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The onset of illness in the first case of variant
Creutzfeldt-Jakob disease (vC]D), which was
published in 1996, occurred in early 1994.
vC]D most probably results from the consump-
tion of beef products contaminated by central
nervous system tissue derived from bovines
infected with bovine spongiform encephalo-
pathy (BSE), which began in the UK sometime
prior to 1986 (1. The worldwide incidence of
BSE and vC]JD was approximately 190,000 ani-
mals and 185 patients (including 159 patients in
the UK), respectively, in December 2005. In the
UK, where the highest incidence of BSE and
vCJD was reported, their peak incidences were
observed in 1992 and 2000, respectively. Since
these peaks, the incidence in the UK has
decreased gradually {101). There is also the possi-
bility of continuing person-to-person transmis-
sion of vC]D through certain forms of
healthcare (e.g., through surgery, blood transfu-
sion or treatment with plasma products). There-
fore, it is essential to maintain and promote
active surveillance of vCJD and C]D (hereafter
vCJD/C]D) to evaluate potential transmission
by this route [2-4,102,103].

Since blood products are prepared from
human blood, they may involve risks of contami-
nation with infectious pathogens including patho-
genic prions. Therefore, besides the measures for
ordinary pathogens, effective measures imple-
merited globally to prevent transmission of patho-
genic prions (especially to prevent vC]D) are also
required. Measures to prevent contamination by
viruses/prions in plasma derivatives consist of
donor plasma sourcing/screening and the elimi-
nation of viruses/prions during the manufactur-
ing process. Currently, geographical deferral of
blood donors before donation is the only method

10.2217/17460794.1.5.659 © 2006 Future Medicine Ltd ISSN 1746-0794
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Blood products prepared from human blood theoretically risk contamination with infectious
pathogens. Since recent reports now confirm the likely transmission of pathogenic prions
through blood transfusion, effective measures to prevent transmission are required globally,
although the prevalence of variant Creutzfeldt-Jakob disease outside of the UK is extremely
low. Many studies evaluating the manufacturing process have been conducted for the
potential removal of the prion protein from plasma derivatives. In this review, we discuss the
possibility of removing prions via several processing steps, especially depth and
virus-removal filtration. Through a discussion of the limitations and issues associated with
such studies, we hope our review will be of help for better study design in the future.

of identifying donors at higher risk for vC]D,
since sensitive and rapid screening methods for
prions in blood with the ability to handle many
specimens have not currently been developed.
The risks to a recipient from fractionated plasma
products are probably less than from blood
transfusion, not least owing to potential removal
during the manufacturing process, as well as the
volume of material to which an individual is
exposed, which are likely to be important deter-
minants of the level of risk [2}. However, the
pooling of plasma donations and the large
number of recipients from any given plasma pool
complicates any calculations of residual risk.
Little is known regarding the native form of
prion protein in blood, especially in plasma,
although this information is essential for evaluat-
ing the safety of blood products. Under these cir-
cumstances, the regulatory agencies of several
countries issued guidelines regarding measures to
be taken to prevent or reduce the potential for
prion transmission through pharmaceutical
products. Manufacturers have implemented
their measures according to these guidelines
[5-7,104-107). Recently, Brown reviewed prion
infectivity in blood, prion removal by the manu-
facturing process and the current status of the
development of prion-screening methods (8]
The removal of prions by partitioning during the
manufacturing process is expected to be a practi-
cal and effective approach, particularly because
effective methods for prion inactivation that are
applicable to the manufacture of protein prod-
ucts, have not been developed to date. At present,
the removal of prions by physical means is the
main measure towards preventing prion contam-
ination. There are numerous reports describing
the partitioning and possible remnoval of prion

Future Virol. (2008) 1(5), 659-674 659



REVIEW - yunoki, Urayama & kuta

660

during the manufacturing process. Processes that
possibly remove prions include fractionation,
using ethanol and/or polyethylene glycol (PEG),
and filtration through virus-removal and/or
depth filters. Many studies have been performed
on the efficacy of ethanol fractionation processes
to remove prion and demonstrated similar
removal ability, regardless of differences in study
conditions and the research institutions. By con-
trast, studies on depth filtration revealed that the
efficacy of depth filters to remove prions is
highly dependent on the composition of the
solution and/or characteristics of the filters. In
this review, we discuss the possibilities and limi-
tations of several manufacturing steps to remove
prions using evaluation data from several manu-
facturers. We hope our discussion will be of help
to determine better study design in the future.
Cleaning (inactivation) of equipment should
also be considered in parallel to the removal of
prions during the manufacturing process. How-
ever, we will not discuss this area, and the reader
is referred to Lee and colleagues who have
already discussed this matter in details [9.10.108].

Study design for prion removal ability
Procedures for safety evaluation of plasma deriv-
atives for prions are basically similar to those
used for viruses. Regarding the virus clearance
study (also termed virus validation study), the
first regulatory guidance was issued by the Euro-
pean Community in 1989. Since then, manufac-
turers have performed virus clearance studies in
accordance with this guideline as well as other
related guidelines. On the other hand, the Euro-
pean Medical Agency issued guidelines regarding
prion clearance in 2004 104). Their guideline was
largely based on the concept of the virus valida-
tion guidelines [109}, although care was taken to
refer to such studies as investigational, as
opposed to validation.

The following should be considered when
performing prion-clearance studies.

Model agents

The main purpose of the clearance study is to
assess and identify the manufacturing process(es)
that can be considered to be effective in eliminat-
ing prions using various model agents, such as
scrapie. Based on the results with model agents,
the partitioning of specific human pathogenic
agents, such as vC]D, can be speculated. In this
sense, the purpose of the study is to evaluate the
risk of the pathogen itself. However, if the path-
ogen in question is significantly different from

-124-

the model agent, partitioning of the specific
human pathogen may yield incorrect data.
Therefore, for clearance studies and related stud-
fes, it is indispensable to carefully consider the
possible differences between the pathogens in
question and model agents.

