a side effect (195, and PPS administration risks brain
hemorrhage due to its anticoagulant activity.

5. Polycationic compounds

Palycationic compounds, including branched polymers of
polyamidoamide (PAMAM), polypropylencimine (PPI) and
polyethyleneimine (PEI) (64, cationic phosphorus-containing
dendrimers  (P-dendrimers) (65), cationic lipopolyamine
DOSPA (66, and cationic polysaccharides (¢7), have also
been reported to be antiprion agents, reducing PeP5¢ levels
in infected N2a cells.

Supattapone et al. showed that PAMAM, PPl and PEI
dendrimers decreased PrP* and prion infectivity in infected
N2a cells in a dose-dependent manner (6i6s]. PAMAM
generation 4.0, PPI generation 4.0 and high-molecular weight
PEI had a half maximal inhibitory concentration (ICs;)
value of 80 ng/ml (ss). Structure-activity studies revealed
that a high surface density of primary amino groups is
required for activity 68). The authors also showed that PPI
labelled with fluorescein isothiocyanate accumulated in
lysosomes in N2a cells (64 and that the antiprion activity
was attenuated by chloroquine (3], suggesting that lysosomes
might be the site of action for the agents. Moreover, incuba-
tion of purified PrP> with PPl dendrimer rendered the
PrP5¢ susceptible to protease K digestion (s4). However, PPI-
mediated denaturation activity was strain-specific, being
effective against PrP* from BSE-infected brains, but not
from natural sheep scrapic-infected brains (s4). Taken
together, these results indicate that the antiprion activity of
the polycationic dendrimers might be attributable to their
effects on PrP* degradation in lysosomes.

P-dendrimer generation 3 (pd-G3), pd-G4 and pd-G5 are
synthesised  cationic  branching molecules  containing
phosphorus atoms at each branching and protonated terminal
tertiary amines [65]. These molecules are less toxic and more
stable, compared with PAMAM, PPI and PEI dendrimers [s5.
Solassol et al showed that the IC,; values for pd-G3, pd-G4
and pd-G5 were 10, 1.5 and 5 pg/ml, respectively, in N2a
subclone cells (N2a#58) infected with 22L prion (&5, They
also showed that pd-G4 (50 or 100 pg/mouse) reduced
PrP* in the spleens of mice infected with CS06M3 scrapie
prions when intraperitoneally administered every 2 days
from day 2 post infection to day 30 (65]. The mechanism
for the antiprion activity of P-dendrimers might be the
same as or similar to that of PAMAM, PPl and PEI
dendrimers. Pd-G4 also rendered pre-existing PrP* in the
brain homogenates from different animals infected with
263K, BSE, Chandler and 22L prion strains susceptible to
protease K treatment (¢5].

Winklhofer and Tarzelr showed that DOSPA, a cationic
lipopolyamine, decreased PrP* in infected N2a cells by
stimulating degradation of pre-existing PrP* and by blocking
de nove formation of PrP (6s). Structure-activity analysis
revealed that lipids with a headgroup composed of the
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polyamine spermine and a quarternary ammonium ion
between the headgroup and the lipophylic tail may
effectively reduce PrP* in cells (s6).

Cationic  polysaccharides ~ were  synthesised by
conjugation of various oligoamines (propane-1,3-diamine,
spermidine, N, N-bis(2-aminoethyl)-1 ,3-propanediamine,
N,N-bis(2-aminopropyl)-1,2-ethylenediamine or spermine)
to polysaccharides (dextran, pullulan or arabinogalactan)
and investigated for their antiprion activity in infected
N2a cells (67. These compounds are water-soluble,
relatively non-toxic, biodegradable and biocompatible (7.
Dextran-spermine was the most potent, reducing PrP%
to undetectable levels in cells at a concentration of as low as
31 ng/ml after 4 days of exposure (67

6. Amyloid-binding compounds

6.1 Congo red and other amyloid-binding dyes
Caughey and Race examined the effects of the amyloid-
binding dye, Congo red (Figure 3A), on PrP% levels in
infected N2a cells, showing that Congo red could reduce
PP levels (691. Other amyloid-binding dyes, including
Trypan Blue (Figure 3B), Evans Blue (Figure 3C), Sirius Red
F3B (Figure 3D), Primuline (Figure 3E) and Thioflavin-S,
were subsequendy investigated using the cells (70711, Sirius
Red F3B decreased PrP 1o a similar extent as Congo red,
whereas the others were less effective [71). The antiprion cffects
of Congo red were then investigated using experimental
animals (7273). Hamsters intracerebrally infected with 263K
prion were intraperitoneally inoculated with Congo red (72,
The treated hamsters developed the disease significantly later
than non-treated animals when the treatment was started by
2 weeks, bur not from 3 weeks post infection [72). These
results indicate no therapeutic effects of peripherally infused
Congo red against clinically advanced diseases.

Congo red is toxic and does not cross the BBB [74),
Moreover, its benzidine spacer is potentially carcinogenic (751.
To improve these undesirable properties and to enhance the
antiprion activity of Congo red, several groups carried out
structure-activity relationship studies using various Congo
red analogues [73771. An analogue comprising a single
naphthalene group markedly reduced the antiprion activity
in infected N2a cells (75771, suggesting that the whole
molecule is required for full antiprion activity. Analogues
containing cither a spacer replaced with less toxic moieties
or the sulphonate groups with carboxylic acids, which might
improve the BBB permeability of the compounds, or the
amino groups with hydroxyl groups or its acylation with
trifluoroactamide, were synthesised and investigated for their
antiprion activities in infected N2a cells 7577, None
increased the activity (7577] although some compounds
inhibited PrP* accumulation in the cells ac high concen-
trations (100 pM) (7576]. However, at low concentrations
(1 pM), they increased PrP> levels above those of untreated
cells (75761, To successfully synchesise lower toxic and higher
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Figure 3. Chemical structures of amyloid-binding compounds: Congo red (A), Trypan blue (B), Evans blue (C), Sirius red (D),
Primuline (E) and BF-168 (F).
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BBB-permeable analogues of Congo red with similar or even
higher antiprion activity, further structure-activity studies
might be needed.

