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Preface

This paper was developed in response to 2 request from the CJD Incidents Panel
- following the finding of abnormal prion protein in the spleen of a patient with
haemophilia. Assuming that the abnormal protein tepresents a marker of v(C]D infection,
the papet sets the various possible routes through which such infection could have
occurred, and considers their relative likelihood in various scenarios. As well as dealing
with this specific “incident”, the paper scts out 2 more general mcthodology for assessing
multiple possible infection routes. The analysis was considered by the Panel at its
meceting on 20 May 2009, and informed the advice subsequently issued. This version of
the paper repeats the analysis presented to the Panel, while giving slightdy more
background information for other readers, and is placed here for public record. -



Introduction

2.

4.

This paper offers an analysts of the recent finding of abnormal prion protein in
the spleen of 2 haemophilic. This involves a padent exposed to 2 large numbes
of potential vCJD infection routes (including multiple blood component
transfusions, repeated receipt of UK-sourced fractionated plasma products
including some units linked to a donor who later went on to develop clinical
vCJD, and several invasive biopsies) who was found post mortem to have
abnormal prion protcin in a spleen sample.

If this finding is interpreted as an instance of asymptomatic vCJD infection, this
raises questions as to the operauonal meaning of the “prevalence” of infection.
The discovety of abnormal protein in a single spleen sample was the only positive
result after exhaustive investigation of tissues taken at autopsy of an eldecly
haemophilia patient who died of other causes with no symptoms of vC[D or
other neurological condition. All other dissues from this patient tested for the
presence of abnormal prion protein — fixed samples of brain, heart, liver, blood
vessel, appendix, spleén and lymph node and frozen samples of frontal lobe,
occipital lobe, cerebellum, lymph node and 23 other samples from the spleen —
were negative. This individual would not have tested “positive” on any of the
vCJD prevalence tests conducted so far, and possibly not even in a post mortem
spleen survey (depending on the size of spleen sample used). Not do we know
whether someone with this limited distribution of abnormal prlon protein would
be infective - and if so, by what routes of transmission.

For present purposes, however, these issues of interpretation are ignored. We

- simply assume that the abnormal prion protein found in this patient is a marker
for asymptomatic vC]D infection: the task is then to mvcstlgate the relative
likelihood of the infection having come from the various possible routes. This is
done in order to inform discussion by the CJD Incidents Panel (“the Pariel”) as
to the implications of the finding, and in particular whether the new evidence

_warrants any change to the “at risk” status of any individuals ot groups.

The ideal would be to quantify these likelihoods in a robust way. However, this
is not possible due to the multiple uncerinties involved. These are well-
rehearsed. We do not know the prevalence of infectious donors — and in this
instance, some of the potential routes are dependent on prevalence while others
are not, so the relativities change. The probability of an infected blood
component transmitting infection is uncertain - though on the precautionary
approach adopted by the Panel, it is presumed to be substantial. The risks of an
implicated plasma derivatives transmitting infection are even more unccitain.

However, they can be estimated using methods suggested in an existing

assessment by independent consultants DNV (DNV, 2003), which have been
used in drawing up Panel recommendations to date. These calculations have also
been regarded as “precautionary”, i.c. giving a pessimistic view of the levels of

infectvicy likely to be present.

Given these unknowns, we make no attempt at definidve probability caleuladons,
though illustrative exarnples are provided. Instead, we concentrate on the more
limited task of determining whether different groups in the complex chain of
contacts assoeiated with the index patient can be robustly placed under or above



the additional 1% (over the UK population risk derived from consumption of
beef and beef products) “risk threshold” used by the CJD Incidents Panel 1o
trigger decisions on notification of increased risk status. We also consider the
wider implications for groups that are or might be classed as “at risk™. Although
the analysis does throw some light on these questions, it also highlights some
conundrums for our understanding of vCJD prevalence and transmissibilicy.

Summary of findings
6. Specifically, we conclude that on the evidence available:
(i) The chance of the patient having been infected via an endoscopic

. procedure is very small, probably comparable to that of having been

infected via primary (dietary) exposure. The potential risk associated with
the endoscopies can be disregarded in assessing the risks associated with
the possible blood-botne transmission routes, and no specific action is

* called for with tegard to other patients on whom those endoscopes may

(W

(1if)

(iv)

)

have been used.

Comparing the blood-borne routes, the patient is much more likely to
have been infected through receipt of plasma products, rather than
any of the 14 units of red cells known to have been received. The
implied risk of each of these 14 donors being infected appears to lie
below the 1% threshold that would trigger “at risk’ status.

Given the large pool sizes involved (of the order of 20,000 donations pér
pool), the risk differential between “implicated” and “non-
implicated” batches of blood product is not marked. Unless the
prevalence of infection is very low, there is a strong possibility of axy
given batch of blood products prepared from large pools soutced from
UK donors in the period 1980-2001 containing at least one infected
donation. This reinforces the logic of the CJD Incidents Panel’s 2004
decision to consider all haemophilia and blood disorder patents exposed
to such UK-sourced plasma products as an “at risk” group. There is no
strong case for differentiating between sub-groups.

Given the precautionary assumptions in the DNV risk assessment, any
patent exposed to substantial quantities of UK plasma product (as this
haemophilia paticnt was) would almost certainly have received a
substantial infective dose, mbether or not any of the batches were
“implicated” (i.c. traceable to a donor who later went on to develop
clinical vCJD). In fact, this patient may have been more likely to have
been infected by receipt of large quantities of “non-implicated”
plasma, than by the smaller quantities of “implicated”.

The lack of any clinical vCJD cases to date amongst patients with

. haemophilia may suggest that the DNV infectvity scenario is overly-

pessimistic. Risk assessments carried out elsewhere assume that a greater
proportion of the infectivity would be removed during the manufacturing
processes. This raises issues beyond the scope of this paper.
Nevertheless, we have re-run the analysis using a markedly lower
infectivity assumption with regard to plasma products, and the
conclusions listed in (ii) - (iv) abowe still hold.



" Method

The following analysis starts from the “reverse risk assessment” previously used
by the Panel to assess the implied risks of donots to vCJD clinical cases being
infected (DH, 2005a; Bennett, Dobra and Gronlund, 2006), and extends it to deal
with this much more complex incident. We start with a simple example and then
build up the analysis step-by-step. This is both to demonstrate how the
conclisions are reached in this case, and to show how the same approach can be
used to handle other complex incidents that may arise.

Example 1

3,

We therefore start with a simple incident as shown in Figure 1(a). Here, a patent
has received two single-unit Red Cell transfusions, one from each of two donots.
The recipient goes on to develop vCJD, and the timing of the transfusions does

not rule either of the donors out as the route of infection. What is the chance of

-cach of these donors carrving vCJD infection?

Figure 1 (a) Two component donors, neither known to be infected

~ Donor™

Donor 2 t

. The answer to this depends primarily on the chance of transmission occurring &

one of the donors were to bé infected ~ i.e. the transmission probability, t. By
definition, this lies between 0 and 1: if t = 1, transmission would be certain, In
that case, and all else being equal’, the patient’s disease would be equally likely to
have come from primary infection, or from either of the two donors having been
infected. So by implication, each donor would have a 1 in 3 chance of being

“All else being equal” essentially means that there is no prior reason to suppose that'donors or
recipient were particularly likely or unlikely to have been infected with vCID, e.g. through “high
"risk™ surgery, or conversely not having lived in the UK during years of high BSE exposure.



infective.? More generally, if there are n donors, the chance of each being
infective would be 1/(a+1).

10. The implied risks to the donors clearly diminish if t <1. However, the CJD
Incidents Panel has used a precautionary approach, concentrating on scenarios in
which t is at least 0.5. With t in this range, the implied risk to donors remains
high unless the number of donors to the vC]D case is large. For example, if t =
(0.5, then with two donors the chance of either being infected would be roughly
0.25. Note that none of these calculations depend on the underlying prevalence
of infection, provided this is the same for donors and recipients.

Excanple 2

11. - The situation would cleatly be very different if one of the donors was later
diagnosed with vCJD, as in Figure 1(b). :

Figure™ {b) Two component donors, one known tp’ beinfected *~ °

, Donor 1

_primary

u
Donor 2 . @

{infected) !

This creates a marked asymmetry between the infection routes, dependent on the
prevalence of infection in the donor population. Whilst Donor 2 is now known
to be infected, Donor 1’s prior probability of infection is simply the prcvalence
of infection (p), unknown but assumed to be small. This situation provides an
exemplar for analyses in which some routes are prevalence -dependent and others
are not.

Let ‘
P(D1) be the probability of the recipient’s infection having come via -
Donor 1

The arguments expressed here can be expressed more formally using Bayes” Theorem to update
probabilities in the light of new tnformation. However, this is preseutationally more clumsy,
especially in the more complex examples considered below.



12.

P(D2} be that of the infection having come via Donor 2

and P(prim) be the probability of the recipient havihg a primary infecdon

*  For simplicity, suppose that the chance 6f the patient being infected by more
than one route js negligible. Then (given that infection has occurred) P(D1},
P(D2) and P(prim) must add up to 1.

* Furthermore, the “balance” between the three probabilites will be governed
by tand p. Specifically:
o P(DT1) will be proportional to both p {prevalence of infection) and
: t (transmission probability)
o P(D2) will only be proportional to ¢
o and P(prim) wﬂl only be propomonal top

Provided p is small (e.g. 1 / 4,000 or 1/10,000) and tis not, P(D2) will be much

-larger than either of the other two probabilities. To a very close apptoximation,

P(D2) = 1 and P(D1) and P(prim) are zero. We can be virtually certain that the
infection came from Donot 2. In practical terms, this new information about
Donor 2 means that Donor 1 nced not be considered as “at risk” according to
CJD Incidents Panel criteria.

Example 3

13,

" In the last two examples, the two secondary routes had the same transmission

prabability, t. But suppose now that there ate routes with dlfferent values of t —
e.g. transfusion of blood components and receipt of fractionated blood products.
Figute 2 below shows a situation in which the calculadons need to balance two
contrasting secondary routes: -

~© a blood component transfusion, associated with a high transmission
- probability (t,) i the donor (D1} is infected, but with no reason to believe
that this is the case, and

o a plasma product pool with a contributing donor (D2) now known to be
infected , but with a low transmission probability (t,)

As before, the three probablhtles P(D1), P(D2) and P(prim) must add up to 1,
and now:

o P(D1) will be proportional to p and t;
o P(D2) will be proportional to t,

o and P(prim) will be proportional to p



Figure 2: One component donor, not known to be infected: plasma poof, containing
an implicated donation

14,

i5.

Donor 1.

_primary

Implicated plasma pool

To illustrate numerically, suppose p is 107 Le. prevalence of infectionis 1 in -
10,000, that t; = 1 and t, = 10” (that is, transmission via the product pool is less
efficient than via the transfused component by a facror of 1 000)

In that case, it can be shown that
PD1).=1/12 PD2) =10/12 and . P(prim) = 1/12
The infected plasma pool is thus cleatly the most likely transmission route, b} a

factor of 10 over each of the other two possibilities.

The principles used to analyse these simplc cases are now extended to consider
the case of the haemophilic patient with a finding of abnormal prion protein in
the spleen.

. Analysis

16.

Potential secondary transmission routes in this instance consisted of the
following (where an “implicated” donor means one for which there is now
evidence of having been infected with +CJD):

» 5 invasive endoscopic procedures (biopsies) and a larger number of
endoscopies without biopsy.

* cxposute to 14 units of Red Cells, each from different {(“non-implicated”)
donors '

. exposure to just over 9,000 units of Factor VIII made from wo plasma pools
- with an “implicated” contributing donot (8,025 units from one bartch and
1 OOO from the other)



*  exposute to many other units of UK-sourced pob[ed products, including
neatly 400,000 units of Factor VIII, with no &roww links to “implicared”
donors :

To simplify the subsequent discussion, we consider the relative risks from each
of these routes in turn.

Transmission risks from the endoscoptes

17.

18.

19.

20.

vCJD transmission risks from endoscopy have been examined by an ACDP TSE
WG subgroup, informed by an outline risk assessment. It is important to
appreciate that these procedures involve a very small instrument (head) being
passed down a very long, thin, channel. The possible “méchanics” of infection
therefore differs from other sutgical procedutes. The group considered that any
significant risk of onward transfer of infectve material to a teceptive site would
require the procedure to be invasive, as distinet from examinations that involve
the instrument sliding against the wall of the gut. On that argument, the relative
tisk from endoscopic ptocedures #of involving biopsy would be negligible.

So concentrating on procedures involving biopsy, the question atises of whether
the heads used would have been single-use. This would reduce the transmission
tisks considerably, but not eliminate them (due to the possibility of the new head
being contaminated on its way down the endoscopy channel. Although we do
not know whether the heads mvolved in these procedures were single-usc, let us
suppose they wege not.

For endoscopy with re-useable heads, the best existing analogy is with the current
surgical risk assessment as appiied to procedures encountering lymphoid tissue.
Depending on assumptions on the efficacy of decontamination, the “standard”
model suggests that indefinite re-use of a set of insttuments might cause 1 — 10
secondary infections per operation on an infective patient. The infection risk to a
random patient resulting from all previous re-uses of the instraments would be in

_the’same range multiplied by the prevalence of infection (p). However, the

surgical model considers the transmission risks from a set of 20 instruments,
rather than just one (very small) biopsy head. For the latter, it thetefore seems
reasonable to reduce the estimated risk by a factor of at least 10. Even on
pessimistic assumptions, therefore, the risk of infection from a “random” biopsy
would be in the range (0.1 — 1)p. In other words, the chance of the patient being
infected via any of 5 such biopsies would be similar to the risk of having been
infected through the “ptimary” route of dietary exposure.

As will be seen below, the chance of this particular patient having been infected
by-the primary route are very small (in all scenarios) as compared to that of
infection through a blood-borne route. On the above atgument, the same applies

. to the endoscopic route. For simplicity, this route will therefore be distegarded

in the tollowmg calculations. It should be noted that even if the risks of
transmission via endoscopy were much greater than suggested here, the only
effect on subsequent calculations would be to reduce the probabilities associated

. with all the blood-borne routes slightly.



Blood components and “implicated” plasmia products

21.  We now consider the relative probability of the patieat’s infection having come
from the implicated plasma products, versus the 14 Red Cell transfusions. As
discussed in the “methods” section, we need to balance the greater transmission
probability for blood components (Red Cells in this instance) against the
existence of an implicated donor contributing to the pooled plasma products.
The situation is showsn schematically in Figure 3, omitting for now the other
“non implicated” plasma products.

Figure 3: 14 component donors, none known to be infected; 2 plasma products,
each from a pool containing an implicated denation

14 component

donors
O _primary
2 implicated @‘
plasma products o .
22.  The key additional variable here is t, — the chance of transmission from an

implicated pool. This can be quantified using the infectivity assumptions
originally generated in DNV’s risk assessment (DNV, 2003). As discussed
further below, the calculations initially use the mote pessimistic of alternative
infectivity scenarios considered by DNV. '

23. For the present, we also suppose that the ondy infected donation in the plasma
pools came from the identified infected donor — though this is reconsidered
below. As detailed in the first part of Annex A, calculatons then suggest that
this ‘one infected donot would have resulted in the Factor VIIL received by the.
patient containing a total infective dose of about 0.2 1D, (0.16 via one pool and
0.05 via the other). Using the simple linear dose-response model that has
informed Panel recommendations to date, this implies a transmission probability
t, of approximately 0.1. ~

24.  We can then use the approach set out before to assign probabilities to the 7
possible infection routes in different scenarios. Table 1 below shows the results,
using this value for t, and alternatives of 1 and 0.5 for t, and 1 in 4,000 and 1 in -



10,000 for the prevalence, p. The successive rows show the probabilicy of
infection having come from the implicated plasma products, from any o#e of the
14 component (Red Cell) donors, and from the primaty outbreak. It can be seen
.that in all scenarios, the first route strongly dominates. Note that these are
llustrative figures, using assumptions subject 1o much uncertainty. Nevertheless,
they do suggest that the infection is much more likely to have come from the

. plasma products, with the implied risk to the component donots remaining
clearly below 1%.

Table 1: Relative probabilities of potential infection routes (omitting “non
implicated plasma” products)

Prevalence, p ) 1in 4,000 1 in 10,000
-|Transmission probability, 11 ' 0.5 1 0.5 1
Probability implicated plasma praducts e%|  orw|  99%|  99%
Probability of each of the 14 component donors <03%| <03%| <0.1% <0.1%
Probability primary - <0.3%| <0.3%| <0.1%| <0.1%

Noie: these are iflustrative calenlations only. A fignres are rounded to the nearest %o, or (for smatl
prolmbzlzfzef) fndicate an wpper bonnd.

Implicated and “Won-implicated” plasma products

25. Although the above analysis provides some robust'conclusions about the

' infection routes considered so far, the calculations ignore one further factor: the
chance of the infection having come from the “non-implicated” plasma products
—i.e. those manufactured from plasma pools not &rows fo bave an infected
contributing donor. The problem here is that because the pool sizes are so large
(of the order of 20,000 donations each), there is a high probability that many of
them did, in fact, contain infective donors even if one has not been identified.
Crudely, if the prevalence were 1 in 10,000, one would expect each pool to
contain about 2 infected donations.”

26. This argument does not entirely remove the distinction between implicated and
"~ non-implicated pools. Where there is known to be an infected contributing

donot (and nothing is known about the rest), the other donors to that pool also
have the same probability p of being infected. So with a prevalence of 1 in
10,000 and typical pool sizes of 20,000, one would rcasonabl} expect a “non-
implicated” pool to contain 2 infected donations and an “implicated” pool to
contain 3. Nevertheless, this is not a great differential. The calculation suggests .
that unless the prevalence of infection is very low - much lower than considered
here, there is only 2 modest difference in the risks posed by receipt of implicated
and non‘implicated plasma. This observation supports the existing policy of
considering recipients of UK-sourced plasma products as a group, rather than

More strictly, the expected number of infected donations in each pool will be subject to a binomial
distribution. However, the distribution is not essential to the argument, especially for patients
receiving high volumes of product sourced from many different pools, when these statistical
fluctuations will tend to even oul.

10

10




27.

28,

29.

applying additional measures to those with known exposure to implicated
batches.

This specific haemophilia patient had received such large quantides of Factor

* VIII — almost 400,000 units, the majority since 1980)] - that on these calculations,
the cumulative risk from the “non-implicated” batches may well have exceeded
that from the smaller number of “implicated” ones. This can be illustrated by
considering the expected number of 1D, received via each route. This is
illustrated in the seccond part of Annex A. In summary:

= If the two “implicated” pools contained 3 infected donations, this route
would have exposed the patient to a total dose of 0.6 1D,

= If the other “non-implicated” pools cach contzined 2 infected donations,
this route would have exposed the patient to an expected total of 24 ID.,.

Simple application of the linear dose-response model would then suggest that
whereas Factor VIII from the two “implicated” pools would have contained a .
dose liable to transmit infection with a probability of 0.3, the large number of
units sourced from “non-implicated” pools would have contained more than
enough infectivity to transmit. Crudely, this suggests that the “non-implicated”
pools represent the more probable source of infection, by a factor of just over 3.

This last calculation is reflected in Table 2 below, for prevalence scenarios of
both 1 in 10,000 and 1 in 4,000. However, we stress that this is very simplistic. It
rests on accepting the linear model uncritically, and assuming that doses received
on successive occasions can simply be added together in calculadng an overall
tisk of infection. Nevertheless, the comparison between “implicated” and “non-
implicated” routes is instructive, in showing how the sheer number of exposures
may come to dominate the presence of a known infection.

Table 2: Relative probabilities of potential infection toutes (mcludmg “non -
implicated plasma® products)

Prevalencs, p’ 1in 4,000 1.in 10,000
Transmission probability, t1 0.5 1 0.5 1
Probability implicated plasma products 38%]  38% 24% 24%
Probability of each of the 14 component donors <0.03%] <0.03%; <0.02%| <0.02%
Probability primary ' <D.03%| <0.03%| <0.02%| <0.02%
Probabilty non-implicated plasma groducts B1%|  61%|  76%  76%

Note: these are illustrative calenlations only. Al fignres are rounded to the nearest %, or 0?)1
swall probabilities) indicale an upper bonnd.

Note that the differential between infectious doses is much-greater, but the practical effect is
limited by infection being regarded as certain once the dose reaches 2 [Dsg. As seen In following
paragraphs, the risk differential between routes is therefore more pronounced in lower-infectivity
scenatios. '

- 11




30,

31.

32.

33,

As can be seen, the previous conclusion about the low implied risk to each of the
14 component (red cell) donors still applies, with even greater force. However,
these results also highlight something of a paradox. Combined with the
infectivity scenario taken from the DNV assessment, the pool size / prevalence
calculadons suggest that many recipients of plasma products would have received
very high infectious doses, whether or not they had received any “implicated” units
with known linkage to an infected donor. This opens the question of why no
clinical vC]JD cases have been seen in the population of haemophilia / blood
disorder patients designated as “at risk” because of their exposure to UK sourced
blood products.” It might therefore be argued that the infectivity assumptions
applied to plasma products are overly pessimistic.

Although this question is impossible to answer definitely, and in any case raises
issues beyond the scope of this paper, it is appropriate to check that the
conclusions we have already suggested about relative likelihoods would not be
overturned were we to assume lower levels of infectivity in plasma derivadves.
The DNV report itself suggests two possible methods for calculating the
infectivity present in each plasma detivative, using different assumption about the
effect of the various manufacturing steps. In line with the generally
precautonary approach adopted by CJD Incidents Panel, the calculations so far

" use figures based on the more pessimistic of these. The less pessimistic

alternative suggested by DNV (using the “highest single clearance factot” in the
manufacturing process) leads to an infectivity estimate for Factor VIII that is
lower by a factor of 4. However, it should also be noted that risk assessments
carried out elsewhere take the clearance factors achieved at different stages to be
at least partly additive, which would lead to much smaller infective loads.

In fact, reducing the assumed infectivity #ureases the relative chance of infection
via “non-implicated” as compared to “implicated” plasma. For example, suppose
the presumed infectivity in all the Factor VIII received was reduced by a factor of
100 (2 logs). Modifying the calculations in paragraph 27, this patient would then
have received an expécted: '

= 0.006 1D, from the two “implicated” pools (representing a transmission risk
of 0.003) o

* 0.24 ID;, from all the other “non-implicated” pools (representing an
infection risk of 0.12).

Albeit with the same caveats as before about using the linear model to quantdfy
the cumulative risks from successive doses, this suggests that the latter risk would
outweigh the former by a factor of 40. Table 3 shows how the previous results
for this patient would change, under this revised infectivity scendrio. As can be

r.

Possible explanations include the following; that prevalence of infection amongst donors is much
lower than in the scenarios considered here; that much more infectivity is removed during
processing of plasma products than suggested by the DNV analysis; and/or there is a threshold
dose-response effect and most recipients fall below this. Genotype effects may also be relevant {in
providing resistance to infection or extending the time to clinical disease), but one would expect a
substantial proportion of this group to be MM homozygotes — the most susceptible genotype.
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seen, the prewous conclusions still hold, in particular Legatdmg the small implied
risk to cach of the 14 red cell donors.

Table 3: Relative probabilities of potential infection routes (including “non
implicated plasma® products and using lower infectivity estimates for plasma

products)
Prevalence, p ) 1 in 4,000 _ 1in 10,000 ‘
Transmission probability ;11 .05 1 05 1
Probability implicated plasma products 2% 2% 3% 3%
P‘robabi]ity.o_f each of the 14 camponent donors <0.05% c'<(J.EIB% <0.06%| <0.09%
Probability primary ) <0.09%| <0.09%| <0.00%| <0.09%
Probability non-implicated ﬁlasmavproc{ucts 97% 97 % 97 % 96%

Note: these are illustrative calentations only. Al figures are rounded to the neirest %, or (for small
probabilities) indicate an npper bound.

References

Bennett PG, Dobra SA and Gronlund ] (2006): The Implications for Blood Donors if a
Recipient Develops Variant Creutzieldt-Jakob Discase OR- INSIGHT 2006, VOL 19; 4:
- 3-13 .

Department of Health (2005a): Assessing the implications for blood donors if reciptents
are infected with vCJD: paper for CJDIP November 2004, ESOR, available at

o [orwrwrdhopovaak/en Public.ationsands_mtistics Publications/PublicationsPo 'c.An
dGuidance/DH_ 4115311

Department of Health (2005b): Assessing the risk of vCJD transmission via surgery: an
iaterim review, ESOR, available at .

http:/ /orwrw. dh gov.uk/ en/ Publicationsandstatistics / Publications/ PubhcattonsPohchn

Gmdance[ DH 41 1354

DNV (2003): Risk Assessment of exposute to vCJD infectivity in blood and blood
products. Final report for Department of Health, February 2003.

13




Annex A: Application of DNV Risk Calculation to Factor VIII Units

(a) Implicated Donations

Key points: FHB4547

'+ There was one implicated (presumed infective) donation in a stact pool of 26, 303
donations (pool size supplied by Professor Frank Hill via email)

* Factor VIILis derived from cryoprecipitate, which has an estimated infectivity of 60
© IDys / donation of infected whole blood according to the DNV model

. 70.45kg of cryoprecipitate was made from the start pool, of which 21.58kg was used
in the FHB4547 batch

*  This implies that (21.58kg / '70 45kg) of the 60 ID; uS made its way into the FHB4547
batch (18.38 IDy3)

» 1,844 vials cach of 500 units (Iu) were made from the batch, which results in an
estimate of 0.00997 IDg,s per vial or 1.99 x 10° ID50s per iu

Professor Frank Hill's report indicates that the index case received 8,025 units from this
batch, giving an estimated 0.16 IDy, from the implicated donation.

Key points: FITC4237

*  There was onc implicated (presumed infective) donationin a pool of 21,330
donations (pool size again supplied by Professor Frank Hill)

*  Factor VIIL is derived from cryoprecipitate, which has an estimated infectivity of 60
1D, / donation of whole blood

*  67.6kg of cryoprecipitate was made from the start pool, of which all was used in the
FHCA237 batch

* This implies that the full dose of 60 1Dy, made its way into the FHC4237 batch

* 5,074 vials each of 250 u were made from the batch resulting in an estimate of '
0.0118 1Dy, per vial or 4.73 x 10° ID,, per i

Professor Frank Hill's report indicates that the index case recc:ved 1,000 units from this
batch, giving an estimated dose of 0.05 IDy,.

Conclusion :

_In total, these calculations suggest that index case would have received an estimated 0.21
ID;, from the “implicated” donor. Using a linear dose-response model (whete 1 1D,
translates into a transtnission probability of 0.5 and 2 IDg, or more translates into
transmission probability of 1) this represents a transmission probability of O 104 or
10.4%.
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{b) Non-implicated Donations

In addidon to the implicated donations, we have also to consider the possibility of other
donors contributing to a pool being infective. With pool sizes of the order of 20,000
donations, each pool will be likely to contain contributions from one or more infected
donors by chance, unless p is very small. For implicated pools, these will be in addifion fo
the “known’ implicated donor. '

With 4 prevalence of 1 in 10,000, one might therefore expect the two implicated pools to
© conain two further infected donations, taking the total from 1 to 3 per pool. '

This would make the infective dose received via the implicated units three times that
calculated above, Le. a total of roughly 0.6 ID;,, yielding a transmission probability of 0.3.

This patient also received approximately 391,000 iu of UK-sourced Factor VIII plasma
teeatment #of known to be associated with any infected donor. In round figutes, this can
be visualised in terms of 20 exposures to pools of 20,000 donors, each typically
containing 2 donations ftom infected donors. The exact infective dose passed on to the
- patent will vary from batch to batch. However, the two examples given in patt (a)
suggest an eventual dose of 2-5 x 107 IDy, per unit, per infected donor. For illustration,
therefore, suppose that each unit exposed the recipient to 6 x 10° 1Dy, 400,000 such
units would therefore have exposed the recipient to 24 1Dy,

15
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Background and Objectives The risk of haemophiliacs contracting variant Creutzfeldi-
Jakab disease {vCJD) via treatment with factor VIl concentrates is not known. There-
fore, in order to determine the extent to which the vCID agent might be removed during |
the preparation of factor VIII concentrate, the partitioning of a bovine spongiform

encephalopathy {BSE)-derived agent was measured over the main purification step
-used to prepare the Scottish National Blood Transfusion Service high-purity factor

VI concentrate (Liberate®).

Materials and Methods Murine-passaged BSE (strain 301V), in the form of a micro-
somal fraction prepared from infected brain, was used to "spike’ a solution of factor
VI of intermediate purity. The ‘spiked’ starting material was subjected to solvent-
detergent treatment and then to znion-exchange chromatography with Toyopearl
DEAE-650M. All fractions were tested for 301V infectivity using a murine bioassay,
including the procedures used to clean the ion-exchange media after use.

Results BSE 301V infectivity was reduced by 2-9 log,; in the fibrinogen fraction and
by 27 log,, in the facter VIII fraction. Over 99% of the added 301V infectivity
remained bound to the ion-exchange column after elution of factor VIl A large
quantity of infectivity was subsequently removed by washing the ion-exchange
media with 2 m NaCl. No further BSE 301V infectivity was detected in column eluates
after treatment with 0-1 m NaOH or a second wash with 2 m NaCl.

Conclusions Results using a BSE-derived agent suggest that vCJD infectivity would
be substantially removed by the ion-exchange process used in the preparation of
fibrinogen and factor VI concentrate. Although 301V infectivity remained
bound. to the ion-exchange matrix following elution of factor VIII, this appeared, to
be eliminated by the procedure used for cleaning the ion-exchange media after
each use. :

Key words: Creutzfeldi-Jakob disease, chromatography, factor V11, fibrinogen.

Introduction .

encephalopathy'(TSE), of .which there have been 150 con-
firmed or probable cases diagnosed since the condition was

Variant Creutzfeldt-Jakob disease (vCID) is an incurable,  first reporied [1]; 143 of these 150 subjects were resident in
fatal, neurodegenerative disorder of transmissible spongiform  the UK at some time. Evidence that vCJD is caused by the .

TSE agent respansible for bovine spongiform encephalo-
- pathy (BSE) in catile'is convincing {2}, with dietary exposure

- Correspondence: Peter R. Fester, PhD, SNBTS Prolein Fractionation Centre,  being the most probable route of transmission [3]. BSE
21 Elfen’s Glen Road, Edinburgh EH17 70T, UK ) origiriated in the UK [4] and has now been detected in cattle

E-mait: pcter.foster@snhls.csa.scot.nhauk
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in 25 different countries, although 98% of all cases found
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which partitioning of bovine spangiform
encephalopathy (BSE) 301V infectivity was

of equilibration buffer, with the breakthrough (unadsorbed)
fraction {139-8 ml] being collected (fibrinogen fraction).
Forty-on¢ millilitres of equilibration buffer, containing
145 mm NaCl, was then applied and the resultant wash frac-
tion collected (low-NaCl wash). This was followed by 26 ml
of equilibration buffer containing 250 mm NaCl, at a flow-
rate of 48 mlfh, to efute factor VIII (factor VIII fraction).

Cleaning of the jon-exchange gel

Following collection of the factor VIII eluate, the chromato-

graphy bed was cleaned in situ by washing with 2 m NaCl, '

followed by 0-1 m NaOH and then again ‘with 2 u NaCl.
First, 25 ml of 2 m NaCl was applied to the column and the
eluate {15-2 ml} was collected from the beginping of the *salt
front' (first high-NaCl wash). Subsequently, 0-1m NaOH
(70 ml) was applied to the column and an eluate (39 ml)
was collected when the pH increased from 6-3 to > 12 (NaOH
wash). When the application of 0-1 » NaOH was complete,
the column was allowed fo soak in NaOH for 1 h and then
subjected to a second wash with 2 m NaCl (42 ml). An eluate
volume of 8-1 ml was colleeted to capture the protein-
containing fraction observed at this stage {second high-NaCl
wash).

Determination of protein elution during the
ion-exchange process

Throughout the ion-exchange procedure, the output from the
column was menitored continuously by inline measurement

" of the solution optical density at a wavelength of 280 i’

(0D} to detect total protein being elated (Fig. 2).
Scale-down of the ion-exchange process

The small-scale ion-exchange procedure used in this study
was designed to give yields and purification for factor VII

17

measured. 1EX, inn-¢xchange chromatograghy,

0Dy

. Volume
Fig, 2 Optical density of fractions eluted during ion-exchange
chromatography of intermediate-purity Tactor VI to which the bovine
spongiform encephalapathy (858} 301V micresomal ineeulum had been
added. {a] Fibrinogen fraction {110 mm NaCll; [b) low-NaCl wash {145 mm
NaCll; {¢) factor Vil fraction (250 mw NaCl); (d) first high-NaCl wash (2 m
NaCll; () NaOH wash (0-1 u NaOH): {f} second high-NaCi wash {2 m NaCl).

and fibrinogen equivalent to the fuil-scale process. Although
the degree of scale-down was = 1300-fold, all materials and
surfaces were the same as in routine manufacture, except that
chromatography eluates were collected into polypropylene

“corntainers rather than stainless stecl vessels. The 0D,

profile obtained in the presence of added 301V (Fig. 2) was the
same as that obtained in the absence of 301V, both in the small-
scale model and in the routine full-scale chromatography
pracess, demonstrating the accuracy of down-scaling achieved.

Determination of BSE 301V infectivity

The BSE 301V infectivi'ty of sampies from the jon-exchang
process was determined by bioassay. Samples for assay wert
diluted in saline and injected intracerebrally (20 ul) ing

© 2004 Blackwell Publishing Ltd. Vor Sanguinis {2004) 886, 92-9
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Table 2 Distribution of bavine spongiform encephalopathy (BSE) 301V infectivity across different fractions collected during the purification of firinogen and

factor VIl by ion-exchange cheomatography

BSE titre
Stageffraction 1D, fmi (fog,,])

1, Micrasomal inaculum . 73" 100
Factar VUL pracess

2. Factor VIl solution (spiked) 67 432

3. Faclor VI solutien after Sf0° 68 986

4. Fibrinogen fraction {120 mm NaCl) <38 1398

5. Low-NaCl wash {145 s NaCl) <34t 10

6. Factar VIl fraction {250 mm NaCl) 48 200

Columao cleaning
7. First high-NaCt wash {2 m NaCl) 6-4 15:2
8. NaOH wash {0-1 1 NaQH} <32 390
4. Second high-NaCt wash {2 w Nalt) <32 81

Volume of
fraction {ml)

Reduction
factor [Iogw)

% BSE infectivity
in fraction

Yotal BSE infectivity
in fraction, 10, (log, )

81

g7

8 T . 10000

59 013 229

5 002 238

&1 o0 27

76 A 575 Rt
<48 < 0-009 > 44
< 41 < 0-002 > 47

“Transmissible spengiform encephalopathy (FSEj titre obtained previously {ﬁ4].

“SJD, after treatment with solvent and detergent,

“Maximum vatue an the assumption that 100% of animals would have been positive if the sample had been tested at a 107 difution,
“Approximate TSE titre, estimated from bipassay gt one dilutian using the dnse—respcnse curve obtained with sample 2,

1D, infectious doses 504,

consistent with the original level of infectivity, suggesting
that aggregates may have formed during the frozen storage
of the microsomal fraction and that full dispersion was
only achieved after the microsomal fraction had been added
to the solution of intermediate- -purity factor VIII. Although
there was a small apparent increase in 301V titre following
solventfdetergent treatment (Table 2]., this was well within the
margin of error for TSE bieassay titrations. Nevertheless, a
small increase in TSE titre is often detected after mild deter-
gent treatment or other disaggregating treatment {e.g. soni-
cation) and is probably a result of disaggregation, but may
also occur as an effect of the efficiency of titration [29].

The three fractions recovered from the jon-exchange pro-
cess, inclsidirig the factor VIl fraction, all contained 301V
infectivity. However, the quantity of infcctiv_ity present in
each of these fractions was much less than that of the starting
material. From thesg data-it was calculated that with respect
to the feedstock to ion-exchange chromatography, 301V
infectivity was reduced by 29 log , in the fibrinogen fraction
and by 2.7 log,, in the factar VI fraction {Table 2). It was
also estimated that less than 0-4% of the 301V infectivity
present in the feed to the ton-exchange process (sample 3)
was recovered in the fractions collected up to and including
the factor VHI fraction (Table 2), indicating that 99-6% of the
added infectivity remained bound to _the ion-exchange
matrix following the recovery of factor VIIL

[n the procedure used to clean the jon-exchange gel
between uses, we found that a significant degree of infectivity
desorbed into the first 2 M NaCl wash (Table 2). Subsequently,

no 301V infectivity was detected in either the fraction re-
covered following treatment with 0-1 m NaOH norin the second
2 v NaCl wash, despite further protein being desarbed at this
point, according to the. OD,q, profile (Fig. Z, peak f).

Discussion

Despite considerable concern that haemophilia patients might
be infected with vCID by treatment with plasma products
{15,30-33, few studies have been undertaken to determine
how TSE agents distribute over processes used to manufac-
ture factor VHI. concentrates {7,34]. In modern factor VI
concentrates, a high degree of purification is obtained by
chromatographic processing [35], yet information is available
from only two studies conceming chromatographic purification
of factor VIIL, both of which employed scrapic 263K as the
TSE model. Foster ef al. [16] reported a 3-1 log, reduction of
PrP* using a DEAE ion-exchanger, and Drohan has observed
removal of a total of 3-5 tog,, ID,; over QAE ion-exchange

“and 46 log, 1D, over immunoaffinity chromatography

[34]. Similay studies'concerning ion-exchange purification
of albumin and other plasma p.mteins have reporied log,,
reduction factors ranging from 2-2 to 5-2 {16,36,37].

* IF the agents responsible for BSE and vCJD share distingt
properties, which are preserved on transmission to humans
and mice, then 301V in mice may be a more suitable model
than scrapie in experiments of this type. Our study with 301V
was designed to allow a comparison to he made with scrapie
263K and we found that the reduction factors for fibrinogen .

© 2004 Blackwell Publishing Ltd. Vor Sanguinis (2004} 86, 92-99
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agent. We used a microsomal fraction [or this purpese, for
two reasons: first, by removing whole cells and [arge fragniears,
the method of preparation was similar to the separation of
plasma from whole blood; and, second, to permit comparison
of the results from this study with those from our carlier
experiments with the serapie agent in which a microsomal
[raction was also used f16,24]. No specific measurements
were performed to characterize the microsomal fraction,
other than to titrate it for TSE infectivity. However, no sig-
nificant TSE reduction has been observed over leucofiltra-
tion, using cither endogenously infected murine plasina [41]
or blood spiked with the microsomal fraction [42], indicating
that, with respect to leucofiliration, the microsomatl [raction
contains PrP of a comparable state to that derived from an
endogenous source, Nevertheless, the extent to which 301V
infectivity from the micesomal fraction represents the vCJD
agent as it would exist naturally at the intermediate stage ol
the factor VI manufacturing process, has still to be estab-
lished. Finally, our measuremehis on the procedure used to
clean the ion-exchange matrix, and our inability to achieve
an exact mass balance, were limited by the sensitivity of the
murine bioassay (Table 2). This was constrained by dilution
af the samples to make them suitable for intracerebral
inoculation, the small volume of sample tested and the
number of animals employed, which was minimized for

Conclusions

This experiment has resulted in a number of important obser-
vations. First we have confinmed that ion-exchange chroma-
tography can substantially rerove a BSE-derived agent
from preparations of fibrinogen and factor VIII concentrate.
Second, most of the added TSE agent remained bound to
the ion-exchange matrix after elution of factor VIIL Third,
the cieaning procedure used to sanitize the ion-exchange
matrix between uses was effective in eliminating a signific-
ant proportion, and possibly all, of the BSE-derived agent
that remained bound after the clution of factor VIIL Finally,
our results were similar o those obtained previously using
hamster-adapted scrapie, suggesting that scrapie 263K
may be a suitable TSE model for using to estimate the

partitioning behaviour of the vCJD agent over ion-exchange

chromatography.
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Removal of TSE agents from blood products

P. R. Foster

Scottish National Blood Tronsfusion Service, Protein Fractionotion Centre, Edinburgh, UK

~ Introduction

Transmissible Spongiform Encephalopathies {TSEs} are
fatal neuro-degenerative disorders, Creutzfeldt-Jakob disease
(CID) in humans is divided into ¢lassical CID (cCID), of which
" there are a number of forms [sporadic, familial, Gerstmann-
Striussler-Scheinker (GSS) syndrome), and variant CJD
(wCJD), the latter probably transmitted by food contaminated
with bovine spongiform encephalopathy (BSE).
cCJD has been transmitted by medical procedures in which
tissues with a high level of infectivity were involved [1] but
transmission by blood products has not been observed [2]
possibly because infectivity in blood is very low. By contrast,
vCJT) has probably been transmitted by transfusion of whole
blood [3] cousistent with experimental transmissions of BSE
between sheep {4]. . _
" The prevalence of ¢CID i§ 0:5-1-0 per million inhabitants
per annum world-wide [5]. About 150 cases of vCIT) have
been recorded, but the subclinical prevalence of infection
in the human population is not known. BSE has been dis-
covered in over 20 countries and it is conceivable that large

- numbers of people have been exposed to infection. Without.

a suitable diagnostic test, the extent to which CJD agents
may be present in blood donations is not known. it is
therefore important to establish the extent to which TSE

agents can be elimjnated during the preparation of blood _

products.
TSE diseases are associated with conversion of prion

protein (PrP} to a pathogenic conformation (PrPSc) that ac-.
cumulates in the brain causing degeneration. TSE agents have -

been found to be highly resistant to physical and chemical
treatments and methods for their inactivation {6] are too
severe to be applied to blood products. Attention has there-
fore concentrated on removal using separations technologies.
PrP'Sc has a number of properties which could be exploited
to separate it from other biological substances; including a

low solubility in aqueous solution, the ready formation -

c_)f aggregates and a tendency to adhere to surfaces [7].

