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Abstract

Protein products prepared from pooled human plasma are an essential class of therapeutics used mostly to control bleeding and/or immuno-
logical disorders. Because of the human origin of the starting material, there is a risk that these products may possibly transmit prions causing
variant Creutzfeldt—Jakob disease (vCID). No case of transmission of prions by plasma products has been observed. Case-by-case measures
implemented in various countries, and several technical factors may contnibute, to various degrees, to the prevention of the risk of transmission
of prions by plasma products. Those measures include (a) the epidemiological surveillance of population in countries with cases of vCID and/or
bovine spongiform encephalopathies (BSE), (b) the deferral of blood donors who traveled or resided, for specific periods of time, to countries
with BSE, or who received transfusion or tissue transplant, (c) the removal of leucocytes in plasma used for fractionation, and, last but not least,
(d) the removal of the priou agents during the complex industrial fractionation process used to prepare plasma products. Numerous experimental
infectivity studies, involving the spiking of brain-derived infectious matenials, have demonstrated that several fractionation steps, in particular
ethanol fractionation, depth filtration, and chromatography, can remove several logs of prions. Removal is explained by the distinct hydrophobic
and aggregative properties of the prion proteins. In addition, nanofiltration using multi-layer membranes of 75 nm or smaller, which is commonly
used for removing viruses from coagulation factors and immunoglobulins products, can remove more than 3-5 logs of spiked prions, presumably
by size-exclusion and trapping mechanisms. Therefore, the risk of transmission of vCJD by human plasma products appears remote, but caution
should prevail since the bicchemical nature of the infectious agent in human blood is still unknown.

© © 2007 Elsevier Masson SAS. All rights reserved.

Résumé

Les médicaments dérivés du plasma humain occupent une place thérapeutique essentielle en particulier dans le traitement de troubles hémor-
ragiques ou immunol—ogiques. Par I'origine humaine du plasma, ces produits sont une source possible d’infection par les agents transmissibles
non conventionnels (ATNC ou prions), dont celui induisant la vanante de la maladie de Creutzfeldt—Jakob (vMCJ). On n’a recensé toutefois a ce
jour aucun cas de transmission de vMCIJ par les produits plasmatiques industriels. Diverses mesures de précaution, mises en place au cas par cas
dans différents pays, et des facteurs techniques paraissent prévenir les possibilités de transmission de ces agents infectieux par les médicaments
dérivés du sang. lls comprennent : (a) le contrdle épidémiologique de la population dans les pays ot des cas de vVMCJ et/ou d’encéphalopathie
bovine spongiforme (EBS) ont été identifiés ; (b) I’exclusion des candidats donneurs de sang ayant voyagé ou sé¢joumné pour une certaine période
de temps dans des pays touchés par I'EBS, ou ayant ét¢ transfusés ou transplantés ; (c) la limitation du contenu du plasma en leucocytes ; et (d)
I'élimination de la protéine prion pathologique au décours des étapes de fractionnement. De nombreuses étmdes expérimentales, reposant le plus
souvent sur des épreuves de surcharge par extraits de cerveaux d’animaux infectés par une souche d’ATNC, concourent a établir que diverses
étapes de fractionnement, dont les précipitations en présence d’éthanol, les filtrations en profondeur, et les chromatographies, contribuent a une
¢limination importante des prions. Celle-ci parait s’expliquer par les caractéristiques d’hydrophobicité et de tendance de !’agent infectieux a

“Tel: +33 3 28 38 19 30; fax: +33 3 20 42 19 53.
E-mail address: tburnou@attglobal.nct (T. Bumouf).
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¢

s’agréger. Par ailleurs, les étapes de nanofiltration sur des membranes muiticouches d’une porosité de 75 nm ou moins, utilisées pour la sécuri-
sation virale des facteurs de coagulation ou des immunoglobulines, retiennent, vraisemblablement par des mécanismes d’exclusion stérique et de
piégeage, plus de trois 4 cing logs de prions. Au regard de ces données expérimentales, le risque de transmission de vMCJ par les produits
plasmatiques parait trés mince, mais la portée réelle de ces études reste incompléte tant que la nature de I’agent infectieux présent dans le sang

