N. Nishibari et al. | Biologivals 32 (2004) 213218 215

The ELISA assay was carried out according as
a previous report [7]. Bound chimeric antibodies were
detected using a peroxidase-labeled anti-human IgG
antibedy (Cappel, USA). Antibody production was
measured by specific quantitative ELISA using anti-
human Igk chain antibody for capture and a peroxidase-
labeled anti-human IgG (Fc) antibody (Zymed, USA)
for detection. Purified human IgG; or 1gGy (The
Binding Site, UK) was used as a standard.

2.4. Western blotting

Standard procedures were used to analyze the size
and IgG subclass of the chimeric antibodies. Super-
natants containing 20 ng antibodies were subjected to
SDS-PAGE under reducing or non-reducing conditions.
Proteins were then transferred to an Immun-Blot™
PVDF membrane (BIO-RAD, USA) at 180 mA for 3 h.
Blots were incubated for 1 h at room temperature with
the various mAbs and were developed by ECL-plus
{Amersham Pharmacia Biotech, Sweden). The following
mAbs were used for the first reaction; anti-human Igy
chain antibody (Sigma, USA), anti-human Igk chain
antibody (Sigma, USA), anti-human IgG, antibody (BD
Biosciences, USA), anti-human IgG, antibody (BD
Biosciences, USA), a peroxidase-labeled donkey anti-
chicken IgG antibody (Chemicon International, USA),
and a peroxidase-labeled goat anti-human IgG antibody
(Cappel, USA). A peroxidase-labeled rabbit anti-goat
IeG antibody and a goat anti-mouse IgG antibody
(Southern Biotech, USA) were used for the second
reaction.

2.5. Determination of anrigen‘binding affinities

The antigen binding affinities of the chimeric antibody
(C/H1-Hu9) and the parental chicken antibody (HUNNI1)
was estimated using Biacore 2000 (Biacore AB, Sweden).
A research-grade sensor chip CMS5 and the Amine
coupling kit containing N-hydroxysuccinimide,N-cthyl-
N'-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride and ethanolamine hydrochloride were obtained from
Biacore AB. Affinity purified goat anti-chicken IgG (Fc)
antibody (Bethyl, USA) or affinity purified rabbit anti-
human IgG (Fc) antibody (Rockland, USA) was immo-
bilized onto the sensor chip with the use of the coupling kit
according to the manufacturer’s protocol. Binding assays
were performed by the injection of 20 pl of the chicken
antibody (10 pg/ml) or the chimeric antibody (10 pg/ml)
at a flow rate of 10 ul/min, followed by 50 pl of varying
concentration (12.5, 25, 50, 100 nM} of recombinant
mouse PrP (Prionics, Switzerland) at a flow rate of 50 pl/
min. Each data set was double-referenced and fit globally
to a 1:1 interaction model using BIA evaluation software
ver. 3.0 (Biacore AB).

3. Results and discussion

The expression vectors constructed in this study were
designed for cloning all chicken antibody genes gener-
ated from hybridoma or phage display libraries.
Therefore, we selected cloning sites that exhibited low
cutting frequencies. We examined the restriction sites in
the 80 heavy chain V region genes and the 167 light
chain V region genes found in the GenBank and those
generated in our laboratory [7]. Hindlll, Ascl and
BamHI were then selected for cloning the V regions
because no restriction sites for these enzymes were
identified in the chicken antibodies.

Mammalian expression vectors were constructed;
pcSLCy1 and pcSLCy4 for Ig heavy chain expression,
and pcSLCk for Ig light chain expression (Fig. 1). The
peSLCyl and pcSLCy4 vectors are about 7.1 kb and
contain the human Cvy1 and Cy4 genes, respectively, as
well as the Zeocin resistance gene as a selection maker.
The peSLCk vector is about 6.3 kb and contains the
human Ck gene as well as the neomycin resistance gene
as a selection marker. All vectors have a strong
cytomegalovirus promoter, modified chicken secretory
leader with Kozak sequence, bovine growth hormone
polyadenylation site, ampicillin resistance gene, and an
origin of replication. The myc epitope and polyhistidine
tag are not translated as they are positioned downstream
of the stop codon.

In order to involve or avoid effector functions, it is
important to carefully select Ig isotypes. The IgG; and
IgG; subclasses are known to exhibit potent effector
function, complement activation, and promote anti-
body-dependent cell-mediated cytotoxicity through in-
teraction with specific Fc receptors [17]. On the other
hand, the lgG, subclass is deficient in complement
activation and has little or no affinity for Fc receptors.
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Fig. 1. Structure of chicken—human chimeric antibody expression
vectors. (A) Heavy chain expression vectors, pcSLCy1 and peSLCy4.
{B) Light chain expression vector, pcSLCk. Codes: L = leader,
VH = heavy chain variable gene, VL = light chain variable gene,
Amp = gene for ampicillin resistance, Zeo = gene for zeocin re-
sistance, Neo = gene for neomycin resistance, BGH = bovine growth
hormone, pA = polyadcnylation site, pCMV = cytomegalovirus pro-
moter, SV40ori/p = SV40 origin and promoter, A = Ascl, B = Bam-
HIL E = EcoRI, K = Kpnl, N = Notl, X = Xhol.
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Therefore, we constructed both the peSLCyl and
pcSLCvy4 vectors.

Human constant region genes were cloned from the
genomic DNA of a healthy donor. Genomic constructs
were used for the constant (C) regions rather than
cDNA because genomic DNA includes cloning sites
located within the introns and results in increased
expression levels [18—20]. Qur vectors contain part
(more than 150 bp) of the human J—C introns, which
include a splice acceptor site and branch point lariat
signal. The deduced amino acid sequences of cloned Cyl
and Ck were identical to those previously reported
(GenBank accession number: Cyl Z17370, Ck
NG_000834), while that of Cy4 had one amino acid
substitution (L325P) when compared with a previous
report (Cy4 AF237586), but this was a known poly-
morphism (either L or P).

Both heavy and light chain expression vectors have
two sets of cloning sites; one (HindlIl/BamHI) for V
regions derived from hybridomas, and the other (Ascl/
BamHD) for V regions selected from the phage display
library. The 5'-cloning HindIIl site is located upstream
of the leader sequence, while the Ascl site is introduced
by site-directed mutagenesis in the second exon of it.
The deduced amino acid sequence of the leader sequence
was thus slightly altered, but no effect on secretion was
observed (data not shown}. The 3’'-cloning BamH1 site
is located in the 5'-intron of the C region. Therefore,
any chicken V region can be introduced into the
expression vectors without amino acid substitution.

Expression levels of these vectors were tested under
both transient and stable transfection conditions. As the
source of the V regions, two different antibodies were
used; HUNNI, which was derived from a hybridoma,
and phAb3-15, which was an scFv selected from a phage
display library [7]. For transient transfection, heavy
chain expression vectors (pcSLCyl or pcSLCy4) and
light chain expression vector (pcSLCk) were co-trans-
fected into COS-7 cells, and antibody preduction was
detected by specific quantitative ELISA. Complete
antibodies were secreted into the culture medium and
expression levels ranged from 1.5 to 2.5 pg/ml after three
days of culture (data not shown). For stable trans-
fection, expression vectors were co-transfected into
CHO-K1 cells. Stable transfectants were selected by
culturing cells in the presence of Zeocin and Geneticin.
Among antibody producing cells, several clones that had
high levels of production were selected and their pro-
duction levels were estimated by specific quantitative
ELISA. Production levels ranged from 3.5to 16.4 g 108
cells/day {Fig. 2). Expression levels of COS-7 cells in
previous reports typically ranged from 0.1 to 4.0 pg/ml
after two or three days of culture [19,21-23]. On the
other hand, expression levels in stable CHO-K1 trans-
fectants range from 0.3 to 3 ng/10% cells/day without
gene amplification {19,23=26]. Therefore, our expression
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Fig. 2. Chimeric antibody production of transfected CHO celis.
Supernatants were harvested from 10° cells cultured for 24 h, and
assayed for production levels by specific quantitative ELISA (see
Section 2). Purified human IgG, or 1gG,4 (The Binding Site, UK) were
used as standards. HU clones possess the chicken V regions from
HUNNI hybridoma with human Ck and Cy! (C/H1-HUS and C/H1-
HU9) or human Ck and Cy4 (C/H4-HUII and C/H4-HU14). Ph
clones possess the chicken V regions from phAb3-15 with human Ck
and Cy! (C/H1-phl2 and C/H1-ph16) or human Ck and Cv4 (C/H4-
ph20 and C/H4-ph24).

vectors achieved good expression levels with both
transient and stable transfection.