Correspondence: Peter R: Faster, Scottish National Blocd Transfusior
Servica, Protein Fractionation Centre, 21 Elten's Glen Road, Edinburgh, EH17
707, UK )

E-mail: peter.foster@snbts.csa.scotnhsuk

Experimental approaches

Studies on the removal of TSE agents are not straightforward.
Infectivity in blood is very low and the characteristics of the
agent as it exists naturally in blood are not defined. Different
experimental approaches have been adopted and it is neces-

- sary to appreciate their limjtations.

Process scale~-down

Experiments with infective material must be performed in
containment facilities as TSE agents represent a bio-hazard.
This, together with the difficulty of obtaining suitable
infected tissue means that process studies are normally

. undertaken at small volume, typically 10-100 ml, whereas

manufacturing processes operate at 100 s to 1000 s of litres.
For results to be meaningful it is necessary {o simulate the
manufacturing operation reasonably accurately.

Form of TSE agent

Two basic forms of TSE material have been used: blood
obtained from experimentally infected animals [8] and
preparations derived from infectious brain tissue, such as
brain homogenate (BH) '[8}, microsomal fraction (MF) [9],
caveolae-like domains (CLDs) (10} and semipurified PrPSc
[10]. Studies with infected blood are referred to as ‘endo-

- genous’ whilst those using brain-derived material are described .

as ‘exogenous. In endogenous studies, the very low level of
infectivity means that only a small degree of removal at the
beginning of multistep processes can be observed. The higher -
titre of infectivity available in exogenous experiments
enables greater capacities for TSE removal 10 be determined
and more steps considered. However, there is uhcertainty
over the extent to which materials derived from brain
represent TSE agents present naturally in blood.

Strain of TSE agent

Partitioning studies have been undertaken with a number of
TSE strains. Endogenous studies have been performed with
murine-adapted GSS, Fukuoka-1 strain [8], hamster-adapted
scrapie, strain 263K (R. G. Rohwer, unpublished) and murine-
adapted BSE, strain 301 V {HLE. Reichl, unpublished). Exogenous

]
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experiments have employed high titre preparations infected
with hamster-adapted scrapie (strains 263K [9], S¢237 [10} and
ME7 [11]), murine-adapted BSE, 301 V [12} and three strains
of human CJD, vCID, sporadic CID {sCID} and GSS [13].

_ Determination of TSE agents

Twao approaches have been used to determine the degree of
removal of TSE agents: measurement of infectivity by rodent

_bioassay (8,12,14,15) and immuno-chemical determination
of PrPSc using either Western blatting [9,16] or conformation-

" dependent immunoassay (CDI) {10]. Immunoassays are
performed after PrP has been removed by digestion with
proteinase-K (PK), PrPSc being resistant. Immunoassays are
therefore dependent on the effectiveness of PK-digestion and
the assumption that PrPSc is the infective ager{t, or that it
partitions precisely with infectivity.*

Studies on individuat procés_s steps

Leucocyte-filtration

Universal leucocyte-depleting-fltration of blood components
was introduced as a precaution against vCJD transmission
[17] following & réport that B-lymphocytes were crucial to
the pathogenesis of TSE disease [ 18], despite earlier findings
[19). Tn a small-scale study Brown et al. [14] filtered fresh
plasma from symptomatic mice infected with GSS [Fukuoka-
1 strain) using a white cell-reduction filter (Pall PLF1); no
significant reduction in TSE infectivity was observed,
Filtrafion has been studied at full-scale using a whole blood
teucocyte-depleting filter (Pall WBF2) to filter 450 ml of bload
from hamsters infected with scrapie~263K. Although infectivity
was reduced by 45% (R. G. Rohwer, unpublished), this was
within the error of the bioassay. Scrapie-263K was also employed
in an exogenous experiment in which human blood spiked
with MF was filtered using four différent whole bloed filters.
Abnomal fragmentation of red cells occurred suggesting

-

interference by the MF spike; nevertheless, no significant
removal of PrPSc was observed over any of the filters [20].
Consequently, the ability ofieucocyte—depleting filters to remave
TSE agents from blood components has still to be established.

" Protein precipitation

Scparation of proieins according to differences in solubility
is central to the manufacture of many plasma products. TSE
partitioning has been siudied over cryoprecipitation and a
number of cold-ethanol precipitation steps (Table 1). Fraction
[l and Fraction I'V, which are discarded from immunoglobulin
and from albumin, respectively, gave a high degree of TSE
removal. Separation is only achieved when the precipitate
phase is removed from the solution phase. In routine manu-
facture, centrifuge supematantsare clarified by depth filtration
to ensure that the resultant solutions are of uniform quality.

- Such filtration procedures are therefore an important adjunct

to precipitation processes.

Depth filtration

In immunoglobulin manufacture, the supematant remaining
afterremoval of Fraction [li [Supematant IIl) and the solution
obtained when Fraction Il precipitate is re-dissolved are both
subjected to depth filtration. Similarly in the preparation of
albumin, both Supernatant IV and the solution obtained
when Fraction V is re-dissolved are both treated by depth
filtration. In these applications, added infectivity or PrPSc
was removed 1o the limit of detection by Seitz filters, whereas
filters from other manufacturers have given variable results
(Table 2). PrPSc was not removed from Supernatant [ by Seitz
filtration [10], suggesting that the much broader spectrum of
proteins present at this earlier stage of fractionation satur-
ated the relevant binding sites on the filter. There are many

types and grade of depth filter available and more compre-

hensive data are required to better define those suitable for
removal of TSE agents.

Table 1 Remaoval of TSE agents by precipitation,

Foster  Lee Lee Stenland  Vey . Reichl . with 'f:ar:h peocess studied individually
Ref [a] [15.16] [15] {13k [10] n12]
TSE agent 263K 263K 263K vCID Sc237 01V
spike ME BH BH BH BHIMF[CLDIPrPS MEF
* assay Whiot  Wolot bicassay Wblot  CDI - - bioassay
Log,, Redn :
cryopptn 10 10 10 09 0-3/0-2/0-4f2-4
fraction | 1 ‘ 09/0-9/0-7/3-1
fraction 1l + HI 13 > 47 80 36{3-1/31/40
fraction{l) + 11 237 =43 53 : 21
- fraction IV, fiv, z42f241 3746
fraction V 230

32/3-4i32{22

© 2004 Blackwell Publishing Ltd. Vox Sanguinis (2004) 87 {Suppl. 2}, 57510
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Studies on process steps in sequence

As well as characterizing process steps individually, it Is
important te examine steps operated in sequence to deter-
mine if removal by successive steps is additive. The initial

precipitation steps in plasma fractionation have been studied -

.inendogenous [8,14, R. G. Rohwer, unpublished; H. E. Reichl,
unpublished] and in exogenous [8,25_] experiments. The
results (Table 3) demonstrate a progressive reduction of the
TSE agent over successive steps, indicating-that different
precipitation processes can complement one another. When
precipitation was combined with depth filtration {i2], or
where two different filtration procedures were combined
[12,22], the overall degree of TSE removal exceeded that of
the first step but was less than the sum obtained from indi-

vidual steps. These findings indicate that care must be taken -

in interpreting data obtained only from individual steps.

Conclusions

There is a body of data suggesting that processes by which
plasma products are manufactured are capable of removing
TSE agents. Neverthel_éss, there is uncertainty over the
relevance of the spiking materials used in exogenous
experiments and the range of steps studied in endogen'ous
experiments has been restricted. Methods of detection are
limited in sensitivity, and possibly in specificity. Additional
studies are required, with advances in detection, to better
determine the safety of plasma products. '
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Factor VIII and transmissible spongiform encephalopathy:

~the case for safety
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Summary. Haemophilia A is the most common
inherited bleeding disorder, caused by a deficiency
in coagulation factor VIII (FVII). Current treatment
of haemophilia A is based on repeated infusions of
plasma-derived FVIII concentrate or of recombinant
FVIII, which may be exposed to’ plasma-derived
material of human or animal origin used in its tissue
culture production process. We review epidemio-
logical and experimental studies relevant to blood

infectivity in the transmissible spongiform enceph- -
alopathies (TSEs, or ‘prion’. diseases), and evaluate
the hypothetical risk of TSE transmission through
treatment with plasma-derived or recombinant

FVIIL

Keywords: blood, factor VIII, prion disease, safety,

_transmissible spongiform encephalopathy, variant

Creutzfeldt—Jakob disease

Haemophilia and replacement therapy -

According to a survey of the World Federation of
‘Haemophilia, approximately 400.000 individuals
worldwide are affected with hereditary bleeding

disorders that require lifetime therapeutic care..

‘Haemophilia A is the most common bleeding disor-
- der, which affects T : 5000 males and is caused by a
“deficiency or functional defects in coagulation factor
VIII (FVII) [1]. Haemophilia B or Christmas disease

affects 1:30 000 males [2] and is caused by a -

. hereditary ‘defect in” coagulation factor [X (FIX).
Both conditions are X-linked recessive . disorders
caused by mutations in the corresponding genes,
and are passed to the next generation through the
.female line. von Willebrand disease is a rare haem-
orragic condition, inherited in autosomal dominant
" fashion, ¢aused by a deficiency or defect of von
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Willebrand factor (VWF), which leads toa secondaty
deficiency of FVIII (3].

.FVIII is an-essential component of the intrinsic
pathway-of the blood coagulation cascade. It serves
as a cofactor for a serine.protease factor [Xa {FIXa),
which, in its membrane-bound complex (Xase),
activates factor X [4,5]. Activated factor X (FXa)
then participates in the conversion of a zymogen
prothrombin into thrombin, a key enzyme of the
coagulation cascade. Subsequently, thrombin cleaves
fibrinogen to fibrin and' activates FXIII, which leads
to formation of a stable clot. Immedxatc:ly after
release into circulation, FVII binds to vWF to form a
tight noncovalent complex. Association with vWF is
required for maintaining the normal FVIII-level in
circulation and for preventing the interaction of
EVIII with other components of the intrinsic Xase
complex. In addition, vWF protects FVIIl from
inactivation by activated protein C, and activated
FIX and ‘FX. Upon.activation of the FVIIIWWE
complex by thrombin, FVIIL is rapidly released from

the complex with vWF [4,6]. -

While initiation of blood coagulaton is ascribed
to the extrinsic, tissue factor-dependent pathway in
which small amounts of activated factors IX and

X are generated, the intrinsic pathway catalyses

activation of factor X approximately 50-fold more
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efficiently, dramatically amplifying the coagulation
- events triggered by the tissue factor-dependent
pathway {7]. The requirement of a powerful ampli-
fication of the coagulation burst via the FVIH-
dependent intrinsic pathway for maintaining normal
haemostasis explains why the absence of FVII
“disturbs the coagulation process and results in
haemophilia A.

Based on the residual activity of FVIHI in plasma,
haemophilia A is categorized as severe (< 11U dL™
of normal activity), moderate (1-5 IU dL™ of activ-
ity) and mild (5-30 IU dL™!). Clinically, the severe
form of the disease is characterized by spontaneous
recurrent painful bleedings into joints, muscles and
soft tissues, and may result in a chronic and
~ debilitating arthropathy. Haemophilic pseudotu-

mours may occur in bones as a result of repeated

subperiosteal haemorrhages with bony destruction
and new bone formation. More serious complica-
tions and death can result from bleedings into the
intracranial and retroperitonial space.

Current treatment of haemophilia A is based on
correcting functional FVIII deficiency by intravenous
infusions of plasma-derived, affinity-purified and,
more recently, recombinant FVII products [8].
'Plasma-derived concentrates of FVII became avail-
able for the treatment of haemophilia A in the early
1960s and provided a dramatic improvement in the
life expectancy of haemophilic patients {9]. Due to a
relatively short half-life of FVIII in’ circulation (12—
14 h} [10], treatment of haemophilia A requires
repeated {up to three per week) infusions of expen-
sive FVIII products and in cases of severe disease, the
cost of treatment may be as high as US$100 000 per
year. The major disadvantage of -plasma-derived
EFVII therapy was the risk of transmission of
blood-borne viruses, such as hepatitis B and C and
“human immunodeficiency virus [9, 11]. Recombinant
gene technologies offer new therapeutic products
that are considered safer in certain aspects than
plasma-derived concentrates [12-14]. The safety of
plasma-derived concentrates has greatly improved in
the last decade because -of careful donor selection,
screening of donations for infectious viruses, and
enhanced- efficacy of specific antiviral steps in the
manufacturing process [15]. Concerns remain about
* the transmission of thermao-resistant nonlipid-envel-
oped viruses, such as parvovirus [16], which may be’

addressed, in part, by introduction of testing using -

polymerase chain reaction, and the hypothetical risk
of transmission associated with variant Creutzfeldt—

Jakob disease (vCJD} [13].

Haemophilia (2002), 8, 63-75
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Transmissible spongiform encephalopatlues

" or prion diseases

Transmissible spongiform encephalopathies (TSEs or
prion diseases) are a group of rare and always fatal
neurodegenerative disorders that affect both humans
and animals. The animal diseases are sheep scrapie,
bovine spongiform encephalopathy (BSE}, transmis-
sible mink encephalopathy, chronic wasting disease
of deer and elk, feline spongiform encephalopathy
and cncephalopathy of exotic ungulates. In humans,
the TSE manifests itself as a sporadic, hereditary or
acquired disorder. Sporadic Creutzféldt—Jakob dis-

“ease (sCJD) is the most common form, occurring

without known cause at a frequency of approxi-
mately 1 case per million per year (200-250 cases
each year in the US) and represents 85-90% of all -
human TSE cases [17]. Usually, sCJD occurs in late
middle age (average age 60 years) but occasionally -

affects younger people. Approximately 10% of TSE

cases have an hereditary cause linked to pathogenic
mutations in the PRNP gene located on chromosome
20, which encodes the prion protein [18]. This form
includes familial CJD, Gerstmann—Striussler—Schein-
ker discase (GSS) and fatal familial insomnia (EFI)
[17]. Acquired TSE diseases are conditions in which
evidence of human-to-human or animal-to-human
transmission has been documented or suspected.
Kuru, now almost extinct, but an epidemic disease
during the 1950-60s in the endocannibalistic Fore
population of Papua New Guinea, was the first
recognized instance of human-to-human transmis-
sion of a TSE {19). Interest in kuru was rekindled
after emergence of vCJD, because both discases
represent infections by the oral route and predom-
inantly affect younger individuals; the youngest cases |
were in a 4-year-old with kuru {20] and a 12-year-
old with vCjD [21]. Iatrogenic CJD occurs in
modern society as a result of human-to-human
transmission due to various medical procedures such
as injection of contaminated pituitary-derived hor-
mones, transplantation of dura mater and corneal
tissue, and contact with ineffectively decontaminated
surgical instruments. or implanted brain electrodes
[17, 22, 23]. The variant form of CJD was originally
identified in the UK in 1996 [24], where there are
presently 113 cases [25], and has also occurred in
France (five cases) [26,27] and Sicily {one case). Two
additional affected individuals, one in Ireland [28],
and one in Hong Kong [29] had spent time in. the UK
during the BSE epidemic, and it is therefore probable
that they were infected during their residence in the

© 2002 Blackwell Scierice Led



UK. Scientific evidence strongly supports the causal
link between BSE and vCJD [30-33].

Prions as transmissible agents of TSEs

Today it is widely believed that TSEs develop when a
host-encoded normai cell-surface glycoprotein, the
prion protein (PrP normal PtP) changes its confor-
mation to a pathologxcal isoform {PrP>, abnormal
PrP} that accumulates in the brain tissue of afflicted
individuals [34]. Brain tissue of such individuals is

highly infectious when introduced into susceptible -

" species, especially by the intracerebral route of
inoculation. The infectious agents responsible for
the transmission of TSE disease are called prions.

They are apparently devoid of nucleic acid and seem

to be composed exclusively of a conformationally
_ modified abnormal PrP [34], in which the o-helical
content dirninishes and the amount of f-sheet increa-

ses [35]. It is not understood how this conversion

occurs, but studies using transgenic mice have
suggested that another unknown factor is required

[36], and the quest for the discovery of the nature of -

this unknown factor continues.

The physiological function of normal PrP has not .

been yet elucidated but several important observa--
tions imply a possible role in copper metabolism

- [37]. Normal PtP is widely expressed in most tissues -

throughout the body, including organs of the lym-
phoreticular system and blood cells [38-45). In
human blood, the highest level of normal PrP
expression has been. found in mononuclear cells
and platelets [41-46], but a significant amount of
cell-free PrP has also been detected in plasma [47].

TSEs and blood safety

During the past decade, CJD has been the object of
considerable attention from the blood, plasma and
fractionation industries. Initially, concern about the
safety of blood products arose when it became
- apparent that donor pools contained plasma from
patients who later developed CJD. However, several

. observations mitigated the possible risk associated

with the use of such plasma pools. These included:
{1) absence of epidemiological evidence for blood-

related TSE transmission; {2) absence® of definite -

evidence of transmission from experiments when
human blood or blood components were inoculated
intc experimental animals {including chimpanzees);
{3) very low levels of TSE infectivity in blocd,
.- compired to the brain, of rodents experimentally
infected with various strains of prions; and {(4)
efficient reduction of TSE infectivity during valid-

© 2002 Blackwell Science Lid
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ation studies of various steps used in the manufacture
of plasma-derived products: However, new concerns
about the safety of blood and plasma-derived prod-
ucts emerged when vC]JD was identified in the UK-
(48], based upon the fact that the abnormal PrP was
detected in [ympheoreticular tissues, including tonsils,
spleen and lymph nodes in vCJD patients [49-52],

“but not in sCJD patients, and in the appendix of a

preclinical patient who eight months later developed
vCJD [53]; in addition, spleens and tonsils of vCJD
patients are infectious [54]. It has been argued that

‘blood of vCJD patients interacting with lympho-

reticular organs might contain the abnormal PrP and/
or infectious prions. Concern is further heightened by )
the following observations: (1) BSE, causally linked

_to vCJD, has spread through many European

countries; {2) the extent of exposure to BSE, the
soutce and route of transmission, and transmissibil-
ity of different bovine tissues to humans have not
been definitely established, and few epidemiological
data are available to date; (3} the number of vCJD
cases is increasing, and it is impossible to predict
accurately the number of people who may have been
infected with BSE and might develop vCJD in the
future, because the incubation period may vary from
4 to 20 or even 40 years, as found with kuru; (4)
epidemiological data are scarce concerning the risk
of blood-related transmission of vCJD; (5) disease
transmission by transfusion’ of blood from "experi-
mentally BSE-infected sheep has been reported [55];
(6) 'information is incomplete about the distinctive
physico-chemical and biological properties of the
vCJD agent in comparison to the other well-studied
laboratory strains of TSEs; (7) there is no test
available for carly diagnosis of infected individuals;
and (8) validation studies on the removal of TSE
agents (including vC]D) during the manufacturing of
plasma-derived products-have not been completed

~ and verified by different laboratories.

Experimental blood-related. transmission
studies

 Animal-to-animal transmission

TSE infectivity has never been found in blood from
animals with naturally occurring infections (scrapie
in sheep, . BSE in cattle) when inoculated into mice
[56-58]. However, early TSE blood-related trans-
mission studies were not extensive, and employed
only a small number of donor and recipient animals
(Table 1). The low susceptibility of conventional
mice in these studies can be explained by the

" existence of an interspecies barrier. In addition, it is

Haemophilia (2002), 8, 63-75
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Table 1. Transmission studies to detect infectivity in the blood of animals with TSE,

Recipient Route of Positveftotal
Donor species species Inoculum! inoculation donors
Scrapie (natural)
Goat ~ Mouse Blood clot/serum - ie 0/3
Sheep - Mouse Blood clot/serum ic 0/18
BSE (natural) )
‘Cow Mouse Blood ¢lot/serum Lc +ip. 0/2
Cow Mouse Buffy coat ©oLe + Lp. ofz
Scrapie {experimental)
Goat Gaoat Whole blaod i.c. 014
Mouse Mouse Whole blood i.c. 0139’
" Goat Mouse Blood dot i.c. or s.c. . 020
Sheep Mouse . Serum f.c i1
Rat Rat Serum e . ' i1 (podl)
Mouse Mouse Serum i.c, *1/1 {pool)’
Mouse Mouse Whole blood . fe. 313
Hamster Hamster Whole blood i.c. . 0/9 )
Hamster Hamster Blood extrace ic. 5/5 {pools)
Hamster Hamster - Blood extract i.c. 10/11 {pools}
Hamster Hamster® All blood components i.c. . 1/1 {large pool)
. Whole blood i.c. . 25-50%
] " Whote blood iv. < 1%
Mink encephalopathy (experimental)
Mink Mink Serum . ic . 0/1
Mink Mink Whole blood, plasma, red ic. =~ 0/8 (pools)
cells, white cells, platelets '
BSE (experimental) .
Cow Mouse Buffy coat i.c. + Lp. 0/11 (pools}
Cow” Buffy coat i 0/4 (pools)
Mouse Mouse Plasma ie ) 4/48
© Shecp Sheep?® Whole blood iv. 1/19
CID (experimental} o
Guinea pig, Guinea pig Buffy coat L.C., 5.C.y LML, Lp. 10/28
GSS (experimental} . . N
Mouse Mouse Buffy coat. ] ip 4{7 {pools)
Mouse Mouse Buffy coat/plasma i.c. 515 {pools)
Buffy coat/plasma : ’ Lv. 2/2 (pools)
Whole blood ' iv. . 1/20°

!In several of the studies, assays were conducted on serial specimens obtained during both the mcubatmn and clinical phases of disease,
2QOngoing experiments. Citations, for the original studies can be found in [76]. *Brown P & Ccrvcnakova L, unpublished data. ic.,
intracerebral; f.m., mtramuscu]ar i.p., intraperitoneal; i.v., intravenous.

possible that animals with natural disease might have

extremely low levels of TSE infectivity in blood that
are not detectable in inbred mice, and more sensitive
transgenic mice should therefore be used for the
studies, _

In contrast to the negative results observed in
most transmission studies using human "blood and
the blood of animals with ‘natural disease, transmis-’
sions have been consistently achieved when blood or
blood componénts from experimentally TSE-infec-
ted animals, primarily rodents, were used for the

Haemophilia (2002), 8, 63-75
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studies (Table 1). Infectivity has ‘been. found in
blood and blood components during both the
incubation phase of the disease and in clinically ill
animals [59-71]. More regent studies employing
large numbers of animals have reported extremely
low levels of infectivity in bloed, and blood com-
ponents of mice < 100 infectious U mL™?, that is 10*
times less than in the brain) infected with mouse-
adapted GSS strain of human TSEs [66,67] and
hamsters infected with hamster-adapted 263K strain
of scrapie [68-70]. The intravenous route of

© 2002 Blackwell Science Lid
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Posfrotal  Animal Route of Pos.frotal
Diagnosis subjects assay Incculum Inoculation animals Reference
Sporadic CJD 1 Guinea pig Buffy coat i.c. 12 73
Sporadic CJD 1/1 Guinea pig Bufly coat i.c. o/s
’ Hamster Buffy coat i.c. 22
Sporadic CJD 1/3 Mouse Whole blood ic. 213 71
Sporadic CJD 11 Mouse . Leukacytes ic. o/10 . 74
Mouse " Plasma conc. X3 i.c. 378
Sporadic CJD 073 Chimpanzee Whole blood units  i.v. T 03 75
_ Sporadic CJD 0/1 Guinea pig Whole blood i.c, L.p. 0/2
Sporadic CJD on Spider monkey Whole blood Lc, Lv, L.p. 0/3
Sporadic CJD on Squirrel monkey®  Whole blood e, ip, im  0/1
Sporadic CJD 0/4 Squirrel monkey Buify coat i,y Ly, 0/4
hGH iatro. CJD 111 ‘Hamster Whole blood i.c. 14 72
Sporadic CJD 0113 Transgenic mouse  Buffy coat ie. '0/106 Safar et al. 2000
: ' ) Plasma ie 0/56 ) -
Variant CJD 0f7 RIII mouse Buffy coac ic 0/34 T4
Plasma. ic. 0/47 -

“The ransgenic mouse data has not been pubhshed [76] Pos., positive; conc., concentrate.

inoculation was shown to be less efficient than the

intracerebral route of the disease transmission for

both buffy coat and plasma [67], and véry low
transmission rates were achieved by transfusion of
whole blood [70; P. Brown and L. Cervenakova,
vunpublished data).-

"Taken together, these observations permit a con-
fident statement that TSE infectivity occurs in the
blood of experimentally infected animals, however,
the relevance of these data to humans remains the

~ subject of ongoing scientific debate.

- Human-to-animal transmission

‘Attempts to transmit disease from human blood to
animals are summarized in Table 2. Transmission of

human CJD to rodents by intracerebral inoculation
of whole blood [71,72], buffy coat [73] and plasma
[74} has been reported. However, all these studies

‘have been questioned on ‘scientific grounds. In

contrast, a number -of attempts- to transmit the
disease have been made at the National Institutes of
Health (NIH) Laboratory of Central Nervous Sys-
tem Studies [75] with negative results. Blood from
13 CJD patients, inoculated into either primates or
rodents, including transfusion of units of blood
from three sporadic CJD patients into three chim-
panzees, did not transmit the disease. Another large
study conducted recently using transgenic mice
highly susceptible to human disease failed to record
any positive transmissions from buffy coat and

~ ©2002 Blackwell Science Ltd
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plasma collected from 12 sporadic patients and one
patient with familial: CJD {76]. .In addition, no
transmissions resulted from intracerebral inocula-
tion of mice with buffy coat and plasma from four
vCJD patients [54]. More experimental studies
using transgenic mice and norhuman primates have
been initiated. to explore the transmissibility of the
vCJD through blood transfusion and the use of
plasma-derived products. The results of these ongo-
ing studies will help us better evaluate the risk of
transmitting vC]D through blood and blood com-

~ ponents.

Epidemiological blood-:clated Creutzfeldt—

Jakob disease transmission studies

A number of epidemiological studies have evaluated
the risk of 'T'SE transmission by blood or plasma-
derived products. None of these studies has provi-
ded evidence that classical sporadic, familial or
iatrogcnic TSE are transmitted via biood transfusion
or via plasma-derived products. Two systematic
teviews of case-control studies {77,78] have ana-
lysed. data from Japan [79], the UK [80-82]; Europe.
{83], and Australia {84] and found no association
with risk of developmg sporadic CJD from blood
transfusion.

Three studies mvestigatmg the possibility of
human-to-human CJD blood-related transmission
among the most frequently exposed individuals with
genetic bleeding disorders were performed in the US

Haemophilia (2002, 8, 63-75
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[85,86] and UK [87]. In the US study [85], neuro-
pathological examinations of brain tissue from the
few available autopsied patients with haemophilia A
(22 cases), haemophilia B (one case) and von
Wilichrand disease {one case) revealed no features
of CJD. All examined individuals, except one,

received clotting factor concentrates for more than’

10 years; one patient-received cryoprecipitate. Most
of the patients (21 cases} were. HIV positive and the
majority (15 cases) had clinical évidence of CNS
involvement. Brain tissue from two cases was also
" evaluated for.the presence of abnormal PrP; neither
was positive by immunohistochemistry. Analysis of
- national mortality data in the US from 1979 to 1994
“showed no’ evidence of CJD in patients with,
increased exposure to blood or blood products,
- specifically, patients with haemophilia A, haemophi-
. lia’' B, thalassemia and sickle cell disease [86]. In
tesponse to the emerging concern over vCJD, a

recrospective neuropathological examination was
conducted on 35 HIV positive UK hacmophilic-cases
who were treated with clotting factor concentrates

derived from predominantly UK donors during -the -
‘years 1962-95 [87]. No evidence of spongiform -

encephalopathy was found and immunohistochemi-
cal analysis was negative in all cases. [t was conclu-
ded that, at present, there is no evidence of the

transmission of vCJD via clotting factor concentrates -

‘to patients with haemophifia.

An investigational retrospective study has been
conducted by the US Nationa! Blood Data Resource
Center since 1995 {88; personal communication
from M. Sullivan]. Only the classical form of CJD
has been under investigation because no cases of

vCJD have occurred in the US. The study found no

evidence of CJD transmission in 332 transfusion’
recipients of blood components from 23 CJD-impli-
cated dorors. Nane of the 212 (66%) deceased
recipients for whom the cause of death was known
died from CJD, and a subgroup of 120 surviving
recipients {34%) continue to be followed. In addi-
tion, a subgroup of 42 long-term survivors have lived
a minimum of § years after transfusion with no signs
of neurclogical disease; some recipients were trans-
fused as many as 28 years aga, and 17 of these
survivors received componeénts prepared from blood
donated less than 1 year prior to the onset of disease
in the donor. A report from Germany [89] identified
one CJD patient who donated 55 units of blood
during a 20-year period to 27 individuals. None of
18 deceased individuals died from dementia or
neurological causes; nine patients were still alive
- 4-20 years after recewmg transfusions from this
patient, without any sign of mental deterioration.

. Haemophilia (2002}, 8, 63-75
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Six years after the first identified case of vCJD, the
CJD Surveillance Unit in the UK has identified
several vCJD patients who received blood transfu-
stons but none has been linked to a donor who later
developed CJD or vCJD. Of 14 vCJD blood donors,
eight were traced and had donated blood to 22
recipients. Transfused blood components included
whole blood (two recipients), red blood cells (13-
recipients}, buffy-coat teduced red cells {two recip-
ients), fresh-frozen plasma (three recipients), and
cryo-depleted plasma and cryoprecipitate (one
recipient for each component). Plasma donations

. from eight donors had entered plasma pools for the
. manufacturing of therapeutic proteins that were

distributed to thousands of donors [personal com-
munication from R. Will]. At least four blood donors
.who have developed vCJD in the UK have contribu-
ted to pools of plasma used to treat patients with
haemophilia A and B. As a resulc there were two
recalls of product in 1997 and 2000 [C. A. Lee,

unpubllshcd data]. '

‘Developments in diagnostic screening tests
for Creutzfeldt-Jakob disease

. Most of the uncertainties about the risk of trans-

mission of CJD through blood or plasma-derived
products could be resolved by an accurate test for
the ‘early detection of infected individuals or identi-
fication of contaminated blood or plasma pools, but
abnormal prions have never been detected in blood-
of presymptomatic or symptomatic individuals, and
the level of normal PtP in plasma of CJD patients is
no greater than in patients with other neurological
diseases or healthy control individuals [90]). Unti}
recently, other body fluids {except the cerebrospinal
fluid) have not been used for detection. of PrP, but a
promising discovery has recently been reported by
Shaked et al [91] who detected the presence of
abnormal PP in the urine of experlmental hamsters

- infected with prions long before the appearance of

clinical signs. Abnormal PrP was also detected in the
urine of cattle with BSE and in symptomatic humans

 afflicted with 4 genetic form of CJD. The value

of this technique as a diagnostic tool will need to
be validated by other independent laboratories.
Another encouraging observation was.recently made
{92] by the discovery that levels of an erythroid
differentiation-related factor -(EDRF) transcript was
decreased in the spleens of scrapie-infected mice in
both the preclinical and clinical phase of the disease
and in -the blood of terminally ifl animals. A
significant decrease in the expression level was also
observed in the bone marrow of cattle with early
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" signs of BSE and in whole blood of sheep with
scrapie. Further apalysis of mouse bone marrow
revealed that EDRF is expressed in maturing eryth-
roid cells. Preliminary analysis of normal human
blood revealed EDRE expression in the nonlympho-
cyte fraction, and future studies will be required to
determine. whether EDRF might be used as a
diagnostic marker of human TSEs.

Extensive reviews have recently been published on
progress in the development of diagnostic screening
tests for CJD by different laboratories [76,93]. All

-assays were aimed at detesting the presence of
abnormal PrP as an indicator of TSE infection, and
all except one were based on an immunological
approach using appropriate PrP-specific antibodies.
The ‘sensitivity of classical immunoblotting assays
has been significantly improved [52,93,94], varia-

tions of dissociation-enhanced lanthanide flioroim-.

munoassay (DELFIA) have been introduced [95, 96],
and new advanced technologies such as UV-fluores-
cence spectroscopy [97], capillary electrophoresis
[98,99] and confocal laser spectroscopy [100] have

been applied. None of these assays has yet achieved .

the required sensitivity to detect picogram levels
- - of abnormal PtP equivalent to approximately 10—
20 U mL™", the estimated maximum -concentration
of infectivity in buffy coat during the preclinical
phase of disease in experimental transmission studies

[76]. One group reported the detection of abnormal

PrP in blood from scrapie-infected sheep [99], but we
have not been able to identify the presence of
abnormal PrP in the blood of CJD-infected chimpan-
zees or humans afflicted with TSEs using this
approach [Cervenakova et al., unpublished data). A
potentially important discovery has been made by
Saborio et al. [101] who reported that pulse sonica-
tion could convert in wvitro normal PrP into a
* protease-resistant, abnormal PrP-like isoform in the
" presence of tiny quantities of the abnormal PrP
template. Conceptually this procedure is analogous
" to polymerase chain reaction amplification; the initial
templates of abnormal PrP aggregate with normal
PrP to form new abnormal aggregates that are then
: disrupted by sonication to form smaller abnormal
PrP units for continued formation of new abnormal
molecules. This method * yielded approximately
30 times more abnormal PrP (250 pg or 8.3 x
10~ mol) compared to the input amount (6-12 pg
or 0.2-0.4 x 1075 mol). It may be possible by this
novel approach to amplify a subthreshold amount of
abnormal PrP from blood to detectable levels.

 One problem that the field faces today is the
absence of a high-affinity reagent that would specif-

ically recognize only abnormal PrP, Recently, plasmi--
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nogen, a protein of the fibrinolytic system present in

. blood, which has also been implicated in neuronal

excitotoxicity, has been identified as the first natur-
ally occurring protein that may specifically bind full-
length native abnormal PrP from brain tissue of
multiple species [102, 103]. Eatlier, a protocadherin-
2 was identified as a cellular receptor of high affinity
(Kd < 25 nmol) for both normal and abnormal
forms of PrP [104; personal communication from
N. Cashman]. Ideally, the use -of these or other
reagents with similar properties, in combination with
various approaches such as in wvitro amplification,
may achieve a concentration of abnormal PiP to
levels that could be detected by presently available
methods, and also find use in the removal of
infectious TSE agents from -blood and plasma- -

" detived products.

 Removal of TSE agents/prions during

the manufacturing process of plasma-derived
Products

To define the risk. of vCJD being transmitted by
plasma-derived therapeutic products, it is first neces-
sary to define the partition of infectivity through the
various separation steps used in the manufacture of
plasma. products. Two approaches are possible for
validation studies: (1} use of plasma of experiment-
ally infected animals (endogenous infected plasma)

_containing low levels of infectivity that can be

detected only in bioassays; and (2) use of brdin
tissue (or tissue extract) from infected animals or
humans as an_ infectivity ‘spike’ to evaluate the
clearance of TSE infectivity in bioassays, or of
abnormal PrP by an immunological method, for
example Western blot [94,105,106] or conforma-
tion-dependent immunoassay (CDI} {95].

Two experitments have evaluated partitioning of
endogenous TSE infectivity in plasma collected -
from clinically ill mice infected with mouse-adapted
human TSE during Cohn fractionation, modified
for small volumes {66,67]. The TSE infectivity was
partitioned into various fractions using cold preci-
pitation and different ethanol concentrations and
pH. Even though some of the infectivity partitioned
into cryoprecipitate, used by most manufacturers to .
produce FVIIL, the level of infectivity was more
than 10-fold lower than in plasma, and several log
orders lower than levels in the brains of clinically

"ill animals. These very low levels of infectivity did

not allow an evaluation of the removal capability
of various steps. Therefore, most validation studies
have been performed using the “spiking’ approach,
which has documented a significant degree of
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abnormal PrP removal during precipitation, ad-
sorption/desoiption steps, including anion and
cation exchange chromatography, hydrophobic
interaction chromatography, nonspecific adsorp-
tion, and multiple ion-exchange procedures [106,
107].

Brown et al. [66] studied the partitioning of TSE
infectivity during the modified Cohn fractionation
of plasma separated from human blood ‘spiked’
with hamster-adapted 263K scrapie strain. Only a
small proportion of the infectivity {3%) was recov-’
ered in plasma and only 0.71% and 0.86% in
cryoprecipitate and fraction I+ II + III. Table 3°
shows the efficiency of TSE infectivity and prion
removal by various steps used for manufacture of
FVIIL Lee et al. [94,105] performed validation
studies of certain plasma-purification steps used by -
Bayer for the manufacture of plasma-derived theéra-
peutic proteins. Their principle purification steps for
manufacture of FVIII (Koate DVI) employ multiple
precipitations and size exclusion chromatography
f106]. Two validated manufacture steps, cryo- pre-
cipitation and PEG precipitation, together removed
Foster [107]-
- calculated the cumulative removal efficiency of -
smultiple steps employed by SNBT Protein Fraction-
ation Centre {Edinburgh, UK} during the manufac-
ture of plasma products, by. analysing published
data on the removal capacity of various steps. A 4
logyo IDsg reduction of TSE infectivity dutring the .
manufacturing of the FVII concentrate, Liberate®
was shown. In.a subsequent large experimental. -
study Foster et al. [108] showed a 6.8 logyo

cumulative reduction of abnormal PrP by four main
steps {cryaprecipitation, precipitation and adsorp-
tion of cryoprecipitate extract, ion exchange chro-
matography and membrane filtration) used in the
production of FVIIIL

Some of these same issues have been addressed in
an extensive study conducted recently by Aventis
Behring [109]. The company uses multiple precipita-

- tion steps- during the manufacture. of Haemate P

(equivalent to Haemate HS), and ion-exchange chro-
matography for the manufacture of Beriate P (equiv- -
alent to Beriate HS) [106]. The study evaluated. the
efficiency of TSE removal by various: precipitation
steps, using four different spikes prepared from the
brain tissue of hamsters infected with 5¢237 strain of
scrapie, and compared the partitioning of various
prion strains, including vCJD. The question of proper
spiking material for inactivation/removal experi-
ments is important because the physico-chemical
state of the agent, should one exist in human blood, is

not known. Removal of less than- 1 logyg of PrP was’

achieved by cryoprecipitation and a precipitation step

utilizing 8% ethanol when plasma was spiked with -
‘any of three different materials, brain homogenate,

microsomal membranes and caveolae-like domains.
Howrever, significantly more removal was achieved
for cryoprecipitate (2.4 logio} and $% ethanol
precipitate (3.1 logyo} when purified abnormal PrP
was used as a ‘spike’ [109].

Removal of TSE infectivity has also been documen-

. ted in a validation study of the American Red Cross/

Baxter manufacturing process used for preparation of
coagulation factor VIII concentrates {Red Cross’.

Table 3.- Efficiency of prion protein andfor TSE infectivity removal by various' steps used in manufacture of plasma-derived factor VIIL

. Spiking marterial: hamstee Detection PP o infectivity
Validated manufacturing steps scrapie’ method reduction factor " Company
Cryoprecipitation, precipitacion and 263K: microsomal fraction Western blot 6.3 logyy SNBTS Protein '
adsorption, SD treatment and * Fractionation
ion-exchange chromatogeaphy,’ Centre {108]

membrane filtration

Cryoprecipitation and 263K: brain-homogenate

cryoprecipitate/PEG separation
Cryoprecipitation '
$c237: Purified PcP5

Ethanol precipitation 8%

$c237; Purified PeP™

FVII immunoaffinity column

263K: Brain homogenate
ion-exchange chromatography [(109] -

5c237: brain homog;:natc,
microsomal fraction,CLDs?