ne sera pas pleinement élucidée.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Human plasma is used for the manufacture of fractionated
products called plasma products, plasma derivatives, or
plasma-derived medicinal products. These products have no
substitutes to treat various life-threatening congenital or
acquired bleeding, thrombotic disorders, immunological defi-
ciencies, tissues enzymatic degradations, and/or trauma.
Plasma products are purified from pools of thousand liters of
plasma. Production methods involve sophisticated purification
procedures based on a series of precipitation, filtration, and
chromatographic steps that constitute the plasma fractionation
process [1]. As historical perspectives show, various transmis-
sible infectious agents, most notably viruses, can contaminate
human blood and be transmitted by industrial plasma products.
It is now believed that the variant form of Creutzfeldt-Jakob
disease (vCJD), a human disease thought to be primarily asso-
ciated to the ingestion of food contaminated by the bovine
spongiform encephalopathy (BSE) agent, may also be trans-
mitted by transfusion of blood components [2]. Three human
cases of transfusion transmitted prion infections (only two of
which were symptomatic of vCID) have been identified and
ascribed to the infusion of non-leucoreduced red blood cell
concentrates {3]. The third, pre- or sub-clinical, case was in
an individual who was Met/Val heterozygous at codon 129 of
the prion protein gene, suggesting that individuals with a gen-
otypes other than Met—Met homozygous at residue 129 may
also be infected [3,4).

As it is now apparent that vCJD can be transmitted by trans-
fusion, concerns about the safety of pooled plasma derivatives
have grow. A UK Tetrospective study on tissue samples sug-
gests that more people than initially thought may be incubating
the disease [5,6]. There is, so far, no evidence that vCID has
been transmitted by plasma derivatives. However, the possibi-
lity of long incubation period of the disease does not allow to
draw definite conclusion on the absence of risks, and therefore
preventative measures have been put in place in several coun-
tries. The purpose of this paper is to present the current strate-
gies that are believed to restrict the risk of transmission of
prions by industrial plasina products.

2. Preventative measures for the collection of plasma
for fractionation

The occurrence of human-to-hwman transmission of vCJD
by blood transfusion has alerted health regulatory authorities

on the importance of implementing a set of precautionary mea-
sures. Table 1 summarizes the current preventative measures
that are in place against the risk of transmission of prions by
plasma products. The approach largely follows, when possible,
the one that has been developed successfully over the last
20 years to avoid the transmission of viruses. The strategy
needed to prevent transmission of viruses requires (a) an accu-
rate information on the structure of the infectious agents and
their mode of transmission, (b) the epidemiological surveil-
lance of the population, (c) the accurate screening of the
donors, (d) the testing of the donations by sensitive and rele-
vant assays, (€) the implementation of validated inactivation or
removal procedures during product manufacturing, and (f) the
application of good manufacturing practices (GMP) at all
stages of the production chain {7,8]. As indicated in this pub-
lication, not all of these measures can be used to date to reduce
the risks of transmission of prions by industrial plasma pro-
ducts.

2.1. Biophysical characteristics and resistance of PrP™%

The physico-chemical properties of human blood-associated
transmissible spongiform encephalopathy (TSE) agent are still
unknown. The infectious agent is thought to be a misfolded,
abnormal, prion protein, globally now referred to as PrP™™F
because of increasing complexity in the terminology for var-
ious forms of the prion protein [4]. Pathological PrP™% repre-
sents aberrantly folded isoforms of a normal cellular prion pre-
tein (PrP?) whose physiological function is still largely
unknown. PrP¢ is a glycosyl phosphatidyl inositol-linked gly-
coprotein composed of approximately 256 amino acids, that
undergoes facultative N-linked glycosylation at two sites [9,
10). PrP™S® present P-sheet structure that tends to aggregate
and which, in vitro, makes 1t insoluble in detergent solutions,
resistant to enzymatic degradation, and prone to adhere to sur-
faces [11]. Recent experimental studies in scrapie-infected
(263K strain) hamster brain suggest that prion particles have
a size and molecular weight range of 5-90 nm, and
155-15,220 x 10° KDa, respectively. Infectivity of this prion
strain is highest in oligomers with apparent radin of 17-
27 nm and a molecular weight of 300-600 kDa, and is appar-
ently absent, or less, in large fibrils and in oligomers of <5 Prp
molecules {12]. Non-fibnllar particles, with a mass equivalent

to 14-28 PrP molecules, may be the most efficient initiators of
TSE disease [12).
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Table 1
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Points to consider and measures to prevent the transmission of viruses and prions by plasma-derived medicinal products

_Points to consider/measures

HIV, HBV, HCV

HAV, B19

Prion agent

Structural characteristics of the
infectious agent
Infectious dose in human plasma

Epidemiological information on
prevalence, risk factors,

and transmission modes

Specific donor exclusion criteria
Testing of individual donations for
markers of the pathogenic agent

Leucoreduction
Plasma pool testing

Dedicated inactivation steps

Unspecific removal steps

Well characterized (enveloped, size,
shape, genome, resistance)
Known (can reach several logs)

Well established

Yes

Anti-HIV 1 and 2 Ab

HCV Ab

HBsAg

No

Yes

{e.g. nucleic acid test)

Yes (e.g. SD treatment, pasteurization,
low pH, caprylic acid, dry heat}

Yes (e.g precipitation,

chromatography)®
Dedicated robust removal steps Yes (nanofiltration)
Final product testing to control No?