The structure and specificity of the chimeric anti-
bodies in culture supernatants were determined by
Western blot analysis (Figs. 3 and 4). Clone C/HI-
phl6 possessed the chicken V regions derived from
phAb3-15 and human Ck and Cyl as constant regions.
Clone C/H4-ph24 was the same as C/HI-phl6, except
for possessing Cy4 instead of Cy!l. Under non-reducing
conditions, the size of the completely assembled
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Fig. 3. Western blot analysis for structure and size of chimeric
antibodies. Culture supernatants containing 20 ng of antibodies were
run on 10% SDS-PAGE gels under non-reducing conditions (A) and
on 12.5% SDS-PAGE gels under reducing conditions (B). Proteins
were transferred to nitrocellulese membranes and reacted with specific
antibodies as follows. (A) A peroxidase-labeled anti-human IgG
antibody. (B) Lanes 1 and 2. anti-human Igy antibody: lane 3 and 4,
anti-human lgx antibody. Lanes A-1. B-1 and B-3, culiure super-
natants from C/H1-phl6 cell line; lanes A-2, B-2 and B-4. culture
supernatants from C/H4-ph24 cell line.
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Fig. 4. Western blot analysis for specificity of chimeric antibodies.
Culture supernatants containing 20 ng of antibodies were run under
non-reducing conditions, and were transferred and probed. Regions of
membranes containing chimeric antibodies are shown, Upper, reacted
with anti-chicken IgG antibody; middle, anti-human IgG; antibody;
lower, anti-human IgGy antibody.

antibodies was detected (Fig. 3 A). Supernatants from
C/H4-ph24 also contained incompletely assembled anti-
bodies, which were half the weight of the completely
assembled antibodies (Fig. 3A, lane 2). This appears to
be a general property of human IgG, molecules [27,28].
Under reducing conditions, the H and L chains were
shown to have weights of approximately 50 and 25 kDa,
respectively (Fig. 3 B). As shown in Fig.4, supernatants
from C/Hl-phl6 reacted with anti-chicken 1gG and
anti-human IgG, antibody, but not with anti-human
IgGy4 antibody. On the other hand, supernatants from
C/H4-ph24 reacted with anti-chicken IgG and anti-
human IgG, antibody but not with anti-human IgG,
antibody. These results confirm that the produced
antibodies are of the predicted size, structure and
specificity.

To determine the chimeric antibody retain the
binding activity to the antigen, the affinity of the
chimeric antibody (C/H1-Hu9) and the parental chicken
antibody (HUNN1) were measured by BlAcore 2000,
The calculated K for the chimeric antibody was 3.3 nM
whereas that for the parental chicken antibody was
2.7nM. These results demonstrate that chimeric anti-
body retain the same binding affinity as the parental
chicken antibody.

4. Conclusion

We described the construction of the novel expression
vectors peSLCyl, peSLCy4 and pcSLCk. Using these
expression vectors, any chicken—human chimeric anti-
body can easily be constructed by simply replacing the V
regions. The characteristics of our vectors are summa-
rized as follows; (1) any chicken V regions that are
prepared from hybridomas or a phage display library

can be easily introduced; (2} the V regions can be kept
intact and can be expressed in different Ig isotypes; (3)
these vectors can express under both transient and stable
transfection conditions. Thus, the chicken—human
chimeric antibody expression system presented here
opens the door for clinical application of chicken mAbs.
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ABSTRACT

Creutrfeldt-Jakob diseass (C.J0] is characterized by rapidly progressive

dementia with a variety of neurological disorders and a fatal outcome. -

The authors present a case with visual disturbance as a leading symp-
tom and rapid deterioration In global cognitive functions. The cerebro-
spinal fluid was positive for 14-3-3 protein, and diffusion-weighted mag-
netic resonance imaging (MR} showed marked hyperintensity in the
parieto-oceipital cortices, where hypometabolism was clearly detected
on positron emission tomography (PET). Pattem-reversal visual evoked
potentials showed prolonged P100 latencies and increased N75/P100
amplitudes. All these findings supported a diagnosis of the Heidenhain
variant of GJD, whereas a long clinical course, a lack of myockonus, and
an absence of periedic synchreonous discharges on electroencephalog-
raphy were atypical. Diffusion-weightad MRI and PET in combination
with visual evoked potential recording and 14-3-3 protein detection may
be usefut for the early diagnosis of CJD,

Key words: Creutzfeldt-Jakob disease, visual disturbance, 14-3-3
protein, diffusion-weighted MR, PET, visual evoked potentials.
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Creutzfeldt-Jakob disease (CJD) is a rare spongiform enceph-
alopathy occurring sporadically in most cases. The diagnosts of
CJD is based on clinical symptoms, such as rapidly progressive
dementia, myoclonns, visual or cerebellar signs, pyramidal or
. extrapyramidal signs, and akinetic mutism, although the defi-
nite diagnosis of CJD requires pathological findings of the

brain,' Periodic synchronous discharges (PSDs) on electroen-
cephalography (EEG) and the detection of 14-3-3 protein in the
cerebrospinal fluid (CSF) further support clinical suspicion of
CJD."* Furthermore, magnetic resonance imaging (MR}, par-
ticularly diffusion-weighted imaging (DWI), has been shown to
be useful in diagnosing the disease.” Herein, we report a proba-
ble case of CJD in which neuroimaging techniques proved use-
ful in the early diagnosis of the disease. Progressive dementia,
visual disturbance, 14-3-3 protein in the CSF, and neuroimaging
findings supported a diagnosis of CJD, but other clinical mani-
festations were atypical, including a long clinical course, the
absence of myoclonus, and no PSDs on EEG.

Case Presentation

A 54-year-old woman noticed blurred vision and visual meta-
morphosis in August 2001. Her visual disturbance worsened,
and she gave up driving a car. At 2 months, her family noticed
that she had memory impairment and disorientation for time
and place. She often lost her way around her house, Her cogni-
tive deterioration rapidly progressed, and she felt difficulties in
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Fig1. Magnetic resonance imaging (MR!) and positron emission
tomography (PET) axdal images. There was no atrophy, signs of
cerebrovascular disease, or obvious signal abnormality on T1-
weighted or T2-weighted MR! (A, B). High signal intensity in the
parieto-occipital regions was detected on fluid-attenuated inversion
recovery MRI (C), and the hyperintensity was most obvious on diffu-
sion-weighted MRI (D). Low glucose metabolism was observed in the
parieto-occipital regions as well asin the posterior cingulate cortex on
PET (E). For the PET study, 5 mCi of ['®F]-flucrodeoxyglucose wera
administered intravenously, and scanning was performed using GE
Advance (GE Medical Systems, Milwaukee, Wi). Semiquantitative
measurements were used.

calculation, reading, writing, and cooking at the beginning of

2002. She was often unable to locate the bathroom in her house
by March 2002.
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Fig2. Pattern-reversal visual evoked potentials (VEPs). Binocular

full-field pattern-reversal VEPs revealed prolonged P100 latencies
and increased N75/FP100 amplitudes. The active electrodes were
placed onthe left (1), the median (2}, and the right (3) occipital scalp.

‘When she was admitted to Kyote University Hospital in
April 2002, she complained only of visual disturbance. Her
medical history included operations for appendicitis and utero-
cervical camcer. There was nofamnily history of dementia orpsy-
chiatric disease. She was not taking any regular medications. A
neurological examination disclosed memory impairment, dis-
orientation, anomia, alexia, agraphia, acalculia, dressing
apraxia, color agnosia, and visual metamorphaosis. A cranial
nerve examination was normal. There were no pyramidal,
extrapyramidal, or cerebellar signs or involuntary movements,
including myoclonus, Her score on the Mini-Mental State
Examination was 12 of 30, and she obtained a total IQ) score of
48 on the Wechsler Adult Intelligence Scale-Revised.

