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the sample were then prepared and subjected to electrophore-
sis using 12% (w/v) SDS-polyacrylamide gels. Proteins were
transferred from the gels to 045 um PVDF membranes
(Immobilon-P, Millipore Corp.. Billerica, USA), and non-
specific binding sites on the membranes were then blocked
by overnight incubation in buffer containing dried milk and
Tween 20. The blocked membranes were incubated with
monoclonal antibody 3F4, washed extensively, and then
incubated with a secondary horseradish peroxidase (HRP)-
conjugated anti-mouse antibody (Sigma-Aldrich Corp.). Afier
further extensive washing, bound antibody was detected using
an ECL-Plus detection system (GE Healthcare UK Ltd, Buck-
inghamshire, UK) and exposure to blue-light sensitive film.

The level of PrP5° present in each sample was calculated
based on the end-point dilution after analysis by WB. The
end-point dilution for each titration was taken as the first dilu-
tion at which the 28 kDa PrP* protein could not be detected.
The reciprocal of this dilution was then taken as the titer of the
agent, and expressed in arbitrary units/ml.

2.2.2. Method 2 (WB2)

WB was performed essentially as described by Leeetal. [ 14].
Briefly. samples were digested with proteinase K at approxi-
mately 6 U/mi for 60 min at 37 °C and centrifuged at approxi-
mately 20,000 x g for 60 min at 4 °C, The pellet was then
resuspended and denatured in a 1:1 mix of supernatant and sam-
ple buffer (62.5 mM Tris—HCI, pH 6.8, 10% (v/v) glycerol, 2%
(w/v) SDS and 0.0025% (w/v) bromophenol blue, Invitrogen
Corp. Carlsbad, USA), by heating at approximately 100 °C. Se-
rial 3.2-fold (0.5 log,p) dilutions of the sample were prepared,
and loaded onto 12% (w/v) SDS-polyacrylamide gels. Follow-
ing electrophoresis, proteins were transferred to nitrocellulose
membranes (Invitrogen Corp.), and the membranes blocked us-
ing buffer containing dried milk and Tween 20 for 1—2 h at room
temperature. The blocked membranes were then incubated with
monoclonal antibody 3F4, washed extensively, and incubated
with a secondary alkaline phosphatase (AP)-conjugated anti-
mouse antibody (Cambridge Biosciences Ltd., Cambridge,
UK). After further extensive washing, bound antibody was
detected using a CDP Star/Nitroblock 1l detection system
(Applied Biosciences, Bedford, USA) and exposure to blue-
light sensitive film.

The titer of PrP present in each sample was calculated
slightly differently from WB1 and WB3. The end-point dilu-
tion for each ttration was taken as the last dilution at which
the 28 kDa PrP5 protein could be detected. The reciprocal
of this dilution was then taken as the amount of agent in the
sample volume tested, and was adjusted for the volume tested
and any concentration factors, to give a titer/ml for the original
process sample.

2.2.3. Method 3 (WB3)

Samples were ultracentrifuged twice at 150,000 x g for | h.
The samples in the precipitates were then resuspended in PBS at
1/1 or 1/10th volume of the original. Resuspended samples
were treated with proteinase K at a final concentration of 10—
100 pg/ml. After incubation at 37 °C for 60 min, samples

were treated with 10 mM 4-(2-aminocthyl)-benzene sulfonyl
fluoride hydrochloride (AEBSF) at room temperature for
10 min, then mixed with 5x SDS-polyacrylamide gel electro-
phoresis (PAGE) sample buffer (300 mM Tris—HC, 12% (w/v)
SDS, 25% (v/v) glycerol, and 0.025% (w/v) bromophenol
blue, pH 6.8, with 25% (v/v) f-mercaptoethanol) and heated
at 100 °C for 5 min. Samples were serially 5-fold diluted with
1x PAGE dilution buffer (60 mM Tris—HCI, 2.4% (w/v)
SDS, 5% (viv) glycerol, and 0.005% (w/v) bromophenol
blue, pH 6.8), SDS-PAGE was performed at 30 mA per gel
for approximately 42 min. The proteins in the gel were trans-
ferred to 0.45 pm PVDF membranes. After treating with block-
ing buffer (5.0% (w/v) skimmed milk in PBS, 0.05% (v/v)
Tween 20), the membrane was incubated with monoclonal
antibody 3F4 at 4 °C overnight, then incubated with HRP-
conjugated sheep anti-mouse IgG (Sigma-Aldrich Corp.). Bound
antibody was visualized by chemiluminescence (ECL-Plus) on
X-ray film. The titer of PrP¢ present in the samples was cal-
culated as described for method 1 in Section 2.2.1.

2.3. Evaluation of PrP* removal by filtration

A 10% (v/v) concentration of “super-sonicated" 263K MF
was prepared in PBS, and 10 ml aliquots were then filtered
through a 220 nm or a 100 nm 4 cm® PVDF filter (Millex-
GV or -VV, Millipore Corp.). In addition, 25 ml aliquots of
“super-sonicated” 263K MF in PBS were filtered through
a 0.01 m® P-75N (72 + 2 nm), P-35N (35 + 2 nm), or P-15N
(15 £ 2nm) filter (Asahi Kasei Medical Co., Lid. Tokyo,
Japan). Two independent batches of 263K MF were used.
WBI analysis of samples before and after filtration was per-
formed to determine the removal of PrP> under the different
conditions. Non-sonicated 263K MF (from the same batch
of 263K MF) was also filtered as a control.

2.4. Hamster bioassay to determine the infectious titer of
263K scrapie stocks

Three- to four-week-old female specific pathogen-free
(SPF) Syrian hamsters were used in these experiments. Serial
10-fold dilutions of each sample or positive control were
prepared in PBS. Six hamsters per sample dilution were inoc-
ulated intra-cerebrally with 0.02 ml per animal. The inoculated
animals were monitored daily for general health, and weekly
for clinical evidence of scrapie. Animals were euthanized
once advanced signs of scrapie were evident, or at the end
of the assay period (200 days). The brain was removed from
each hamster following euthanasia: one half was fixed for his-
topathology and the other half was stored frozen at =70 °C for
further analysis if required. For histopathological analysis,
sections taken at four standard coronal levels, to cover the
nine arcas of the brain which are recognized to be mostly in-
fected by the scrapie agent, were stained with hematoxylin and
eosin, and scored for the presence or absence of scrapie lesions
[15]. Histopathological analysis was performed on samples
from around the clinical end-point of the titration assays, to
confirm the clinical results. Hamsters that died during the
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course of the study for reasons other than scrapie infection
were not included in the final calculation of infectious titers.
Infectious titers were expressed as a 50% lethal dose (LDsp)
according to the method of Kirber [16].

Samples taken before and after filtration during the P-15N/
antithrombin (AT; previously named antithrombin-II1) study
were tested for the presence of scrapie infectivity using a qual-
itative hamster bioassay. Syrian hamsters were inoculated with
undiluted samples only, as described above, except that only
three animals were used per sample.

2.5. Evaluation of PrP5¢ removal in the presence of
plasma preparations

To investigate whether differences in how the scrapie spike
material was prepared influenced our evaluation of prion re-
moval, two different spiked preparations were compared using
the manufacturing process for preparing AT (Neuant™, Benesis
Corp., Osaka, Japan). Samples taken during the actual
manufacturing process, immediately before the Planova step,
were spiked with 263K MF treated with 0.1% (w/v) sarkosyl
for 30 min at room temperature, or with 220 nm-filtered “*super-
sonicated” 263K MF. The spiked AT materials were then
passed through a P-15N filter. The influence of different filtra-
tion conditions on the removal of PrP% was compared for the
same spike preparations, and for different spike preparations,
using heat/PEG-treated intravenous immunoglobulin (1VIG)
(Venoglobulin-IH, Benesis Corp.) and haptoglobin (Haptoglo-
bin Injection-Yoshitomi, Benesis Corp.). Samples taken during
the actual manufacturing process, immediately before the Pla-
nova step, were spiked with: 220 nm-filtered **super-sonicated™
263K MF (IVIG/P-35N and haptoglobin/P-35N); 263K MF
ultracentrifuged at 141,000 x g for 60 min at4 °C, resuspended
in buffer equivalent to the starting material without protein,
“super-sonicated” and 220 nm-filtered (IVIG/P-20N); or
263K MF treated with 0.3% (viv) TNBP/1% (v/v) Tween B0
for 6h at 30°C (“SD treatment"), ultracentrifuged at
141,000 x g for 60 min at 4 °C, resuspended in saline, “super-
sonicated”, and 220 nm-filtered (haptoglobin/P-20N). The
spiked material was then passed through either a P-35N filter
or a P-20N filter (19 &+ 2 nm). Although not part of the
manufacturing process for haptoglobin, the SD treatment was
included for the spiked preparation in an effort to reduce the
clogging of the filter that occurs following the addition of
a prion spike. Filtration processes for the thrombin preparation
(Thrombin-Yoshitomi, Benesis Corp.) were also investigated.
For thrombin, a sample taken during the actual manufacturing
process immediately before the Planova step was spiked with
263K MF subjected to “SD treatment™ followed by ultracentri-
fugation at 141,000 x g for 60 min at 4 °C, resuspended in the
starting material, “‘super-sonicated" and 220 nm-filtered, and
the spiked material then passed through a P-15N filier.

