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Abstract
Prion pathologies are characterized by the conformational conversion of the cellular prion protein (PrPC) into a pathological
infectious isoform, known as PrPSc. The latter acquires different abnormal conformations, which are associated with specific
pathological phenotypes. Recent evidence suggests that prions adapt their conformation to changes in the context of replication.
This phenomenon is known as either prion selection or adaptation, where distinct conformations of PrPSc with higher propensity
to propagate in the new environment prevail over the others. Here, we show that a synthetically generated prion isolate,
previously subjected to protein misfolding cyclic amplification (PMCA) and then injected in animals, is able to change its
biochemical and biophysical properties according to the context of replication. In particular, in second transmission passage in
vivo, two different prion isolates were found: one characterized by a predominance of the monoglycosylated band (PrPSc-M) and
the other characterized by a predominance of the diglycosylated one (PrPSc-D). Neuropathological, biochemical, and biophysical
assays confirmed that these PrPSc possess distinctive characteristics. Finally, PMCA analysis of PrPSc-M and PrPSc-D generated
PrPSc (PrPSc-PMCA) whose biophysical properties were different from those of both inocula, suggesting that PMCA selectively
amplified a third PrPSc isolate. Taken together, these results indicate that the context of replication plays a pivotal role in either
prion selection or adaptation. By exploiting the ability of PMCA to mimic the process of prion replication in vitro, it might be
possible to assess how changes in the replication environment influence the phenomenon of prion selection and adaptation.
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Introduction

Prions are pathological agents responsible for a variety of infec-
tious and incurable neurodegenerative disorders, named prion
diseases or transmissible spongiform encephalopathies (TSEs).
These maladies are characterized by the accumulation in the
central nervous system (CNS) of misfolded forms of the prion
protein (PrPSc), which derives from conformational conversion
of the normal prion protein (PrPC). PrPSc can recruit and convert
normal PrPC, thus spreading throughout the CNS and leading to
the host death. Both PrPC and PrPSc have two N-linked glyco-
sylation sites that determine the formation of unglycosylated,
monoglycosylated, and diglycosylated species. Although both
proteins have the same amino acid sequence, PrPSc has a higher
content of β-sheet structures, is insoluble in non-ionic detergents
and is partially resistant to Proteinase K (PK) digestion [1].
Different conformations of PrPSc [2] (referred to as Bprion
strains^) are associated with unique clinical, neuropathological,
and biochemical alterations [3]. Neuropathologically, a prion
strain can be identified on the basis of the following: (i) incuba-
tion and survival time [4], (ii) clinical signs (e.g., rough coat,
ataxia, loss of weight) [5], (iii) pattern of PrPSc deposition (e.g.,
synaptic, peri-neuronal, amyloid plaques) [6], and (iv) degree of
vacuolation in specific brain areas which are produced in exper-
imentally infected animals [7]. Biochemically, there are four
main characteristics enabling prion strain classification (after
PK digestion): (1) the electrophoretical mobility of the
unglycosylated band, (2) the glycosylsation profile of PrP
(glycoform ratio) [8], (3) the extent of protease digestion [1],
and (4) the resistance to denaturation using chaotropic agents
(e.g., guanidine hydrochloride) [9]. Using different analytical
approaches, including Fourier transform infrared spectroscopy
(FTIR), atomic force microscopy (AFM), and circular dichroism
(CD), it has been shown that differences in prion strains lie in
their different conformations [10, 11]. Compelling evidence sug-
gests that although lacking DNA or RNA, this protein is surpris-
ingly capable of adapting its pathological conformation to a large
landscape of environments [12]. For instance, the inoculation of
the same prion strain responsible for the transmission mink en-
cephalopathy (TME) in Syrian hamster gave rise to two different
prion strains named hyper (HY) and drowsy (DY), according to
the behavioral alterations observed in injected animals. A pro-
posed explanation for this phenomenon might be the fact that
TME is not a pure strain but is instead composed by at least two
pathological PrPSc conformations and only one prevails in mink
[13]. When challenged in Syrian hamsters, two alternative PrPSc

conformations arise: the first one induces severe and rapid neu-
ropathological alterations and hyperactivity in animals (HY)
while the second one is associated with slow disease progression
and lethargy (DY) [14, 15]. Biochemical and histological analy-
sis of CNS confirmed that these PrPSc conformations possess
different electrophoretical mobility, distinct resistance to PK di-
gestion, stability against guanidine hydrochloride, and induced

different neuropathological alterations [11, 16, 17]. This repre-
sents the ability of prions to undergo the process of adaptation or
selection according to changes in the environment of replication
(mink CNS vs hamster CNS). Although this phenomenon is still
poorly understood, the advent of synthetic prions generated in
vitro from recombinant source of PrP [18, 19] provides a pow-
erful tool for studying different features of prions, including their
capability to modifying the conformation in different environ-
ments. The use of synthetic prions enables to study these effects
in a highly pure system without the interference of other compo-
nents which are instead present in the brain when studying nat-
ural prion. One of themost fascinating aspects of synthetic prions
is their ability to behave as the bona fide prions. These experi-
ments showed for the first time that the pathological properties of
different PrPSc are solely enciphered in their abnormal conforma-
tions. Not only genetically modified animals but also wild-type
animals can be infected by recombinant prions [20–22]. For
example, hamsters infected with a synthetic hamster prion strain
succumbed to a disease that was named SSLOW (synthetic strain
leading to overweight) [22]. We have recently shown that also
wild-type mice can be infected with synthetic mouse prion strain
produced under specific experimental conditions [23].

