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| Fig 4 Cbamc:mzanon of prion protein (PrP) in protedse-
sensitive pnanapa;by PSPr). (A) On conveéntional immuno-
blots, prata#dst K (PE)—resistant PrP is undetzitable in
nenprion disease conttol subjects (non-PrD) and PSPr pa-

Hents, although it is prominent in sporadic Crentzfeldr—jakob

disease (sCJD). (B) PK-resistant PrP from -non-PrD¥ and PSPr

is not detectable even afier treatment with low PK concentra-

tions, but only in sCJD tontrol, when probcd with the mono- .

clonal antibody, 3F4. (C) Subcortical regions of three PSPr.

. cases treated with PK 1t 50pg/ml beﬁre Western blor mbm‘
- with 3F4 Jhowed various amounts of PE-resistant PrP in
three PSPr cases. Samples from temporal cortex (Tc). weré used
as controls. (D) When the same samples used in (B) are -
probed with 1E4, moderasely PR-resisiant PrP fragmienits
Jorming.a ladder are observed’ (A, B, D) Tissues are from the

- frontal cortex. BH = brain homogenate; Py = putamen;

SN = sibstantia nigra; TI = PrPF type 1 control: T.Z =
PrPr. gpe 2. conrrol, TIJ = tbdlamm :

thou.gh the binds wete much rnorc promment when

~. probed with 1E4 (see Fig 5B). The abnormal PrP cn-'

richment experiments confirm char, in PSPr patu:nts,
there is -miich less abnormaf PrP than in*sCJD, and
that ‘the propostion of abnormal PrP that is PK resis-
rtant is much smaller.’ '
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3F4

Prion. Protein Sedimentation in Sucrose Gradients

. After sucrose grédicnt sedimentation, 30% of the total

PrP from the PSPr patients was recovered in fractions
7 to 11 containing large aggrepates, whereas these frac-
tions accounted for only- 5% of the total PrP in
nonprion .disease’ subjects (Figs 6A, B, E). The same
fractions contained abour .24 and 58% of the total PrP

_ --in” GSS . patients with the Al1I7V murtatioh and
* sCJDVV1, respectively (see Figs 6C-E). Also, the per-~

centages of PrP recovered in fractions 2 and 3 differed
significantly between PSPr and nonprion disease. PSPr

- differed from GSS in fractions 7 and 8, and from

Direct . g8p
loading capture

3100 100 '3 " 3 3

Direct o5p
krading capture

Sl

o PR -
: (50 pg/mi} Ps‘Pr o SCJD

' 3F4 .

S NaPTA precipitation

S1ui).. 200. 500 5 § 200 _500
E: I

CUOPK s - = .k
(SOpgimly PSPr - sCJD’ PSPr-

34 1E4.

Fzg 5 Capture by g5p (A} and sodinm pbaspbatungmte

- (NaPTAY (B) of prion protein (PrP) from protease-sensitive

pnarzapat})y (PSPr} and sCIDMMI (poradic Crmtzfe'ldt— -

- Jakob disease). Probing with 3F4 of 154 affer smppmg The

same ladder. of protema:e K (PR)—resistant PrP as in Figure ~

" 4D is detectable in PSPr preparations afler lmzzgy loading of

the gel. S1 = sipernatant of brain bomagmaie obtained after

* low-speed centrifugation (1,000g for 10 minutes).
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* Fig 6, Prion protein (PrP) prqﬁls in sucrose gmdzmt sedimen-

tation. -(A) Nonpnon disease (non-PrD); (B) protease-sensitive

. pnono_pat/y (PSPr); (C) Gerstmann—Stritussler—Siheinker disrase
(GSS) with the A117V mutation (GSSA117V); (D) CIDVVE;

(). BrP. distribitsion in-the fractions plotted as percentages of

-the total PrP. Although the amvunts qf PrP from PSPr are.

similar 6 those of non-PrD. subjects in _fractions. 1 and £ to 6,

. they differ significantly in framtions 2, 3, and 7 1 11, andabo. .
Llearly differ from GSSALIFV in fractions 7 and 8 and :
" sCIDVVI mﬁamam I, 2, and 9 to 11. PSPr fractions 8 to

