v encenrate /DEFIX®)

vains following the removal of
d to a batch anion exchange
ion factors II, IX and X being
vhic desorption. The solution
and X then undergoes two
firaton operations prior to being

vited at 80°C for 72h for virus

<

HIPFIX®)

s purified from the desorbed
(above) using anion exchange
in affinity chromatography.
embrane filtration steps are
lvent-detergent treatment to
viruses, prior to the product
reat treated at 80°C for 72h.

‘rom the desorbed factor II, IX
ance by cation exchange
iotal of six separate membrane
:which employ a cellulose acetate
‘vlergent treatment prior to the
ad heat treated at 80°C for
¢d as a stabilizer and must
ssment of risk.

®
goclaberare™)

V1T concentrate, the extract
is partially purified by pre-
n with aluminium hydroxide
the solids by centrifugation,
i with ti(n)-butyl phosphate +
tivation of lipid-enveloped
change chromatography for
- V1[I Membrane filtration
stages of processing.

c

» s similar to that of factor
crbed fraction from anion
5 processed rather than the
gen-rich solution is then
n operations followed by
» membrane filtration pro-
and heat treatment at 80 °C

THE PARTITIONING OF TSE AGENTS IN
BIO-SEPARATION PROCESSES

Background

Although a number of different TSE diseases are known
the causative agents are generally believed to posses
similar physicochemical properties (Groschup er al.
1997) and to consist of a conformationally altered forn
of cellular prion protein (PrP®), referred to as abnorma
prion protein (e.g. PrP%), Whether or not PrPS® is itsel
the causative agent of disease is not known; however
removal of PrP™¢ s generally associated with removal o
infectivity (Farquhar et al., 1998).

PrPS has still to be fully characterized (Donne et al.
1997; Edenhofer er al., 1997), but the molecule i:
believed to be based on a 27-30-kDa glycoproteir
subunit (Meyer et al., 1986) and, with both hydrophobic
and hydrophilic domains (Bolton er al., 1987), tends tc
form large amorphous or rod-shaped aggregates in vitre

‘(McKinley eral., 1991). PrP5® hasa low aqucoué solubility

below pH 9 (Gasset ez al., 1993) and is readily precipitatec
by ethanol (Prusiner et al., 1980), ammonium sulphate
and polyethylene glycol (PEG) (Turk et al., 1988).

Therefore, it can be postulated that certain biosepara-
tion technologies that are used in the preparation of
plasma products, such as precipitation, adsorption anc
filtration, may well be capable of removing significani
quantities of the abnormal prion protein associated with
nvCID. Indeed, the potential of these technologies for
the removal of TSE agents has been identified previously
in guidelines concerning the preparation of medicinal
products (CPMP, 1992).

Measurement of TSE agent partitioning

Most information on the partitioning of TSE agents has
been obtained from studies in which the behaviour a
rodent adapted scrapie agent '(PrP>‘) was measured.
Prp®¢ has similar biochemical properties to cCJD (Bend-
heim et al,, 1985) and has been accepted by Regulatory
Authorities as a suitable model for studies of the inacti-
vation and removal of BSE (Bader et al., 1998). nvCID
is believed to be the human form of BSE (Almond &
Pattison, 1997) and therefore PrPS° is also likely to be
regarded as a suitable marker for determining the parti-
tioning behaviour of the agent of nvCJD. Nevertheless, it
is by no means sure that data from animal model systems
are predictive for the human situation.

The transmissibility or infectivity of a TSE agent may
be influenced by the strain of agent used, the dose of the
agent, the route of administration and the presence or
absence of a species barrier. Most studies of the infec-
tivity of TSEs measure the dose that causes infection in
50% of the animals tested (IDsg), following inoculation
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by the intracerebral route (i.c.). Intravenous (i.v.) admin-
istration is believed to result in a 10-fold reduction in
infectivity compared to the i.c. route, whiist a specics
barrier may result in up to a 10°-fold reduction in
infectivity (Bader et al., 1998).

To determine the partitioning behaviour of a TSE
agent across a preparative process or an individuzal p
step, measurements of the concentrate of infective
(IDsomI."") and the respective process voiumes can be
used to calculate a TSE agent reduction factor (RI%)
where

RF = total IDsq before processing
+ total IDsq after processing.

The same units of measurement are used in the numerator
and the denominator and therefore the RF is 4 dimen-
sionless number which, as values can be high, is often
expressed in the logarithmic (log;e) form.

Protein precipitation technology

The very low aqueous solubility of PrP>® suggests that
abnormal prion proteins will generally tend 1o partition
into the solids phase in a precipitation process and be
separable from proteins which remain in solutio
copurify with proteins which partition into the solics

Cryoprecipiration. The solids phase which forms wha
plasma is thawed is known as cryoprecipitate; it is where
the least soluble proteins tend to precipitate (i.¢. fi
fibronectin, factor VIII, von Willebrand factor
first stage in the overall fractionation pro

Some information concerning the pastitior
iour of TSE agents during cryoprecipitation
from the work of Brown et al. (1998) who ¢
infectivity from a mouse adapted strain of 2
Gerstmann - Striussier—Scheinker syndrome (GSS, wis
found to concentrate in the precipitate phasc E
infectivity about one order of magnitude greaier
precipitate than in the plasma from which it was pr
A similar observation has been reported by Det
(1698), using an immunochemical method of analy
who found that 90% of hampsier adapied Prp™ ¢
263K) added to plasma partitioned into cryoprecipit

Wiy @

Ethanol precipitation. The iso-electric pre
proteins in the presence of cthanol forms the basis o
cold-ethanol (Cohn) fractionation which is used in the
preparation of albumin and immunoglobulins. A number
of successive precipitation steps are employed, in w}
the least soluble proteins are precipitaled firsi and the
more soluble proteins being concentrated into later frac-
tions (Cohn et al., 1946). Brown er al. (19
teported that GSS infectivity partitioned preferentially
© 1999 Blackwell Science Ltd, Transfusion Medicine, Y, 3~ 14
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Table 1. Reducton of scrapie infectivity (IDso) by chromatographic separations