8c237: Brain homogenate,
microsomal fracdon, CLDs

Western blot 2.23 logio mL™! Bayer [105]

Bioassay 3.0 log LD s mL™!

Conformation- < 1 logo Aventis-
dependent Behring [109]
immunoassay 2.4 loggy '

‘ < 1 loggg
' 31 lOgm
Bioassay 4.57 log LDso mL™"  American Red

3.47 log LDy mL ™! Cross/Baxter {110]

"Hamster-adapted scrapie (263K ar $c237); 2CLD, caveola-like domaing; *sum of all steps tested.
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MONARC-M™ and Baxter’s Hemofil M). For
validation of the efficiency of two main manufactur-
ing steps {monoclonal antibody affinity chromato-
graphy and ion exchange chromatography),
cryoprecipitate suspension and fresh eluate from the
immunoaffinity column were spiked with 263 K
scrapie strain [106). The results showed removal of
4.57 logys IDse by the anti-FVIIL immunoaffinity

chromatography, and of 3.47 log;o ID s by Q-Sepha-

rose chromatography, for a total removal of 8.04
log1o IDs¢ by the complete process [110].

Taken together, accumulated data provide strong
evidence that a substantial amount of TSE infectivity
-could be removed by the steps used during the
manufacturing of coagulation factors. These data
agree with the failure of epidemiological studies to
identify iatrogenic blood-related transmission of
_TSEs. Mare studies are under way to address the
. safety issues associated with vCJD, not only for
¢oagulation factors, but.also for other plasma-
derived therapeutics. Hopefully, the combination of
different approaches and new developments in
detection andfor removal methodologies for TSE
‘infectivity will lead to even greater safety in regard
to the still theoretical risk of iatrogenic transmission

of vCJD through blood transfusxon and plasma-

derived products.

Conclusion

Treatment of haemophilic patients with high-quality
therapeutics, and the elimination of risks associated
with blood-transmitted diseases, deserves our highest
priority. The emergence of vCJD in the UK has
produced a new, albeit hypothetical, risk of infection
for haemophiliac patients treated with coagulation
factors, and some evidence suggests that the TSE

agent causing vCJD might be more invasive to
lymphoreticular tissue than classical CJD. Without -

a reliable diagnostic test for selection of donors and
testing of blood products, a donor deferral policy
will remain the main preventive measure. Producers.

of plasma-derived therapeutics, including FVIIL, are
working toward the development of appropriate
- methods to assure the removal of the vCJD agent/ -

infectivity, if presenc in human blood. Treatment of
haemophiliac patients’ with recombinant FVII may

" Further decreasé the possible risk of human-to- .

‘human vCJD transmission. However, in the absence
of available recombinant products, the hypothetical
risk of vCJD from plasma products is surely out-
. weighed by the real risk of inadequate medical
treatmernt.
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-Abstract

. Background and Ob;ect.rves To identify if any process

steps used in plasma fractionation ' may have a capabili-
ty of removing agents of human transmissible spongi-
form encephalopathy (TSE). Materials and Methods:

‘Sixteen fractionation steps were investigated separately

by adding a preparation of hamster ‘adapted scrapie
263K to the starting material at each process step and
determining the distribution into resultant fractions of
protease-K-resistant {abnormal} prion protein by West-
ern blot analysis. Results: A number of process opera-
tions were found to remove abnormal prion protein to

the limit of detection of the assay. These were cold -
"ethanol precipitation. of fraction 1V {log reduction, LR,

. =3.0} and a depth filtration (LR = 4.9) in the albumin

process: cold ethanol fraction 14l precipitation (LR

- =23.7) and a depth filtration (LR =2.8} in the im-

munoglobulin processes and adsorption with DEAE-

_Toyopearl 650M ion exchanger (LR = 3.5} in the fibrino-

gen process. In addition, a substantial dégree of
removal of abnormal prion protein was observed across
DEAE-Tayopearl 650M ion exchange {LR = 3.1) used in
the preparation_ of factor-VIll concentrate; DEAE-cellu-
lose ion exchange {LR ="3.0) and DEAE-sepharose ion
exchange (LR = 3.0) used in the preparation of factor-IX
concentrates and S-sepharose ion exchange (LR = 2.9)
used in the preparation of thrombin. Conclusions:Plas-
ma-fractionation processes used in-the manufacture of

'alburr{in, 'immunogiobulins, factor-VIll concentrate, 1

tor-IX concentrates, fibrinogen and thrombin all com
steps which may. be capable of removing causai
agents of human TSEs.

_ Copyright @ 2000 S. Karger AG,

- Introduction

The fatal neurodegenerative disorder Creutzfeldt-Ja
disease (CJD) has been transmitted iatrogenically vi
number of routes [1] suggesting the possibility that
causative agent might also be transmissible by blood pr
ucts [2]. The identification of a new form of human tre
missible spongiform encephalopathy (TSE), ‘new vau
CID (vCID) [3, 4], confirmation of an association with
agent of bovine spongiform encephalopathy (BSE) {5
and evidence that the distribution of the agent of vCIL
human tissues may differ from that of classical CJD [7
led to increased concern that vCJD may be transmissi
by plasma products {9]. Consequently, as a. precaution
measure, the UK government decided to ban the fractio
tion of plasma donated in the UK {10] and replaced 1
with plasma purchased outside the UK. Despite this
portation of -plasma, the risk of transmission of vCID

_mains to be defined for those patients who previously |

been treated with plasma products der:ved from
donors.
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phosphate (5 ruM) at pH 6.2. Factor 11, 1X and X solution {210 ml)
was applied to the column, which was then treated with 150 ml wash
buffer, all at a flow rate of 8.4 ml/min, followed by 10 mi of waush
bufter + 280 mM sodium chloride at 1.9 ml/min. Factor X was elut-
ed using 100 ml wash buffer +360 m# sodium chloride, pH 7.8 at 1.9
ml/min. ’

Solvent-Detergent Treatment and Affinity Chromatography of

Facior X (Step (2)

Microsamal inoculum ({0 ml) was added to a solution of factor [X
{108 m) which had been prepared by diluting 36 mi of factor [X elu-
ate {step 11) with 72 ml of a solution of citrate (20 mM) + arginine
(4.5 g/, at pH 7.55. Tri(n-butyl)phosphaie and Tween-80 were added
to 108 ml of “spiked” factor [X solution to achieve a final concentra-
tions of 0.3 and 1%, respectively {24, the mixture stimed at 25°C for
19 b, then purified by affinity chromategraphy based on the method of
Burnouf et al, {25]). 30 mi heparin-sepharose FF (Pharmacia) was
packed. into a 26-mm diameter chromatography column (XK 26/20,
Pharmacia) using 20 mM citrate. The solvent-detergent (SD}-treated
factor IX mixture was applied (o the column, the bed washed with 100
ml of 20 m citrate. treated with 100 mi of 20 m#f citrate + 200 mM
sodium chloride and factor IX then eluted with 100 ml of a solution of
citrate (20 mM) + arginine (4.5 g/1) + sodium chloride (500 mA), all
at a flow rate of 3.1 ml/min,

8D Treatment and fon Exchange Chromatography of Thrombin
(Step 13}
Mierosomal inoculum (9.5 ml} ‘was added to an unpurified solu-
tion of thrombin (197 ml)}, which had been prepared by calcium acti-
-vation of the factor II, IX and X eluate (fig. 1; step 2) according to the
method of MacGregor et al. [26]. Tri{n-butyl)phosphate and Tween-
80 were added to achieve final concentrations of 0.3 and_1.0%, re-
spectively, and the mixture stirred at 25 °C for 19 h prior to purifica-
tion of thrombin by ion exchange chromatography. 20-m! S-sepharose
(Pharmacia) was packed into a 26-mm diameter chromatography col-
umn (XK 26/10, Pharmacia) and washed with 20 'mM trisodium cit-
. rate (80.ml} at pH 6.5. The SD-treated thrombin mixture was applied
to the column at a flow rate of 8.5 ml/min; the column was washed
with 200 m! trisodium.citrate (20 mM) and thrombia was then eluted
with 80 ml of trisodium citrate (20 mM) + sodium chloride {500 maf)
at a flow rate of 4.2 ml/min.

Precipitation and Adsorption of Cryoprecipitate Extract

(Step 14) .

Microsomal inoculum (9.5 mi) was added to cryoprecipitate ex-
tract {215 ml) which had bepn prepared by resuspending 48 g of
frozen washed cryoprecipitate in 20 mAf Tris {168 ml) at 20°C. The
pH of the extract was adjusted to 6.7 and zinc precipitant (zinc acetate
+ sodium chloride + trisodium citrate + heparin) added to obtain final
concentrations of 0.5 mM zinc, [ mM citrate and 2.5 [Ufml heparin.
The mixtore was stirred for 5 min at 20°C, aluminium hydroxide (Al-
hydrogel, Superfos, Copenhagen, Denmark) was added to a fipal con-
centration of 5%; after stirring for a further 15 min, the suspension
was centrifuged at 5,500 g for 15 min at 20°C to recover the super-
natant, which was then formulated to 20 mM tosodium citrate and
2.5 mM calclum chioride. : ’

90 Vox Sang 2000;78:86-95
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5D Treatment and lon Exchange Chromatography for
Factor VI and Fibrinogen (Step 15) ’

. Microsomal tnoculum (10 ml) was added to a solution of fact
VIIL (104 ml) of intermediate purity, containing 20 mM trisodium ¢
rate, 2.5 mM caictum chloride, 109 mM sodium chioride, 4.5% w
suctose, 0.3% tritn-butylyphosphate and 19 Tween-80. The mixt
was incubated with stirting at 25°C for {7 h prior to purification
factor VII by ion exchange chromutography [27]. 14 m] DEA
Tayopearl 650M (TosoHaaus GmbH, Stuttgart, Germany) was pack
into a 10-mm diameter column (CLO/20, Pharmacia) using 2 M sot
um chloride and equilibrated with [0 ml of bulfer containing [
mM glycine, 16 mM Iysine, [0 mM trisodium citrate, | mM caleiu
chioride and 110 mM sodium chioride at pH 7.0. The SD-treated Fa
tar VI solution was applied to the column foltowed by 30 ml equi
bration bufler and 45 ml equilibration bulier raised (© 145 mM soc
um chloride, ali at a flow rate of 1.3 mlmin. Factor VUI was th
eluted using 26 mi ol cquilibration bulfer ruised to 250 mM sodin
chloride, at 2 flow rate of (.8 ml/min. A sumple was also taken of
flowthrough {unadsorbed fraction) from the starting material, as th
fraction is used in the manufacture of fibrinogen (fig. 1).

Membrane Filtratient of Factor VI (Step 16)

Microsomal inoculum (9.7 ml} wus added to Tactor VIl solutic
(105.4 ml) with a total protein content of 0.43 g/l. which had been fo
mulated in elution buffer (step 15) plus (.1 % wiv sucrase. Two mer
brane filters (47-mm discs, Durapore (145 (um and .22 pm, Mill
pore} were assembled in series and primed with 12 mi formulatic
buffer, prior to filtration of factor VI solution at a rate of 6.4 ml/mi
Filtration was halted, due to blockage of the filters, afier 40 ml of tl
*spiked’ factor VIil solution had been processed. The analysis of th
step was therefore based on the 40 ml of starting material that was a
tually filtered. ; ]

All samples taken were adjusted to upprbximalely pH 7.4, if ne
essary, and store at < —70°C pending analysis. Negative control san
ples consisted of samples of each starting material taken prior to
addition of microsomal ineculum und samples of fractions obtaine
from equivalent processing carried out without addition of micros:
mal inocuium.

Western Blor Determination of PrPse

. In order to reduce the background signals in the Western blots, a
process samples were uliracentrifuged to pelfet the PrP3« fibils, fo
lowed by re-suspension in PBS. For Western blot analysis, two 50-|
aliquots of each sample were incubated at 37°C for | h, one in i
presence of protease-K (1 pl ; 50 pg/ml) and the other serving as 2
undigested control. Afier the addition of an equal volume of SD
boiling mix (10% SDS; 50 mM Tris/HCI, pH 6.5: containing B-me
captoethanol), antigens were denatured by incubation in boiling wate
for 3 min. 30 pl of each sample was then loaded onto g Tris-base
12% polyacrylamide gel (Bio-Raud), and the gels electrophoresed :
150 V until the blue marker was ~1 cm from the bottom of the ge
Pre-stained molecular weight standards were run on the gel to Tacil
tate accurate identification of the size of the immunolabelled band:
Proteins were transferred to Imobilon-P using a semi-dry blotting prc
cedure, and the membranes washed in TTBS (25 mAf Trs-HCI, pl
7.6, 0.05% Tween 20 and 0.5 mM NaCl) Tor approximately 10 mi
followed by blecking with TTBS containing 5% skimmed milk pow
der (Marvel) for approximately | h. PrP protein was detected usin
the monoclona) antibody 3F4 specific for hamster PeP [28]. This anti
body (supplied by Senetek PLC) reacts with residues 109-12 Pi
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Table 2. Removal of PrPS in the prepara-

tion of high purity factor VIII (Liberate®) Process step M. M
and fibrinogen CFt - RFe CF R
| Cryoprecipitation 1.7 1.0 o L7 1

14 Zine precipitation + Al (OH), adsorption 20 1.7 20 1.
15 SD* + DEAE Tyopeuarl 650 M chromatography 3% 3 =41 =
16 Membrane filtration (.45 wo/0.22 pm) 1.6 10 nide ]
a Number of process step in lowshect ([Ty. t),
b PrP% clearance factor (log).
¢ PP reduction Gector (logyp).
¢ Solvent-detergent treatment.
¢ Nat determined.

Tabie 3. Removal of PcP5 in the prepara-

m prep Process step® Factor [X FHL 1X and X Thrombir

tion of high purity factor [X concentrale
(HIPFIX®), factor 1X complex

CFd  RF¢ CF RF CF RE

(HTDEFIX®) and thrombin ) ..
. 1" Cryoprecipitation

<L) <10 <10 <10 <L0 <

2 DEAE-cellulose adsorption 28 3.0 28 3.0 28 3L

11 DEAE-sepharose chromatography 44 30 nfad nfa nfa  ofa

- 12 SD¢ + heparin-sepharose chromatogeaphy 2.7 1.4 nfa  nfa nfa  nh
16 SD + S-sepharose chromatography nfa n/a na a/fa 3329

» Number of process ‘step in Nowsheet (fig. 1).
b PrPSe clearance factor (loggy).
©  PrP® reduction factor (log ).

¢ Not applicable,

¢ Solvent-detergent treatment.

Table 4. Distribution of PrPS* by precipita-

Precipitation conditions % distribution® of Prf*

tion Process step*
ethanol pH temperature time  precipitate supemata
Yo - °C n
I Cryoprecipitation - - - - 10 96
3 Frl4TI+0I precipitation 21 670 -5.0 15 84.4 4.7
4 FrlV precipitation 35 555 5.0 17 >100 - <01
8 Pri+II precipitation 8 5.10 =25 e >1{00 <002
- 84 Frl+IH precipitation 12 510 =25 - 16 > 100 A <0.02

P

o

¢ Process step used in
¢ Process step used in

Number of process step in flowsheet (fig. L).
1009 = Total PrP% measured in feedstock prior to precipitation.

the preparatios of immunoglobuling {or intrantuscular administratio
the preparation of immunoglobulins for intravenous administration.

ly 2 small proportion of PrPS¢ could be accounted for in
samples taken over chromatographic procedures, e.g., about
'0.1% at steps 2, [T and 13 {table 3). It is possible that Prpsc
may have partitiongd into wash fractions which were not
sampled; however, it seems rnore probabile, given its adher-

a2 Vox Sang 2000578:86-95
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ent nature [16], that most PrPS¢ remained adsorbed to chro
matographic matrices following product elution.

The contribution made by each step in an overall proces:
will be dependent on whether or not different steps are com
plementary to one another. As each procéss step was exam

Foster/Welch/McLean/Griffin/Hardy/
Bartley/MacDonald/Bailey




Partitioning over cryoprecipitation is less clear. On pro-
cessing plasma from mice experimentatly infected with a
human TSE, the infectivity appeared to partition primarily
into the cryoprecipitate, whilst in the comparative exoge-
nous experiment using human blood ‘spiked’ with scrapie
263K, 8.1 logiy LDsy remained in plasma, but only 0.7% of
this infectivity was detectled in the cryoprecipitate [30]. In a
subsequent larger-volume endogenous experiment, using
blood from scrapie-infected hamsters, Rohwer {38] has es-
timaled that about 20% of the plasma infectivity partitioned
into cryoprecipitate.. By contrast Petteway.et al. {31], using
human plasma to which scrapie 263K brain homogenate
was added, reported that 90% of PrPSt partitioned into the
cryoprecipitate. Our finding that about 10% of the scrapie
263K PrP%c added to human plasma partitioned tito cryo-
precipitate (table 4) is reasonably comparable with Rohw-
er's {38] figure of 20% from his larger-volume endogenous
model,'suggesting that the microsomal inoculum used in
our study behaved similarly to a TSE agent present natural-
ly in plasma. However, it is also possible that some of the
different results reported may simply reflect variations be-
tween different manufacturer’s procedures for the prepara-
tion of cryoprecipitate, rather than differences in the nature
of the infective materials used. ,

Little information is available on the behaviour of TSE
agents in chromatographic separations currently used in
plasma fractionation. Drohan [34], in a study of factor VIII
processing, has reported logio RFs of 4.4 and 6.3 for im-
munoaffinity and ion exchange chromatography, respec-
tively, using a 10% brain homogenate of hamster-adapted
scrapie as the inoculum and with infectivity determined by
bioassay. Additional chromatographic data are available
from a variety of different bio-process industries [13, 14,
16, 39, 40] with log,o RFs ranging from 2.2 to 5.5. Our re-
sults on ion exchange are within this range, with essentially
no difference being observed between anion exchange and
cation exchange or between different ion exchange matrices
(table 3). The somewhat smaller. degree of PrPSc reduction
observed over heparin-affinity chromatography (table 3;
step 12) may have been due to a smaller charge difference,
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suMMARY, Although there is no evidence that ciassical
CID (cCID) can be transmitted by human bloed or blood
products in clinical practice, uncertainties surrounding
new variant CJD (nvCJID) have led to the safety of
plasma products derived from UK donors being ques-
tioned. To better define whether.or not there is a risk of
nvCID being transmitted it is nccessary to determine
how the causative agent would partition across the
separatlons processes used in the plcparauon of plasmd
“products.

The' abnormal prion protein which is '1ssocmtcd with
transmissible spongiform encephalopathies (TSEs), such
. as CJD, has a'low solubility, a high tendency to form
aggregates and adheres to surfaces readily. If the physico-
chemical properties of the agent of nvCJID are similar to

those of abnormal prion protein then nvCID may be

removed by precipitation and adsorption technologies
used in plasma fractionation.

Available data on the removal of TSE agents by such
bioprocess ‘technologies have been used to estimate the
potential degree of reduction expected from each step in
the plasma fractionation processes used by the SNBTS.
The -overall process reduction . factors estimated are:
10" (albumin), 10° (immunoglobulins), 107 (factor IX,
thronibin), 10° (fibrinogen), 10" (factor VIII) and 10°
(factor II, IX and X); however, it will be necessary to
establish the accuracy of these estimates by practical
validation studies.

Key words: Creutzfeldt-Jakob disease, new variant CJID,
partitioning of CJD/scrapie, plasina fractionation, plasma '
products.

Transmissible spongiform encephalopathies (TSEs) are a
group of fatal neurodegenerative disorders including
scrapie in sheep, bovine spongiform encephalopathy
(BSE) in cattle and Creutzfeldt—Jakob disease {CID) in
humans (Baker & Ridley, 1996). CID is a rare disease
which occurs uniformly world-wide, with an incidence of
about 1 per 10 persons per annum. A new form of TSE

in humans, termed new variant CID (nvCID), was first

identified in 1996 in the UK and .is believed to have
resulted from the consumption of central nervous tissue
from BSE-infected animals which entered the human
food chain (Will er af., 1996). The current clinical
incidence of nvCJD in the UK is about 0-2 per 10°
persons per annum (Scottish Centre for Infection &
Environmental Health, 1998) but, in the absence of a
suitable diagnostic procedure, the subclinicat prcvaiencc
of the infection is not known.
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SNBTS Protein Fraclionation Centre, 21 Ellen's Glen Road,
Edinburgh EH17 7QT, UK. Tel: 44 131 5840/5700; {ax: 44 131 536
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. Transmission of CJD by human growth hormone -
derived from humai pituitary glands and by other med-
ical procedures (Brown-ef af., 1992) has led to concerns |
that BSE could be transmitted by medicinal products
111anpfactured using bovine substances (CPMP, 1992)

_and that CJD ‘may be transmissible by products derived

from infected blood donors (Esmonde ef af., 1993).

A number of studies have been undertaken to deter-
mine whether or not CJD has been transmitted by blood
or plasmia products, with no evidence of transmission
being found to date (Brown, 1995; Ricketts et al., 1997;
Evatt ef of., 1998; Evatt, 1998). This apparent absence of
CID transmission could be due to the disease not being
transmissible by blood or hlood products in clinical
practice, the low prevalence of the discase in the blood
donor populatien, the absence or low concentration of the
CID agent in plasma for fractionation, the removal of the
causative agent of CID by the processes used to manu-
facture human plasma products or to a long incubation
period for the disease in recipients.

Because of uncertainty over the safety of plasma

3
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products in this regard, the FDA decided that baiches of
plasma products must be recalled where a donor had been
diagnosed with CID or was at increased risk of CID

(FDA, 1995). In the 12 months to 30 March 1998, the

FDA recalled 175 batches of albumin products, 83
batches of immunoglobulins and 11 batches of coagula-
_ tion factor concentrates on this basis. This extent of
plasma product recall in North America resulted in
shortages of critical therapeutic products (FDA, 1998a).
Subsequently, the FDA position was revised to recom-
mend the recall of products only where a donor had
developed nvCJD (FDA, 1998b). In Europe, plasma
products do not require to be recalled on the basis of
classical CID (¢CID), but a decision was taken {0 recall
batches where nvCID has been diagnosed in-a contribut-
ing donor {CPMP, 1998). Three such UK donors were
identified in 1997 and the subsequent pioduct recalls,
the lack of knowledge of the prevalence of subclinical

nvCID in the UK population together with some evidence -

that the distribution of nvCID in human fissues may
differ from that of ¢CID (Hill et al., 1997) resulted in the
safety of plasma products derived from UK donors being
questioned (L.udlam, 1997} and ultimately to a-decision
by the UK Government o ban the manufacture of plasma
derivatives from plasma collected in the UK, as a pre-
cautionary measure {Warden, 1993).

In order to define the risk of either ¢CID or nvCID
being transmiitted by plasma products it is necessary to
determine how the causative agents would partition across
the separations processes that are employed in the manu-
facture of plasma products. The effect of pharmaceutical
manufaciuring procedures on TSE agents is normally
assessed by challenging a scaled-down wversion of the
- process with a high titre of a defined strain of a rodent
adapted scrapie agent and measuring the infectivity of
samples, taken before and after processing, by intra-
cerebral injection in animals. Such studies take a long
time to complete and, because of the high costs involved,
tend to be restricted to a small number of key process
steps rather than a comprehensive examination of the
complete manuafacturing process. For example, in a
study of the process used to mannfacture Trasylol®, the
examination of four individual process steps consumed
1600 mice and tock 3 years to complete (Kozak ef al.,

1996). -
" TSE agents are highly resistant to inactivation (Taylor,
1996) and therefore, for-protein pharmaceuticals, it is
their physical removal that is of particular interest.
Preliminary data on TSE agent partitioning have been
reported for some selected process steps used in the
fractionation of human plasma using a rodent adapted
strain of a human TSE agent (Brown et al., 1998) and a
rodent adapted strain of the scrapie ageat (Brown et al.,
1998; Petteway ez al., 1998), but the outcomes expected
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over a complete plasma fractionation process have :
yet been described. In the absence of comprehens
measurements of TSE agent partitioning across plas
fractionation processes, the behaviour of nvCID can
estimated only by extrapolation of data obtained fr
siimilar biopharmaceutical process operations. ‘A pro
sional assessment of how TSE agents might be expec

" to partition during plasma fractionation has been ms
on this basis.

- PLASMA FRACTIONATION

The Scottish National Blood Transfusion Servi
(SNBTS) manufactures over 250000 unit doses of
range of different plasma products from =~100000kg
plasma. The preparation of each product involves exte
sive processing via a carefully designed, closely ec
trolled series of operations (Fig. 1) (Foster, 1994). Ea
process includes a number of steps in which mac
molecular constituents are preferentially removed; the
steps are summarized below on a product-by-prodi
basis. :

Albumin (Alba®)

The SNBTS process for the mamufacture of album
involves removal by centrifugation of the precipit:
which forms when the frozen donations of plasma 2
thawed (cryoprecipitate), removal by centrifugation

the precipitates which form at 21% ethanol, pH 67
. — 5°C(fraction I 4- I + IIT) and at 35% ethanol, pH 5-5
—5°C (fraction IV), depth filtration through a mix
bed of cellulose, kieselguhr and perlite. at two stage
depth filtration through a mixed bed filter incorporatii
a cation exchange resin and membrane filtration

three different stages of the process, two of whis
employ a cellulose acetate membrane. The final produ
is pastenrized at 60°C for 10h to inactivate potenti
.viral contaminants.

Immunoglobulins

Similar purification procedures are used in the man
facture of immunoglobulin products. Following tl
removal of cryoprecipitate and the recovery of fraciic
I4+I+1II1, the resuspended fraction I4II-+I0

adjusted (8 or 12% ethanol, pHL 5-1, = 3 °C) to precipita
fraction I 4-III, which is removed by centrifugation, tt
supernatant being clarified by borosilicate glass dep
filtration. The IgG solution is subsequently subjected to
mixed bed depth filtration (cellulose, kieselguhr ar
perlite) and to membrane filtration at three differe:
stages of manufacture, two of which employ a cellulo:

" acetate or similar membrane.

© 1999 Blackwell Science Lid, Transfusion Medicine, 9, 3—
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Factor IT, IX and X concentrate {DEFIX @)

The supernatant which remains following the removal of
cryoprecipitate is subjected to a batch anion exchange
adsorption, with coagulation factors If, IX and X being
recovered by chromatographic desorption. The solution
containing factors II, IX and X then undergoes two
separate membrane filtration operations prior to being
freeze dried and heat treated at 80°C for 72h for virus
inactivation.

Factor IX concentrate (HIPFIX®)

Factor IX c0néen_trate is purified from the desorbed
factor II, IX and X eluate (above) using anion exchange

chromatography and heparin affinity chromatography.

A total of five separate membrane filtration steps are
employed, as well as a solvent-detergent treatment to
inactivate lipid-enveloped viruses, prior to the product
being freeze dried and heat treated at 80 °C for 72 h.

Thrombin

Thrombin is also purified from the desorbed factor II, IX
and X solution, in this instance by cation exchange
chromatography, with a total of six separate membrane
filtration steps (two of which employ a cellulose acetate
membrane) and a solvent-detergent treatment prior to the
product being freeze dried and heat treated at 80°C for
72h. Albumin (Alba®) is added as a stabilizer and must
also be considered in the assessment of risk.

Factor VIII concentrate (Liberate®)

~ In the preparation of factor VIII concentrate, the extract
obtained from cryoprecipitate is partially purified by pre-
cipitation and by adsorption with aluminium hydroxide
gel. Following removal of the solids by centrifugation,
the supernatant is treated with tri(n)-butyl phosphate +-
polysorbate 80 for the inactivation of lipid-enveloped
viruses and by anion exchange chromatography for
further purification of factor VIII. Membrane filtration
is employed at two different stages of processing.

Fibrinogen

The preparation of fibrinogen is simillar to that of factor
VIII except that the unadsorbed fraction from anion
. exchange chromatography is processed rather than the
desorbed fraction. The fibrinogen-rich solution is then
subjected to three precipitation operations followed by
iwo depth filtration and three membrane filtration pro-
cedures prior to freeze drying and heat treatment at 80 °C
for 72h. -
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THE PARTITIONING OF TSE AGENTS IN
BIO-SEPARATION PROCESSES

Background

Although a number of different TSE diseases are know
the causative agents are generally believed to posse
similar physicochemical properties {Groschup et a
1997) and to consist of a conformationaily altered for
of cellular prion protein {PrP®), referred to as abnorm
prion protein (e.g. PrP5°). Whether or not PrP™ is itse
the causative agent of disease is not known; howeve
removal of PrPS is generally associated with removal
infectivity (Farquhar er al., 1998).

PP has still to be fully characterized (Donne ef a
1997; Edenhofer et al., 1997), but the molecuje
believed to be based on a 27-30-kDa glycoprote
subunit (Meyer et al., 1986} and, with both hydrophob

- and hydrophilic domains (Bolton et al., 1987), tends

form large amorphous or rod-shaped aggregates in vin

"(McKinley et al., 1991). PrP% has a low aqueous sotubili

below pH9 (Gasset er al., 1993) and is readily precipitate
by ethanol (Prusiner e af., 1980), ammonium suipha

.and polyethylene glycol (PEG) (Turk et al., 1988).

‘Therefore, it can be postulated that certain biosepar:
tion techaologies that are used in the preparation ¢
plasma products, such as precipitation, adsorption an
filtration, may well be capable of removing significa
quantities of the abnormal prion protein associated wil
nvClD. Indeed, the potential of these technologies f¢
the removal of TSE agents has been identified previous]
in guidelines concerning the preparation of medicin:
products (CPMP, 1992).

Measurement of TSE agerit partitioning .

Most information on the partitioning of TSE agents hs
been obtained from studies in which the behaviour
rodent adapted scrapie agent -(PrP%°) was measurec
PrPS has similar biochemical properties to cCJD (Benc
heim et al., 1985) and has been accepted by Regulator
Authorities as a suitable model for studies of the inacti
vation and removal of BSE (Bader er al., 1998). nvCll
is believed to be the human form of BSE (Almond ¢
Pattison, 1997) and therefore PrP° is also likely to b
regarded as a suitable marker for determining the parti
tioning behaviour of the agent of nvCID. Nevertheless, :
is by no means sure that data from animal model system
are predictive for the human sitnation. .

The transmissibility or infectivity of a TSE agent ma
be influenced by the strain of agent used, the dose of th
agent, the route of administration and the presence o
absence of a species barrier. Most . studies of the infec
tivity of TSEs measure the dose that causes infection i
50% of the animals-tested (IDsg), following inoculatiol
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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, whilst a species
barrer may result in up to a 10°-fold reduction in
infectivity (Bader ef'al., 1998).

To determine the partitioning behaviour of a TSE
" agent across a preparative process or an individual process
step, measurements of the concentrate of infective agent
(IDsomL ") and the respective process volumes can be
used to calculate a TSE agent reduction factor (RF)
where

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

The same units of measurement are used in the numerator

-and the denominator and therefore the RF is a dimen-

sionless number which, as values can be high, is often
expressed in the logarithmic (log;g) form.

Protein precipitation technology

The very low aqueous solubility of Prpe suggesis that
abnormal prion proteins will generally tend to partition
"into the solids phase in a precipitation process and be

separable from proteins which remain in solution and to-

copurify with proteiris which partition into the solids phase.

Cryoprecipitation. The solids phase which forms when

plasma is thawed is known as cryoprecipitate; it is where

the least soluble proteins tend to precipitate (i.e. fibrinogen,

_ fibronectin, factor VIIL, von Willebrand factor) and is the
first stage in the overall fractioriation process (Fig. 1).

Some information concerning the partitioning behav-

iour of TSE agents during cryoprecipitation is available

. from the work of Brown et al. (1998} who reported that

infectivity from a mouse adapted strain of a human TSE,

Gerstmann—Striussler—Scheinker syndrome (GSS), was

found to concentrate in the precipitate phase with an
infectivity about one order of magnitude greater in cryo-
precipitate than in the plasma from which it was prepared,

A similar observation has been reported by Petteway ez al.”

(1998), -using an immunochemical method of analysis,

who found that 90% of hampster adapted PrP>® (strain -

263K) added to plasma partitioned into cryoprecipitate.

Ethanol precxpuarzon The iso-cleciric precipitation of
proteins in the presence of ethancl forms the basis of
cold-ethanal (Cohn) fractionation which is used in the
preparation of albumin and immunoglobulins. A number
of successive precipitation steps are employed, in which
the least soluble proteins are precipitated first and the
more soluble proteins being concentrated into later frac-
tions: (Cohn et al., 1946). Brown er al. (1998) have
Teported that GSS infectivity partitioned preferentially

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

CID and plasma fractionation 7

into the earlier fractions in a cold-ethanol (Cohn) frac-
tionation scheme. Similar observations were reported by
Petteway et al. (1998) who observed a 10-fold reduction
of PrP% (263K) in the supernatant following a Cohn
fraction I precipitation, a = 3 x 10?-fold reduction over a
Cohn fraction III precipitation and = 3 x 10-fold reduc-
tion across a Cohn fraction IV precipitation.

Iso-electric precipitation in the presence of ethanol was
used as an early purification step in the manufacture of
human growth hormone where, in a scrapie clearance
study, mouse adapted PrP5° (strain ME7) in the supernatant
was reduced from 3% 107 IDsgmL™ to =<3 IDspmL ™!
after a clarifying precipitation at pH 6 followed by ethanol
precipitation (10% ethancl, pH4-8) of the growth hor-
mone {Taylor et al., 1985). As the growth hormone was
precipitated, any CJD infectivity present would: have
been expected to copunfy with the product at this stage
of manufacture.

Other solubility methods. Petteway et al. (1998), using an
immunochemical method of analysis, have reported a

3% 10%-fold reduction of Pre™ (263K) in a precipitation

step used in the preparation of a factor VIII coticentrate
from-cryoprecipitate. :

PEG precipitation has also been the subject of a
scrapie clearance study, with an overall = 4x 10°-fold
reduction of PrP® (ME7) iufectivity being measured

after a light surface phase and two PEG precipitates

~ had been discarded (M. Macnaughton and A. Shepherd,

personal communication, April 1997). -

In the preparation of aprotinin from bovine lung,
Golker et al. (1996) studied the distribution of PrP>*
(MIET) infectivity during a water/salt/methanol extraction
of lung tissue, The concentration of PrP*° in the extract
was reduced from 107 IDsgmL ™' to =< 50IDseml ™"
(tnean of two runs), giving a mean reduction factor
across the methanol extraction process of = 2-5x 107,

Adsorption/desorption technology

As abnormal prion proteins are strongly membrané bound

" (Stahl et al., 1990), possess hydrophobic and hydrophilic
"‘domains (Bolion et al.,

1987) and tend to adhere to
surfaces, it is probable that. they will interact with
chromatographic (Foster, 1994; Burnouf, 1995) and
filtration (Meltzer, 1987) media used in plasma frac-
tionation. In these circumstances, a high degree of separa-
tion from abnormal prion protein may be possible where
2 plasma protein does not adsorb to a given matrix. Where
a plasma protein is -adsorbed, separation from abnormal
prion protein will be dependent on the relative strength of
binding of each of the macromolecular components.
The separation of PrPS® infectivity from a variety of
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- following filtration of the supernatant which remained’
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Table 1. Reduction of scrapie infectivity (HDsg) by chromatographic separations

Scrapie reduction factor

unadsorbed - desorbed

Method Product Scrapie strain  fraction fraction References
Ton-exchange chromatography :
DEAE-cellulose (anion) n/a* 2-5x10't 1x10*f  Hunter & Millson, 1964
Q-sepharose (anion) plasma protein ~~ ME7 nfd* »2-5x10%
SP-sepharose (cation)t plasma protein ME7 n/d ‘ 1-6x 10?
Resin I (undisclosed) aprotinin ME7 nfd 1-6x10° 'Kozak et al., 1996;
' ' Golker et al., 1996
Resin I (undisclosed) aprotinin ME? n/d 1x10* Kozak et al., 1996;
T Golker et al., 1996
Ton exchange (undisclosed) aprotinin 263K “wd 12x10°  Blum er al., 1998
Jon exchange (undisclosed) bovine albumin 263K nfd 1-6x10° Blum er al., 1998
Hydrophobic chromatography -
Pheny} sepharosed: plasma protein ~~ ME7 w/d »>16%10°
Ion exchange + hydrophobi'c chrom.
DEAE-spherodex/LS® _
+- DEA-spherosil/LS® human albumin. C506/M3 n/d 31x10°

Nonspecific adsorption
Calcium phosphate - n/a

Grandgeorge et al., 1997

>1-5x10% . 1.4x10*"  Hunter & Millson, 1964

= =n/a, not applicable; n/d, not done. 3 M. McNaughton & A. Shepherd, personal communication, April 1997. 1‘=appfoximation.

proteins has been studied using anion exchange chromato-
"graphy, cation exchange chromatography, hydrophobic
interaction chromatography, nonspecific, adsorption and
a number of ion exchange procedures for which the details
were not disclosed. The results, summarized in Table 1,
demonstrate removal of PrP°° infectivity by all of these
procedures ranging from 10%-fold to 10°-fold reduction.
In their study of the Lowry process used to prepare
- humari growth hormone, Taylor et al. (1985) observed a
10-fold reduction in PrP>® (ME?7) infectivity after filtra-
tion through a 0-45-um cellulose acetate membrane, even
though' the membranes’ were pretreated to prevent
adsorption. Taylor et al. (1985) also noted that ‘substan-
tial amounts of scrapie infectivity can be lost by adsorp- .
tion to membrane filters’, and therefore a similar degree
of removal of abnormal prion protein might also be
expected to occur in comparable membrane filtration
operations used in plasma fractionation.

Extrapolation of existing knowledge to plasma
[fractionation processes

From data available on the behaviour of PrP%° in a variety
of bioprocess operations, it is possible to estimate how a
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TSE agent might be expected to partition across simila
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 reductior
factor has been assigned (Table 2) using conservative
values from a relevant study. For process operations no:
listed in Table 2, it is assumed that abnormal prion proteir
will copurify with the plasma product being prepared.

Precipitation. From the information available the causa-
tive agents of TSEs would be expected to partition intc
the solids phase during protein precipitation operations
Where the solubility of a TSE agent is zero and the produci
protein remains in solution, separation of the product from
the TSE agent will be possible. The degtee of separatior
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 carriec
out in seres {e.g. centrifugation followed by filtration).

Adsorption)de&orption. Studies concerning a number of

- biopharmaceutical products have demonstrated tha

© 1999 Blackwell Science Ltd, Transfusion Medicine, 9, 3-1¢
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_ Table 2, Estimated dbility of bioprocess
technologies to remove TSE agents

_ Recovered Estimated TSE agent .

Process technology fraction reduction factor
Precipitation .

Cryoprecipitation Supernatant 10

Cohn fraction T Supernatant 10

Other Cohn fractions Supernatant 102 -

Other precipitation methods Supernatant 19102
Adsorption chromatography

Packed bed Desorbed 10*

'Packed bed Nonadserbed 1t

Suspension Nonadsarbed 10!

Adsorptive filtration
Depth filter (mixed bed)
Depth filter (single bed)
Membrane filter (cellulose acetate)

Non-adsorbed 10%
Non-adsorbed 10!
Non-adsotbed 10t

PrP5€ irifectivity binds to a range of adsorbents, resﬁlting‘

- 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 to a comparable extent.
" In these circumistances the TSE agent reductlon factor
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) bemg
expected to afford the highest degree of separation.-
Separation of PrP*° occurred with all of the adsorbents
examined (Table 1), despite the use of different ligands,
matrices and principles of adsorption. Therefore, the
outcome was not determined by a single well-defined
property of PrP>® (e.g. charge), but must have involved
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 PP (ME7)
infectivity by membrane filtration 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 steps
(Fig. 1) where the chemical composition of the filter is
comparable to that used by Taylor et al. (i.e. cellulose
acetate).

".© 1999 Biackwell Science Lid, Transfusion Medicine, 9, 3-14

DISCUSSION

The development of methods for the elimination of
viruses such as the human immunodeficiency virus
(HIV) and the viruses of hepatitis B (HBV) and bepatitis

"C (HCV) from labile plasma products (Cuthbertson ef al.,

1991; Foster et al., 1997) has been a significant achieve-

.ment. Procedures that can inactivate viruses are especially

important; however, the removal of viruses by separations'
technology has also contributed to product safety. Viral
contaminants can be preferentially temoved by precipita-
tion (Budnick et al., 1994), depth fiitration (Bhattacharya

et al., 1996) and chromatography (Burnouf, 1993; Darling .