Well characterized (non-enveloped,
size, shape, genome, resistance)
Known (can reach several logs)

Well established

Unknown for the infectious agent in
plasma

Limited information (estimated to be
Jow; 2-30 infectious doses per ml)
Unknown

No Yes®
No No
(tests in development)
No About 50% reduction in infectivity {27]
Yes No
(e.g. nucleic acid test)
Yes/No No
Yes (e.g precipitation, Yes?-(e.g. precipitation, depth filtration,
chromawgmphy)" chromatography)®
Yes (nanofiltration) Yes (nanofiltration)?®
No* No

markers of infectious risks

* In some countries exclusion criteria includes travel to countries with BSE, and previous transfusion or transplantation (see text for details).
b Often not regarded as a robust removal step by most regulatory agencies due to the difficulty in proving consistent viral removal.

° This assumes that PrP™>% in plasma would behave the same as PrP™E from brain homogenates, which is still unknown.

¢ Tests to detect the presence of viral markers in final products have not been validated and do not guarantee product safety.

Brain-associated forms of PrPTSE are resistant to the viral

inactivation procedures used during the manufacture of
human plasma products, such as solvent-detergent (SD), heat
treatments, and low pH [1,13]. The methods known to inacti-
vate PrPTSE (such as oxidation, treatment with strong base,
chaotropic agents, extreme heat, strong sodiam hypochlorite
solutions or hot solutions of sodium hydroxide [14]) would
denature plasma proteins and therefore cannot be used in
plasma fractionation.

2.2. Prion infectious dose in plasma

There is only limited information on the infectious dose of
prion protein in human blood. Estimates based on animal mod-
els suggest that prion protein infectivity in blood is low, pos-
sibly comprised between 2 and 30 infectious dose per ml dur-
ing both the incubation and symptomatic stages of disease [15,
16]. Half of the infectivity appears associated with plasma [17].
Possibility of abnormal prion protein transmission by transfu-
sion in humans corroborated earlier experimental evidence that
the blood of infected rodents, cows, and sheep may transmit
infectivity {18] in both the incubation period and clinical
phase [4]. Experimental evidence of blood transfusion trans-
mission in deers with chronic wasting disease has also been
reported recently [19]. At the early stages of the incubation
period, blood-associated PrP(Sc) may onginate from peripheral
replication of prions, whereas during the symptomatic phase, it
may leak from the brain [20]. Therefore, it can not be excluded
that the nsk of infectivity varies during the various phases of
the disease.

2.3. Epidemiology surveillance

Human exposures to the BSE agent appear primarily linked
to (a) the prevalence of BSE in native and imported cattle
population and (b) the risk of contamination of local and
imported food by the BSE agent. vCID appears limited geo-
graphically to countries where BSE has been identified but not
much is known on BSE agent infectivity and on the minimal
oral doses able to transmit vCID to humans [4]. In addition,
prion strains distinct from that causing BSE have recently
been isolated from cattle, and found to induce lethal neurolo-
gical disorders in a transgenic mice model, raising potential
additional public health concemns {21]. Proportion of asympto-
matic carrier may be higher than initially thought {5,6] but
further data must be obtained. Countries are therefore encour-
aged to establish epidemiological surveillance systems and
conduct systematic assessment of possible cases of BSE and
vCJID to follow the prevalence and trends of the disease so
that appropriate deferral measures can be taken on a timely
manner, if needed [4].

2.4. Deferral of “at-risk” donors

Deferral criteria of donors presumed at risk of vCID have
been implemented in some countries following a careful
assessment of the risk/benefit ratio, the consideration on the
long incubation period of vCID after oral exposure to BSE
contaminated beef, and the impact on the supply of blood
and plasma products. The rationale for some deferral measures
is based on the mathematical probability of “recycling” vCJD
infection via blood transfusion and plasma products, consider-
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ing the assumed number of infected individuals in a given
country. Several countries defer donors who visited or resided
in the UK and other European countries where BSE cases have
been found, for a cumulative period of 3 months or more
between 1980 and 1996. To prevent secondary spread, pre-
viously transfused donors are also deferred in countries like
France (since 1998), UK (since 2005), Ireland, the Nether-
lands, and Switzerland. Canada, Australia, Italy and the US
are currently deferring donors previously transfused in'a coun-
try where BSE or vCJD cases have been identified [4].