Scrapie reduction factor

unadsorbed - desorbed
Method Product Scrapie strain  fraction fraction References
Fon-exchange chromatography
DEAE-cellulose (anion) n/a* 2:5% lOlT 1x10% Hunter & Millson, 1964
Q-sepharose (anion)t plasma protein ME7 n/d* >2:5%10?
SP-sepharose (cation)f plasma protein ME7 wd 1-6x10*
Fesin [ (undisclosed) aprotinin ME7 wd 1:6x10° 'Kozak ez al., 1996;
Golker et al., 1996
Resin I (undisclosed) aprotinin ME7 n/d 1x10* Kozak ez al., 1996;
Golker er al., 1996
[on exchange (undisclosed) aprotinin 263K n/d 12x10°  Blum ef al., 1998
Ion exchange (undisclosed) bovine albumin 263K n/d 1-6x10°  Blum et al., 1998
Hydrophobic chromatography
Phenyl sepharosed plasma protein ME7 n/d >1.6x10°
ange + hydrophobic chrom,
E-spherodex/LS®
+ DEA-spherosil/LS® human albumin =~ CS06/M3 /d 31x10° Grandgeorge et al., 1997
Novspecific adsorpuon
Caleium phosphaic wa >1:5x10"" . 1.4x10%" Hunter & Millson, 1964

* =l netappiicable: a/d. not done. $ M. McNaughton & A. Shep

studicd using anion exchange chromato-
ay, cation exchange chromatography, hydrophobic
on chramategraphy, nonspecific. adsorption and
r of ion exchange procedures for which the details
not disclosed. The results, summarized in Table 1,
astrate removal of PrP*¢ infectivity by all of these
ocedures rangmy from 107-fold to 10°-fold reduction.

In their study of the Lowry process used to prepare
human growth hormone, Taylor et al. (1985) observed a
10-fold reduction in PrPS® (ME7) infectivity after filtra-
tion through a 0-45-um cellulose acetate membrane, even
gh the membranes were pretreated to prevent
puon. Taylor ¢f af. (1985) also noted that ‘substan-
! amounts of scrapic infectivity can be lost by adsorp-
a to membrane filters’, and therefore a similar degree
oval of abnormal prion protein might also be
ed to occur in comparable membrane filtration
zrations used in plasma fractionation.

Ixirapolation of existing knowledge to plasma
[fraciionation procasses

From data availahle on the behaviour of PrPSin a variety
of loprocess operations, it is possible to estimate how a

P

) unication, April 1997. t = approximation.

TSE agent might be expected to partition across similar
unit operations used in the preparation of pharmaceuti-
cal protein products from human blood plasma. Where
removal of a TSE agent by a particular plasma fractiona-
tion procedure is anticipated, a value for the reduction
factor has been assigned (Table 2) using conservative
values from a relevant study. For process operations not
listed in Table 2, it is assumed that abnormal prion profein
will copurify with the plasma product being prepared.

Precipitation. From the information available the causa-
tive agents of TSEs would be expected to partition into
the solids phase during protein precipitation operations.
Where the solubility of 2 TSE agent is zero and the product
protein remains in solution, separation of the product from
the TSE agent will be possible. The degiee of separation
achieved will be influenced by the effectiveness of the
technology used to separate the solid phase from the
liquid, with a greater. assurance of TSE agent removal
where two solid-liquid separation operations are carried
out in series (e.g. centrifugation followed by. filtration).

Adsorption/desorption. Studies concerning a number of
biopharmaceutical products have demonstrated that

© 1999 Blackwell Science Ltd, Transfusion Medicine, 9, 3-14

Table 2., Estimated ability of bioprocess
technologies to remove TSE agents

Process techinology

Precipitation

ion |

Other Cobn fractions

Other precipitation metiods

Adsorption cireimategraphy

Packed bed
Packed bed
Suspension

Adsorptive filtral:
Depth filter (
Depth filter (
Membrane filie

on

ixed bed)

prpse infectivity binds to a range of adsorbents, resulting
in its partial or complete removal from the manufacturing
process (Table 1). These data suggest that similar pro-
cedures in plasma fractionation processes should also be
capable of removing a TSE agent from the product

stream 1o a comparable extent.

In these circumstances the TSE agent reduction {acior
will be determined not only by the relative binding char-
acteristics of the macromolecules, but also by the unit

_capacity of the adsorbent and by the technology employed

for contacting the process solution with the adsorptive
media, with flow through a packed bed (column) bei g
expected to afford the highest degree of separation.

Separation of PrPS® occurred with all of the adsorbents
examined (Table 1), despite the use of different ligands,
matrices and principles of adsorption. Thercfore, the
outcome was not determined by a single well-dgefined
property of PrPS° (e.g. charge), but must have invoived
either a number of different properties which caused
PrP* to be adsorbed in all of these different circum-
stances, or some form of binding which was common to
all of these different methods.

If it is assumed that the reduction in PrP* (MET7)
infectivity by membrane fiitration observed by Taylor et
al. (1985) was a result of adsorption of the TSE agent to
the membrane, rather than removal by a sieving mech-
anism, then TSE agent removal would be expected to be
influenced by the chemical nature of the membrane.
Therefore, a TSE agent reduction factor (Table 2} has

" been assigned only to SNBTS membrane filtration sieps

(Fig. 1) where the chemical composition of the filier is
comparable to that used by Taylor et al. (i.e. cellulose
acetate),

-© 1999 Blackwell Science Ltd, Transfusion Medicine, 9, 3-14

the reduction !

the capacity of

natone

gquestion.
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¢ prior to the fraction V precipita-
nplete removal of earlier solids
Cavier et al. (1985) were unable to
¢ the supernatant following preci-
witi hormone with 10% ethanol at
Lt of detection quoted was 0-5
3D mL T so it is possible that
¢ (ME7) could have been
undetected in solution.
wons apply to methods involving
1) as the reduction factor should
whetiier or not a separation can
¢l capacity of a process operation
i lorinierference by the TSE agent
1 o challenge a process step must
ituents of a brain homogenate
1t either occupy adsorption
re available for the binding
matively, might provide specific
© that would not otherwise exist.
noogy is employed for TSE agent

<
[ ST
Py

CIAWGSC

ary either to use new adsorption
ior ar o sanitize media and equip-

genate o the process solution to
saraizly this model represents the

=

ontamination of subsequent

behaviour of endogenous TSE agents in human plasma is
an important question. Brown et al. (1998) have reported
two partitioning studies, one using human blood spiked
with scrapie (263K) infected hampster brain and the
other using murine blood obtained from mice infected
with a strain of a human TSE (GSS). Comparable results
were obtained in the fractionation of plasma from each
experiment, indicating that the use of brain homogenate
reasonably represented the behaviour of an endogenous
TSE agent. Whether or not this finding will apply equally
to processes or experimental procedures other than
those employed by Brown et al. (1998) remains to be
determined.