Mechanisms for the antiprion activity of Congo red or
ather related compounds are not fully understood. It was
shown that PrP* bound with Congo red was highly resistant
tw chemical and physical denaturation trearments (78,
therefore Congo red might overstabilise the conformation of
PeP%, thereby impairing the activity that might be essential
to convert PrP to PrP%. It is also suggested that, like
polyanionic compounds, Congo red may inhibit PrP*
formation by interfering with interaction between PrPs
and endogenous GAGs because Congo red was reported to
block their interaction [47].

6.2 Blood-brain barrier permeable

amyloid-binding compounds

Ishikawa er al synthesised the unique antiprion compound
BEF-168 (Figure 3F), which is a styrylbenzoxazole derivative (791
BF-168 is structurally related to Congo red, but showed
higher permeability through the BBB without apparent
toxicity in mice when intravenously administrated with
doses of ~ 10 mg/kg (79). BF-168 accumulated at amyloid
plaques of PrP* in the brains of infected mice (79, giving
rise to the possibility of in vive PrP* imaging. In addition,
intravenous administration of BF-168 (4 mg/kg body weight
of mouse) once a week from 4 wecks post infection slighly,
but significantly, extended incubation times by 5.6 days in
PrP=-overexpressing Tga20 mice that had been infected
with RML prions (79). However, the effects were marginal
and specific to prion strains, effective against RML, but not
221 or Fukuoka-1 prions [79].

The same group also developed another amyloidophilic
compound, cpd-B, and showed that it decreased PrP* levels
in infected N2a cells at IC,, values of ~ 60 pM (so]. They
also showed that cpd-B could effectively enter the brain and
significantly extended incubation times in infected mice even
when orally administrated (s0). Tga20 mice intracercbrally
infected with RML prion were orally administered cpd-B
(0.2% weight in the feed) through the infection and the
incubation times were much extended in the treated mice
by 85.8 days (s0). However, similarly to BF-168, the effect
of cpd-B was strain-specific, most effective for RML prion,
less effective for 22L or Fukuoka-1 prion and marginally
effective for 263K prion (s0). It remains to be investigated
whether this compound could also be therapeutically effective
in animal models.

6.3 Tetracyclic compounds

Anthracycline 4-iodo-4"-deoxyrubicin (IDX, Figure 4A) is a
derivative of doxyrubicin, an anticancer drug (81}, and binds
to various types of amyloid, including PrP% amyloid s2).
IDX belongs to a family of tetracyclic compounds, such as
tetracycline and doxycycline (Figure 4B). This family of
compounds contains a hydrophobic core with hydrophilic

substituents, the structure commonly observed in other
amyloid-binding compounds, such as Congo red, suggesting
thar this IDX structure might be involved in the interaction
with amyloid.

IDX. tetracycline and doxycycline showed a unique
antiprion activity. Preincubation of homogenates from the
263K prion-affected brains with IDX (2.9 mM), tetracycline
(I mM) or doxycycline (I mM) reduced infectivity
of the homogenates (83). Teteracycline or doxycycline
could revert PP purified from vCJD patents, BSE
catle and 263K prion-affected hamsters to the protease-
sensitive  PrP  (s3. Moreover, tetracycline disrupred
amyloid formed by the PrP-derived peptide, PrP106-126 [s4).
Therefore, it has been suggested that the antiprion
activity of these tetracyclic compounds might be attribuc-
able to their amyloid destabilisation activity. Their
therapeutic  effects still remair o be investigated in
animal models,

7. Suramin

Suramin (Figure 5) is an organic sulfated polyanion like PPS
and DS500 and has some structural homology to Congo
red, Suramin decreased PrP* in infected N2a cells (34.45,85].
Moreover, peripherally administrated suramin  exhibited
small, but significant, benefit in hamsters, which have been
intraperitoneally, but not intracerebrally infected with 263K
prion [62). Treatment with suramin three times a week either
just before or just after infection extended incubation times
by 8.3 or 10.0 days, respectively 621. In contrast, no effect
was reported in intraperitoneally infected hamsters when
suramin was administrated four times every week, starting
one week post infection (62, These results indicare that
peripheral administration of suramin seems t have no
therapeutic effect.

Suramin was reported to induce aggregation of PrP< in a
postER/Golgi compartment and block fusther trafficking of
PrP< to the cell membrane (ss). Aggregates of the misfolded
PrP were instead transported to lysosomes, where the aggre-
gates were degraded [85], It was also shown that suramin
induced misfolding of PrP* on the cell surface, stimulating
internalisation and subsequent intracellular degradation of
the misfolded PrP< (s6). Therefore, this suggests that the
antiprion activity of suramin might be due to misfolding of
PeP* in a postER/Golgi compartment and/or at the cell
surface, followed by enhanced degradation of PrP<.

8. Tetrapyrrolic antiprion compounds

Tetrapyrroles, such as porphyrins (Figure G6A) and
phthalocyanins (Figure 6B), belong to a large family of
compounds that include the biologically important haems
and chlorophylls (s7). Caughey and colleagues first showed
that porphyrins and phehalocyanins have an antiprion
activity (88}, reducing PrP levels in infected N2a cells (59.90.
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A: IDX

B: Tetracyclines

Figure 4. Chemical structures of tetracyclic compounds of anthracycline 4"-iodo-4"-deoxy-doxorubicin (A) and tetracyclines (B).
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Figure 5. Chemical structure of suramin.

