic prions. (A) Standard vacuolar lesion
profiles at passage (P) 1 to 4. Sc237 in tg7 mice was used as control. The vacuolation intensity was scored as means + SD in standard gray
(G1-G9) and white (W1-W3) matter areas. G1: dorsal medulla; G2: cerebellar cortex; G3: superior colliculus; G4: hypothalamus; G5: medial
thalamus; G6: hippocampus; G7: septum; G8: medial cerebral cortex at the level of the thalamus; G9: medial cerebral cortex at the level of
the septum; W1: cerebellar white matter; W2: white matter of the mesencephalic tegmentum; and W3: pyramidal tract. Tg7-rPrPM° at 24
passage was not complete because brains deteriorated. n=3 (passage 3 and 4) to n=5 (passage 1 and 2) brains were used to establish
the profiles. (B) Fixed sections stained with hematoxylin and eosin show the cingulate cortex (i, ii) and hippocampus (iii) where spongiosis
was prominent at passage 1 and 4. Note the severe neuronal degeneration in the pyramidal cell layer of the hippocampus with tg7rPrPHe

and tg7-rPrPHY prions (arrows). Scale bar: 400 pm.

[12-14]. Applying the hamster 263K-PIRIBS architec-
ture to hamster LMW PrP"™* would remove ~ 35% of
the B-strands in the N terminus lobe and structural ele-
ments proximal to the C-terminal flank, potentially
affecting overall stability. However, cryo-EM analyses
of misfolded assemblies of recombinant PrP molecules
from different species and with different truncations or
mutations showed a global conservation of the PIRIBS
architecture. Different PrP domains can form the
ordered fibrillar core [4]. Specifically, the C-terminal
region spanning positions ~ 170 to ~ 230 could form a
PIRIBS motif. Further stability may also be provided
by an organization in two closely packed symmetrical
protofilaments [91]. Studying LMW PrP5¢ architecture
by Cryo-EM will be of upmost interest.

In summary, our study demonstrates that ‘pure’ rPrP
assemblies possess full pathogenicity, and the synthetic
prions generated exhibit an inherent ability to diversify
and adapt in the presence of a species barrier. Prelimi-
nary findings indicate that transmission of rPrP assem-
blies to an intermediate host PrP species modifies the
strain spectrum and capacity to adapt on backpassage
to tg7 mice, further highlighting that their evolutive
potential mirrors that of naturally occurring prions.

Materials and methods

Biosafety

The formation of rPrP assemblies, prion protein biochemis-
try, mouse experimentation and histopathology were con-
ducted in biosafety level 2 or level 3 facilities, strictly
following safety protocols. AFM analyses were performed in
a biosafety level 1 laboratory using dedicated sample holders
and equipment, in accordance with approved biosafety pro-
cedures. All safety protocols were reviewed and approved by
Local and National Prion Research Committees.

Formation of recombinant PrP fibrillar assemblies

Full-length rPrP with amino acid sequence corresponding to
hamster, human (M ,9 allele), mouse, bovine (6 copies of the

octapeptide repeat sequence) were produced in Escherichia
coli and purified as previously described [92]. The purified,
monomeric forms of rPrP were lyophilized and stored. The
conversion of the monomers into amyloid-like assemblies
was performed as previously described (Fig. S1, [93,94]).
Briefly, lyophilized proteins were dissolved directly in 50 mm
MES buffer, pH 6.0 (1 mg-mL~" final concentration), kept
on ice, and used to prepare a 600 pL reaction. The reaction
mixture, consisting of water (90 pL), guanidine hydrochloride
(6 M, 200 uL), MES buffer (0.5m, pH 6.0, 10 pL) and PrP
stock solution (300 pL), was incubated with continuous
orbital shaking at 30r.p.m. (16 mm amplitude) at 37 °C.
Fibril formation was monitored using a thioflavin T binding
assay [92]. Aliquots were diluted into a 10 mMm sodium acetate
buffer, pH 5.0, to a final PrP concentration of 0.3 pm, and
thioflavin T was added to a final concentration of 10 pm.
Samples were then dialyzed in 10 mm sodium acetate, pH 5.0.
Fibrils were collected by ultracentrifugation for 45min at
228 147 g using a Beckman Optima TL100 ultracentrifuge
and a TLA-100.3 rotor, and resuspended in 10 mm sodium
acetate, pH 5.0. A washing step was performed by repeating
the ultracentrifugation and resuspension steps. All concen-
trations given for fibrillar PrP refer to the respective equiva-
lent monomer concentration. The oligomers were isolated
from 1-week-old assemblies by 1-h ultracentrifugation at
228 147 g at 4 °C. Most of the fibrils sedimented, while small
oligomeric objects, including spherical objects, remained in
the supernatant.