The experimental conditions used in the prion removal
studies were designed to mimic the conditions used during
the actual manufacturing process for the relevant product.
For all processes, samples were analyzed by WB. The loga
reduction factor (LRF) for PrP* was calculated for each

filtration run, by comparing the total amount of PrP% present
in samples before and after filtration. All studies involving the
use of WBI and 2, and the quantitative bioassays, were per-
formed in facilities in compliance with current GLP regula-
tions. Studies involving the determination of average particle
size in normal MF preparations, the use of WB3, and the qual-
itative bioassay, were performed as non-GLP studies.

3. Results

3.1. Influence of MF preparation method on particle size
distribution

Ideally, to represent a “worst case™ challenge for a filter,
the smallest form of prion protein, or infectious agent, should
be used. Studies to investigate the optimum method for prepar-
ing the prion spike material were therefore performed. In these
studies, changes in the average particle size in normal MF
were investigated, as 263K-infected brain material could not
be handled within our facility. Although prion particles in
MF derived from 263K-infected brain material were not inves-
tigated directly, we tried to optimize the design of our exper-
iments by minimizing the size of particles in normal MF, as
particle size may influence filtration performance (both with
respect to filter blockage, and removal of PrP*¢). The results
are shown in Figs. | and 2.

Treatment of normal MF with sarkosyl or lysolecithin re-
duced the average size of particles to approximately 100 nm,
when 0.1% or higher concentrations of the detergents were
used. However, below that concentration, the particle size
did not change significantly, with the exception of 0.01% lyso-
lecithin which reduced the average particle size 10 approxi-
mately 300 nm (Fig. 1AB). Treatment with Triton X-100
did not result in a significant change in particle size, even at
1% (Fig. 1C). Treatment with 0.3% TNBP or 1% Tween 80
alone was not able to reduce the particle size below 200 nm.
However, when combined, one of the conditions generally
used for viral inactivation (“SD treatment”), 0.3% TNBP
and 1% Tween B0 reduced the average particle size 1o below
200 nm (Fig. 1D). These results suggest that the reduction in
average particle size in normal MF depends on the choice of
detergent(s), and the concentration and combination of deter-
gent(s) used.

We also studied the effect of “super-sonication™ on the
particle size in normal MF. The results showed that *“‘super-
sonication™ could reduce the average particle size to a very
fine level in a short time, without the need to change the com-
position of the normal MF material (Fig. 2A). Since “super-
sonication™ is a temporary physical procedure, reversal of
the particle size reduction may possibly occur. To exclude
this possibility during the experiments, we conducted a sta-
bility study on the particle size in normal MF after “‘super-
sonication™, There was no significant change in the particle
size up 1o 24 h after “*super-sonication™, with the size remain-
ing at approximately 100 nm (Fig. 2B).

The results showed that the particle size of normal MF
preparations could be reduced significantly by treatment
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Fig. 1. Change of particle size in normal MF following treatment with various detergents. To normal MF, sarkosyl (A), lysolecithin (B), or Triton X-100 (C)

was added to a final concentration of 1%, 0.1%, 0.01%, and 0.001%, respectively. The change in the average panticle size was then

4 at room

p

for 90 min. In addition, TNBP or Tween 80 was added to normal MF to a final concentration of 0.3% and 1%, respectively, either alone, or in combination
(“SD wreatment™), The change in the average particle size was then monitored at 37 °C for 6 h (D).

with 0.1% sarkosyl, 0.1% lysolecithin, “SD treatment”, or
“*super-sonication”. The use of detergent or “*SD treatment™,
in combination with “super-sonication”, was also shown to ef-
fectively reduce the average particle size in normal MF prep-
arations, to comparable levels to the individual treatments
alone (data not shown). “Super-sonication’ has an advantage
over the other treatments in that it can minimize the change of
composition of samples taken from the manufacturing process,
as it does not require the addition of reagent(s) to the normal
ME. For this reason, *‘super-sonication” is considered to be
a useful approach for the treatment of 263K MF for process
evaluation. “SD treatment™, although slightly less effective,
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is used in many manufacturing processes, and may therefore
be useful alone, or in combination with *‘super-sonication”,
for the process evaluation of products whose manufacturing
process includes an “SD treatment™ step. These approaches,
alone or in combination, may also be useful to prevent the
clogging of filters that can occur during spiking studies.

3.2. Infectivity of PrP> in 263K MF and influence of
263K MF preparation methods on infectivity

The effect of “super-sonication” and *“SD treatment” on
the infectivity of 263K MF was studied. Infectious titers of
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Fig. 2. Change of particle size in normal MF following intense sonication (“super-sonication” ). Normal MF in a test tube equipped with a resonance chip (20 kHz,

200 W) was sonicated for | min in an ice bath. After | min, the
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), normal MF was held at room temperature for 24 h, and the change in particle size was
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263K MF, “super-sonicated™ 263K MF, and 263K MF sub-
jected to “SD trecatment™, ultracentrifuged at 141,000 x g
for 60min at 4°C, resuspended with thrombin stanting
material, “'super-sonicated”, and 220 nm-filtered, were deter-
mined using a hamster bioassay. The results are summarized
in Table 1.

The titers of two independent batches of 263K MF treated
by *‘super-sonication” were 6.0 and 5.3 log;o LDsy/ml, re-
spectively. The titer of the “non-super-sonicated”263K MF
used to generate one of these stocks was 5.7 log;g LDsy/ml.
These results suggest that *super-sonication™ does not influ-
ence the infectivity of 263K MF. The titer of the 263K MF
subjected to “SD treatment”, ultracentrifuged at 141,000 x
£ for 60 min at 4 °C, resuspended with the thrombin starting
material, “super-sonicated”, and 220 nm-filtered, was 6.9 log
LDso/ml, which was approximately 1 log higher than that of
the corresponding stock treated by “super-sonication”™ alone.
Whether this difference is significant is unclear. The process
to generate the " SD-treated™ spike materials included an ultra-
centrifugation step. We were therefore concerned about recov-
ery of infectivity following centrifugation, as the particle size
of 263K MF was highly reduced by the “SD treatment” step.
However, these results suggested that the recovery of infec-
tious particles following ultracentrifugation was satisfactory.

Although it is possible that use of a 200 day bioassay may
under-estimate the infectious titer of the 263K MF stocks, the
use of a relatively short duration bioassay is considered un-
likely to affect the main conclusions drawn. At least the last
two dilution groups tested showed no animals with evidence
of scrapie infection in all four titrations, and only three ani-
mals in the study (one in each of three separate titrations) de-
veloped clinical symptoms necessitating euthanasia later than
day 131 (euthanized on days 160, 183 and 183, respectively),
suggesting the titers obtained for all the stocks are close to
end-point (data not shown). In addition, as others have demon-
strated that treatment with detergent, and exposure to treat-
ments that result in inactivation of the scrapic agent, such as
heat or NaOH, may result in extended incubation periods for
clinical scrapie, if anything the results may under-estimate
the relative titers of the treated stocks [17,18). Therefore, the
bioassay results support the conclusion that *super-sonication”
of 263K MF stocks, with or without "*SD treatment™, does not
appear to significantly reduce the infectious titer of the stock,
and that these preparations are thercfore suitable for use in
prion clearance studies.

3.3. Removal of PrP* by various filters

To determine whether *“super-sonication” influenced the
log,, reduction observed for PP following filtration under
defined conditions, “super-sonicated” or ‘‘non-super-soni-
cated" stocks of 263K MF were diluted in PBS, and then fil-
tered through 220 nm, 100 nm, P-75N, P-35N and P-15N
filters. Samples were analyzed by WB. The results are summa-
rized in Table 2, The use of “super-sonicated” 263K MF
appeared to result in lower log,o reduction values, supporting
the idea that “super-sonication™ of 263K MF produces a

more severe challenge for a filter step. An approximately
5-fold higher log,o reduction factor was observed for *“non-
super-sonicated” stocks, for the 100 nm and P-75N filters,
for both stocks tested. No significant loss of PrP* was ob-
served with either spiking material with 220 nm filtration,
and no PrP% was detected in the filtrates following P-35N
and P-15N filtration.

Previously, we have observed some removal of PrP> in
some lots of “non-super-sonicated” 263K MF by 220 nm fil-
tration. Strict control of the methodology used to generate the
263K MF stocks appeared to prevent this, suggesting that
the method of preparing the 263K MF itself may influence
the particle size distribution (data not shown).

3.4. Removal of PrP* hy Planova filters in the presence
of plasma preparations

Removal of PrP*¢ by P-15N, P-20N, and P-35N filters was
eviluated in the presence of a number of different plasma
preparations, under conditions designed to mimic the relevant
manufacturing process. The design of the experiments was
similar to that of virus clearance studies. Samples were ana-
lyzed by WB, and the log;g reduction factor (LRF) was calcu-
lated for each filter step. The results are shown in Table 3.