2.5. Testing

There is as yet no assay available to detect misfolded prion
proteins in human blood, one technical difficulty being linked to
the low level of prion protein in blood and the fact that the dis-
ease does not induce conventional immune response and has no
nucleic acid associated markers. Several assays using different
principles are under development {4,22] but so far data have not
been reproduced by independent groups. It is not known when
validated screening tests will be available for routine use in
blood establishments. Possible implementation would raise a
number of concems including how to deal with the potential
high number of false-positive results. It is also expected that
two validated tests, one used for primary determination, the
other as a confirmatory assay, would be required [22].

2.6. Leucoreduction

Limiting the leucocytes number in plasma for fractionation to
less than 10° per 1 is currently the practice in countries like
France, as part of a set of precautionary measures to reduce
the risks of vCJD transmission by plasma products [23]. Such
limit in leucocyte content can be met by using leucoreduction
filters during blood or plasma preparation [24] or by collecting
plasma using specific apheresis procedures that reduce leuco-
cytes [25). The rationale for limiting leukocyte contamination
was based on the belief that lymphocytes play a crucial role in
TSE pathogenicity [26]. However, leucofiltration of whole
blood from hamsters infected with scrapie 263K (endogenous
TSE model) was recently found to remove “only” 42-72%
infectivity from plasma [17,22,27]. These findings appear con-
sistent with the low reduction of infectivity found by leucofiltra-
tion of blood from mice infected with a mouse-adapted strain of
human TSE [28]. In an exogenous model where scrapie 263K
was used to spike human blood, filtration with four different
whole blood leucoreduction filters did not remove significant
PrP*° [29]. However, it is still not known how much prion infec-
tivity is removed when using apheresis procedures that reduce
the leucocyte content to a range similar to that of whole blood
passed through dedicated leucoreduction filters [25].

2.7. Prion removal filters

Currently, two CE-marked fiters are commercially avail-
able for the capture of prions from red blood cell concentrates

[10,15], and a third one, that combinefs leucoreduction and
prion reduction, is in development [30]. Coagulation factors
have been found to bind on some of these filters. It is not
known whether prion removal filters dedicated for the filtration
of plasma for fractionation (or transfusion) will be developed
and licensed. Use of prion reduction filters during the plasma
fractionation process, rather than at the stage of plasma pre-
paration, may be a more economical and rational approach.

3. Removal of prions during plasma fractionation
3.1. Plasma fractionation technology

Most plasma products are manufactured by an integrated
technology encompassing cryoprecipitation, cold ethanol preci-
pitation, filtration and chromatographic steps to achieve protein
separation and polishing. Cryoprecipitation, the first step in the
fractionation process, is a thawing of plasma at 2-4 °C that
isolates a cold insoluble fraction (cryoprecipitate), used as a
source of factor VIII (FVIII), von Willebrand factor (VWF),
and fibrinogen, and a supernatant (cryo-poor plasma, or cryo-
supernatant), which is the starting material of other proteins.
The ethanol fractionation process—used for instance in albu-
min, IgG, alpha l-antitrypsin separation—comprises precipita-
tion steps at 8-40% ethanol concentrations, under defined con-
ditions of pH, temperature, and osmolality {1]. Precipitates and
supernatants are separated by centrifugation or filtration using
filter aids and depth filters. Chromatography is used for protein
separation and purification from the various intermediates, as
well as for removal of the solvents and detergents used in viral
mactivation procedures [1,31]. Common chromatographic
methods include anion-exchange, cation-exchange, immobi-
lized heparin affinity, and immunoaffinity. To date most albu-
min and IgG preparations are produced by a process largely
based on the ethanol fractionation method, while the manufac-
ture of most coagulation factors, protease inhibitors, and antic-
oagulants preparations involves chromatography [31,32].