Among > 30 different porphyrins and phthalocyanins
tested, the authors found that about two-thirds were able to
inhibit PrP* formation in the cells (8. Some porphyrins
and phthalocyanins were examined for their therapeuric or
prophylactic effects on prion diseases using Tg7 mice infected
with 263K prion (91.93]. Phthalocyanine tetrasulfonate (P<TS,
Figure 6C), when intraperitoneally inoculated on the day of
infection followed by further inoculation 3 times a week for
4 weeks, prolonged incubation times by 135.0 days in the
mice (91]. However, late treatment with PcTS, starting from
56 days after infection, showed no effects (21). TMPP-Fe?*
(meso-tetra[4-N-methylpyridyl]porphine  iron[IIl})  and
DPG2- Fe* (deuteroporphyrin IX 2,4-bis-[ethylene glycol]
iron[Ill]) showed similar antiprion actvity o PcIS (91
TSP-Fe** (meso-tetra[4-sulfonylphenyl] porphyrin iron([TII]),
but not TSP-Mn?*, slightly prolonged incubation times in
Tg7 mice intracerebrally inoculated with 263K prions [94].

These results indicare that tetrapyrrolic compounds might
be prophylactically, but not therapeutically, applicable to
prion discases. However, tetrapyrrolic compounds have
advantages over other antiprion compounds with respect
to a large number of presently available derivatives
and ecasy introduction of a wide variety of modifications,
suggesting  possible development of therapeutically
effective compounds (s7].

Porphyrins and phthalocyanins strongly and selectively
bind to proteins and induce conformational changes in
them 1s7]. Therefore, it is conceivable that these compounds
could bind to PrP* and change its conformation, reducing
prion infectivity. Consistent with this, preincubation of
prion inocula with PcTS diminished the infectivity of the
inocula (911, Caughey er al also reported that antiprion
activity of the compounds could be correlated with their
tendency to oligomerise [94).
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9. Antiprion compounds related to
cholesterol metabolism

9.1 Polyene antibiotics

Ampbhorericin B (Figure 7), an antifungal polyene anribioric,
significantly prolonged incubation times in infected hamsters
and mice when orally or inuaperitoneally administered
throughout the incubation period [95.97). Demaimay ez al also
showed that intraperitoneal administration of amphotericin B
(1 or 2.5 mg/kg) even at middle (80 days after infection) or
late stages (110 days after infection) of the disease slightly,
buc still significantly, extended incubation times by 22 days
in C506M3 scrapie prion-infected mice (93 However, later
treatment (140 days after infection) had no effect on the
infected mice (95, Amphotericin B was also effective in
infected cells, deceasing PrP5 levels (991

It has been reported that amphotericin B interacts
with cholesterols [100.. Therefore, it is conceivable that
amphotericin B might change the properties of lipid raft
domains, which are considered to be the sites involved in
the PP formation (101], and that the alteration of raft
microenvironment might be associated with the antiprion
activity of amphotericin B.

Amphotericin B has many undesirable side effects, in
particular renal dysfunction, limiting its clinical usage [102),
MS-8209 (Figure 7) is a much more soluble and less
toxic derivative of amphotericin B, encompassing antifungal
activities comparable to amphotericin B (95]. Treatment with
MS-8209 prolonged the incubation times of hamsters or
Tg7 mice infected with 263K prions more than with
amphotericin B [95.103). Mepartricin and filipin are other
ampotericin =~ B-related  compounds  with  antiprion
activities [104,105. Mepartricin (1 mg/kg) could lengthen the
incubation times by 21.6 days in hamsters inoculated with
263K prions intraperitoneally, but not intracerebrally {104].
Filipin decreased PrP levels in infected N2a cells, with an
1Cs, value of 1.25 pg/ml (105, disturbed copper-stimulated
endocytosis of PrP® and induced release of PrP< from the
cell membrane (105 Therefore, such alteration of PrP*
wrafficking or location might be associated with the antiprion
activity of filipin. No animal data using filipin has
become available.

9.2 Statins

Statins are inhibitors of the cholesterol synthetic pathway
and decrease cellular levels of cholesterol (106,107, Cholesterol
is an important component of rafts and is considered to be
important for PrP% production. It has been shown that
lovastatin or squalestatin decreased PrP> levels in infected
IN2a cells [30.33]. Moreover, the lipophilic cholesterol-depleting
inhibitor, simvastatin, which can passes the BBB effectively,
exhibited very weak therapeutic effects in mice infected
139A or ME7 prion [108.109]. 139A prion-infected mice
orally treated with simvastatin 100 days after infection, a
time point when infection of the CNS is established, developed
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the disease with small, buc significantly longer, incubation
times than non-treated mice (194 versus 178 days) [108].
However, accumulation of PrP* and pathological changes in
the brains were indistinguishable between treated and non-
treated mice (108}, Thus, it remains to be elucidated whether
or not the prolongation of incubation times is due to the
antiprion activity or other activities of simvastatin,

10. Antiprion tricyclic and related compounds

10.1 Lysosomotropic compounds and lysosomal
protease inhibitors

Lysosomotropic ~ compounds including  quinacrine
(Figure 8A) (10,1111, tilorone (Figure 8B), chloroquine
(Figure 8C) and suramin (Figure 5) were shown to have
andiprion activity in infected N2a cells, reducing PrP% levels
in a dose-dependent manner (34, Inhibitors of lysosomal
cysteine proteases, such as E-64d, E-64 and leupeptin, also
decreased PrP* in cells 134). As quinacrine has been clinically
used as an antimalarial drug, there is a high expectation that
quinacrine may also be clinically effective for prion discases.
However, neither prophylactic nor therapeutic effects of
quinacrine and E-64d were observed in Tg7 mice infected
with 263K prion when they were administered via either
the intraperitoneal or intraventricular routes (63,112].
Quinacrine also showed no therapeutic effects in mice
infected with mouse-adapted BSE 6PB1 prion [112].