Atomic force microscopy and dynamic light
scattering

AFM experiments were performed on a NanoWizard 3
(JPK, Berlin, Germany) in liquid, using a nanoprobe of
10A diameter (Peakforce-HIRS-F-B2) in a liquid bio-cell
chamber in QI mode. Recombinant PrP assemblies at a
concentration of 0.5um equivalent monomer were depos-
ited on a freshly cleaved mica surface for 3 min. After two
iteratives washes of the mica surface with sodium acetate
buffer (10 mm, pHS5.0), the bio-cell compartment was filled
with 1 mL buffer. The size of different types of assemblies
was estimated using a combination of JPK image analysis
interface and a homemade MATLAB code. The mean average
hydrodynamic size of the assemblies was determined by
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15— of PMCA using brain lysates from Prp®°
mice, tg7 mice or hamsters, as substrates.
As positive control, 1:10 dilutions of
(B) brain samples from tg7-263K mice were
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3
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dynamic light scattering. The number of spherical objects

per um?> was estimated using a homemade MATLAB script.
The statistics were performed by estimating the number of
spherical objects on four different AFM fields
of 500 x 500 nm. The data were then normalized to 1 pm>.

Animal experiments

Animal experiments adhered strictly to European Union
directive 2010/63 guidelines and received approval from the
INRAE Local Ethics Committee (Comethea; permit num-
bers 12-034, 15-056 and APAFIS#29603-20210209145252

analyzed by immunoblot wusing Sha31

. b Y ‘? ‘? LY ‘7 b Y ‘7 ﬁ ‘«ﬁ W -\ﬁ p Y ﬁ LY antibody (representative immunoblot  of

n=3 independent PMCA experiments). (B)
Comparison of the PrP™® patterns after
PMCA amplification (symbolized by a tube)

<~ HMW ' ;
o using tg7 (brown) or hamster (yellow) brain
% lysates or by transmission to tg7 mice
'S (symbolized by a mouse) using SAF 84
s antibody which preferentially detects LMW
—ulMw

PrP™®®., MM: molecular mass markers. The
immunoblot shown is representative of
n=3 electrophoretic analyses.

15). They were performed in accordance with the Animal
Research: Reporting of In Vivo Experiments (ARRIVE) 2.0
guidelines. The hamster PrP tg7 line, described previously
[15,55,56], was employed. It was kindly provided by CSL-
Behring (Marburg, Germany) and originates from S. Prusi-
ner laboratory [95]. This line, homozygous for the hamster
PrP transgene, was established on the Zurich I Prp®°
mouse background. Level of overexpression is ~ 4-fold
compared to golden Syrian hamster brain (Fig. 1B,C).
These mice, showing no abnormal phenotype or neurologi-
cal signs with aging, have a normal life span of around
1.5-2 years and do not develop spontaneous prion disease
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upon intracerebral inoculation with uninfected brain mate-
rial (n =450 mice inoculated and followed over 600 days in
our laboratory). Only tg7 females aged 6-8 weeks at the
time of inoculation were used. Mice were group-housed by
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Fig. 11. Magnitude of the transmission barrier of recombinant PrP
assemblies versus that of animal prions following transmission to
tg7 mice. (A) Graph showing the magnitude of the transmission
barrier. It is calculated as the ratio of the mean incubation
durations on first to second passage [37,72]. A value of 1 (dash
line) indicates absence of transmission barrier. The magnitude of
the transmission barrier observed with the recombinant PrP
assemblies is compared to that of animal prions (sheep scrapie,
classical form bovine spongiform encephalopathy (C-BSE),
transmissible mink encephalopathy (TME)) experimentally adapted
or passaged in Syrian hamsters (blue), mouse (brown), and tg338
transgenic mice expressing ovine PrP (green) before inoculation to
tg7 mice. (*) and (**) indicate that spleen material at third and
fourth passage of Sc237 in tg338 mice was used (raw
transmission data in Table S3). L-type BSE directly originates from
cattle (see below). The mean incubation times on primary passage
are indicated in white color. (B-D) Summary of transmissions of
BSE prions to tg7 mice. Classical BSE prions (C-BSE strain) and
atypical BSE prions (H-BSE and L-BSE strains) were inoculated by
intracranial route to tg7 transgenic mice expressing hamster PrP
(10% w/v concentration, same inoculation protocol as described in
the Materials and methods section or previously [28,102,103]). The
transmission properties of these BSE isolates, including in
heterotypic PrP contexts, have been previously published
([28,102,103], C-BSE isolate is BSE Fr3; H-BSE isolate is Fr2; L-
BSE isolate is 1t1088). Only L-BSE prions were directly pathogenic
in tg7 mice. C-BSE prions were pathogenic in tg7 mice after serial
passage and adaptation in C57BL/6 mice (301C mouse-BSE strain
[104]). For comparison, the transmission properties of the same
BSE prion strains in golden Syrian hamsters (Mesocricetus auratus)
are shown (data in italics from [105]). The outcomes at first
passage were similar, indicating that the force of the species
barrier for atypical, classical and mouse-adapted BSE prions is
equivalent between transgenic mice overexpressing hamster PrP
and hamsters. For each set of transmission, the mean survival
times + SEM (in days) are indicated. The number of disease and/
or PrPS°positive animals/number of inoculated animals are in
bracket.