The results of a blood test and a CSF examination were unre-
markable except for positive 14-3-3 protein in the CSF. Lactic or
pyruvic acid was not elevated in the CSF, and paraneoplastic
markers, including anti-Hu and anti-Yo, were not detectable
either in serum or in the CSF. Notably, an MRI examination
revealed symmetric, bilateral, cortical hyperintensity in the
parieto-occipital regions (Figs 1C, 1D). DWI most strikingly
showed abnormalities in these areas (Fig 1D). There was no
mass effect, atrophy, or signs of cerebrovascular disease (Figs
1A-1D). Moreover, positron emission tomography (PET) dem-
onstrated metabolic disturbance in the parietal, occipital, and
posterior cingulate cortices (Fig 1E). EEG showed diffuse slow-
ing without typical PSDs. Pattern-reversal visual evoked poten-
tials (VEPs) showed prolonged P100 latencies and increased
N75/P100 amplitudes (normal P100 latency < 132 milliseconds,
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normal N75/P100 amplitude < 10 pV") (Fig 2). Genetic studies
on the prion protein gene (FPRNP) demonstrated no known
mutations but disclosed homozygosity for methionine at the
polymorphic codon 129. A brain biopsy could not be performed
because we could not obtain permission from the patient's
family.

At 16 months after the initial symptoms, limb and neck rigid-
ity became apparent. At 20 months, she cannot recognize even
her family members and has difficulty in oral communication
because of the progression of agnosia and aphasia.

Discussion

Visual disturbance as a leading symptom, rapidly progressive
dementia, and the detection of 14-3-3 protein in the CSF sug:
gested a diagnosis of the Heidenhain variant of CJD.*
Methionine homozygosity at codon 129 of the PRNF gene was
consistent with this subtype.” However, this case did not fulfill
the criteria for even possible CJD until the patient exhibited pro-
nounced rigidity at 16 months after the initial symptoms.’ This
was due to the lack of some common clinical manifestations of
CJD in this patient, including myoclonus, ataxia, and PSDs on
EEG. This case not only suggests a heterogeneity of clinical pre-
sentation among patients with CJD but indicates difficulty in the
early diagnosis of CJD without typical presentation, Currently
used diagnostic criteria based on clinical symptoms and EEG
findings may miss some CJD cases without typical sets of clinical
manifestations, as in this case. Therefore, it is important to use
neuroimaging and laboratory examinations for the early diag-
nosis of the disease.

Increased T2-weighted MRI signal has been described in the
basal ganglia,*® and recently, cortical hyperintensity was shown
on diffusion-weighted MRI in some CJ D cases with typical clini-
cal courses %1L1€ Moreover, areas of signal abnormalities on
diffusion-weighted MRI were well correlated with the neuro-
pathologic findings of spongiform encephalopathy.”® In the
present case, hyperintensity in the parieto-occipital lobes was
clearly shown on diffusion-weighted MRI early in the clinical
course, indicating that diffusion-weighted MRI is useful for the
early diagnosis of CJD.

There has been a relatively limited number of reports
describing PET studies of CJD.*""* Henkel et al'® analyzed PET
studies of 8 patients with CJD and found decreased glucose
metabolism in the occipital lobe, cerebellum, or basal ganglia in
addition to temporal or parietal cortical region. In the preset
case, metabolic disturbance was observed in the parietal, occipi-
tal, and posterior cingulate cortices. Although metabolic reduc-
tions in the parietal and posterior cingulate cortices are seen in
other dementing diseases,’™® the clear involvement of the
occipital lobes differed from the tz'pical pattern of disturbance
detected in Alzheimer’s disease,?’ which is the most frequent
misdiagnosis of CJD.*! It may be more difficult to distinguish
dementia with Lewy bodies (DLB} from C]D on PET, because
significant metabolic reductions in the occipital cortex can be
also seen in DLB.**** Diffusion-weighted MRI and 14-3-3 pro-
tein detection may be useful in the differential diagnosis of the 2
diseases.”

VEPs may also provide a diagnostic aid for the early detec-
tion of CJD. According to previous reports, P100 latencies were
increased or normal, but increased P100 amplitudes were the
most frequent finding in CJD patients, particularly during the

early stages of the disease.”***** Our case also showed increased
P100 amplitudes at the early phase of the disease, thus indicating
that VEP recording may be helpful, particularly in the early
diagnosis of CJD without typical clinical presentation.

14-3-3 protein is expressed in all eukaryotic cells and partici-
pates in the regulation of diverse biological processes, including
neuronal development, cell growth control, and cell cycling.
There are 7 isoforms, 5 of which are present in neuronal cells
and constitute nearly 1% of all soluble brain proteins.*® The
detection of 14-3-3 protein in the CSF probably reflects severe
neuronal destruction.® 14-3-3 protein in the CSF has been
shown to be a useful biochemical marker for CJD,** and Zerr
etal' demonstrated that the specificity was even higher than that
of PSDs on EEG. In the recent revised version of the French and
European study criteria, positive 14-3-3 protein detection is con-
sidered as a criterion equivalent to a typical EEG.! According to
the revised version, our patient was classified as probable CJD.

CJD may be a more heterogeneous group of disorders than
has been recognized, and neuroimaging techniques, including
diffusion-weighted MRI and PET, in combination with VEPs
and 14-3-3 protein detection may be useful for the early diagno-
sis of CJD.
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Clinical features of Creutzfeldt-Jakob
~ disease with V180I mutation

K. Jin, MD; Y. Shiga, MD, PhD; S. Shibuya, MD, PhD; K. Chida, MD, PhD; Y. Sato, MD, PhD;
H. Konno, MD, PhD; K. Doh-ura, MD, PhD; T. Kitamoto, MD, PhD; and Y. Itoyama, MD, PhD

Abstract—The authors describe the clinical features of Creutzfeldt—Jakob disease (CJD) with the causative point muta-
tion at codon 180. The symptoms never started with visual or cerebellar involvement. The patients showed slower
progression of the disease compared with sporadic CJD. They never showed periodic sharp and wave complexes in EEG.
MRI demonstrated remarkable high-intensity areas with swelling in the cerebral cortex except for the medial occipital and

cerebellar cortices. These characteristic MRI findings are an important clue for an accurate premortem diagnosis.

NEUROLOGY 2004;62:502-505

Approximately 10 to 15% of all Creutzfeldt-Jakob
disease (CJD) cases are estimated to be familial.!
Some of them are sporadic cases with no relevant
family history because of incomplete genetic pen-
etrance and the misdiagnosis of other affected family
members. The clinical features depend on the genetic
rautations. However, most patients demonstrate pe-
riedic sharp and wave complexes (PSWC) in EEG, an
accepted diagnostic marker for CJD.

CJD with a causative point mutation of valine to
isoleucine at codon 180 (V180I)*% is a type of familial
CJD with no relevant family history. In case reports,
the clinical features of CJD with V1801 (CJD180)
were different from those of sporadic CJD (sCJD).
Therefore, the premortem clinical diagnosis was dif-
ficult, and the cases had been misdiagnosed as neu-
rodegenerative disorders with dementia. We herein
report the clinical features and characteristic MRI
findings of five original cases of CJD180 together
with a review of four reported cases.

Patients and methods. Patients. Nine patients including our
five original patients and four other previously reported patholog-
ically verified patients** were studied retrospectively. The clinical
features of these patients are shown in table 1. The previously
reported case with a double mutation at codon 180 and codon 232
of the PRNP was excluded from this study because the codon 232
mutation might influence the ¢linical course$ All nine had neither
family history of dementia nor obvious iatrogenic exposure. Their
PRNP analyses at codon 129 revealed that four had methionine
homozygosity (MM129) and five had methionine/valine heterozy-
gosity (MV129), in which the V180I mutation and valine at codon
129 were on different alleles, )

The common histopathologic findings in the five pathologically
verified patients were evident spongiform changes in al! layers of
the cerebral cortex with less prominent neuronal loss and gliosis
without Kuru plaque. Immunchistochemical analysis showed

weak prion protein staining of the synaptic type in three of three
patients examined .44

Methods. We compared the clinical features, laboratory find-
ings, and MRI findings of the 9 patients with those of 123 patients
(25 were pathologically verified) with genetically verified sCJD,
which were reported {0 the Japanese CJD Surveillance Commit-
tee.” The PRNP analysis revealed that 116 of the 123 had MM129,
6 had MV129, and 2 had valine homozygosity at codon 129. We
then compared the features between CJD180 and sCJD by divid-
-ﬁ them into two groups: patients with MM129 and patients with

129,

CSF was examined within 6 menths from the onset for the
differential diagnosis. The peurcn-specific enolase (NSE) value in
CSF was measured commerdially using an ELISA method (SRL
Laboratory, Tokyo, Japan), and a value of >35 ng/mL was consid-
ered positive.* The 14-3-3 protein immunoassay was performed by
western blot using polyclonal antibody SC-629 (Santa Cruz Bio-
technology, Santa Cruz, CA). EEG using the International 10-20
method was examined repeatedly during the disease course.