& Spaltro, 1996), with removal by cold ethanol {Cohn)

- fractionation contributing significantly to the freedom

from hepatitis transmission of human albumin (Hoofnagle

& Barker, 1976) and immunoglobulin (Pennell, 1957).
These technologies would also be expected to preferen-
tially remove causative agents of TSEs (Blum et al.,
1998). Whether or not camplete removal of 2 TSE agent
is achievable is less certain, especially with less purified
or less processed products. It is important in this context
to appreciate that a very high reduction factor would not
necessarily indicate that an infectious agent had been
removed completely by the process concemned. Although

“the reduction factor provides a useful indication of

the capacity of process operations to remove an infec-
tious agent, additional information is-required to déter-—
mine whether or not some residual (resistant) infectious
material may remain in a process stream after a step in
question.

In precipitation processes it is necessary to define the
solubility of the infectious agent under the precipitation
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conditions being employed. Unless the solubility is zero,
then a quantity of the agent will remain in solution.
_Brown et al. (1998) were able to detect PrP>° infectivity
in a fraction V precipitate prepared from normal human

blood which had been ‘spiked’ with hamster adapted

scrapie (263K), but with a 10%fold reduction from the
original titre in the whole blood. Whether this small
-degree of infectivity resulted from a small proportion of
PiP*° remaining soluble prior to the fraction V precipita-
tion or if there was incomplete removal of earlier solids
fractions is unclear. Taylor et al. (1985) were unable to
detect PrPS® (ME7) in the supernatant following preci-
pitation of human growth hormone with 10% ethanol at
pH4-8. However, the limit of detection quoted was 0-3
logioIDsqmL ™" (i.e. 3IDsomL™") s0 it is possible that
this concentration of PrP>° (ME7) could have been
soluble and remained undetected in solution.
- Different corsiderations apply to methods involving
adsorption (and desorption} as the reduction factor shouid
largely-be indicative of whether or not a separation can
be achieved and what the capacity of a process operation
would be. The potential for interference by the TSE agent
inoculum being added to challenge a process step must

" also be considered as constituents of a brain-homogenate

used as a source of PrP>® might either occupy adsorption
_sites which would otherwise be available for the binding
of the TSE agerit or, alternatively, might provide specific
binding sites for PrP5¢ that would not otherwise exist.
Where adsorption technology is employed for TSE agent

removal then to avoid cross-contamination of subsequent

batches it will be necessary either to use new adsorption
media on each occasion or to sanitize media and equip-
ment effectively before re-use.

© Most TSE agent clearance studies have involved the
addition of a brain homogenate to the process solation to
be studied. How accurately this model represents the

behaviour of endogenous TSE agents in human plasma is
an important question. Brown et al. (1998) have reported
two pattitioning 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 resulis
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 pracesses 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 requirss 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 indjvidual

‘process steps to assure product safety (Darling & Spaltro,

1996). However, where the concentration of the infective
agent is relatively low (e.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 iri 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 concerned,
the conditions at each step, the relative posttions of dif-
ferent technologics within a‘ process and other factors
which might hiroit 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
Product Precipitation  {gel) (filter) factors
Albumin (Alba®) 3 1* 5 iot?
Immunoglobulins 2 I* 3 10°
Factor IX (HIPFIX®) 1 3 - 107
Thrombin 1 2. 2 107
Fibrinogen 1 y) 2 10°
Factor VILI (Liberate®) 1 2 - 10°
Factor II; IX, X (DEFIX®) 1 1 - 10°

* Step applied only t6 1/3rd of plasma pools and discounted in summation of reduction factors.
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agents, whiere different operating conditions are employed

in a series of successive steps, then each removal step is

generally, but not always, regarded as additive (Rohwer,

" 1996). Where the same or similar step is used more than
once, teduction factors .may be addittve if TSE agent
removal is limited by the capacity of the step, but not
where an equilibrium relationship (e.g. solubility of the
TSE agent) is limiting.

Much remains to be learmed concerning the physico-
chemical properties of TSE agents in general (Edenhofer
ef al., 1997) and nvCJD iy 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 nvCJID agent which

- may be present. In these ciccumstances the availability of

a number of process steps which would be expected to

remove a TSE agent by different mechanisms will provide

a greater assurance. of product safety than reliance on
either a single step or a single mechanism of removal. The
fact that plasma products are manufactured via a number
of process steps which would be expected to operate in a
complementary manner may be of particular importance
in this regard. :

POSSIBLE nvCID CONTENT OF PLASMA
PRODUCTS

In order to estimate the possible nvCID content of a
plasma product it is necessary to first estimate the nvCID
content of the starting plasma pool, secondly to calculate
the quantity of nvCJD infectivity remaining after process-
ing and thirdly to consider how this maferial may. be
distributed in the vials or bottles of the dispensed product.

To determine the quantity of nvCID infectivity that
could potentially be present in a plasma pool, it is
necessary to know the dose of nvCID needed to transmit

" infection from human to human by intravenous or intra-

muscinlar administration, the number of infectious doses

present in the plasma of an infected blood donor and the

number of infected donations present in the plasma pool.

There are as yet no data available on the nvCID con-
tent (IDsq mL ") of human blood or plasma. However, as’

nvCID is believed to be human BSE (Almond & Pattison,
1997), then bovine data .probably represent the best
information currently available far the purpose of estimat-
. ing the infectivity of blood from a person infected with
‘ovCJD. BSE was not detected in the blood or serum of
infected cattle, by i.c. injection into mice (Kimberlin,
1996). However, the limit of detection in these studies
was 25 [DsomL ™" and, given the species barder involved,
the within-species infectivity could have been as high as
" 25000 i.c. IDsgml™}. Correction for the route of infusion
(from i.c. to i.v.) could give a within-species infectivity
of blood of up to 2500 i.v. IDsgmL ™"
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TSE infectivity has been found to be associated with
white blood cells (Kuroda er al., 1983) and consequently
the separation of plasma from the cellular components:
would be expected to result in a significant proportion of
a TSE agent being removed. If a 10-fold reduction is
assumed in the routine centrifugal separation of plasma
from whole blood (Brown et al., 1598), then the estimated
concentration of nvCID in an infective plasma donation
would be 250 i.v. IDspmL ™ With these assumptions, a
single infective 300-mL donation of plasma could contain
a total nvCID infectivity of up,to 7-5x10% iv. D
Further reduction of the white cell content of plasma by
leucofiltration (Rider er al., 1998) may also reduce the ~
nvCID content, but as the degree of reduction is uncertain,
any contribution that may be afforded by this technology
has been discounted.

To examine the possible implications of an epidemic*
of nvCJID in the UK it is necessary to calculate the degree
of product contamination that could .result, in theory,
from: processing a contaminated pool of plasma. It has
been estimated that up to 80 000 people in the UK could

“have been infected by BSE (Cousens ef al., 1997). This

represents a cumulative incidence of 1500 per 10° of the
UK population and, although there is as yet no evidence
to support such a figure, this particular prediction may be
taken as a ‘worst.case’ scenario for the purposes of
theoretical calculations. If plasma from UK donors is
contaminated to this extent then the concentration of
nvCID m a plasma pool could be 3-7x 107 iv.
IDsgmL .. Therefore, for a plasma product to be infec-
tive in this scenario, the nvCJID agent in the plasma pool
must be concentrated into one or more of the products in
question.

From the mformauan available on the behaviour of '
TSE. agents, the opposite might be expected during
plasma fractionation, in that all plasma products are
manufactured using procedures which would be expected
to remove TSE agents to some extent. To illustrate this,

- the impact of a 0-15% incidence of infection (j.e. a worst

case scenario) has been calculated in terns of the total

infectivity that would be present in the plasma poal, the

purified product pocl prior to dispensing and in each vial
of dispensed product for current products manufactured
by the SNBTS and for some earlier products (Table 4},
which are included as it is conceivable that nvCID may
have been present subclinically in the blood donor popula- ‘
tion since the early to mid-1980s (Cousens er al., 1997).
If it is assumed that the final product pool is homo-
genous and that nvCID infectivity is distributed equally
amongst all of the vials of product dispensed, it can be
calculated that no vial of any current product would
contain an infectious dose (IDsp). It should be noted that
these theoretical values were determined assuming a high
incidence of nvCJID in the human population (1500 per
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Volume plasma

Total nvCID (ifv. IDsp)

Table 4. Theoretical estimates of the
quantity of nvCID in products prepared

from pooled plasma where 0-15% of
donations contain nvCID

In In
SNBTS per batch plasma product pool In final
product (L) pool* pre-dispensing vialt
Albumin, 4-5%
(Alba®) 2000 75x10°  75x107° 3-0x107!
Albumin, 20% ) ‘
(Alba®) 2500 97x10°  97x107° 3-4x1071
IgG i/m 1500 60x10°  60x10™" 3-8x107°
1G ifv 2000 75x10°  7-5%x107° 37x%1077
Thrombin 3000 11x10°  22x107°t 1-9x107¢
Factor IX -
HIPFIX® 2700 10x10° 1.0x107! r2x107*
Fibrinogen 2000 75x1°  7-5%x10° 62x1073
Factor VII ] ’
Liberate® 4000 15x10°  1-5x107 9.2x 1077
FILIX, X
q ® e 1nb 3 —1 .
DEFIX 3000 1-1x10 1110 62x10 * Based on nvCID infectivity of 250 i.v.
Eactor VIIT _ IDsoml"" in plasma from each infected
Z8)8 - .1000 37%10° 37%x 107 3.7x10° donation (300 mL). T Assumes an even®
e V ; distribution of nvCID amongst all vialsin a
.‘FEC'ZO!‘ it : _ s to - . “batch of product. $ Only about 2% of plasma
(NY)§ 1000 37x10 37x10 2.7x10 pool processed to thrombin. § Products

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

109, a relatively high infectivity of nvCJID in plasma (i.e.
250 i.v. IDspml."") and generally low values for the TSE
agent process reduction factors (Table 2).

However, these.calculations also involved a number of

assumptions concerning process reduction factors ‘that
were extrapolated from.a small number of studies that
were theémselves 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 nvCJD 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 nv(CID, its
prevalence in the UK blood donor population and the
effectiveness 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 -
potential to remove the causative agent of nvCID. For .
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each SNBTS product, the estimated potential for nvCIC
removal involves processing by multiple unit operation:
and different principles of separation, both of whicl
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 majo
epidemic of nvCJID in the UK, then most SNBTS plasms
products prepared from plasima collected in the UK shoulc
have a very low risk of being contaminated. Nevertheless.
many uncertainties reinain ginr;l it will be. necessary tc
establish the accuracy of these estimates-in appropriate

_ validation stidies. Such studies should also indicate

whether or not adsorption or precipitation technologies
used in plasma fractionation could be exploiteéd further t¢
provide an increased capacity for the removal of human
agents of TSE.
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TRANSFUSION COMPLICATIONS

The distribution of infectivity in blood components and
plasma derivatives in experimental models of
transmissible spongiform encephalopathy

P. Brown, R.G. Rohwer, B.C. Dunstan, C. MacAuley, D.C.Gajdusek, and W.N.-Drohan

BACKGROUND: The administration of blood compo-
nents from donors who suhsequently develop
Creutzfeldt-Jakob disease has raised the issue of blood
as a possible vehicle for iatrogenic disease.
STUDY DESIGN AND METHODS: We examined infec-
tivity in blood components and Cohn plasma fractions in
normal human blood that had been “spiked” with
trypsinized cells from a scrapie-infected hamster brain,
and in bleod of clinically ill mice that had been inocu-
lated with a mouse-adapted strain of human transmis-
sible spongiform encephalopathy. Infectivity was as-
sayed by intracerebral inoculation of the blood .
. specumens into healthy anjmals.

RESULTS: Most of the mfectwlty in spiked human blood
was associated with cellular blood components the
smaller amount present in plasma when fractionated,
was found mainly in cryoprecipitate (the source of factor

. Vill) and fraction l+H+(l{ {the source of fibrinogen and
immunoglobulin); almost none was recovered in fraction
iV (the source of vitamin-K-dependent proteins) and
fraction V (the source of albumin). Mice infected with the
human strain of spongiform encephalapathy had very
low levels of endogenous infectivily in buffy coat,
plasma, cryoprecipitate, and fraction L+11+1il, and no de-
tectable infectivity in fractions IV or V.
CONCLUSION: Convergent rasulis from exogenous
spiking and endogénous infectivity experiments, in
which decreasing levels of infectivity occurred in cellular
blood components, plasma, and plasma fractions, sug-
gest a potential but minimal risk of acquiring Creutzfeldt-
Jakob disease from the administration of human plasma
proteir concentrates.
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oncern has mounted in recent years about the
possibility of transmitting Creutzfeldt-Jakob dis-
ease (CJD) through blood or blood components
because a proportion of patients dying of CJD
have been regular blood donors, and because the bleod of
experimentally infected animal$, and humans with CID,
may sometimes contain low levels of the infectious agent.!

See also: Dodd RY, Sullivan MT. Creutzfeldt-
Jakob disease and transfusion safety: tilting at
icebergs? (editorial). Transfusion 1998;38:221-3..

The purposes of this study were, first, to determine the dis-
tribution of infectivity among the various components and
plasma fractions of normal human blood that had been
“spiked” with a high concentration of infectious agent, to-
obtain information about agent clearance during the pro-
cess of blood separation and fractionation; and, second, to
determine the distribution of infectivity (if present) in the
same components and fractions in an experimental model
of transmissible spongiform encephalopathy (TSE) charac-
terized by a low blood level of endogenous circulating
pathogen, analogous to the probable situationin humans
with' CJD.2

ABBREVIATIONS: CJD = Creutzfeldt-Jakob disease; GSSD =

- Gerstmnann-Straiissler-Scheinker disease; LD, = mean lethal

dose; PBS = prosphate-buffered saline; PrP = protein-resistant
protein; TSE = transmissible spongiform encephalopathy.
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jerome I Holland Laboratory, American Red Cross, Rockville,
Maryland .
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MATERIALS AND METHODS :
High input infectivity (“spiking”) experiment
Preparation of material used in spiking experiment. One
half of each brain from two terminally ill golden Syrian
harnsters that had been infected with the 263K strain of
scrapie agent were combined (total 1.0 g wet tissue} and
minced into very fine fragments. The fragments were then
suspended in-9 mL of phosphate-bulfered saline (PBS) at
pH 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 simitarly incubated in fresh trypsin-EDTA so-
lution. No fragments remained after the second trypsiniza-
" tion, anid the pooled pellets from each specimen (following
centrifugation at 600 x g for 15 min) were washed two times
in 50 mL of PBS. The final washed pellet contained 1.6 x 107
_neuronal and glial cells, of which 9% percent were viably
. intact as evidenced by failure to stain with trypan blue, and
contained 9.1 meanlethal dose (log /LD, ) infectious utiits
as determined by endpoint dilution assay in hamsters. The
pellet was resuspended in 46.8 mL of normal whaole human
blood containing CPD (United States Pharmacopoeia) atan
anticoagulant-to-blood ratio of 1:9.

Separation of blood into its components A scaled-
down version of the “three-bag” protocol used by the
American Red Cross was used for component separation.
Anticoagulated whole blood was centrifuged (Sorvall $5-34
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 gverlying the red cell sediment, transferred to a new
50 mL tube, and centrifuged at 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 ov'erlying the red cell sediment was sliced
apart and combined with the pellet from the plasma cen-
trifugation step to yield a single white cell and platelet
specimen for assay.

Cohn fractionation of plasma component. Fraction-
ation was carried out in a scaled-down version of 2 proto-
col in wide commercial use?® and yielded a protein profile
similar to that of the production-scale. process. Approxi-
mately 10 mL of plasma was transferred from —70°C to—20°C
for overnight “tempering,” then exposed to a final 30-
minute thaw inside a 50-mL jacketed reaction beaker con-
nected to a refrigerated circulating bath set at 1 to 2°C. The
thawed plasma was transferred to a weighed, cold, 15-mL
centrifuge tube and centrifuged at 6800 rpm (5600 < g) for
15 minutes at 1 to 2°C. The pellet was weighed and then
frozen at-70°C (cryoprecipitate).

BLOOD INFECTIVITY IN SPONGIFORM ENCEPHALOPATHY

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 mLwa-
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 in range of 6.80
to 7.00, and the circulating bath temperature was lowered
from 1 to 2°C to -5°C. The plasma-ethanol mixture was
ransferred 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 I+1{I+I11].

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
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rpm (5600 x g for 15 minutes at —5°C. The pellet was
weighed and frozen at-70°C (fraction IV, /IV,).

The supernatant was placed into a tube containing 2
mig of filter aid per il of supernatant, mixed, and filtered
through a 20-mL syringe containing a filter (CPX70, Cuno,
Meriden, CT).The filrate was placed into the reaction bea-
ker-cireulating 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 centnfuged at6800
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 (fractdon V supernatant).

Infectivity bioassays. On the day of the test, spec1mens
(inoculum, whole blood, blood components, and ‘Cohn
fractions) were thawed, serial 1-in-10 dilutions were rnade
in PBS (pH 7.4), and specimens were inoculated intracere-
brally in volumes of either 30 nL (for components) or 50 ul.
{for fractions) ta groups of 4 to 8 female weanling hamsters
per diludon. 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 neuropatliology. None of the uninoculated sen-
tinel animals showed clinical or neuropathological signs of
scrapie. '

Using the method of Reed and Muench,*log,, LD, In-
feclivity tters were calculated exceptfor the plasma spem- :
men, for which infectivity was estimated comparing its in-
cubation period curve to that of whole blood at dilutions
107! through 10~ (the highest dilution of plasma that was -
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inoculated). This estimate makes use of the inverse rela-
tionship between the amount of infectivity and the length
of the incubatioh period (the greater the infectivity, the
shorter the interval between inoculation and disease}—a
type of “dose-response” curve. Although not as precise as
an endpoint dilution titration, it is reassuring that the whole
blood, red cell, and buffy coat specimens, which had nearly

_identical’ endpoint dilution titers, also had .nearly
superimposable incubation period curves, and that the
plasma curve was parallel to the whole blood curve ata 1.2
log;, unit lower level.

Endogenous infectivity experiment

Experimental model. Weanling Swiss-Webster mice:
{Chiarles River Laboratories, Wilmington, MA) were inocu-
lated intracerebrally with a 10-percent clarified homoge-
nate ofa mouse-adapted Fukuolka-1 strain of human P102L
Gerstmann-Striusslier-Scheinker disease (GSD).56 When
mice began to show symptoms of disease (approx. 4 months
after inoculation), they were lightly anesthetized and bled
by epen chest direct cardiac puncture into CPD containing
5 units of heparin per mL blood to counteract the unusuai-
ly strong clotting tendency of mouse blood. At the time of
exsanguination, brains and spleens were also removed from

each animal; tissue poois of each organ were made into

separate 10-percent tissue suspensions in PBS for infectiv-
ity titrations performed at thie same time as-those for the
blood specimens.

Collection and processing of blood specimens. A to-
tal 0of 75 mice yielded a pooled sample volume of 52 mL (45
mL of blood and 7. mL of citrate containing 225 units of

heparin). The blood was immediately separated into its red .

cell, white cell-platelet, and plasma components, frozen at
—70°C. A portion of the plasma was later thawed and pro-
cessed into Cohn fractions, as described in the spiking ex-
periment. The only difference was that, in this éxperiment,
we did not combine the buffy coat layer of the red cell sedi-
ment with the centrifuged plasma pellet, choosing instéad
- to assay the two specimens separately.

. Infectivity bioassays. All specimens were inocudated
Intracerebrally in 30-pL volumes into groups of weanling
Swiss-Webster mice, and two cages.of uninoculated senti-
nel animals were included as cross-contamination comitrols.

Because of anticipated low or undetectable infectivity lev- -
els in most specimens, this experiment was conductedina

facility that had never been used for TSE experiments, and
specimens were inoculated into groups of up to 130 mice.
Undiluted inocula proved to be highly toxic, causing nearly

instantaneous death that was probably due to a combina-.

- tion of high osmolarity, anticoagulant, and {in the cdse of
Cohn fractions) residual alcohol; dilutions of 1-in-4 to 1-in-
5 were well tolerated and were therefore used for most in-
oculations. Serial 1-ini-10 dilutions were inoculated for
specimens expected to have higher infectivity titers, such
as brain, spleen, and the white cell-platelet component of
blood.
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Animals were observed for clinical signs of disease for

. aperiod of 13 months, at which time all surviving mice were

sacrificed. The brains from most animals that died during
this observation period, as well as the brains of all animals

sacrificed at the conclusion of the experiment, were re-

moved and stored at —70°C for Western blot detection of
proteinase-resistant protein (PrP). '

Of a total of 537 mice that survived the immediate
postinoculation period, 21 mice inoculated with various
blood specimens died during the next 6 months, when the
earliest verified deaths from spongiform encephalopathy

‘began to occur inanimals used for parallel titration of brain

infectivity. Brains from 10 of these 21 mice were examined
and found by Western blot to have been PrP-negative. We
therefore presumed that all 21 deaths were due to intercur-
rent non-CJD-related 1llness and excluded them from our
analys1s

Of the remaining 516 animals, 264 later died while
under observation, and 252 remained well until the conclu-
sion ofthe experiment. Only one of these 252 mice was PrP-
positive, so that the“lethal” and “infectious” doses were es-
sentially identical. Our final analysis was based upon 461
animals in these two groups whose brains were examined
for the presence of PrP {brains from 55 mice in various
groups that died during the course of the experiment, and
that were found dead more than 24 hours postmortem,
were considered unsatisfactory for Western blot examina-

. tion). None of the uninoculated sentinel animals became
ill or had PrP in their brains.

ForWestern blots, 100 pL of a. 10- -percent brain homo-
genate of each brain was digested at 37°C in the presence
of 100 pg per mL of Proteinase K (Boehringer-Mannheim,
Indianapolis, IN) and 2-percent sodium dodecyl sulfate
(Gibco, Gaithersburg, MD). Asecond 100-uL aliquot was in-
cubated with a 0.0125 M solution of the protease inhibitor
phenylmethylsulfonylfiuoride (PMSE Gibco). After 20 min-
utes, PMSF was added to the sample containing Proteinase
K, and both sarples were autoclaved at 121°C for 30 min-
utes to denature the proteins and inactivate infectivity. The
samples were electrophoresed in adjacent laneson precast
14-percent tris-glycine acrylamide gels (Novex, San Diego,
CA), and electroblotted to membranes (immabilon, PVDE
Millipore, Burlington, MA). PiP was detected using chemi-
luminescence (ECL + Western Blot Detection System, Am-
ersham, Arlington Heights, IL) with a mouse PrP antibody
(#78295) kindly provided by Dr. Richard Rubenstein (Insti-

- tute for Basic Research, Staten Island, NY). Control speci-

mens of scrapie-infected and uninfected mouse brain were
included with every digestion and gel.

- ‘ RESULTS

Scrapie-infected hamster brain celi spike of normal
human blood :

. Infectivity was found at comparable concentrations in whole

blood, red cells, and buffy coat (values of 0.5 log,, are not
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TABLE 1. Distribution of infectivity among blood components and Cohn
plasma fractions in normal human bload “spiked” with 1094 LD, of
scrapie infectivity contained in a frypsinized suspension of viable brain
cells from hamsters infected with the 263K strain of scrapie agent*

Infectivity Total Fractional
. Specimen concentration infectivity recovery of
Specimen vol forwt)  (log, LD /mlorg) (log, LD )T infectivity(%)t
“Whole blood 46.8 mL. 83 9.3 x 10° 100
Red cells 20.0 mL 8.0 2.0 x 10° 22
White cells/plateletst 2.0mL 8.5 6.3 x 109 7
Plasmag 24,0 mL 7.1 3.0 x 168, 3
Fractlonaled plasma (1iml) : . .
Plasma§ i1.0mL 7.1 1.4 x 108 100
Cryoprecipitate 0.26 g 6.6 1.0 x 10 0.71
_Fraction +11+11] 093g 6.1 1.2 x 108 0.86
. Fraction IV1+IV4 087 g 4.0 8.7 % 10° 0.008
Fraction V 1.66 g 25 0.5 x 10° 0.0004
Fraction V supematant 11.5 mlL NDY ]

Specimens were assayed by intracerebral incculation of healthy weanling hamsiers.
1 For components, the amount of infectivity in the component compared to the amount of
infectivity in whole bload; for fractions, the amiount of infectivity in the fraction compared

differences of less than +0.5 log infectivity concentration between any twa specimens are

to amount of infectivity in the plasma sample used for fractionation. Note that because

not necessarily significant, fractional recovery percentages could be correspondingly higher .

appearance” could have been due to
the imprecision of the bioassay
(0.5 iogm variability of LDy, titers),
and some could have resulted from
adherence of infective particles to
containers used for experimental
manipulations. It is also possible that
some infectivity waslost as a result of
Cohn fractionation, although low pH
and ethylaleohol by themselves have
previously been shown not to inacti-
vate the agents of TSE"®

Endogehous blood infectivity in
TSE mouse model

From clinically iil mice that had 4
months earlier been inoculdted in-

" tracerebrally with a mouse-adapted

strain of human TSE, specimens of

or lower in a repeat experiment.

{see Methods section).

undiluted thraugh 10 dilutions).

¥ Recovered from centrifuged plasma (4200 x g for 8 min}.
§ Infectivity estimated from compariseon of incubation penod time curve to that of whole blood

1 ND =none detected (no disease transmissions in groups of four hamsters moculaied with

buffy coat, plasma, cryoprecipitate,
and Cohn fraction [+H+II transmitted
disease to a few animals, but no trans-
missions occurred from whole bload,
red cells, or Cohn fractions IV and V

considered to be significant in single-
assay comparisons); somewhat lower
levelsin plasma and the first two plas-
mad fractions; and substantially lower
levels (4-6 log,, reduction) in the fast
two fractions (Table 1).The absence of
transmissions in the small group of

animals inoculated with the final Specimen voi (or wi) inoculaled (%)t diluion  animalst animalst
fraction V.supernatant is copnsistent \;‘W“:le E‘Wj ' ‘1*2-8 mt , g-;g :‘“g g 1;
. ' i - .. - L. ed celis - U mi - -in-
with z? r_aJ.lge ?f m.fectmtj,.r {using a Pois- Buffy coat§ 3.5 mL 2.3 1-in-5 2 10
son distribution cajculation) from zero : 1-in-50 0 6
10 1.4 log,,, thatis, less than the dem- Plasma pellet] : 0.2 mL 60 Hﬂ'go g 13
P s . ' : 1-in-
ons_tratedfnfe.cuwty in fraction V. _ Plasmall 596 mL a5 1-in5 8 124
Considering the total amount of : : 1-in-50 0 10
infectivity (rather than its concentra- Fractionated plasma (11.3 mL) . :
tion) in these sam ’ ents and Cryoprecipitate . 0.15¢ 29 © 1-in-4 5 &
. : € COmpon 1-in-40 1 3
fractions, aboutequal amounts (3-7%} Fraction l+1I+11 040 g 37 1-in-4.5 6 37
of infectivity were recovered in buffy Fraction IV +IV, 0864 38 1-in-4 0 86
: Fraction V 1229 30 1-in-4 o 94

coatand piasma, of which a verysmall
amount of plasma infectivity found its
way to the cryoprecipitate and fraction
L+ITH, and virtually none (<0.01%) to
the last two fractions.

It may beremarked that a s:gmﬁ-
cant propertion of input spike infec-
tivity was notrecovered, eitherin the
bloed components or in the plasma
fractions. Some of this apparent “dis-

(Table 2). .

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

Proportion of
specimen

Specimen Specimen Positive  Negative

* Specimens were assayed by intracerebral inoculation of healthy weanling mice.

+ Amount of inoculated specimen divided by the amounf contained in the 45-mL volume of
whoaie blood (taking into account the volume and dilution of each inoculated specimen;
dilution of anticoagutant; and for fractions, the fractionated plasma voiume}.

% Confirmed by Westemn blot tests for PrP in brain extracts. Sixteen animals inccufated with

) hlgher dilutions of the plasma pellet, fraction IV, and fraction V, tested negative.

§ Sliced from top 5 mm of red cell sediment frozen after centrifugation of whole bload. The

* amount of infeclivity 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-
cluded from the table.

1 Pellet afier p[asma centrifugation for 8 minutes at 4200 x g (see Methods].

Il Supernatant after plasma centrilugation for 8 minutes at 4200 x g (see Methods).
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The presence of infectivity in the separately assayed .

specimens of buffy coat and the centrifuged plasma pellet
probably reflects the presence of white cells in both speci-
mens, but raises the possibility that platelets as well as
white cells might contain the infectious agent. It should also
be noted that the absence of transmissions frorm the whole
blood and red cell specimens does not imply the absence
of infectivity {which would be unreasonable in view ofits
presence in buffy coat and plasma), because only very small
proportions of these specimens were assayed, due to the
riecessity of using diluted inocula. The sepdrate pools of
- brains and spleens collected {from the same 75 animals had
infectivity titers of approximately 10° LD, per g and 10?
LD,, per g, respectively. similar to titers observed inan ear-
lier experiment using the same mouse model 2

DISCUSSION

Several earlier studies of TSE have tested one or ahother
component of whole blood specimens for, the presence of
infectivity, with conflicting results: most of the successes
were from buffy coat, but in a few studies, whole or ex-
tracted blood, and serum or congcentrated serum were

found to be infectious; and no infectivity was detectable in

nearly half of such studies (including assays on the blood

of sheep naturally infected with scrapie, and assays in pri-

_mates inoculated with blood from humans with CJD).2-1t
None of these studies examined the distribution of infec-
tivity in different blood cornponents of a single specimen,

and none examined infectivity in the Cohn fractions that -

" represent an intermediate stage between crude plasma and
therapeutic plasima pretein concentrates.

Experiniental design considerations

The prmary goals of these experiments were to determine
the effect of a standard protocol for blood separation and
plasma fractionation in blood containing a high enqugh
level of infectivity to permit an estimate of the degree to
.which processing caused a reduction in infectivity {agent
clearance) and provide an idea of the distribution of the
much lower levels of endogenous infectivity thatwould be
expected to occur in the blood of experimentally infected

animals. ' _
No single experimental design can answer both gues-

tions. For clearance studies, a much higher level of infec- -

tivity is needed than occurs in the blood of experimentally
* infected animals to measure serial infectivity reductions in
_successive processing steps. Scrapie-infected hamster
- brain satisfies this condition of high-input infectivity. The
choice of trypsinized and washed intact brain cells was
based on evidence that blood infectivity is most'likely cell-
associated,! and thus, insofar as could be predicted, in-
fected cells represent a more appropriate infecticus vehicle
than either infectious tissue homogenates or purified, cell-
“free PrP We could notknow in advance whether trypsinized

814 TRANSFUSION Volume 38, Septemnber 1998

58

infected brain cells would partition during separation in ex-
actly the same manner as blood cells; in the event, they
turned out to be a more accurate predictor of endogenous
infectivity distribution than we imagined possible.

Relevance of experiments to human disease

The choice of mice inoculated with the Fukuoka- 1 strain of
human GSSD to investigate endogenous infectivity was
based on its standing as a well-studied model in which,
beginning about half-way through the incubstion period,
low but rising levels of infectivity were detected in the buffy
coat.? [t may be objected that this GSSD strain mightnotbe
an appropriate choice to investigate the behavior of CJD.
However, most human TSE strains produce similar clinical
signs and neuropathology when inoculated into rodents,
and induce the same molecular species of host PrP in the
infected anirnal; thus, there is every reason to suppase that
the biology of blood infectivity can be considered as a ge-
neric phenomenon of TSE {the only potential exception
would be “new variant” CJD, which has shown some degrée

- of biologic distinctiveness).

Similarly, although experimental modeling of medical
problems may or may not yield resulis that can be trans-
posed to the human condition, rodents have provided a vast
amount of information about the pathogenesis of TSE that
appears to be widely applicable across many agent strains
and host species, and there is thus reason to suppose that
rodent models can also provide useful (even if not defini-

- tive) information on the question of blood infectivity and

disease transmission. The ideal experiment, inwhich chim-
panzees would be inoculated with hurnan strains of CJD,
would be almost forbiddingly expensive, and require many
years to obtain meaningful results (nearly 2 years for the
inoculated animals to become sick, and another several
years to-bioassay the collected blood specimens in healthy
squirrel monkeys).1 _

Both the exogenous spike and endogenous infectivity
experiments gave consistent results: infectivity was present

'in plasma as well as white cells, and when the plasma was

subjected to Cohn fractionation, infectivity distributed al-

" mostentirelyinto the first two precipitates. Thus, although

infectivity in the brain cell spike was added in a necessar-
ity unnatural cellular element, the similarity of its distribu-

" .iion to that observed in the infected mouse model indicates

that it accurately reflected the endogenous situation (the
only major difference was the predictably lower level of
infectivity in the endogenous model). The presence of in-
fectivity in plasma raises a question as to its origin from
either whire cell (or white cell fragment) contamination of
adjacent components during the comparatively low speed
centrifugation separation, or as distinct cell-associated and
cell-free forms of infectivity The finding of infectivity in the
plasma component of normal human blood that had been
spiked with intact infected brain cells argues the case ofa



cell-associated rather than cell-free origin, but further work
‘needs to be done to resolve the issue.

Infectivity estimates and risk assessment

What might be the likely limits of infectivity in the plasma
of a patient with CJD? For this speculative calculation, we
can reason as follows: if each of the assay mouse transmis-
sions resulted from a single infectious unit, which seems
likely in view of the small proportion of positive to inocu-
lated animals in the 1-in-5 dilution and the absence of

transmissions in the 1-in-50 dilution, then the number of .

observed transmissions (8) multiplied by the reciprocal of

the percentage of plasma inoculated (100/3.5) predicts the

number of infectious units (230} that would have been ob-
served if ali 22.6 mL of plasma had been inoculated. Thus,
the mouse.plasma contained approximately 10 infectious
units per mL. Similar calculations yield infectivity estimatés
per mL of processed plasma of about 5 infectious units in
cryoprecipitate, and one infectious unit in fraction I+IE+IL.

If the 10 infectious units per mL of plasma are consid-
.ered as a concentration of infectivity applicable to both hu-
mans and mice, then a standard 450-mL blood donation
(containing approx. 250 mL of plasma) would contain about
2500 infectious units. Even if an intravenously inoculated
plasma specimenwere only 1-in-100th as likely to produce
infection as the intracerebral inoculation assay used in this
experiment,”® the consequent estimate of 25 infectious

-units still seems far too high in view of the fact that na case

of CJD has yet been linked to the administration of blood
or blood products.}*'7 {t is possible that peripheral routes
of infection are even less efficient than supposed, or that
dilution of this comparatively low number of infectious
units in large donor pools comes into play in further reduc-
‘ing the risk of disease transmission. '

A question of immediate practical importance is the
issue of which plasma products deserve the most attention
as possible vehicles for the transmission of CJD. Qurresults

suggest that the potential for transmission would be com- -

paratively higher for cryoprecipitate and fraction L+II+IIL
than for fractions IV and V. Albumin, made from fractionV,
is an especially important praoduct because it is used as an
excipient and stabilizer in other plasma protein concen-
trates, as well asin various non-plasma-derived biologicals,
includintg products as varied as vaccines, injectable diag-
nostic radiology'dyes, and embryonic cultures for in-vitro
fertlization procedures. judging from the nearly S log, ; re-
duction in infectivity in fraction V as compared to plasma
in the spiking experiment, and the absence of fraction V
infectivity in: the TSE mouse model, the risk of contracting
CID from exposure to albumin must be extzernely low.

CONCLUSIONS
' The distribution of blood 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 inféctivity 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 further reduced its infectivity to verylow

~ar undetectabie 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) blodd from a CJD patient included in a donor pool
will contribute only 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 columns 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 coraparatively
inefficient routes of TSE disease transmission.? _

Our results represent only the beginning of a rational
approach to an assessment of the risk, if any, of acquiring
CJID from the administration of blood components or
plasma products. Ardongurgently needed additional pieces
of information are answers to,the following questions: 1) is
theré 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 presentin
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-

59

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” CID
have the same biological characteristics with respect to
blood infectivity as otlter types of TSE?
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Prion~-removal capacity of chromatographic and ethanol
precipitation steps used in the production of albumin and

immunoglobulins
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Wox Sanguinis

Backaround and Qbjectives Although there is no epidemiological evidence to suggest
that classical Creutzfeldt-Jakob disease (CID) is transmitted through blood or blood
products, the variant form (vCJD) has been implicated in transmission via packed red
blood cells. The potential threat of the infectious agent contaminating plasma pools
has 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 purificaion and ethanol precipitation steps used to fractionate
immunoglobulins 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 columnus, utilizing microsomal scrapie

. 263K spiked into cach scaled down feedstream and assayed after each chromato-

Received: 28 Februnry 2006,
revised 27 Jfune 2006,
accepled 3 July 2006

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 demoustrated
substantial partitioning of PrP* away from the target protéins in all ion éxchange
chromatographic steps examined. The log,, reduction factors (LRF) across DEAE
Sepharose and CM Sepharose columns for albumin were 2 4.0 and = 3.0 respectively.
The reductions across DEAE Sepharose and Macro-Prep High Q for intravenous
immunoglobulin 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 = 5.4 across the combination of DEAE Sepharose and Macro-Prep High-
Q columns in the intravénous immunoglebulin process. Bioassay studies also
demonstrated a LRF of 2 5.6 for immunoglobulin produced by Cohn fractionation.

Conclusions Using rodent-adapted scrapie as a model, the studies indicated that ion
exchange chromatography, as well as Cohn immunoglobulin fractionation have the .
potential to effectively reduce the load of TSE agents should they be present in plasma pools.
Table of Contents [on exchange columns used for production of human albumin and
immunoglobulins, as well as Cohn immunoglobulin fractionation, effectively reduce
the load of TSE agents should they be present in plasma pools.

Key words. bioassay, chromatography, prion, scrapie, transmissible sponglform
encephalopathy, Western blot. :
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Introductian

The outbreak of the variant form of Creutzfeldt-Jakob
disease (vCID), linked to a bovine spongiform encephalopathy
(BSE) in the UK, and the propensity of this form to accumulate
in peripheral lymphoid tissues, has raised the theoretical
possibility of blood-bome transfusion of the vCID agent.
Experimental studies in a sheep model in which BSE was
" transmitted via blood transfusions [1] demonstrate proof of
principle for this possibility. It is probable that transmission
has occurred in humans with the report of vCID in a blood
transfusion recipient 6-5 years after receiving red blood cells
from a presymptomatic vCJD donor (2]. This report led to the
identification of 20 U of plasma from individuals who later
developed vCID that were pooled to produce fractionated
products used to treat thousands of recipients: to date, no
cases of vCJD have been identified in recipients of these
fractionated plasma products, )
Evidence that vCID may be transmitted by red blood cell
transfusion followed the post-mortem detection of proteinase
K-resistant scrapie prion protein (PrP*) in the spleen and

lymph node of a patient who died of other causes, having

previously receiving a red blood cell transfusion from a
donor that subsequentty developed vCJID [3]. More recently,
the UK National CID Surveillance Unit has announced a
‘probable’ third case of transfusion-related vCID, in which
the patient (who is still living) developed symptoms of vCiD
about 8 years after receiving a blood transfusion from a
- donor who developed symptoms of vCJD about 20 months
after donating this blood [4]. In contrast to vCJID, classical
CID transmission by blood tramsfusion has never been
reported in humans [5].

The pétential risk of vCJD transmission led producers of
plasma products to examine the prion-removal capacity of their
fractionation processes [6-10]. A difficulty with accurately
modelling the removal of blood-borne infectious prions
from plasma processes is identifying the form of "spiking’
material that best represents what might be present in blood.
The best representation of blood-borne infectivity is the
use of blood ex-sanguinated from test animals with clinical
TSE [11,12}; however, the low infectivity level found in
blood does not enable a high infectivity challenge of
plasma fractionation processes. TSE-infected brain faterial
offers much higher levels of infectivity and a varicty of
preparations have been reported. Ideally, a range of different
spiking materials would be tested on each process step [9];
however, in practice, investigators have selected one or two
preparations for their experiments because of practical
limitations including the many test animals required for
bicassays. . o=

Rodent-adapted scrapie 'has been used extensively as a

model for the study of prion partitioning during plasma
processing steps [6,10,13,14]. The incubation period of _
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murine-adapted scrapie strain ME7 has been characterized as
171 = 2 days in C57 black mice f15] which carry the Sinc 57
gene for short scrapie incubation time. The hamster-adapted
263K strain has alse been widely used.