These studies were performed using two innovative and
ultrasensitive techniques named protein misfolding cyclic am-
plification (PMCA) and real-time quaking induced conversion
(RT-QuIC). PMCA technique, originally developed by
Claudio Soto in 2001 [24], is able to reproduce in vitro the
phenomenon of prion replication which occurs in vivo but in
an accelerated manner. Particularly, PMCA consists in cycles
of incubation and sonication of samples that contain trace
amount of PrPSc in the presence of an excess of PrPC. The
sonication phase is able to fragment the PrPSc aggregates in
small polymers which are able to further convert new mole-
cules of PrPC to PrPSc. Therefore, after several cycles of
PMCA, the amount of PrPSc increases to a level easily detect-
able with common biochemical assays (e.g., Western blot)
[25, 26]. The RT-QuIC [27] technique is based on incubation
and subsequent shaking where recombinant soluble prion pro-
teins (recPrP) are induced to aggregate into amyloid structures
by the addition of samples that contain trace amount of PrPSc

(referred as Bseed^). The aggregation of the recombinant pro-
teins is monitored by Thioflavin T (ThT) fluorescence and
enables the detection of amyloid structures in a real time
manner.

Recently, PMCA has been used to assess different aspects
of prion diseases including the species barrier and the strain
adaptation. In the first case, by PMCA experiments, Castilla et
al. [28] showed the ability of brain-derived mouse PrPSc to
convert hamster PrPC, thus generating unique prions that were
infectious to wild-type hamsters. Other prion strains showed
the ability to cross the species barrier using PMCA technique
as reported for CWD [29] and for different mouse-adapted
prion strains [30]. To study the phenomenon of prion strain
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adaptation, PMCA substrate compositions were altered in or-
der to evaluate the biochemical properties of amplified PrPSc.
As reported, changing the RNA content in the substrate of
amplification led to the generation of a new prion strain
[31]. Particularly, 263K prion strain was adapted to hamster
RNA-depleted substrate and then re-adapted to an environ-
ment containing RNA. These modifications gave rise to a
novel PrPSc with unique biochemical (conformational stability
and replication rate) and infectious characteristics that strong-
ly differ from the original 263K strain. Taken together, these
studies provided strong evidence that prions undergo a phe-
nomenon of selection and adaptation when the context of
replication is modified [32].

In this work, we describe the ability of a synthetic
mouse prion generated from our group [23] to change
its biochemical properties when challenged in vivo or in
vitro by means of PMCA. In vivo experiments revealed
that after serial transmission passages, we were able to
identify two distinct conformations of PrPSc. One of
these conformations was characterized by a prevalence
of the diglycosylated isoform of PrPSc (PrPSc-D) while
the other was characterized by the prevalence of the
monoglycosylated isoform (PrPSc-M). Both abnormal
conformations were associated with distinct clinical, bio-
chemical, and neuropathological alterations. PMCA
analysis of PrPSc-D and PrPSc-M revealed that, regard-
less of the inoculum, the amplified product was charac-
terized by a prevalence of the diglycosylated form of
PrP (PrPSc-PMCA). These data suggest that the synthet-
ic prion we have generated can adapt its conformation
according to changes of the context of replication.

Materials and Methods

Ethics Statement

Mice were housed in groups of two to five animals in individ-
ually ventilated cages, daily fed and water provided ad
libitum. Lighting was on an automatic 12 h basis. Regular
veterinary care was daily performed for assessment of animal
health. Animal facility is licensed and inspected by the Italian
Ministry of Health. Current animal husbandry and housing
practices comply with the Council of Europe Convention
ETS123 (European Convention for the Protection of
Vertebrate Animals used for Experimental and Other
Scientific Purposes; Strasbourg, 18.03.1986); with the Italian
Legislative Decree 26/2014, Gazzetta Ufficiale della
Repubblica Italiana, 26 July 2014; and with the 86/609/EEC
(Council Directive of 24 November 1986 on the approxima-
tion of laws, regulations, and administrative provisions of the
Member States regarding the protection of animals used for
experimental and other scientific purposes). The study,

including its Ethics aspects, was approved by the Italian
Ministry of Health (Permit Number, NP-02–14). The animals
were anesthetized with tribromoethanol and all surgery and
efforts were made to minimize suffering.

Intracerebral Inoculation

Six-week-old Crl:CD1(ICR) (CD-1) mice (35–40 g) were
anesthetized with tribromoethanol (100 μL/10 g) i.p. admin-
istered and 2 μl of each brain homogenate collected from the
animals of the first passage [23] and prepared in sterile phos-
phate buffer (10%, weight/volume) was stereotactically
injected in the hippocampus. All surgical procedures were
performed under sterile conditions. Incubation time (IT) was
calculated considering the days between inoculation and
symptoms onset including ataxia (uncoordinated movement),
tail rigidity, and kyphosis (hunched back). Survival time (ST)
was calculated considering the days between the inoculation
and the sacrifice of the animals at terminal stages of the dis-
ease. Brains were then harvested and half of them were col-
lected for biochemical analysis and the other part was proc-
essed for histological evaluations.