Assay method

The detection of protease-resistant prion antigen
(én vitrostudy) is performed as the first step (e.g.,
by western blotting [WB], and then, for certain
process(es), an infectivity assay using animals
{in V.l'vastudy) is also recommended. The in vivo
assay remains the only possible option to con-
firm the quantitative infectivity titration of pri-
ons following inoculation of samples into
animals. It should also be understood that, in
some instances, there could be some discrepancy
between in vitro and in vivo study results,

Simulation of manufacturing process

It may be impossible to exactly simulate all of the
manufacturing process parameters on a labora-
tory scale. For experimental downscaling, it is
impossible to use equipment and conditions that
are identical to the actual manufacturing process.
First, prion proteins are added intentionaily,
thereby changing the matrix. Second, the proc-
esses are downsized to laboratory scale. There-
fore, in some instances, the best result that can be
achieved is to approximate the behavior of the
manufacturing process. Furthermore, it is impor-
tant not to overestimate the prion removal ability
of the manufacturing processes based on the data
obtained under scaled-down conditions.

Native form of abnormal prion proteins

The native form of the abnormal prion proteins
in blood is still unknown. Abnormal prion pro-
teins in blood remain largely undetermined and
may exist as various forms with different particle
sizes or aggregation states. Therefore, the prepa-
ration method of the prion material used as a
spiking agent for process evaluation studies
would be an important factor.

Choice of spiking prion agent

Of the various prion diseases, vCJ]D is the pri-
mary concern for manufacturing plasma deriva-
tives. It is difficult to use tissue samples taken
from vCJD/CJD patients for the evaluation of
manufacturing processes. 1herefore, in general,
laboratory strains of scrapie (e.g., 263K and
ME?) and those of BSE (e.g., 301V) are used in
place of vC]D materials [11-15).

Future Virol. (2006) 1(5)
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Spiking materials are prepared from the brain
of infected animals, and there are several meth-~
ods of preparation. Brain homogenate (BH) has
been widely used for a long time, because BH is
easy to prepare and contains a high titer of infec-
tivity. However, the uniformity of particle size is
not ideal for evaluation purpases. The micro-
somal fraction (MF) is partially purified from
BH, and the titer of-MF may be slightly lower
than BH. In addition, caveolae-like domains and
semipurified scrapie prion protein (purified
fibrils) may also be used in spiking studies. The
partitioning of abnormal prion protein prepared
by different preparations behaves in a similar
manner, with the exception of purified fibrils
(16-18). Although the appropriateness of the
materials used for spiking experiments was
described in reported studies, there has been no
discussion of their particle size.

In 2003, Yunoki reported that the particle size
of MF used as spiking material was 800 nm on
average, and that the particle size of MF fell to
less than 220 nm through high-power sonication
or detergent treatment [19]. At present, research-
ers tend to add steps such as sonication, deter-
gent treatment and prefiltration in order to
prepare MF or BH for spiking studies. However,
discussion regarding the appropriateness of spik-
ing materials is limited because the status of the
abnormal prion protein in blood is not currently
clear. Various preparation methods have been
used in the above reports. Therefore, it is neces-
sary to carefully consider such preparation meth-
ods used in individual reports in order to
evaluate the removability of prion agents.during
the process.

As our knowledge regarding the form and
characteristics of abnormal prion protein in
blood accumulates, these problems are expected
to be resolved. A new preparation method utiliz-
ing exosomes might be proposed because a
recent report described that prions also exist in
association with exosomes (20]. In addition, spik-
ing materials derived from cultured cells produc-
ing abnormal prion protein may become one
possible source for spiking prion material [21). If
strains of vCJD/CJD with a high titer are pre-
pared in cultured cells, it would become possible
to use such materials as spiking agents.

Evaluation methods

To estimate the prion levels in samples, two dif-
ferent methods are used: one to detect abnormal
prion protein in samples by WB, conformation-

enzyme-linked

dependent immunoassay or

www futuremedicine.com
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immunosorbent assay (in vitro study) [1622-24;
and the other to detect pathogenic prion protein
by inoculating animals with the samples (in vivo
study). Although WB is widely used, assay con-
ditions are different in every laboratory and there
is no standard protocol for the assay. In general,
samples taken from manufacturing processes
contain plasma proteins at a high level, which
sometimes disturb the specific detection of a
small amount of prion by WB. To avoid these
problems, optimization of assay conditions
and/or adjustment of pretreatment conditions
for each sample are necessary. Due to these assay
variables, the sensitivity of the assay not only
differs in every laboratory, but even from sample
to sample. When an identical sample is used for
comparison, WB generally gives a lower sensi-
tivity than the in vivo method. To improve the
sensitivity and specificity of WB, several method-
ologies have been performed; for example, the
elimination of plasma proteins that disturb the
assay, by heating at 80°C before proteinase K
treatment, followed by ultracentrifugation to
concentrate prion [25).

For viruses, it is required that clearance studies
are performed following the detection of infectiv-
ity of process samples as an indicator. However,
for priens, according to the guidelines [104,105.109],
infectivity experiments /n vivo are not always
required for processes where the relationship
between iIn wvivo and in vitro results has been
established. For processes where the relationship
is unknown, such as new processes, it may be nec-
essary to check the infectivity of samples in vivo
following initial testing of samples in vitro.

In general, experimental conditions for the
detection of infectivity using animals differ at
every institution. Even if animals are the same
species and age, the amount of inoculums given
to the animals and/or incubation period of the
animals after inoculation may be different.
Symptoms of prion diseases are monitored by
clinical signs during the incubation period in
animals, although the monitoring procedure
may also differ at each institution. Some institu-
tions monitor abnormal behavior only, whereas
other institutions use a scoring system for moni-
toring. However, such observation of clinical
signs may not be regarded as a definitive indica-
tor of disease. Classically, histopathology has
been used to confirm disease lesions in brain

" samples taken from infected animals {26]. Simi-

larly, different criteria in pathological examina-
tions are used by institutions to determine prion
lesions. Some institutions judge prion diseases by
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the existence of vacuocles only. Some other
institutions use their own scoring systemn using
several factors, such as spongiform vacuoliza-
tion, gliosis or amyloid plaques in the lesion
sites. The above judgments are sometimes
problematic because these pathological obser-
vations must be performed by experienced
investigators. To obtain more kriowledge regard-
ing the diagnosis of prion diseases, see the gen-
eral review by Kretzschmar [27. To avoid the
above problems, rather than pathological evalu-
ation, a recent trend is the in vitro detection of
abnormal prion protein using BHs from inocu-
lated animals by immunological procedures,
such as WB. :