Most published” studies investigating the prion-removal
potential of processes used to purify albumin and immuno-
globulins {IgG) from plasma have focused on studies of Cohn
fractionation, and comparatively little information has been
published on prion-removal potential of chromatography-based
processes. The prion-removal potental of the chromato-

_graphic portion of processes used to fractionate intravenous
immunoglobulins and atbumin [16] was examined using two
methodologies. The first study utilized a microsomal preparation
of hamster-adapted scrapie 263K, detected by Western blot.
“This study focused on clearance over individual columns in the
processes.

The second study used mouse-adapted scrapie ME7, with
detection by bioassay in C57 black mice. This study used a
10 000 g clarified homogenate spiking material, .which is
chafacterized as containing both microsotial and ‘soluble
PrP {17, to assess overall removal capacity of the ion
exchange chromatography steps in the production process,
The TSE infectivity reduction potential of the Cohn-Oncley
[18,19] process employed in manufacturing hyperimmune
immunogiobulins was also examined. ’

L

Materials and methods

Experimental design

All parameters of the industrial processes were scaled down
to give accurate representations of chromatography and
other process conditions. New chromatography gels were
used for all experiments. Columns sizes were held at the same
height as production columns, however, with smaller diameter.
The scale-down factor for the DEAE and CM Sepharose
columns was 1 : 5625, and for the Macro-Prep High Q column
was 1 : 14 667, The number of column volumes of buffers
was exactly the same as the production processes; protein
loadings and linear flow rates were set at the maximum
allowable in the production processes. It was required thatall
buffers and column conditions achieved the same pH,
conductivity and height equivalent of a theoretical plate
(HETP) limits as are applied to the production process.
Control runs were performed with feedstreams spiked with
uninfected brain preparations as described below. Extensive
testing of all buffers and protein eluates determined whether
the control runs accurately represented the industrial processes,
as previously described [20]. Duc to the limited scope of
assays that could be performed in containment conditions for
the TSE spiked runs, the validity of the TSE spiked run was
assured by following exactly the scale-down conditions used
in the control runs. . '
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Experiments using microsomal 263K spiking and
Western Blot assay

Preparation of microsomal inoculum

Brain homogenate from hamsters without discase, or in the
late clinical stage of infection with hamster adapted scrapie
{strain 263K), was used to prepare a microsomal fraction.as
described [21]. Briefly, crude brain homogenate (10% wtfv} was
prepared by Dounce homogenization of brains in phosphate-
buffered saline (PBS). This was pelleted at 10 000 g for 7 min
to remove nuclei, unbroken cells and mitochondria. The
microsomes remaining in the supernatant were then pélleted
by centrifugation at 100 000 g for 90 min, followed by resus-
pension in PBS.

DEAE Sepharose chromatography
De-lipidated and euglobulin (non-IgG globulins}-depleted
Supernatant 1 (SNI) was obtained from the production plant,
_and 135 rhl_was *spiked’ at 10% v/v with microsomal control
or scrapie 263K and sampled (Fig. 1). DEAE Sepharose™ Fast
Flow {DEAE" Sepharose) was obtained from GE Health-
sciences, Uppsala, Sweden. A 17-5 cm bed height columnawas
equilibrated with 10 mm sodium acetate (NaAc) at pH 52,
- and one-third of the spiked material was loaded, Following
loading, the colurnn was washed with 10 mm NaAcbuffer and
protein elution was monitored by ultraviolet (UV) absorption
at 280 nm. The non-retained crude immunoglobulin was,
collected until the onset of the second peak, in which
transferrin was eluted.

The 10 mm NaAc wash was continued until the clation of
the transferrin peak was complete. Albumin was then eluted
with approximately 2-5 column volumes (CV) of 25 mm NaAc
buffer. The column was regenerated with 2 CV of 150 mm
NaAc, pH 4-0. The loading and elution cycle was repeated a
further two times to load the entire starting volume as per the

Supernatant T or |
column-intermediate

263K inoculum >
l > Sample
‘column load'
Sample
*irocutum’
DEAE, CM or
Macro-Prep
chromatography

Sample all
. cluate fractions
Fig. 1 Flow diagram showing spiking points and sampling points for each
catumn in 263K PrP* studies, The diagram applies to each of the
chromatography columns, as they were each spiked separately.
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assayed by Western hlot.

production process, before regeneration and sanitization in
reverse flow with [ CV of 0-5m 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 Western blot.

CM Sepharose chromatography

CM Sepharose™ Fast Flow (CM Sepharose) was obtained
from GE Healthsciences, Up;isala, Sweden. A 17-5 cm bed height
column was equilibrated with 25 mn NaAc (pH 4-5). Peoled
crude albumin from the DEAE Sepharose column was
obtained from the production plant, and 150 ml was spiked
at 10% vfv with microsomal control or scrapie 263K, After
sampling, one-third of the volume was loaded onto the
columan, and then flushed with 1-8 CV 0f 25 mm NaAc to elute
the unbound proteins. Albumin was then eluted with approx-
imately 3 CV of 110 mm NaAe buffer. The column was regen-
erated with 1-5 CV of 400 mm NaAc pH 8-0. The loading and
clution cycle was repeated a further two times to load the
entire starting volume as per the production process, before
the column was regenerated and sanitized in reverse flow
with 1 CV of 0-56 m NaCl, 1 CV of 1 » NaOH and 2.5 CV of
150 mm NaAc:. All corresponding peak fractions from each
cycle {other than the 1 m NaOQH eluate) were pooled and

N

Macro-Prep chromatography ]
Macro-Prep High Q (Macro-Prep) gel was obtained from
Bio-Rad, Hercules, CA. A sample of non-retained crude 1gG
solution from DEAE Sepharose was obtained from an actual
production process and 100 ml was spiked at 10% vfv with_ .
niicrosomal control or scrépie 263K. The pH adjusted crude
IgG solution was loaded onto a 17-5'cm bed height column

" that had been equilibrated with 6 CV of 10 mu NaAc, pHi 62,

Two CV of 10 mm NaAc pH 6-2 were used to clute the non-
retained immuneglobulins from the column. The column was
regenerated with 2 CV of 1-0m NaCl and 2 CV of 1-0 M NaOH.
All column eluates {other than the [ m NaOH eluate] were
assayed by Western blot.
Western blof
Samples were ultracentrifuged at 150 000 g for 1 h and the
pellet was resuspended in a minimal volume of PBS prior to
digestion with proteinase K (Roche, Mannheim, Germany)
at 250 ug/ml for 1 h at 37 °C. Digestion was lerminated by
1: 1 addition of sample buffer (125 mm Tris-hydrochloric
acid, 20% viv glycerol pH 68, containing 4% wiv sodium
dodecylsulphate, 5% v/v 2-mercaptoethdnol), 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. Rabbit antimouse
secondary antibody conjugated to horseradish peroxidase
(Sigma-Aldrich, St Louis, MO) was used at 11000 for 1 h.
Blots were developed with ECL reagents (GE Healthcare,
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* (log,,) reduction
was recorded as ‘<. The formula used to caleulate the number
of units of PrP* was: reciprocal of the end point dilution of
the sample x the total fraction volume in ml 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 recovered scrapie. Variability of the
data could not be assessed, as one Western blot was run per
sample.

Experiments using bicassay with ME7 spike

Scrapie inoculum
Scrapie ME? was incubated in C57 black mice, and brains
were harvested from mice in the late dlinival stage of infection.
The brains were homogenized in PBS at 10% wtfv using a

Duall tissue grinder (Kontes, Vineland, NJJ, and the homogenate -

was centrifuged at 10 000 g for 30 min to remove cellular
debris [17].

Chromatography )
All chromatographic conditions described for the Western

blot study were replicated for the bioassay study; however, -

columns were run séquentially without intermediate spiking
(Fig. 2). De-lipidated “and euglobulin-depleted SNI was
" obtained from a production batch and was ‘spiked’ with
clarified brain homogenate from control mice or ME7-
infected mice to give a final spike concentration of 3-3% v/
v.For the TSE spiked run, sample ‘ME7 spiked SNI' was taken,
and 133 ml of the material was separated on DEAE Sepharose.
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 CM
Sepharose or Macro-Prep. ]
The pooled crude albumin was loaded onto a CM Sepharose
column, The purified albumin peak eluted from each cycle
was pooled with the corresponding peak from the other cycles
and was concentrated 10-fold with.a Pelticon XL 30 kDa
pelyethersulphone membrane (Millipore, Billerica), and the
sample ‘ME7 Albumin’ was taken for bioassay.
_ Crude IgG cluate from the DEAE Sepharose column was
loaded onto the Macro-Prep column, and the eluted pure IgG
. concentrated and diafiltered using a 30 kDa regenerated
cellulose YM30 ultrafilration membrane (Millipore, Billerica}.
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Supernatant I

ME7 inoculum ———#

Sample ‘ME7
spiked SNT'

DEAE
Sepharose

Crude albumin peak Crude IgG peak

(= Macro-Prep

Sepharose ‘
Concentrate Concentrate
and diafiltes and diafiltes
albumin peak IgG peak

Sample ‘ME7 - Sample ‘ME7
albumin’ 1gG’

Fig. 2 How diagram showing spiking and sampling paints for each column

-in ME7 infectivity studies. One upfront spike was made, with bioassay before

and following each purification sequence.

The diafiltered solution was concentrated and the sample
‘ME7? IgG’ was taken for bicassay.

Immunoglobulin prepared by Cohn fractionation =
fraction III supernatant was prepared from cryosupernatant
using the Cohn-Oncley process. (Fig. 3). Cryosupernatant was
cooledto<1 °C, and was processed either spiked with control
homogenized mouse brain’ at 1 : 29 or with homogenized
scrapie mouse brain (ME7, as above) at 1: 29. The sample

Cryosupematant

ME7 inoculum

Sample ‘ME7 spiked
cryosupernatanit’

Precipitalc’

Supernatant 1

l

Supemazant II + [T Fragtion IT + II[

l

Supernatant . Fraction 1 + [TFW

I

Supernatant ITE
Depth Filter/Concentrate

Sample ‘MET 12G (Cohn)’

Fraction [H precipitate

Fig. 3 Flow diagram showing spiking and sampiing points for Cohn
immunoglabulin ME? infectivity studies.
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‘ME7 spiked cryosupernatant’ was taken for bioassay, leaving
a volume of 316 ml for further processing.

Cold ethanol at € -5 °C was added to achieve a final ethanol
concentration of 7-5-8-5% vfv, and Fracton 1 {fibrinogen)
precipitate was separated by centrifugation at 20 000 g for
10 mirn, Cold ethanol was added to the SNI to give a final éthanol
concentration of 18-5-22-5% vfv. The mixture was centri-
fuged at 20 000 g for 10 min at -5 = [ °C and the Fraction
Il + LI precipitate (immunoglobulin plus lipoprotein) was
collected. Sufficient ethanol at € -5 °C was then added to
achieve an ethanol concentration of 20-0% v/v, to precipitate
immunoglobulins while leaving albumin in solution.
Fraction Il + [IIW precipitate was separated by centrifugation
at 20 000 ¢ for 10 minat-5= 1 °C. The fraction [l precipitate
([ipobrotein and IgM) was separated by centrifugation at
20 000 g for 10 min at -5 = 1 °C. Filter aid Diacel 150 (CFF,
Gehren, Germany) was added to the fraction II supernatant
and filtered through Seitz EK1 disks (Pall, East Hills, NY}. The
filtrate was adjusfed to pH 4-0 and diafiltered at this pH using
10 kDa ultrafiltration membranes. The sample ‘ME7 IgG
Cohn' was taken foc bioassay.

Bioassay .

Samples collected from one control run and the TSE parti-
ﬁoningArun were used for intracerebral (IC) inoculation of
mice. The tesf materials were subjected to tenfold dilutions in
PBS, and weanling C57 black mice (Aﬁimal Resources Center,
Perth, WA) were IC inoculated with 30 ul of test dilution in
sets of five mice per cage. As shown in results in the tables,
some dilutiens were inoculated into more than one cage, to

improve sensitivity when low prion infectivity was expected.

{given Western blot study results). The study period for the
bioassay was 18 months. Mice showing clinical symptoms of

- scrapie [22] throughout the study or that died within incubation
petiads consistent with TSE were harvested for TSE evaluation
by haematoxylin and eosin staining to detect spongiform
change. Further testing using MADb 6H4 {Prionics, Schlieren,
Switzerland) for immunohistology and MAb SAF83 (Cayman,
Ann Arbor, MI) for Westerr blot was perfdl'mtd if required.
Mice weré scored as scrapie positive when clinical signs were
confirmed by two or move methods. At the end of 18 months,
histology was performed on all surviving mice in dilutions
from which scrapie mice had been culled. Histology was also
performed ‘on all mice in the lowest dilution for which there
Were no scrapie cases recorded.

Negative mouse controls within the bioassay component
were deemed to be satisfactory when they showed no signs
of toxicity over the period of the study or did not contract
scrapie over the full study. The 50% end point for infectious
dose (ID} of the bioassay titration was calculated using the
Spearman Kirber method [23]. When no infectivity was
present in a sample, a 95% probability formula was used to
estimate residual infectivity in the sample [24]. The log reduction
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factor (LRF) of infectious scrapie over the processes was
determined by subtracting the scrapie log load of the final
concentrated eluates from the log load of the spiked starting
material {24].

Results

Scale-down validity

Protein intermediates from control runs showed that the processes
were scaled down accurately and were representative of
production processes with regard to protein purity, concentra-
tion and chemical composition. Chromatographic profiles as
shown for the scrapie ME7 spiked scale-down runs accurately
represented those obtained from the industrial-scale production
process [25]. All buffers and column eluates achieved the same
HETP, pH, and conductivity limits as production processes.

Experiments using micfosomal scrapie 263K with
Western blot.detection

Log reduction factors and recovery of PrP* are shown for the

ion exchange columns used for the production of albumin
and IVIG (Table 1). All eluate streams from the columns were
assayed for PrP* using Western blot. Substantial partitioning
of PrP* away from the target proteing was achieved in all ion

exchange steps examined. The log reductions across the

DEAE Sepharose and CM Sepharose for albumin were = 4-0

and 2 3-0, respectively. The log reductions across the DEAE

Sepharose and Macro-Prep for immunoglobulin were 3-3 and.
2 4-1, respectively.

Summation of all the PrP* recovered from all eluates of
each column shows that the overall percentage recovery of
PIP* for the DEAE Sepharose, CM Sepharose and Macro-Prep
columns are < 0-34, € 1-84 and < 0-03%, respectively. Mass
balance was therefore not achieved in-all three ion exchange
columns up to the final wash with 1 m NaCl. The 1 4 NaOH

- sanitation washes were not studied as NaGH renders PeP*

sensitive to digestion by proteinase K [26], and could lead to
aberrant results..The results indicate that some PrP* was
cluted from the DEAE Sepharose and CM Sepharose, but most
of the PrP* was either not recovered or bound to the
chromatography gel prior to the NaQH sanitation step.

Si:rapie ME7 spike with bioassay detection

Limiting dilution bioassay was used to determine the titre of
the spiked supernatant [ starting material and the final
concentrated eluates from the CM Sepharose and Macro-Prep
columns (Table 2). The control mice for all studies remained
normal throughout the observation period, indicating that
‘the inocula were non-toxic and that there was no cross-
contamination from cages housirig TSE-positive mice,
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Table 1 Partitioning ef PrP* microsomal fraction during albumin and
immunoglobulin purification across ion exchange columas as determined by
Western blot

Total PrF° % PrP* In Reduction
Step/Fraction (log,y) fraction (log,o)®
DEAE Sephargse™ FF
Inoculum 380
Column toad 430 10000
Unbound IgG’ 98 005 33
Transferrin peak =084 <003 235
Wash - 10 mm NaAc <092 <004 =34
Eluted albumin® =032 s 001 24-0
Wash — 150 mm NaAc 1-63 020 27
05 m Nall - L0 =0 ) 242
CM Sepharose™ Fr
Tnoculum 3n .
Column load . 364 10000
" Unbound protein <034 . 003 =40
Wash 110 mum NaAc <041 - <006 =32
Eluted albumin® - <068 <013 230
Wash 400 mm NaAc =023 . =004 234
0-5 M NaCl 183 158 18
Macro-Prep High Q ’
Inoculum 3-80
Column load T 418 100-00
Purified 1gG (unbound)® S0-08 <001 241
Wash 10 mm NaAc ‘£-019 <0401 244
1M NaCl

<007 £00 242

*Eluates shown in botd are main column eluents used for ongoing processing

of albumin or immunoglobulin. All other sluates are waste streams.

bHf PrP* (proteinase K-resistant scrapie prion protein) could not be detecied
. in the neat sampte, the PrP* tog reduction was recorded as =%

The period between inoculation and days of onset of clintcal
symptoms for the spiked starting material ranged from an
average of 184 days for the neat material through to 252 days
in the 107° dilution. The trend of increasing incubation
time with higher dilutions of inoculum was not observed at
the higher 16" and 107* dilutions, with the single positive mice
showing disease onset at 474 and 260 days, respectively. This
variability could be due to factors such as IC injection placerment
ot due to the specific nature of the infectivity associated with
a single infectious prion unit. TSE was not found in any mice
inoculated with the concentrated post-CM Sepharose
(albuminj nor in the concentrated post-Macro-Prep eluate
(immuneglobulin).

For the study of removal capacity of the Cohn immuno-
globulin process, the period between inoculation and days
of onset of clinical symptoms for the spiked starting material
ranged from an average of 186 days for the neat material
through to 347 days in the 107 dilution (Table 3}. The trend
of increasing incubation time with higher dilutions of in-
oculum was not observed.at the 10°® dilution, with the single
positive mouse showing disease onset at 230 days.

The titre of the ME7 spiked starting material for the chro-
matography process experiment was found to be 5-4 1D /ml],
with a 95% confidence interval of 4-5-6-3 {Table 4). The LRFs
for the combined chromatographic processes were calculated
as 2 56 for the atbumin process, and 2 5-4 for the immuno-
globulin process.

Titration of the ME7 spiked starting material for Cohn
fractionation also found the titre to be 54 D, /ml, with a
95% confidence interval of 4-4-6-5. No TSE was found in
mice inoculated with the Cohn-purified immunoglobulin,
with the LRF for the process calculated as 2 5-6.

Table 2 Bioassay of test materials from albumin and immunoglobulin chromatographic processes

Sample dilution

Sample . Paramcter . 10° 10 1Q'2 167 107 1078 107 107
Control Mice infectedfinoculated of8

SH1 incubation period (days)®

Control Mice infectedfinoculated of1o

Albumin incubation period {days)

Conftrol Mice infected/inoculated ofa

19G incubation period (days) .

ME? ’ Mice infectedfinoculated 55 . 5/s 5/5 55 1/5 "5 ofs’ 0/s
Spiked SNI incubation peried [days) 1840 193 &7 228 = 14 252+ 18 474 260

ME7 Mice infectedfinoculated 0/15 0/5 ofs 0f5

Albumin incubation period (days)

‘ME7 Mice infectedfinoculated

IgG incubation period (daysi of2n : 0/s

0/5 o/5

*Meéan = standard deviation.
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Table 3 Binassay of fest materials from Normal Immunoglobulin 2Vt (Cohn) process

Sample dilution

Sample Parameter 10° 107 1072 107 107 10°  o10® 107
Control - Mice infectedfinoculated of8
cryosupernatant incubation period (days}
Control 1gG Mice infectedfincculated ofa
[Cohn) incubation period (days)
MEZ spiked Mice infectedfinoculated 5f5 s/s 5/s 4fs 1/s 115 1/5- 04
cryosupernatant incubation periad (days) .186=6 23526 2238 279 %67 279 347 230
ME7 IgG Mice infectedfincculated 0f20 ofs o/5 - 0fs
(Cohn) incubation period (days}
*Mean = standard deviation.
) Table 4 Calculation of Infectivity in spiked process
Infectivity Volume Total infectivity Reduction starting materials and fina! materials of
Step/Fraction {logyg 1Dgefml) (lagy,) (log,y) (log,y) chromatography and Cohn process
Chromatography .
ME7 spiked SN1 54 (4-5-6-3)° 211 75
ME? atbumin =07 12 <149 z256
ME7? IgG” <07 14 <21 =54
Cohn
ME7 spiked cyrosupernatant 54 (4-4-6-5)° "2 70
MEZ 19G (Cohn) 207 % <23 =56

959 confidence interval of Spearman Kirber estimate of 10,

Discussion
The potential risk of vCID transmission has led producets of

plasma products to examine the prion clearance capacity of
their fractionation processes. Whereas it is an accepted principle

to add viral log reduction factors attained by mechanistically

complementary steps [27], different approaches are needed to
establiskvoverall prion removal. The European Agency for the
Evaluation of Medicinal Products (EMEA) guidance [28] advises
that validation studies of removalfinactivation procedures
for TSEs are difficult to inferpret due to the necessity to take into
consideration the nature of the spiked material and its relevance
to the natural situation, the design of the study (including scaling-
down of processes} and the method of detection of the agent.

This study programme looked initially at PrP* removal
capacity of individual process steps then examined the potential
of two or more combined process steps to remove prion infectivity.
The study programme used scrapie 263K and ME7 as models
for human prions, an approach that is supported by the finding
that partitioning of human prions is similar to that observed
in the hamster scrapie model [29]. The studies used different

spiking materials (microsomal 263K and 10 000 g supernatant

ME7) because the ME7 study sought to use an infectious spike
which would consist not only of microsomal infectious units, but
of smaller units of infectvity as soluble PrP** [17). The study

67

progfammc found substantial partitioning of prions away
from the product streams of chromatographic albumin and
immunoglobulin, and for immunoglobutin produced by Cohn
fractionation. Importantly, this investigation shows that removat
of infectivity from immunoglobulin preparations is similar
whether chromatographic or Cohn purification processes are used.

The study with microsomal scrapie 263K showed substantial
partitioning of PrP*® away from the target proteins in aH ion
exchange stéps examined. The log reductions across the
anion exchange DEAE Sepharose and cation exchange CM
Sepharose for the albumin process were 2 40 and = 3-0,
respectively. The log reductions across the DEAE Sepharose
and anion exchange Macro-Prep for the immunogiobulin
process were 3-3 and = 4-1, respectively.

At the loading pH buffer ranges used for this experiment
{pH 5-2 for DEAE Sepharose, pH 45 for CM SEpharose, and
pH 6-2 for Macro-Prep), scrapie should be below its isoeleciric
point (pl) of pH 5-4~9-3 [30] on the DEAE and CM Sepharose
columns, and hence would be positively ¢harged, While pH 62
is within the pl range for scrapie, it is likely that scrapie is
predominantly positively charged when loaded outo Macro-Prep.
Ifscrapie bound to chromatography columns purely based on
charge, it would be predicted that more binding should occur
with the cation exchanger CM Sepharose, arid less to the anion
exchangers DEAE Sepharose and Macro-Prep. The substantial
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removal of PrP* by the anion and the cation exchange gels,
and lack of substantial amounts of PrP™ in the wash fractions
indicated that PrP* removal was more dependent on adsorp-
tion to the gel matix than to the exchange group. There was
a partitioning of 0-05% of loaded PrP*® in the unbound IgG
eluted from DEAE Sepharose. However, as the Macro-Prep
column removed = 4-1 logs, there is a level of confidence that
this remaining PrP* would be removed from the product stream.
Similar results were reported using murine bicassay of BSE
301 V over Toyopearl DEAE-650 m [31], in which LRFs of 2:9
" and 27 were found in eluted fibrinogen and factor VIIL leading
ta the conclusion that over 99% of BSE infectivity remained
bound to the ion-exchange column. A 2 M NaCl wash removed
5.750 of this infectivity, and infectivity could not be detected
in eluates following a 0-1 M NaOH wash.
In our study, new chromatography gels were used, as
' op}'msed to production gels that had been exposed to previous
cycles. The possibility of infectivity binding to chrematography

gels has led to further experimental work examining prion

removal and or inactivation of infectivity from chromato-
graphy gels, in which it was ascertained that infectious prions
did bind to DEAE Sepharose, and the cleaning cycle was able
io remove or tnactivate this infectivity [32). .

A LRF of 2 56 across the DEAE and CM Sepharose ion
exchange columns in the albumin process and 4 LRF of 2 5-4
across the DEAE Sepharose and Macro-Prep ion exchange
columns in the immunoglobulin process was achieved. Both
. processes include a final concentration/diafiltration step using
30 kDa ultrafiltration, with the refentate containing either
albumin or immunoglobulin. It is unlikely that substantial
prion infectivity would be lost in the permeate stream, as infectious
units are believed to have a minimum molecular weight of
approximately 55 kDa [33]. Conversely, it is possible that some
infectivity is adsorbed to the ultrafilter membrane surface;
however, the membrane types used (polycthersulphone for
albumin and regenerated cellulose for immunoglobulin) are both
specified as low protein binding by the respective manufacturers.

If the starting titre for the ME7 bioassay study had been
higher it may have been possible to show removal capacity
equal to the addition of removals attained for each column
in the Western blot study. Previous studies using scrapie 262K
for validation of prion removal in bovine serum albumin
production with sequential columns [34] have shown a-5:2
log removal of scrapie 263K over the first ion exchange
column, and = 6-2 when the second ion exchange column is
- included. This implies that the result is limited by the starting
titre, and the question of additivity cannot. be resolved
without a higher infectivity spike. In our study programme,
the spike material preparations and the method of detection
[Western blot vs. bioassay) were different between the two
studies. Higher titre spiking material would be needed to
further clucidate the additive vs. non-additive nature of prion
removal over sequential columns.

R
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The LRF calculated for the Cohn immunoglobulin process
was 2 5-6, which is similar to that shown previously, where a
clearance of 2 4 logs of PtP¥ in fraction III effluent was
detected by Western blat {71 Removal over Fraction [ + [
precipitation with microfiber glass depth filtration and Seiiz
depth filtration has previously been reported [8] to give an
overdll removal of BSE 301 V infectivity of = 2-9. The non-
additive nature of ethanol precipitation and depth filtration
was established by these authors, and further work [35]
suggests that the likely cause of prion removal is the pre-

_ cipitation of PrP* by ethanol, and removal in centrifugation,
followed by the ‘polishing’ effect of depth filtration.

Conclusion

Using both scrapie 263K and ME7 as spiking agents, these
experiments have shown that the ion exchange chromato-
graphic steps used in the production of albumin and im-
munoglobulin have the capacity to remove at least 5-6 and
5-4 logs, respectively, of infectious prions. Producdon of im-~
munoglebulin by ethanol precipitation was shown te have the
. capacity to remove at least 56 logs of prion infectivity.
Importantly, this investigation shows that removal of infectivity
from immunoglobulin preparations is similar whether chro- |
matographic or Cohn purification processes are used. n all
the bioassay studies, the process steps removed scrapie ME7 to
below the limit of detection, and further studies with a higher
titred chaflenge, or more concentrated final product would be
needed to finitely measure the removal capacity of individual
process steps. The Western blot study indicated that prion
“removal by the columns was more dependent on adsorption
to the gel matrix than the exchange group, and a=3-0 log removal
of PrP* was achieved for all individually spiked columns,
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Abstract

Manufacturing processes used in the production of biopharmaceutical or biological products should be evaluated for their ability to remove
potential contaminants, including TSE agents. In the present study, we have evaluated scrapie prion protein (PrP5%) removal in the presence of
different starting materials, using virus removal filters of different pore sizes. Following 75 nm filtration, PrP*® was detected in the filtrate by
Western blot (WB) analysis when a “super-sonicated” microsomal fraction derived from hamster adapted scrapie strain 263K (263K MF) was
used as the spike material. In contrast, no PrP>® was detected when an untreated 263K MF was used. By using spike materials prepared in a man-
ner designed to optimize the particle size distribution within the preparation, only 15 nm filtration was shown to remove PrP%° to below the limits
of detection of the WB assays used under all the experimental conditions. However, infectious PrP> was recovered following 15 nm filtration
under one experimental condition. The results obtained suggest that the nature of the spike preparation is an important factor in evaluating the
ability of filters to remove prions, and thal procedures designed te minimize the particle size distribution of the prion spike, such as the “‘super-
sonication’ or detergent treatments described herein, should be used for the preparation of the spike matenals
© 2007 The Inlemational Association for Biologicals. Published by Elsevier Ltd. All rights reserved.

Keywords: Prion, Removal; Filter; Clearance study; Spike material

1. Introduction thought to be the causative agent of the transmissible spon-

giform encephalopathy (TSE) diseases, which include

The transmission of variant Creutzfeldt—Jakob disease Creutzfeldt—Jakob disease (CJD), vCID, and bovine spongi-

(vCID) through blood transfusion has been of increasing
concern, since a fourth possible transmission case was re-
ported {1]. In addition, prions have been detected in the
buffy coat separated from the blood of hamsters infected
with scrapie, using-a biochemical assay (protein misfolding
cyclic amplification, or PMCA) [2]. Infectious prions are

* Cormresponding author. Hirakata Research Laboratory, Research & Devel-
opment Division, Benesis Corporation, 2-25-1 Shodai-Ohtani, Hirakata, Osaka
573-1153, Japan. Tel.: +81 72 850 0100; fax: 481 72 864 2341.

E-mail address: yunoki.mikibiro@mk.m-pharma.co.jp (M. Yunoki).

formn encephalopathy (BSE). Therefore, to reduce the risk of
transmission when raw materials for protein products (such
as plasma) are contaminated with infectious prions, mea-
sures should be introduced to decrease the prion load, to
evaluate the risk to the product, and to introduce prion re-
moval/inactivation step(s) in the manufacturing process, if
feasible [3—5]. Unlike viruses, the minimum infectious
prion unit does not exist as a single particle. The infectious
prion unit is believed to be composed of protein poiymers/
aggregates, rather than a prion particle. The unusual natare
of the prion agent makes it particularlly important to

1045-1056/07/$34.00 © 2007 The Intemational Association for Biologicals. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.biologicals.2007.04.005
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consider the effect of the prion spike material when evalu-
ating process steps for prion clearance. A rationale for the
choice of the spike preparation used for such evaluation
studies should be provided [4].

Several prion strains have been used to evaluate
manufacturing processes for their ability to remove TSE
agents, including hamster scrapie prion protein (PrPe,
263K or Sc237), and mouse PrP®SE (301V). In a polyethyl-
ene glycol (PEG) fractionation process, hamster PrP>° and
human PeP*O'P, prepared using the same methodology,
were reported to behave in a very similar manner [6]. Dif-
ferent prion spike preparations have been used to investigate
prion removal, including crude brain homogenate (BH), mi-
crosomal fraction (MF), caveolae-like domains (CLDs), and
purified PrP%, Of these materials, purified PrPS® was re-
ported to behave differently from the other preparations in
an 8% ethanol fractionation step [7]. This result suggests
that the methods used to prepare the prion spike material
may be a critical factor in prion clearance studies. Further-
more, these reports are useful in providing a rationale for
the choice of the prion source and spike preparation used
for such evaluation studies [8].

Tateishi et al. reported that sarkosyl influenced the ability
of BMMA40 filters to remove prions, using BH derived from
CID-infected mice {9]. The presence of sarkosyl was also
shown to significantly reduce the capacity of Planova (P)-
35N to remove the scrapie agent ME7, while filtration with
P-15N resulted in the complete removal of infectivity, to be-
low the limit of detection of the bivassay used, in both the
presence and absence of sarkosyl [10}. Van' Holten et al.
evaluated the capacity of Viresolve 180 membranes (de-
signed for virus removal from proteins of <180 kDa) to re-
move prions by using BH which was lysolecithin-treated,
sonicated, and subsequently passed through a 100 nm filter
(SBH), and demonstrated removal of PrP%¢ down to the limit
of detection of the Western blot assay used. They argued that
by using a better defined spike material, where the size of the
scrapie particles was limited, the results may be more rele-
vant with respect to the removal of potential TSE infectivity
in plasma than previous studies that used a less well-defined
BH [il1].

Aggregation of the prion protein is a critical parameter
when evaluating nanofiltration steps. The actual form of the
infectious agent present in plasma in natural infection is not
known. In addition, nanofiltration is typically performed late
in the downstream processing, after protein purification steps,
which may result in removal of larger or aggregated prion
forms. Therefore, use of a spike preparation containing large
aggregates may result in an over-estimate of the prion removal
capacity of-a filter. Although the reports described above, and
others, have shown excellent prion removal ability for a num-
ber of filters, most reports have not described the particle size
distribution of the prion protein in the spike preparations used.
Therefore, in this study we have investigated the prion re-
moval capacity of P-35N, P-20N and P-13N filters under di-
verse conditions, considering the particle size distribution of
the MF preparations used.

2. Materials and methods
2.1. Preparation of microsomal fraction (MF)

Brains removed from hamsters infected with scrapie strain
263K [12] (originaily obtained from the Institute for Animal
Health, Edinburgh, UK), were homogenized in phosphate
buffered saline (PBS) until homogeneous, to a final concentra-
tion of 10% {(w/v). The homogenate was clarified by low speed
centrifugation, to remove larger cell debris and nuclei, and the
supernatant material was then forther clarified by centrifuga-
tion at 8,000 x g for 10 min at 4 °C, before being ultracentii-
fuged at 141,000 x g for 60 min at 4 °C, to concentrate the
scrapie fibrils, and small membrane vesicles and fragments.
The pelleted material was resuspended in PBS, aliquoted,
and stored at —80 °C. This material was designated 263K
MF. Prior to use, stocks were thawed at 37 °C, and sonicated
2 x 4 min on ice water (Ultrawave ultrasonic bath model
#U100, 130 W 30 kHz, Ultrawave Ltd., Cardiff, UK): Six
independent batches of 263K MF were used in this study.
These batches are designated 263K MF preparation lots
A—F (Tables 1—3). Normal ME derived from normal (i.e. un-
infected) hamster brain material, was also prepared as described
above.

Since we were unable to measure the particle size distribu-
tion of contaminated materials in our facility, we used normal
MF, and investigated changes in the particle size distribution
following strong sonication or treatment with detergent, Vari-
ous concentrations of sarkosyl (N-lauroylsarcosine sodium
salt, Nacalai Tesque, Inc., Kyoto, Japan), lysolecithin (L-ct-
lysophosphatidylcholine, Sigma-Aldrich Corp., St. Louis, USA),
Triton X-100 (polyethylene glycol mono-p-isooctylphenyl
ether, Nacalai Tesque, Inc.), TNBP (tri-n-butyl phosphate,
Wako Pure Chemical Industries, Ltd., Osaka, Japan), and/or
1% Tween 80 (Nacalai Tesque, Inc,) were added to normal
ME. Changes in the particle size distribution were then moni-
tored by dynamic light scattering method using volume-
weighted gaussian analysis using 2 submicrometer particle
sizer (NICOMP Type 370, Particle Sizing Systems, Inc., Santa
Barbara, USA). To evaluate the effect of strong sonication,
normal MF was sonicated using a closed system ultrasonic
cell disruptor (Bioruptor UCD-200T, CosmoBio Co. Ltd., To-
kyo, Japan) with a resonance chip set in the tube. Sonication .
was performed for | min at 20 k¥Hz, 200 W in a cold water-

. bath. Ten cycles of sonication were performed, with a 1 min

Table 1
Scrapie infectivity in different 263K MF preparations®
Logio SE at 95%
LDs¢/m! probability
Non-super-sonicated 263K MF lot C 57 044
Super-sonicated 263K MF lot C 6.0 0.53
Super-sonicated 263K MF lot D 5.3 0.69
SD-treated, ultracentrifuged, super-sonicated 69 . . 069

and 220 nm-filtered 263K MF lot C

® This bioassay study was performed in accordance with GLP regulations.
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Table 2
Removal of PrP> from PrP*-inoculated PBS

PVDF filter- Planova filter

220 nm 100 nm P-75N (72 £ 2nm) P-35N (35 £ 2 nm) P-15N (15 =2 nm)
Super-sonicated + - + - + - + - + -
Before filtration 42135 3.5/4.2 4.2/3.5 3.5M4.2 4.2/42 35142 4.2/42 3.5/42 4.2/4.2 3.5/4.2
Filtered 3.8/3.8 3.1/3.8 3.8/3.1 2.413.1 24/24 <1.0/<1.0 <1.0/<1.0 <1.0/<1.0 <1.0/<1.0 <1.0/<1.0
LRF 0.4/-03 0.4/0.4 0.4/0.4 1.1/1.1 1.8/1.8 >2.5/23.2 >3.2U4232 »2.51>32 >3.2/232  >25/>32

Data represents total PrP™ present in samples, expressed as log g arbitrary units, following Western blot analysis as described for WB1. This study was performed

in accordance with GLP regulations.

# Two independent batches of 263K MF were used: lot C (left) and Iot D (right), respectively.
b LREF, log reduction factor = total PrP> in inputftotal PrP™ in filtrate, expressed as a logp value.

- interval between each sonication treatment. During the treat-
ment cycle,-the particle size distribution was monitored. We
named this treatment cycle “super-sonication™.

Different preparations of 263K MEF, treated with various
combinations of detergent, ultracentrifugation and/or “super-
sonication™, were used as the spiking agent in the process
evaluation studies, and are described in the relevant methods
sections below,

2.2. Detection of PrP°¢ by Western blotting (WB)

To determine the relative levels of PrP*° present in different
samples, WB assays were performed. Three slightly different
'W3B methodologies were applied over the course of the studies,
all of which are based on detection of the disease-associated,
protease-resistant form of the prion protein (PrP5%), using the
monoclonal antibody 3F4 (Signet Laboratories, Inc., Dedham,
USA)[13]. WB methods 1 and 2 were developed independently,
and use different approaches to calculate the titer of PrP%. As
these assays were performed as part of GLP studies intended

Table 3
Removat of Pi#™ from PrPsc-moculated plasma preparauons

for regulatory submission, the results are presented as reported -
in these studies.

2.2.1. Method 1 (WBI)

Samples and controls were either tested dm:ctly, or-first
ultracentrifuged at 141,000 x g for 60 min at 4 °C, and the
pelleted material then resuspended in PBS. Ultracentrifugation
was performed to concentrate the PrP> present in large vol-
ume samples, and to remove soluble proteins or buffer compo-
nents that might interfere with the WB assay. Samples were
digested with proteinase K (Roche Diagnostics, GmbH, Penz-
berg, Germany) for 60 min at 37 °C. The optimal concentra-
tion of proteinase K, to remove any background that could ’
interfere with the detection of PrP>® and 10 allow effective re-
covery of the PtP*° protein, was previously established -for-
each sample. Digested samples were mixed 1:1 with Laemmli
sample buffer (62.5 mM Tris—HCl, pH 6.8, 25% (v/v) glyc-
erol, 2% (w/v) SDS, and 0.01% (w/v) bromophenol blue,
BioRad Laboratories Inc., Hercules, USA) containing 5% (v/v)
B-mercaptoethanol. After boiling, serial 5-fold dilutions of

Filter P-35N (35 &+ 2 nm) P-20N (19 &= 2 nm) P-15N (15 £+ 2 nmy)

Preparation IVIG Haptoglobin ' IVIG Haptoglobin Antithrombin Thrombin
Spike material 263K sMF° 263K sMF° 263K sMF? 263K dsMF° 263K dMFE' 263K sMF° 263K dsMF°
MF preparation lot. c/D ‘ B EF E/F A/A B ' c/D

Spike ratio . 1/100 17200 1120 17200 /50 1/21 1720
Detection method® WBI1 WB3 WwB2 WB2 WB1 WB3 BA WBI

Before filtration 3.2/2.5 24 6.8/6.8 6.7{6.1 3.1/3.1 3.6 +ve 3.7137
Filtered 0.8/0.8 <10 4.8/4.3 4.8/4.7 0.0/0.0 <0.8 ve <0.2/<0.2
Log reduction factor 2417 >14 20125 1914 >3.1231 >28 NA >3.5>35

Abbreviations used: 263K MFE, microsomal fraction derived from hamster adapted scrapie strain 263K; IVIG, intravencus immunoglobulin; 263K sMF, “super-
sonicated” 263K MF; WB, Western blotting; 263K dsMF, detergent treated and **super-sonicated™ 263K MF; 263K dMF, detergent lreated 263K MF; BA, bio-

assay; +ve, scrapie positive.

# Scaled down conditions were designed according to current guidelines. However, in a study using P-35N filier and hapwg[obm, clogging of the filter occurred,

and the filtration was subsequently terminated.

b WB1, WB2, and WB3 mean Western blotting methods I, 2 and 3, respectively. The studies involving the use of WB1 and WB2 were performed in accordance
with GLP regulations; the studies involving the use of WB3 and the qualitative BA shown in this table, were performed as non-GLP studies.