Neuropathological Analysis

Brains were fixed in Alcolin (Diapath), dehydrated, and
embedded in paraplast. Seven-micrometerthick serial sec-
tions were stained with hematoxylin and eosin (H&E),
stained with thioflavin S, or immunostained with monoclo-
nal antibodies to PrP (6H4, Prionics), and polyclonal an-
tibodies to glial fibrillary acidic protein (GFAP, Dako).
Before PrP immunostaining, the sections were pre-treated
with Proteinase K (10 μg/mL, 5 min, room temperature;
Invitrogen) and guanidine isothiocyanate (3 M, 20 min,
room temperature). Non-specific binding of the antibody
was prevented using ARK kit (Dako). Immunoreactions
were visualized using 3–3′-diaminobenzidine (DAB,
Dako) as chromogen. Lesion profile was performed on
H&E-stained sections according to Fraser H. et al. [7].
The areas evaluated were as follows: (1) dorsal medulla,
(2) cerebellar cortex, (3) superior culliculus, (4) hypothal-
amus, (5) thalamus, (6) hippocampus, (7) septum, (8)
retrosplenial and adjacent motor cortex, (9) cingulated
and adjacent motor cortex. For each area, the severity of vac-
uolar lesions was graded 0 (no lesions) to 3 (extensive
vacuolization) and the mean scores were calculated and then
plotted with ± S.E.M. IHC images were acquired at × 10 magni-
fication; H&E images were acquired at × 40 magnification (hip-
pocampus acquired at × 20, dotted box) with a Nikon Eclipse
E800 microscope equipped with a Nikon digital camera DXM
1200 and Nikon ACT-1 (v2.63) acquisition software.

2980 Mol Neurobiol (2019) 56:2978–2989



Biochemical Analysis

Ten percent (weight/volume) brain homogenates were pre-
pared in lysis buffer (NaCl 100 mM, EDTA 10 mM, NP40
0.5%, Na-deoxycholate 0.5%, Tris-HCl pH 7.4 10mM). After
a brief centrifugation (800×g, 1 min), 20 μL of cleared lysate
was digested with 50 μg/mL of Proteinase K (1 h, 37 °C,
550 rpm; Invitrogen). PK digestion was stopped by adding
loading buffer (sample buffer 4× and DTT 10×, Thermo
Scientific) and the samples were boiled (100 °C, 10 min).
The proteins were separated using 12% Bis-Tris plus gels
(Thermo Scientific) and transferred into polyvinylidene
difluoride membranes (PVDF, Millipore). After non-fat dry
milk blocking (1 h, room temperature), the membrane was
probed using monoclonal anti-PrP 6D11 (0.2 μg/mL;
Covance) diluted in TBST and 0.05% Tween-20 (Sigma).
After incubation with Fab fragment anti-mouse IgG conjugat-
ed with horseradish peroxidase (HRP) (GE), blots were devel-
oped using the ECL Prime detection system (Amersham) and
chemiluminescence was visualized using a G:BOX Chemi
Syngene system.

PMCA Procedures

PMCA was performed as previously described [24]. Briefly,
brain homogenate from outbred CD-1 mice prepared in con-
version buffer (PBS 1× containing 150 mM sodium chloride
and 1% Triton X-100) with the addition of complete protease
inhibitor cocktail (Roche) was used as substrate. Ten microli-
ters of brain homogenates from infectedmice was added to the
substrate and transferred in 0.2-mL PCR tubes, positioned on
an adaptor placed on the plate holder of a micro-sonicator
(Misonix, Model S3000) and subjected to 96 cycles of
PMCA. Each cycle (referred as PMCA round) consisted of
29′ and 40″ sec of incubation at 37/40 °C and 20″ pulse of
sonication set at potency of 260–270 W. After one round of
PMCA, 10 μl of the amplified material was diluted 10-folds
into fresh substrate and a further PMCA rounds were per-
formed. In order to increase the efficiency of amplification,
three teflon beads were added to the reaction tube. To prevent
samples cross-contamination, all the instruments and equip-
ment were decontaminated using 2 N sodium hydroxide
(NaOH; Sigma) or 4 M guanidine hydrochloride (GdnHCl;
Sigma) and all the experiments were conducted with appro-
priate negative control.

PK Resistance Assay

Twenty microliters of brain homogenate or PMCA products
was digested with five increasing concentrations of PK en-
zyme (50, 100, 250, 500, 1000 μg/mL). Samples were then
immunoblotted with 6D11 antibody and densitometric analy-
sis of resulting PK-resistant PrP band was performed.

Conformational Stability Assay

Fifty microliters of brain homogenate or PMCA products was
incubated with 450 μL of guanidine hydrochloride (GdnHCl)
solutions (Sigma) at different molar concentrations (0, 1.5, 3,
4.5, and 6 M) for 2 h at 25° with agitation (550 rpm).
Subsequently, an equal volume of Sarkosyl 20% was added
to the samples and incubated for 10 min with gentle shaking.
Samples were then centrifuged at 100,000×g for 1 h at 4 °C.
Pellets were washed with equal volume of PBS 1× (Gibco)
and then centrifuged at 100,000×g, 30′ at 4 °C. The pellets
were finally suspended in 50 μL of loading buffer and then
processed for Western blot analysis (see the BBiochemical
Analysis^ section for details). The membrane was incubated
with anti-PrP 6D11 primary antibody (0.2 μg/mL; Covance).
Densitometric analysis was performed. The concentration of
GdnHCl required to unfold half of PrPSc ([GdnHCl]1/2) was
then calculated with GrapPad software (v5.0) after non-linear
regression curve fit (Boltzmann sigmoidal) of densitometric
data.