In the MRI study, T1-weighted (T1I}, T2-weighted (T2D), fluid-
attenuated inversion recovery (FLAIR), and diffusion-weighted
(DWT) imaging was performed for Patients 1, 8, 4, and 5. T1I and
T2I were performed for Patients 2, B,* and D¢

The Mann-Whitney U test was used for a comparison of the
clinical findings and NSE values between CJD180 and sCJD. The
Fisher exact probability test was used for a comparison of the
positive rates of clinical symptoms, NSE, 14-3-3 protein, and
PSWC.

Results. The results of the comparison between CJD180
and sCJD in each group, the MM129 group and MV129
group, are listed in table 2. The two groups had similar
results, even though some were not statistically signifi-
cant. CJD180 had an older onset age, longer duration from
the onset to the appearance of myoclonic jerk that was less
prominent compared with that of sCJD, longer duration
from the onset to becoming akinetic and mute, lower value
of NSE in CSF, and lower positive rate of NSE and 14-3-3
protein in CSF compared with those of sCJD. As cardinal
symptoms, higher cortical dysfunctions such as aphasia
and apraxig, which were not frequent symptoms in sCJD,
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Table I Patients’ profiles in this study: five original and an additional four reported patients

Original patients Previously reported patients
Clinical features Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient A* Patient B° Patient C* Patient D*
Age at onset, y/sex 8UF T4/M T8/M 58/M T2M TF 65/F 0/F 8O/M
Duration until appearance of
each clinical symptom, mo
Myoclonic jerk ~% 5 8 10 4 6 14 9 +¥
Visual or cerebellar symptom -* -1 -1 -4 - -3 -i -1 -%
Akinetic mutism —* 12 18 -§ 10 18 14 9 >18
Higher cortical dysfunction] - - + + + - + + +
Parkinsonisml| - - + -~ - + - - -
NSE value in CSF, ng/mL 321 13.0 19.5 22.0 60.4 NE NE NE 29.9
14-3-3 protein in CSF + - + - NE NE NE NE NE
Duration from onset to CSF 3 6 1 4 3 3 Uncertain 2 1
study, mo
PSWC in EEG - - - - - - - - -
Codon 129 in FRNP MV MM M/V MY MM MY MM M/M MV
PrP staining NE NE NE NE NE + NE + +

Patient A was previously reported by Matsumura et al.® Patient B was previously reported by Ishida et al.* Patient C was previously
reported by Kobayashi et al.* Patient D was previously reported by Iwasaki et al*

* We could not detect referring symptoms during our observation period in Patient 1 (until 15 mo after the onset). 1 The duration until the
appearance of myoclonic jerk in Patient D is uncertain. $ We or the authors could not detect visual or cerebellar symptoms during the ob-
servation period. The patients’ severe dementia or conscicusness disturbance prevented us from making a close neurologic examination in
the advanced stage.

§ We could not detect the referring symptoms during our observation period in Patient 4 (until 16 mo after the onset).

f The presence or lack of presence as initial symptoms.

NSE = peuron-specific enclase; NE = not examined; PSWC = periodic sharp and wave complexes; PRNP = prion protein gene; M/V =
methionine/valine heterozygosity at codon 129 in PRNP; M/M = methionine homozygosity at codon 129 in PRNP; FrP = prion protein.

Table 2 Comparison of clinical features between CJDISO and sCJD

CJD with MM129 CJD with MV129

Features CJD180 sGJD p value CJD180 sCJD p value
Age at onset, y 703%39(n=4) 65.3 * 11.6 (n = 116) 0.32 748295(n=5) 626x105(=5 <0.05
Mpyoclonie jerk, mo*$ 80%x465(n=4) 27+24(n=113) «0.01 98=39(n=4) 82=51{(n=5) 0.71
Akinetic mutism, mo*$ 113+22(n=4) 35228(m=113) <0005 170*14(n=5 104*x54(n=5) <0.05
Visual symptom, %§ 00n=4) 24.0 (n = 96) 0.26 00 =056 200(n=2"5) 0.29
Cerebellar symptom, %§ 00(n=4) 125(n = 96) 0.45 00(n=25§) 400(n=5) 0.11
Higher cortical dysfunction, %§ 75.0(n =4) ‘ 6.2 {n = 96) <0.0001 600(n =5} 00(n =5 <0.05
NSE value, ng/mLi| 367+335(n=2) T759*657(m =66) - 259+61(n=4) H)6x79(n=2)

Positive rate of NSE, %21 500 (n=2) 72.7(n = 66) 0.0(n=4) 1000 (n = 2)

Positive rate of 14-3-3 protein, %| 0.0(n=1) 87.7(n = 65) 66.7T{(n =3) 100.0 (n = 2)

PSWC in EEG, % 0.0(n = 4) 94.0 (n = 116} <0.0001 0.0(n = 5) 60.0 (n = 6} <0.05

Values are means + SD where applicable,

* The duration until the appearance of referring symptoms.

t Patient 1 had not demonstrated myoclonic jerk 15 mo after the onset, and we accepted 15 mo for the statistical comparison. Patient D® demonstrated
myoclonic jerk, but we could not identify the duration until the appearance. Therefore, we eliminated Patient D from the statistical comparison.

$ Patients 1 and 4 had not become akinetic and mute, and we could not identify the date when Patient D® become akinetic and mute. Therefore,
for the statistical comparison, we accepted the date when they were Jast confirmed not to be akinetic and mute, i.e., 15 mo for Patient 1, 16 mo
for Patient 4, and 18 mo for Patient D.

§ The rate of referring symptoms as initial symptoms,

| NSE or 14-3-3 protein in CSF.

§ The cut-off value was 35.0 ng/mL.

CJD = Creutzfeldt-Jakob disease; sCJD = sporadic CJD; NSE = neuron-specific enolase; PSWC = periodic sharp and wave complex.
February (1 of 2) 2004 NEURCLOGY 62 503
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Figure. MRI of Patient 1 (A through D) and a patient
with sporedic Creutzfeldi—~Jakob disease (CJL (E and F).
For Patient 1 (82-year-old woman), the MRI studies were
performed 4 months after the onset using 1.5 T MR unit
(Magnetom Vision; Siemens, Erlangen, Germany)
equipped with a conventional head coil. At this time, she
demonstrated only memeory disturbance and could perform
her daily activities with minimal support. The wide-
ranging cortical ribbon is symmetrically depicted as a low-
intensity lesion by T1-weighted imaging (A) and as a
high-intensity lesion by T2-weighted (B), fluid-attenuated
inversion recovery (C), and diffusion-weighted (D) imaging
and has a swollen appearance. The basal ganglia are not
involved. Characteristically, the medial regions posterior
to the parieto-occipital suleus in the occipital lobes are not
involved (arrowheads). The cerebellum was not depicted as
an abnormal-intensity lesion (data not shown). For the
patient with sporadic CJD with methionine homozygosity
at codon 129 (70-year-old man}, the MRI studies were per-
formed 2 months after the onset using the same MR unit.
At this time, he was totally bedridden and did not respond
to any simple orders but opened his eyes when his name
was called loudly. He showed myoclonus and startle re-
flex. The wide-ranging cortical ribbon including the occipi-
tal lobe (arrows) and the bilateral caudate heads
(arrowheads) are depicted as a high-intensity lesion by
diffusion-weighted imaging (F), although T2-weighted im-
aging examined at the same time demonstrates a high-
intensity lesion in only the frontal lobe {arrows).

504 NEUROLOGY 62 February (1 of 2) 2004

were recognized in three of four CJD180 cases with
MM129 and three of five CJD180 cases with MV129 in the
very early phase. On the other hand, no CJD180 patients
demonstrated visual or cerebellar symptoms, which were
cardinal in sCJD. Irrespective of the polymorphism at
codon 129, no CJD180 patients demonstrated PSWC in
repeated EEG in their disease course.