€ 263K MF was “‘super-sonicated™ then 220 nm-filtered prior to spiking.

4 263K MF was ultracentrifuged at 141,000 x g for 60 min at 4 °C, resuspended in buffer equivalent to the starting material without protein, “super-sonicated”,

and 220 nm-filtered pror to spiking.

¢ 263K MF was “SD-treated”, ultracentrifuged at 141,000 x g for 60 min at 4 °C, resuspended in the starting material (thrombin) or saline (haptoglobin), and

“super-sonicated”. These materials were 220 nm-filtered prior to spiking.
T 263K MF was treated with 0.1% sarkosyl for 30 min at room temperature.
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the sample were then prepared and subjected to electrophore-
sis using 12% (w/v) SDS-polyacrylamide gels. Proteins were
transferred from the gels to 0.45 pm PVDF membranes
(Immobilon-P, Millipore Corp., Billerica, USA), and non-
specific binding sites on the membranes were then blocked
by overnight incubation in buffer containing dried milk and
Tween 20. The blocked membranes were incubated with
monoclonal antibody 3F4, washed extensively, and then
incubated with a secondary horseradish peroxidase (HRP)-
conjugated anti-mouse antibody {Sigma-Aldrich Corp.). After
further exiénsive washing, bound antibody was detected using
an ECL-Plus detection system {GE Healthcare UK Ltd, Buck-
inghamshire, UK} and exposure to blue-light sensitive film.

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

2.2.2. Method 2 (WB2)

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

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

2.2.3. Method 3 (WB3)

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

M. Yunoki et al. ! Biologicals 36 (2008) 2736

were treated with 10 mM 4-(2-aminoethyl)-benzene sulfonyl
fluoride hydrochloride (AEBSF) at room temperature for
10 min, then mixed with 5x SDS-polyacrylamide gel electro-
phoresis (PAGE) sample buffer (300 mM Tris~HCI, 12% (w/v)
SDS, 25% (v/v) glycerol, and 0.025% (w/v}) bromophenol
blue, pH 6.8, with 23% (v/v) B-mercaptoethanol) and heated
at 100 °C for 5 min. Samples were serially 5-fold diluted with
1x PAGE dilution buffer (60 mM Tris—HCI, 2.4% (wiv)
SDS, 5% (v/v) glycerol, and 0.005% (w/v) bromophenol
blue, pH 6.8). SDS-PAGE was performed at 30 mA per gel
for approximately 42 min. The proteins in the gel were trans-
ferred to 0.45 pm PVDF membranes. After treating with block-
ing buffer (5.0% (w/v) skimmed milk in PBS, 0.05% (v/v)
Tween 20), the membrane was incubated with monoclonal
antibody 3F4 at 4 °C overnight, then incubated with HRP-
conjugated sheep anti-mouse IgG (Sigma-Aldrich Corp.). Bound
antibody was vistalized by chemiluminescence (ECL-Plus) on
X-ray film. The titer of PrP%° present in the samples was cal-
culated as described for method 1 in Section 2.2.1.

2.3. Evaluation of PrP* removal by filtration

A 10% (viv) concentration of *“‘super-sonicated” 263K MF
was prepared in PBS, and 10 ml zliquots were then filtered
through a 220 nm or a 100 nm 4 cm® PVDF filter (Millex-
GV or -VV, Millipore Corp.). In addition, 25 mi aliquots of
“super-sonicated” 263K MF in PBS were filtered through
a 0.01 m? P-75N (72 £ 2 nm), P-35N (35 & 2 nm), or P-15N
(15 +2nm) filter (Asahi Kasei Medical Co., Ltd. Tokyo,
Japan). Two independent batches of 263K MF were used.
WBI analysis of samples before and after filtration was per-
formed to determine the removal of PrP5 under the different
conditions. Non-sonicated 263K MF (from the same batch
of 263K MF) was also filtered as a control.

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

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

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

2.5. Evaluation of PrP> removal in the presence of
plasma preparations

To investigate whether differences in how the scrapie spike
material was prepared influenced our evaluation of prion re-
moval, two different spiked preparations were compared using
the manufacturing process for preparing AT (Neuart®, Benesis
Corp., Osaka, Japan). Samples taken during .the actual
manufacturing process, immediately before the Planova step,
were spiked with 263K MF treated with 0.1% (w/v) sarkosyl
for 30 min at room temperature, or with 220 nm-filtered ““super-
sonicated” 263K MF. The spiked AT materials were then
passed through a P-15N filter. The influence of different filtra-
tion conditions on the removal of PrPS® was compared for the
same spike preparations, and for different spike preparations,
using heat/PEG-treated intravenous immunoglobulin (IVIG)
(Venoglobulin-IH, Benesis Corp.) and haptoglobin (Haptoglo-
bin Injection-Yoshitomi, Benesis Corp.).- Samples taken during
the actual manufacturing process, immediately before the Pla-
nova step, were spiked with: 220 nm-filtered “‘super-sonicated”
263K MF (IVIG/P-35N and haptoglobin/P-35N); 263K MF
ultracentrifuged at 141,000 x g for 60 min at4 °C, resuspended
in buffer equivalent to the starting material without protein,
“super-sonicated” and 220 nm-filtered (IVIG/P-20N); or
263K MF treated with 0.3% (v/v) TNBF/1% (v/v) Tween 80
for 6h at 30°C (“SD treatment”), ultracentrifuged at
141,000 x g for 60 min at 4 °C, resuspended in saline, “super-
sonicated”, and 220 nm-filtered (haptoglobin/P-20N). The
spiked material was then passed through either a P-35N filter
or a P-20N filter {19 &2 nm). Although not part of the
manufacturing process for haptoglobin, the SD treatment was
included for the spiked preparation in an effort to reduce the
clogging of the filter that occurs following the addition of
a prion spike. Filtration processes for the thrombin preparation

(Thrombin-Yoshitomi, Benesis Corp.) were also investigated. -

For thrombin, a sample taken during the actual manufacturing
process immediately before the Planova step was spiked with
263K MF subjected to **SD treatment” followed by ultracentri-
fugation at 141,000 X g for 60 min at 4 °C, resuspended in the
starting material, “super-sonicated” and 220 nm-filtered, and
the spiked material then passed through a P-15N filter.

The experimental conditions used in the prion removal
studies were designed to mimic the conditions used during
the actual manufacturing process for the relevant” product.
For all processes, samples were analyzed by WB, The logg
reduction factor (LRF) for PrP*® was calculated for each
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filtration run, by comparing the total amount of PrP®° present
in samples before and after filtration. All studies involving the
use of WBI1 and 2, and the quantitative bioassays, were per-
formed in facilities in compliance with current GLP regula-
tions. Studies involving the determination of average particle
size in normal MF preparations, the use of WB3, and the qual-
itative bioassay, were performed as non-GLP studies.

3. Results

3.1. Influence of MF preparation method on particie size
distribution

Ideally, to represent a “worst case™ challenge for a filter,
the smallest form of prion protein, or infectious agent, should -
be used. Studies to investigate the optimum method for prepar-
ing the prion spike material were therefore performed. In these
studies, changes in the average particle size in normal MF
were investigated, as 263K-infected brain material could not
be handled within our facility. Although prion particles in
MF derived from 263K-infected brain material were not inves-
tigated directly, we tried to optimize the design of our exper-
iments by minimizing the size of particles in normal MF, as
particle size may influence filtration performance (both with
respect to filter blockage, and removal of PrP>%). The results
are shown in Figs. 1 and 2.

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

We also studied the effect of “super-sonication” on the

“particle size in normal ME The results showed that “super-

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

The results showed that the particle size 'of normal MF
preparations could be reduced significantly by treatment
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Fig. 1. Change of particle size in normal MF following treatment with various detergents. To normal MF, sarkosyl (A), lysolecithin (B), or Triton X-100 (C)
was added to a final concentration of 1%, 0.1%, 0.01%, and 0.001%, respectively. The change in the average particle size was then monitored at room temperature
for 90 min. In addition, TNBP or Tween 80 was added to normal MF to a final concentration of 0.3% and 1%, respectively, either alone, or in combination

("SD treatment”). The change in the average particle sizg.was then monitored at 37 °C for 6 h (D).

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

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

The.-effect of “super-sonication’ and “SD treatment” on
the infectivity of 263K MF was studied. Infectious titers of
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Fig. 2. Change of particle size in normal MF following intense sonication (“siper-sonication™). Normal MF in a test tube equipped with a resonance chip (20 kHz,
200 W) was sonicated for 1 min in an ice bath. After 1 min, the sonication step was repeated. The change in average particle size was monitored during 30 cycles
of sonication (A). After 10 cycles of sonication (“super-sonication™), normal MF was held at room temperature for 24 h, and the change in particle size was

monitored (B).
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263K MF, “supér-sonicated” 263K MF, and 263K MF sub-
jected to “SD treatment”, ultracentrifuged at 141,000 x g
for 60 min at 4°C, resuspended with thrombin starting
material, “super-sonicated”, and 220 nm-filtered, were deter-
mined using a hamster bioassay. The results are summarized
in Table 1. _ '

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

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

3.3. Removal of PrP*¢ by various filters

To determine whether “super-sonication” influenced the
log;o reduction observed for PrP® following filtration under
defined conditions, *super-sonicated” or ‘“non-super-soni-
cated” stocks of 263K MF were diluted in PBS, and then fil-
tered through 220 nm, 100 om, P-75N, P-35N and P-15N
filters. Samples were analyzed by WB. The results are summa-
rized in Table 2. The use of “super-sonicated” 263K MF
appeared to result in lower log,, reduction values, supporting
the idea that “super-sonication” of 263K MF produces a
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more severe challenge for a filter step. An approximately
5-fold higher log,g reduction factor was observed for “non-
super-sonicated™ stocks, for the 100 nm and P-75N filters,
for both stocks tested. No significant loss of PrP%¢ was ob-
served with either spiking material with 220 nm filtration,
and no PrP> was detected in the filtrates following P-35N
and P-15N filtration.

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

3.4. Removal of PrP>® by Planova Jilters in the presence
of plasma preparations.

Removal of PrPS¢ by P-15N, P-20N, and P-35N filters was

. evaluated in the presence of a number of different plasma

preparations, under conditions designed to mimic the relevant
manufacturing process. The design of the experiments was
similar to that of virus clearance studies. Samples were ana-
lyzed by WB, and the log,q reduction factor (LRF) was calcu-
lated for each filter step. The results are shown in Table 3.
Under all the experimental conditions tested, PrP was not
detected by WB after filtration through P-15N. -The LRF
values were >2.8. In contrast, PrP*® was detected by WB in
samples following filiration through P-20N and P-35N filters,
in three out of the four processes tested, gii/ing LRF values in
the order of 2logs. In one study, P-35N/haptoglobin, using
“super-sonicated” 263K MF, PrP>® was not detected in the fil-
trate. However, the sensitivity of this study was low, giving
a LRF of >1.4, and therefore the robustness of this filtration
process was not evaluated. In the initial studies (Table 2),
PrP5° was not detected in the fractions after P-35N filtration
of either “super-sonicated” or “‘non-super-sonicated” 263K
MF in PBS, resulting in log reduction factors in the order of
3 logs. The variance in the results obtained for these filters
could be due to a combination of factors, including how the
scrapie spike material was prepared, the composition of the
starting material, and the precise filtration conditions used.

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

P-15N filtration was shown in these studies 1o be able to
remove PrP*° to levels below the detection limit of the WB
assays used, regardless of the method used to prepare the spike
material, the composition of the start material, or the filiration
conditions. However, a bioassay study for samples genecrated
in a P-15N/AT study using 220 nm-filtered “super-sonicated”
263K MF, demonstrated that infectivity was recovered follow-
ing filtration, as clinical signs appeared in all hamsters inocu-
lated with the filirate, and analysis of hamster brain material
confirmed the clinical results. Pre>¢ was detected in the brain
homogenates from all clinically positive hamsters by WB,
and scrapie-associated lesions were observed in all the
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Table 4
Scrapie infectivity in samples generated during the P-ISN/AT study

Before filtration

Filtrate

Animal number

Animal number

1 b4 3 1 2 3
Appearance of clinical signs (day euthanized) 87 87 87 94 143 105
PrP™ in brain by WB3 Detected Detected Detected Detected Detected Detected
Lesions by histopathology +ve “kve +ve +ve +ve +ve
Medulla (oblongata) D,V.P DVP D.V.,P D,V,P DV.P D,V,p
Cetebellum (cortex) D DVp DV.P Dvp oVv,p DVP
Midbrain D,P D,V,P v.p D,P D,P D.V.P
Hypothalamus D,p DV.P Dp D,V,P D.F D.pP
Thalamus . D.p DV,p D,P D,P D.P D,P
Hippocampus NR bV D D D,VP DV
Paraterminal body D.p D,P bp NR DV P
Cerebral cortex (posterior midline) D "D,p DP Dp D,V,P - DNP
Cerebral cortex (anterior midline) D,P D,V.,P DV, . D,V.P DV.P D,VP

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

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

4. Discussion

In this study, we have investigated the capacity of P-35N,
P-20N and P-13N filters to remove the 263K scrapie prion pro-
tein, PP, under the conditions used for the manufacture of
four different plasma-derived products, using spike prepara-
tions designed to present a serious challenge to the filters.

Validation studies to evaluate the capacity of manufacturing
processes to remove potential contaminants, inchuding prions,
are required for biological or biopharmaceutical products
intended for human use. When designing these studies, a worst-
case challenge should be used wherever possible, to minimize
the risk of over-estimating the capacity of the process to re-

-move such contaminants. Virus removal filters (or nanofilters)
are designed to remove contaminanis predominantly on the
basis of size. The worst-case challenge for such steps should
therefore be a preparation containing the smallest possible
form of the infectious agent.

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

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

" reducing the. average particle size to the order of 200 nm.

Fig. 3. Typical nerve lesions in the hippocampus of a hamster brain, taken from an animal inoculated with a P-15N-filtered sample (B), in comparison with the
comesponding regton from an uninfected animal (A). Arrows, vacuolation; Arrowheads, degeneration of nerve cells; scale bar = 50 pm; HE staining used.
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“Super-sonication™ has the advantage that it is a physical dis-
ruption process, and does not alter the chemical composition
of the spike material, thus minimizing changes to the start
-material used for nanofiltration. SD treatment is included in
many manufacturing processes for plasma-derived products,
and therefore, although not as effective as “super-sonication”,
use of this treatment might be expected to result in a spike
material more closely mimicking the form of infectious prion
present in the relevént start material during the manufacturing
process. Use of these treatments alone or in combination may
therefore be useful.in reducing the size of infectious particles
present in TSE spike materials for prion clearance studies.

The effect of the above treatments was studied using nor-
mal MFE, as the facility was unable to handle infectious TSE
materials. Although some care should be taken in extrapolat-
ing these results to TSE-infected brain material, “super-soni-
cation” of 263K MF preparations appeared to reduce the
removal of PrP%® following filtration, while detergent-treated
spike preparations have previously been shown to present
a more significant challenge to nanofiltration steps than un-
treated preparations ([9,10] and own unpublished observa-
tions). Furthermore, “supér-sonication”, with or without SD
treatment, does not appear to reduce the level of infectivity
present within the 263K MF, supporting the use of such prep-
arations for prion clearance studies,

Using 263K MF treated with 0.1% sarkosyl, “super-sonica-
tion” or SD plus “super-somication”, we investigated the
prion removal capacity of P-15N, P-20N and P-35N filters in
the manufacturing processes used for four different plasma
products. The results obtained suggest that both the composi-
tion of the materials to be filtered and the prion load influences
the removal of prions. PrP5® was recovered in the filtrate fiac-
tion from three out of the four processing steps performed for
P-20N and P-35N. In contrast, under all conditions tested, P-
15N filtration resulted in removal of PeP5 to below the limit
of detection of the Western blot assays used. Thus, P-15N
would appear to be a more robust method for the removal of
prions, reproducibly giving LRF in the order of 3 logs, under
the conditions tested. In practice, however, it is not feasible
to incorporate P-15N filtration into the manufacturing process
for all plasma derivatives. From the results shown in Table 2, it
may also be possible to optimize processing conditions to al-
low effective removal of PrP>° using P-20N or P-35N filters.

WB assays were used to monitor the partitioning of PrPS°
during the nanofiltration processes. WB assays are semi-quan-
titative and serve to provide an indication of the relative levels
of PrP5° present in different samples. However, there are lim-
itations to the sensitivity of available WB assays, and these as-
says provide only an indirect measure of infectivity. Therefore,

" to confirm that remova! of PrP> does reflect removal of infec-
tivity, bioassays need to be performed.

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

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

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

. is essential to allow the design of more accurate models for

prion clearance studies, and a more confident evaluation of
the safety of manufacturing processes with respect to potential
TSE contamination.

In summary, we used methods intended to reduce the size
of particles present within MF preparations in an effort to pres-
ent a worst-case (smallest) prion challenge during nanofiltra-
tion. Using such preparations, P-15N filtration consistently
reduced the level of PrP*° to below the limits of detection of
the Western blot assays used, suggesting that this process
step is effective for the removal of prions. However, data

. from a single process step studied suggested that infectivity

could be recovered following P-15N filiration, and thus even
P-15N filtration may not result in complete removal of ‘prions,
at least when used under some conditions.
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Abstract

The characteristic of transmissible spongiform encephalopathies (TSE) is an accumulation of partially protease resistant (PrP™) abnormal
prion protein (PrP*°). This pathological prion protein is very resistant to conventional inactivation methods. The risk of transmission of TSE,
such as Creutzfeldt—Takob disease (CID), by biopharmaceutical products prepared from human cells must be taken into account. The nanofil-
tration process has been proved to be effective in removing viruses and scrapie agent. The major advantages of this technique are flexibility and
efficacy in removing infectious particles without altering biopharmaceutical characteristics and properties.

This study focused on the removal of human PrP* by means of a nanofiltration method after spiking a Lymphoglebuline® solution with
a CID brain homogenate. Lymphoglobuline® equine anti-human- thymocyte' immunoglobulin is a selective immunosuppressive agent acting
mainly on human T lymphocytes. The therapeutic indications are: ’

« immunesuppression for transplantation: prevention and treatment of graft rejection;
e treatment of aplastic anemia.

In our study, CJD homogenate was spiked at three different dilutions (low, moderate and high) in the Lymphoglobuline® prodfxct. The nano-
filtration process was performed on each sample. Using the weslem blot technigue, the PrP™ sigual detected in nanofiltrates was compared to
that obtained with a reference scale (dilution series of CID brain homogenate in Lymphoglobuline® detected by westemn blot and elaborated on
3.3 log). After nanofiltration, the PrP™ westem blot 51gnal was detected with a significant reduction in the less dilute sample, whereas the signal
was undetectable in the two other samples.

These are the first data in CJD demonstrating a clearance between 1.6 and 3.3 log with a Lymphoglobuline® recovery of over 93%. The
. nanofiltration process confirms its relative efficacy in removing human CID PrP™.

@ 2005 The International Association for Biologicals. Published by Elsevier Ltd. All rights reserved.

Keywords: TSE; CID; Prion protein; Nanofiliration

1. Intreduction

The safety of biopharmaceutical products used for human
- therapy has taken on the.same importance as the therapeutic ef-
fects; this point was highlighted these last years by the contam-
ination of children developing CID after extractive growth
hormone, therapy using unsafe lots with respect to prion

* Corresponding author. -
E-mail address: lydie.truchot@caramail.com (L. Truchot).

disease. More than 90 children died in France and young adults
are reported to show clinical progression of iatrogenic CID.

Products of human origin have generally been withdrawn
from therapeutic protocols but some human products such as
blood cells can be used as reagents needed in different purifi-
cation steps for biopharmaceutical products. Though infectiv-
ity has never been detected in human red blood cells, a safety
process able to decrease prion infectivity significantly to the
same extent as infectivity transferred by conventional agents
(viruses, bacteria, etc.} could be of great interest,

1045-1056/05/$32.00 © 2005 The International Association for Biologicals. Published by Elsevier Ltd. All rights reserved.

doi:10.10164.biologicals.2005.11.007
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Prion infectivity is closely related to neurological disorders
called TSE which include human diseases such as Creutz-
feldt—Jakob disease (CJD), Fatal Familial Insomnia and
Gerstmann Straiissler Scheinker syndrome.

CID is classified as sporadic, genetic, iatrogenic including
the CID variant associated with bovine spongiform encepha-
lopathy. The infectious agent responsible for this disease
was_called a “prion” by Prusiner [1]. It is a glycoprotein
which is normally present in the physiological form (PrP%)
which becomes pathological in CJD (PrP*®). The transition

process from the physiological to the pathological form is -

complex [2]. Scientists have demonstrated a trans-conforma-
tional change between both protein forms [3]. PrP° primarily
contains ¢ helix, though PrP*® contains more B sheets in its
three-dimensional structure [4]. CJD is characterized by in-
tra-cerebral accumulation of abnormal prion protein which is
partially protease resistant (PrP™*). Cleavage of PtP* by pro-
teinase K results in two types of PrP™ after western blot, type
1 and type 2, according to Parchi’s classification [5].

Studies on the elimination of viral contamination from bio-
pharmaceutical products (which are prepared from human
cells) have been conducted using nanofiltration [6—8]. This
nanofiltration method has been effective on many viruses, Al-
bumin solution safety nanofiltration has been conducted on
scrapie prion protein [9].

The purpose of this research is to study the efficacy of
nanofiltration on CID PcP*® in order to introduce this method

into the manufacturing process of a therapeutic immunoglob-

ulin solution Lymphoglobuline®.

Lymphoglobuline® equine anti-human thymocyte immuno-
globulin is a selective immunosuppressive agent acting mainly
on human T lymphocytes. It recognizes most of the molecules
involved in the cascade of T-cell activation during graft rejec-
tion, such as T-cell receptor and CD3, HLA class 1 molecules,
CD4 and CD8 co-receptors, co-activation melecules or adhe-
sion molecules CD2, CD5, and CD18. The therapeutic indica-
tions are the followings: :

s immunosuppression for transplantation: prevention and
treatment of graft rejection;
» treatment of aplastic anemia,

During the process of purification of the equine anti-human
thymocytes a step of nanofiltration was added for the viral
security. :

2. Materials and methods
2.1. Biopharmaceutical product

Lymphoglobuline® is an anti-thymocyte equine immuno-
globulin that induces immunosuppression as a result of. T-
cell depletion and immune modulation. It is approved for the
prevention and treatment of rejection episodes in kidney, pan-
creas or liver transplantation. In hematology, Lymphoglobu-
line® is approved for treatment of aplastic anemia and in the

" treatment of steroid resistant graft versus host disease.

In the Lymphoglobuline® manufacturing process, human
thymocytes, membrane red blood cells and placenta are
used. These human elements represent a virtual potential
source of contamination of Lymphoglobuline®.

2.2. Human source of pathological prion protein

After the histological, immunohistochemical and biochem-
ical analyses of post-mortem human brains, one case of defi-
nite CID, and one non-CJD were chosen. The anaiomic site
chosen was the frontal cortex. The CID case selected was
characterized by the presence of PrP™ type 1 in western
blot analysis according to Parchi’s classification and by synap-
tic deposits of PrP* with an immunohistochemical technique.
The same human cortex was used as source of PrP*™ for the
reference scale and for the nanofiltration samples.

2.3. Sample preparation

2.3.1. Human brain homogenate

Frontal cortex of CID and non-CJD cases was spiked in
PBS buffer, 1:10 at final dilution. These homogenates were fil-
tered successively with needles of 0.6 mm and 0.5 mm diam-
eter in order to obtain homogenous preparation. After
centrifugation at 1000g for 5 min, supernatants were applied
to nanofiltration process.

2.3.2. Reference scale

This reference scale was prepared with series of dilutions of
CJD brain homogenate in Lymphoglobuline® from 1:10 to
1:20,000. This reference scale was based on the technique
used by Lee et al. [10,11].

2.3.3. Nanofiltration samples

These samples were prepared using CJD brain homogenate
dilutions in Lymphoglobuline®. Three different samples were
produced; samples at a high PrP** dilution (1:500), samples at
a moderate PrP* dilution (1:100) and samples at a low PrP*
dilution (1:10). Each dilution was prepared for three samples,
one non-nanofiltrated (control) and two nanofiltrated. These
samples were prepared as a reference scale with an adaptation
of the method used by Lee et al. [11].

24. Filtration

Small-sized (membrane diameter: 47 mm) Pall® filters (hy-
drophilic Polyvinylidene fiuoride microporous memibrane)
with mean. pore sizes for Pall® DVD of about 0.1 pm, Pall®
DV50 of about 50 nm and Pali® DV20 of about 20 nm were
used successively in the nanofiliration process. The filtration
mode was conducted at a constant membrane pressure of
3 bars. The samples underwent nanofiltration in the following
order: negative control, CID samples at a high PrP* dilution
(1:500), CJD samples at a moderate PrP* dilution (1:100),
CJID samples at a low PrP*° dilution (1:10) and negative con-

" trol (Fig, 1).
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L).'mphog,lobuline‘p solution (9 mL)
+
a- 1 mL of negative brain homogenate
b- 1 mL of CJD brain homogenate diluted to 1:500
¢ 1 mL of CID brain homogenate diluted to 1:100
d- 1 mL of CJD brain homogenate diluted to [:10
e~ 1 mL of negative brain homogenate

l

Nanofiltration steps with Pall® filters
DVD
DVs0
DV20

Filtration conditions
A4 = constant pressure of 3 bars

| Recovery of filtrates

Y
Prpes dc'lcl:tion by Western Blot technique

Fig. 1. Nanofiltration process. (a) Negative control sarnple at 1:10 in Lympho-
globuline®; (b) CJD sample at a high PrP™ dilution (1:500) in Lymphoglobuline™;
(c) CID sample at a moderate PrP*® dilution (1:£00) in Lympheglobuline®; (d)
CID sample at a low PrP* dilution (1:10) in Lymphoglobuline™; and (e) negative
control sample at 1:10 in Lymphoglobuline®, %2, produced in duplicate.

The nanofiltration material was treated with sodium hy-
droxide (2 M) for 1 h between each nanofiltration of different
PrP* dilution samples.

2.5. PrP™ detection
The western blot technique was used to detect PrP™ after
proteinase K treatment [12]. The anti-prion protein antibody
revealed three strips of a molecular weight between 30 and
22 kDa (Fig. 2) corresponding to the biglycosylated, monogly-

cosylated and unglycosylated forms. Then, PrP™ was revealed

by chemiluminescence. This technique was used to detect
PrP™* in reference scale samples and in samples before and af-
ter nanofiltration.

The reference scale samples and samples for nanofiltration
were produced and developed by the western blot technique
under the same conditions and in the same time.

2.6. Determination of reduction factors

The reduction factors defined as the reduced titer versus the
real titer present in the spiked sample were determined by com-
paring the PrP™ signal of samples before and after nanofiltration
with the PrP™ signal of reference scale. After this comparison,
we determined a reduction factor (log) for each sample.

3. Results

The reference scale ranges from 1:10 to 1:20,000 dilutions

of CJD brain homogenates. From the 1:10 to 1:2000 dilutions, _
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Fig. 2. {A) Reference scale. (1) PrP™ sample dilution a1 1:10 in Lymphoglobu-
line®; (2) PrP* sample dilution at 1:20 in Lymphoglobuline®; (3) PrF** sample .
dilution at 1:100 in Lymphoglobuline®: (4) PrP* sample dilution at 1:200 in
Lymphoglobuline®; (5) PrP* sample dilution at 1:1000 in Lymphoglobuline®;
(6) PrP** sample dilution at 1:2000 in Lymphoglobuline®; (7) PrP*= sample di-
lution at 1:10,000 in Lymphoglobutine®; (8) PrP* sample dilution at 1:20,000
in Lymphoglobuline®; and (9) negative sample dilution at 1:10 in Lymphoglo-
buline®. (B) Western blot signal after nanofiltration steps. a. Signal of PrP*
sample dilution at 1:10 after nanofiltration, three strips of PrP™ were shown,
the reduction factor was between 3 and 3.3 log to the reference scale. b. Signal
of PrP* sample dilution at 1:100 after nanofiltration, strips of PrP™ were not

- detected, the reduction factor was strictly greater than 2.3 log in comparison to

the reference scale, c. Signal of PrP* sample dilution at 1:500 after nanofiltra-
tion, strips of PrP™ were not detected, the reduction factor was strictly greater
than 1.6 log in comparison to the reference scale.

the three strips of PrP™* (biglycosylated, monoglycosylated and
unglycosylated) were visualized, and for the 1:10,000 and
1:20,000 dilutions, only the monoglycosylated strip was de-
tected. The reference scale was elaborated over a 3.3 log range
by the western blot technique (1:10—1:20,000). (Fig. 24).

The PrP™ strips of samples at a low PrP* dilution (1:10)
were detected afler nanofiltration with a western blot signal
comresponding to the reference scale dilution between
1:10,000 and 1:20,000 (Fig. 2B). The nanofiltration process re-
moved PrP* by a reduction factor of 3—3.3 log.

The PrP™ strips of samples at a moderate PrP* dilution
(1:100) and of samples at a high PrP* dilution (1:500) were
not detected after nanofiltration, these samples after nanofiltra-
tion cormresponding to reference scale dilutions were greater
than 1:20,000 (Fig. 2B). PrP** was removed by the nanofiltra-
tion process with a reduction factor greater than 2.3 log and
1.61log: the real reduction factors are not available due to lim-
ited detection of the western blot assay.

The western blot signal of the negaiive control sample was
negative, no strips of PrP** were detected.

4. Discussion

Pathological prion protein (PrP*°) is highly resistant to inac-
tivation [13] and is not destroyed by known viral inactivation
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processes [14]. Effective methods include for example expo-
sure to 1 M sodium hydroxide during autoclaving at 121 °C.
This kind of method using chemical agents (sodium hydrox-
ide, chiorine at high concentrations) and physical treatment

_ by antoclaving is very drastic and it is a real problem to inac- .

tivate PrP*° in biopharmaceutical products without modifying
their therapeutic properties. The reduction of any risk associ-
ated with a pharmaceutical product will be dependent on the
physical removal of infective material during product manu-
facture. Many techniques for plasma-derived products, such
as ethanol fractionation, depth filtration and chromatographic
processes, may contribute to a significant partitioning of prion
protein [10,15—18]. Although early applications of nanofiltra-
tion targeted viral removal [7,8,19], new data suggest that it
may be a specific removal system for prion proteins as well.
Human TSE pathogens in diluted brain homogenate were re-
ported to be removed by a Millipore screen-type 0.025 pm
membrane filter employed during production of growth
hormeone [20]. However, only a small quantity of diluted brain
homogenate could pass through the membrane. Planova® car-
tridges with mean pore sizes from 75 to 10 nm were used
to filter brain homogenate from mice infected with human
TSE [21]. No infectivity was detected in the 35 nm filtrate.
The pathogenic agent was estimated to be approximately
40 nin in size. However, some residual infectivity was found
in the 10 nm filtrate when 1% Sarkosyl was added to the ho-
mogenate [22]. Recently, removal of scrapie agent ME7,
a mouse adapted strain of scrapie used as a model for the
BSE or vCID agents by using nanofiltration of a 2% albumin
.solution spiked with a brain homogenate [23]. The albumin re-
covery was over 90%. Extent of removal was influenced by the
filter type and by the addition of an anionic detergent (Sar-
kosyl) to the protein solution. An infectivity of 4.93 and
1.61log was removed using a 35-nm filter without and with
detergent, respectively. Moreover, a reduction of infectivity
of >5.87 and 4.21 log was obtained using’ a 15-nm filter in
the absence and presence of detergent, respectively, No resid-
ual infectivity was detected in any filtrate when using ¥5 nm or
smaller porosity filters. Studies have shown an efficacy of 35—
15 nm filters in achieving some removal of prions from biolog-
ical solutions with the best removal with & 15-nm filter. The
data, although encouraging, should be analyzed more accu-
rately due to the tendency of prion spikes to aggregate under
the experimental conditions used and with humian prion pro-
tein because this removal could be dependent on the “strain”
of prion protein.

In our study, we wanted to study the efficacy of nanofiltra-
tion on human PrP* in a biopharmaceutical product (Lympho-
globuline®). We used human PrP* from CJD patients as the
contaminant. This contamination condition was important to
study the Lymphoglobuline® nanofiltration technique under
conditions as close as possible to a possible contamination
by human cells used for the preparation of this product. The
extent of removal may be influenced by the aggregation,
type [24] and conformation of prion proteins and the physico-

chemical nature of the solution filtered. These parameters were.,

s

important to choose the PrP™ type for the study. Amyloid

plaques or focal deposits of PrP® still remain after homogeniz-
ing the cerebral cortex and the hypothesis was made that this
kind of PrP* aggregation could be the result of a bias in the
methodology. For this reason, PrP™ type 1 associated with
synaptic deposits with an immunohistochemical technique
was chosen in order to test the Lymphoglobuline® nanofiltra-
tion process under worst conditions to test the filters. In this
study, Lymphogiobuline® was spiked with brain homogenate
at different dilutions {1:10, 1:100, and 1:500). These PrP* di-
lutions can be correlated with World Health Organization
(WHO) classification of organ infectivity: the low PrP*° dilu-
tion corresponding to 1:10 (brain and spinal cord), moderate
PiP*® dilution corresponding to 1:100 (spleen, tonsil, lymph
node, intestine, placenta...) and high PrP* dilution corre-
sponding to 1:500 (brain stem, thymus, liver, pancreas,
lungs...).

The comparison of the samples before and after nanofilra-
tion showed a reduction factor between 3.3 and 1.6 log in com-
parison with the reference scale. The reduction factor of
samples at a low PrP*® dilution (1:10) was between 3 and
3.3 log. This dilution could correspond to a brain or a spinal
cord PrP* concentration (WHO). The reduction factors for
a very high PrP* concentration obtained illustrate a very
good efficacy of the nanofiltration process.

In samples at a moderate PrP* dilution (1:100) and samples
at a high PrP* dilution (1:500), the PrP™* strips were not de-
tected after nanofiliration, the reduction factor was strictly
greater than 2.3 and 1.6 log, respectively. The 1:100 dilution
could correspond at a spleen or tonsil or lymph node or intes-
tine or placenta PrtP*® concentration (WHO) and the 1:500 di-
lution could correspond to a brain stem or thymus or liver or
pancreas or lungs PrP*° concentration (WHO). In conclusion,
the data obtained on both these PrP* dilutions are encouraging
because, after nanofiltration, the PrP™° signal was not de-
tected, although they are only indicative with probably under-
estimated reduction factors. Finally, the reduction factor
obtained is 3.3 10g and seem to demonstrate the efficacy of
the nanofiltration process on human CID PrP* with a good
protein recovery.

Removal may be based on .a sieving mechanism or due to
adsorption on the membrane. The potential to use nanofiltra-
tion as a dedicated step for prion removal may have a signifi-
cant impact on the safety of biopharmaceutical products and
recombinant proteins, when production invelves the use of hu-
man or animal derived materials, or medicinal products de-
rived from bovine sources [25,26]. This technique has the
ability to exténd the concept of sterility of bielogical products
from bacteria to, at least, some viruses. Our results suggest
that nanofiltration could be also of interest for the removal
of human pathological prion proteins.
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'Background and Objectlvcs ThlS paper reports the results to 1 March 2006 of an .

ongoing UK study, the Transfusion Medicine Epidemiological Review (TMER), by the
National CJD Surveillance Unit (NCJIDSU) and the UK Blood Services (UKBS) to deter-
mine whether there is any evidence that Creutzfeldt-Jakob diseage (CID), including

sporadic CJID (sCID), famthal CJD (fCID), and variant CID (vCJD} is transmlsSIble via

blood transfus:on

Materials and Methods Sporadlc CJD and FCID cases with a history of blood dona-
tion or transfusion are notified to UKBS. All vCID cases aged > 17 years are notified
to UKBS on diagnosis. A search for donation records is instigated and the fate of all
donations.is identified by lookback. For cases with a histery of blood transfusien,

. hospital and UKBS records are searched to identify blood donors. Details of identified

recipients and donors are checked against the NCIDSU register to establish if there are
any matches.

" Results CID cases with donatxon h:stoxy 18/31 vCID, 3/93 sCID, and 3/5 fCJD cases

reported as blood donors were confirmed to have ‘donated labile components trans-
fused to 66, 20, and 1L.recipients respectwely Two vaD recipients have appeared on

‘the NCJDSU register as confirmed and probable vCJID cases. The latter developed symp-

toms of vCID 6.5 years and 7.8 years respectively after receiving non-leucodepleted
red blood cells (RBCs} from two different.donors who developed clinical symptoms
approximately 40 and 21 months after donating. A third recipient, given RBC
donated by a further vCJD case approximately 18 months before onset of clinical
symptorms, had dbnormal prion profein in lyraphoid tissue at post-mortem (5-years
post-transfusion) but had no clinical $ymptoms of vCJD. CJD cases with history of
transfusion: Hospital records for 7{ 11 vCID and 7/52 s€JD cases included a hxstory of

" transfusion of labile blood components donated by 125 and 24 donors respectively.’

Two recipicents who developed vCID were linked to donors who had already appeared
on the NCJDSU register as vCJD cases (see above). No further links were-established.
Conclusion This study has identified three instances of probable transfusion trans-

mission of vCID infection, including two ‘confirmed clinical cases and one pre- or
sub-clinical infection. This study has not provided evidence,to date, of transmission

of sCID or fCID by blood transfusion, but data on these forms of diseases are limited. ~
Key words: blood, CID, familial, sporadic, transfusion variant.

Coreespondence: Patricia Hewitt, Mational Blaod Sexvice, Coimdale Centre,

London, UK
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Introdtjiction

Until 2004, it was generally accepted that Creutzfeldt—Jakob

disease (CJD) had not been transmitted by blood transfusion. °
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Preliminary findings from sheep studies indicate that bovine
spangiform encephalopathy (BSE) and scrapie can be trans-
mitted by blood transfusion [1,2]. It is vital to find out
.whether this alse applies to human transmissible spongiform
encephalopathies (TSEs) and, in particular, variant CID
{(vCJD). The UK is the only country where a significant out-
break of vCJD has occurred and is in a unique position to
study this question which has important implications for

‘public health policy. The results reported in this paper are

from a study which is being carried out, with ethical
approval, to investigate whether ornot there is any evidence
for the transmission of any-type of CJD (sporadic, [amilial
and variant) by blood transfusion.

Materials and methods

CID surveillance

A surveillance systery for CJD, the National CJD Surveillance - -

Unit (NCJDSU), was established in the UK in' 1990 with the
aim of identifying all cases of CID in the UK. The methodo-

logy of this study has been described previously [3], but in

_ brief involves referral of suspected cases to the Unit from
targeted professibnal groups, including neurologists and
neuropathologists; review of suspects by a neurologist from

. the Unit and review of investigation resulfs and newropatho-
logical material when available. Cases are classified according
to standard diagnostic criteria (4,5]. Onset of clinical symp-
toms for vCJD cases -are estimated to the nearest month by
NCJIDSU on the basis of available clinical information. Details
of past medical history, including blood donation or transfu-

sion, are obtained from the family of suspected cases.

Following the identification of vCID in 1996 a collaborative
study, the Transfusion Medicine Epidemiological Review
. {TMER), was established between the NCIDSU and UK Blood
Services (UKBS) to search for evidence of transfusion
transmission of CJD. The study was granted ethical approval
by the local Research Ethics Committee,

Notification of CJD cases with a history of donation

Sporadic CID (sCJD) and familiail CJD [FCJD] cases with 2 his-
tory of blood donation are notified to UKBS retrospectively.
For vCiD, all patients who are old enough to have donated
blood (> 17 years of age) are notified to UKBS at dlagnosus,
‘whether or not there is a known history of blood donation.
Upon receipt of notification from the NCIDSU, a search is
*. made for domor records. Current” computer databases and
archived records (computerized and paper-based records
where appropriate} based at individual blood centres are
searched using name, date of birth, and previous addresses

- as identifiers. For CJD cases reported as blood donors, infor- -
mation on dates and places of donation is also used to help,

86

“locate past donor records. Where donor records are fouﬁd, all

components produced and issued to hospitals are identified
and their fate determined, as recorded in hospital blood
transfusion laboratory records. Recipient details are then
checked against the NCIDSU register to establish if there is a
match between these individuals and patients who have
developed CJD. Recipients details are also Nagged with the
Office for National Statistics (ONS) to establish date and
certified cause of death.