10.2 Quinacrine in clinical trials

A large scale randomised controlled clinical trial of
therapeutic quinacrine in many types of human prion
discases is being undertaken in the United Kingdom
as the PRION-1 study (41, In this swudy, eligible
patents aged > 12 years are orally given 1 g quinacrine
on the first day of treatment followed by 100 mg 3 times
daily. The patients are followed up by several assessments
including medical history, physical examination, blood
examinartions, neurological examinations and a series of
neurological assessments,

Nakajima er al enterally administered quinacrine
(300 mg/day) for three months to three parients with
sporadic CJD and one with possible iatrogenic CJD (17
They reported that transient and modest improvement in
mood or cognitive function, lasting 2 — 8 weeks during the
quinacrine treatment, was invariably observed in all patients
and that two patients with sporadic CJD cvenrually died
2 months later, 1 patient with sporadic CJD 11 months
later and 1 patient with iatrogenic CJD 6 years after the
onset of disease [17]. They also reported that quinacrine was
well tolerated in these patients, cxcept for liver dysfuncrion
and yellowish pigmentation [17. Moreover, Benito-Leon
reported a clinical trial of combined quinacrine and
chlorpromazine therapy in two patients with FEI (161,
However, no clinical benefits of the therapy were observed
in these patients [16].
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Figure 6. Chemical structures of metal-free porphyrins (A),
metal-free phthalocyanins (B) and phthalocyanine
tetrasulfonate (C).

10.3 Other quinacrine-related compounds

Phenothiazine and acridine derivatives, which are other
tricyclic compounds structurally related to quinacrine,
have been identified as antiprion agents using infected cells.
The phenothiazine derivative, chlorpromazine (Figure 8D),

decreased PrP> levels in  infected N2a cells (113
However, no antiprion effects of chlorpromazine were
detected in mice (114, Bis-acridines (Figure 8E) (115116,
which comprise two acridine heterocycles connected by a
linker, showed very strong antiprion activity in the cells (1171,
Some of them markedly decreased PrP* levels with an ICs,
value of 25 - 40 nM [117.. Length and structure of the
linker were important for their antiprion actvity [17].
However, there have been no data using animal models with
these compounds.

Quinoline derivatives are other non-tricyclic quinacrine-
related compounds with antiprions activity (118}, which
decreased PrP* levels in infected N2a cells. 2,2"-Biquinolin
(Figure 8F) was the most potent compound with an [Cq,
value of 3 nM and showed small, but significant, therapeutic
effects in 263K prion-infected Tg7 mice (119]. Intraperitoneal
or intraventricular administration of 2,2"-biquinolin extended
the incubation times by 3.8 or 5.3 days, respectively [119].
Mefloquine (Figure 8G), a quinoline antimalarial drug,
effectively reduced PrP* levels in N2a cells infected with
RML or 22L prion, but did not extend the incubation times
in Tg7 mice infected with 263K prion [120].

11. Cell signalling inhibitors

11.1 Tyrosine kinase inhibitor

Pharmacological approaches were performed to identify
antiprion compounds using already known inhibitors
of tyrosine kinase enzymes. Ertmer e 4/ found that, among
~ 50 inhibirors, STI571, also known as imarinib mesilare,
could reduce PrP*¢ levels in infected N2a cells with an
IC,, value of € 1 pM n21). PrPS degradation in lysosomes
was markedly stimulated by STI571 in the cells n211. STI571
is an inhibitor of tyrosine kinases, such as c-Abl and c-Kit.
The authors showed that c-Abl is a very likely rtarget
molecule for the antiprion activity of STI571 (121, Moreover,
STIS71 is already clinically used as an anticancer drug
for chronic myeloid leukaemia n22) and ~ 2.8% of orally
administered STI57]1 can be detected in the cercbrospinal
fluid (1231, These facts highly suggest that STI571 might be
effective as a therapeutic agent for prion diseases. However,
Yun et al recently reported that early peripheral treatment
(from 7 days after infection for 1 month) with imatinib
mesilate only very slightly prolonged the incubation times
by 17 days in mice infected with RML prion [124]. Moreover,
no significant extension of the incubation times could be
detected in infected mice when the agent was administered
from 128 days after infection even via the intraventricular
route [124]. Therefore, these results indicate that the agent
may not be therapeudcally effective for prion diseases.
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Figure 7. Chemical structures of amphotericin B and its derivative, M5-8209 [103].

11.2 Phospholipase A, inhibitors

Phospholipase A, inhibitors, including cytidine-5-
diphosphocholine, bromoenal lactone, aristolochic acid and
arachidonyl  trifluoromethyl  ketone, showed antiprion
activity, decreasing PrP%¢ levels in three different infected
cell lines [125]. Phospholipase A, specifically cleaves the
acyl ester bond of membrane phospholipids to produce a
free fatty acid and lysophospholipid 1126). It was therefore
suggested that phospholipase A, is involved in the
maintenance of cell membrane integrity and that the
antiprion activity of phospholipase A, inhibitors might be
attributable to alteration of cell membrane integrity.
Interestingly, the enzymatic activity of phospholipase A, is
strongly inhibited by antimalarial drugs, such as
chloroquine, quinacrine and quinine (126} It is therefore
possible that phospholipase A, inhibitors and antimalarial
drugs might execute their antiprion activities via the same or
similar mechanisms.

11.3 Mitogen-activated protein kinase kinase

(MEK) 1/2 inhibitors

Nordstrom er 4l found that MEK1/2 inhibitors showed
antiprion activity, decreasing PrP% levels in RML prion-infected
GT1-1 cells j1271. The inhibitors stimulated degradation of
PrP* or prevented the de novo synthesis of PrP* 127). The

authors also found that the MEK 1/2 inhibitor, SL327,
which was designed to pass the BBB, could effectively reduce
PrP5 levels in infected cells 1271. However, no animal data
have become available with these inhibitors to date.