Under all the experimental conditions tested, PrP* was not
detected by WB after filtration through P-15N. The LRF
values were >2.8, In contrast, PrP* was detected by WB in
samples following filtration through P-20N and P-35N filters,
in three out of the four processes tested, giving LRF values in
the order of 2 logs. In one study, P-35N/haptoglobin, using
“super-sonicated” 263K MF, PrP> was not detected in the fil-
trate. However, the sensitivity of this study was low, giving
a LRF of >1.4, and therefore the robustness of this filtration
process was not evaluated. In the initial studies (Table 2),
PrP was not detected in the fractions after P-35N filtration
of either “super-sonicated” or *‘non-super-sonicated” 263K
MF in PBS, resulting in log reduction factors in the order of
3 logs. The variance in the results obtained for these filters
could be due to a combination of factors, including how the
scrapie spike material was prepared, the composition of the
starting material, and the precise filtration conditions used.

3.5. Removal of prion infectivity by Planova filters in the
presence of plasma preparations

P-15N filtration was shown in these studies to be able to
remove PrP to levels below the detection limit of the WB
assays used, regardless of the method used to prepare the spike
material, the composition of the start material, or the filtration
conditions. However, a bioassay study for samples generated
in a P-15N/AT swudy using 220 nm-filiered **super-sonicated™
263K MF, demonstrated that infectivity was recovered follow-
ing filtration, as clinical signs appeared in all hamsters inocu-
lated with the filtrate, and analysis of hamster brain material
confirmed the clinical results. PrP* was detected in the brain
homogenates from all clinically positive hamsters by WB,
and scrapie-associated lesions were observed in all the
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Table 4
Scrapie infectivity in samples generated during the P-15N/AT study

Before filtration Filtrate

Animal number Animal number

1 2 3 | 2 3
Appearance of clinical signs (day euthanized) 87 87 87 94 143 105
PrP* in brain by WB3 Detected Detected Detected D D D d
Lesions by histopathology +ve +ve +ve +ve +ve +ve
Medulla (oblongata) D.VP DVF D.V.P DVP DVF D.VP
Cercbellum {cortex) D DVP DV.FP DV.P DVP byvp
Midbrain D.P DVP v.P Dp DP DVP
Hypothalamus Dp DV.P Dp DVP DP DP
Thalamus D.p DV.P b DP DP DP
Hippocampus NR [P AY D D (s A bV
Paraterminal body D.p p.r DP NR DVFP P
Cerebral conex (posterior midline) DpP bp D.pP DP DVP DVP
Cerebral conex (anterior midline) DFP DV.P DVv.P DVP DVP DVFP

Abbreviations used: +ve, scrapie positive; NR, no remarkable change; D, degeneration of nerve cell; V, vacuolation; P, proliferation of glial cell.

corresponding hamster brain material on histopathological ob-
servation (Table 4). Typical nerve lesions are shown in Fig. 3.
Thus, P-15N filtration did not result in the complete removal
of infectivity, for this process step.

4. Discussion

In this study, we have investigated the capacity of P-35N,
P-20N and P-15N filters to remove the 263K scrapie prion pro-
tein, PrP%, under the conditions used for the manufacture of
four different plasma-derived products, using spike prepara-
tions designed to present a serious challenge to the filters,

Validation studies to evaluate the capacity of manufacturing
processes to remove potential contaminants, including prions,
are required for biological or biopharmaceutical products
intended for human use. When designing these studies, a worst-
case challenge should be used wherever possible, to minimize
the risk of over-estimating the capacity of the process to re-
move such contaminants. Virus removal filters (or nanofilters)
are designed to remove contaminants predominantly on the
basis of size. The worst-case challenge for such steps should
therefore be a preparation containing the smallest possible
form of the infectious agent.

TSE clearance studies provide a particular challenge in that
the nature of the infectious agent is still uncertain, and the
forms of infectious agent present in plasma, and/or during
the different stages of a manufacturing process, are not clearly
understood. The causative agent of TSE diseases is believed to
be strongly associated with, if not solely composed of, the dis-
ease-associated prion protein, PrP*. Normal cellular PrP is
a membrane-bound glycoprotein, which associates with mem-
branes through a glycosylphosphatidylinositol (GPI) anchor.
Prion infectivity is associated with heterogeneous particles,
including membranes, liposomes and protein aggregates, so
called prion rods. Therefore, methods which result in solubili-
zation of membrane proteins, or dispersal of membrane frag-
ments, vesicles and/or protein aggregates, may be expected
10 reduce the size of particles associated with prion infectivity.

Treatment of MF preparations derived from brains of
uninfected (normal) hamsters with either detergent (0.1%
lysolecithin or 0.1% sarkosyl) or extensive sonication (*'super-
sonication™) resulted in a rapid reduction in the average
particle size, to approximately 100 nm. SD treatment (1%
Tween 80 and 0.3% TNBP for 6 h) also resulted in a reduction
in particle size, although this was slower and less effective,
reducing the average particle size to the order of 200 nm.

Fig. 3. Typical nerve lesions in the hippocampus of a hamster brain, taken from an animal inoculated with a P-15N-filtered sample (B), in comparison with the

it

comesponding region from an uninfected animal (A). Amows, vacuol A

of nerve cells: scale bar = 50 um; HE stining used.
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“Super-sonication” has the advantage that it is a physical dis-
ruption process, and does not alter the chemical composition
of the spike material, thus minimizing changes to the start
material used for nanofiltration. SD treatment is included in
many manufacturing processes for plasma-derived products,
and therefore, although not as effective as “super-sonication”,
use of this treatment might be expected to result in a spike
material more closely mimicking the form of infectious prion
present in the relevant start material during the manufacturing
process. Use of these treatments alone or in combination may
therefore be useful in reducing the size of infectious particles
present in TSE spike materials for prion clearance studies.

The effect of the above treatments was studied using nor-
mal MF, as the facility was unable to handle infectious TSE
materials. Although some care should be taken in extrapolat-
ing these results to TSE-infected brain material, “super-soni-
cation” of 263K MF preparations appeared to reduce the
removal of PrP% following filtration, while detergent-treated
spike preparations have previously been shown to present
a more significant challenge to nanofiltration steps than un-
treated preparations ([9.10] and own unpublished observa-
tions). Furthermore, “super-sonication, with or without SD
treatment, does not appear to reduce the level of infectivity
present within the 263K MF, supporting the use of such prep-
arations for prion clearance studies.

Using 263K MF treated with 0.1% sarkosyl, “super-sonica-
tion” or SD plus “super-sonication’, we investigated the
prion removal capacity of P-15N, P-20N and P-35N filters in
the manufacturing processes used for four different plasma
products. The results obtained suggest that both the composi-
tion of the materials to be filtered and the prion load influences
the removal of prions. PrP% was recovered in the filtrate frac-
tion from three out of the four processing steps performed for
P-20N and P-35N. In contrast, under all conditions tested, P-
I5N filtration resulted in removal of PrP* to below the limit
of detection of the Western blot assays used. Thus, P-15N
would appear to be a more robust method for the removal of
prions, reproducibly giving LRF in the order of 3 logs, under
the conditions tested. In practice, however, it is not feasible
to incorporate P-15N filtration into the manufacturing process
for all plasma derivatives. From the results shown in Table 2, it
may also be possible to optimize processing conditions to al-
low effective removal of PrP> using P-20N or P-35N filters.

WB assays were used to monitor the partitioning of PrP>
during the nanofiltration processes. WB assays are semi-quan-
titative and serve to provide an indication of the relative levels
of PrP> present in different samples. However, there are lim-
itations to the sensitivity of available WB assays, and these as-
says provide only an indirect measure of infectivity. Therefore,
to confirm that removal of PrP*¢ does reflect removal of infec-
tivity, bioassays need to be performed.

Although PrP% was not detected in any of the P-15N fil-
tered samples by WB assay, infectivity was recovered in a fil-
trate fraction tested by bioassay for one process run. Foster
also noted that infectivity was detected in a filtrate fraction af-
ter P-15N filtration ([8] reported as personal communication;
data not shown). Thus, even with P-15N, depending on the

processing conditions, there may be incomplete removal of
prion contaminants.

Although infectivity was detected in the filtrate fraction from
the one process step studied, longer and more variable incuba-
tion periods were observed in the animals inoculated with the
filtrate sample (Table 4), suggesting a lower prion titer follow-
ing filtration. However, it was not possible to estimate the rela-
tive levels of prion infectivity present in the input and filtrate
samples, as no data was available to correlate incubation pe-
riods and prion titers for this study. Based on the titers typically
observed for 263K MF stocks, the bioassay used could theoret-
ically detect reductions in prion infectivity in the order of 4 logs
for this process step. Detection of infectivity in the filtrate frac-
tion by bioassay is therefore not necessarily incompatible with
the WB results obtained (LRF >2.8 logs), and may simply re-
flect a difference in sensitivity between the two assays used.