Lee and colleagues published a report in 2004
regarding the relationship between in vitro and
in vivo results [28). Their data demonstrate that
the partition of prion antigen in individual proc-
ess samples detected by WB was consistent with
that of infectious prions observed in vivo. These
results suggest that it may be possible to evaluate
prion partitioning during the manufacturing
process by in vitro study using only WB. How-
ever, they also demonstrated that, in some cases,
infectivity remains in a sample where the amount
of abnormal prion protein is less than the limit of
WB. One possibility for the phenomenon is the
inappropriate use of antiprion antibodies for
WB. Based on their results, the data obtained by
in vitro study should be evaluated with the possi-
bility that such study may have limitations for
the detection of prion agents.

Cell culture to persistently maintain the infec-
tious prion protein has been widely reported,
and the development of a cell culture system for
the quantitative detection of prion infectivity is
now underway [21,29.30). In the future, if a new
assay system using a cell culture system demon-
strates the same sensitivity as animal studies and
good correlation, experiments to detect infectiv-
ity may be switched frorn animal systems to cell
culture studies, as has occurred for some viruses
used for virus validation studies.

Evaluation of the major manufacturing
processes for prion removal

Concept for evaluation of

manufacturing processes

Over the last 10 years, many reports have been
published on prion removal during the manu-
facturing processes of plasma derivatives. To
reassess these reports today, we must consider
the technical background of the studies (dis-
cussed earlier). Before the European Medicines

-126-

Agency published a statement in 2004, the strat-
egy for establishing the study design was not as
clear {105).

The log reduction factor of prion by a certain
manufacturing process is often misunderstood as
representing an unconditional absolute value;
however, this factor is merely one of the indices
for process evaluation. Therefore, based on the
comprehensive grasp of all information, judgment
should be made whether the process in question is
effective, partially effective or ineffective for prion

_removal by individual manufacturing steps.

Several procedures are expected to remove
abnormal prion protein. Fractionation with eth-
anol, PEG and glycine, and filtration with virus-
removal and depth filter have been widely inves-
tigated, and many reports have been published
on these steps (described later).

Fractionations during plasma protein
purification steps

Many studies have already been performed on
ethanol fractionation. Details of ethanol
fractionation and prion partitioning during
the manufacturing process have been described
in several articles [31.32,104,105]. Among the eth-
anol fractionation processes, Fraction II +1II,
Fraction IIT and Fraction IV processes exhibited
significant partitioning (Table 1). These are con-
sidered to be effective prion removal processes.
For PEG and glycine fractionations, several
studies have also been reported, as summarized
in Table 2. PEG fractionation processes, includ-
ing 8 and 11.5%, demonstrated good partition
and are regarded as effective prion removal proc-
esses, such as ethanol fractionation processes,
whereas glycine fractionation demonstrated less
effective removal.

For column chromatography, various kinds of
columns demonstrated a different tendency to
partition prion protein (Table 3). All of the col-
umn chromatography processes reviewed here
are not implemented specifically for the removal
of prions, but for purification of the plasma pro-
tein of interest. In this sense, the removai of
prion with these column chromatography proc-
esses is, if anything, a secondary effect. There-
fore, the factors and/or parameters that are
necessary to purify plasma proteins will differ
from those for prion removal.

Virus-removal filters

Virus-removal filters were developed exclusively
for effective removal of viruses during manufactur-
ing processes, and had pore sizes of approximately

Future Virol. (2008} 1(5)
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Table 1. Removal of prion by ethanol fractionation®.

Process (condition) Spiking agent Spike source  Before i?iiiﬁ'reﬁ:(%p"éiﬁ%tant) 'Pés'te"(p'reéipitate)- “ Clearance/reduction Method  Ref.
' Filtered Paste
Cryoseparation Human Prpvcio BH 3.9 3.0 3.6 0.9 0.3 WB (37}
Human PrPscD BH 37 28 2.7 0.9 1.0 we ‘
Human PrpGss BH 4.5 3.5 3.7 1.0 0.8 WB
Sheep Prps BH 3.0 2.0 2.5 1.0 0.5 WB
Hamster PrPSc 263K BH 5.9 4.7 5.3 1.2 0.6 WB
Hamster PrPScSc237 BH 2.3 2.0 2.1 0.3 0.2 CDI (6]
MF 3.4 3.2 2.9 0.2 0.5 CDI
CLDs 2.8 2.4 2.6 0.4 0.2 CDI
Purified 3.8 1.4 3.4 2.4 0.4 CDI
Hamster PrPS¢ 263K TR 8.1 NA 6.0 NA 2.1 BA (17}
Mouse PrPGSS Blood +ve NA +ve NA NA BA
Hamster PrPSc 263K BH 7.8 6.8 7.2 1.0 0.6 BA (28)
2.9 1.9 2.6 1.0 0.3 w8
Hamster PrPSc 263K MF ND ND ND <1.0 1.0 WB (18]
Fraction | (8% ethanol) Hamster PrPS¢ S¢237  BH 4.4 3.5 4.3 0.9 0.1 CDI 6]
MF 4.4 35 4.4 0.9 0.0 Col
CLDs 3.7 3.0 3.7 0.7 0.0 CDi
Purified 4.1 1.0 3.9 3.1 0.2 CDI
Fraction It + il (20% ethanol)  Hamster PrPSc 263K  BH 8.5 2.5 8.5 6.0 0.0 BA [28]
49 0.2 5.3 24.7 Q.0 WB
Fraction Il + lll (25% ethanol)  Hamster PrPS¢ Sc237  BH 4.1 0.5 4.1 36 0.0 col (18]
MF 4.9 1.8 4.9 3.1 0.0 (ohh]]
CLDs 3.9 0.8 3.8 3.1 0.1 CDi
Purified 4.6 0.6 4.3 4.0 0.3 CDI
Fraction | + Il + I (19% Hamster PP 263K BH 7.0 4.8 ND 2.2 NA BA (38
ethanol), including filter aid ND ND ND 3.8 NA WB

*Values given are expressed in log,, form. ¥Clearance was calculated by subtracting the effiuent titers from the precipitate titers. Sincluding depth filtration, Yunoki et al. Unpublished Data.