12. Gene silencing therapy for prion diseases

12.1 Prion protein-specific gene silencing

The author and others previously showed that mice devoid of
PrP< (PrP-/-) are resistant to prion discases, neither developing
the disease nor accumulating PrP% in the brains [128-131].
Morcover, it was reported that depletion of PrP¢ from
neurons in mice after establishment of the CNS infection of
RML prion reversed pathological changes, such as spongiosis
and neuronal cell death, and recovered cognitive deficits and
neurophysiological dysfunction of synapses in spite of marked
accumulation of PrP* surrounding the neurons (132133,
These results indicate that depletion of PrP< from brains, and
in particular from neurons, might be therapeutic.

Small interfering RNAs (siRNAs) are known to post-
transcriptionally downregulate a gene of interest. Therefore,
siRNA-mediated downregulation of PrP* might be therapeuric
against prion diseases (134-137). It has been reported thac
PrP-specific siRNAs reduced PrP< and concomitandy PePS
levels in infected N2a cells [138.139. Moreover, Pfeifer er al

Expert Opin, Ther. Fatents (2008) 18(1)

45

_a 2_



Recent developments in therapeutics for prion diseases

A: Quinacrine E: Bis-acridines

Cc

[
NN N -

o

N N
QOCH, p— H H \\ /
s S
A -
cI- N
OCH,
HsCO
B: Tilorane F: 2,2"-Biguincline '
0
///”“t:g/rhhk// \\Fﬁi-\\m.a'\\\ N// \\N
C. Chloroguine G: Mefloguine
M.
HN’/J\\\/’/ﬁ\‘\/” R
s
—
o] N

D: Chlorpromazina ‘

| -

T e

jj:x"“T///“\\“3/ﬂ;:\\WT//C‘
[ ]
. /“

Figure 8. Chemical structures of quinacrine (A) and its related compounds of tilorone (B), chloroquine (C), chlorpromazine (D),
bis-acridines (E), 2,2"-biquinoline (F) and mefloquine (G).
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generated lentiviral vector expressing PrP-specific short
hairpin RNAs (shRNAs) and showed that the intracranially-
injected vector effectively downregulated PrP* in the brains
of mice [150. However, the effect was very restricted to the
injection site of the vector and its surrounding area [140],
indicating a limitation of the vector-mediated downregulation
of PrP* as a therapy for prion diseases.

PrP-/-  mice  spontaneously developed neurological
abnormalities, such as impaired long-term potentiation,
altered circadian rhythm and sleep and demyelination
in spinal cords and the peripheral nervous system [141-143].
In addition, the author and others demonstrated that
PrP-/- mice were highly susceptible to ischaemic brain
damage, showing marked neuronal cell death in the affected
area (144,145, Therefore, great cautions should be paid
when depletion of PrP¢ is considered as a therapy for
prion diseases.

12.2 LRP/LR-specific gene silencing

Leucht er al reported thar downregulation of LRP/LR by
siRNA could effectively reduce PrP* formarion in infected
N2a cells 1271. LRP/LR was shown to bind to PeP< and PrP*
and was actively involved in PrP5 formation (25.27,146).
However, it remains to be elucidated how the interaction
becween LRP/LR and PrP¢ and/or PrP% is exactly
involved in PrP%¢ formation, although it is speculated
that LRP/LR might act as a co-receptor for PrP>* together
with PePe [25).

13. Immunotherapy for prion diseases

13.1 Antiprion protein antibodies

Certain anti-PrP antibodies have antiprion activities, clearing
both PrP* and prion infectivity from persistently infected
cultured cells [147,148), giving rise to the possibility of immuno-
therapy for prion diseases. However, the mechanisms for the
antiprion  activities of these antibodies are not fully
understood. It was shown that the Fab portion alone
was enough to execute antiprion activity [148l. Moreover,
Donofrio ez al successfully generated recombinant single
chain antibody (scFv) fragments derived from anti-PrP
monoclonal antibody 6H4, designated sc4.1 and sc4.5, in
mammalian RD-4 rhabdomyosarcoma cells [149) and showed
that sc4.1 secreted from the cells could effectively reduce

- PrP5¢ levels in infected N2a cells (149). These results indicate

that the Fc portion is dispensable for antibody mediated anti-
prion activity. R72 Fab, which binds to PrP molecules coated
on a plate, but not to PrP molecules expressed on the cell
surface, did not decrease PrP levels in the cells [14s). This
suggests that binding to native PrP molecules, particularly
PeP¢, might be crucial for anti-PrP antibodies to execute the
antiprion activities [150.. 15B3 monoclonal antibody was
established as a I’rl"'s‘—spcciﬁc antibody [151]. It is therefore
interesting to investigate whether or not the antibody
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exhibits antiprion activity, reducing PrP levels in infected
cells. D13, D18, R1 and R2 Fabs, which bind to residues
95 - 103, 132 - 156, 220 - 231 and 225 - 231, respectively,
showed antiprion activities in the cells [145). However, E123
and E149 Fabs, which bind to residues 29 — 37and 72 — 86,
respectively, exhibited no effects on PrP% levels [148).
Moreover, other investigators reported that 6H4, SAF34,
SAF61, ICSM35 521, ICSM 18 (152}, 359 and 2H9 anti-
PrP monoclonal antibodies binding to residues 144 — 152,
59 - 89, 144 — 152, 91 - 110, 146 - 159, 141 - 161 and
151 — 221, respectively, showed antiprion activities [147,153-155].
These indicate that the antiprion acrivity might be indepen-
dently mediated via multiple sites on PrP<. Kim et al showed
that and-PrP antibodies with antiprion activities disturbed
PrP< internalisarion [(156]. Therefore, this suggested that the
antibody-induced impairment of subcellular localisation of
PrP< could be involved in the antiprion activities of the
antibodies. It is also conceivable that the anribodies
might disturb the interaction of PrP® and PrP> and/or a
co-factor(s), essential for PrP formation.