As discussed above, uncertainties about the nature of the in-
fectious agent in plasma, and during the manufacturing pro-
cess, raise concerns about the design and interpretation of
prion clearance studies. No single spike preparation is likely
to contain all potential forms of the infectious agent. Infectiv-
ity is associated with membranes and protein aggregates. In
addition, it has recently been shown that the GPI anchor is
not required for infectivity, suggesting that endogenous pro-
teolytic release of PrP* from cell surfaces may also contribute
1o the spread of the infectious agent in vivo [19,20]. Whether
significant levels of infectivity in human plasma are associated
with GPl-anchorless prion protein is not yet clear. These dif-
ferent forms of infectivity, with different biophysical proper-
ties, could show different partitioning properties through the
same manufacturing process |7|. Furthermore, different forms
of the agent may differ in their level of infectivity. For exam-
ple, it was recently reported that particles in the order of 17—
27 nm appeared to have the highest relative level of infectivity,
in comparison to levels of PrP5¢ [21]. Therefore, a better un-
derstanding of the nature and forms of the infectious agent
is essential to allow the design of more accurate models for
prion clearance studies, and a more confident evaluation of
the safety of manufacturing processes with respect to potential
TSE contamination.

In summary, we used methods intended to reduce the size
of particles present within MF preparations in an effort to pres-
ent a worst-case (smallest) prion challenge during nanofiltra-
tion. Using such preparations, P-15N filtration consistently
reduced the level of PrP> to below the limits of detection of
the Western blot assays used, suggesting that this process
step is effective for the removal of prions. However, data
from a single process step studied suggested that infectivity
could be recovered following P-15N filtration, and thus even
P-15N filtration may not result in complete removal of prions,
at least when used under some conditions.

Acknowledgements
A part of this study was presented at the Planova workshop

2003 and 2006 held by Asahi Kasei. Asahi Kasei Medical Co.,
Ltd. kindly gave us permission to publish the entire study on



36

Planova filters. Some of the data presented in this study has
been summarized in a recent review [22].

References

[1] Health Protection Agency. Founth case of variant CJD infection associ-
ated with blood transfusion. Press release, hitp.//www hpa.org uk/hpa/
news/anicles/press_releases20070701 18_vCID. b, 18 January, 2007.

[2] Castilla J, Sad P, Soto C. Detection of prions in blood. Nature medicine
20051 1(9):982~5.

(3] European Medicines Agency/The Committee for Medicinal Products for
Human Use (CHMPVBiotechnology Working Party. CHMP position
statement on Creutzfeldi—Jakob disease and plasma-derived and urine-
derived medicinal products, EMEA/CPMP/BWP/2879/02/rev |. London,
hips/fwww.emen europa en/pdihuman/press/pos/287902rev |pdf, 23

M. Yunoki et al. | Biologicals 36 (2008) 27—36

[10] Tateishi J, Kitamoto T, Mohri S, Satoh 5, Sato T, Shepherd A, et al. Scra-
pie removal using Planova® virus removal filters. Biologicals 2001:29%(1):
17-=25.

[11] Van Holten WR, Auum-inhS.BmuM.H.lileT.DulmS,Rwd
of prion chall from an ion by use of s size-
exclusion filter. Tmnl‘uuun 2{]]‘242(3]%9-]&’)4

[12] Kimberlin RH, Walker CA. C¥ istics of a shon incubation model
of scrapic in the golden hamster. ] Gen Virol 1977,34(2):295—304,

[13] Kascsak RJ, Rubenstein R, Merz PA, Tonna-DeMasi M. Fersko R,
Carp R, et al. Mouse polyclonal and monocional antibody to scrapie-
associated fibril proteins. J Virol 1987:61(12):3688—93.

[14] Lee DC, Stenland CJ, Hanwell RC, Ford EK. Cai K. Miller JLC.
et al. M ing plasma p ing steps with a sensitive Western
blot assay for the detection of prion protein. J Virol Methods 2000;
84(1):77-89.

[15] Fraser H, Dicki AG. The il develop of the brain lesions
of scrapie in three strains of mu:: J Comp Pa.tlml 1968.78(3):301—11.
Ilﬁ]KltberJ"' g zur kollektiven Behandl kologischer Rei-

June, 2004,
[dl‘l"heEumpcmﬁgtmyia!he" ion of Medicinal Products/The
for Medicinal Products for Human Use (CHMPVBiotechnol
mwm:ngl’myl" ideline on the igation of 1 ing pro-

cesses for plasma-denived medicinal pmdul:u with regard 1o vCID risk.
CPMP/BWF/5136/03 London, hup:/fwww.emeaeuropa.ew/pdfshuman/
bwp/S 13603en.pdf. 21 October, 2004,

[5] Smg‘hnmg ol'qml:ry and safety of drugs and medical devices

of human origin as raw materials. PFSB no-

tification no. M dlad February 9, 2005; Japan: MHLW (in Japanese).

Stenland CJ, Lee DC, Brown P, Petteway Jr SR, Rubenstein R. Partition-

ing of human and sheep forms of the pathogenic prion protein during the

purification of therapeutic proteins from human plasma. Transfusion
2002;42(11):1497-500.

[7] Vey M, Baron H, Weimer T, Groner A. Purity of spiking agent affects
partitioning of prions in plasma protein purification. Biologicals 2002;
I0(3): 18796,

(8] Foster PR. Removal of TSE agents from blood products. Vox Sang 2004;
B7(52):7-10.

9] Taeishi 1, Ki T, Ishil G, Manabe S, R I of causative

agent of Creutzfeldi-Jakob disease (CID) through membrane filtration

method. Membrane 1993:18(6):357—62.

(6

he. Arch Exp Path Pharmak 1931; 162:480-3,

[17] Somerville RA, Carp RI. Aliered scrapie infectivity estimates by titration
and incubation period in the presence of detergents. | Gen Virol 1983;
64(9):2045—50.

[18] Taylor DM, Fernie K. Exposure to autoclaving or sodium hydroxide
extends the dose-response curve of the 263K strain of scrapie agent in
hamsters. J Gen Virol 1996;77(4):811-3,

[19] Lewis PA. Properzi F, Prodromidou K. Clarke .AR. Collinge J.
Jackson GS. R I of the glycosylphosphatidylinositol anchor from
PrP™ by cathepsin D does not reduce prion m‘ltcuuly Biochem J 2006;
395:443-8.

[20] Trifilo MJ, Y.rq:ml T, Gu Y, Dalton N, Peterson KL, Race RE, et al.
Prion-induced ] heart di with high blood infectivity in trans-
genic mice. Science 2006:313(5783):94—7,

[21] Silveira R), Raymond JG, Hughson GA, Race ER, Sim LV, Hayes FS, et al.
The most infectious prion protein particles. Nature 2005:437(7056):
257-61.

[22) Yunoki M, Urayama T, lkuta K. thlc removal of prion agents from
blood prod during the 1 2 P Future Virol 2006;

l!.’:}ﬁ&?—?-l.




Journal of General Virology (2008), 89, 1533-1544

DOl 10.1098/vi 0B3578-0

Effect of intraventricular infusion of anti-prion
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It is well known that anti-prion protein (PrP) monoclonal antibodies (mAbs) inhibit abnormal
isoform PrP (PrPS°) formation in cell culture. Additionally, passive immunization of anti-PrP mAbs
protects the animals from prion infection via penpheral challenge when mAbs are administered
simultaneously or soon after prion inoculation. Thus, anti-PrP mAbs are candidates for the
treatment of prion diseases. However, the effects of mAbs on disease progression in the middle
and late stages of the disease remain unclear. This study camed out intraventricular infusion of
mAbs into prion-infected mice before and after clinical onset to assess their ability to delay
disease progression. A 4-week infusion of anti-PrP mAbs initiated at 120 days post-inoculation
(p.i.), which is just after clinical onset, reduced PrP™ levels to 70~80% of thase found in mice
treated with a negative-control mAb. Spongiform changes, microglial activation and astrogliosis
in the hippocampus and thalamus appeared milder in mice treated with anti-PrP mAbs than in
those treated with a negative-control mAb. Treatment with anti-PrP mAb prolonged the survival of
mice infected with Chandler or Obihiro strain when infusion was initiated at 60 days p.i., at
which point PrP™ is detectable in the brain. In contrast, infusion initiated after clinical onset
prolonged the survival time by about 8 % only in mice infected with the Chandler strain. Although
the effects on survival varied for different prion strains, the anti-PrP mAb could partly prevent
disease progression, even after clinical onset, suggesting immunotherapy as a candidate for
treatment of prion diseases.

Receved 9 November 2007
Accepted 28 February 2008

prion protein (PrPY) 1o PrP™ is a central event in the
pathogenesis of prion disease, compounds and/or strategies

INTRODUCTION

Prion discases, such as  scrapie, bovine  spongiform
encephalopathy  (BSE)  and  Crentzfeldi-Jakob  discase
(CID), are fatal neurodegenerative disorders characterized
by accumulation of a disease-specific, abnormal isoform of
the prion protein (PrP™) in the central nervous system
(CNS), astroghosis, neuronal vacuolation and neuronal cell
death. The appearance of BSE and varant CJD (vCDY),
possibly linked to consumption of food derived from BSE-
infected cattle, has increased awareness of prion discases,
but at present there is no effective treatment available for
prion discases. Given that transtormation of a normal

tPresent address: Forelan Animal Disease Division, Animal Disease
Control Deparment, Nataonal Vewennary Research and Quarantine
Service, /80 Anyang-6 dong, Manan-gu, Anyang 430-824, Republic
ot Korea

{Present address: Institure of Tropical Medicine, Nagasaki Unnersity, 1+
12-4 Sakamo®, Nagasaki B52-8523, Japan.

that inhibit PrP™ formation are of therapeutic inferest.