1 1 alfa have g distinctive low double band (B, arrowheads) not

S pmen: in the ﬁamam From non-PrD, GSS, and sCIDVVI, .
=6 for non=PiD (green bars) n =G for PSPr {ced ba.rs),
% = 3for GSS (yellow bars) and n =7 for :CJDWJ (blue

bars) Vettical bars refér 2o staridard deviations. Asterisks de-

| iaté PrP fractions from non-PrD;*GSS, and sCIDVVI that by
- statistical analysis aie significantly different from corresponding
PSPrﬁamam. *p < 0.05; “p <0.05; *p < 0001
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sCJD in fractions 1, 2, and-9 to 11 (see Fig 6E). In
addition to the quandtative differences, the electro-
phoretic profiles of the high-molecular-weight aggre-
gates from PSPr also differed from those of honprion
disease, GSS, and sCJDVV1 subjects: the lower band
was double in PSPr but single in other conditions {se¢
Figs 6A~D). Comparable data were obtained after gel
filtration fractionaton, which demonstrated that PrP
apgregates exceeding 2,000kDa were more abundanc in -
PSPr than in nonpnon disease control subjects but
much fewcr than in sCJD (dara not shown).

Dlscuss:on .
We report 11 patients affected by a disease that in-
volves abnormal PrP and has homogencous and dis-

. tinctive features’ (Table 2). Based on several lines of

evidence, we'argue that these features allow for the sep-
aration of this condition from all known forms of hu-
man prion disease. First, the abnormal PrP associared
with this disease is predominantly, and in several brain

- regtons almost exclusively, sensitive to protease or PrPs,

and the PK-resistant PrP isoform or PrPr has a distinc--
tive electrophoretic profile. The high sensitivity to PK

. and the distinctive electrophoretic. profile of the abnor-
~‘mal PtP clearly distinguish these cases from cach of the
* five subtypes of sC]D.and from s,porachc fatal insomnia

(sFL); .thé known human sporadic. prion d.lSCﬂSCS -For

. example, compa.rcd with sC_]DMMI -the ‘most . .com-
. mon and typical sCJD,2 these. cdses have 16. fimes Jéss -

total -abnoymal PtP,. and the fractlon of the total ab-

" normal PrP. that is PK rcSISta.nt is: nca:ly.ti times less.-

Furthermore, the ladder:like electrophorcuc profile of
the PrPr associated with ,this Londition has not- been

_ observed ineither sC]D or sFl, all of which mstead are -

characcenzed by the: presence of .the well-known PiPr

_type’l or 2." When preserit, the traditional PPr, com-
.monl)r called PrP27-30, was located in-subcortical re-

gions and was.of type 1, another. combmanon not ob-
served in. sporadic human ‘prion diseases.! Second, .
these cases are also, homogeneous as for the PrP coding
genotype because they are all homozygous ‘for valine ar
codon 129 .of the PrP gene, the site of 2 common me-.

- “thioninefvaline. polymorphxsm 2% Valine homozygosity

in white individuals is the raresc 129 genotyps, being’
found only“in 12% of people.”® The.sCJD subtypes -
associated: with valine homozygosity, sCJDVV1 and

SCJDVV2, have been well characterized and differ .
. fromn these cases phenotypxcally and for the character-

istics of the abnormal PeP.! Third, the patera of D:P

.immunostaining and the presence of swructures with _
. the features of poorly formed plaques. that we observed -

in the cerebellum sre to our knowlcdge unprcccdcnted
Lastly, the clinical presentation and initial course that
prominently features relauvcly slow .cognitive detenora—
tion, occasional gait impairmen, and indontinence has
evoked the diagnoses of normal pressure hydrocepha-

" Gamberti et al: Novel Human Prion Disease 705
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Table 2, Sum.ma.ry of Protease-Sensitive Pnonopathy Commnn Featu:es