13.2 Anti-LRP/LR antibodies

Leucht er al. showed that the LRP/LR-specific antibody, W3,
could reduce PP levels in infected N2a cells 27. LRP/LR
interacts with PrP¢ cither directly with residues 149 - 179 or
indirectly to the N-terminus of PrP* via endogenous GAGs (24).
W3 was shown to compete with recombinant PrP (GST:PrP)
for binding to LRP/LR expressed on the cell surface (271 This
therefore suggested that the disturbance of interaction between
PrP< and LRP/LR might be crucial for W3 to prevent PP
formation. Alternatively, W3 also reduced PrP® levels in the
cells (27], suggesting that the interaction of LRP/LR with PP
might be involved in regulation of PrP* metabolism or that
LRP/LR-PrP*-W3 complexes might stimulate internalisation
of PrP< into lysosomes for degradation.

Large amounts of recombinant single chain antibodies,
scFv S18 and N3 (1571, both of which could interfere with
the interaction of LRP/LR and PrP, were successfully
produced [158). They also showed that intraperitoneal injection
of §18 (1 mg) once a week for 8 weeks from 1 day prior to
the infection reduced PrP* levels by ~ 40% in the spleen of
mice infected with RML prions [158). However, no significant
prolongation in the incubation and survival times could be
detected in those mice (158, These results indicate that
peripheral administration of scFv might be prophylactic, but
not therapeutic for the discases.

13.3 PrP-Fc,

Meier er al. generated tg mice expressing PrP-Fc,, a fusion
protein consisting of full-length mouse PrP fused to the Fey
tail of human IgG,, and showed that these tg mice developed
the disease with much longer incubation times after infection
with RML prions (159). Pathological changes and accumularion
of PrP% in the brains were indistinguishable berween
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terminally ill tg and non-tg mice (159, The authors also
showed that the tg mice on the PrP-null background never
succumbed to the disease withour detectable PrP>< fisg,
indicating that PrP-Fe, itself could not be converted into
the pathogenic form. PrP-Fc, has the potential to bind to
PrPS; therefore binding of PrP-Fc2 to PrP> mighr disturb
conversion of PrP< to PrP* (160161,

13.4 Blood-brain barrier for antiprion
macromolecules

It has been documented that antibody-mediated immuno-
therapy is clinically very effective in other disorders including
autoimmune diseases and cancers (162165, Therefore,
immunotherapy using antibodies against PrP [147.148] or
LRP/LR 27, PrP- or LRP/LR-specific scFvs [158), or
PrP-Fe, 1159), seems promising for prion diseases. However,
these are macromolecules unable to cross the BBB. Therefore,
it is necessary to develop effective delivery systems of
macromolecules into brains. Ludewigs er a4l recently
published a comprehensive review for potential delivery
systems for antiprion components, including lentivirus and
adenovirus vector systems for antiprion antibodies or
PrP-specific siRNA [166],

13.5 Active and passive immunisation

against prion proteins

White er al. demonstrated that intraperitoneal administration
of two anti-PrP monoclonal antibodies, ICSM 18 and 35,
could protect mice from peripheral infection by RML prions,
bur were ineffective on prions directly infecting the brains of
mice [153]. These resuls clearly indicate thar passive immuni-
sation with anti-PrP antibodies is effective against the prion
infection in peripheral tissues, but not in the CNS probably
due to inability of antibodies to across the BBB.

Sigurdsson e al. reported that subcuraneous immunisation
of mice with recombinant mouse PrP induces anti-PrP
autoantibodies and extended the survival times by 16 days
after inoculation with 139A prion [167. In contrast, we
found that bovine and sheep, but not mouse, recombinant
PrPs stimulated ant-PrP autoantibody responses in mice
and thar the incubation times were extended by 31 days in
the bovine PrP-immunised mice and ~ 70% of the sheep
PrP-immunised mice developed the disease with prolonged
onsets [16s]. Gofii er al orally immunised mice with an
attenuated Safmonella typhimurium IVRO1 lipopolysaccharide
vaccine strain expressing mouse PrP fused with non-toxic
fragment C of tetanus toxin and showed that the orally
immunised mice elicited higher IgG and IgA antibody
responses against PrP and ~ 30% of the immunised mice
were alive without any clinical signs up to 500 days post
oral infection with 139A mouse prions [169]. However, it is
conceivable that active immunisation against PrP might be
prophylactic, but not therapeutic for prion diseases for the
same reasons that passive immunisation with anti-PrP antibodies
is prophylactic, but not therapeutic for prion diseases.

14, Neuroprotective compounds

14.1 Flupirtine in a clinical trial
Flupirtine is a centrally acting, non-opiate analgesic
compound [170] and also an antiapoptotic agent for
neurons. It acts partly by increasing levels of Bcl-2, an
antiapoptotic molecule, and intracellular glutathione (GSH),
an antioxidant [171]. Perovfic et al reported that flupirtine
(1 = 3 pg/ml) prevented rat primary cortical cells from
apoptosis induced by the PrP106-126 peptide (1721, which is
considered to mediate some aspects of the PrP%related
neurotoxicity (173). This result suggests thar flupirtine-mediared
neuroprotection might be therapeutic for prion diseases.
Otto et al recently reported a double-blind placebo-
conuolled study of Aupirtine in patients with CJD [is).
Twenty-eight patients with CJD were randomized for oral
treatment with either flupirtine (n»= 13) or a placebo
(n = 15) (5. One hundred mg of each compound was
given ro the patients on the first day and then the dosage
increased up to 300 to 400 mg/day within 3 days [15].
No significant prolongation in the survival times could be
detected between the groups (15). However, flupirtine-treated
patients performed several different dementia tests better
than patients treated with placebo [15]. These results suggest
that flupirtine has beneficial effects on cognitive function in
CJD patients, although it remains to be investigated whether
or not flupirtine protects neurons from the neurotoxicity of
PP in the treated patients or whether or not the beneficial
effects are atwriburable to the neuroprotective function or
other functions of Hupirtine.