Many compounds or strategies have been reported to
inhibit PrP™ formation, including polyanions, glycosami
noglycans, phosphorothioate oligonucleotides, tetrapyr-
roles, polyene  antibiotics, tricyclic compounds, Prp
peptides, dominant-negative PrP, cysteine protease inhibi-
tors, PrP immunization and small interfering RNAs
(reviewed by Trevitt & Collinge, 2006), Most of these
compounds and trestments antagonize PrP™ formation in
cells persistently infected with prions. However, the anti-
prion eftects in vive are not always consistent with those
observed in virro. Indeed, some of the compounds and
treatments protect animals from experimental inoculation
with prions or delay the onset of disease when adminis-
tered betore, simultancously or soon after inoculation with
prions via a peripheral route (Ehlers & Diringer, 1984;
Farquhar & Dickinson, 1986: Ladogana et al. 1992 Priola
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et al, 2000). In addition, only a few compounds, such as
amphotericin B, its derivative, MS-8209 and pentosan
polysulfate (PPS), can prolong survival of mice infected
with prions cven when administered in the middle or late
stage of prion infection via intracerchral inoculation
(Demaimay ef al., 1997; Doh-ura et al, 2004). Because
ntraventricular infusion of PPS at a late stage prolongs the
incubation period of the discase in transgenic mice that
overexpress Pri (Doh-ura ef al., 2004), clinical trials using
PPS to treat human prion discases are moving forward
(Todd e al, 2005). The current evidence suggests that PPS
treatment of vCJ D patients appears to have some beneficial
effects, although the specificity of the effects still necds to
be evaluated carefully (Rainov et al,, 2007).

Anti-PrP antibodies prevent direct interaction  between
P and PrP™ in a cell-free conversion reaction { Kancko
ef al. 1995; Horiuchi & Caughey, 1999). Subsequent
reports have shown that anti-PrP antibodies prevent prion
propagation in cells persistently infected with prion (Enari
el al, 2001; Peretz et al., 2001; Gilch ef al, 2003; Kim ¢f al.,
2004b; Perrier et al, 2004; Feraudet et al, 2005). The
inhibitory effect of anti-PrP antibodies has also been
demonstrated i vivo. Transgenic mice expressing mono-
clonal antibody (mAb) 614 were shown to be resistant to
prion infection via the intraperitoneal route (Heppner e
al., 2001). Moreover, active immunization with recombin-
ant Pri, synthetic Pel® peptide or a DNA vaccine has been
shown to delay the onser of the discase in mice following
peripheral prion infection, although immunization was a
prerequisite to obtain the prophylactic effect (Sigurdsson ef
al. 2002; Schwarz et al., 2003; Goii ef al., 2005; Fernandez-
Borges et al,, 2006). Passive immunization with anti-PrP
antibodies was found to be effective in preventing prion
infection via the peripheral route if antibodies were
administered shortly after prion inoculation, but was not
following intracerchral prion infection or if administered
on or after dinical onset following intraperitoneal prion
infection (White ef al, 2003). These results suggest that

anti-PrP antibodies can protect against establishment of
P L4

prion infection in peripheral tissues and thus may be uscful
for post-exposure prophvlaxis. However, the therapeutic
potential of anti-PrP antibodies, including whether or not
anti-PrP antibodies antagonize prion propagation in the
bram and can inhibit discase progression when applicd
after dlinical onset, remains to be clucidated.

To evaluate the therapeutic effects of anti-PrP antibodies
on prion diseases more precisely, we carried out intraven-
tricular infusion of anti-PrP mAbs in mice that had been
inoculated intracerebrally with prions. Here, we show that
intraventricular infusion of anti-PrP mAbs reduced the
level of accumulation of PrP™ and reduced spongiform
changes  and  gliosis  relative o negative  controls.
Furthermore, we observed prolongation of the incubation
time in mice infected with the Chandler strain, even when
infusion was initiated at the time of clinical onset of the
disease.

METHODS

Antibodies. The following anti-FrP’ mAbs were used in this study:
106 (lgG2h). 110 (lgG2h), 3106 (1gG1) and 14B1 llgG..ll The mAbs
106, 110 and 31C6 recognired linear epito ing of mouse PrP
aa BR 's‘ﬂ LR Jnd 143149, respectively, wll-rm; mAb 4181
i a dix pitope within aa 155-23 (Kim o al,
‘{.Il-la) Anti leline parvovirus mAb P2.284 (IgG1) was used as a
negative control {Horiuchi et al, 1997). The mAbs were dialysed for
3 days against PBS prior to intraventricular infusion. An Alexa Fluor
484 Protein Labelling kit (Molecular Probes) was used for Muorescent
labelling of mAbs.

The following rabbit pul\'clnmll antibodies were used as primary

tibodies for i hemistry: BIO3, which recognizes bovine
PrP synthetic peptide aa 103-121 (Horiuchi ¢ al.. 1995), anti glial
librillary acidic protein [ GFAP; Daka) to visualize astrocytes and anti
Thal (Wako) 1o visualize microglia.

Mice and prion strains. All procedures for animal experiments were
carried out according to protocols approved by the Institutional
Committee for Animal Experiments. Mouse-adapted scrapie strains
Obibiro and Chandler were used in this study. For intracerelwal
inoculation, 4 week okl female ICR mice were purchased from CLEA
lapan. Twenty microlitres of 10% brain homogenate from mice
infected with the Obihiro ar Chandler strain was injected into the lefi
hemisphere.  Twelve week old  female ICR mice were used 10
determine the distribution of mAbs and 1o analyse neuronal toxaity
by anti Pri* mabs,

Intr tricular infusion of mAbs using an osmotic pump. Alwct
Mini-Osmotic Pumps. models 2000, 2002 and 2004 (DURECT),
were used in this study. Filling of the osmotic pumps with antibody
solution was carried out according to the manufacturer’s instruc
tions. The pre filled pumps were then placed in PBS a1 37 € for
24 h. Mice were fitted with a stainkess steel cannula supplied with the
Aleel Bram Infusion kit (DURECT) and positioned according 1o
sterevtasic coordinates into the lelt lateral ventricle of the brain
(bregma - caudal 1.0 mm, beral L0 mm with a depth of 3 mm
below the dura). The osmotic pumps were subsequently implanted
subcutaneously into the back and connected to the fitted cammula.
Al surgical procedures were performed  under anaesthesia by
intramuscular injection of xylazine (10 mg kg ') and ketamine
(50 my kg ') Mier surgery, cefotasime (Chugai) was administered
subcutaneously (10 mg kg ') and o gentamicin ointment (Schering
Plough) was pasted on the suture line for 3 davs. All mice were
housed individually during post-surgery observation periods. Mice
that died within a lew days of the operation were excluded from the
statistical analysis.

Stereotaxic injection of mAbs. Aice were anaesthetioed as
described above and placed onto a stereotaxic apparatus (Marishige).
A linear scalp incision was made and the skull was exposed. Bilateral
bure holes were drilled 10 accommiodate stereotaxic placement into the
left and right hnmhumpmlhmwm cavdal 2.0 mm, lateral 2.1 mm),
l'\u:q{ a Hamilton syringe with a 31 gauge needle, 2 pl mAbs (2 myg
ml ) were injected into the left and right hippocampus, respectively,
at a depth of 2 mm below the dura. Injection was carried out over a
period of 15 min

Waestern blotting. Brins were sagitally  hemi sectioned  and
homogenized in 10%  (wiv) TMS bufler [50 mM Tris/HC
(phl 7.30, 5 mAL Mptle, 5% glucose]. To detect PeP™, 200 pl brain
homogenate was mixed with an equal volume of a detergent bufter
[8 % Zwittergent 3 11, 1% Sarkosyl, 100 mM NaCl, 50 mM Tris/HCI
(pll 7.501 and treated with collagenase (0.5 myg ml ") for 15 min at
A7 'L The samples were then digested with proteinase K (PK; Roche)
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at 20 pg ml~ ' for 30 min at 37 °C. After terminating PK activity by
adding Pefabloc (Roche) at 2 mM, samples were treated with 40 pg
DNase | ml ™' for 5 min. A half volume of a mixture of 2 butanol and
methanol (5:1) was added and the PrP™ was pelleted by
centrifugation at 20000 g for 10 min at 20 'C. The resulting pellet
was dissolved in 1 x SDS sample builer [62.5 mM Tris/HCI (pH 6.8),
59 plycerol, 3mM  EDTA, 4% f-mercapthoethanol, 0.04 %
bromophenol blue, 5% SDS, 4 M urea] by boiling for 5 min. SD5-
PAGE and Western blotting swere carried out as described elsewhere
(Uryu er al, 2007)

Histopathalogy and i hi hemistry. Mouse brains that
had been infused with Alexa Fluor 488-conjugated mAbs were frozen
in Tisue Tek OCT compound (Sakura) and cryosections of 16

20 pm were prepared. The sections were dried and fixed with acetone
for 10 min. Sections were mounted with Vecashield comaining
propidium iodine (P1: Vector Laboratories) and examined with a
Nikon C1 laser confocal microscope. The presence ol infused mAb
was also confirmed by direct detection as follows. The sections were
reacted with EnVision ™ System labelled  polymer conjugated 1o
horseradish  peroxidase (HMRP) (Dako) for 45 min at 37 C and
positive signals were detected using Simple Stain 3.3° diaminobenzi

dine (IDAR) solution (Nichirei). This was followed by counterstaining
with Mayer's haematoxylin (Wakao).