Intense stining Minimal
with distinct amount of . Demendia with homozyposity ac
tAeEer parcern PK- age ac onser < codon 129 No - &
in cerebral resistant 1 yr (214)" mucation in the -
gray matecr; PP PP pene coding -

- and dot forming 2 region c
pattern in ladder-like i
cezebellar G‘a’mm on A
molecilar layer cstern &

blo:

-.h): e o
'C"c“ﬁ-&?f '}fﬂigb e ‘yl;K Rrg)gi_:masp-,l\(a_,

Valine

Demencia (.81;10)"

Qe piig
ok @%@P{E% “Brion plotein; IHC .= imimnohisio

lus,. diffuse Lewy body disease, or frontotemporal de-
mentia, whereas prion disease was suspected only at a
[ater stage based on the reladively shore duration.
Although these cases can be-easily distinguished: from
“sporadic prion diseases, some of ctheir features such as
ovcrrcprescntanon of PrPs and the mu.luple PX-
resistant PrP fragments, have been reported in GSS.*
However, all cases of GSS reported to date are associ-
ated with a mucation in the cod.mg rcglon of the PrP
gene or immediatély adjacenc to ic*
cases carried such mutadon. Moreover, the ladder—liké,
PK-resistant, PrP fragments observed in our cases are
preférendially ‘decected with 1E4 bur nat with 3F4,

A

Surveillance Center during the same time period as
- these 11 patents, making PSPr about as common as
some ‘of the well-known éparadic prmn diseases (such-
as sSCJDMM2, sFL; and sCJDVV1).2 Furthermore, be-
cause the clinical presentation and the duration of

. PSPr often do not point to the diagnosis of prion dis-

“ease, some cases of PSPr may currendy be classified

' wmhm the group of non-Alzheimer’s deméntias: and-

None ‘of these -

“which obviously separates these cases from GSS carry- :

ing’ the multiple PK-resistant PrP fragments. In 2 re-

) mfectwll:y, and classlﬁcauon of PSPr.

cent study, 'we observed that although 1E4- and- 3F4

“havé' ddjacent epitopes afong human PrP residues 97-
* 112, their accéssibility to these epitopes is different be-

"+ éanse’ of different neighboring N-terminal’ residues.® 1t

“is ' possible that the "1E4 selectively  détected PK-
 resistant PP fragments have N-terminal starrng sites

~ chat arte différenc from those of the well-characterized

PrPr types I and 2. The earier evidence clearly indi-
cates that-this condition -differs frorm GSS, although
* the possibility that ‘it represents the long-sought spo-

~tadic form of GSS remains to be excluded. Six of the -

- 10 patients with-obtainable pedigree had a family his-
‘tory of dementia that cannot be ignored, yet none car-
"ried ‘2’ mutation in the PrP gene ORF. Therefore, at
- least in’ somie .cases, a causative mutdtion may be lo-
"catcd outside the ORF of the PcP genc, ‘a condmon
nevei obseived in human prion diseases.!
"All these’ considerations argue that the 11 patzcnts
P were affected by 4. novel. conditioni involving the PrP
-that cannot be classified within the spectrum of . cur-
- renely “known ‘human prion diseases. We suggest -the
designation. of PSPr to emphasize a major distincdive
. feature (see Table 2)..

vestigated further. Shouldithis;be the case,
¢ more common than this’study suggests.

the ﬁndmg that about 76% of the detectable abnormal -~
PrP is PK sensitive not only hinders the dmgnosxs bue - -
also has-implications concerning origin, pathogemuty, .

The discovery of PiPs has opened aﬂcw ch p
pnon diseases.*171? The dcmonstrat_:on. that PrPs forms

- binant I’r,P into. amyloid, " -
dcf mng ﬂzatures with PrPr. Howcﬁ:r,sthc !pal:hogcnctlc
meéchanisms of PrPs in the absence of Pilr and, there- -
fore, the nature of the prion diseasés associated wn:h
PrPs currently Temain conjectural.. : ,
. Prion diseases associated with PrPs; i in the prcscncc '
of rmmmal or no PrPr, have been modeled and studied.