BA: Bioassay (in vivo study); BH: Brain homogenate; BSE: Bovine spongiform encephalopathy. CDI: Conformatign-dependent immunoassay; CLD: Caveolae-like domain;

GSS: Gerstmann-Stréussler~Scheinker syndrome; MF: Microsomal fraction; NA: Not applicable; ND: Not determined; PrP: Prion protein; Sc: Scrapie; sCJD: Sporadic Creutzfeldt-Jakob disease;
sMF: Sonicated MF; TR: Trypsin-treated minced brain; vCJD: Variant Creutzfeldt-Jakob disease; WB: Western blotting (in vitro study).
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Table 1. Removal of prion by ethanol fractionation® (cont.).

Process (condition) - Spiking.agent ° -Spike source -

pernatant) Paste V_ Method Ref.

' Filtered(su
el ;i':;y:'i“,; (LT

fl?iitered- Paste

B DS

Fraction | + It + Il (20% Hamster PrPSc 263K TR 8.1 NA 6.1 NA 2.0 BA (17)
ethanol), evaluate from plasma Mouse PrpGss Blood e NA e NA NA BA

Fraction ! + 1l + Il (21% Hamster PrPS 263K MF ND ND ND 1.3 <1.0 we (18}

ethanot)

Fraction Il (17% ethanol) Hamster PrPSc 263K BH "~ ND 2.0 7.3 5.3t 0.0t BA (28]
) 43 0.0 43 24.3 0.0 wB

Fraction | + I} (12% ethanol)  Hamster PrPS 263K BH 6.8 3.3 ND 3.5 NA BA [38]
ND ND ND 4.5 NA WB

Fraction | + Il (12% ethano) Mouse PrPBSE 301y MF 6.1 4.0 6.0 2.1 0.1 BA (18.39]
Hamster PrP5c 263K MF ND .ND ND 23.7 NA wB

Fraction IV (38% ethanol), Hamster PrP5c Sc237 BH 4.1 0.9 3.4 3.2(24.1% 0.7 CDI [16]
high prion spiked ME 45 11 4.5 3.4(2458 00 col
CLDs 4.1 0.9 3.8 3.2(2415 0.3 . CD
Purified 4.6 2.4 4.4 2.2 (2465 0.2 o]

Fraction IV (38% ethanol), Hamster PrPSc Sc237 MF 3.7 0.8 3.5 29(3.7)s 0.2 CDI [16]
low prion spiked CLDs 3.0 0.0 3.0 23.0(3.08 0.0 Col
Purified 3.2 0.0 2.8 23.2(23.25 04 ohh]

Fraction IV (35% ethanol) Hamster PrPSc 263K MF ND. ND. ND 23.0 NA WB k]

Fraction IV (40% ethanol) Hamster PrPSc 263K BH 7.0 4.0 ND 3.0 NA BA [38)
ND ND ND 5.0 NA w8

Fraction 1V, Hamster PrPSc 263K BH 8.9 5.2 7.5 3.7 : 1.4 BA [28)
4.2 0.0 4.2 24.2 0.0 wB

Fraction IV, Hamster PrPSc 263K BH 7.6 3.0 7.2 45 0.4 BA 1
4.2 <0.1 4.0 24.1 0.2 wa

Fraction IV Hamster PrPSc 263K sMF 36 <0.6 3.8 23.0 0.0 ws i

Fraction IV, + IV, (40% Hamster PrPc 263K TR 8.1 NA 3.9 NA 4.2 BA n7
ethanol) evaluate from plasma  \jouse prposs Blood +ve NA -ve NA NA BA

*Values given are expressed in log,, form, #Clearance was calculated by subtracting the effluent titers from the precipitate titers, Sincluding depth filtration. ¥Yunoki et al. Unpublished Data.
BA: Bioassay (in vivo study); BH; Brain homogenate; BSE: Bovine spongiform encephalopathy; CDI: Conformation-dependent immunoassay; CLD: Caveolae-like domain; ’

GSS: Gerstmann-Striussler-Scheinker syndrome; MF: Microsomal fraction; NA: Not applicable; ND: Not determined; PrP: Prion protein; Sc: Scrapie; sCJD: Sporadic Creutzfeldt-Jakob disease;
sMF: Sonicated MF; TR: Trypsin-treated minced brain; vCJD: Variant Creutzfeldt-Jakob disease; WB: Western blotting (in vitro study).
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Table 2. Removal of prion by polyethylene glycol, glycine and caprylate precipitation®.

Process (sample) Spiking agent Method  Before Filtered (supernatant) Paste (precipitate) Clearance/reduction Method Ref..
Filtered Paste
3% PEG (cryoprecipitate) PrpvciD BH 4.0 2.1 4.0 1.9 0.0 wB [37)
PrpsCiD BH 3.7 1.5 3.7 2.2 0.0 WB
PrpGss BH 5.0 3.0 5.0 2.0 0.0 WB
Sheep Prpse BH 4.0 2.3 4.0 1.8 0.0 wB
Hamster PrPS¢ 263K BH 6.3 4.1 6.1 2.2 0.2 WB
3% PEG (cryoprecipitate) Hamster PrPSc 263K BH 1.2 50 7.2 2.2 0.0 BA [28]
5.2 2.2 4.9 3.0 0.3 WB
8% PEG (IVIG) Hamster Pre>e 263K sMF 2.5 <0.1 3.2 2.4 0.0 wB L]
MF 2.5 <0.1 2.5 22.4 0.0 w8
sMF Prob. +ve  Prob. +ve ND NA NA BA
11.5% PEG (Fraction IV, PrpvCID BH 4.0 0 4.2 24.0 0.0 WB 371
precipitate) prpscio BH 3.0 0 2.9 23.0 0.1 wWB
PrpGss : BH 4.0 0 4.0 24.0 0.0 wB
Sheep Prpsc BH 3.5 0 3.5 23.5 0.0 w8
Hamster PrPSc 263K BH 5.8 0 . 5.7 25.8 0.1 WB .
11.5 % PEG (Fraction 1V, Hamster PrPSc 263K BH ND s1.1 6.5 25.4% 0.0% BA [28]'
precipitate) ) 49 0 4.6 24.9 0.3 WB
Glycine (cryoprecipitate)s  Hamster PrPSe MF 3.1 1.4 2.3 17 0.8 col )
Sc237
Purified 38 0.5 3.1 3.3 0.7 CDI
SD+8%Glycine Hamster PrPSc 263K sMF 3.0 2.7 3.5 0.3 0.0 wB !
(fibrinogen) .
SD+15%Glycine Hamster PrPSc 263K MF 2.5 22 1.5 0.3 10 w8 !
(Factor VI sMF 2.5 2.9 1.5 0.0 1.0 wB
Caprylate Hamster PrPsc ND ND ND ND ND 2.9 WB {40)
precipitation/cloth ND ND ND ND ND 3.3 BA