Dissected muuse brains were fixed in 10 % formalin and embedded in
paraflin,  Sections (1 pm) were deparatfinized, rehydrated  and
subjected 1o hacmatosylin and cosin (H&F) staining or imimuno
histochemistry.  Antigen retrieval for immunchistochemistry  was
performed by hydrolytic autoclaving at 135 € for 20 min lor
detection of Pr™ and at 121 € for 10 min for GFAP and Ibal
(Furuoka e al, 2005). The sections were treated with 3% H0; for
5 min, blocked with 10% normal goat serum for 30 min and then
incubated for 15 min a1 37 C with B103 ar a dilution of 1: 100, anu
GFAP at 1:5000 or anti-Ibal at 1:100. Alter washing with PBS, the
sections were reacted with EnVision " System labelled polymer HRP
for 45 min at 37 C. The sections were then rinsed and developed
with Simple Stain DAR, followed by counterstaining with Maver's
hacmatoxyhin.

Terminal uridine deoxynucleotidyl t 1 dUTP nick end
labeling (TUNEL) staining. Neuronal cell death was examined using
an [ sitn Cell Death Detection kit ( Roche). Four micrometer sections
of paratfin embedded brain tissue were deparaffinized, rehydrated
and incubated with 10 g PK mil ' for 10 min at 37 € Mier
washing with PBS, the sections were incubated with labelling mixture
containing terminal deoxymucleotidyl transferase and digoxigenin
labelled dUTPE comugated FITC for 60 nin al 37 (. The seclions
were countersiained with PLand examined with a C1 laser conlocal
M FOsCOpe.

RESULTS

Distribution of mAb in brain following
intraventricular infusion

We first examined the distribution of mAb infused into the
left lateral ventricle of mouse brain. Alexa Fluor 488-
conjugated mAb 31C6 (anti-PrP mAb) or P2-284 (nega-
tive-control mAb) was infused into the left lateral ventricle
and the distribution of mAb was examined at 7, 14, 24 and
34 LLI}N after the inttiation of tusion. To examine the
distribution of the mAbs, brain cryosections at the levels
indicated in Fig. 1(a) were prepared. Fig. el shows the

Therapeutic potential of anti-Pr® mAb in pnon disease

detection of Alexa Fluor 488-conjugated mAb 31C6 in the
hippocampus. Fluorescence was detected over the hippo-
campus (up to 14 days). Although the arca of distribution
gradually narrowed thereafter, mAbs were still detectable in
the hippocampus at 20 days after the termination of
infusion (i.e. at 34 days). In contrast, a very low-level
fluorescent signal was detected in the hippocampus of a
mouse infused with Alexa Fluor 488-conjugated mAb P2-
284, even at 7 days after the initiation of infusion, These
results suggested that the longer duration of mAb 31C6 in
the hippocampus compared with the control mAb was due
to binding of mab 31C6 to PrP*.

Fig. 1{d) summarizes the distribution of the anti-PrP mAb.
The mAb was well distributed to areas surrounding the
lateral and dorsal third ventricles, hippocampus and
thalamus. The mAb was also detected in areas close 10
the ventral third ventricles. In addition, mAb was detected
in regions of the medulla oblongata that face the fourth
ventricle and the subarachnoid space, suggesting that the
mAb infused into the lateral ventricle was distributed 1o
many parts of brain, presumably via the flow of
cercbrospinal fluid. Although the mAb was distributed to

parts of the brain parenchyma, distribution of mAb into

the cortex and cerehellum appeared 1o be less efficient.
When observing sections under a microscope, we noticed
that the mAb-infused hemisphere showed higher fluor-
escence intensity than that observed in the contralateral
side (data not shown), suggesting that the distribution of
mAb was not symmetrical. This tendency was confirmed by
direct detection of Alexa Fluor 488-conjugated mAb 31C6
(Fig 1b).

Effects of anti-PrP mAbs on PrP®¢ accumulation
in the brain

Mice inoculated with Obihiro or Chandler strain reach the
terminal stage of the disease at around 150 davs post-
inoculation (p.i.). Early clinical signs such as ataxia of hind
limbs and changes in pelage and posture appear at around
120 days p.i. To evaluate the therapeutic potential of anti-
Prl mAbs in a late stage of the discase, infusion of mAbs
was started at 120 days p.i. and accumulation of Pri™ and
neurchistopathological lesions were analysed.

Fig. 2(a) shows PrE™ accumulation in the brains of mice
infected with the Obihiro strain at 30 davs post-infusion
(150 days p.i.). The mean PrP™ levels in mice treated with
maAbs 110, 31C6 and 44B1 were 78, 69 and 77 %,
respectively, compared with the control (mAb P2-284;
n=2). To determine whether the relative reduction in
PrP™ levels was caused by acceleration of Pre™ degrada-
tion or deceleration of PrP™ accumulation. we analysed the
kinetics of Pri”™ accumulation during the period from 127
to 150 days poi. (Fig. 2b). There was no difterence in Prp™
levels in mice treated with anti-Pri’ mAbs compared with
those treated with the negative-control mAb at 127 davs
pei. (7 davs after the initiation of infusion), However, Pri™
levels increased 2.3-fold in mice treated with the control

http:/Mvrsomjournals.orng
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(c)

Alexa Fluor 4BB-P2-2B4 Alexa Fluor 488-31C6
7 days 7 days 14 cays 24 days 34 days

(d)

T days 14 days 24 days 34 days

Level a4 h 4( (ﬁ'i )
Level b U #l rl |
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Fig. 1. Distribution of mAbs following intraventricular infusion. Alexa Fluor 488 GONjug
nto the left lateral venincle using an Alret Mini-Osmotic Pump modal 2002 (mA
0Sph™ ', d

prepared. (b) Detection of mAbs by dir

ats

»d mAb 31C6 or P2-284 was infused
ncentration 0.5 mg mi™', pumping rate

0 ). (a) Levels of coronal section examined. Cryasactions at the indicated levels were

14 days, volume 2

taining. A frozen section at level b was

epared from the brain of a mouse sacrificed

s after starting infusion and the di

ribution of mAb was visualized by di staming. Bar, 500 ym. (¢) Detection of
mAbs in the hippocampus. mAbs cenjugated with Alexa Fluor 488 were analysed by laser confocal microscopy. Bars, 200 ym
(d) Distribution of mAb after infusion. The distribution of mAb at 7, 14, 24 and 34 days after starting

mnfusion (green) was
supanmposed on the imac taken from Paxnos & Franklin (2001)
mAb over the period 127-150 days p.i., whereas Prp™ indicated that anti-PrP? mAbs can reduce the rate of Pri™
levels increased only 1.6-, 1.3 and 1.3-fold in mice treated accumubation in the brain, even when treatment is imitiated

with mAbs 110, 31C6 and 44B1, respectively. These results at a late stage of the disease
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Fig. 2, Eftects of anti-PrP mAbs on PrP* accumutation and spongiform changes in mice infected with the Obihiro strain. mAbs
were infused into the left lateral ventricle of mice inoculated with the Obihiro strain at 120 days p.i. using an Alzet Mini-Osmatic
Pump model 2004 (mAb concentration 2 mg ml™', pumping rate 0.25 ul h™", duration 28 days, volume 200 pl). Mouse brains
waere cut sagittally along the midline. The left hemispl {mAb-infused side) was used for the detection of PrP™ by Western
blotting, whereas the right hamisphere (non-infused side) was fixed with 10 % formalin for paraffin sections. (a) Accumulation of
PrP®° a1l 150 days p.i. Samples from individual mice (80 g brain equivalent) were loaded in each lane and the intensities of
PrP® bands were quantified. The mean intensity for mice treated with the negative-control mAb (P2-284) was designated
100 % and the graph shows relative PrP* levels for mice treated with anti-PrP mAbs. (b) Kinetics of PrP™® accumulation. Mice
were sacrificed at 127 and 150 days p.i. and the left hemisphere (mAb-infused mda) was used for Western blotting. Samples
from individual mice (50 pg brain equivalent) were loaded in each lane and chemil ence intensities were quantified. The
graph on the right shows the mean level of PrP™ at 150 days p.i. compared with the level at 127 days p.i. Samples at 150 days
pi were the same as those in (a). (c) Spongiform changes at 150 days p.i Paraffin sections were prepared from the
contralateral hemisphere of the brain described in {a) and stained with HEE.