To appreciate the significance of the magnitude value
of a reduction factor over an individual stage, it is
necessary to relate its value to the potential quantity of
the infectious agent that requires to be removed or inacti-
vated. For example, where there is a high concentration
of a virus in a plasma donation (e.g. HIV, HBV, HCV,
B19 parvovirus) then a relatively high degree of reduc-
tion (e.g. 10%fold) may be required over individual
process steps to assure product safety (Darling & Spaltro,
1996). However, where the concentration of the infective
agent is relatively low (c.g. TSE agents in plasma) then a
small degree of reduction may be significant (Brown,
1998).

Whether or not the individual reduction factors for
each step in a process (Fig. 1) can be added together to
provide a notional overall reduction factor across a com-
plete process (Table 3) is dependent on the properties and
state (e.g. degree of aggregration) of the infectious agent,
the principles of the separation technologies concemed,
the conditions at each step, the relative positions of dif-
ferent technologies within a process and other factors
which might limit the effectiveness or capacity of a par-
ticular step or technology (Hageman, 1991). For TSE

Table 3. Estimated TSE agent reduction

No. process steps contributing to TSE " Sum of for each SNBTS plasma product

agent reduction estimated

— TSE agent
Adsorption  Adsorption  reduction

Prec:ipuation - (gel) (filter) factors

3 1* 5 10"?

2 1* s 10°

! 3 - 107

: 2 2 10’7

i 2 2 10°

: 2 - 10

! 1 - 10°

* Step applicd

1 of plasma pools and discounted tn surnmation of reduction factors.
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agents, where different operating conditions are employed
in a series of successive steps, then each removal ste

1996). Where the same or similar step is used more tha
once, reduction factors may be additive if TSE
removal is limited by the capacity of the step, bu
where an equilibrium relationship (e.g. solubility of the
TSE agent) is limiting.

Much remains to be leamed concerning the physico-
chemical properties of TSE agents in general {Bdenkofer
et al., 1997) and nvCJD in particular. In the absence of
such data it is inevitable that uncertainty will exist over
the ability of particular process steps, either individually
or in combination, to fully remove any nvCJD agent which
may be present. In these circumstances the availability of
a number of process steps which would be expected ta
remove a TSE agent by different mechanisms will provide
a greater assurance of product safety than relia
either a single step or a single mechanism of removal.
fact that plasma products are manufactured via a number
of process steps which would be expected to operate in 2
complementary manner may be of particular importance
in this regard.

POSSIBLE nvCJD CONTENT OF PLASMA
PRODUCTS

In order to estimate the possible nvCJID content of &
plasma product it is necessary to first estimate the nv(JD
content of the starting plasma pool, secondly to ¢ ae
the quantity of nvCJD infectivity remaining after prc
ing and thirdly to consider how this material muy
distributed in the vials or bottles of the dispensed pr

To determine the quantity of nvCID infectivity
could potentially be present in a plasma pool, it is
necessary to know the dose of nvCID needed (o transinit
infection from human to human by intravenous or in'ra-
muscular administration, the number of infectious deses
present in the plasma of an infected blood donor and the
number of infected donations present in the plasma peol.

There are as yet no data available on the nvCID con-
tent (IDso mL ™) of human blood or plasma. However, as
nvCID is believed to be human BSE (Almend & Pattison,
1997), then bovine data probably rtepresent the hest
information currently avatlable for the purpose of estirnat-

35

nvCID. BSE was not detected in the blood or serur of
infected catle, by i.c. injection into mice (Kimberiin,
1996). However, the limit of detection in these stuciics

250001.c. IDsymL ™. Correction for the route of infu
(from i.c. to i.v.) could give a within-species infectivity
of blood of up to 2500 i.v. IDgymL ™",
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Total nvCID (i/v. IDsg)

Table 4.. Theoretical esLim'atcs of the
quantity of nvCJD in products prepared
from pooled plasma where 0-15% of

Volume plasma In In dornations contain nvCJD
plasma product pool In final )
L pool* pre-dispensing vialt
2000 75x10°  75x107% 3.0x10!!
2500 9.7x10°  97x107% 34x1071!
1560 60x10°  60x10™ 3.8x107°
2000 75x10° - 7-5x107* 37%1077
Thrnmshin 3000 I1x10°  22x107% 1-9x107¢
Factor 1X .
HINFIX® 2700 1.0x10°  1.0x107} 1-2x10™*
Fibrmogen 2000 7.5%10° 7-5x10° 62x107°
Factor VIII
Liberate® 4000 15x10°  1.5x10° 9-2x1072
3000 FIx10° 11x10° 62X107" . gased on avCID infectiviey of 250 iv.
IDsomL™" in plasma from each infected
1000 3.7x10°  3.7x10° 3.7x10° donation (300 mL). t Assumes an even
: distribution of nvCID amongst all vials in a
1600 37108 37x10° batch of product. § Only about 2% of plasma

27x10' pool processed to thrombin. § Products

0%, a relatively high infectivity of nvCID in plasma (i.e.
2301.v. IDso mL7") and gencrally low values for the TSE
agent process reduction factors (Table 2).

lowever, these calculations also involved a number of
assumptions concerning process reduction factors that
were extrapolated {rom. a small number of studies that
were themselves based on animal model systems not
necessarily predictive for the human situation. Therefore,
it is inevitable that uncertainty remains over whether or
not there may be a risk of nvCID being transmitted by
any of the plasma products assessed. To obtain a more
certain estimate of risk it will be necessary to determine
the infectivity of the causative agent of avCID, its
prevalence in the UK blood donor population and the
effectivencss of plasma fractionation - processes in
removing TSE agents using appropriate measurements.