4 to 5 in polypropylene cages in a standard temperature-
and humidity-controlled biosafety laboratory 3 animal
facility, with a 12-h light-dark rhythm, unlimited access to
food and water, and provided enrichment items (igloos,
wood toys, nests). Cages, food, enrichment, and water were
sterilized before use.

Mouse bioassays

The methodology used has been described previously [96].
To prevent cross-contamination, a strict protocol using dis-
posable equipment and preparation of all inocula in a class
IT microbiological cabinet was followed. Recombinant PrP
assemblies and monomers were extemporaneously prepared
at a concentration of 0.5mg-mL™" in 5% w/v glucose. Indi-
vidually identified tg7 mice (8-10 mice per group) were
intracerebrally inoculated with 20 pL of the solution, using
a 27-gauge disposable syringe needle inserted into the right
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parietal lobe. Animals were anesthetized with 3% isoflurane
during the procedure and placed on a heating pad until
they fully recovered. They were monitored daily for general
health. Animals were euthanized at terminal stage or at
end-life by cervical column dislocation. Brains were care-
fully collected with separate, disposable tools, homogenized
at 20% w/v in 5% glucose and stored at —80 °C until fur-
ther use. For subpassaging, 20 uL of the brain solution was
intracerebrally inoculated at 10% w/v to individually iden-
tified tg7 mice (5-8 mice per group). At each passage,
brains were also directly frozen on dry ice (for histoblot-
ting) before storage at —80°C or fixed by immersion in
neutral-buffered 10% formalin (for lesion profiling).

Real-time-quacking induced conversion

RT-QulC amplifications were performed as previously
described  [60,96,97]. Briefly, 1puL of 10% brain
homogenates or 1pL of 20 um rPrP assemblies underwent
serial 10-fold dilutions in 20 mm sodium phosphate buffer
pH 7.4, 130 mm NaCl, 0.1% SDS and 1x N2 supplement
(ThermoFisher Scientific, Nalgene Nunc International,
Villebon-sur-Yvette, France). Subsequently, 2puL of each
dilution was loaded into individual wells of a black 96-well
optical bottom plate containing 98 uL of 20 mm sodium
phosphate buffer pH 7.4, 300 mm NaCl, 10 pm thioflavin T,
ImM EDTA and 100 pg-mL™" of either purified recombi-
nant wild-type human PrP (Met,9 allele) or hamster PrP.
The plate was sealed using Nunc Amplification Tape (Ther-
moFisher Scientific), placed in a Xenius XM spectrofluo-
rometer (Safas, Monaco, Monaco) and incubated for
24-60h at 46°C+2°C. Throughout the measurements,
cycles of 1-min orbital shaking (600 r.p.m.) and 1-min rest
were applied, and fluorescence was recorded every 30 min.
Experiments were performed in quadruplicates. Each curve
was fitted using the MATLAB software (R2022b, MathWorks,
Meudon, France) with the equation: = Iy, +(’"“%W,
where 7 is the fluorescence intensity and X is the time.
Seeding activity titer (SDsg; seeding dose giving thioflavin
T positivity in 50% of the replicates) was estimated by the
Spearman-Kérber method [98]. The values were expressed
as SDsy per mL of 10% (w/v) brain homogenate or as
SDso per mL of 20 pm rPrP assemblies.

Protein misfolding cyclic amplification

PMCA was conducted according to an optimized in-house
technology [57], using brain lysates (10% w/v) from tg7
mice, PrP knock-out mice (Ziirich I line [99]) and from
golden Syrian hamsters (René Janvier, Laval, France)
as substrates, and serial 1:3 dilutions of tg7-rPrP™? tg7-
rPrPM° (passage 4) and tg7-rPrPH" (passages 2 and 4)
prions or serial 1: 10 dilutions of tg7-263K prions as seeds.
The mixture was subjected to four rounds of 96 cycles of
30-s sonications (220-240 Watts) followed by 29.5min
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of incubation at 37 °C. Between each round, the reaction
products were diluted 1 :3 with fresh substrate. PMCA was
performed in a 96-well microplate format (Axygen, Corn-
ing, Boulogne-Billancourt, France) using a Qsonica-
Misonix Q700 sonicator (Delta Labo, Colombelles,
France). The amplified products were PK-digested
(115 pgmL~" final concentration, 0.6% SDS, 1h, 37°C)
before immunoblot analyses, as described below.