In the MRI study, the wide range of the cortical ribbon
was depicted as a low-intensity area by T1I and a high-
intensity area by T2I, FLAIR, and DWI and had a swollen
appearance (figure, A through D). These cortical lesions
were remarkable compared with the severity of the clinical
symptoms. The basal ganglia lesions were less remarkable
compared with the cortical lesions. Characteristically, the
medial regions, posterior to the parieto-occipital sulcus in
the occipital lobes (see the figure, A through D, arrow-
heads), and the cerebellum were never involved in the
early stage. These cortical lesions were not always sym-
metric in the first MRL. In sequential MRI performed in six
of seven patients, these cortical lesions expanded and, in
one patient,® finally included the medial occipital regions.
The swollen cortical lesions became atrophied in the ad-
vanced stage, but not as severe as compared with the brain
atrophy of sC.JD.

Discussion., V180l is recognized as a causative
point mutation based on the result that V180I was
detected only in CJD patients but not in 200 normal
Japanese persons.” The World Health Organization
also lists CJD180 as familial CJD.2

We clarified the clinical and laboratory character-
istics of CJD180 by comparing them with those of
sCJD. CJD180 showed 1) older onset age; 2) slower
progression of the disease; 3) unique clinical symp-
toms such as frequent higher cortical dysfunction,
which was less frequent in sCJD, no visual or cere-
bellar symptoms, which were important for sCJD,
and less remarkable myoclonic jerk compared with
the generalized one in sCJD; 4) a lower positive rate
of brain-specific proteins such as NSE and 14-3-3
protein in CSF; and 5) no PSWC in EEG throughout
the disease course. These features render it difficult
to make a premoriem diagnosis of CJD180 based on
the clinical features without a PRNP analysis.

In our experience, the most useful test leading to
the genetic analysis was MRI. The abnormal lesions
in MRI of sCJD are varied,!® but those of CJD180 are
rather uniform. In accordance with the absence of
visual or cerebellar symptoms in the early stage, the
medial occipital lobes posterior to the parieto-
occipital sulcus or the cerebellum were never in-
volved until the terminal stage. A disproportionately
remarkable cortical lesion compared with the sever-
ity of the clinical symptoms and less remarkable

~ basal ganglia lesion must be recognized as character-

istic MRI findings. At present, we must recognize an
uncommon variant of familial CJD that might have
been misdiagnosed. Therefore, we recommend MRI
study including DWI for patients with progressive
dementia. Then, we should perform a PRNP analysis
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in all patients with progressive dementia and char-
acteristic MRI abnormalities.

Parkinsonism, which was a rare symptom in sCJD,
occurred in two of five CJD180 cases with MV129 in
the very early stage. It is important to discriminate
among neurodegenerative disorders presenting demen-
tia with parkinsonism from CJD180. MRI can provide
us useful information.

CJD180 is clearly associated with a point muta-
tion of PRNP but appears as if it were a sporadic
neurcdegenerative disorder. We may misdiagnose
such cases without a genetic analysis because of the
difference in the clinical features from what we usu-
ally consider the “CJD characteristic” clinical fea-
tures. Characteristic MRI findings can lead us to an
accurate premortem diagnosis.
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We previously reported that guinacrine inhibited the formation of an abnormal prion protein (PrPres), a key
molecule in the pathogenesis of transmissible spongiform encephalopathy, or prion disease, in scrapie-infected
neuroblastoma cells. To elucidate the structural aspects of its inhibiting action, various chemicals with a
quinoline ring were screened in the present study. Assays of the scrapie-infected neuroblastoma cells revealed
that chemicals with a side chain containing a quinuclidine ring at the 4 position of a quinoline ring (repre-
sented by quinine) inhibited the PrPres formation at a 50% inhibitory dese ranging from 107! to 10! pM. On
the other hand, chemicals with a side chain at the 2 position of a quinoline ring (represented by 2,2'-
biquinoline) more effectively inhibited the PrPres formation at a 50% inhibitory dose ranging from 10~ to
10! pM. A metabolic labeling study revealed that the action of quinine or biquinoline was not due to any
alteration in the biosynthesis or turnover of normal prion protein, whereas surface plasmon resonance analysis
showed a strong binding affinity of biquinoline with a recombinant prion protein. In vivo studies revealed that
4-week intraventricular infusion of quinine or biquinoline was effective in prolonging the incubation peried in
experimental mouse models of intracerebral infection. The findings suggest that quineline derivatives with a
nitrogen-containing side chain have the potential of both inhibiting PrPres formation in vitro and prolonging
the incubation period of infected animals, These chemicals are new candidates for therapeutic drugs for use

in the treatment of transmissible spongiform encephalopathies,

Transmissible spongiform encephalopathies (TSEs), or
prion diseases, are a group of fatal neurodegenerative disor-
ders that include Creutzfeldt-Jakob disease and Gerstmann-
Striussler-Scheinker disease (GS5S) in humans and scrapie,
bovine spongiform encephalopathy, and chronic wasting dis-
ease in animals. These disorders are characterized by the ac-
cumulation of an abnormal isoform of prion protein (PrPres),
which is high in beta-sheet content and resistant to digestion
with proteases (15). Recent outbreaks in younger people of
acquired forms of human TSEs, such as variant Creutzfeldt-
Jakob disease (19) and iatrogenic Creutzfeldt-Jakob disease
with cadaveric growth hormone or dura graft (4}, are prompt-
ing the development of therapeutic interventions as well as
early diagnostics.

One possible therapeutic strategy is to inhibit PrPres forma-
tion in the infected host. Doh-ura et al. first reported that
cysteine protease inhibitors and lysomotropic agents inhibited
PrPres formation in scrapie-infected neuroblastoma (ScNB)
cells and that among them, quinacrine was one of the most
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Jtains.tohoku.ac.jp.
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potent inhibitors (8). Another research group has also re-
ported that quinacrine and its related tricyclic compounds are
effective in inhibiting PrPres formation (11). Quinacrine is a
synthesized chemical which has a quinoline ring in its structure,
It is used as a substitute for quinine in the treatment of ma-
laria. Accordingly, in this study we chose to focus on the quin-
oline derivatives to examine the structure-activity relationship
involved in inhibiting PrPres formation as well as in prolonging
the incubation time of infected animals.

MATERIALS AND METHODS

Chemicals and ScNB celis. Chemicals were purchased from Sigma, Maybridge
(Comwall, United Kingdom), Peakdale (Derbyshire, United Kingdom), Specs
(Rijswijk, The Netherlands), and Bionct (Cornwall, Usited Kingdom) and were
dissolved in 100% dimethyl sulfoxide (DMSO) or 96% ethanol just before use.
ScNB cells (16) were grown in six-well culture plates in Opti-MEM (Invitrogen)
supplemented with 10% fetal bovine serum, Chemicals at various concentrations
were added to the medium when 1/20 of the confluent cells were passed. The
final concentration of either DMSO or ethanol in the medium was less than
0.2%. The cultures were allowed to grow to confluence for 4 days.

Western blot analysis. PrPres was analyzed as described previously (5) with
slight modification. Bricfly, the cells in confluency were rinsed with phosphate-
buffered saline (PBS) and lysed with lysis buffer (0.5% sodium deoxycholate,
0.5% Nonidet P40, PBS). After low-speed centrifugation, the sepernatant was
treated with 10 g of proteinase K/ml for 30 min at 37°C. Digestion was stopped
with 0.5 mM phenylmethylsulfonyl fluoride, and the supernatant was centrifuged
at 100,000 X g for 30 min at 4°C, Pellets were resuspended in 30 pl of the sample
buffer by sonication. After being boiled, the sample was scparated by electro-
phoresis on a Tris-glycine-sodium dodecy! sulfate-15% polyacrylamide gel elec-
trophoresis (SDS-PAGE) and then clectroblotted onto a polyvinylidene difluo-
ride membrane (Millipore). The membrane was incubated with PrP-2B, an
anti-PrP polyclonal antibody, against a mouse-bamster PrP fragment (amino
acids 89 to 103) and then with an alkaline phosphatase-conjugated goat anti-

— 189 -



1282 MURAKAMI-KUBO ET AL.

1abbit antibody (Promega). Signals were visualized with CDP-Star detection
reagent (Amersham) and were densitometrically analyzed, Either the concen-
tration of a chemical giving 50% inhibition of PrPres formation relative to the
control 50% inhibitory concentration {ICs,) or the maximal eoncentration of a
chemical that does not affect the rate of cell growth to confluence (TC) was
estimated from more than three independent experiments.