CONCLUSIONS

All of the available evidence concerning the properties
and behaviour of the causative agents of TSEs suggests
that a number of the bioseparations technologies used in
the manufacture of human plasma products should havea
poiential to remove the causative agent of nvCJD. For .

d in 1992 (Z8) and 1986 (NY).

each SNBTS product, the estimated potential for nvCID
removal involves processing by multiple unit operations
and different principles of separation, both of which
provide a greater degree of assurance than would be
obtained with reliance on either a single step or a single
mechanism of separation.

This assessment suggests that should there be a major
epidemic of nvCJD in the UK, then most SNBTS plasma
products prepared from plasma collected in the UK should
have a very low risk of being contaminated. Nevertheless,
many uncertainties remain and it will be. necessary to
establish the accuracy of these estimates-in appropriate
validation studies. Such studies should also indicate
whether or not adsorption or precipitation technologies
used in plasma fractionation could be exploited further to
provide an increased capacity for the removal of human
agents of TSE.
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MATERIALS AND METHODS *
High input infectivity (“spiking”') experiment
Preparation of material used in spiking experiment. One
helf of each brain from two terminally ili golden Syrian
hamsters that had been infecied with the 263K strain of
scrapic agent were combined (total 1.0 g wet tissue) and
minced into very fine [ragments. The fragments were then
suspended in 9 mL of phosphate-buffered saline (PBS) at
phi 7.0 containing 0.025-percent trypsin and 0.05-percent
EDTA, and incubated with constant stirring at 37°C for 30
minutes to disperse cells. Residual fragments were resus-
pended and similarly incubated in fresh trypsin-EDTA so-
lution. No fragments rernained after the second trypsiniza-
" tion, and the poaled peilets from each specimen (following

centrifugation at 500 x gfor 15 min) were washed two times
in50mLof PBS. The final washed pellet contained 1.6 x 10°
neuronal and giial cells, of which 93 percent were viably
intact as evidenced by failure 10 stain with trypan blue, and
contained 8.1 meanlethal dose (log, /LD ) infectious uits
as deterrmined by endpoint diiution assay in hamsters. The
peletwas resuspended in46.86 mL ofnormal whole human
bleod containing CPD {United States Pharmacopoeia) atan
anticoagulant-to-blood ratie 6f 119

Separation of blood into its components. A scaled-
down version of the “threc-hag” protocol used by the
American Red Cross was used for component separation.
Anticoagulated v tioodwas centrifuged (Sorvall SS-34
rotor, DuPont Medical Products Clinical Diagnostics,
Wilmington, DE} at 4300 rpm (2280 x g) for 4 minutes at
ambient temperature. The supernatant plasma was care-
fully withdrawn by pipette down to the edge of the buffy
coat overlying the red cell sediment, uansferred to a new
50 mL tube, and centrifuged 20 5800 rpm {4200 x g) for 8
minutes at ambient temperature. The supernatant plasma
was pipetted into a new tube, leaving behind a very small
sedimented pellet, Without disturbing their contents, all
specimens were frozen intact at -70°C. While frozen, the
buffy coat layer overlying the red celf sediment was sliced
apart and combined with the pellet from the plasma cen-
trifugation step to vieid a single white cell and platelet
specimen for assay.

Cohin fracdonation of plasma component. Fraction-

ho!

ation was carried out in a scaled-down version of a proto-
col in wide commercial use® and yielded a protein profile
sirnilar to that of the production-scale process. Approxi-
mately 10 mLofplasma was tansferred from -70°Cto -20°C
for overnight “tempering,” then cxposed 0 a final 30-
nside a S0-mljacketed reaction beaker con-

minute thaw
nectedtoare
thewed plasma : 110 a weighed, cold, 15-mL
centrifuge tube and centrifuged at 6900 rpro (5600 x g) for
15 minutes at 1 0 2°C. The pellet was weighed and then
3

frozen at -70°C {cryoprecipita
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The supernatant was again placed into the reaction
beaker-circulating bath apparatus set at 1 to 2°C, and the
pH was adjusted to 6.65 to 6,70 with acetate buffer, pH 4.0,
(10.9 g sodium Acetate, 24 g glacial acetic acid, 71 mL wa-
ter). Slowly, over a period of 1 hour, repeated small amounts
of cold 95-percent ethanol were added to achieve a final
ethanol concentration of 20 percent, After addition of one
half of the ethanol, the pH was verified to be inrange 0f6.80
to 7.00, and the circulating bath temperature was lowered
from 1 to 2°C to -5°C. The plasma-ethanol mixture was
transferred to a weighed, cold centrifuge tube and.centri-
fuged at 6800 rpm (5600 x g) for 15 minutes at~5°C. The pel-
let was weighed and frozen at-70°C (fraction [+II+III).

The supernatant was again placed into the reaction
beaker-circulating bath apparatus set at -5°C. The pH was
adjusted to 5.16 to 5.22 with acetate buffer in 20-percent
ethanol, pH 4.0, and then further adjusted to a final pH of
5.75with 1 M NaHCO,. Slowly, over a period of 1 hour, small
quantities of cold 95-percent ethanol were added to achieve
a final ethanol concentration of 40 percent and a final pH
0f5.92 to 5.98. The plasma-ethanol mixture was transferred
to a weighed, cold centrifuge tube and centrifuged at 6800
rpm (5600 x g) for 15 minutes at -5°C. The pellet was
weighed and frozen at-70°C (fraction [V,/TV).

The supernatant was placed into a tube containing 2
mg of filter aid per mL of supernatant, mixed, and filtered
through a 20-mL syringe containing a filter (CPX70, Cuno,
Meriden, CT). The filtrate was placed into the reaction bea-

_ker-circulating bath apparatus set at -5°C. The pH was ad-

justed to 4.78 to 4.82 by slowly adding acetate buffer in 40-
percent ethanol, pH 4.0. The plasma mixture was placed
into a weighed, cold centrifuge tube and centrifuged at 6800
rpm for 15 minutes at-5°C.The pellet was weighed and fro-
zen at-70°C (fraction V). The supernatant was also frozen
at-70°C {fraction V supernatant), . .