3.2. Experimental prion clearance studies

Studies have been carried out to evaluate the clearance of
prions taking place during plasma fractionation. These studies
are difficult, time-consuming, and expensive. Important factors
in their design include the choice of the TSE strains and of the
tissue used for spiking, the type of infectivity assay, and—as
for viral validation studies [7,33}—the validity of the scale-
down process to mimic the large-scale manufacture conditions.
Since spiking agents may have different partitioning properties,
process clearance is often evaluated using spikes exhibiting dif-
ferent biophysical properties [34]. TSE strains used in exogen-
ous spiking experiments include (a) hamster-adapted scrapie
(strains 263K [35], Sc237 [34} or ME7 {36}, (b) murine-
adapted BSE, 301 V [37] and (c) strains of human CJD,
vClD, sporadic CID (sCJD) and GSS [38]. Endogeneous stu-
dies have used murine-adapted GSS, Fukuoka-1 strain [39],
hamster-adapted scrapie, strain 263K and murine-adapted
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BSE strain 301 'V [40]. Two approaches are available to assess
infectivity. Bioassays, which detect infectivity in rodent mod-
els [28,37,39,41], are the current “gold standard™, but they
have limitations linked to the limited availability of specialized
animal facilities, their time-consumption, or the inadaptability
for evaluation of process robustness [42]. Immuno-chemical
determination of PrP™E is done either by Westem blotting
[35,43] or, less frequently, conformation-dependent immunoas-
say (CDI) [34], after digestion with proteinase-K. Immuno-
chemical assays are rapid and relatively cheap, and are useful
for an evaluation of clearance. Good correlation between both
types of assays have been found [41,44]. Tissue culture infec-
tivity assays (TCIA) may be new promising altematives to ani-
mal assays. Sensitivity is equivalent to animal assay and almost
100 times more than the WB. Protein misfolding cyclic ampli-
fication (PMCA) which allows autocatalytic replication of min-
ute quantities of infectious prions, is claimed to provide over

-, 4000-times more sensitivity than the animal bioassay [45] and,

if validated, may be of interest for clearance studies in the
future.

3.3. Results of experimental clearance studies

3.3.1. Coagulation factors

Coagulation factor concentrates are prepared from plasma
intermediates generated early in the fractionation process and
could be, in principle, at higher risks of contamination by
prions. Significant efforts have, understandably, been made to
study TSE infectivity removal capacity of chromatographic
purification and nanofiltration steps, which are commonly
used to manufacture these products.

3.3.1.1. Chromatography. Table 2 summarizes clearance data
obtained dunng chromatography. Various spikes have been
used; assays included in vitro immunochemical methods and
animal bioassays. Anion-exchange chromatography on
DEAE-Toyopearl 650M, as used in the purification of FVIII
and fibrinogen [46], and on DEAE-Sepharose, as used for
FIX [47], contributes to a significant removal (typically in the
2 to>3 logs range) of spiked TSE agents [35,42,48,49].
Upstream SD treatfent of the cryoprecipitate extract did not
impact prion removal [50]. Immobilized heparin affinity chro-

Table 2
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matography of FIX [47] removed 1.4 log,, of PrPTSE {35}, and
S-Sepharose cation-exchanger during thrombin purification
removed 2.9 log,o [35], and similar removal has been reported
by monoclonal antibody chromatography [42]. The fact that
consistent prion clearance factors are found in processes
using chromatographic resins of different chemical structures
and substitutions, and under different buffer systems, supports
the occurrence of non-specific binding of the infectious agent
onto the chromatographic support surface. Although prion
removal appears reproducible, incomplete understanding of
the removal mechanism raises questions, such as how to (a)
determine the maximum capacity of chromatographic support
to bind TSE agents, (b) ensure efficient sanitizing procedures
of recycled gels, and (c) guarantee consistent prion removal
over production cycles.

3.3.1.2. Nanofiltration. Nanofiltration is a proven, dedicated
method using nm-membranes that are permeable to proteins
but retain infectious agents (viruses) by size-exclusion parti-
tioning {51,52]. Accumulating experimental evidence (Table 3)
shows consistent removal of substantial doses of TSE agents
spiked to plasma fractions through multi-layer filters with por-
osity of 75 nm or less [42]. The removal capacity of the larger
pore-size nanofilters (75 and 35 nm) appears, as expected,
somewhat influenced by the physico-chemical characteristics
of the plasma fraction [53]. Removal of spiked scrapie agent
ME?7 by 15 nm nanofilters appears more robust and was not, in
expenmental studies, influenced by 0.9% sarkosyl [36].

3.3.2. Albumin and IgG

Significant work has evaluated the extent of TSE infectivity
removal during the backbone plasma fractionation process
steps that generate the various plasma intermediates used to
manufacture several products (Table 3).