Metabolic labeling stody. Metabolic labeling of prion protein was performed
as described previously (5). Briefly, subconflucnt ScNB cells in 25<m? flasks
were rinsed three times with PBS and preincubated at 37°C in 1.5 m! of methi-
onine-free minimal essential medium with 1% dialyzed fetal bovine serum and 1
M quinine or 2,2"-biquinoline. After 60 min of preincubation, 125 uCi of
3%S-labeled methionine (Amersham) was added to each flask and incubated for
60 min. Then 10 mi of chase medium with 1 UM quinine or biguinoline was
added, and the incubation was continued for 18 min, 2 b, or 8 h. Cells were rinsed
three times with PBS and lysed with lysis buffet. After low-speed centrifugation,
an aliquot of the supematant was clectrophoresed for total protein analysis; the
remainder was used for immunoprecipitation of total prien protein. For the
detection of ecll surface phosphatidylinositol-anchored prion protein, cells were
incubated for 30 min in the chase medium with 1 uM quinine or biquinoline after
pulse [abeling, rinsed three times with PBS, and then incubated with 1.33 U of
phosphatidylinositol-specific phospholipase C (PIPLC)ml in PBS at 37°C for 60
min, The soup was used for immunoprecipitation of cell-surface prion protein.
Immunoprecipitation was performed with a PrP-2B antibody after whole pro-
teins in the soup were precipitated with methanol and resuspended in detergent-
lipid-protein complex solution,

Surface plasmon resonance sensorgram study. Interaction between prion pro-
tein and a chemical was analyzed using a BIAcote X systems. A recombinant
murine prion protein fragment (amino acids 121 to 231) (PrP121-231) was
immobilized on a sensor chip (CM$) according to the manufacturer’s instruc-
tions, Each chemical was injected at a 100 pM concentration in running buffer
(25% DMSQ in PBS) for 1 min at a flow rate of 20 ul/min; then running buffer
without a chemical was injected for 1 min at the same flow rate. Data were
corrected by using a blank sensor chip as a control,

In vive study. In vivo evaluation of the effectivencss of a chemical at prolong-
ing the incubation fimes in infocted animals was performed by using a mouse
model of Tg7 (14, 17) or Tg20 (10), both of which have substantially shorter
incubation periods than wild mice. Briefly, a 20-pl aliquot of 1% 263K pathogen
homogenate for Tg7 mice, or the same amount of aliquot of 1% Rocky Mountain
Laboratory (RML) pathogen homogenate or Fukuoka-1 pathogen homogenate
for Tg20 mice, was inoculated into the right parietal portion of the brain. A
4.week continuous intraventricular infusion of vehicle alone (25% DMSO) or of
a chemical dissolved in 25% DMSO was initiated at day 10 or 35 in Tg7 mice or
at day 14 or 49 in Tg20 mice by using an Alzet osmotic pump equipped with 3
brain infusion kit (Durect, Cupertino, Calif.). An intraventricular infusion can-
nula from the brain infusion kit was fitted into the left frontal portion of the
brain. :

The infusion initiation date was selected at an early stage of the infection (day
10 or 14), or at a late stage (day 35 or 49), when abnormal PrP deposition in the
brain definitely appeared in the 263K-infected Tg¥ or RML-infected Tg2) mice.
However, day 49 postinoculation in the Fukuoka-1-infected Fg20 mice was not
exactly at a late stage of the infection, and no informalion on when abnormal PrP
deposition appeared in this model was available.

In some experiments, intraperitoneal administration of & chemical was pro-
vided by a single injection once a day for § days per week from day 10 or day 35
postintracerebral inoculation until death. The incubation period during which
the animals were observed every day lasted from the time of intracercbral
infection until the time of death. Five male mice (cach weighing about 30 g) per
group were used in the experiments. Animal handling and killing were in accor-
dance with national prescribed guidelines, with ethical approval for the study
granted by the Animal Experiment Committee of Kyushu University,

Mice which died within a few days due to operational procedures were ex-
cepted from the statistical analysis after pathological confirmation. Doses of less
than 8 nmol of quinine/day were examined, because toxicity shortened life span
at doses beyond 8 nmol/day, Biquinoline was examined at doses of less than 16
nmol/day, which provided no toxicity yet solubility in 25% DMSO.

Immunohistochemistry. An indirect immunoperoxidase method was applied
as described previously (9) with slight modification. Briefly, brains were obtained
postmortem and fixed in 10% buffered formalin for several weeks. The tissue was
immersed in 98% formic acid for 1 h to reduce infectivity and then embedded in
paraflin. The samples were cut into 5-pm-thick sections, and then the sections
were deparaffinized in xylene and bydrated using an ethanol gradicnt. The
endogenous peroxidase activity was blocked with 0.3% H,0; in absolute meth-

ancl for 30 min at room temperature. After being rinsed with tap water, the
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sections were treated with a hydrolytic autoclave (1 mM or 1.5 mM HCY, 121°C,
10 min) and washed in 50 mM Tris-HCl, pH 7.6, before being incubated with
PrP-C polyclonal antibody (Immuno-Biological Laboratories, Gunma, Japan)
(1:200) at 4°C overnight. The sections were then incubated with a horseradish
peroxidase-conjugated secondary antibody (Vector Laboratorics, Burlingame,
Calif.) {1:200). The color reaction product was developed with 3,3'-diaminoben-
zidine tetrahydrochloride solution, and the sections were then counterstained
with hematoxylin.

RESULTS

Screening of chemicals in vitro. Clinically available drugs
with a quinoline ring and their related chemicals were first
screened for the inhibition of PrPres formation in ScNB cells.
The antimalarial drug quinine and its related chemicals (such
as quinidine, hydroquinine, cinchonine, cinchonidine, and hy-
droquinidine 4-methyl-2-quinolyl ether) were found to be ef-
fective (Table 1, left column). The ICs, doses of these chem-
icals ranged from 3 to 18 pM, and the effective dose range
between the ICs; and the TC was relatively narrow. Hydro-
quinidine 4-methyl-2-quinolyl ether, which has two quinoline
rings, was slightly more effective than the chemicals with only
one quinoline ring. Quinine-related chemicals with a carbonyl
base located between a quinoline ring and a quinuclidine ring,
such as MQAC (cinchonan-9-ol, 6'-methoxy-cthylcarbonate),
MOQAA (cinchonan-9-ol, 6'-methoxy-acctate), and MAM [(6-
ethynyl-1-azabicyclo[2.2.2.]oct-2yl)  (6-methoxy-4-quinolinyl)
methanone], were more effective, and their ICg, dose ranges
were 0.45 to 0.9 pM (Table 1, middle column). Chemicals with
either the motif of quinine or that of quinidine on each lateral
side of anthraquinone, (DHQ),AQN (hydroquinine anthra-
quinone-1,4-diyl diether) and (DHQD),AQN (hydroquinidine
anthraquinone-1,4-diyl dicther), were much more effective
than those with only one motif, and their IC,, doses were 0.04
and 0.01 uM, respectively. A chemical with a 4-dimethylamin-
ostyryl moiety was also very effective; and its IC,, was 0.012
pM. Except for this chemical, all of the effective chemicals
shared a common structure composed of a quinoline ring plus
a relative large side chain containing a quinuclidine ring at the
4 position of the quinoline ring. The chemicals listed in the
right column of Table 1 also had this common structure, but
they showed toxicity at a lower dose and were not effective
within a nontoxic dose range.