Infectivity bioassays. On the day of the test, specimens
(inoculurn, whole blood, blood components, and Cohn
fractions) were thawed, serial 1-in-10 dilutions were made
in PBS (pH 7.4), and specimens were inoculated intracere-
brally in volumes of either 30 uL (for components) or 50 uL
(for fractions) to groups of 4 to 8 female weanling hamsters
per dilution. Two cages of uninoculated hamsters served as
“sentinels” to monitor laboratory cross-contamination.
Animals were observed for 8 months, and the brains from
arandom sampling of clinically positive animals in all high-
er dilution groups were examined to verify the presence of
spongiform neuropathology. None of the uninoculated sen-
tinel animals showed clinical or neuropathological signs of
scrapie.

Using the method of Reed and Muench,*log,, LD, in-
fectivity titers were calculated except for the plasma speci-
men, for which infectivity was estimated comparing its in-
cubation period curve to that of whole blood at dilutions

10! through 10+ (the highest dilution of plasma that was .
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inoculated). This estimate makes use of the invers:
tionship between the amount of infectivity and the
of the incubation period (the greater the infectiv
shorter the interval between inoculation and disce
type of “dose-response” cuive. Although not as prec.
anendpoint dilution titration, it is reassuri:
blood, red cell, and buffy coatspe
identical endpoint dilution titers,
superimposable incubaticn period curves, and iha:
plasma curve was parallel to the whole blood curve ot -
log,, unit lower level.

Endogenous infectivity experiment

Experimental model. Weanling Swiss-\Webster
(Charles River Laboratories, Wilmington, MA) were it
lated intracerebrally with a 10-percent clarified hon
nate ofamouse-adapted Fukuoka-1 strain of human
Gerstmann-Straussler-Scheinker disease (GSD).5%
mice began to show symptorms of disease (approx. 4 mon
after inoculation), they were lightly anesthetized and -
by open chestdirect cardiac puncture into CPD contai
5 units of heparin per mL blood 10 counteract the ur
ly strong clotting tendency of mouse blood. Atthe t
exsanguination, brains and spleens were also removed
each animal; tissue pools of cach organ were made 1o
separate 10-percent tissue suspensions in PUS for infoo

ity titrations performed at the same time as those fo- .

blood specimens.

Collection and processing of blood specimens. &
tal of 7S mice yielded a pooled sample volume of 52 10, - &
mL of blood and 7 mL of citrate containing 225 un'.
heparin). The blood was immediately separatedinio i =
cell, white cell-platelet, and plasma compenents, § :
~70°C. A portion of the plasma was later thawed a
cessed into Cohn fractions, as described in the spi
periment. The only difference was that, in this exper
we did not combine the buffy coat layer ofthe red cell =
ment with the cenuifuged plasma pellet, choosing inste
to assay the two specimens separately.

Infectivity bioassays. All specimens were inoculs
intracerebrally in 30-uL volumes into groups of wea:
Swiss-Webster mice, and two cages of uninoculated
nelanimals were included as cross-contamination cont
Because of anticipated low or undetectable infectivi
els in most specimens, this experiment was conducte
facility that had never been used for TSE experiments,
specimens were inoculated into groups of up to 130 7
Undiluted inocula proved to be highly toxic, causing
instantaneous death that was probably due 1o a comn
tion of high osmolarity, anticoagulant, and {in the cds-
Cohn fractions) residual alcohol; ditutions of t-in-4 to !
5 were well tolerated and were therefore used for mos
oculations. Serial 1-in-10 dilutions were inoculatec |
specimens expected to have higher infectiviy titers, ¢
as brain, spleen, and the white celi-platelet campone::
blood,
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bleod cory

buticn of in
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tivity amang blood components and Cohn

s in nocmal human blood “spiked” with 10%4 LD, of
contained in a trypsinized suspension of viable brain
5 msrmfi:;tr::j with tha 263K strain of scrapie agent*

Total Fraglional
n infectivity recovery of
‘mtorg) (log, LDt infectivity(%)t
9.3 x 109 100
2.0 x 10° 22
6.3 x 108 7
3.0 x 10% 3
1.4 x 10° 100
1.0 x 108 0.7t
1.2 x 10°® 0.86
8.7 x 10° 0.006
0.5 x 10° 0.0004

L ation of healthy weanling hamslers.
component compared to the amount of
it of infectivity in the fraction compared
ssed for fractionation. Note that because
tion between any two specimens are
1ages could be correspondingly higher

min}. .
eriod lime curve to that of whole blood

s 2 groups of four hamsters inocutated with

appearance” could have been due to
the imprecision of the bioassay
(£0.5 log,, variability of LD, titers),
and some couid have resulted from
adherence of infective particles to
containers used for experimental
manipulations. It is also possible that
some infectivity was lost as a result of
Cohn fractionation, although low pH
and ethyl alcohol by themselves have
previously been shown not to inacti-
vate the agents of TSE."#

Endogenous blood infectivity in
TSE mouse model

From clinically ill mice that had 4
months earlier been inoculated in-
tracerebrally with a mouse-adapted
strain of human TSE, specimens of
buffy coat, plasma, cryoprecipitate,
and Cohn fraction [+1{+1 transmitted
disease to a fewanirnals, butno trans-
missions occurred from whole blood,
red cells, or Cohn fractions IV and V

(Table 2).

TABLE 2. Infectivity in blood components and plasma fractions processed
from the poalied blood of 75 mice experimentally infected 4 months earlier
with a mouse-adapted strain {Fukuoka-1) of Gerstmann-Straussler-
Scheinker disease*

Proportion of

Specimen specimen Specimen  Positive  Negative
vol (orwt) inoculated (%)t dilution  animals} animalst
450 mL 0.15 1-in-5 0 i
Red cells 18.0 mL 0.22 1-in-5 0 7
Gutfy coat§ 3.5 ml 2.3 1-in-5 2 10
1-in-50 0 6
Plasma peliety 02mbL 60 1-in-6 4 19
1-in-60 [V 10
riasmall 22.6 mL 3.5 1-in-5 8 124
1-in-80 0 10
FFractionated plasma (11.3 mi)
Cryoprecipitate 0.15¢g 29 1-in-4 5 6
1-in-40 1 3
Fraction I+l1+Il 0.40¢g 37 1-in4.5 [} 37
Fraction IV +IV, 0.86¢g 38 1-in-4 0 86
Fractlon V 1229 30 1-in-4 0 94

-+

wn

cluded from he table.