Recombinant Full-length Mouse PrP Production
and Purification

The pET-11a plasmid (Novagen) encoding for the full-
length MoPrP(23–231) was kindly provided by Dr. J.R.
Requena (University of Santiago de Compostela,
Santiago de Compostela, Spain). The mouse construct
was expressed in competent BL21 Rosetta2 (DE3) cells
Escherichia coli (Stratagene). Freshly transformed over-
night culture was inoculated into Luria Bertani (LB) me-
dium and 100 μg/mL ampicillin and 30 μg/mL chloram-
phenicol. At 0.8 OD600, expression was induced with iso-
propyl b-D galactopyranoside (IPTG) to a final concentra-
tion of 1 mM. Cells were grown in a BioStat-B plus
fermentor (Sartorius). The cells were lysed by a homoge-
nizer (PandaPLUS 2000) and the inclusion bodies were
suspended in buffer containing 25 mM Tris-HCl, 5 mM
EDTA, 0.8% TritonX100, and pH 8 and then in bi-
distilled water several times. Inclusion bodies containing
MoPrP(23–231) were dissolved in 5 volumes of 8 M gua-
nidine hydrochloride (GdnHCl), loaded onto pre-
equilibrated HiLoad 26/60 Superdex 200-pg column, and
eluted in 25 mM Tris-HCl (pH 8.0), 5 mM ethylenedi-
aminetetraacetic acid, and 5 M GdnHCl at a flow/rate of
1.5 mL/min. Proteins refolding was performed by dialysis
against refolding buffer [20 mM sodium acetate and
0.005% NaN3 (pH 5.5)] using a Spectrapor membrane
(molecular weight, 10,000). Purified protein was analyzed
by SDS-polyacrylamide gel electrophoresis under reducing
conditions and Western blot.
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RT-QuIC Analysis

RT-QuIC was performed as previously described with few
modifications [33]. Briefly, recombinant full length mouse PrP
(23–231) were filtered through a 100 kDa Nanosep centrifugal
device (Pall Corporation) and mixed with the reaction buffer
composed of the following: 0.2 mg/mL recMoPrP(23–231),
10 mM PBS, 130 mM NaCl, 1 mM EDTA, 0.002% SDS,
and 10 μMThT (all reagents from Sigma). Ninety-eight micro-
liters of the final reaction volume was dispensed in black 96-
well optical flat bottom plate (Thermo Scientific). To avoid
contaminations, reaction mix was prepared in a prion-free lab-
oratory and all the samples were analyzed in triplicate. After the
addition of 2 μL of brain homogenate or PMCA amplified
products, the plate was sealed with a sealing film (Thermo
Scientific) and inserted into a FLUOstar OPTIMA microplate
reader (BMG Labtech). The plate was shaken for 1 min at
600 rpm (double orbital) and incubated for 1 min at 42 °C. A
sample was considered positive if two out of three replicates
crossed the threshold of 30% of themaximumThTsignal. Brain
homogenate from terminally sick mice infected with RML pri-
on strain (either subjected to PMCA or not) was used as control.

Statistical Analysis

Mean values are presentedwith their standard errors of themean
(S.E.M.). Log-rank test was used for the survival and incubation
time analysis. Unpaired t test, two tailed, was used for p calcu-
lation. Statistical analysis and graphic representations were per-
formed with Prism software (5.0v GraphPad). Densitometric
analysis was performed using ImageJ software (1.48v).

Results

Different Prion Isolates Are Generated In Vivo

We have previously generated a synthetic prion isolate that was
challenged in wild-type outbred Crl:CD1(ICR) (CD-1) mice
producing a severe disease phenotype [23]. A second passage
transmission was then performed and 2 μL of brain homoge-
nate was stereotaxically injected in the hippocampus of CD-1
animals (n = 35). All mice succumbed to the disease with 100%
attack rate. Biochemical analysis of the CNS revealed that the
80% of the animals contained a PrPSc characterized by the
prevalence of the monoglycosilated band (PrPSc-M), while the
remaining 20% accumulated PrPSc with a prevalence of the
diglycosylated band (PrPSc-D) (Fig. 1a). The animals with
PrPSc-M had an incubation time of 130.90 ± 0.86 and a survival
time of 164.66 ± 2.81 (mean ± S.E.M.) (Fig. 1b, black line),
while the incubation and survival times of the animals with
PrPSc-Dwere 162 ± 6.18 and 227.50 ± 6.33, respectively (mean
± S.E.M.) (Fig. 1b, red line). Thus, animals with PrPSc-M were

characterized by shorter disease duration than animals with
PrPSc-D. Finally, animals with PrPSc-D gained weight in the
first stage of the disease which was then lost in the final stage,
while animals with PrPSc-M showed a constant loss of weight
(Fig. 1c). These results are summarized in Table 1.

Spleens and eyes of these animals were also analyzed to
assess the tropism of both isolates for peripheral tissues. We
have found PrPSc in the eyes of all the animals, which main-
tained the biochemical properties of those present in the brain.
On the contrary, mice with PrPSc-D in the brain did not have
PrP in the spleen, while mice with PrPSc-M had a strong PrPSc

signal in the spleen but surprisingly the biochemical profile of
this protein was different from that present in the brain. It was
indeed characterized by a prevalence of the diglycosylated
band (Fig. S1). However, PrPSc-M and PrPSc-D spleen-
derived PrPSc were subjected to PMCA analysis and showed
the amplification of diglycosylated PrPSc in both inocula (Fig.
S2). These observations indicate that PrP present in our inoc-
ulum was able to adopt two alternative conformations associ-
ated with different disease phenotypes.