. Plasma used for UK fractionation

“Independent of this study. and for regulatory reasous, alt

plasma derived from donations made prior toa diagnosis of
vCID is notified to UK fractionators so that appropriate
actions can be taken.

Notification of CJD cases with a history of
transfusion

Information provié_ied by relatives of CJD. cases with a previ-
ous transfusion history is also passed to UKBS, who then
liaise with appropriate hospital blood transfusion laborat-

~ ories. The laboratories identify whether transfu_si_on's took
- place at the time and place indicated, and, if 5o, identify the

components transfused to the case. Details of donation
numbers, component type and date transfused are passed

back to the local bicod centre and this informatian is used to,
identify the donars. Danor details are checked against the

NCIDSU register and with ONS. For both donors 2nd recipients,

searches before 1980 are now impractical as most hospital

records are né longer extant.

Related public health measures

The Department of Health {England) sét up a committee (the
CJD Incidents Panel) in 2000 to advise health authorities on ~
the management of incidenits where patients may have been
puf at risk of CJD through medical procedures. Cases where
a ‘iJlood.qonor or'blood recipient has later developed vCID
.have been referred to the Incidents Panel for consideration
and further aciions have been recommended and imple-
mented. These further actions are outside the scope of this
study and aré not reported in this paper.

Resufts

vCJID cases with history of blood donation ]

Identification of donors

A total of 150 vCJD cases (out of a total of 160 cases on the
NCIDSU register) who were old enough to have been poten-
tial blood donots have been notified to UKBS as of 1 March

© 2006 Blackwell Publishing Ltd. Vor Sanguinis (2006] 91, 221-230
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Tabie 1 Recipients of blond donated by variant Creutzfeidt-Jakob disease
cases by year and blood camponent transfused {n = 66)

Yearaf : ! Number of
transtusion Blood component transfused recipients
1989-1984 Whele blood 1
Red blood cells 1
1985-1989 Red bleod cells 2
1990-14994 Red blood cells 9
1995-1999 Whole slood i
Red blood celis : 15
Red blood cells - buffy coat depleted® 2
Red blood cells - leucadepleted® 2
Fresh frozen plasma k]
Cryo-depleted plasma ]
Cryoprecipitate 1
) Platelets {pooted) ~ - . 1
"2000-2004 Red blaod cells - leucodepleted s
: Fresh frozen plasma - leucodepleted 2
Platelets (pooled, leucodepleted) 2

2Red cells with buffy-coat (containing mast of the platefets and white ceils)
removed by centrifugation and physical separation.

*Red cells leucncyte-depleted by pre-storage filtration to <5 x 10“'Iumt
aceording to UK guidelines [6}.

" 2006. OF these, 31 of 150 (21%) were reported to have been
blood donors at various (imes in the past, although there is
Vvariation in the details of availablé information and the con-
fidence of families in donation history.

Denor records were found for 24 vCJID cases, comprising

. 20 reported by relatives as blood donors and four additional
cases with no reported donation history, Of these, 18 vCiD
cases (12% -of the total eligible to donate blood) were con-
finmed to have donated labile blood components, with the

number of components made ard issued for use in UK hos-

pitals ranging from 1 to 14 per donor. Six vCID cases were
registered as donors, but had not donated labile blood com-
panents. Two of these had never attended sessions, three were
"deferred (due to past medical history, low haemoglobin value

and illness, respectively) and one case had donated plasma

far fractionation only (made from a single donation from
which the red cells were dlscarded]
The search for donor records was negative in 1i of 31 (35%)

. vUID cases reported as putative donors (three of whom al-

legedly donated well before the onset of the BSE epidemic in the
. 1980s}. The information provided in these negative cases was

minimal, except in one case where relatives were confident .

that regulai- donations (up to 50) had been made in the years
.leading up to 1993. Despite extensive searches no records
were found; moreover, blood collection sessions had never
‘been made at the purported venue. No explanation has been
-found for the lack of records, althou gh discrepancies in some

@ 2006 Blackwell Publishing Ltd. Voxr Sanguinis (2006] 91, 221-230

of the details given suggest that the history was not as certain
as initially thought.

Labile components issued to hospitals

Sixty-six labile components originating from 18 donors were
issued to UK hospitals over the period 1981-2004 and trans-
fused to patients according to bload transfusion laboratory
JFecords. A further nine components issued between 1982 and
1996 could not be traced by the relevant hospital. Table 1
gives the number of recipients transfused by year and the
type of bleod component transfused. Fifty-six tecipients
(85%) received red cells or whole blood, seven (1190} were
transfused with labile plasma components or derivatives and
three (4%) received pooled platelets made according to UK
specifications in which the buffy-coat preparation contain-
ing platelets from the implicated vCJID donor was pooled with
buffy coats from three other donors and resuspended in
plasma from one of the four donations. Nearly half of the red
cell recipients received red cells that had been leucocyte- -
depleted by.pre—storagt filtration to < 5% 10% leucocytes per
unit {in 99% of units with 95% statistical confidence accord-
ing to UK guidelines [6]) after the introduction of universal -
leucocyte depletion of the UK blood supply in 1999.

Recipients of blood components

Patient identifiers are available for .66 recipients who

received blood from 18 different donors who went on to

develop vCID. None of the 66 rectplents had themselves

donated blood between receiving their transﬁ.ls:on and early

2004 when the GKBS lmplemented a pol:cy of excluding all

donors transfused in theUKsmce 1 January 1980. It is of note

that 41 {62%) recipients were aged over 60 years at the time
of transfusion and were not eligible .to donate. All living
rei:ipients {n = 26} have been informed of their risk and

advised not to donate blood, tissues or -crgans. Three
instances.of probable transfusion transmitted vCID infection

have occurred, including two confirmed clinical cases and
one pre- or subclinical infection. OFf thése, two cases have’

' died, and one is still alive (see succeeding discussion).

Figures 1 and 2 show the survival period for dead {transfu-
sion to death) and live recipients (transfusion to 1 March
2006) of vCID components, respectively, according to the
interval between transfusion and.onset of clinical symptoms

- in the donor.

Dead recipients

Forty récipients {61%) are known to be dead, with mean age
at death 66 % 19 years. Table 2 gives the time and cause of
death s stated on death certificates for the recipients known
to have died. Around half (r = 21) of the dead recipients died
within a year of receiving their transfusion, with only seven
surviving for more than 5 years. Two recipients, who died
4 months and 14 months, respectively, after fransfusion had -
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‘dementia’ recorded on the death certiftcate, but éxaminatidn
of case notes indicated that neither case had featires to sug-
gest vCID. All the other recipients were certified a5 dying of
causes unrelated to vCID, except for a recipient whose cause
of death on the death certificate was recorded as ' 1A demen-
tia and [I. prostate cancer’ and was later confirmed neuro-
pathologically as suffering from vCID [7]. “This pa'ticni;

.88

clinical symptoms in the donor. ~

who had received a transfusion of red cells 6.5 years before

onset of clinical symptems, was a methionine homozygote at

codon 129 of the human prion protein gene (PRNVP). The case

_ that donated to this individual alse had a neuropathological

diagnosis of vCJID, with clinical onset approximately 40 months
after donating. In a second red cell recipient (of a different
donor who developed dlinical symptoms approximately

© 2006 Blackwell Publishing Ltd. Vo Sanguinis (2006) 91, 221-230
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Table 2 Cause of death of variant Creutzieldt-Jakob disease recipients
known to have died (n = 40} :

Interval from - Number of

transfusion to death recipients  Cause of death

Acute renal cortical necrosis
Cancer (2]

Myocardial infarction
Septicaemia (2)

Sepsis {pancreatitis)

< 1month ?

Aspiration pneumenia
(sigmoid resection}
Cancer (4)
Myclodysplasia (2)
Myelofibrosis
Peritonitis (2)
Strokefdiabetes mellitusfdementia
Cancer(3) . ;
Acute myeloid leukaemia (2}
Bronchopreumaniafsenile dementia
Cancer
, B tschaemic heart disease {3]
Chronic obstructive airways disease
(coAD)
Hypertensive heart disease,
chronic renal failure
Myelodysplasia ‘
Disseminated sepsis
Spinal haemangioblastoma
" Cerebrovascular accident
Ischaemic heart disease
Acute lymphoblastic leukaemia
) Dementia’, prostatic cancer

1~ < 6 manths n

6-< 12 months 3
1-<5years ’ 12

S5-<i0years | 5

Ruptured aortic abdominal
aneurysm/fsevere athcroma/COAD!
" Bronchoprgumonia

=10 years 2
. Ischaemic heart disease

*Confirmed variant Creutzfeldi-Jakob disease case {7).
BPrP positivity in lymphoid tissue, pre- or subclinical vCID infection [8].

18 months after donating and was later diagnosed with
neuropathologically confirmed vCJID), protease-resistant prion
protein (PrP™) was detected in the spleen and one lymph
node (but not in the brain) at post-mortem [8]. Thils recipient,
who died 5 years after transfusion without any clinical
symptoms of vCJI}, was a codon 129 PRNP héterozygate and
is thought to represent pre- or subclinica! infection.

Live recipients

Twenty-six recipients (39%) are alive as of 1 March 2006 with
" amean age of 63 & 19 years. Table 3 shows the number of live
recipients according to the time elapsed since transfusion,
along with their current age, component transfused and the
interval between donation and onset of clinical symptoms of

© © 2006 Blackwell Puhlishing Ltd. Vox Sarguinis (2006) 91, 221-230

patient with haemophilia in the UK.

vCJD in the donor. Fifty per cent of live recipients were trans-

fused with components from vCID donors whose donations

were made within 20 months of clinical onset, in seven cases

around the time of development {n'=3) or shortly after

(n = 4) the first signs of clinical illness. These cases would

have appeared healthy when attending donor sessions and

passed the narmal medical checks as being fit to donate. Six-

teen recipients have survived longer than 5 years, with six

surviving > 10 years {one for over 18 years). These patients,

mean age currently 61 + 19 years, were given blood from

donors who developed vCJD symptoms at intervals ranging

from around 5 months to 191 months after making the dona--
tion [see Table 3). Récently, a diagnosis of probable vCJD has

been made in one of these surviving recipients who had

received a transfusion of red cells 7 years and 10 months

before onset of clinical symptoms [9]. The donor of this third

probable transfusion-transmitted vCID infection developed -
vCID approximately 21 months after the donation, and the
recipient is a codon 129 PRNP methonine homozygote.

Plasma for UK fractionation

Twenty-five units of plasma orfginating from 11 different

" donors, bled between 6 months and 17 years, 11 months

before onset of clinical vCJD symptoms, were supplied for UK
fractionation during the period 1986-1998. Product batches

_ manufactured from 23 plasma units derived from nine

doniors have been traced. The fate of batches of product
derived from the two remaining plasma donations, from two’

" . different donors, has not yet been {raced, and this search

is still ongoing. Table 4 lists the plasma products derived
from the 23 traced donations and the number of batches
implicated, divided into risk categories as used in the plasma
product notification exercise (www.hpa.org.ukfinfections/
topics_azfcjd/Recommendations.pdf). The fate of batches of
products has not been traced to individual recipients as part
of this study. It is known, however, that haemophilia centres
have traced the ultimate fate of the batches of factor VIII. It
is also known that no case of vCJID has been idenfified ina

‘

sCJID cases with history of blood donation

Ninety-three cases of sCJD identified between 1980 and 2000 -
were reported to have been blood donors, with only 38
reparted to have donated from 1980 onwards. Donation
records for most sCJD cases were untraceable since most
dated back many years before 1980, in some cases to the
1940s. Donation records were found for eight sCID cases; but
only three had actually donated labile blood components for
hospital use (one with 18 recipients, and one each with one

" recipient] which could be traced to recipients. A total of 20
recipients were transfused between 1995 and 1999 with com-

ponents from these three donors who went on to develop

89
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* Table 3 Live recipients of iabile blood components donated by variant Creutzfeldt—Jakob disease cases (7 = 26}

Time elapsed Current aQe of Blood component interval between blood donation and onset
since transfusion® recipient (years)® transfused of clinical symptoms in donor {months)*
1-< 2vyears 48 Piatelets (leucodepleted) -9 manths
49 Red cells (lezcodepleted) -5 months
83 Red celts (lewcodepleted) 2 months
2 - < 3 years 38 Red celts {leucadepleted) 7 months
3 - < 4years 58 Red cells (leucodepleted) 19 months i
83 Red cells {leucodepleted) 22 months
20 Red cells {leucodepleted) - -5 months
4 ~ < Syears 59 Red cells (leucodepleted] 26 months
67 Red cells (teucodepteted) —2 manths
89 Red cells (leucodepleted)” 32 months
5-—< Gyears 30 Red cells (leucodegleted) 37 months
52 . Red cells (feucadepleted) 9 months 4
B4 Red cells {leucodepleted) ' 44 months
ﬁ . Red cells leucodepleted). S months -~
B < 7 years - ~ : -
7- < Byears a2 . Red cells 5 moniths
8- < 9years 31° Red cells 21 months
74 Red cells 17 months
- 76 Red cells 49 months
87’ Red cells 55 moriths
9-<10 ycarﬁ 75 Red cells 70 mpnths
. > 10 years ki Cryo-depleted plasma 7 months
: 49 Red cells .- 1§ months
67 Red cells 46 months
70 Red cells 191 months -
75 _ Redcells 98 months
87 Red cells

82 months

‘3gs at 1 March 2006.

A negative interval derotes that donation was made by individual while (retrospecuveiy recognized) clinical symptams were present.

cPrc:nt;\al:ore variant Creutzfeldt-Jakob discase case [9).

sCID between 1and 5 years after donation. Of these, 11 (55%)
teceived red cell components, cight recipients (40%j received
platelets and one (5%) received fresh frozen plasma.

As of 1 March 2008, 12 recipients are confirmed dead with
. amean age at death of 74 & 15 years. Of these, five died soon
after transfusion (four within a week, and one 2 manths later)
and seven survived for between 1 and 8 years after receiving
their transfusion before dying of a varety of non-CID-
related causes (cerebrovascular accident/stroke; n = 3; acute
myeloid leukaemia, n = 3, general debiIity]old age, n=1).
Seven recipients are not known to be dead from ONS flagging
to date, and are therefore presumed to be alive. The mean age
of these seven recipients is 58 + 19 years. The time efapsed
since their transfusion ranges from 7 to 9 years. The fate of
a further recipient is unknown. None of the sCJD recipients
identified as having received: blood from donors who went
on to develop sCID have appeared on the NCIDSU register
to date.

90

fCID cases with history of blood donation

Donation records were found for three out of five cases of
{CID identified between 1992 and 2000, all reported to have

- donated blood after 1980. These three casés had all donated

labile blood components {one with five recipients, one with
four recipients and one with two recunents] for hospital use
which couEd be traced to mdmdual recipients. A total of 11
rec;ptents were transfused between 1977 and 1992 with
labile components from these three donors who went on to
develop FCID between 1 and 15 years later. Nine of the 11 -
{820%) recipients received red cell components {whole blood.
n = 6, red cells 7 = 3} while two received platelets.

Five of 11 recipients identified have since died with a mean
age at death of 751 6 years. Three of these survived for 3,
10 and-17 years after transfusion before dying of non-CJD-
related causes (cancer, 1 = 2; bronchopneumonia, # = 1); and
two died of cancer shortly after receiving their transfusion.

© 2006 Blackwell Publishing Ltd. Vor Sanguinis (2006) 91, 221-230
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Tabie 4 Product batches made by UK fractionators derived from p[as~ma
donated by individuals who later developcd variant Creutzfeldt-Jakab
disease™ |

{nfectivity Number of

Classiﬁcatiori': Plasma product implicated batches

Low Factor VIl {excipient®) 77
Albumin 20% 21
- i.m. immunoglobulin 12
Medium Albumnin 45% - 28
' iv. immunoglobulin 1
High Factor VI - 16
Factor [X 8
Anti-thrombin -1
ToTAL , BRVZ

“Twenty-three plasma donations from nine variant Crtu.tz_f‘eldt—lakob
. disease donors, data courtesy of Health Pratection Agency.

Excluges fate of two plasma units from two further vCID cases (see text for
. explanation).
. “Risk categories as used in plasma praduct notification exercise.
dAlbumin from implicated plasma donation used as excipient linert
substance added to provide bulk) in preparation of batch of Factor VI

Three recipients are not known to be dead from ONS flagging
to date, and are therefore presumed to be alive. The mean age:
of these three recipients is 44 £ 20 years. The time clapsed
since their transfusion ranges from 13 to 21 years. The fate
of a further three recipients is not known. None of the fCJD

recipients identified as having received blood from donors
who went on to develop fCID have appeared on the NCIDSU
register to date:

vCID cases with history of transfusion

Eleven ¥CJD cases were teported to have received pést blood
transfusions between 1962 and 1999. A further case received
d blood transfusion after anset of illness. This case is
excluded from further analysis. For two cases, hospital
records showed that they had not been transfused. No hos-
pital records could be found for another two cases reported to
have been transfused in 1962 and 1971, respectively. Hospital
transfusion records were found for seven vCID cases (64% of
those reported as transfused) who had been transfused with
components donated by 125 donors {121 identified), with one
vCIDcase, who also received a solid organ transplant, receiv-
ing components from 103 donors. The identity of four donors
who donated red cellfwhole blood components to two cases
(case 2 and casé 7, see Table 5} is unknown. Table 5 shows
the transfusion date, number of donors and blood compon-
enfs donated, and the interval from transfusion to onset of
* clinical symptoms of vCJD in these seven recipients. These
cases had been exposed to between two and 103 donors,

© 2006 Blackwell Publishing Ltd. Vor S&nguim’s {2006) 91, 221-230

respectively (NB search for donors to case 6 is incomplete).
To date, one donor who gave red cells to case 5 and another
donor who gave red cells to case 6 are also registered on the
NCIDSU database as vCID cases. These are the donors of the
two clinical cases of transfusion-transmitted vCID referred
to previously {see vCJD cases with history of donation).

sCID cases with history of transfusion

" Fifty-two cases of sCJD identified between 1980 and 2000

were reported to have received a blood transfusion, of which
28 received a transfusion after 1980. Transfusion records

©were. found for seven sCID cases transfused between 1984

and 1997. Donor details were found for 24 donors who -
donated components {ransfused to these seven sCJD cases.
One of these donors'is known o have died, with a cause of
death not related to CJD. Twenty donors are not known to

- have died from ONS flagging to date, and are therefore pre-

sumed to be alive. The fate of a further thrée donors is not
known. The mean age of the donors presumed stitl alive is
51 % 9 years. None of*the traced donors who gave bload to
pai:ients who were subsequently diagnosed with sCJD have
appeared on the NCIDSU register to date.

fCID cases with history of transfusion

" One case of fCJD identified in 1992 was reporied to have

received three A‘blood transfusions in 1965, 1970, and 1987
none of which could be traced.

Discussion

This study has identified three instances in which a recipient
of a transfusion derived from a ‘vCID’ donor has developed
infection with vCJD, including two clinfcal casés and one
pre- or subclinical infection [7-9). These are three different
donor/recipient.pairs, In view of the small size of the total
at-risk recipient population (n = 66} -and- the' backgroiind -
mortality rate for vCJD in the general UK population (0-24/

" millionfannum), these observations provide strong evidence |

that vCID can be transmitted from peTson to person through
blood transfusion. This finding has had important implica-
tions for public health policy nationally and internationaily.

The risk of developing vCID infection in the surviving
recipient population is mgmﬁcant but cannot be precusely
estimated because of variables includin g the timing of blood
donation in relation to clinical onset in the donor, the influ- .
ence of the codon 129 genotype of donor and recipient and

-the effect of the introduction of leucodepletion in 1999. Fur-

therrnore the currently observed nrumber of infections in the
recxplent population may be an underestlmate as some sur-
viving recipients may yet develop vCJD and there is limited '
available information on the outcome in the cohort of
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Table 5 Donars{n = 125) of labile blood components given to variaat Creutzieldt—Jakob disease cases® (n = 7] with identifiable past hospital transfusien records

Interval from transfusion

Transfusion Number of donors of labite Blood component
Case date biood components transfused donated to vCID recipient to onset of illness
1 1933 a8 - Cryoprecipitate (4) 4 years, 9 months
A : Fresh frozen plasma {11}
Platelets {8)
) Red cells {14)
. Whote blood (1)
1 1983 65 Cryoprecipitate (12} 4 years, 6 months
i : Fresh frozen plasm;\ {25)
Platelets (t7)
4 Red cetis {11} )
2 © 1983 2 Red cells 15 years, 11 months
2 - 1993 k) Fresh frozen plasma 6 years, 3 months
3 . © 1994 Red blood celts 5 years, 4 manths
e 1992 5 Red blood cells {2) 8 months .
. . Red blood cells [Leucocyte-deplctcd] (3] .
g2 BEERRRT:T: I 59 Red blood cells & years, 6 months’
& - 997 1+ Red blood cefls 7 years, 1D months -
7 1982 . 2® Whole titood 13 years, 11 months

*Two of these cases linked to donors already on the Natignat CID Surveillance Unit [MCIDSV) register as vClD cases [7.9].

"Component details traced, but donors not identifiable.

“Timing of clinical iliness excludes blaod transfusion as the source of infection in this case. .
40ne of the dortors already on MCIDSU register as vCID case, others presumed not to be source of infection.
“One denar ziready on NCIDSU register a5 vCID case. Search for 40+ donors to Case 6'nat-complete, as of 1 March 2006.

"deceased recipients; a significant proportion of these indi-
viduals may not have survived long enoughi to express clinical
disease even if infected. The minimum incubation period in
CID transmitted from person to person by a peripheral route
is 4-5 years in kuru and growth-hormone-related CID [10,11)
and only nine deceased recipients survived for longer than

this period. An investigation of the hospital records of the
deceased recipients is underwdy, and to date, none had clinical

features of vCJD pre-mortem, However, the identification of

-, the individual with. ‘preclinical’ vCJD infection was dependent *

on post-mortem examination of peripheral lymphoreticular
tissues, and, to date, no equivalent tissues have been available

in the deceased transfusion recipients. Extrapolating from

the three observed infections in the totat recipient population
is likely to lead to an underestimate of the overall risk of
transfusion transmission of vCID, although the introduction
of leucodepletion in 1999 may have reduced the nsk {0 recip-
ients transfused after this date, .
" A further Important variable in estimating iadividual risk
is the time from blood donation to clinical onset in the donor
.and, although evidence from animal studies in relation to this
issue is conflicting {12-14], it is likely that an extended gap
between blood donation and clinical onset in the donor will
" reduce the risk of transfusion transmission. All tested clinical
cases of vCJD have been methionine homozygotes at codon
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129 of PRNP, but the individual with ‘pre-clinical’ transfu-
sion transmitted infection was heterozygous at this locus (8],
indicating that individuals with this genatype are susceptible
to secondary infection with vCID. éxcept for the three cases
infected through blood transfusion, the codon 129 genotypes
of the recipient pppulatibn are not known. Although the rel-
ative risk 6f secondary infection in relation to the codon 129
genotype is uncertain, a recent study in a transgenic mouse
model suggests that individuals with all human codon 129
genotypes may be susceptible to secondary infection with
vCJD, with a hierarchy of risk from methionine homozygotes

" 'to heterozygotes to-valine homozygotes {15]. Risk may vary

‘according to genetic background, but it cannot e assumed
_ that some recipients will passess an absolute genetic barrier
to infection. :
The analysus of vCID cases with a history of blood frans-
fusion has identified aver 100 donors to these cases, although
the great majority -were linked to one vCJD case who had
undergone an organ transplant. A risk assessment has sug-
gested that these donors are themselves at significant risk of
developing vCJD and these individuals have been informed
of this risk and have been advized not to act as bload ororgan
donors. To date, none of these individuals have developed
vCJID, with the exception of the two donors linked to the two
clinical cases of vCJD described above.

© 2006 Blackwell Publishing Ltd. Vox Sanguinis (2006} 61, 221-230
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Effectiveness of leucoreduction for removal of infectivity of
transmissible spongiform encephalopathies from blood

Luisa Gregori, Nancy McCombie, Douglas Palmer, Pauf Birch, Samusl O Sowemima-Coker, Antorife Giviivi, Robert G Rafwer

Inr 1999, the UK implemented universal leucoreduction as a precaution against transmission of variant Creutzfeldt-

Jakob disease by transfusion of dormestic blood or red blood cells, We aimed to assess how effectively leucoreduction
. reduced infectivity of transmissible spengiform encephalopathies {TSEs) in bloed: 450 ml. of whole blood collected
and pooled from serapie-infected hamsters was [eucoreduced with a commercial filter. Blood cell concentrations
. wete quantified, and infectivity titres measured. Blood cell recovery and white blood cell removal complied with

- American Association of Blood Banks stindards, Leucofiliration removed 42% (SD 12) of the total TSE infectivity in
endogenously infected biood. Leucoreduction is necessary for the removal of white-cell-issociated TSE infectivity
from blood; however, it is not, by itself, sufﬁcmnt to remove all blood- bomc TSE infectivity.

Transmissible sporigiform encephalopathies (I'SEs) are

" fatal CNS infections that can incubate asymptomatically
for a decade or more in human beings before the
appearance  of clinical disease. People.- in the
asymptomatic phase of variant Creutzfeldt-Jakob disease
(vCJD) appear healthy and donate blood with the same
frequency as any healthy person. Transmission of vCJD
by transf{usion was recently recognised in Great Britain.'

- To reduce the risk of transfusion transmission of such
diseases in human Dbeings, the UK. impleménted
universal leucoreduction of donated bloed in 1999. This
measure was based on the expectation that infectivity
would be associated with white Wood cells.* However,
findings in blood from infected mice and ‘hamsters
suggested otherwise; at least 40% of the infectivity was
plasma-associated, —suggesting that leucoreduction
would not eliminate infectivity (Rohwer laboratory,
unpublished).! Other investigations showed no loss of
infectivity when small amounts of TSE-infected plasma
were passed through scaled-down filters.* Similarly, no
significant removal of abnormal prion protein was
detected when units of human whole blood, spiked with
a microsomal fraction from TSE-infected brain, were
passed through leucoreduction filters from any of the
four major suppliers.” Because of reservations about the
relevanice of these experitnents, none of these findings
aroused concern,

We investigated the effectiveness of leucoreduction in
removal of TSE infectivity from 2 human-sized unit of
pocled hamster blood. To ensure that the 150 hamsters
needed for a 450 'mlL blood pool were at the same
symptomatic stage of disease (wobbling gait and head
bobbing) for each of two separate experiments,
400 weanling golden Syrian hamsters (Harlan, Madison,
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W1, USA) were inoculated intracranially with 50 gL of
brain homogenate contzining about -250 infectious
dose,, (ID,,) of hamster-adapted scrapie-strain 263K. A
low dose of infectivity was used to preclude re-isolation
of the inoculum in the blood. This animal protocol was
approved by the University of Maryland Insht‘utlonal
Animal Care and Use Committee. )

We obtained two pools of blood from the hamsters,

"one at 106 days and one at 111 days after inoculation.

Under carbon dioxide anaesthesia, 3-5 mL of blood was
drawn from the right ventricle into 0-5 mL of CP2D
anticoagulant. Cace was taken not to touch any other
tissue. Only perfect bleeds containing 12-5% CP2D with
no visible clots were pooled. -

Two " inline leucofiltration systems from Pall
Corporation (Port Washington, NY, USA) were
evaluated. We selected the Leukotrap WB collection set
for the infectivity study- because filtration and
component separation of hamster blood was fully
compliant with American Association of Elood Banks
(AABB)* spec:ﬁcatxons, and required only two titrations
for interpretation. The Leukotrap RC-PL system

-
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approached, but did not fully achieve all specifications;

. furthermore, because more than one filter is involved,
more titrations would have been required to evaluate the
remmoval of infectivity.

For the infectivity study, 448-5S ml of CP2D-
anticoagulated whole hamster blood was pooled into the
whole-blood receiving bag of a Leukotrap WB collection
set and processed within the 8-h time limit specified by
the AABB. Filtration was done at room temperature

under gravity with a 60-inch pressure head on the in-ine -

WBF2 filter, and was completed in 30 min. "After
removal of 2 19 mL sample of the leucoreduced whole
blood for subsequent testing, the .remainder was
centrifuged at 4150 rpm (about 5000 g) for 8 min at
room temperature in 4 Sorvall RC-3C centrifuge. The
plasma fraction was expressed into a satellite in-line bag.
A presetrvative and stabiliser, AS3, was added to the red
blood cells. Samples of the pre-filtration whole biood,
post-filtration whole blood, red blood cells, and plasma
were removed for analysis of cell compesition and for
titration in animals.

Cellular composition of the blood was assessed with 2.

HemaVet five-part differential cell counter calibrated for
hamster blood cells (Drew Scientific, Oxford, CT, USA).
The residual white blood cell concentrations in the
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leucoreduced samples were measured by manual count
and flow cytometry.
Infectivity. of whole and leucareduced blood was

i quantified by limiting dilution titration, a method

developed in the Rohwer laboratory. The two samples
were processed and inoculated separately and
sequentially. Each sample of blood was sonicated with a
separate sterile probe to lyse cells and disperse
infectivity. It was then immediately inoculated
intracranially,.50 ul at a time, into about 100 weanling
golden Syrian hamsters that were deeply anaesthetised
with pentobarbital. Animals were maintained for
566 days; those that contracted scrapie were killed when
the clinical diagnosis was conclusive, and animals still
alive at the end of the study were killed. All brains were
tested for the presence of the proteinase K-resistant
form of .prion protem by western blot . usmg 3F4
antibody.

The limiting dilution of an’endpoint dilution titration
is that at”which not all of.the inoculated animals
become infected. At -1iri1iting dilution, the distribution
of infectivity into individual inoculations is described by
the Poisson distribution, where P{0)=probability of no
infections at that dilution and inoculation volume, or
{1-probability- of infection). From the Poisson '
distribution P{0}=e**¢ and titre=—In{P[0]) expressed as
ID/(inoculation volume}. SD of the limiting dilution
titre is the square root of the titre in ID fmL divided by

- the total volume inoculated in mlL.

Table 1 shows the distribution of «cells in
each component of the scrapie-infected blood.
Leucofiltration reduced the number of white bload cells
by 2-9 log, thereby meeting the AABB standard. White.
cell contamination of the red blood cell fraction and red
blood cell recovery were within AABB specifications of
less than 5X10° and preater than 85%,, respectively.
Hamster platelets are notgemoved by the WBF2 filter,
and partition with the red cells during centrifugation.

The incubation times of infections in each
measurermnent are shown in the figure. At limiting
dilution, incubation times begin at the end of the
predictable dose-response seen in endpeint dilution
titrations (about 140 days} and rarely extend beyond
500 days. All clinical and western blot results were
consistent.

The limiting dilution titre of the whole blood pool
(table 2) was cose to the values from titrations of
similar pools of whole blood by this rnethod
(unpublished data). Leucofiltration of whole blood
removed only 42% (SD 12) of the initial TSE infectivity
(table 2}; of the 5900 ID present! in the original unit of
bload, 3400 ID were recovered in the leucofiltered’
blood.

Ideally, leucoreduction would be validated by
measuring infectivity concentrations- before and after
lencoreduction of full units of vC}D-infected human
blood. However, it is not currently possible to assay
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either infectivity or the infection-specific form of the
prion protein in human blood. By contrast, limiting
dilution titration of rodent bload can detect less than
1 ID/mL of TSE infectivity and can readily show a
difference of less 20% between samples. With this
technique we did a study that: avoided the issue of
spikes by using endogenously infected bleod; aveided
the question of scale by using a human-sized unit of
fresh -hamster blood obtained within the time limits
specified for human blood; minimised the possibility of

_anrtefact by using a commercial blood collection set with

integral filtration unit and a'blood centre centrifuge and
expressor; and achieved precision in the infectivity
measirements by limiting dilution inoculation of'§ mL
of each fraction. We assessed the performance of the
filter by measuring the level of white blood cell
reduction obtained and the cell recoveries of each
component. The leucsreduction met or exceedéd AABB
specifications for all relevant variables.

Leucoteduction removed only 42% of the initial TSE
infectivity (rom whole blobd. This distribution is
consistent with that obtained in a centrifugal separation
of TSE-infected hamster whole blood, in which the
buffy coat .contained 70% of the total. white.cells but
only 45%
{unpublished data). Both methods showed that a
substantial proportion of the TSE mfectmty was not

" associated' with white cells. We have shown previously”
that TSE mfectmty is rot associated with highly -

purified platelets, and we are currendy testing punﬁed
red blood cells. We presume that the majority of bload-
borne infectivity iy plasma-associated.

Although’ leucoreduction is a necessary step for
removing white-cell-associated TSE infectivity from
blood, this process is insufficient to remove the; risk

from an infected transfusion unit. Due to the low

concentration of TSE infectivity in blood and the

‘zbsence of screening or- inactivation "alternatives,

removal is an attractive strategy. However, the
feasibility of removal depends’ upon the actual

.associations and distributions of TSE infectivity in

blood itself, which can only be ascertained by
assessment of endogenous blood-borme infectivity.

wyaw thefancet.com Vol 364 August 7, 2004

of the total whole blood infectivity .
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Predicting susceptibility and incubation time of
human-to-human transmission of vCjD

MT Bishop, P Hart, L Aitchison, H N Baybutt, C Plinston, ¥ Thomson, N'L Tuzi, MW Head, J W tronside, R G Will, | C Manson

Summary

Background Identification of possnble transmission of variant Creutzfeldt-Jakob disease {(vCJD) via blood transfusion
has caused concern aver spread of the disease within the human population. We aimed to model iatrogenic spread to
enable a comparison of transmission efficiencies of vCJD and bovine spongiform encephalopathy (BSE) and an
assessment of the eﬁ'ect of the codon-129 polymorphism on human susceptibility.

Methods Mice were produced to express human or bovine prion protein (PrP) by direct replacement of the mouse PrP
gene. Since the human PrP gene has variation at codon 129, with MM, VV, and MV genotypes, three inbred lines with
an identical genetic background were produced to express human PrP with the codon-129 MM, MV, and VV genotypes.
Mice were inoculated with BSE or vCJD and assessed for clinical and pathological signs of disease.

Findings BSE was transmitted to the bovine line but did not transmit to the human lines. By contrast, vCJD was
transmitted to all three human lines with different pathological characteristics for each genotype and a gradation of

transmission efficiency from MM to MV to VV.

Interpretation Transmission of BSE to human beings is probably restricted by the presence of a significant species
barrier. However, there seems fo be a substantially reduced barrier for human-to-human’ transmission of vCJD.
Moreover, all individuals, irrespective of codon-129 genotype, could be susceptible to secondary transmission of vCJD
through routes such as blood transfusion. A lengthy preclinical disease is predicted by these models, which may
represent a risk for further disease transmission and thus a significant public-health issue.

Introduction

After the identification of variant Creutzfeldt-Jakob
disease (vC]D} in 1996," there have been many attempts
to estimate the extent of the UK epidemic. Many
individuals are likely to have been exposed to bovine
spongiform encephalopathy (BSE) material through
their diet; however, there have been only 161 cases of
the disease in the UK. The predicted total number of
future cases has ranged from the low hundreds® to
hundreds of thousands.® However, findings from a
retrospective immunocytochemical study that aimed to
detect prion protein (PrP) in appendix and tonsil
specimens suggested a prevalence of BSE infection of
237 per million people in the UK* DNA sequence
analysis of the PrP gene (PRNP} in vC]D has shown
that 100% of tested cases are homozygous for
methionine at the codon-129 polymorphism compared
with about 40% of the general white population and
about 70% of sporadic CJD cases. The methionine
homozygous genotype (MM) has been included as a
limiting variable in most mathematical predictions of

, the size of the epidemic.®® Identification at autopsy of

preclinical vCJD infection in 2 methionine/valine (MV)}
heterozygous individual who had received a ransfusion
of red cells- from a donor who later died of vCJD, was
the first indication that MM might not be the only
Susceptible genotype.®

Polyrorphisms and mutations in PRNP in various
Species can affect disease susceptibility, although the

Precise mechanisms by which these effects are mediated

]‘ttP:h'neu'ro!ogy.theiancet.com Vol 5 May 2006

have not been established” Codon 129 of the human
PRNP .gene has .been shown to affect the clinico-
pathological phenotype of disease in CJD and fatal
familial insomnia.*" Heterozygosity at PRNP codon 129,
when compared with homozygous individuals, has been
reported to lengthen incubation times in iatrogenic CJD
cases associated with growth hormone treatment, and in
kuru,** whereas valine homozygosity (VV) has been
proposed to be protective for both BSE and vCJD
transmission in studies that used murine models
overexpressing hurnan PrP.* At a molecular level, the

biophysical properties of PrP refolding into the disease’

associated form {PrP*) have been shown to be affected by
the codon-129 genotype, with the methionine variant
having an increased propensity to form PrP%like
structures.®

>@

Lancet Neurol 2006; 5: 393-98

Published Online

March 27, 2006

DOL: 10.1016/51474- 4422(06)
70413-6

See Raflection and Reaction
Page374

National Q)0 Surveillance Unit,
Bryan Matthews Building,
Wastern General Hospital,
Edinburgh, UK (M T Bishop BSc,
MW Head Pho,

1W lronside FRCPath,

RGWill FRCP): and Institute for
Animal Health, Neuro-
pathogenesis Unit, King's
Buildings, Edinburgh, UK

{P Hart PhiD, L. Altchisan MSc,

H N Baybutt PRD, C Plinston BSc,
YThomson BA, N LYuzi PhD,

J CMansan PhD)

Carvespandence to:

Prof | C Mansen, Institute for
Animal Health,
Neurapathogenesis Unit, Ogston
Building, King's Buildings, West
Mains Road, Edinburgh EH9 3)F,
UK v
Jean.Manson@bbsrcacuk

We sought to analyse the transmission characteristics

of BSE and vCJD to four inbred lines of transgenic mice
after ‘intracerebral inoculation with brain homogenate
from cases of vCJD and BSE. We then aimed to use these
models to address the apparent low level of vC]D in the
human population resulting from exposure to BSE and
to predict the potential for human-to-human spread of
vCJD and the susceptibility of diifetent genotypes in the
human population.

Methods

Transgenic mice.

Details of how the gene-targeted transgenic lines were
created guye  supplied as supplementary information
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Figure 1: Western blot of brain extract from uninoculated mice showing that
Pri*is detacted with equivalent electropharetic mobility and glycoform
ratio in all three human teansgenic lines

D=diglycasylated PrP* band; M=monoglycosylated Prf¢ band; U=unglycosylated
PrPband, In the BovTg line, a deglycosylated band is detected of increased
molecular weight due to the additional N-terminal octapeptida repeat moti.
Proteinlevels are similar to the wildtype line used in generating the transgenics
(12901a). Glycosylation is confirmad hy the reduction to a single band after
deglycosylation with the enzyme PNGaseF. The anti-P¢P antibody 7A12 was used
for the HumTyg blot as it will react with both murine and human PrP, and 8H4
was used forthe BovTyg blot.

See Onlinaforwebappendix  {webappendix). Transgenic mige were anaesthetised with
halothane and then injected with 0-02 mL of brain
homogenate into the right cerebral hemisphere. The
vC]D tissue homogenate (at 10* dilution} was supplied
by the UK National Institute for Biological Standards
and Control (Code NHBY0/0003).. BSE-infected cattle
brain (Vetennary Laboratories Agency, reference BEP
12/92) was prepared by maceration of the tissue in sterile
saline to a dilution- of 107 -From 100 days they were
scored each week for signs of disease.” Mice were killed
by cervical dislocation whether they had clinical signs of

Figure 2: Immunocytochemistry of histological sections with anti-PrP antibody 6H4 showing the cortex,

hippocampal, and thalamic regions of the mouse brain with PrP detection (brown}

A-D: Human transgenic mice with v(J U inoculum. A: HuMM mouse 693 days post inoculation, B: HuMV mouse

707 days post inoculation. C: HuVV mouse 693 days post incculation. D: Florid plaques found in the hippacampus

of the HuMM mouse in panel ‘A Each plaque has an eosinophilic core with a paler halo and is surrounded by a ring

of vacvolation (haematoxylin and eosin stain). E: Hippocampal region of a BovTg mouse moculategl with BSE, #1P
& deposited in a more diffusefgranulas form with accasional plagues. 98 #
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transmissible spongiform encephalopathy (ISE) or
another non-specific disorder. The brain was recovered
at post mortem. Half the brain was snap-frozen in liquid
nitrogen for biochemical analysis and the remaining half
was fixed for histology.