=

Specimens were assayed by intracerebrai inoculation of healthy weanling mice.
Amount of inoculated specimen divided by the amount contained in the 45-mL volume of
whole blood (taking into account the volume and dilution of each inoculated specimen;
diution of anlicoagulant; and for fractions, the fractionated plasma volume).

Confirmed by Westem blot tests for PP in brain extracts. Sixteen animals inocutated with
nigher dilutions of the plasma peliet, fraction [V, and fraction V, tesled negative.

Siicad from top § mm of red cell sediment frozen after centrifugation of whole blood. The
amount of infectivity may be greater than shown, as several more animals that died at
about the same time as the positive animals were not tested for PrP and were thus ex-

Peliet after plasma centrifugation for 8 minutes at 4200 x g (see Methods).
|| Supernatant after plasma centrifugation for 8 minutes at 4200 x g (see Methods).
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The presence of infecti
specimens of buffy coatand the ¢
probablyreflects the presence o
mens, but raises the possibiliny

white cells might contain the inieciing -

blood and red cell specimens does
ofinfectiviry (which would be un
presence inbuffy coatand plasima;,
proportions of these specimens we:
necessity of using diluted inocul
brains and spieens collected from o
infectivity titers of approximately
LD, per g respectively, similar to ¢
lier experiment using the same mous:

DiscussicH

Several earlier studies of TSE have
component of whole blood specirmaons
infectivity, with conflicting results:
were from buffy coat, but in a fer
tracted bload, and serum or con
found to be infectious; and no infect
nearly half of such studies (inciu
of sheep naturally infected with s
mates inoculated with blood from
None of these studies examined
tivity in different blood componert.
and none examined infectivity in t
representanintermediate stagébetw Lo
therapeutic plasma protein concento: ..

Experimental design consideration=
The primary goals of these experi:
the effect of a standard protocoi
plasma fractionation in blood con
level of infectivity to permit an est
-which processing caused a 1educti
clearance) and provide an idea of
much lower levels of endogenous i
expected to occur in the blood of
animals.

No single experimental design
tions. For clearance studies, a much i
dvity is needed than occurs in the bicod
infected animals to measure serial infe
successive processing steps. Scra;
brain satisfies this condition of hizh :
choice of trypsinized and washe
based on evidence that blood infect:
associated,! and thus, insofar as co
fected cellsrepresenta more appre
than eitherinfectious tissue homoge
free PrR We could not know in acvasie
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cel - assoclated rather than cell-free origin, but further work
necds to be done te iesaive the issue.

Infectivity estimates and risk assessment

What might be the fikely limits of infectivity in the plasma
nt with CJD7 For this speculative calculation, we
car. rcazon as follows: ir cach of the assay mouse transmis-
slons tesulied from a single infectious unit, which seems
likelyinview of the ropoition of positive to inocu-
filution and the absence of
in-50 dilution, then the number of
obsen {8) multiplied by the reciprocal of
the percentage of piasma inoculated (100/3.5) predicts the
nunberof infectious units {(230) that would have been ob-
servedifall 22.6 ml ma had been inoculated. Thus,
the mouse plasma contained approximately 10 infectious
units per mL. Similzr calculations yield infectivity estimates

fa pat

lated animals in th

transmissions in the

per mbolpro
cryoprecini unitin fraction I+1T+11L
Ifthe iC 1L of plasma are consid-
credasa e afin applicable to both Hu-
mans and stand mL blood donation
asma) would contain about
2500 infe 5. intravenously inoculated
pla;ma SpCCimen wWeit iy

{containing

4 100th as lixely to produce
infection as theintracerebral inoculation assay used in this
experiment,’? the consequent estimate of 25 infectious
units still scems far toc hinview of the fact that no case
tinked to the administration of blood
7 [t is possible that peripheral routes
ficient than supposed, or that
low number of infectious
units inlarge donor poois into playin further reduc-
; e transmission.
mediate practical importance is the
hich plasimia products deserve the most attention
ion of C/D. Ourresults
transmission would be com-
: pitate and fraction I+I+IT
than for fractions | 1V Albumin, made from fractionV,
is an especiaily important product because it is used as an
izer in other plasma protein concen-

1s non-niasma-derived biologicals,
varied as vaccines, injectable diag-
wonic cultures for in-vitro
om therearly 5log,, re-
" as compared to plasma
¢ absence of fracion V
i, the risk of contracting
:ust be extremely low.

cr blood products.
of infection are even |

Bievehicies fort?

suygest that the po

exvipient and s

rates, aswellasinn
inciuding products
nostic radioloygy

fer

CONCLUSIONS

Thedistribution cfblead infectivity in two different experi-
mental models of TSE—one using an infectious cellular

BLOOD INFECTIVITY IN SPONGIFORM ENCEPHALOPATHY

spike of normal blood and the other using blood from ex-
perimentally infected mice—confirmed the previously
demonstrated association of infectivity with buffy coat. An
unexpected finding was the presence of infectivity in
plasma, which may have resulted from the imperfect sepa- -
ration of cells and plasma in the course of a standard cen-
trifugation separation protocol. Cohn fractionation of the
infectious plasma furtherreduced its infectivity to verylow
or undetectable levels.

The levels of infectivity demonstrated in these model
studies may not be fully representative of the actual risk of
disease transmission from human blood components be-
cause; 1) blood from a CJD patient included in a donor pool
will contribute orly a minute proportion of plasma to the
pool, which is usually made up from as few as 6000 to more

_than 100,000 donors'®; 2) many therapeutic protein concen-

trates are derived from plasma fractions processed through
chromatography columas that are known to adsorb (al-
though not inactivate) TSE infectivity**%%; and 3) plasma
products are administered via intravenous and parenteral
injections, which have been shown to be comparatively
inefficient routes of TSE disease transmission.'