Newly Generated Prion Isolates Produced Different
Neuropathological Alterations in Mice

Immunohistochemical analysis confirmed that PrPSc-M and
PrPSc-D produced different neuropathological alterations in
the brain of injected animals. In particular, after treatment with
PK, samples were immunostained with anti-PrP antibody
(6H4) and revealed that mice with PrPSc-M had a synaptic
and widespread deposition of prion throughout the brain. On
the contrary, mice with PrPSc-D showed prion deposition
mainly confined to the stratum lacunosum moleculare of the
hippocampus and to the deep layers of the cortex with the
presence of few plaque-like deposits, which did not possess
the tintorial properties of amyloid (Fig. 2a and Fig. S3). Glial
activation was found to correlate with PrPSc deposition (either
in terms of localization or in terms intensity of the signal),
which was different between both groups of animals
(Fig. 2a). Lesion profile was performed on hematoxylin and
eosin-stained sections in nine brain areas clearly showed that
PrPSc-M and PrPSc-D animals possess different topographic
distributions of spongiform alterations [7]. In particular, the
medulla and hippocampus are mostly affected in PrPSc-D an-
imals, while the thalamus and cingulated cortex are mostly
involved in PrPSc-M animals (Fig. 2b, c).

Newly Generated Prion Isolates Possess Different
Biochemical and Biophysical Properties

To better characterize the biochemical and biophysical properties
of PrPSc-M and PrPSc-D, we performed (i) PK resistance and (ii)
conformational stability assays. The samples were then analyzed
by means of Western blotting and densitometric analysis. The
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results were plotted in a graph and revealed that PrPSc-D ap-
peared to be more resistant to PK digestion than PrPSc-M
(Fig. 3a). Conformational stability assay revealed that PrPSc-M
is more stable against the GdnHCl treatment with respect to
PrPSc-D. Especially, significant differences were observed at
3 M concentration of chaotropic agent (Fig. 3b). To sum up, as
reported in Table 1, PrPSc-M is less resistant to PK digestion but
more stable against guanidine treatment than PrPSc-D which is
instead more resistant to PK but less stable in GdnHCl. We have
finally determined the concentration of GdnHCl required to un-
fold half of PrPSc [GdnHCl1/2]. As reported in the graph (Fig. 3c),
we found statistically significant differences between the
[GdnHCl1/2] of PrP

Sc-M (3.344 ± 0.1663) and the [GdnHCl1/2]
of PrPSc-D (1.904 ± 0.2695) (mean (M) ± S.E.M.).

PMCA Analysis of Newly Generated Prion Isolates

PrPSc-M and PrPSc-D were analyzed by means of PMCA to
assess their amplification’s efficiency and their ability to retain
the biochemical features of the original inoculum. Results con-
firmed that both isolates were able to efficiently amplify but,
regardless of the inoculum (PrPSc-M or PrPSc-D), the final
products of amplification were all characterized by a PrPSc with
a prevalence of the diglycosylated band (Fig. 4a). PMCA ex-
periments were serial dilutions of PrPSc-M and PrPSc-D (from
10-3 to the 10-12) were subjected to two rounds of amplification
confirmed that, regardless of the dilutions and the biochemical
profile of the inocula, efficient amplification of PrPSc charac-
terized by a predominance of the diglycosylated form of the

Fig. 1 In vivo generation of two newly prion isolates with distinct
biochemical and clinical characteristics. a Western blot analysis of brain
homogenates. The PrPSc signals were detected using 6D11 anti-PrP
antibody. Two biochemical phenotypes of PrPSc were found among
animals injected: 80% of animals displayed accumulation of PrPSc

characterized by the prevalence of monoglycosylated isoform of PrP
(PrPSc-M) while 20% of mice reveal accumulation of dyglicosylated
PrPSc (PrPSc-D). b Incubation and survival time of mice with PrPSc-M

and PrPSc-D. Statistical differences were found between the incubation
time (IT) and survival time (ST) of PrPSc-M (IT 130.90 ± 0.86, ST
164.66 ± 2.81) and PrPSc-D (IT 162 ± 6.18, ST 227.50 ± 6.33) (mean ±
S.E.M.). c Body weight assessment of animals with PrPSc-M and PrPSc-
D. Animals with PrPSc-D showed body weight increasing in the first stage
of the disease with a rapid decline only in the terminal stage. By contrast,
animals with PrPSc-M displayed constant decreasing of body weight

Table 1 Clinical features and
biochemical characteristics of
PrPSc-M and PrPSc-D

Body weight I.T. S.T. PK resistance GdnHCl stability

PrPSc-M Decreases 130.90 ± 0.86 164.66 ± 2.81 Low High

PrPSc-D Increases 162 ± 6.18 227.50 ± 6.33 High Low

I.T and S.T. (days ± S.E.M.) (n = 35)
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protein was observed (Fig. S4). This result indicates that the
biochemical profile of PrPSc-D was maintained while that of
PrPSc-M was lost during the amplification process and new
biochemical features were acquired. To have a better under-
standing of these data, we tested the fidelity of PMCA ampli-
fication by subjecting mouse adapted vCJD (MoPrP-vCJD)
and RML prion strains to several rounds of PMCA. MoPrP-
vCJD is indeed characterized by the presence of PrPSc-D, while
RML shows PrPSc-M. After amplification, the biochemical
characteristics of both prion strains were retained, thus suggest-
ing that PMCA is able to amplify different prion strains with
high fidelity. For this reason, the amplification products of
PrPSc-M suggest that a process of adaptation or selection might

have occurred and gave rise to the formation of an isolate with
different biochemical features.