Effects of anti-PrP mAbs on neurodegeneration

Next, we investigated the effects of mAbs on neurodegen-
cration. To do this, the contralateral hemispheres of brains
used in Fig. 2(a) (ar 150 days pi.) were examined
histopathologically,  Although mAbs were more readily
detected in the infused side than in the contralateral side
(Fig. 1), spongitorm changes in the hippocampus and
thalamus of mice treated with mAbs 110, 31C6 and 4481
were nevertheless milder than those treated with the
negative-control mAb (Fig. 2¢)

Immunochistochemical examination also revealed that anti-
PrP mAbs affected the progression of neuropathological
lesions in mice infected with the Obihiro strain (Fig. 3).
Consistent with the reduction in PrP™ levels by anti-PrP
mAbs (Fig. 2a), PrP™ deposition in the hippocampus and
thalamus of mice infused with mAbs 110 and 31C6 was
milder than in the negative control. Tn addition, astro-
gliosis (as evaluated by GFAP staining) appeared to be
reduced in mice treated with anti-PrP mAbs compared
with the negative control. Microghial activation in the
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Fig. 3. Effects of anti-PrP mAbs on PrP®" accumulation and gliosis in mice infected with the Obihiro strain. Intraventricular
infusion of mAbs was carried out as described in Fig. 2 and brains collected at 150 days p.i. were used for analysis. The mice

shown in this figure belonged to an independent expenmental group (i.e. different from the expe

in Fig. 2).

tal group sh

Paratfin-embedded sections were stained with B103 antibodies to detect PrP™", anti-GFAP antibodies to detect astrocytes and
anti-lbal antibodies to detect microglia. Images of the hippocampus and thal s are indicated, All ges represent the mAb-

infused side. Bars, 200 pm

hippocampus (as detected with anti-Ibal antibodies) was
also reduced in the presence of anti-PrP mAbs; in contrast,
the effect was marginal in the thalamus.

To investigate the cffects of anti-Prl? mAbs on different
prion strains, we carried out the same experiment using
mice infected with the Chandler strain. Similar to what was
observed for mice infected with the Obihiro strain, in mice
infected with the Chandler strain, mAb 31C6 reduced
spongiform changes and Pr?™ deposition in the hippo-
campus and thalamus compared with the negative-control
mAb (Fig. 4). However, the effect of anti-PrP mAb on
gliosis appeared to difter for the two different prion strains.
Anti-PrP mAbs apparently reduced  astrogliosis in the
hippocampus and thalamus of mice infected with the
Obihiro strain (Fig. 3), but only a slight reduction in
astroghiosis was observed for mice infected with the
Chandler strain (Fig. 4). Morcover, although microglial
activation in the thalamus of mice infected with the
Obihiro strain was slightly reduced by treatment with anti-
PrP mAbs, it was abviously reduced relative to controls by
treatment with mAb 31C6 in mice infected with the
Chandler strain (Fig. 4). However, microglial activation as
4 whole appeared 10 be moderate in mice infected with the
Chandler strain compared with the Obihiro strain; thus,
the difference observed conld be due to a ditference in the
level of activation of the microglia between mice infected
with the two prion strains.

Prolongation of survival time

To determine whether treatment with anti-PrP? mAbs can
prolong survival of prion-infected mice when administered
at different stages in progression of the disease, infusion
was started at a middle stage of infection (60 or 90 days
p.i.) and after clinical onset (120 days p.i.). In mice
infected with the Obihiro strain. infusion of mAb 31C6
initiated  at 60 days pa. prolonged survival by about
11 days compared with the negative control; however, no
effect was observed when infusions were initiated at 90 or
120 days p.i. (Fig. 5 and Table 1). In contrast, for mice
infected with the Chandler strain, prolongation of survival
was observed in all three groups: infusion initiated at 60, 90
or 120 days p.i. prolonged survival by approximately 10, 13
or 12 days, respectively. Brain sections ( H&E stained) of all
mice were examined for possible causes of death other than
prion discase. Of 96 mice tested, two had severe abscesses
around the infused arca and thus were excluded from the
experimental group.

Changes in body weight were consistent with prolonged
survival times. For experimental groups in which survival
was prolonged by infusion with mAb 31Cs, the decrease in
body weight observed in control groups was delayed by
about | or 2 wecks {}'ig. 6). In contrast, no difference was
observed for mice infected with the Obihiro strain when
mAb infusion was started at 90 or 120 days p..
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Fig. 4. Etfects of anti-PrP mAbs on neuropathological changes in mice inffected with the Chandler strain. Intraventricular
infusion of mAbs was carried out as described in Fig. 2 using mice inoculated with the Chandler strain and brains collected at
150 days p.i. were used for analysis. The hippocampus and thalamus from mAb-infused hemispheres are shown, Bars, 100 pm.

Neuronal toxicity of mAbs

As it has been reported that an anti-PrP mAb recognizing
aa 95-105 of murine PrP can induce apoptosis in
hippocampal neurons (Soltorosi ef al., 2004), we assessed
the neurotoxicity of the mAbs used in this study. Firsy,
mAbs were infused into the lateral ventricle tor 7 davs
using an Alzet Mini-Osmotic Pump model 2001 (mAb
concentration | mg ml ', pumping rate 1l h ', dura-
ton 7 days, volume 200 pl); however, no difference was
observed between mice treated with anti-PrP mAbs and
those treated with the negative-control mAb (data not
shown). To assess neurotoxicity directly, we next stereo-
taxically mjected anti-Pri? mAbs and the control mAb into
the left and right hippocampus, respectivelv. The distri-
bution of mAb in the hippocampus was confirmed by
injecting Alexa Fluor 488-conjugated mAb 31Ce (Fig. 7a)l.
Although mAb was well-distributed throughout the entire
hippocampus on the injected side, TUNEL-positive cells

were ”“I.\' detected ina hmited area of the ]1_\'r.umd.ll [.‘l}'k’l’
and this was observed even in the right side (the side
injected  with the control mAb P2-284). Indeed. the

TUNEL-positive cells were close to the injection site,
suggesting that the TUNEL- positive cells resulted from the
trauma of mAb injection. It was interesting that mAbs 106
and 110 recognizing the region adjacent to aa 95- 105 did
not induce apparent neuronal death,

DISCUSSION

In this study, we investigated the effects of anti-PrP mAbs
on progression of prion disease, tocusing on treatment
during late stages of infection. We showed that anti-PrP
mAbs antagonized PrP™ formation in the brain when
intraventricular admimistration was imtiated at the time of
clinical onset (Figs 2 and 3). The effect of anti-Pr mAbs
appeared to be mainly due to deceleration of Prp™
formation rather than active degradation of PrP™. Several
reports have suggested that binding of anti-PrP antibodies
to the first z-helical domain of PrP® (aa 143-155), which is
proposed to be important for the PrP* =PeP™ interaction
(Morrissey & Shakhnovich, 1999; Speare er al., 2003),
prevents Pri™ formation by inhibiting the direct inter-

http/ Aarsgmyournals.org
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Obihiro strain
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Mouse surveal (%)
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Chandler strain
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Fig. 5. Intraventricular infusion of anti-PrP
mAb prolongs survival, Intraventricular infusion
of mAbs into mice moculated with the Obihiro
or Chandler strain was nitiated at 680, 90 or
120 days p.i using an Alzet Mini-Osmotic
Pump model 2002 (antibody concentration

2 mg mi™', pumping rate 0.5 i h™', duration

14 days, volume 200 pl). Mice were observed
until they reached the terminal stage ol the
disease. The graphs show survival curves, and
survival times (means  50) in days are shown
in Table 1, together with the numbers ol mice
in each group. ., Mice treated with mAb P2-

~ 100 7 100
=~ g0 - B 5
1 P o
40 i

E 0 E .t

135 145 155 105 175 185 135 145
- 100 -
t 3 ¥
fw !
g a0 H
g 20 5
= =

135 145 155 145 75 185 135 145 155 185 175 185

Survival lmes (days)

action between Pri® and PeP™ (Enari ef al., 2001; Perctz et
al., 2001). It has also been suggested that a perturbation of
the usual PrP* trafficking by binding of the antbody 10
PPt on the cell surface, e.g. sequestration of Prb" on the
cell membrane, may be one of the mechanisms of
inhibition (Kim e al, 2004b; Feraudet et al, 2005).
Consistent with our previous observations (Kim e al.,
2004b), mAbs directed against the C-terminal domain
(mAb 4481) and the octapeptide repeat in the N-terminal
region (mAb 110), as well as one directed against the first
z-helix (mAb 31Cs), antagonized PrP™ formation in the
mouse brain (Fig. 2). Indeed, anti-PrP mAb infused into
the lateral ventricle was still detectable in the hippocampus
at 20 days after the termination of infusion, whereas only a
low level of the negative-control mAb was detected in the
same region, even during infusion (Fig. 1), These results
suggest that the antibody-PrP complex remains in the
brain parenchyma and therefore that sequestration of Prp*

Survwal limes (days)

284; M, mice treated with mAb 31C6. The
presence of PrP™ was confirmed by Westam
blotting in all expermental-group mice.

by the antibody is implicated in the inhibition of Prir™
formation in vive.