Qur results represent only the beginning of a rational
approach to an assessment of the tisk, if any, of acquiring
CJD from the administration of blood components or
plasma products. Among urgendy needed additional pieces
of information are answers to, the following questions: 1) is
there a similar amount and distribution of blood infectiv-
ity in'the preclinical stage of disease (when humans would
usually be donating blood)?; 2) is the infectivity present in
plasma the result of contamination by white cells.or white

cell debris (special interest in white cells comes from the

demonstration that B cells are important for neuroinvasion

‘and clinical infection®)? 3) can the low levels of endog-

enous blood infectivity detected by intracerebral inocula-
tion of assay animals also be detected by intravenous or in-
tramuscular inoculation (the routes by which most
therapeutic blood products are administered)?; 4) will such
infectivity, if present in Cohn fractions, be carried through
the additional processing steps used to produce therapeu-
tic end products?; and finally, 5) does “new variant” CJD
have the same biological characteristics with respect to
blood infectivity as other types of TSE?
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Background and Objectives Although there is no epidemiological evidence to suggest
that classical Creutzfeldt-Jakob disease (CJD) is transmitted through bloed or blood
products, the variant form (vCID) has been implicated in transmission via packed red

tiood cells. The potential threat of the infectious agent contaminating plasma pools

fias led to manufacturing processes being examined for capacity to remove prions.
The objective of these studies was to examine the prion-removal potential of the
chromatographic purification and ethanol precipitation steps used to fractionate

inununoglobulins and albumin from human plasma.

Materials and Methods Western blot assay was used to examine the partitioning of
proteinase K-resistant scrapie prion protein (PrP*) over DEAE Sepharose, CM Sepharose
and Macro-Prep High Q chromatographic columns, utilizing microsomal scrapie
263K spiked into each scaled down feedstream and assayed after each chromato-
graphic step. In further studies, bioassay in C57 black mice was used and spikes of
10000 g clarified brain homogenate of scrapie ME7 were added to feedstreams before
sequences of scaled down chromatographic or Cohn fractionation process steps.

Results The microsomal spiking study with Western blot detection demonstrated
substantial partitioning of PrP** away from the target proteins in all ion exchange
ciromatographic steps examined. The log,, reduction factors (LRF) across DEAE
Sepharose and CM Sepharose columns for albumin were > 4.0 and 2 3.0 respectively.
The reductions across DEAE Sepharose and Macro-Prep High Q for intravenous
rmunoglobulin were 3.3 and 2 4.1 respectively. Bioassay demonstrated LRFs of 2 5.6
across the combination of DEAE Sepharose and CM Sepharose columns in the albumin
process and 2 5.4 across the combination of DEAE Sepharose and Macro-Prep High
Q columns in the intravenous immunoglobulin process. Bioassay studies also

drmonstrated a LRF of 2 5.6 for immunoglobulin preduced by Cohn fractionation.

Conclusions Using rodent-adapted scrapie as a model, the studies indicated that jon
cxchange chromatography, as well as Cohn immunoglobulin fractionation have the
poiendal to effectively reduce the load of TSE agents should they be present in plasma pools.
Taule of Contents lon exchange columns used for production of human albumin and
irununoglobulins, as well as Cohn immunoglobulin fractionation, effectively reduce
tie load of TSE agents should they be present in ptasma pools.

Key words: bioassay, chromatography, prion, scrapie, transmissible spongiform
cncephalopathy, Western blot.

E-mai jammesther@@aslcom Ay

292

sta Read, Parkville, Victoria 3052, Australia

Introduction

-Jakol
ilopathy

The outbreak ol the variant form of U
disease (vCJID), linked to a bovine spongi
(BSE) in the UK, and the propensity of this
in peripheral lymphoid tissues, has raised th
possibitity of blood-borne wansfusion of
Experimental studies in a sheep model it v

Y accumulate
sretical

agent
SE was
transmitted via olood transfusions (1] dem sioof of
principle for this possibility. It is probabic sruission
has occurred in humans with the repc:
transfusion recipicnt 65 years after res
from a presymptomatic vCJD donor {2]. 1
identification of 20 U of plasma from inr

a blood

s0d celis
d to the

= Lo later
wated
ate, no

developed vCID that were pooled o b
products used to treat thousands 6i 1cci

cases of vCJD have been identified & i these
fractionated plasma products,
Evidence that vCID may be transmied tooad cell

transfusion followed the post-mortem ¢

K-resistant scrapie prion protein (Pre™; ¢n and
lymph node of a patient who died of having
previously receiving a red blood cell from a
donor that subsequently developed vCI3 (3], rcenily,

the UK National TJD Surveiilance U ced a

ehich

‘probable’ third case of transfusion-rel ,
the patient (who is still living] developed sy alvCID
about 8 years after receiving & blood t o fvom a

donor who developed symptoms of vCOJD ub
after donating this biood [4). In contrast ta
CJD transmission by blood transiusion has
reported in aumans {5].

The potential risk of vCJD transmission
plasma products 10 exanmine the prion-r
fractionation processes {6-10], A difl
modelling the renioval of blood-horn

been

of their
rately

. prions

{spiking
swi i blood.
s the

from plasma processes is igentifyi
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Experiments using microsomal 263K spiking and
Western Blot assay

Preperation of microsomal inocudum

Brain homogenate from hamsters without disease, or in the
late clinical stage of infection witiv hamster adapted scrapie
{strai: 263K}, was used to prepare a microsomal fraction as
deseribed {21]. Briefly, crude brain honiogenate (10% wt/v) was
prepared by Dounce homogenization of brains in phosphate-
buflered saline (PBS). This was pelleted at 10 000 ¢ for 7 min
to remove m unbroken cells and mitochondria. The
microsones remaining in the supernatant were then pelleted
by centrifugation at 100 000 g for 90 min, followed by resus-
pension in PBS

DEAE Sepharose chromatography

D ated and cuglobulin (non-1gG globulins)-depleted
Supernatant 1 (SH1) vwas obtained from the production plant,
and 125 mlwas ‘spiked’ at 10% v/v with microsomal control
orserapic 263K and sampled (Fig. 1), DEAE Sepharose™ Fast
£l {DEAL Scpharosc) was obtained from GE Health-
sciences, Uppsata, Sweden. A 17-5 ¢m bed height columnavas
equilibrated with 10 mw sodium acetate (NaAc) at pH 5-2,
and one-third of the spiked material was loaded. Following
loading, the calumn was washed with 10 mum NaAc buffer and
protein clution was monitored by ultraviolet {UV) absorption
at 280 nm. The non-retained crude immunoglobulin was
coilected until the onsct of the second peak, in which
transferrin was cluted.