Other quinoline chemicals unrelated to quinine were also
screencd. Chemicals with a side chain at the 2 position of a
quinoline ring, such as 2,2'-biquinoline, inhibited PrPres for-
mation at 0.003 pM, the minimum IC, dose (Fig. 1A), and
this effectiveness was reduced by the replacement of the quin-
oline ring by a pyridine ring or a naphthyridine ring {Table 2,
left column). The addition of a carboxyl moiety to both the 4
position and the 4' position of the quinoline ring abolished the
inhibiting activity of biquinoline (Table 2, right column, top).
QCQH (8-hydroxy-8-quinolinythydrazone-2-quinolinecarbox-
aldehyde} and PCQH (2-quinolinylhydrazone-2-pyridinecar-
boxaldehyde)} were also very effective in inhibiting PrPres for-
mation at an ICy, dose of 0.0075 and 0.004 pM, respectively.
They shared a common structure with biquinoline respecting
the arrangement of nitrogen atoms. DMEDAPQ (NN-di-
methyl-N'-[2-{4-pyridinyl}-4-quinolinyl]-1,2-ethanediamine) a
chemical with a nitrogen-containing side chain at both the 2
position and the 4 position of a quinoline ring (thereby resem-
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TABLE 1. Structure-activity relationship of quinine analogues on PrPres inhibition

Effoctive Ineffective
Cheamical Stuctwre I, (uM}? TC (uM)P Chemical  Structure  IC, (uMP TC(M)P  Chemical Stuctwe I, (WM TC (pM)P
Quinine MQAL Hydroquinine 4-
é 0 <l
0.45 25 . 5
h |
Quinidine MQAA
Hydroquinidine 4-
’ chlorobenzoate
“(% 3 ” n\g\‘” -
- >s
MAM
Hydroquinine
125 0 09 »50 Hydroquinidine
. (DHQ)AQN - 25
Cinchonine
0.04 s
5 _)E“ 6 23 Hydrocinchonine
Cinchonidine (DHQDILAQN - 28
L
g“ 1t s 0.01 s
Hydroquirtidine
A-owcthyl-2 4,(4-Diroethrylarminostyryl)
quinotyl ether quinoline
s >3
()501:" 0012 10

“1Csq, 2pproximate concentration of a chemical giving 50% inhibition of PrPres formation relative to the control,
¥ TC, approximate maximal concentration of a chemical that does not affect the rate of cell growth to confluence,

bling quinine rather than biquinoline in terms of the arrange-
ment of nitrogen atoms), was less effective than biquinoline,
and its IC,, dose was 0.5 pM.

Chemicals containing a quinoline ring without a large side
chain were also examined. They included quinoline hydrochlo-
ride, 8-hydroxyquinoline, 2,8-quinolinediol, 8-acetoxyquino-
line, and CHIQ (5-chloro-7-iodo-8-quinolinol). All of them,
with the exception of 2,8-quinolinediol, were ineffective at in-
hibiting PrPres within a nontoxic dose range (Table 2, right
column). Quinolinediol showed an ICs; dose of 8 uM, which
was much higher than those of other chemicals with a side
chain at the 2 position of a quinoline ring (Table 2, left column,
bottom).

Mechanism of inhibition of PrPres formation. Because qui-
nine and biquinoline represented the effective chemicals found
here, we focused on these chemicals and studied the mecha-
nism behind their action. After ScNB cells had been treated
with different concentrations of quinine or biquinoline for 4
days and then left without treatment for an additional 10 or 17
days, PrPres signals did not reappear even 17 days after dis-
continuation of the chemical treatment (Fig. 1B [for biquino-
line] and data not shown [for quinine]). Thus, treatment with
the chemicals permanently cured the cells of the accumulation
of PrPres.

Because phospholipase-sensitive cell surface PrP (PrPsen) is

A
° 61 1 i 103 1000 oM
- Yo o
55_-’3_.- gendab
B Follow up10 da Foliow up 17
Treatmont 4 days  afher discontiauaion afier dlecontinsbe
r 1 L 1 r -

07 710 100 1000 § 19 100 1000 10 100 1000 nM

FIG. 1. Inhibition of PrPres accemulation in ScNB cells grown with
2,2"-biquinoline (A) and lack of restoration of PrPres formation in
ScNB cells treated once with biquinoline (B). (A) Biquinoline was
added at designated concentrations to the medium when the cells were
passed, and the culture was allowed to grow to confluence. Then,
PrPres in the cells was analyzed by immunoblotting. (B) ScNB cells
were treated with 10, 100, or 1,000 nM biquinoline for 4 days. The
medium was replaced by fresh medium, and the cells were left without
treatment for an additional 10 or 17 days. Then PrPres levels were
assayed. Molecular size markers (in kilodaltons) are indicated,
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TABLE 2. Structure-activity relationship of biquinoline analogues on PrPres inhibition

Effective Ineffective
Chemical Structure IC,(IMF  TC(uMy*  Chemical Structure  IC, (uMF  TC(pM)F
2.2 Biquincline o T
€ 014 o JET SN o
242-Pyridinyl)quincline
C()_Q Quincline
CAT 50 bydrochiorice - 25

2,2-Bi1,% naphthyridine)

2-(2-Pyridinyl)-
1, S-maphthyridine

QO = m
QCQH

E : E 0.0075 25
PCQH

m 0.004 1
DMEDAPQ

™
(ﬁg 05 50

228-Quinolinediot

E]:k_ ¢t %

E-Hydroxyquinoline

8 8

B-Acctoxyquinaline

2.5

CHIQ

B8

* 1Csq, approximate concentration of 8 chemical giving 50% inhibition of PrPres formation relative to the control,
#TC, approximate maximal concentration of a chemical that does not affect the rate of cell growth to confluence.

the precursor of PrPres, it is possible that the inhibition of
PrPres accumulation by these chemicals was due to an indirect
effect on PrPsen metabolism or turnover, However, biquino-
line showed no effects on the metabolic labeling of cellular
proteins or on the biosynthesis and turnover of PrPsen (Fig.
24, B, and C).

Surface plasmon resonance analysis showed that the inter-
action of biquinoline with recombinant PrP121-231 occurred
very slowly and failed to reach saturation even after 1 min.
During the dissociation phase, furthermore, complete dissoci-
ation did not occur (Fig. 2D). On the other hand, the interac-
tion of quinine or quinacrine occurred very quickly, reaching
saturation within several seconds, and dissociation was com-
pletely over within seconds.

From observations of the structure of the effective chemi-
cals, it was predicted that they might exert their inhibiting
action through some mechanism which involved chelating met-
als. Thus, quinine and biquinoline were preincubated (before
being added to the ScNB culture medium) with an equivalent
dose of, a 10-times-higher dose of, or a 100-times-higher dose
of various metal ions, including copper, zinc, manganese, iron,
cobalt, and aluminum ions. The results showed no change in
the inhibiting activities of the chemicals (data not shown). -

In vive study. To examine whether these chemicals could be
effective in improving the prognosis in vivo, quinine or bigquino-
line was continuously administered intraventricularly in animal

models which had been intracerebrally infected with three
different TSE pathogen strains, comprising 263K scrapie agent,
RML scrapie agent, and Fukuoka-1 GSS agent. Quinine ad-
ministration from an early stage of infection prolonged the
incubation period by 13.6% (days 47 to 53.4) at 0.64 nmol/day
in 263K-infected mice (Fig. 3A), by 10.8% (days 68.6 to 76) at
1.6 nmol/day in RML-infected mice (Fig. 3B), and by 12.8%
(days 104.2 to 117.5) at 0.64 nmol/day in Fukuoka-1-infected
mice (Fig. 3C). The effect of quinine administration from a late
stage of infection was clearly demonstrated in 263K-infected
mice, resulting in 36% (days 47 to 63) prolongation of the
incubation period at 1.6 nmol/day (Fig. 3A), with some of the
RML-infected mice displaying a tendency to survive much
longer than the control at 0.64 nmol/day (Fig. 3B). On the
other hand, the effect of biquinoline administration was exam-
ined only in 263K-infected mice; it demonstrated 10.8% (days
49 to 54.3) prolongation of the incubation period in the group
receiving 1.6 nmol/day at an early stage of infection, but no
significant effects were observed in the groups which received
it at a late stage (Fig. 3D). Intraperitoneal administration of
biquinoline was also performed in 263K-infected mice, and this
resulted in 7.7% (days 49 to 52.8) prolongation of the incuba-
tion period in the group receiving 0.39 mmol/day from an early
stage of infection,

Postmortem histopathologica! examination of the brains
treated with quinine or biquinoline was performed to see
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FIG. 2. Lack of effect of the presence of biquinoline on the metabolic labeling of total protein (A), total PrPsen (B), and PIPLC-sensitive, cell
surface PrPsen (C). (D) Direct interaction of biquinoline with recombinant PrP121-231 analyzed using a surface plasmon resonance sensorgram.
(A) Control ScNB cells (lanes C) and biquinoline-treated cells (lanes BQ) were pulse labeled and then incubated in chase medium for the indicated
chase time. The total lysate proteins were methanol precipitated from the detergent lysates of the cells and analyzed by SDS-PAGE. Equal flask
equivalents were loaded onto all lanes in each panel. Molecular size markers (in kilodaltons) are indicated. (B} PrPsen was isolated from the total
ysate proteins by immunoprecipitation and analyzed by SDS-PAGE. (C) PrPsen was immunoprecipitated from the cell soup treated with PIPLC.
Biquinoline at 1 pM was included in all media, starting with the preincubation, except in the case of the control cells. (D) Interaction between a
PrP121-231 fragment and a chemical was analyzed using a BlAcore system. A recombinant murine PrP121-231 fragment was immobilized on a
CM5 sensor chip; biquinoline, quinine, or quinacrine {at 100 uM in buffer solution) was injected for 1 min at a fiow rate of 20 ul/min for the
association, and then the buffer solution without a chemical was injected at the same flow rate for the dissociation,

whether there was any modification in abnormal PrP deposi-
tion patterns following treatment. Those mice with prolonged
incubation periods had a tendency to show less PrP deposition
in the white matter between the cerebral cortex and the hip-
pocampus of the brain hemisphere implanted with an intra-
ventricular cannula, although they showed no apparent alter-
ation in PrP deposition patterns in the bilateral thalamus or
hypothalamus (Fig. 4).