Intraventricular infusion of anti-Pri mAbs at a late stage of
infection (initiated ar 120 days p.i.) reduced levels not only
of Pei™ accumulation but also of microglial activation,
astrogliosis and  spongiform  changes. Comparison  of
neurohistopathological changes observed at 127 versus
150 days p.i. in mice treated with anti-PrP mAbs and the
negative-control mAb revealed an apparent reduction in
gliosis observed at 150 days p.i.. which may be due to a
slowdown in the progression of gilusts (data not shown).
Although the severity of microghal activation and astro-
gliosis differed in animals infected with the two differem
prion strains, the reduction observed was in accordance
with the mAb distribution, and the levels of microglial
activation and astrogliosis in the hippocampus and
thalamus of mice infused with anti-Pri’ mAbs appeared

Table 1. Effect of intraventncular infusion of anti-PrP mAbs on survival of mice infected with the Obihiro or Chandler strain

Survival time of mice [mean £so (days)]

31C6 (n)

Chandler strain

P2-284 (n) J1C6 (n)

150.7 £ 102 (7) 161.01 8.3" (6]

16351 8.1° (10}

Initiation of mAb infusion
[days p.i.)
Obihiro strain
P2-284 (n)
Lt 1534 490 (%)
90 I5L8 £ 4.3 (6) 153
120 1504 1 9.4 (8)

1574 1 70 1¥)

151.7 £ 9.8 (10)
1529424 (7N

165.0 1 10.9* (9)
164.9 £ 9.3° (R)

*Statstically significant ditference based on Stadent’s 1 test | P<0.05)
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Days pi Days p.l. 31C6.

to be milder than those observed in mice infused with the
negative-control mAb. In contrast, no apparent reduction
in microglial activation or astrogliosis by anti-PrP mAb
was observed in the lateral cortex, where delivery of mAbs
appeared to be inefficient (data not shown). It has been
reported that the process of conversion of PrP® 1o PrP™ on
neurons rather than extracellular deposition of PrP™ s
involved in neuronal degeneration (Brandner ef al,, 1996;
Mallucei et al., 2003; Chesebro er al., 2005). Although the
mechanism by which PrP™ formation provokes microglial
activation and astrogliosis remains 1o be elucidated, these
results imply that arresting conversion of PreY to PrP™ via
mAb infusion may contribute, at least to some extent, to
the observed reduction in microghal activation  and
astrogliosis.

Previous results have shown that passive immunization
with anti-Prl' mAb via intraperitoncal injection does not
have a protective effect after invasion of prion into the CNS
or inoculation of prion via the intracercbral route (White
ef al, 2003). In contrast, intraventricular infusion of anti-
Pri* mAb prolonged survival when mAb was infused at the
time that PrP™ became detectable in the CNS (e.g at
o0 days p.i.). The difference seems to be explained by
inadequate transfer of anti-PrP mAbs into the CNS across
the blood-brain barrier when mAbs are administered
peripherally, Several compounds, including amphotericin
B, PP'S, porphyrin dervatives and GNE, have been reported
to prolong the survival of mice infected with prion when
administered at the middle or late stage of infection, but
the animals were still prior to clinical onset {Demaimay et
il 1997; Doh-ura et al., 2004: Kocisko ef al., 2006: Kuwata

et al., 2007). To the best of our knowledge, there has been
only one report of a treatment that prolongs survival of
animals already in the clinical phase. Specifically, intraper-
itoneal administration of MS-8209 was shown 1o prolong
survival of mice infected with the C506M3 strain when
treatment was carried out at the time of the appcarance of
neurological symptoms (Demaimay ef al., 1997). Human
prion discases are usually detected after clinical onset and
thus the availability of treatments that are effective even
after symptoms have begun to appear is highly important.
Therefore, it is of mterest that intraventricular infusion of
anti-PrP mAb was effective for prolongation of survival,
even when treatment was imitiated after the appearance of
arly dlinical signs (at 120 days p.i.) in mice infected with
the Chandler strain. Although in this study mAb infusion
for 14 days of duration achieved only 8% prolongation,
the result should encourage further trials with mAbs that
may be useful in the development of therapentic treatment
for prion diseases, For instance, continuing treatment over
a longer duration, which may keep the effective concen-
tration of mAbs in the brain higher over a longer period of
time, may improve the effect on survival. In addition, anti-
PrP mAb prolonged survival, despite the fact that the
infused mAb was not evenly distributed in the brain but
rather was primarily restricted to the hippocampus and
thalamus. Thus, it is conceivable that improved delivery of
mAb might enhance the effects of anti-I'tP mAb on
survival. Fab and single-chain antibody fragments have also
been shown to inhibit Pri™ formation (Peretz ef al., 2001;
Donofrio er al, 2005), and the smaller size of these
fragments may be heneficial tor efficient delivery in tissues.
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Fig. 7. Neuronal toxicity of anti-PrP mAbs. Anti-PrP mAbs (106, 110, 31C6 or 44B1) and the negative-control mAb P2-284

were injected into the lelt and nght hippocampus, respectively, using sterectanc apparatus

Seventy-two hours after injection

brains were obtained and fixed in 10 9% formalin, Paraffin sections were subjected to TUNEL and HAE staining. (a) Distribution

of mAb. Alexa Fluor 488-conjugated mAb 31C6 was injected into the hippocampus and the distribution was analysed by

confocal laser microscopy. (b) Positive control. Coronal sections were pre-treated with DNase | and then stained using the

mw

d samples (b

for each mAb. Bars, 200 pr

Although  mice infected with either the Obihiro or

150 davs p.i., the effect of mAb infusion on survival

dler stram succumbed to the disease at around

diftered when admimstered to mice challenged with
differemt prion strains. For example, mAb infusion of mice
infected with the Chandler strain was effective when the

mAb was administered at any of the three time points

ted (60, 90 and 120 davs p.i1.), whereas no prolongation

was abserved in mice infected with the Obihiro strain when
mAb infusion was imitiated a
it}

90 or 120 days p.. (Fig. 6)

present, we

do not have a precise explanation for this
but can speculate on what might explain the difference

First, micr I activation in mice infected with the

Obihiro strain was more severe than that in mice infected

with the Chandler strain (Figs 3 and 4). Similar to the

mouse model for Alzheimer's disease (El Khoury el al.,
2007), microghal recruitment is expected to have a

protective role in prion  disease:  however, activated

neurotoxic cffects via production of
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For instance, Pri”™ accumulation in the hypothalamus of
mice infected with the Obihiro strain was more severe than

that in mice infected with the Chandler strain (data not

shown), Moreover, PrP™ formation in the hypothalamus
might not be inhibited efficiently due to the uneven
distribution of mAb in the hypothalamus (Fig. 1), These

results may explan in part the lack of prolongation in the
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caution in the use of anti-PrP antibodics, in particular,
their introduction into the CNS. However, passive
immunization is less likely to initiate an autoimmune
reaction (Schenk, 2002; Sadowski & Wisniewski, 2004). In
this study, we observed no antibody-induced inflammation
by intraventricular infusion. In addition, neuronal death in
the hippocampus was not observed, even though mAbs 106
and 110, which recognize the region adjacent to aa 95-105,
were injected directly into the hippocampus. Although the
potential adverse effects, especially an inflammatory
response, should be examined carefully, the fact that
anti-PrP mAbs interfered with disease progression, even
when administered after clinical onset, is particularly
encouraging. Although the eftect of anti-PrP mAb differed
in prion strains, this implies that the immunotherapy
might be effective in certain types of human prion disease,
it not all. Therefore, the results of this study should
promate further efforts to improve the effect of anti-PrP
mAbs, such as the form of the antibody, the route of
administration and an efficient way of delivering the
antibodies.
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Summary

Since 2004, significant associations between bovine spongiform encephalopathy
(BSE) susceptibility in cattle and frequencies of insertion/deletion (ins/del;
indel) polymorphisms within the bovine prion protein gene (PRNP) have been
reported. In this study, we investigated the frequencies of indel polymorphisms
within two variable sites, a 23-bp indel polymorphism in the promoter region
(23indel) and a 12-bp indel polymorphism in intron 1 region (12indel), in the
PRNP in 206 Vietnamese dairy cattle and seven Japanese BSE-affected catile. In
Vietnamese dairy cattle, the frequency distributions of del allele and del/del
genotypic polymorphisms in the 23indel site, which are thought to be associ-
ated with BSE susceptibility, were significantly higher, whereas the frequencies
of del allelic and del/del genotypic polymorphisms in the 12indel site, which
have been reported to confer BSE susceptibility, were significantly lower. We
have provided evidence that Vietnamese dairy cattle have a unique genetic
background in the PRNP gene in comparison with cattle or sires previously
reported in other countries.
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ing occurred in the 1970s. However, the overall produc-

Introduction : . : .
tion and consumption of dairy products remained very

In Vietnam, dairy farming is an emerging industry. For
centuries, cattle have been reared for draught power,
making manure and meat production. In the 1920s, dairy
cattle breeding was first introduced to Vietnam. However,
in the colonial period, dairy production was carried out
by French residents. Nationwide expansion of dairy farm-
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low because of war and the general poor socio-economic
situation in the country (Luthi et al,, 2006). Thus, until
the government economic decentralization policy called
‘Doi Moi' was initiated in 1986, there was almost no
dairy industry in Vietnam. Since the 1980s, the dairy cow
population has been increasing rapidly in both state-
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