Biochemical and Biophysical Analysis of the Final
PMCA Product and Comparison with the Original
Isolates

Final PMCA products (either from PrPSc-M or from PrPSc-D)
were subjected to biochemical and biophysical analysis, includ-
ing (i) PK resistance assay (Fig. 4b) and (ii) conformational sta-
bility assaywithGdnHCl (Fig. 4c). All the samples showed sim-
ilar resistance to PK digestion and stability in the presence of
GdnHCl, supporting the fact that, regardless of the inoculum

Fig. 2 Neuropathological characterization of newly generated prion
isolates. a Neuropathological analysis of animals with PrPSc-M and
PrPSc-D. Frontal cortex and hippocampus regions are shown. Animals
with PrPSc-Mwere characterized by synaptic-diffused deposition of PrPSc

while animals with PrPSc-D showed PrP immunoreactivity mainly
confined in deep layers of the cortex and stratum lacunosum moleculare
of the hippocampus. GFAP immunoreactivity correlate with PrPSc

deposition differences between PrPSc-M and PrPSc-D. b Lesion profile
of animals with PrPSc-M and PrPSc-D. Spongiform changes were

evaluated and scored on hematoxylin and eosin-stained sections in nine
brain areas: (1) dorsal medulla, (2) cerebellar cortex, (3) superior
culliculus, (4) hypothalamus,(5) thalamus, (6) hippocampus, (7)
septum, (8) retrosplenial and adjacent motor cortex, and (9) cingulated
and adjacent motor cortex. Animals with PrPSc-M were mainly
characterized by lesions in the thalamus and frontal cortex while the
hippocampus and dorsa medulla appeared most affected in animals with
PrPSc-D. (*p < 0.05, **p < 0.01). c Hematoxylin and eosin-stained
sections of the most affected brain areas
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(PrPSc-M or PrPSc-D), PMCAwas able to generate a unique iso-
late, termed PrPSc-PMCA. This isolate was characterized by the
presence of a PrPSc with a predominance of the diglycosylated
band. Since this biochemical profile is similar to that of PrPSc-D,
we wondered whether PMCA might have indeed preferentially
amplified PrPSc-D, thus demonstrating that it might coexist with
PrPSc-M.Surprisingly,PKresistanceandGdnHClassaysshowed
that PrPSc-PMCA possessed biophysical features quite different
from those of either PrPSc-M or PrPSc-D. In particular, PrPSc-
PMCA was much more resistant to PK and more stable in
GdnHCl thanPrPSc-MandPrPSc-D (Fig. 4b, c). These data show
that PMCAgenerated a third prion isolate.

RT-QuIC Analysis of In Vivo (PrPSc-D and PrPSc-M)
and In Vitro (PrPSc-PMCA) Generated Isolates

PrPSc-M, PrPSc-D, and PrPSc-PMCAwere finally analyzed by
means of RT-QuIC to assess whether these isolates were char-
acterized by different seeding activities. All the isolates pos-
sessed seeding activity of mouse recombinant PrP (23–230),
which was efficiently triggered by all of them, without

significant differences in terms of kinetic of aggregation and
fluorescence intensity (Fig. S5A). By further analyzing the
slope that numerically describes the steepness of the kinetic
curves, we have found that the slope of PrPSc-M was smaller
than that of PrPSc-D (Fig. S5B), thus further sustaining the fact
that both isolates are different from each other. The slope of
PrPSc-PMCA acquired an intermediate value between PrPSc-
M and PrPSc-D but still statistically different from either of
them. These findings suggested that also PrPSc-PMCA seems
to be a different strain characterized by its own seeding activ-
ity. As control, we analyzed the seeding activity of RML brain
homogenate either before or after PMCA amplification. In this
case, the slopes of the curves were similar and not statistically
significant differences were found, thus confirming that, like-
ly, PMCA amplified this strain with high fidelity (Fig. S5C).

Discussion

We have previously shown the in vivo infectious properties of
a synthetic prion amyloid prepared using recombinant full-

Fig. 3 Biophysical assessment of newly generated isolates. a PK
resistance assay. PrPSc-D isolates were characterized by high resistance
against proteolytic treatment if compared to PrPSc-M isolates, especially
at 100, 250 and 1000 μg/mL of PK concentration where the difference
reached statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001). b
Conformational stability assay. PrPSc-M isolates shown higher resistance
to chaotropic treatment respect to that of PrPSc-D isolates. At 3 M

concentration of GdnHCl were founded statistical differences between
PrPSc-M and PrPSc-D (*p < 0.05). c [GdnHCl]1/2 of PrP