~in dcteul in a variety of transgenic (Tg) mouse lines

carrying miousc. homologues of human PrP gene:mu-. .

_ tants or ovcre:(prcssmg PrPC.'#39733 Tyjo Tg mouse

models appear relevant.to chese cases. . -
In the first model, Tg mice expressmg high levels of

- mouse PIP carrying the P101L mueition, the ‘mouse

Compared with other humian prion ‘diseases, PSPr is .
- not exceedingly- rare; because it accounts for about 3%
of all sCJD and 16% of all valine homozygous CJD .

“accessioned by the Nadonal Prion Disease Pathology
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equivalent of the human P102L mutation associated
with 2 GSS phenotype,***?* spontaneously developed
a ncumdcgcnerauve process characterized by SD and
prion’plaque formation. After inoculadon, chey trans-
micced 2 disease phcnotyplcally similar o P10IL-
mutated Tg mice but not to wild-type mice. As in our
 cases, the affected mice had PrPs but no, or minimal
amounts of, PrPr, indicatitig thac PrPs can be associ-
ated with a prion disease that is  under certain condi-

Thc small amount of PsPr associated with PSPrand: -



tions transmissible and has a histopathological pheno—
type displaying general features of prion diseases.'?

In the second medel, Tg mice carrying the P101L
mutation were inoculated with brain homogenate from
patients affected by a subtype of GSS P102L charac-
terized by the exclusive presence of an approximarely
8kDa PK-resistant fragment reminiscent of the approx-
imarely 6kDa fragment cbserved in small amounts in
our cases. The inoculated Tg mice remained largely
asymptorharic, buc ac histological examination, they
displayed PrP plaques and had minimal amounts of
PP They failed to transmir the disease to wild-type
mice, but inoculation to P101L-muitated mice resulted
in the formation of PrP plaqucs in the absence of din-
ical disease.

These moiise models and' now our cases raise issues
with the definition of prion diseases. Currently, it is
unclear whether PSPr is transmissible because time-
consuming -transmissibility experiments to different

lines of Tg mice and in vitro. PrP replication are still

ongoing. SHould PSPr not.be transmissible, the ques-
tion is whether it is a prion disease. A similar ques-
tion can be raised for GSS, of which to date only one
subtype ‘has been shown to be consistently transmis-
- sible.® The issue is further compoundcd by the fecent
evidence that. am}rlold B, the paf.hogcmc peptide of
Alzheimer's discase, has the PIOpensity to rcphcate af-
ter inoculation into susceptible Tg mice . in .a
- conformatlon—dcpcndcnt fashion reminiscent of pri-
~ons.”® These findings appear to blur the once tight

association of prion diseases and transmissibility. Tt

‘may be moreé practical to apply the label of prion dis-
eases to all conditions in which the PrP is abnormal
and a appears to play a central role in the pat_hology.
in all prion diseascs known to date and in PSPr.”’ In
contrast, one might reserve the qualification®of trans-
missible to those prion diseases thar can be. transmit-
ted to recipients 5pres.«nng relatively normal amounts
of wild-type PrP.?

The finding chat several PSPr patients had first-

degree relatives diagnosed with. dementia necessitates

a search for an underlying genetic cause. In AD, the
discovery- of mutations outside the gene of the amy-
loid precursor protein (the central protein’in AD, as
PrP is in prion diseases) has provided a wealth of in-
formation rcgardmg pathogenetic mechanisms of
AD.?¥ Similarly, the discovery of a mutation outside
the PrP gene ORF. capable of generating a prion dis-
ease may greatly expand our understanding of patho—
genetic mechanisms and ‘the role of PtP in prion dis-
eases.
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SUMMARY

Prions are unconvent:onal mfect:ous agents com-

E posed exo!uswely ‘of mlsfolded pnon Protein (PrP%9),

which' transmifs the disease by propagatmg its ab-
normal conformation to the cellular prion protein
{PrP%. A key characteristic of prions is'their species

- barrier, by which prions from one species can only_

infect a limited number of, otherspecles. Here, were-" (Hill- and’ Collinigs; 2004): anry mterspwes ‘inbmission is

“usually'not very offi meht_ a g"lt takes'dllong timé foir the. prion
-replication proeess 'to reach the pomt t:

port the gef ’ahon of infectious prions by interspe--
cies transmission  of PrP®® misfolding by in vitro
PMCA amplification. Hamster PrP® misfolded by

“mixing with thousé -PrP® generated unique prions-
. that were infectious to wﬂd—type hamsters,,and sim--

" flar results were obtained in the: opposite direction.