3.3.2.1. Cryoprecipitation. In initial endogenous experiments
that studied the fractionation of murine plasma from animals’
infected with a human TSE, the infectivity was found to pre-
cipitate predominantly into cryoprecipitate (and precipitate [+
[I+1) [39]. However, in exogenous studies where human
blood was spiked with hamster-adapted scrapie 263K, only
0.7% of the initial infectivity was recovered in the cryoprecipi-

Extent of TSE agent removal duning chromatography of plasma-denived coagulation factors. Adapted from Refs. [41,43]

Processing step cvaluated End-product Agent Spike Assays Reduction factor
IEC (DEAE-Toyopearl 650M) FVI 263K MEF WB 1.7 [42]
SD + IEC (DEAE-Toyopear! 650M) FVII 263K MF WB 3.1 [35]
SD + JEC (DEAE-Toyopearl 650M) FVIII BSE (strain 301V) MF Bioassay 2.7 (48]
JEC (DEAE-Toyopearl 650M) VWE 263K MF WB 3.9 [42]
1EC (DEAE-Toyopearl 650M) Fibrinogen 263K MF WB 3.8 {42]
SD+ IEC (DEAE-Toyopeari 650M) Fibrinogen 263K MF wB > 3.5 {35}
SD+ 1EC (DEAE-Toyopear! 650M) Fibrinogen BSE (strain 30iV) MF Bioassay 2.9 [48]
DEAE-cellulose Prothrombin complex/FIX 263K MF WB 3.0(35]
IEC (DEAE-Sepharose) PCC 263K wWB 33611
IEC (DEAE-Sepharose) FIX 263K MF WB 3.0 {35]
Heparin-Sepharose FIX 263K MF w8 1.4 [35]
S-Sepharose L _Thrombin (fibrin gluc) 263K MF WB 2.9 [35]

MF: microsomal fraction; WB: Westcm-blot.
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Table 3

Extent of TSE agent removal during nanofiltration of plasma-derived coagulation factor concentrates. Adapted from Refs. [43,62]

Starting plasma fraction Nanofilter End-product Agent Spike Assays Reduction factor
DEAE-Toyopearl 650M eluate Planova 35N vWF 263K MF WB > 3.1 {61}
DEAE-Toyopearl 650M eluate Planova Fvil 263K MF Bioassay 233161
35N + I5N
SD + DEAE-Toyopearl 650M eluate Planova FVIIl 263K MF WB > 5.1 [61]
35N + 15N
Monoclonal antibody chromatography eluate  Planova FViI 263K BH + SD Bioassay 4+03+13+2>
7SN + 35N 0.5 {62]
+35+ 15N
Monoclonal antibody chromatography eluate  Planova Fvill 263K PrPsc + SD Bioassay 371+0+08+>2
75N + 35N {62}
+35N+ 15N
lon-exchange Planova 15N FIX 263K MF Bioassay 4.8 [61]
chromatography + heparin-Sepharose eluate
Ion-exchange Planova 15N FIX BSE 6PB1 BH + sonication Bioassay 5.3 (42)

chromatography + heparin-Sepharose eluate

MF: microsomal fraction; BH: brain homogeneate; WB: Westem-blot; SD: solvent-detergent.

tate [39]. Using blood from scrapie-infected hamsters, and in
spiking studies where scrapie 263K PrP*° was added to human
plasma, 20% and 10% of the infectivity partitioned in the cryo-
precipitate, respectively [35,54]. By contrast, when human
plasma was spiked with scrapie 263K brain homogeneate
(BH), 90% of PrP* was found in the cryoprecipitate. These
contradictory results may highlight the influence of the nature
of the experimental model used, in particular the physico-
chemical nature of the spike {34], or of the varations in the
down-scaling of the cryoprecipitation procedure, or they actu-
ally illustrate the fact that cryoprecipitation does not ensure
robust partitioning of TSE infectivity.

3.3.2.2. Ethanol precipitation. The capacity of precipitation
steps to remove prions efficiently has first been shown by par-
titioning of endogenous infectivity using a rodent model. It is
particularly well documented for the ethanol fractionation pro-
cess isolating albumin and immunoglobulins. In the albumin
fractionation procedure using either the Cohn-Oncley or the
Kistler and Nitchman processes, major and consistent reduc-

Table 4

tion factors (typically 3-5 logs) of TSE agent have been
found by various groups, most specifically during the precipi-
tation of fraction II + III, fraction 111, and fraction IV, or their
equivalents using slightly modified fractionation conditions
[35,42] (Table 4). Similar experiments revealed 3-5 logs
removal during the precipitation I or 1+111 used in the IgG
process [35,42]. These data suggest that, in spite of variations
in the conditions (such as ethanol concentration and pH) used,
reproducible clearance of PrP™SE takes place. Removal is
achieved when the precipitate is separated. It has been specu-
lated that prion removal in precipitates is possibly due to
aggregation and is dependent upon pH and presence of alcohol
[35,55]. Other precipitation steps, using caprylic acid during
immunoglobulins production [56] or polyethylene glycol also
contribute to prion removal [42].