14.2 A case report of antioxidants

Levels of nitric oxide and superoxide were significantly elevated
in the brains of mice infected with scrapie ME7 and 139A
prions (174]. Consistently, oxidative damage to lipids, proteins
or DNA was detected in the brains of infected mice or hamsters
and patients with sporadic and familial CJD (175.178]. These
results suggest that oxidative stress might be involved in neu-
ronal cell death in these diseases and that antioxidants might
be effective for protecting neurons from PrP*-mediated cell
death in prion diseases. It was reported that, in one case of
CJD tested, apnoeic episodes and myoclonus and rigidity
were reduced after administration of a mixture of antioxidant
supplements, including coenzyme Q-10, NADH, vitamin C,
viamin E, B complex, a multvitamin-mineral mixture,
L-glutamine, omega 3 fatty acids, o lipoic acid and magnesium,
together with parenteral administration of glutathione and
ascorbare [179). However, this was a preliminary report for assess-
ment of effects of antioxidants on prion diseases. Further
studies, including use of animal models, are needed.

143 Endoplasmic reticulum stress in neuronal

cell death

It is suggested that endoplasmic reticulum (ER) stress might
be involved in neuronal cell death induced by PrP% [is0)
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Hew et al reported that PrP%, which was purified
from 139A prion-infected mouse brains, induced marked
apoptosis in normal N2a cells and that ER stress markers,
including ER-resident caspase 12, ER chaperones, such as
Grp94, Grp78 and Grp58, were concomitantly induced
in the cells 1811, The authors also showed thar some of the
ER stress markers were elevated in the brains of mice infected
with prions and of patents with sporadic and variant
CJD s1). ER stress is controlled by the unfolded protein
response (UPR) and the ER-associated degradation (ERAD)
system [182-184]. UPR is mediated by shutdown of protein
synthesis and stimulation of expression of chaperone proteins.
ERAD involves the ubiquitin/proteasome-dependent protein
degradation system. Thercfore, augmentation of these responses
might be an alternative therapy against prion diseases.

15. Screening methods of
antiprion compounds

15.1 Cell-based high-throughput in vitro assay

Kocisko er al. developed a high-throughput screening system
using infected N2a cells in combination with a dot blor
assay for PrP% (1s5). Cells in a 96-well plate were incubated
with pmolar concentrations of various compounds for
5 days, lysed in buffer and subjected to a dot blor assay
for PP, To distinguish PP from PrP<, the lysates were
treated with protease K. The authors screened a library of
2000 drugs and natural products (The Spectrum Collection,
MicroSource Discovery, Inc.) for their antiprion activities to
decrease PrP* levels and found 17 potent compounds,
including the 2 already known compounds, quinacrine
and lovastatin (185]. The remaining 15 compounds were
novel inhibitors,  including polyphenols (tannic acid,
katacine, bisepigallocatechin digallate, Figure 9A), anti-
malarial  drugs (bebeerine, tetrandrine, amodiaquine,
Figure 9B), antihistamines (astemizole, terfenadine, Figure 9C),
phenothiazine  analogues  (tiotixene,  prochlorperazine,
thioridazine, trifluoperazine, Figure 9D) and steroid-type
compounds (budesonide, clomifene, chrysanthellin A,
Figure 9E). The authors subsequently rested the therapeutic
effects of some of the identified compounds in mice by
oral or intrapritoncal administration starting one or
two weeks after infection [186). However, none of
them showed significant therapeutic effects (186, The
wreated mice died with similar time courses to non-treated
control mice [186].

15.2 High-throughput, solid-phase assay based

on cell-free conversion

Maxson er al developed a high-throughput, solid-phase
assay for screening antiprion compounds [157). In this assay,
PeP5¢ immobilised onto a 96-well plate is incubated with
5S-labelled PrP¢ with or without various compounds.
Thereafter, the reaction mixtures are treated with protease K
and subjected to liquid scintillation counting to calculate

efficiencies of the conversion of the $¥5-labelled PrP into
PrP5ike protease K-resistant PrR If compounds have the
potential to inhibit PrP% formation, the calculated percentage
conversion should be low compared to thar without
compounds. Indeed, the authors showed that PeTS, a known
inhibitor of conversion, prevented the conversion of
35S-labelled PrP¢ into protease K-resistanc PrP in this
system, lowering the percentage conversion [187). Therefore,
this high-throughput, solid-phase assay might be useful for

large-scale screening of antiprion compounds.