INTRODUCTION . .

Successive rounds of PMCA. ampllf‘cat;on result in

" “adaptation of the in vxtro-produced pnons, in a pro-

cess reminiscent of stram stablllzatlon observed

.upon serial passage in vivo.. -Our. results: lndlcate"_
that PMCA. is a valuable tool for the investigation of.

cross-species transmission and. suggest that spe-

‘cies barrier and strain generation are determmed by

the propagation of PrP misfolding:

" Prion diseaseé also known as transhissib!é sporigiform enceph-
" alopathies (TSEs) are infectious neurodegenerahve diseases af-

: 'fectmg the ‘brain of humans and- several spec:es of mammals

(Collinge, 2001}, Creutzfeldt-dakob disease {CJD) is the most
comnon TSE in humans, and scraple in shep, bovnne spongi-"

~ form encephatopathy (BSE) in cattle, and chronic washng dis-

" ease (CWD) in cervids-are the'most prevalent prion diseases in

animals. Unlike conventidnal infactious microorganisis, the

* TSE agent appears tobe devoid of genetic matériaf and instéad
" composed exclusively by a misfolded form of the prion protein
" (PrPS} (Prissiner, 1998). PrPS® has the unprecedented ability to
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" and Collinge, 2004; Moore- et al_;

replicate in the body by inducing the misfolding of the cellular
formof the prion proteln (FrP9).

One of the characteristics of the agent responsible for prion
diseases is its ability to infect some species and not others (Hill
2005). This phenomenot is
known as specias banier. Eveénbetwesn close species; the spe-
cies barier is manifested as an incomplete attack rate and a pro-
lorigaition of the timie it'takes for-animals to develop the clinical
disease when injected with*another: specles infectiols: matenal

ich fu I_:vfown clinical
disease appéars. After sequentlal passagas thé Prl?s" tithe new
host adapts, resurtmg ina shortage of the' |ncubation penod and

-stabilization of the newstralin {(Hill and-Coﬁlngé 2004]

Compelling” e\ndence “iridicates” that the spemes bamer is
largely controlled by, the sequerfeé of PP (Moore et al., 2005},
Unfortunately, we cannot predict the degree ofa specnes barrier
simply by comparing the prion proteins from two species. The
parrier has to be measured by experimental studies in animals.
These studies are long and costly, and in the case of the human

-species barrier, the studies have to be dorie with experimental

models, the validity of which is not absolutely guarantied. Evalu-

“atiori of the species barrier is of trémendous medical importance

for risk assessmeﬁt and to implement. regulatory measures to .

" avold spreading of diseases {Moors et al., 2005). At this time,
“the- epidemiological evidence- suggests® that .among animal

" . TSEs-only cattle BSE has been transmitted to humans, generat-
" ing a variant form of CYD (vCJID) (Will et ak, 1998). it is uniikely
“that sheep scrapieis & concem for humans, because the disease

has been described for centuries and ng increased prevalence of
human prion diseases has been found in scrapie-endernic areas
{Caramelli et al., 2006; Hunter, 1998). However, the appearance
of “atypical™ strains of scrapie, as well as the known transmis-
sion of BSE to sheep, has generated néw concefns of numan
infections with shieep-derived " material - (Buschmann and’
Groschup. 2005; Huntet, 2003). Similarly, the. possibility that
some "of. the newly identified” amma.l prion diseases, such as

~ CWD, could be- transmxtted to humans cannot beruled out at .
the present tnme (Wﬂhams 2005; Xie et al., 2005)
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