DISCUSSION

In the studies reported here, we were able to identify quin-
oline derivatives that inhibited PrPres accumulation in ScNB
cells. The commonly shared structure in these chemicals was a
quinoline ring bound at its 2 or 4 position with a side chain
contfaining a nitrogen atom, which was located at a particular
distance from a nitrogen atom in the ring. Chemicals with a

side chain at the 2 position of a quinoline ring were more
effective than those with a side chain at the 4 position. Re-
placement of a quinoline ring with a pyridine ring or a naph-
thyridine ring resulted in a weaker inhibiting activity, while
modification of biguinoline by a moiety that caused less flexi-
bility in the hinge portion between the guinoline rings com-
pletely suppressed the inhibiting activity. These findings sug-
gest that a certain proper alignment of two nitrogens, one in 2
quinoline ring and the other in a side chain, might be impor-
tant with regard to inhibiting activity.

As for the inhibiting mechanism of these chemicals, the
representative chemicals, quinine and biquinoline, demon-
strated no alteration either in the protein biosynthesis in gen-
eral or in the metabolic labeling and turnover of PrPsen in
particular. However, biquinoline showed a very strong binding
affinity with recombinant PrP121-231 in the Biacore study.
Thus, some of the chemicals, including biquinoline, may inhibit
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FIG. 3. Prolongation of incubation times in intraccrebrally TSE-infected mice treated with quinine or biguinoline. (A) Tg7 mice infected with
263K agent strain and intraventricularly treated with quinine; (B) Tg20 mice infected with RML agent strain and intraventricularly treated with
quinine; (C) Tg20 mice infected with Fukuoka-1 agent strain and intraventricularly treated with guinine; (D) Tg7 mice infected with 263K agent
strain and intrapenitoneally or intraventricularly treated with biquinoline. A 4-week continuous intraventricular infusion of a chemical was initiated
by using an osmotic pump at day 10 (1.5W) or day 35 (SW) post-intracerebral inoculation in Tg7 mice or at day 14 (ZW) or day 43 (TW) in Tg20
mice. For intraperitoneal treatment, injcction of a chemical in Tg7 mice was petformed intraperitoneally once a day for 5 days per week from day
10 (L.5W) or day 35 (5W) until the death of the mouse. Each closed circle represents the incubation time of an individual mouse. Each solid line
and bar represent the average and standard deviation of the incubation times of each group. The star indicates groups with results with P < 0.05
compared to the results seen with the vehicle control. Each of the experiments was performed indepeadently using different lots of the pathogen
homogenate; thus, there was some variation in the data shown in panels A and D even for the same vehicle control.

the conversion of PrPsen to PrPres through direct interaction
with PrPsen molecules. Since biquinoline (ICs, dose, 0.003
pM) was much more effective than quinine (3 pM) or quina-
crine (at a concentration of 0.4 pM [8] or 0.3 pM [11]) in ScNB
cells, the binding affinity of the PrP fragment (which was much
stronger with biquinoline than with quinine or quinacrine)
would appear to be clearly corrclated with the inhibiting ac-
tivity of PrPres formation in vitro. The potential binding site(s)
of these chemicals in PrPsen molecules remains to be deter-
mined.

On the other hand, the involvement of chelating metal(s) in
their inhibiting activity (as determined on the basis of the
structure of the chemicals which were found to be effective in
this study) was predicted. PrPsen is known to bind copper at its
N-terminal octameric repeat region (3, 13, 18), and it is sug-
gested that interaction between PrPres and copper stabilizes
PrPres conformation (12). Manganese also binds PrP mole-
cules instead of copper and increases proteinase K resistance
and beta-sheet content (2). However, our observation suggests

that the chelating mechanism seems unlikely to be involved in
the inhibiting action of the chemicals found here.

Among the chemicals tested here, CHIQ is an antibiotic
(called clioquinol) and a Cu/Zn-selective chelator known to be
effective in decreasing beta-amyloid deposits in Alzheimer’s
disease (6). However, in this study, CHIQ and its refated com-
pounds, quinoline hydrochloride, 8-hydroxyquinoline, and
B-acetoxyquinoline, did not inhibit PrPres formation in ScNB
cells. These findings also suggest that chelating drugs which are
effective in inhibiting beta-amyloid formation are not neces-
sarily effective at inhibiting PrPres formation.

The in vivo study revealed that the chemicals with a quino-
line ring were effective not only in inhibiting PrPres formation
in vitro but also in prolonging incubation times of intracere-
brally infected animals. The greatest effectivencss was obtained
by intraventricular administration of quinine at 1.6 pmol/day,
which prolonged the incubation time by 36% in 263K-infected
mice (compared to the results seen with the control) when
initiated at a late stage of infection. Quinine was also ¢ffective
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FIG. 4. Effects of intraventricular treatment with quinine or biquinoline on abnormal PrP deposition in the brain of intracercbrally 263K-
infected Tg7 mice. The results for brain treated from day 10 postinfection for 4 weeks with vehicle (25% DMSO) alone (A), 0.64 nmol of
quinine/day (B), or 1.6 nmol of biquinoline/day (C) are shown. Immunohistochemistry for abnormal PrP deposition was performed in the brains
obtained postmortem from the longest-surviving members in each group, and representative examples of the brain hemisphere at the chemical

injection side are shown.

in prolonging incubation times of the mice inoculated with
different pathogen strains such as RML scrapie agent and
Fukuoka-1 GSS agent. These findings indicate that application
of quinine, an antimalarial drug, to humans infected with other
TSE agents could be judicious.

Recently two research groups have reported that quinacrine
is not effective in prolonging incubation times of intracere-
brally infected TSE animals (1, 7). Our findings regarding
quinine, which is a quinacrine-related chemical, appear to be
inconsistent with their findings about quinacrine. However,
differences in the structures of the chemicals and in the ad-
ministration routes, doses, and durations as well as experimen-
tal models might have caused this gap but it remains to be
elucidated.

Biquinoline was 1,000 times more effective than quinine in
inhibiting PrPres formation in vitro with respect to the ICs,
value, but when initiated from an early stage with intraventric-
ular injections of 1.6 nmol/day or intraperitoneal injections of
0.39 mmol/day, its effectiveness in prolonging incubation times
in vivo was clear, albeit marginal. The stability of chemicals
and accessibility to targets in vivo might be different between
these chemicals, and the reason for the gap between inhibiting
activity in vitro and therapeutic activity in vivo remains to be
found.

In investigations of the immunohistochemistry of the post-
mortem materials, abnormal PrP deposition in the white mat-
ter adjacent to the ventricle (where a chemical was injected
continuously) was less evident in the mice treated with quinine
or biquinoline from a early stage than in the control, although
abnormal PrP deposition in the thalamus and hypothalamus
was demonstrated in a fashion similar to that seen in the
control. This would seem to imply that following treatment
with a chemical, prolongation of incubation times in mice
treated with the chemical might be associated with a reduction
in abnormal PrP deposition in the brain.

In conclusion, we have demonstrated that quinoline deriva-
tives with a relatively large side chain with a nitrogen are able
to inhibit PrPres accumulation in ScNB cells and can prolong

the incubation periods of infected mice. The inhibition was not
caused by interference in the biosynthesis or turnover of
PrPsen or by the chelation of metals. Some of the chemicals,
including quinine, are already in clinical use and are known to
pass the blood-brain barrier. Thus, these drugs might be im-
mediately available for clinical trials in investigations of the
treatment of human TSEs.
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