filtration (Fraction Il + lll
suspension/IVIG)

*Values given are expressed in log,, form. ¥Clearance was calculated by subtracting the effluent titers from the precipitate titers. SCryoprecipitate after Al(OH), adsorption. #Yunoki et al. Unpublished Data.
BA: Bioassay (in vivo study); BH: Brain homogenate; CDI: Conformation-dependent immunoassay; GSS: Gerstmann-Stréussler-Scheinker syndrome; IVIG: Intravenous immunoglobulin; MF: Microsomal
fraction; Prob. +ve: Probable positive; PrP: Prion protein; NA: Not applicable; ND: Not determined; Sc: Scrapie; sCJD: Sporadic Creutzfeldt-Jakob disease; sMF: Sonicated MF; vCJD: Variant
Creutzfeldt-Jakob disease; WB: Western biotting (in vitro study).
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Table 3. Removal of

prion by column steps®.

Procéss Sample Spiking Method Before Pass Eluate Retained Reduction
agent (clearance) for
product fraction i
DEAE SD Hamster MF ND ND ND ND 23.5¢ W8 [18)
Tyoperl contained  Prpsc 3.18
650M Factor VIl 263K
Mouse  MF 8.7 ND <59% 76 22.9%2.75 BA [4m)
Prpest 6.18
301V
DEAE- Factor IX Hamster MF ND ND ND ND 3.0
sepharose prpsc
263K
Heparin- SD Hamster MF ND ND ND ND 1.4 WB (k)]
sepharose contained  Prpse .
Factor IX 263K
S-sepharose  SD Hamster MF ND ND ND ND 2.9
contained Prpsc
thrombin 263K
MoAb factor IX  Hamster dMFY 3.7 3.7 1.3 NA 2.4
Prpsc
263K

*Values are expressed in log,, form. #Fibrinogen fraction. SFactor Vil fraction. ¥SD (0.3% TNBP and 1% Tween 80) treated. #Yunoki et al.

Unpublished Data.

BA: Bioassay (in vivo study); BSE: Bovine spongiform encephalopathy; DEAE: Diethylarminoethyl: dMF: Detergent-treated MF; MF: Microsomal
fraction; MoAb: Monoclonal antibody,; NA: Not applicable; ND: Not determined; PrP: Prion protein; Sc: Scrapie; SD: Solvent and detergent;

WB: Western blotting (in vitro study)
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15-35 nm depending on the filter type. For
example, 15N (152 nm), 20N (192 nm)
and 35N (352 nm) of Planova filters (Asahi
Kasei Medical Co., Ltd., Tokyo, Japan); DV20
(>3-1ogs reduction of virus particles >20 nm in
diameter, and >6-logs reduction of virus parti-
cles >50 nm in diameter); and DV50 (>6-logs
reduction of virus particles >50 nm in diame-
ter) of DV filters (Pall Co., NY, USA); and
Viresolve70 (filtration of molecules with
<70 kDa) (Miltipore Co., Billerica, MA,
USA). Although the filters were originally used
for the removal of viruses, it is expected that
they may also be applicable for the removal of
prions. To date, only a few reports have been
published on the prion removal capacity of
virus-removal filters. In this review, we refer
only to reports in which the name of the filter
is specified (Table 4).

In 2005, Silveira and colleagues reported that
prion protein particles with a particle size of
17-27 nm retain prion infectivity in an in vivo
study [33}. However, prion particles can be much
larger and 17-27 nm particles appear to be at
the low end of size distribution (34]. Using this

-130-

estimated size of the minimum infectious parti-
cle, we can infer useful information from the
study results on parvovirus partitioning, because
the particle size (20~26 nm) of the virus is simi-
lar to that of prions. Virus-removal filters with a
nominal pore size of 15 nm can remove canine
parvovirus and parvovirus B19 (B19) effectively
(19.35.36]. Therefore, virus removal filters with
15-nm pore size should be useful for prion
removal. We obtained evidence that scrapie
prion could also be removed effectively by a
15-nm filter, at least when assayed using WB,
although infectivity in the filtrate remained
when we inoculated hamsters [Yunoki and colleagues,
Unpublished Data].

However, many plasma products cannot be
filtered with this filter. In fact, even for the
evaluation of virus-removal filters for prion
removal, there are several technical issues to be
noted. Most of the problems associated with
the 15-nm filter occur due to clogging of the
filter by spiking materials. Clogging often pro-
longs the filtration time and renders the filter
unable to process the required loaded amount per
unit surface area of the filter {termed deviation).