3.3.2.3. Depth filtration. Depth filters are made of a combina-
tion of a matrix (generally based on cellulose), filter aids (dia-
tomeous earth, resins, or other adsorbents), and a drainage sys-
tem. They are used to clarify crude protein solutions and

Extent of TSE agent removal duning the cthanol plasma fractionation process in the manufacture of albumin and immunoglobulin G. Adapted from Refs. (41,43,62]

Step Fraction cvaluated Agent Spike Assays Reduction factor (log;,)
Precipitation of fraction | Supernatant 263K BH wB 1.1 {41,43]}
Precipitation of [ + [I + [l - 263K MF WB 1.3 [34]
Precipitation of I + Il + IiI - 263K MF wB > 2.8 [42]
Precipitation of fraction 1 + 1l - 263K BH wB >4.7 (41 ,43)

- - 263K BH Bioassay 6.0 [41]

- - Sc237 BH/MF/CLD/PrPSe DI 3.6/3.1/3.1/4.0 {34]
- - 263K BH WB >42/>4.1 [4143]
- - 263K BH Bioassay 3.7/4.6 {41]
Precipitation of fraction [+ Iil® - 263K MF wB >3.5% [42]
Precipitation of fraction V< - 263K MF WB >3.0(35]

- - Sc237 BH/MF/CLD/PcPSc CDI 3.2/3.4/3.2/2.2 [34]
- - 263K MF WB >3.7 [35]

- - 263K MF WB >4.3" [42]

- - 263K BH wB >4.31{41,43)

- - 263K BH Bioassay 5.3 {41)

BH: brain homogencate; MF: microsomal fraction; CLD: caveolac-like domain; WB: Westem-blot; CDI: confonnation-dependent immunoassay

* Evaluated together with filter aids to remove precipitates.
® Precipitate discarded during the manufacture of 1gG.
© Precipitate discarded during the manufacture of albumin,
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Table 5
Extent of TSE agent removal during depth filtration of albumin and immunoglobulin G fractions. Adapted from Refs. [41,43,62)]

Fraction Filter Agent Spike Assays " Reduction factor (log,o)
Supernatant I Seitz Supra P80 Sc237 BH/MF CDi -0.1/0.1 [34)
Supernatant Il Millipore AP20 BSE 301V MF Bioassay 24 [37]

- Seitz KS80P BSE 301V MF Bioassay 23.1{37]

- Cuno Zetaplus 263K BH WB >33 [55]
Supernatant IV Seitz Supra P80 Sc237 CLD/PrPsc CDl 20.9/>2.4 [34)
- Seitz AKS5 (carbon) 263K i MF WB 2.7 [42]
Fraction V (albumin) Cuno Delipid-1 263K MF WB 2335}

- Seitz KS80P 263K MF WB >4.9 {35)
Fraction I (IgG) Seitz K200P 263K MF WB >2.8 {35]

- Ca;PO, + filter aid + Cuno 263K MF Bioassay 2.5[42]

- Cuno 263K BH Bioassay =49 [57)

BH: brain homogeneate; MF: microsomal fraction; CLD: caveolae-like dmﬁains; CDI: conformation-dependent immunoassay; WB: Western-blot.

Table 6

Extent of TSE agent removal during nanofiltration of plasma-derived albumip, and IgG. Adapted from Refs. [43,62)

End-product Nanofilter Agent Spike Assays Reduction factor

Albumin® Planova 35N CID BH Bigassay >59 (53]

Albumin® Planova 35N ME7 BH Bioassay 4.93 {36]

Albumin + detergent” Planova 35N ME?7 BH Bioassay 1.61 [36]

Albumin® Planova I5N ME7 BH Bioassay >5.87 [36]

Albumin + detergent” Planova 15N ME7 BH Bioassay >4.21 (36)

RhO (D) IgG VIRESOLVE 180 263K Detergent treated, sonicated WB >2.5 [63]
and filtered BH

1gG DV50 263K BH Bioassay 4.4 {64]

IgG Planova 75N + 35N 263K MF Bioassay 3.2 [61)

BH: brain homogeneate; MF: microsomal fraction; WB: Western-blot.