15.3 Yeast-based screening assay

Bach er al developed a rapid, yeast-based, two-step assay for
screening antiprion compounds [iss]. In this assay, a yeast
prion responsible for the phenotype [PSI*] was used. [PSI']
yeasts growing on an agar plate containing yeast extract-
peptone-dextrose (YPD)-rich medium forms white colonies
whereas [psi-], a cured or prion-free phenotype, develops red
colonies on the plate. Thus, cured or prion-free yeasts can be
easily differentiates from [PSI'] yeasts by their colony color,
When filters containing antiprion compounds are spotted
on the [PSI*] yeast-growing agar plate, the yeasts are
cured, forming a halo of red colonies around the
filters. Using this assay, the authors identified 6 antiprion
compounds from 2500 agents, as finally judged using
infected N2a cells. One of these compounds is the already
known antiprion agent, phenanthridine, and the others
belong to a new class of molecules, the kastellpaolitines
(Figure 10A) [133). No animal data for these compounds
are available,

154 High-throughput screening based on scanning
for intensely fluorescent targets

Bertsch er al. developed a high-throughput screening system
for identification of antiprion compounds that could inhibit
interaction between PrP¢ and PrP* (189,190]. In this system,
green fluorophore-labelled recombinant mouse PrP (instead
of PrP9), purified human PrP* and red fluorophore-labelled
L42 monoclonal antibodies, which recognise human, but
not mouse PrP were incubated with or without various
compounds and then subjected to analysis by the SIFT method
in two-dimensional fluorescence intensity histograms (191).
If a compound prevents the interaction between the
recombinant PP and PrP%, green fluorescent intensities of
the complexes are decreased and, thus, the colour distribution
is shifted towards the red sectors of the histograms. The
authors identified 256 compounds from a library of 10,000
drug-like agents (ChemBridge DIVERSetl) and further
confirmed 80 compounds by dose-response curves with half-
maximal inhibition of the interaction from 0.3 - 60 pM
using this system 1191, Out of 80 compounds, 6 showed
antiprion activities in infected N2a cells, decreasing PrPS
levels (191). Four compounds share the N'-benzylidene-
benzohydrazide core structure (Figure 10B) and showed
significant reduction of PrP* levels in the cells 11911,
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Figure 9. Chemical structures of 15 compounds identified by Kocisco et al. [185] (continued).
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15.5 Antiprion compound screening based

on surface plasmon resonance

Kawatake er al reported a new screening system for
antiprion compounds using surface plasmon resonance [192).
The authors immobilised recombinant mouse PrP121-231
on a sensor chip of an optical biosensor and investigated
the binding affinity of already known antiprion compounds
to recombinant PrP121 — 231 11921, The binding affinities of
the compounds were well correlated with their inhibitory
activities on PrP% formarion in infected cells 1192], validaring
the system as useful for screening antiprion compounds.

15.6 Dynamics-based drug screening of

antiprion compounds

Kuwata er al conducted in silico screening of antiprion
compounds (193). The authors noticed that, according to
the thermodynamical stability profile of recombinant PrP<,
residues in two distant helices forming a major cavity
arc less stable and slowly fluctuating. The conversion of
PrP¢ to PrP* requires conformational changes in PrP<,
Therefore, the authors thought that compounds that
bind to and stabilise the cavity might disturb the
conformational change of PrP¢ into PrP*. They performed
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in silico screening of 320,000 candidate compounds for their
binding ability to the cavity (193). The authors successfully
selected 59 compounds by i silico screening and
subjected 44 compounds to a secondary screening using
infected N2a cells, resulting in identification of the new
antiprion compound, 2-pyrrolidin-1-yl-N-[4-[4-(2-pyrrolidin-
1-yl-acetylamino)-benzyl]-phenyl]-acetamide (Figure 10C) (194),
termed GN8 [193). Incerestingly, GN8 was therapeutically
effective in mice infected with Fukuoka-1 prion, prolonging
incubation tmes of the disease, when administrated via
intravenricular or subcutaneous routes 193], Intracerebral
treatment with GN8 at a dose of 250 pg/kg per day for
42 - 70 and 70 - 98 days post infection extended the survival
times by 8.5 and 17.7 days, respectively 11931, Moreover, the
infected mice subcutaneously treated with GN8 ar a dose of
8.9 mg/kg per day for 67 — 95 and 67 - 123 days after
infection survived the disease up to 148.6 and 151.4 days
after infection, respectively, both of which were significandy
longer than the 133.0 days of non-treated mice (193],

16. Expert opinion

The so far identified antiprion compounds have no or low
ability to cross the BBB and, therefore, being unable to
effectively access brains they have no or very little therapeutic
effect, even in animals. Doh-Ura ez al. showed that bypassing
the BBB by direct injection of PPS into the brain via
an intraventricular route could augment its effectiveness,
prolonging incubation times in mice [63. However, the
cffectiveness was inversely correlated to interval length
berween the times of infection and administration of
PPS (631 and none of the treated animals survived the
disease (63], indicating that such mechanical bypassing might
have limitation for therapy of prion discases. Therefore,
isolation of antiprion compounds capable of crossing the
BBB effectively enough to exert their therapeutic effect
against the disease are now awaited by screening of the
BBB-permeable compounds for antiprion activity or by
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synthesis of such compounds using the already identified
compounds as reference points. On the other hand,
Dohgu et al reported that inhibitors of the multi-drug
resistant molecule P-glycoprotein, cyclosporin and verapamil,
increased permeability of quinacrine through a monolayer of
mouse brain endothelial cells (195}, suggesting that such
inhibitors of multi-drug resistant proteins might be useful to
enhance the therapeutic effects of antiprion compounds,
The earlier cthe infected animals were treated with
antiprion compounds, the more the treatment was
effective, prolonging the incubation times in the animals,
indicating that carly treatment of the disease is important.
However, identification of infected individuals among human
populations is very difficult unless they have developed
specific symptoms. Thus, the treatments are presently applied
o clinically advanced pacients, reducing their therapeutic
effectiveness. Therefore, development of techniques for
preclinical diagnosis of the disease is important. Soto and
colleagues reported that, using PMCA technology 196,197,
they successfully detected prions in the blood of
presymptomatic hamsters experimentally infected with a
scrapie prion [198]. This result suggests that this system might
be useful for preclinical diagnosis. However, there might be
ethical problems in this assay because PrP¢ used in this
assay should be extracted from normal brain tissues.
Acarashi e al. recently showed that, instead of PrP* from
brains, recombinant PrP also could be used in this
assay (199, Therefore, the elucidation of whether this assay
system could be applicable to human samples is awaited.
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