The 10 mu NaAc wash was continued until the elution of
the transferin peak was complete. Albumin was then eluted
with approximately 25 column volumes (CV) of 25 mm NaAc
buffer, The columin was regenerated with 2 CV of 150 mm
Madc, pl 4:0, The loading and elution cycle was repeated a
further two times 1o load the entire starting volume as per the

Supernatant [ or
column intermediate

263K inoculum T
M Sample
‘column load®
DEAE, CM or
Macro-Prep
chromatography

v
Sample al!
cluate fractions

Fig. 1 Flow diagram sho
cotunmn i 263K PrE< o e diagram appiies to cach of the
chromatography ¢aiunins, a3 they were cach spiked separately.

g spiking points and sampling points for each

production process, before regeneration and sanitization in
reverse flow with 1 CV of 0:5m NaCl, 1 CV of { M NaOH and
2:5 CV of 150 mm NaAc. All corresponding peak fractions
from each cycle (other than the 1 M NaOH eluate) were pooled
and assayed by Western blot.

CM Sepharose chromatography ’

CM Sepharose™ Fast Flow (CM Sepharose) was obtained
from GE Healthsciences, Uppsala, Sweden. A 17:5 cm bed height
column was equilibrated with 25 mm NaAc {pH 4-5). Pooled
crude albumin from the DEAE Sepharose column was
obtained from the production plant, and 150 m! was spiked
at 10% v/v with microsomal control or scrapie 263K After
sampling, one-third of the volume was loaded onto the
column, and then flushed with 1-8 CV of 25 mm NaAc to elute
the unbound proteins, Albumin was then eluted with approx-
imately 3 CV of 110 mm NaAc buffer. The column was regen-
erated with 1-5 CV of 400 mm NaAc pH 8:0. The loading and
elution cycle was repeated a further two times to load the
entire starting volume as per the production pracess, before
the column was regenerated and sanitized in reverse flow
with 1 CV of 05 M NaCl, 1 CV of 1 m NaOH and 2-5 CV of
150 mm NaAc: All corresponding peak fractions from each
cycle (other than the 1 m NaOH eluate) were pooled and
assayed by Westem blot.

Macro-Prep chromatography

Macro-Prep High Q (Macro-Prep) gel was obtained from
Bio-Rad, Hercules, CA. A sample of non-retained crude IgG
solution from DEAE Sepharose was obtained from an actual
production process and 100 ml was spiked at 10% v/v with
microsomal control or scrapic 263K. The pH adjusted crude
1gG solution was loaded onto a 17:5'cm bed height column
that had been equilibrated with 6 CV of 10 mm NaAc, pH 6-2:
Two CV of 10 mm NaAc pH 6:2 were used to elute the non-
retained immunoglobulins from the column. The column was
regenerated with 2 CV of 1-0m NaCland 2 CV of 1:0 M NaOH.
All column cluates {other than the 1 M NaOH cluate} were
assayed by Western blot.

Western blot

Samples were ultracentrifuged at 150 000 g for t h and the
pellet was resuspended in a minimal volume of PBS prior to
digestion with proteinase K (Roche, Mannheim, Germany)
at 250 pg/ml for 1 h at 37 °C. Digestion was terminated by
1:1 addition of sample buffer (125 mm Tris-hydrochloric
acid, 20% v/v glycerol pH 6-8, containing 4% wjv sodium
dodecylsulphate, 5% v{v 2-mercaptoethanol), then boiled for
3 min. Samples were run on 12% polyacrylamide gels
(Bio-Rad, Hercules), and transferred onto Immobilon P
(Millipore, Billerica, MA). Membranes were blocked with
PBS/Tween 20 (0-05%) containing 5% skim milk and were
probed with monoclonal antibody (MAb) 3F4 (Signet
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Laboratories, Dedham, MA) at 1/10 000 for 1 h. Rabbitanimouse
secondary antibody conjugated to horseradish peroxidase
(Sigma-Aldrich, St Louis, MQ) was used at 1/1000 for 1 h.
Blots were developed with ECL reagents (GE Healtheare,
Uppsala) and were visualized on Hyperfilm M (GE Healthcare,
Uppsala).

After Western blot, the dilution was recorded at which
PrP* could no longer be detected. If PrP* could not be
detected in the neat sample, the total PrP* (logo} reduction
was recorded as ‘<’ The formula used to calculate the number
of units of PrP* was: reciprocal of the end point dilution of
the sample x the total fraction volume in inl x correction
factor applied to control for concentration of the sample
following ultracentrifugation. Scrapie reduction was
calculated by dividing the total scrapie in the spiked starting
material by the total recavered scrapie. Variability of the
data could not be assessed, as one Western blot was run per
sample.

Experiments using bioassay with ME7 spike

Scrapie inoculum

Scrapie ME7 was incubated in C57 black mice, and brains
were harvested from mice in the late clirical stage of infection.
The brains were homogenized in PBS at 10% wt/v using &
Duall issue grinder (Kontes, Vineland, NJ), and the homogenate
was centrifuged at 10 000 g for 30 min to remove ccllular
debris {17].

Chromatography

All chromatographic conditions described for the Western
biot study were replicated for the bicassay study; however
columns were run séquentially without intermediate spiking
{Fig. 2). De-lipidated and eugiobulin-depleted SNI was
obtained from a production batch and was ‘spiked’ with
clarified brain homogenate from conuol mice or ME7-
infected mice to give a final spike concentration of 3:3% v/
v. Far the TSE spiked run, sample ‘ME7 spiked SNI" was taken,
and 133 ml of the material was separated on DEAE Sepharosc.
The albumin and immunoglobulin-containing peaks from
each cycle were pooled with the corresponding peaks from
each of the three cycles and were further processed on (A
Sepharose or Macro-Prep.

The pooled crude albumin was foaded onto a CM Sepharose
column. The purified albumin peak cluted from each cyciz
was pooled with the corresponding peak from the other cycics
and was concentrated 10-fold with a Pellicon XL 30 kDa
polyethersulphone membrane (Millipore, Billerica), and the
sample ‘ME7 Albumin’ was taken for bicassay.

Crude 1gG eluate from the DEAE Sepharose columr wa
loaded onto the Macro-Prep coluran, and the eluted pure
concentrated and diafiltered using a 30 kDa regeneratcs
cellulose YM30 ultrafilration mrembrane (Millipere, Rillerica).
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