Future Virol. (2006) 1(5)
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;_ Table 4. Removal of prion by virus filters*,

Process Sample Spiking agent Method Beéfdre: . :Filtered Retained  Clearance/reduction  Method Ref,
Filtered Retained
VireSolve180 (Miltipore) 9.5% . Hamster PrPS 263K dsBH** 6.4/6.9/6.9 <3.9/<3.9/<3.9 5.9/6.4/59 22.5/>3.0/ 0.5/0.5/ W8 {42
immunoglobulin 23.0 1.0
Plarova 76N (Asahi) PBS Hamster PrPSc 263K MF 3.5/4.2 <1.0/<1.0 ND/ND 22.5/23.2 NA/NA wB {19}
sMF 4.2/4.2 2.4/2.4 ND/ND 1.8/1.8 NA/NA w8
Planova 35N (Asahi) 2% albumin Mouse PrPSt ME7 BH 8.13 3.20 ND 493 NA BA [43}
dBH* 7.32 571 ND 1.61 NA BA
PBS Hamster PrPSe 263K MF 3.5/4.2 <1.0/<1.0 ND/ND 22.5/23.2 NA/NA ‘wWB [19)
sMF 4.2/142 <1.0/<1.0 ND/ND 23.2/23.2 NA/NA wB
VIG Hamster PrP 263K sMF 3.2125 0.8/0.8 ND/ND 2.41.7 NA/NA wB
Haptoglobin Hamster PrPSc 263K sMFSS 2.4 <1.0 ND 21.4 NA wa *
Planova 20N (Asahi) VIG Hamster PrPS¢ 263K sMF 6.8/6.8 4.8/4.3 ND/ND 2.0/2.5 NA/NA WB L |
Haptoglobin dsMF# 6.7/6.1 4.8/4.7 NO/ND 1.9/1.4 NA/NA WwB
Planova 15N (Asahi) 2% albumin Mouse PrpSc ME7 BH 8.13 <2.26 ND >5.87 NA BA {43
dBH?* 7.32 <3.1 ND >4.21 NA BA
PBS Harnster PrPse 263K MF 3.5/4.2 <1.0/<1.0 ND/ND 22.5/23.2 NA/NA WB (19}
sMF 4.2/4.2 <1.0/<1.0 ND/ND 23.2/23.2 NA/NA WB
Antithrombin il Hamster PrPSc 263K dMFS 3.131 0.0/0.0 ND/ND 23.1/23.1 NA/NA WB
SMFS5 3.6 <0.8 NA 22.8 NA WB "
Prob. +ve Prob. +ve NA NA NA BA
Thrombin Hamster PrPS-263K  dsMF# 37137 <0.2/<0.2 ND/ND 23.5/23.5 NA W8 *
Planova 10N (Asahi) 2% albumin Mouse PrPSc ME7 dBH?# 7.32 <3.52 ND >3.80 NA BA [43)
DVD + DV50 + DV20 (Pal)  Globulin Human CJDRes BH ND ND ND 3.0-3.3% NA wB {44)
>2.3M 51 6¢

"Values given are expressed in log,, form, **Sonicated 8H including 0.1% lysalecitin and followed by 0.45-0.22-0.1 im serially filtered. *including

treated and followed by sonicatlon. fincluding 0.1% sarcosyl, $60.22 pm filtered. 11:10 BH spiked. 111:100 BH spiked. #1:500 BH spiked., #Yunoki et al, Unpublished Data.
BA: Bioassay (n viva study); BH: Brain homogenate; CJD: Creutzfeldt-Jakob disease; dBH: Detergent-treated BH; dMF: Detergent-treated MF: dsBH; Detergent treated and sonicated BH:
ed; PBS: Phosphate buffered saline; Prob, +ve: Probable

dsMF: Detergent-treated and sonicated MF;: IVIG: Intravenous immunoglobulin; MF: Microsomal fraction; NA: Not applicable; ND; Not determin

paositive; PrP: Prion protein; Res: Protease resistant; Sc: Scrapie; sMF: Sonicated MF: WB: Western blotting fin vitro study).

0.8% sarcosyi. #SD (0.3% TNBP and 1% Tween 80)
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Such deviations from standard manufacturing
conditions should be carefully considered,
without overestimation, for the acceptability
of such studies. In such instances, the smaller
pores tend to clog first, which diverts more of
the flow through the larger pore sizes, thereby
changing the effective pore size of the filter.
For the purposes of risk assessment, it appear
to be appropriate to assume that, even with a
15-nm filter, leakage of only a small amount
of prion (less than the limit of in vitro detec-
tion methods) may occur, as often found in
parvovirus studies.

Process evaluation of virus-removal filters
must be performed considering the above points.
Since the published study design for process
evaluation of prion removal is often unclear,
reports must be reassessed carefully to exclude
the possibility that prion clearance has been
adversely affected. It is generally accepted that
the basic principle of virus-removal filtration is
size exclusion. Depending on the filtration con-
ditions, the performance of the filters may vary.
At present, the 15-nm filter is the most effective
for prion removal, although filters with a pore
size of 20 nm or more can also remove prions to
some extent. However, it should be understood
that, in theory, all filters may leak infectious pri-
ons into the filtrate. Owing to clogging and
other problems, the percentage spiking may need
to be reduced in many cases. Consequently, the
removal factor tends to be lower, which should
also be considered carefully.

In the future, it may be necessary to develop
virus-removal filters with smaller pore sizes.
However, smaller pore size may also be more
problematic because not only contaminants but
also the desired plasma protein may be captured
by the filter. Therefore, some other measures,
such as improvement of filtration efficiency with
15-nm pore size filters, or identifying suitable fil-
tration conditions for larger pore filters (e.g., by
inducing prion aggregates at low pH prior to
filtration) may become important.

Depth filters

The basic principle of depth filtration is to
remove and/or capture impurities by filtration
through a multilayered matrix structure. Pore
sizes of depth filters usually range from 0.1 to
5.0 pm. Some improved filters are electrically
charged to capture impurities more efficiently.
Depth filtration was originally introduced for
the clarification of protein solutions and, thus,
was not intended specifically for prion removal.

-132-

Therefore, contaminating prion agents are
removed as a secondary effect during purifica-
tion of the desired protein. Considering the pore
size of depth filters, the filtration mechanism for
prion removal cannot be simply explained only
by size exclusion, because the charge of the depth
filter could also be involved in prion removal.
However, certain conditions may result in signif-
icant prion aggregation (e.g.. low pH), and
under such conditions, removal by size exclusion
may be the primary mechanism of removal. To
date, only a small number of reports have been
published on prion removal by depth filtration.
The results of the studies are summarized in
Table 5 {reports where the name of the filter was
not specified are not included).