Sc-M and PrPSc-
D isolates. After nonlinear regression (Boltzmann sigmoidal), the
concentrations required to unfold half of PrPSc were calculated with
GraphPad software. Significant differences (**p < 0.01) were observed
between PrPSc-M and PrPSc-D characterized by a [GndHCl]1/2 of 3.344 ±
0.166 and 1.904 ± 0.269 (GdnHCl (M) ± S.E.M.) respectively
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length mouse PrP and subsequently misfolded under con-
trolled biophysical and biochemical conditions [23].
Particularly, after amplification by means of PMCA, this iso-
late was injected in mice and produced a PrPSc with novel
strain-specified properties. In the present study, we analyzed
the effect of this isolate when challenged in a second in vivo
passage using wild-type CD-1 mice. All the animals
succumbed to prion disease but in their brains, we could detect
the presence of two different prions. In the 80% of the cases,
the protein was characterized by a predominance of the
monoglycosylated band (PrPSc-M), while in the other 20%,
it was characterized by a predominance of the diglycosylated
isoform (PrPSc-D). These differences in the biochemical pro-
files were associated to different (i) clinical manifestations of
the disease (including incubation time, survival time, and
body weight fluctuations), (ii) neuropathological changes (de-
position of PrPSc and spongiform alterations), (iii) biochemi-
cal and biophysical features of both PrPSc (PK resistance assay
and GdnHCl conformational stability assays), and different
seeding activities when assessed by means of RT-QuIC. In
particular, PrPSc-M induces a faster disease progression, was
less resistant to PK digestion, and showed a higher stability to
GdnHCl denaturation compared to PrPSc-D. Higher resistance

to PK digestion and lower stability in the presence of GdnHCl
than PrPSc-M instead characterized the latter, which induced
slower disease progression. Considering data from the litera-
ture, the conformational stability of prion strains appear close-
ly related to the clinical course of the disease [34]. For in-
stance, as reported for hyper (HY) and drowsy (DY) in ham-
sters, PrPSc associated to HY is characterized by high confor-
mational stability and induces faster disease progression while
that associated to DY possesses low conformational stability
and is responsible for longer disease duration. This correlation
was also found in our synthetic prion isolates, where PrPSc-M
is more stable and it induced shorter disease duration than
PrPSc-D, which in turn is less stable and leads to longer dis-
ease duration. As reported by previous studies [34–36], the
inverse relationship between PrPSc stability and disease dura-
tion cannot be assumed as general model, particularly in the
case of synthetically derived prion strains. Recent data [37]
suggests that this characteristic might be influenced by (i)
recPrP primary sequence of synthetic prions and (ii) the ani-
mal model used for bioassays.

Finally, RT-QuIC experiments showed that both iso-
lates possessed different seeding activities. Altogether,
these data support the hypothesis that the in vivo

Fig. 4 PMCA amplification and biophysical characterization of newly
generated isolates. a PMCA analysis of PrPSc-M and PrPSc-D isolates
and comparison with RML and mouse adapted variant CJD (mo-vCJD)
prion strains. PrPSc-M and PrPSc-D were amplified by means of PMCA
along with RML and mo-vCJD that were used as control to monitor the
fidelity of the amplification. Surprisingly, after PMCA, all the amplified
products were characterized by a prevalence of the dyglicosylated
isoform of PrPSc. By contrast, RML and mo-vCJD maintain their
biochemical features after the amplification. b PK resistance assay of

the amplified products. Compared to PrPSc-M and PrPSc-D, PMCA
amplified product possessed significantly higher resistance to PK
digestion at all concentrations of enzyme tested (*p < 0.05, **p < 0.01,
***p < 0.001). c Conformational stability assay. The densitometric
analysis was reported in the plot as % of folded PrPSc after the GdnHCl
treatment. PMCA amplified products possess higher conformational
stability profile that differ from that we observed in vivo either for
PrPSc-M or for PrPSc-D isolates especially at 4.5 and 6 M
concentrations of GdnHCl (*p < 0.05, **p < 0.01, ***p < 0.001)
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bioassay was able to generate two different isolates
that spontaneously arose from our original inoculum
due to mechanisms of selection or adaptation that are
not understood yet. It seems that the context of prion
replication plays an important role in guiding these
phenomena.

These insights suggest the intrinsically heterogeneous compo-
sition of prion strains and their ability to adapt in response to
environment pressure in agreement to the Darwinian evolution
theory [32]. Two main hypotheses were proposed as possible
mechanism: the Bcloud^ hypothesis and the adaptation mecha-
nism. The cloud hypothesis infers that the prion population is
composed of a multitude of conformational variants. Changing
the replication environment allows the most efficiently replicat-
ing variant to become the predominant component of the popu-
lation which then constitutes a distinct sub-strain [32]. On the
contrary, the adaptation mechanism consists of a long clinically
silent stage which is accompanied by a slow modification of the
biophysical and neuropathological properties of PrPSc. The long
adaptation period of synthetic prion when injected in animals is
attributed to structural changes of PrP conformation that, in a
mechanism named Bdeformed templating,^ lead to a generation
of an authentic PrPSc. The deformed templating mechanism pro-
posed that the first product of PrPC misfolding triggered by re-
combinant amyloids generate a self-replicating state of PrP
named atypical PrPSc. After several serial passages, the atypical
PrPSc gave rise to a PrPSc with specific biochemical and neuro-
pathological characteristics [38, 39].

When analyzing the spleen of PrPSc-M animals, we found
high accumulation of PrPSc whose biochemical profile was char-
acterized by the prevalence of diglycosylated band. These differ-
encesmight be due to different environments of replication (CNS
vs spleen) that might have selected the best isolate to replicate in
that context. The presence of different types of cells between
CNS and spleen, cellularmetabolism, and connectionswith other
tissues and fluids might have a role in this selection process.