* Nanofiltration is not used during production of albumin preparations; a detergent was added for experimental purposcs only.

remove precipitates. As such they are an important adjunct to
the ethanol precipitation process. Principle of action. encom-
passes both removal of particulates larger than the pore-size by
size-exclusion, and of smaller elements by adsorption. During
immunoglobulin manufacture, the supematant of Fraction I1I
(Supernatant 1II) and the re-dissolved Fraction II precipitate,
and during production of albumin, the Supernatant IV and the
re-dissolved Fraction V, generally undergo depth filtration
steps. Experimental spiking experiments (Table 5) have
shown that several types and grades of depth filters can remove
prions {35,37,42]. Depeading upon the type of depth filter or
the physico-chemical parameters of the suspension, PrP™F
removal may be due to an aggregation in the presence of alco-
hot [55] or to hydrophobic adsorption on the filter aids [42].
The impact of protein composition and content remains to be
investigated and understood to demonstrate and guarantee the
robustness of this non-specific removal.

3.3.2.4. Nanofiltration. Table 6 shows experimental data on
the removal of TSE agents during nanofiltration of albumin
and IgG. As for coagulation factors, high reduction factors
have been found. Prion partitioning is presumed to result
from a size-exclusion mechamism.

3.4. Cleaning and sanitization

Most equipment, including stainless steel reactors, chroma-
tographic gels and columns, ultrafilters are re-used and, there-
fore, must undergo steam (SIP) or chemical (CIP) sanitizing
procedures between production batches. These processes

should be validated to ensure proper bacterial, pyrogenic,
viral, and protein decontaminations. Experience gained with
the sterilization of surgical instruments has shown that auto-
claving at 134 °C for 18 min or 121 °C for 30 min reduced
the transmission of prion infectivity by a factor > 5 logo [57,
58] but autoclaving without immersion is less effective (4-4.5
log reduction) [58]. Standard chemical decontamination meth-
ods (NaOH 1 N, NaOCl 20,000 ppm) and hydrogen peroxide
alone achieved a reduction of > 6.5 and 4.5 log;, respectively
[58]). By experiments involving a hamster scrapie strain 263K
BH model, it was shown that 0.1 M NaOH for 15 min, in the
absence of detergent, at 4 and 18 °C caused a reduction of 3.5
and 4.0 log,, of the prion protein, respectively. In the presence
of sarkosyl, a 60-min incubation in NaOH further enhanced
PrPRES reduction to > or = 4.5 log, o, with no residual infectiv-
ity. Therefore 0.1 N NaOH could also effectively inactivate
prions, and its efficacy can be enhanced by the addition of
sarkosyl {59]. A separate study shows that 0.1 M NaOH at
60 °C for 2 min and 0.25 M NaOH at 30 °C for 60 min inacti-
vate 3.96 and 3.93 log; of mouse-adapted scrapie strain ME7,
respectively, and 0.5 M NaOH at 30 °C for 60 or 75 min
inactivates > 4.23 and 4.15 log;, [60].

4. Conclusion

There is so far no evidence of transmission of prions by
plasma denvatives. The prevalence of the disease in the popu-
lation is considered to be very low, although possibly not quite
as low as initially considered [5,6]. Based on experimental
models, it is believed that the infectivity in the plasma does
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not exceed a few infectious doses per ml. By lack of knowl-
edge of the nature of the agent associated to the infectivity in
plasma, and in the absence of validated screening tests, alter-
native precautionary measures have been introduced to prevent
the possibility of transmission of vCJD by plasma derivatives.
Epidemiological surveillance of the population is in place in
countries where BSE and vCJD cases have been identified. In
some countries, blood donation deferral criteria include travel
or residence of donors in BSE countries, and history of pre-
vious transfusion or tissue transplantation. Based on filtration
experiments of blood collected from scrapie-infected hamsters,
leucoreduction decreases by about 50% the prion infectivity in
plasma {22,27]. Extent of removal of TSE agents during the
plasma fractionation process appears to be substantial. Data
from various laboratories and using different experimental
models show several logs removal of TSE infectivity during
the fractionation process. The most effective, but non-
specific, removal steps are ethanol precipitation, depth filtra-
tion, and ion-exchange chromatography. Nanofiltration was
also demonstrated to remove several logs of TSE infectivity,
possibly based on a specific prion removal mechanism by
size-exclusion. Uncertainty on the validity of these experimen-
tal studies remains, and additional studies are needed, since the
biochemical features of the infective agent in blood and plasma
is not known, nor the extent to which it may be present in
blood donations. Research should continue, aiming at identify-
ing the features of TSE agents in human plasma and at ensur-
ing the robustness of prion removal steps and sanitizing proce-
dures during plasma product manufacture.
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