According to a report that even prion particles
of 17-27 nm in diameter still remain infective {33],
such infectious prions should theoretically pass
through depth filters. However, a number of
reports highlight that, in some cases, abnormal
prion was actually removed by depth filtration.
Even with an identical filter, filtration efficiency
varies significantly depending on filtrating con-
ditions. Therefore, depth filtration cannot guar-
antee consistent prion removal in each instance,
but rather conditions may need to be optimized
for each product. Thus, in actual manufacturing,
conditions for depth filtration must be defined
with strict process controls in order to ensure
effective prion removal. Furthermore, any evatua-
tion study of the process should be designed very
carefully while considering the processing condi-
tions. The correlation of prion partitioning via
depth filtraion in model systerns and
vCJD/CJD systems remains to be confirmed.

There are several technical problems to be
noted when we evaluate depth filtration. The big-
gest problem is that the mechanism of prion
removal has not cumently been clarified. Size.
exclusion alone cannot explain the mechanism to
remove prions by depth filters. Electrically charged
matrices may adsorb prions, but this has not been
investigated in detail. Therefore, process evalua-
tion for depth filtration may require very careful
design, since there is a possibility of behavioral dif-
ferences betweer: model and vC]JD/CJD systems
during filtration. In addition, it is difficult to
obtain depth-filter materials of uniform quality.
This particular problem must be improved for the
usefulness of the depth filtration process to remove
prions at the manufacturing level.

In general, from the results of previous studies,
depth filtration may be effective, to some extent,
for prion removal, as Foster and coworkers

Future Virol. (2008) 1(5)
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;'Table 5. Removal of prion by depth filters*.

Step Sample

Spiking-agent

Method Before

Filtered: Retained  Clearance/reduction Method  Ref.
Filtered Retained
Seitz Supra Supernatant of 8% Hamster PrPSe Sc237  BH 3.5 3.4 ND 0.1 NA CDI (16}
PBO* (Pall) ethanol precipitation
MF 3.5 3.6 ND 0.0 NA Cchi
CLDs 3.0 3.0 ND 0.0 NA CDIt
Purified 1.0 1.0 ND 0.0 NA CDI
Supernatant of 38% BH 0.9 0.0 ND 20.9 NA cDl
ethano! precipitation
MF 1.1(H) 0.8(L) 0.0(H) 0.0(1) ND 21.1(H) 20.8(L) NA Col
CLDs 09 0.0 ND 20.9 NA Ccoi
Purified 2.4 0.0 ND 22.4 NA CDt
AP 20 Supernatant } + I Mouse PrPBSE 301V MF 7.0(H) 4.0() 4.6(H) 3.4{) ND 2.4(H) 0.6(1) NA BA 139]
(Milipore) Hamster PrP% 263K MF ND ND ND <1.00) NA we
Supernatant | + Il Hamster PrPSc 263K MF ND ND ND <1.0 NA W8 1)
Seitz KS 80 Supernatant | + Il (AP20 Mouse PrPBSE 301y MF 6.3(H) 4.6(1) <3.2(H)<3.2(L) ND 23.1(H) 21.4(l) NA BA (39}
(Pall) filtered described as above)
Resuspended fraction V Hamster PrPSc 263K MF ND ND ND 24.9 NA wa {18}

Note: data are referred from indicated reports and partially altered.

*Values given are expressed In log,, form. ¥Sonicated BH including 0.1% lysolecitin and followed by 0.45-0.22-0.1 um serially filtered. The spiking agent was added before precipitation and CDI was
performed after precipitation and after depth filtration. #Salt strip 1 M NaCl followed by 2 M. 10.22 pm-filtered prior depth filter. #0.22 um filtered. #Yunoki et al, Unpublished Data.

BA: Bioassay {in vivo study); BH: Brain homogenate; BSE: Bovine spongiform encephalopathy; CDI: Conformation-dependent immunoassay; CDLs: Caveolae-like domains; dsBH: Detergent treated and
sonicated BH, E: Early filtrate; H: High titer of prion on assay of spiked feed stock; IVIG: Intravenious immunoglobulin; L: Low titer of prion on assay of spiked feed stock; La: Late filtrate; M: Middle

589

filtrate; MF: Microsomal fraction; NA: Not applicable; ND: Not determined; PrP: Prion protein; Sc: Scrapie; sMF: Sonicated MF; WB: Western blotting (in vitro study).
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Table 5. Removal of prion by depth filters* (cont.).

Step Sample Spiking agent Method Before Filtered Retained  Clearance/reduction Method  Ref.
i : Filtered Retained
Seitz K200P Resuspended fraction Il Hamster PrPSc 263K MF ND ND ND 22.8 NA WB {18}
(Pall)
Delipid 1 Clarified fraction V Hamster PrPSe 263K~ MF ND ND ND* . 273 NA W8 [18}
(Cuno) suspension ) . _ : o )
Zetaplus VIG Hamster PrPSe 263K sMF 2.8 2.5 ND 0.3 NA WB #”
Delipid Plus
(Cuno) sMF# 4.1 2.7 ND 1.4 NA w8
MF 2.8 1.1 ND 1.7 NA WB
Zetaplus IVIG Hamster PrPSc 263K sMF 2.8 <0.4 ND z2.4 NA ws "
30LA (Cuno)
MF 3.5 <0.4 ND 23.1 NA WB
Letaplus Supernatant il Hamster PrPS¢ 263K dsBH* 7.9 <2.7(E) 4.2(M) 4.3(La) 7.4S >3.3 0.5 wB {45)
90SP (Cuno )
{ ) 7.1 <4.1% <2.7(E) <2.1M) <3.6% NA NA w8
<2.0(La)
Tris-buffered saline 7.0 6.2(F) 6.7(M) 6.0(La)  4.8% 0.1 2.2 wa
Zetaplus Clarified fraction v Hamster PrpSe 263K sMF- 35 <0.4 ND- 23.1 NA wa L
90LA (Cuno)  suspension .
sMF¢# 4.5 <0.9 ND 23.6 NA wa
MF 35 <0.4 ND 23.1 NA WB

Nate: data are referred from indicated reports and partiaily altered. :