We are not able to determine whether the generation of two
isolates is mainly due to either a process of selection or a process
of adaptation. Indeed, the original inoculum, although produced
using highly pure source of recombinant PrP and strictly con-
trolled biochemical conditions, might have produced different
isolates of misfolded PrP. When passaged in mice, only two of
these isolates seemed to replicate with higher efficiency com-
pared to others, which induced different pathologies. It is reason-
able to argue that, although not detectable, the other isolates
might still be present and able to replicate with lower efficiency.
The amplification of the two isolates might have also been fa-
vored by the characteristics of the outbred animals utilized in the
in vivo experiments. Recent evidence shows that minimal varia-
tions in the genetic background of the host animals can signifi-
cantly influence the biochemical features of PrPSc [40].
Therefore, differences in the genetic background of CD-1 ani-
mals might have favored the replication of PrPSc-M or PrPSc-D

while interfering with the replication of other isolates. However,
differences in the level of PrPC expression were shown to play a
role in driving the glycosylation pattern of PrPSc [41].
Considering that PrPSc-M and PrPSc-D differentially accumulat-
ed in distinct brain regions, we might speculate that such areas
might be characterized by the presence of slightly different levels
of PrPC that can significantly influence the glycosylation of our
isolates. Finally, the ubiquitin-proteasome system (UPS) and ly-
sosomal system may contribute to the prevalent selection of
some prion isolates and not others [22, 42–44].

Compelling evidence suggests that prions can change their
abnormal conformation in response to spontaneous events unre-
lated to changes of the environment of replication [45]. These
phenomena might also explain the appearance of new prion
strains after inter-species prion transmission. In this scenario,
the pressure exerted either by the new environment or by the
differences in PrPC sequence might force the protein to misfold
with different conformations.

As observed for natural-derived prion strains, also, synthetic
prion strains may undergo a process of adaptation after animal
passages [20–22]. Hamster synthetic SSLOW strain required
four serial passages in wild-type Syrian hamsters before being
stabilized and able to induce reproducible neuropathological al-
terations. The effects of strain selection and adaptation seem not
to occur in the case of well-adapted prion strains like classical
RML, where no differences were reported after its inoculation in
different strains of animals (either genetically modified or wild-
type). Differently to RML, our original inoculumwas not cloned
throughout several passages in mice; thus, it might be exposed to
a strong process of selection due to several factors described
above. These data show that either the environment or other
factors contribute to (1) altering the conformation of PrP giving
rise to new ones whose replication is more efficient in the mod-
ified environment or (2) favoring the replication of few prion
isolates over others that might coexist in the same strain.

Through PMCA analysis, which is able to mimic the process
of in vivo prion replication, we further assessed the ability of both
PrPSc-M and PrPSc-D to adapt their conformations by changing
the replication environment. Surprisingly, after one round of am-
plification, both PrPSc-M and PrPSc-D gave rise to a different
amplified product (PrPSc-PMCA), which was not found in vivo.
The latter, although bearing the same biochemical profile of
PrPSc-D, possessed biophysical properties that were quite differ-
ent from those of PrPSc-M and PrPSc-D. We do not know the
precise mechanisms involved in this selection but a fundamental
aspect that we need to consider is that PMCA provides solely the
permissive environment for prion replication, without the pres-
ence of any cellular mechanisms like proteolysis (the substrates
were prepared in buffers containing protease inhibitors) and acid-
ic pH compartments. Acidic pH of endosomal compartments has
been suggested as relevant for PrPC/PrPSc conversion [46], while
the pH of the PMCA reaction is neutral, homogenous, and stable.
Thus, the replication of a third isolate might have prevailed over
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the others. Indeed, PMCA exposes the samples to high-power
cyclical sonication and can contribute in changing the biochem-
ical and biophysical features of the final amplified product. The
PMCA amplified isolates are likely to be infectious since data
from the literature indicate the ability of PMCA to produce bona
fide prions able to retain their biological and infectious features
when injected in animals [47–50].

Likely, the context of PMCA amplification can impose an
evolutionary pressure that may select the isolate able to better
replicate in this environment. Therefore, we can infer that the
PrPSc conformation amplified by PMCA might have been pres-
ent in all the animal brains but was not able to replicate in vivo.
Recent data show that recombinant prions can be selected by
changing polyanionic cofactors in the substrate of PMCA [51].
The presence of cofactors is not necessary for in vitro prion
propagation but appeared involved in the selection of specific
sub-strains. In conclusion, our data indicate that prion selection
and adaptation are phenomena that may occur in response to
changes in the context of replication. Events of prion selection
were already observed after pharmacological treatment of cell
cultures [32] or infected animals [52, 53] where the generation
of drug-resistant variants of the original PrP strain were de-
scribed. This is because the pharmacological treatments were
able to modify the environment, thus inhibiting the replication
of specific strains while selecting drug-resistant conformations
that can replicate in the new environment and sustain the patho-
logical process. Thismight explainwhy there are still no effective
therapies for these devastating disorders. The possibility
to modulate the replication environment by exploiting in-
novative techniques such as PMCA and RT-QuIC would
help to an understanding of the mechanism of prion se-
lection and adaptation in response to cellular environmen-
tal changes and identify novel pharmacological target for
anti-prion compound.
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