Analysis of PK-resistant PrPS¢ by immunoblot

PrP™ was extracted from 20% brain homogenates with the
Bio-Rad TeSeE detection kit, as previously described
[27,32]. In brief, 200 pL aliquots were digested with protein-
ase K (200 pg-mL~! final concentration in buffer A) for
10min at 37°C, followed by before precipitation with
buffer B and centrifugation at 28 000 g for 5min. Pellets
were then resuspended in Laemmli sample buffer, dena-
tured, separated on 12% Bis-Tris Criterion gels (Bio-Rad,
Marne la Vallée, France), electrotransferred onto nitrocel-
lulose membranes, and probed with primary anti-PrP anti-
bodies (list and epitopes in Table S2) and ad hoc secondary
antibodies. Immunoreactivity was visualized using chemilu-
minescence (Pierce ECL, Thermo Scientific, Montigny le
Bretonneux, France). Chemiluminescent signals were cap-
tured with the Chemidoc digital imager and analyzed using
IMAGE LAB software (Bio-Rad). Enzymatic deglycosylation
of denatured PrP™ was performed with 1000 U of recombi-
nant PNGase (peptide N-glycosidase F; New England Bio-
labs, Evry, France) for 2h at 37°C in 1% Nonidet P40 and
the manufacturer’s buffer.

Analysis of thermolysin-resistant PrPS¢ by
immunoblot

Mouse brain homogenates were diluted in lysis buffer (2%
sodium deoxycholate, 2% Triton X-100, 200 mm Tris—HCl
pH7.4) containing thermolysin (final concentration
125 pg-mL ") and incubated for 1h at 70 °C under constant
agitation at 800r.p.m. The samples were analyzed by
immunoblot, as above.

PrPS¢ insolubility assay

The entire procedure was performed at 4°C. Aliquots
(6 pL) of tg7-brain homogenates were mixed with a prote-
ase inhibitor mixture (Roche, Mannheim, Germany) and
5% glucose (94pL). An equal volume of solubilization
buffer (50mm HEPES pH 7.4, 300mm NaCl, 10 mm
EDTA, 4% w/v dodecyl-p-p-maltoside) was added, fol-
lowed by a 45-min incubation. Sarkosyl (N-lauryl sarcosine;
Sigma Aldrich, Saint-Quentin-Fallavier, France) was then
added to a final concentration of 2% w/v, and the incuba-
tion continued for a further 45 min [15]. The mixture was
then loaded on a 40% w/v sucrose gradient before
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centrifugation at 100000 g for 1 h at 4 °C, using a Beckman
Optima TL100 ultracentrifuge. This resulted in supernatant
and pellet fractions, with proteins in the pellet resuspended
in Laemmli sample buffer, denatured and analyzed by
immunoblot, as described above.

Histoblots

Brain cryosections were cut at §-10pm (NX-70, MM,
Lyon, France), transferred onto Superfrost slides and
stored at —20°C until use. Histoblot analyses, using the
3F4 or SAF84 anti-PrP antibodies (Table S2), were per-
formed on 2-3 brains per passage [32]. Image acquisition
was performed with a digital camera (Coolsnap, Photomet-
rics, Paris, France) mounted on a binocular glass (SZX12,
Olympus, Paris, France).

Vacuolar lesion profiles

Hematoxylin-eosin-stained paraffin-embedded brain tissue
sections were used to establish standardized vacuolar lesion
profiles in mice, as previously described [100,101]. Analyses
were performed on 3-5 brains per passage.

Statistical analysis

The GrapHPAD PRISM 9.0 software (GraphPad, La Jolla,
CA, USA) was used to establish the Kaplan-Meier curves
plotting the percentage of mice without prion disease
against the incubation time. This software was also used to
draw the RT-QuiC curves and the vacuolation profiles.

Terminology

The term rPrP refers to recombinant PrP (monomers and
assemblies) with the mammalian species of origin in super-
script (Ha, hamster; Hu, human; Mo, mouse; Bo, bovine).
The term tg7-rPrP refers to synthetic prions derived from the
inoculation of rPrP assemblies to tg7 mice, with the species
of origin indicated in superscript. Due to space constraint in
the figures, sometimes the term tg7-species is used.
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Fig. S1. Flow diagram describing the protocol used to
prepare recombinant PrP assemblies.

Table S1. Absence of prion disease in tg7 mice after
intracerebral inoculation of monomers from hamster,
mouse, and human recombinant PrP.

Table S2. List of the anti-PrP antibodies used in the
study.

Table S3. Transmission of animal prions to tg7 mice
by intracerebral route.
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