*Values given are expressed in logy, form. ¥Sonicated BH including 0.1% lysolecitin and followed by 0.45-0.22-0.1 ym serially filtered. The splking agent was added before precipitation and CDI was
performed after precipitation and after depth filtration. Salt strip 1 M NaCl followed by 2 M. 10.22 pym-filtered prior depth filter. #0.22 um filtered, *#Yunoki et al. Unpublished Data,

BA: Bioassay (in vivo study): BH: Brain homogenate; BSE: Bovine spongiform encephalopathy: CDI: Conformation-dependent immunoassay; CDLs: Caveolae-like domains; dsBH: Detergent treated and
sonicated BH; E: Early filtrate; H: High titer of prion on assay of spiked feed stock; IVIG: Intravenous immunoglobulin; L: Low titer of prion on assay of spiked feed stock; La: Late flitrate; M: Middle
filtrate; MF: Microsomal fraction; NA: Not applicable; ND: Not determined; PrP; Prion protein; Sc: Scrapie; sSMF: Sonicated MF; WB: Western blotting (in vitro study).
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summarized study results on the depth filtration
of prions in 2004 [31]. However, since the mech-
anism and consistency of the filtration system is
not clear, an evajuation study should be per-
formed using individual manufacturing proc-
esses. Thus, it is clear that further knowledge is
required regarding the depth filtration systems.

Conclusion

The current status of process evaluation meth-
ods for prion removal during manufacturing
processes of plasma derivatives was introduced
and discussed in this review. Problems to be
stressed are:

* The form of pathogenic prions in blood is not
clear, which in turn raises questions about the
appropriateness of prion materials (spiking
materials) used for evaluation studies;

¢ Preparation methods of prion materials for
studies are very important to consider;

* Although some data are already available, the
equivalency between model systems and
vCJD/CJD must be strengthened.

The current status of the problems and the
limitations of measures taken to overcome the
problems are described. In addition, the difficul-
ties in establishing conditions for down-scaled
experiments are also discussed. More research on
spiking materials of model systems for
vCJD/C]D is necessary to know whether the
currently used materials are appropriate for con-
ducting process evaluation studies. Based on the
outcome of such research, it should be carefully
judged whether the spiking materials used by
model systems are appropriate. At present, etha-
nol and PEG fractionations, filtration with
virus-removal filters, depth filters, protein purifi-
cation columns and so forth are thought to be
effective for prion removal (to some extent}.

For virus-removal filters, the partition mecha-
nism is based on size exclusion. The performance
of filters in different studies is consistent, and the
pore size correlates well with prion removal.
However, as aforementioned, variability in the
performance is observed depending on the filtra-
tion conditions. In contrast to virus-removal fil-

ters, depth filters may remove prions more
efficiently if process conditions can be optimized.

Consequently, virus-removal and depth filters
may have great potential for prion removal,
although we do not know whether these filter
steps (such as depth filters that are adventi-
tiously effective, rather than effective by design)
are perfect or not. |herefore, more work is
required to establish the filtration conditions
that are optimal for prion removal.

Future perspective

In the future, detection methods for pathogenic
prions applicable for blood screening are likely to
be introduced, and it is expected that the risks of
vCJD/C]D transmission through blood will be
further clarified. With the introduction of
screening tests, it is expected that safety measures
for plasma derivatives for prion contamination
will be composed of two procedures, screening of
source materials and removal during manufac-
turing processes (the same as for viruses). With
progress in the status of pathogenic prions in
blood, preparation methods for spiking materials
will also likely be optimized. Equivalency
between model systems and vCJD/CJD will
probably be determined more precisely, although
from a safety perspective such studies are chal-
lenging. Furthermore, if the usefulness of a
quantitative infectivity assay method using cul-
tured cells is confirmed for prion-clearance
study, process evaluation could be performed
using such an assay. Several techniques to effec-
tively remove prions during the manufacturing
process are now under development [4647}. Once
the processes are validated or effective removal
has been demonstrated under a variety of process
conditions, they may be introduced in actual
manufacturing scenarios. The removal ability of
processes and the accuracy of process evaluation
will be highly improved by combining these new
observations and techniques. These improve-
ments will significantly contribute to the safety
of plasma derivatives with respect to prion con-
tamination; however, for safety assurance, there
is no limit to improvernent.
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Executive summary

» Incidence of bovine spongiform encephalopathy (BSE) is falling, at least in the UK. Risk of variant Creutzfeldt-Jakob disease
transmission derived from BSE-infected bovines is tending to decrease. On the other hand, the risk of human-to-human |
transmission by blood transfusion persists. '

www.futuremedicine.com
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Executive summary

» Sensitive screening methods for the detecﬁon of prions in biood are not current!y avaﬂable Therefore. for plasrna denvatlves,
safety measures against prions are mainly geographical donor deferral and the removal of prions during manufacturing processes.

Individuat manufacturing processes for prion removal are usually evaluated by scaling down the actual manufacturing conditions
to laboratory conditions, and using established scrapie strains &s model systems Stnce the status of the prion protein in blood is
not knowri, the preparation method of prions as spiking materials for thesé experiments must be considered carefully.

There are two different procedures to assay prions: in vitro study to detect prions by western blotting (WB) and so forth; and in vivo
study to detect infectious prions by inoculating samples into animals. In some cases for only a slight amount of prion, even when
WB demonstrates a negative resuit, due to the limitation of this technique, for example inappropriate use of antibody, infectivity

L]

may be detected in samples. Therefore, for process evaluation, differences between test methods must be considered carefully.

Depending on process conditions, the prion-removal ablfity of the proGess may vary, even if the removal pattern is simitar. Thus,
the design of the evaluation study is very important. Each manufacturing process must be evaluated independently.

At present, among the manufacturing processes of plasma derivatives, ethanol fractionation, polyethylene glycol fractionation,
column chromatography and filtration with virus-removal filters and depth filters are considered to be effective for prion removal.

- Thé combination of processes that contribute to prion removal Is nec; : ry i_n order to improve the consistency of the

manufacturlng processes for prion removal.

Consequently, the development of new techniques for screening and prion removal, and improvement of process evatuation

methods is highly desirable.

2003 and Evaluation and Licensing Div.
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