Procedures

Immunocytochemical detecion of disease-associated

PrP (PrP*) deposits in the brain is a key pathological

marker of TSE transmission, and variation in location

and morphology of PrP* deposits can be affected by '
both the strain of TSE agent and by the host PrP.#

After fixation in 10% formal saline, brains were treated

for 1-5 h in 98% formic acid (to reduce the titre of
infectivity for safety reasons), cut transversely into four

sections, and embedded in paraffin. We used the .
Vectastain Elite ABC Kit (Vector Labs, UK) with
overnight primary antibody incubation {6H4 at 1:2000;

- Prionics, Switzerland} for PrP detection. Ideritification

of antibody binding was through deposition of 3,3"-
diaminobenzidine chromogen wvia a horseradish
peroxidase reaction. The BSE-inoculated human
transgenics were also studied using the Catalysed Signal
Amplification kit (DAKO K1500). This kit uses the same
principles as the Vector Labs kit, but has an additional
step, which amplifies the final detected sig'nal .and
therefore improves sensitivity.

Scoring of the abundance and locaton of TSE-
associated vacuolation in grey and white matter of the
brain is routinely used for diagnosis and strain
classification in non-iransgenic mice™ and was used to
assess all the mice in this study. TSE-related vacuolation
was assessed at nine grey-matter regions and three white-
matter regions to produce a lesmn profile, as previously
described.®?

Analysis

Frozen brain samples from the human transgenic mice
were homogenised in 0-9% saline to give a 10%
suspension. This material was cleared by centrifugation
and the supernatant treated with 0-05 g/L proteinase K
for 1 h at 37°C, as previously described in detail.® The -
digested product was denatured then loaded onto a 10%
Bis/Tris NuPAGE Novex gel (Invittogen, UK). After
electrophoresis the gel was blotted onto polyvinylidine

-difluoride (PVDF) membrane. We used the ECL+

technique (Amersham Biosciences, UK) with primary
antibody 6H4 (Prionics, Switzerland} at 1:40000 and an
anti-mouse IgG peroxidase-linked secondary (Amersham
Biosciences, UK) at 1:40000 for the detection of PrP.
Chemiluminescence was captured on radiographic film.
Samples prepared for figure I were digested overnight at
37°C with 500 units of PNGaseF (New England Biolabs,
UK) and not with proteinase’K; the primary antibody was
JA12E

Frozen brain samples from the bovine transgenic mice -

were homogenised in an NP40 buffer (0-5% v/v NP40,
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0-5% wfv sodium deoxycholate, 0-9% wjv sodium
chloride, 50mM Tris-HCl pH 7.5) to give a 10%
suspension, This material was cleared by centrifugation
and the supernatant digested with PNGaseF. The
products were denatured then loaded onto a 12% Novex
Tris/Glycine gel (Invitrogen, UK). After electrophoresis
the gel was blotted onto PVDF membrane. PrP was
“identified - with the SuperSignal West Dura
chemiluminescence detection kit (Pierce, UK) with
primary antibody 8H4* at 1:20000 and an anti-mouse
IpG peroxidase-linked secondary (Jackson Immuno
Research Laboratories, UK) at 1:10000. Images were

captured on radiographic film and with a Kodak 440CF

digital imager (figure 1).

Role of the funding source
The sponsors of this study had no role in study design,

data collection, data analysis, data interpretation, or’

writing of the report. The corresponding author had full
access to all the data in the study and had final
responsibility for the decision to submit for
publication. '

Results ,
We first investigated the potential effects of the species
barrier between BSE and human beings and any
alteration in that barrier once BSE had passed through
people in the form of vCJD. We then investigated the
effect of the codon-129 polymorphism on human-to-
human transmission of vCJD using gene-targeted inbred
mice developed by direct replacement of the murine PrP
gene for the human gene. These mice produce PrP under
the control of the normal regulatory elements for PrP
and thus express physiological concentrations of PrP
with the correct tissue distribution (figure 1). Three
inbred lines with an identical genetic background were
produced to express human PrP with the codon-129 MM,
MYV, and VV genotypes (designated HuMM, HuMV, and
HuVV, respectively). Each line differs by only a single
codon in PRNP and in all other respects the mice were
genetically identical. Additionally, in an identical manner,
we produced mice that express bovine PrP to enable
direct comparisons to be made not only between
transgenic and wild-type mice, but also between each of
the transgénic lines. ' :
Typical clinical signs of TSE disease were seen in more
than half {15/22) the BovTg mice inoculated with BSE
Material with a mean incubation period of 551 days (SD
47). These clinical cases were confirmed by a positive
test for the presence of TSE vacuolation or PrP=
deposition by immunocytochemistry. The lesion profiles
generated for targeting and degree of vacuolation
showed similar patterns for all positive mice.
Immunocytochemical data showed PrP* deposition
mainly in a diffuse and synaptic form, and also as
Blaque-like structures, frequently associated with areas
of spongiform change (figure 2}. Deposition was most
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abundant in the thalamus and hippocampus, but was
recorded throughout other regions of the brain. The
cerebral cortex showed only occasional plaque-like
structures and the cerebellum had only a few areas of
PrP* deposition limited to the granule cell layer. Further
pathological analysis was undertaken on mice that were
culled for reasons other than clinical TSE (intercurrent
deaths). This analysis showed that all the brains had
pathological signs of TSE disease in terms of vacuolation
or Pr¥ deposition. Thus, all the bovine transgenic mice
(22/22) seemed to be susceptible to BSE infection,
although not all developed clinical signs of infection
(tables 1 and 2).

~ HuMM, HuMYV, and HuVV mice were inocuitlated with
BSE material and after extensive pathological analysis all
were corifirmed as negative for TSE transmission
(table 1). Mice of each genotype line were inoculated with
vCJD material. Two pathologically confirmed dlinically
positive mice were seen in the HuMM line {at 497 and
630 days post inoculation), one in the HuMV line {at

e bk i
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. - clinically positive Vacuol_atironpositihh‘e Br positive . Negative* ,
HuMM (=17} ' '
0400 o 0 2 2 30kDa
401-500 1 1 1 2
 501-600 o 1 3 2 20kDa
>600 1 4 5 o
- HoWV (n=16) ..
G400 o 0 ° 0 Figure 3: Western blots of brain extract from thrée transgenic fines
. 401500 o 0 0 ¢ inoculated with vCjD
" 501600 0 0 4 3’ D=diglycosylated PrP* band: M=monoglycosylated PrP* band; U=unglycosylated
. .600 " 1 7 32 PrP*band, T-2B comesponds to human vC)D brain homogenate showing the
L . typical PrP* type 2B and T-1 corresponds to human sC)0 brain homogenate ;
. -HOWV {na16) showing the typical PrP™ type 1 signature. Type 2B and 1 differ in mobihty afthe
. 0-400 a 0 0 0 unglycosylated band (~19 kDa and ~20 kDa respectively) and the degree of
- 401500 0 o o 1 glycosylation (diglycosylated dominant and menofunglycosylated dominant
. 501-600 0 o a s respectively). All samples were treated with proteinase K, The anti-PeP detection
antibody was 6H4. The HuMY and T2-B cantrol blot had to be overexposed as
’600 e ! B . 1 . 9 the signal from the HuMV was weak, due to the low levels of PrP*seen by
.Nega 'ebydamcﬂor pal.hulnglcal ana!ysls C ‘lvcbydmlcatsconngbu _&lt:_mnﬁrmga bypa"thhl‘og'y. immunocytochemistry.
':::i:ia‘a tt;.::lcal andpatho.logicai.sccrm-gofhumanltransgemcmlce, bynumherofdays afteerjD (figure 2, table 4), Although PrP* deposition was clearly
present at 581 days, the timing of inital onset of
deposition in this line was not established.
G665 days post inoculation), and none in the HuVV line Significant levels of PrP* deposition were noted in the
{table 3}. HuMM mice were more likely to show disease-  brain of the subdlinical HuVV case. Indeed, these were
associated vacuolation, beginning at around 500 days similar in intensity to those observed in the clinical
post inoculation. Six were scored positive and showed HuMM cdses. Patterns of PrP deposition and plaque
similar distribution of vacuolation in the brain, with the formation show differences among the three genotypes,
highest levels found in the dorsal medulla, thalamus, and  including the presence of florid plaques only in the -
cerebellar white matter. By contrast, only a single mouse  HuMM mice (table 4).
in each of the HuMV and HuVV groups scored positive ~ PrP* found in vCJD brain is characterised by a 19 kiDa
for vacuolation at approximately 700 “days post non-glycosylated fragment and the predominance of the
inoculation. diglycosylated form (type 2B}* Both A biochemical
Most of the. I—IuMM mice (11/15) showed PrP™ properties of PrP* are maintained when vCJD ‘is
deposition in most areas of the brain at'a relatively early  transmitted to the human transgenic mice, irrespective
stage {from around 370 days post inoculation), before the  of their codon-129 genotype (figure 3). Preliminary
vacuolar pathology became evident. From 500 days post densitometric analysis suggested that there was an
inoculation the appearance of vacuolation was increase in the diglycosylated form in the HuVV mouse
accormpanied by a significant increase in PrP*deposition. compared with the HuMM mouse. Additionally,
By contrast, although PrP= deposition was identified in' comparison of PrP* from the BSE inoculum and brain
many HuMV mice (11{13), they had litde deposition material from BovIg mice also confirmed propagation of
restricted to only a few areas (including the ventrolateral  the predominantly diglycosylated glycoform signature of
and ventromedial thalamic nudlei and the red nucleus of ~ PrP* associated with the BSE/vC]D agent strain (data not
the mid-brain), even after 700 days post incculaton shown).
396 hitp:ffneurologythelancetcom Vol 5 May2006‘
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Discussion )
Although the cattle BSE epidemic in the UK has
amounted to tnore than 180 000 cases singe the 1980s,
the extent of the human vCJD epidemic has so far
remained limited with the total number of cases
worldwide currently at 190. One. explanation for this
apparent discrepancy is that there exists a significant
species barrier between cattle and human beings, which
limits the susceptibility of the human population to
BSE. The data shown here suggest that this could
indeed be the case since BSE was readily transmissible
to the Dovine trapsgenic mice but not to the human
transgenic' -mice. However,’ once BSE has passed
through human beings in the form of vC]D, the
transmissibility of this TSE strain is altered for the
human population.

All the human transgenic lines inoculated with BSE
were negative for TSE transmission, which suggests that
either the human transgenic lines are relatively resistant
to transmission of BSE or the incubation time is longer
than the length of the experiment (approximately

.700 days). BSE transmission previously observed by

others, in human transgenic lines overexpressing the
human prion protein, could be due to overexpression of
the PrP gene and may not therefore give a true reflection
of the species barrier between BSE and human
beings.1**2¢ This apparent resistance of human transgenic
mice to BSE could be explained by a large species barrier
and this in turn could explain the low number of vCfD
cases in the human population. '

_VCJD was transmitted to all three human lines with
different pathological characteristics for each genotype,
and a gradation of transmission efficiency from MM to
MV to VV. The greater transmission efficiency in HuMM
mice suggests that homozygosity for methionine at
codon 129 leads to - earlier onset of TSE-related
pathological features and clinical disease than for the
other two genotypes. The differences in PrP* deposition
in the HuMM and HuMYV lines suggest that the codon-
129 polymorphism in human beings is likely to affect
the distribution of PrP* deposition in the brain.
Moreover, the similar numbers that scored positive for
PrP deposition in each of the MM and MV groups (11/15
and 11/13 respectively} suggest that the two genotypes
might be equally susceptible to vCJD, but with different
incubation periods. Titration experiments are needed to
fully comnpare the susceptibility of each line. The single
HuVV mouse positive for PrP* shows that VV
individuals may be susceptible to vC]D with very long
incubation times, including a lengthy subclinical phase.
Transmission studies from all three genotype mice are

" now underway to examine the infectious nature of the

disease and determine any alterations in the strain
characteristics on passage through human transgenic
Mice. By contrast with published data suggesting that
VV individuals canmot propagate the vCJD biochemical

. Phenotype, the data presented here suggest that the

httpyineuroloqythelancet.com Vol§ May 2006

PrP* type will remain a useful diagnostic feature of
secondary vCJD infection irrespective of codon-129
genotype, as has been observed for the two extant cases
of transfusion-associated vC]D infection.>” .

Transmission of vCJD to the three lines of human
transgenic mice indicates that the human population
could be at significantly heightened risk of developing
disease after iatrogenic exposure to vC]D. Secondary
transmission of vCJD has partly removed the cattle-to-
human species barrier and has resulted in an agent that
can be transmitted from human to human with relative
efhiciency. Transmission studies in cynomolgus macaques
provide further evidence for this agent adaptation as they
show reduction in incubation times after.serial passage
of BSE® Qur BSE inoculation at 107 dilution was
compared with vC]D inoculation at 10~ because the latter
inoculum was found to be toxic to the mice at 10X Use of
a higher dose of vCJD inoculum would have maintained
or increased the transmission efficiency of vC]D and
enhanced the current findings.

Our findings raise concerns relevant to the possibility

‘of secondary transmission of vCJD through blood

trangfusion, fractionated blood products, or contaminated
surgical instruments. For this study mice were injected
intracerebrally, whereas the probable human exposure to
these agents is by peripheral routes (eg, oral or
intravenous), ‘and thus human-to-human exposures
mightbe significantly less efficient. However, it is difficult
to know for sure what the practical implications might be

. in human beings. Peripheral route challenge is in

progress; however, BSE transmission studies in primates
have shown the intravenous route to be as efficient as the

intracerebral route, with an extension of the incubation’

tirhe.*

Although all cases of vC]D up to now have been
observed in the MM genotype, this model of human-to-
human vC]D transmission suggests that other genotypes
are also susceptible. In our experimental setting, all
PRNP codon-129 genotypes are susceptible to vCJD
infection; however, progressive development of
pathological TSE features (vacuolation

explanation for this finding might be provided by in-vitro
conversion of recombinant human PrP by BSE and vCJD
agents, which has shown that PrP with methionine at
position 129 is more efficiently converted than PrP with
valine, and that conversion by vCJD is significantly more
efficient than by BSE.® Long incubation periods during
which PrP¥ is deposited predicts that, in human beings,
infection could be presentin all genotypes for a significant
period before clinical onset. Incubation periods of more
than 30 years have been reported in the human TSE
disease kuru.”

The possibility that an MV or VV genotype could result
in a phenotype distinct from that recognised in vCJD
draws attention to the importance of systemafic
assegs(ugnit of the clinical, genetic, pathological, and

and PP’
deposition) is more rapid in the MM-genotype mice. An -
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biochernical features of all human prion diseases. Qur
findings indicate that for human-to-human vCJD
infection it should be assumed that all codon-129
genotype individuals {not just MM) can be infected, that
long incubation times can occur, and that a significant
level of subclinical disease might be present in the
population.
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Prion diseases are efficiently transmitted by blood transfusion in sheep

Fiona Houston,’ Sandra McCutcheon,! Wilfred Goldmann,2 Angela Chong,2 James Foster,2 Silvid Sisd,? Lorenzo Gonzalez,?

Martin Jefirey,? and Nora Hunter?

1Neurapathoganesis Division, Roslin institute, Compton, United Kingdom; 2Neuropatnogenesis Division, Reslin institute, University of Edinburgh, Edinbuegh,
United Kingdom; and *Lasswade Lahoratory, Veterinary Laboratories Agency, Penicuik, United Kingdom

The emergence of variant Creutzfeld-
Jakeh disease, following on from the bo-
vine spongiform encephalopathy (BSE)
epidemic, led to concerns about the po-
tential risk of iatrogenic transmission of
disease by blood transfusion and the
introduction of costly control measures
to protect blood supplies. We previously
reported preliminary data demonstrating
the transmission of BSE and natural
scrapie by blood transfusian in sheep.

The final results of this experiment, re-
parted here, give unexpectedly high trans-
mission rates by transfusion of 36% for
BSE and 43% for scrapie. A proportion of
BSE-infected franfusion recipients (3 of
8) survived for up to ¥ years without
showing clinical signs of disease. The
majority of transmissions resulted from
blood collected from donors at more than
50% of the estimated incubation period.
The high transmission rates and rela-

tively short and consistent incubation
periods in clinically pasitive recipients
suggest that infectivity titers in blood
were substantial andfor that blood trans-
fusion is an efficient method of transmis-
sion. This experiment has established
the value of using sheep as a model
for studying transmission of variant
Creutzfeld-Jakob disease by blood prod-
uets in humans. (Blood. 2008;112:
4739-4745)

Introduction

Transmissible spengiform encephalopathies (TSEs) are neurodegencra-
tive diseases, which include Creutzfeld-Jakob discase (CID) in man,
- scrapic in sheep and bovine spongiform encephalopathy (BSE) in cattle.
A new variant of CID (termed vCID) was recognized in the United
Kingdom in the mid-1990s, apparently as a result of transmission of
BSE to humans.' To date, there have been 166 cases:of vCID recorded
in the United Kingdom, as well as several cases in' other countries.
Human TSEs arc characterized by long asymptomatic incubation
periods (usuaily severalyears), and there is no reliable test for
detecting infection before the onset of clinical disease. It is not’
known how many people in the United Kingdom harbor vCID,
although estimates based on screening of tonsil and appendix
samples suggest there could be up to 4000.2 These infected
persons pose a risk of human-to-human transmission via blood
transfusion or conlaminated surgical instruments.
In patients with vCID, there is widespread replication of the
infectious agent and deposition of PrP5 (disease-associated form
of prion protein) in lymphoreticular tissues, such-as the tonsil,
- spleen, and lymph nodes, in contrast to sCJI, where lymphoreticu-
{ar involvement is minimal.? The fact that lymphocytes confinu-
ously recirculale between blood and lymphoreticular tissues strongly
suggests that the blood of vCID patients is probably infectious.
Data from rodent TSE models had shown that the highest levels of
infectivity in blood were associated wiih leukocytes and, to a lesser
extent, plasma.! As a resull, costly control measures such as
{eukodepletion (filtration of blood and blood products to remove
leukocytes) and importation of plasma were introduced to protect

“'United Kingdom blood supplies, despite the limited data that were
then available to judge the sizc of the risk and the efficacy of the
control measures.

The potential for using shecp as a model for studying the risks
of vCID transmission by blood transfusion was highlighted by the
similarity between the distribution of infectivity and PrPSe in sheep
infected with TSEs and humans infected with vCID.57 Qne factor
limiting the successful transmission of TSEs by blood in rodent
models was the small volumes of blood that could be injected. In
contrast, the relative similarity in size of sheep and humans means
that volumes of -blood comparable with those used in human
transfusion pracfice can be collected from and transfused into
sheep. Using this model, we previously reported preliminary
results showing that both BSE and natural scrapie could be
transmitted between sheep by blood transfusion.? Although scrapie
is not thought to be transmissible to humans, it was included as a
representative of infection acquired under field conditions, which
may give different results to those obtained from experimentaily
infected animals. Our blood transfusion experiment in sheep is
complete after 9 years, and this paper presents the [ull data from the -
study. The overall transmission rates for both scrapie and BSE are
surprisingly high when factors such as the stage of infection and
genetic background are taken inlo account, suggesting that blood
transfusion represents an efficient route of transmission.

Methods

Donor and recipient sheep

The animal work was reviewed and approved by internal ethical eview
procedures at the Institute for Animal Health, United Kingdom; and carried
out under the authority of Home Office Project Licences. ’

PrP genotypes of all sheep were confirmed by sequencing the coding

" region of the PrP gene'® and ace represented by single letter amino acid
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BSE biood transfusions

Figuse 1. Overview of experimental design.
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code for codons 136, 154, and 171, which have been linked {0 scrapie
susceptibility (eg, ARQ represeats alanine, arginine, and glutamine, respec-
tively, at codons 136, 154, and 171).

All donor sheep were from the Edinburgh NPU Cheviot flock, which
has endemic natural scrapie. The recipient sheep (including scrapie
negative control donors) were Cheviots derived from the DEFRA scrapie-
free (DEFRA/SF) flock of New Zealand origin. Transfusion recipients and
-_positive and negative controls were housed ir a purpose-built isolation unit

on a different site 1o the donors, with strict procedures in place to minimize

the risk of cross-contamination between groups, as described.’ The sheep
- were scored at weekly intervals for clinical signs of TSEs and killed when
they reached humane endpoints agreed with the Home Office. For
experimentally Inoculated animals (BSE donors, positive controls, and
transfusion recipients), the incubation period (IP) in clinically positive
sheep was defined zs the period between the date of inoculation and the date
of death. For scrapie-exposed donors, the IP in clinically positive sheep was
defined-as the age at death (e, they were assumed 10 have become infected
immediately after birth).

Blood collection and transfusion

Procedures for blood collection/transfusion were as previously described.?
Briefly, venous blood (450-300 mlI. = 1 unit) was collected inio sterile
collection bags (NBPI-Fresenius, Emmer-Compascuum, The Netherlands}
containing citrate phosphate dextrose adenine solution as anticoagulant,
From donors that were about 1o be killed, 2 units was collected just before
postmortem, whereas from donors that were to be left alive, separate
collections of | unit were made at least 28 days apart. However, for
practical reasons, it was not always possible to collect 2 units of blood from
every donor sheep. In most cases where 2 units of blood was obtained, one
was transfused as whole blood (without leukodepletion) and the other was
used to prepare a buffy coat fraction.

BSE blood transfusions .

Fifteen sheep experimentally inoculated either orally (n = 14) or intracere-
brally (n = 1) with 3 g or 0.05 g, respectively, of BSE-infected cattle brain
) ‘homogenate were used 2s blood donors. The donor PrP genotypes were
ARQ/ARQ (n = 3), ARQ/AHQ (n = 5), or AHQ/AHQ (n = 7), which are
resistant 1o natural scrapie in the NPU flack but produce the shoctest IPs
after inoculation with BSE. Two sheep previously reported as donors® were
excluded from the study (alomg with their recipients} when regenotyping
showed them to be ARQ/ARR and VRQ/AHQ, respectively, genotypes that

. resuit in relative resisiance 1o oral infection with BSE.
Eleven donor sheep provided blood for transfusion at the preclinical
stage of infection. Eight of these were culled at the time of donation as part

104

of a separate (ime course pathogenesis experiment. The remaining
3 preclinical donois went on to develop clinical signs of BSE, with .
respective IPs of 629, 761, and 2131 days after infection. Four sheep were
used as blood donors once they had developed clinical signs of BSE at
561 to 671 days after infection. PrPS¢ deposits in brain andfor in peripheral
tissues were confirmed in all clinically affected dorors by immunohistochemis-
try {IHC). In 2 donors cuiled at the preclinical stage, sparse PrPS deposits were
found in only one tissue in each sheep: Peyer patch (38 X 81) and dorsal root
ganglion (60 X 49). However, a negative result was obtaired when the same
tissues were immunostained in another laboratory. There were 15 ARQ/ARQ
recipients of whole blood and 7 ARQ/ARQ recipients of buffy coat from
BSE-infected donors. Figure L gives a summary of the expesimental desxgn,
wheteas details of the donor and recnplcnt sheep are in Table 1.

"

Scrapie blood transfusions

The donors for this experiment were 10 VRQIVRQ and one YRO/ARG
Cheviol sheep from the Edinburgh NPU floék, where sheep of these
genatypes show a discase incidence approaching 100%. Epidemiologic and
pathologic evidence suggests that infection occurs argund the time of birth.
Blood collections were made fiom animals in 3 different age groups .
(200-250 days, 450-500 days, 700-850 days) to represent donors at different
preclinical stages of discase, as well as from one clinical case. Seven donors
were culled after developing clinical signs of scrapie at dges ranging from
1081 to 1556 days, and were confirmed positive by histopathology and
THC. Two donors were culled before the onset of clinicat signs at 1197 and
1350 days of age, fespectively, but PrP% was detected in their tissues by
IHC. Two donors died prematurely at 349 and 974 days of age: one was IHC
negative, in the othier the tissues were too decomposed to allow analysis.
Thete were 21 recipients (all VRQ/VRQ PrP genotype) of bleod from
scrapie-cxposed donors: 11 were transfused with buffy coat and 10 with
whole blood. See Figure 1 for a sumimary of the experimental design and
Table 2 for details of donor and recipient sheep.

Positive and negative controls

Seven ARQ/AHQ and 3 ARQ/ARQ sheep were infected intravenously with
0.2 g of the same BSE-infected cattle brain homogenate as given orally to -
the blood donors and served as positive controls. No positive contrals were
used in the scrapie transfusion experiment. As negative controls for the BSE
transfusion experiment, 12 ARQ/ARQ recipients were given tcansfusions of
whole blood (n = 6} or buffy coat (n =§) from 7 uninfected donors
(6 ARQ/AHQ. 1 ARQ/ARR). Two recipients died at 633 days and 1181 days

after transfusion, respectively, and the femaining 10 recipients were cutled
between 2462 and 2586 days after transfusion. As negafive controls for the
scrapie experiment, 16 VRQ/VRQ sheep received either whole blood (n = 8) or
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Table 1. Outcome of transtusions from 8SE-exposed donor sheep
Donor sheep details Recipient sheep details
Percentage of
actual or
average
Donoar . incubation Recipient PzP .
sheep Donor  Clinical status period at Clinical IHC lacubgtion Component Recipient i68 codon Clinical IHC  incubation
(2] genotype  atdonation denation* cutcome  result period,d  transfused sheepID genolype outcome result period,d
58x51 ARQ/ARQ Preclinical 12 + + 2131 WB D529 PP +1 - -
60x49 ARQ/ARQ Preclinical 22 - +f— .- wB D433 PL - - -
: a4 ) {DRG)E wB F14 PL - - - -
J2747 ARQUAHD Preclinical 42 - - - BC” Fi182 PP - - -
44 " we F1at PP - - -
6ix24 ARQ/AHQ  Preclinical 42 L= - - BC JF238 PP +1 - -

. . R 43" WE | F235 - PP - - e
J2746 AHO/AHO  Preclinical 45 - - - wB Fi9 PP + + 536
J2559 "AMO/AHO.  -Preciinical 51 + . - .+ . 8 ‘we D305 PP + 1
58x81 ARQIAHQ Preclinical 61 - +{~{IPPH - BC Dase BP - - -
58x28 ARQIAHQ . Precinical . 81 . - - - - WB D421 PP — - -
- - &1 o -7 oBC . Das4 N -

"sexz7 AHQIAHQ  Preclinical 61 - - - we Dasz PP ° - +§ -
&1 BC D318 PP - - -
58x39 ARQ/AHQ  Preclinical &2 : - - - we . Dza7 PP C- o+ =
_ . o 62 " WB " Dasé “ppe - m e =T
J2493 AHOQ/AHQ Preclinical 86 + + 761 wB 0341 PP - - -
J2771  AHQIAHQ Clinical, - 100 o+ + 561 .BC’ G61 PL . - - -
J2770 AHQ/AHQ  Clinical 100 + + 583 W8 G74 PP + + 594
80x69 ' AHQUAHQ  Glinical . 100 + + 880 . WE | G- ,- PP i . ..EEEC

T o T T - G, P oy e et

D383 ARQ/ARD  Clinical 100’ + + 71 we " @o2 PL _— + S -

W8 indicates whole bloed; BC, buffy coat; DRG, dorsal root ganglion; PP, ileal Peyer pétch; +, positive; and —, negatfive.

*Caleulated from the days after infection at the fime of denation, as a percentage either of the final incubation period (in sheep kept alive until the development of ¢linical
signs} or of the average incubalion peried in orally infected donors {640 days}, excluding the outlying incubation period of 2131 days {58x51).

Na evidence of infection was found on postmortem examination of lissues trom thase clinical suspects; thereface, it is most ikaly they wete clinically tisdiagnased.

#These tissues were initially scored weakly positive by IHC, but the results were not reproducible in two laboratories and can therefore be considered as inconelusive.

§This sheep died of unrelated causes (ie, without showing clinica! signs of BSE} at 1133 days after transfusion but was positive by IHC. '

[[This apparenily heatthy sheep was culled 3018 days after transrusnon and found to be posilive by IHC; however, further analysis suggested this was a case of “atypical”

serapie and therefore unfikely to be transfusion related.

buffy coat {n = 8) collected from 8 uninfected VRQ/VRQ dorors. There were
2 intercurrent deaths at 397 days and 464 days after transfusion, and the other
14 animals were culled between 2052 and 2409 days afier transfusion. None of
the negative controls for the BSE or serapie experiments showed clinical signs of
TSEs, and all were THC negative for PrpSe,

PrPS¢ detection by immunohistochemistry

Tissue samples from the brain, spleen, mesenteric lymph node, and palalme
tonsil of the sheep under study were fixed in formaldehyde and processed
according 10 standard procedures. Scctions were immunolabeled for Prpse
detection by IHC with primary amtibody R145, which recognizes the
222-226 amino acid sequence of ovine PrP,'! as described previously.'>13

Results
' BSE transfusion experiment

A total of 5 iransfusion recipients showed clinical signs of TSEs
and were confirmed positive by IHC and/or Western blot (Table 1;

Figure 2). These included 2 (F19 and D305) of 12 sheep transfused |

with whole blood from donors in the preclinical phzisc of infection
(at 45% and 50% of estimated IP, respectively), as reported
previously®® Two of 3 recipients of whole blood and one of
2 recipients of buffy coat from donors clinically affected by BSE
developed clinical BSE. The IPs in the 5 clinically positive
récipient sheep-ranged from 531 to 610 days after transfusion
" {mean * standard deviation [SD] = 565 * 35 days), and therc was
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no obvious difference in the IPs of those that received blood from
preclinical or clinical donors. '

.One recipieat (D432) of whole blood fmm a preclinical donox
died of unreldted causes at 1139 days after transfusion but had
PrPSe-positive [HC labeling in brain and other tissues. One of
3 recipients of whole blood (G92) and one of 2 recipients.of buffy
coat (G61) from-clinical donors showed weak PrPS¢ deposition in
the brain and lymphoid tissues after being culled at 2003 and
2497 days after transfusion, respectively, in the absence of clinical |
signs. Full sequencing of the PrP gene of these shecp revealed that
they carricd an additional proline (P) to leucine (L) substitution at
codon 168,'*15 which appeats to be associated with the prolonged
survival of these infected sheep. The polymorphism was also
identified in 2- recipients. of blood from a preclinical BSE-
challenged donor, neither of which showed evidence of infection.

Taking' the results for all 22 recipients of blood from BSE-
exposed donors, 5 clinical cases and 3 sheep showing cviééncc of
infection in the absence of clinical signs were identificd, giving an
overall transmission rate of 36%.

One recipient was culled for health reasons at 1444 days after
transfusion, 2 were culled with suspected TSE clinical signs at
2480 and 2160 days after transfusion, respectively, and the
remaining clinically negative sheep were culled between 2239 and
3068 days after transfusion. With one exception, examination of
the tissues by IHC did not find evidence of infection. The exception
(D337) was culled at 3018 days after transfusion and showed
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Table 2. Qutcome of transfusions from scrapie-exposed donor sheep
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Donor sheep details

Recipient sheep details

Percentage of

actual or
average
Donor incubation
sheep Donar Clinical status period at Clinical HC incubation  Companent Recipient Clinicat IHC ircubation
o genclype at denation donation* outcome  result period, d transfused sheeg 1D cutdome  result period, d
67x42  VRQ/VRQ Preclinicat 17 + + 1274 BC- G247 - - -
g WwB G230 - -, -
66x45  VRQWVRO Preclinical 17 - - - wB G267 - - -
i ’ 19 BC G265 - - -
67x23 VRG/VRQ Preclinical 18 + + 1207 BC G24t ks - -
20 wB G228 = - -~
65x13 VRAQ/NVRG Preclinical 28 + + 1556 WB . T F275 - - -
o ' ' 30 : BC - - F27a- - - -
65x02  VRQNVRQ Preclinical 34 - + - wB F310 - -
. ar BC F309 + + 1101
6503  VRONVRG Preclinical 34 - + - - we L. E277° .. BE 3 + ‘1138
oo ' ‘a7 BC . (F276 vt - -
61x75 VRAQ/ARQ " Preclinicat 53 + + 1324 BC F14g + + 782
57 Wb Fi144 + + 672
§1x68 VRQIVRQ  Precinical 64 + +, 1113 -BC CF1s2 - s + . 853~
. 69 . we - F153 R + . 660
61x66 VRQ/NVRQ Preclinical 62 - ND - wB F286 - - -~
64 ) BC F284 - - -
59x27 VRQVRQ - Preclinical . 73 + + . sy .BC - P i i LA é.ge_s
' 77 : i R wE TR R 575"
59x28 VRONVAQ Clinical 100 + + _toa1 BC F143 + + 737

+ indicates positive; and ~, negative.

“Calcutated fromt the age at ihe time of donation, as a percentage either of the final incubation peried

(for sheep that survived until the developmént of clinical signs) or of |

the averaga incubation period {1296 days) for sheep that died or were culled before developing clinical signs.
1No evidence of infection was found on postmartem examination of tissues from this clinical suspect; theretore, itis most likely it was clinically misdiagnosed.

positive P1P5¢ labeling in the brain, but with a pattern distinct from
that observed in other BSE-infected sheep. The brain PrPSe
distribution involving major white matter tracts and sparing the
dorsal metor nucleus of the vagus was similar to that of Nor98 (or
“atypical” sheep scrapie) and therefore doubtful to be transfusion-
related. No other sheep in the present study showed evidence of
being infected with atypical scrapie.

Of the 10 sheep that were infected intravencusly with BSE as
positive controls, 8 developed clinical signs confirmed by THC,
with an average IP of 702 days (£ 61 days, SD). The remaining
2 animals were culled at 2591 days after infection and, although not
demonstrably clinically affected, IHC showed PrPS* deposition in

 the brains and lymphoid tissues of both animals. These 2 sheep
were heterozygous (PLigg) for the PrP polymorphism P168L,
whereas the other 8 were homozygous (PP ).

The PrPSe profile obtained by IHC from BSE-positive recipients
‘was the same as that found in the orally inoculated donors and in -
the positive controls.” In addition, characteristic BSE glycoform
patterns were obtained by Western blot analysis of PrPSe-positive
donor and recipient sheep {data not shown),? and inoculation of brain
homogenates from infected donors and recipients info a panel of inbred
mouse strains produced IPs and lesion profiles characteristic of BSE
(data not shown). Taken together, these results confim that the strain

characteristics were not altered after fransmission via blood.

Scrapie transfusion experiment

Four of 10 recipients of whole blood and 4 of 10 recipients of buffy
coat from donors in the preclinical phase of scrapie infection
developed clinical signs of scrapie, which were confiemed by
positive IHC results. One sheep transfused with buffy coat from the
single clinical donor was also clinically affected and IHC positive

{Table 2; Figure 2). Four of these cases (F144, F153, F141, and
F143) were reported previously.? There were 4 intercurrent deaths
at 334, 753, 1237, and 1615 days after transfusion, respectively,
and the 8 remaining recipients were culled between 2329 and
2484 days after transfusion. These 12 animals were clinically negative at

" the time of death and showed no detectable PcPSe by IHC. Thus, 9 of

21 recipients of blood Erom scrapie-exposed sheep developed clinical
scrapie, giving an overall transmission rate of 43%.

The majority of confirmed scrapie cases in recipients {(n = 7)
occurred in the groups that received transfusions from donors in the
late preclinical (> 50% of cstimated IP) or clinical phase of
infection. Ouly 2 of 9 recipients in these groups remained free of
infection. The other 2 positive recipients were in the group

- of 6 sheep that received transfusions from donors at 28% to 37% of

estimated 1P, and their IPs were much longer than the rest (1101 and
1138 days after transfusion compared with a range of 575-853 days
in recipients of blood from donors at > 50% of estimated IP). No
disease was confirmed in the 6 recipients that received blood from
donors at less than or equal to 20% of estimated IF.

The PrPS¢ profile obtained from brains of donots and recipients
highlighted some differences in terms of presence of vascular plaques or
glia-associated PrP5 in denors but not in tecipients, or vice versa (8.5.,

-unpublished dala, December 16, 2005). Such discrépancies were
interpreted as presence of more than one natusal scrapie strain in the
flock of origin.

Discussion

The outcome of the blood transfusion experiments showed that
2 different TSE agents, scrapie and BSE, could be cfficiently

106



From www.bloodjournal.org at Nétional institute of Infectious Diseases on June 25, 2009. For personal use only.

BLOOD, 1 DECEMBER 2008 - VOLUME 112, NUMBER 12

A

9

Number of recipients

12-22% T 42-45% 51-86% 100%

Donor — estimated percentage of incubation period at donation

TRANSMISSION OF SHEEP TSEs BY BLOOD TRANSFUSION 4743

B

Number ol recipicnts

1 '
17-20% 28-37% 83-T7% 100%

Donor — gstimated parcentage of incubation pedod at donation

Figure 2, Qutcome of transfusions as a function of the stage of disease incubation in the donor. {A} BSE:iﬂfected doners, (B) Scrapie-infected donors. For each stage of
infection in the doner sheep, the number of uninfected (0}, clinically pasitive/ IHC-positive (W), and clinically negative/IHC-positive {#2) recipients are shown.,

transmitted between sheep by blood trarsfusion, using volumes
simikar to those used in human transfusions. The overall transmis-
sion rates (percentage of all recipients that became infected) were
36% for BSE and 43% for scrapic. For BSE, the figure was much
higher than anticipated because 3 of the § BSE-infected recipients
survived for long periods without showing clinical signs, whereas
all the scrapie-infected recipients identified by IHC were also
clinically positive. The greater probability of subclinical infection
in recipients of blood from BSE-exposcd donors is largély the
result of variability in the genetic susceptibility to infection among
- sheep used in the BSE, experiment, which will be discussed in
“Effect of genetic variation In susceptibility.” The results are
consistent with the known facts about transmission of vCID by

blood transfusion in humans.’” Sixty-six patients known to have .

reccived labile blood products from 18 donors who subsequently
developed vCID were followed up in an ongping study. Three of
these recipients have been confirmed clinically and pathologically
as vCID cases, with intervals between transfusion and the develop-
ment of clinical signs ranging from approximately 6.5 years fo
8.5 years.’3-2 Another patient, who dicd of unrelated causes S years
after transfusion, showed PP deposits in lymphoid tissues but not
brain postmortem, and is thought to represeat preclinical or
subclinical infection.?! These 4 patients represent 6% of the total
recipients, or 12.5% of recipients surviving longer than 5 ycars.

Various factors influence the transmission rate by transfusion in
both sheep and humans, including: (1) the interval between blood
donation and the onset of clinical signs in the donors, (2) genetic
variation in susceptibility of donors and recipients, and (3) the
blood componcat transfused.

Stage of incubation period of the donors at the time of blood
donation ' :

The effect of the stage of incubation can best be deduced from the

results of the scrapie transfusion experiment because the PrP-

genotype of the sheep used (VRQ/VRQ) renders them almost
100% susceptible to natural and experimental infection.™ The stage
of incubation of the donor has a strong influence on the probability
of transmission to the recipient (Figure 2). When donations were
made at less than or equal to 20% of the estimated IP, there was no
disease transmission, whereas donations made 2t more than 50% of
the estimated IP produced an 80% transmission rate, with a mean
1P of 729 days (* 99, SD} in the rccipients. Blood collected at
28% to 37% of the estimated IP transmitted infection at a lower rate
of approximately 33%, and with longer IPs in the recipients of
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more than 1000 days. The data are consistent with a gradual
increase in infectivity in the blood, from approximately 30% to
50% of TP.until the clinical phase. .

In the BSE transfusion experiment, the correlation between
stage of infection and transmission is not clear-cut but shows the
same general trend of increasing probability of transmission to
recipients as infection progresses in the donors (Figure 2). Possible
explanations for the lower transmission rates from preclinical
BSE-infected blood donors compared with preclinical scrapie- -
infected donors include the following:

(a) Variation in susceptibility to infection of both donor and
recipient sheep. )

{b) Differences_in the pathogenesis of natural scrapie and
experimental BSE. VRQ/VRQ sheep naturally infected with scrapie
have detectable PrPS deposits in lymphoid tissues carly after
infection (ie, < 50% cstimated IP}.2%?* Time course studics of
ARQ/ARQ sheep orally infected with BSE showed that _l:’rP5° was
not consistently detected in lymphoid tissues before at least 65% of
the average IP.7 If infectivity in blood correlatcs with its presence in
lymphoid tissues, this could explain the differences observed in the
2 transfusion experiments.

The probability of transmission from preclinical donors is of -
greatest relevance to the human situation. In the case of the
4 transfusion-related transmissions of vCID, the donors developed
clinical signs between 17 and 42 months after donation. The mean
IP for vCJD has been cstimated to be 16.7 years, with a lower
95% confidence interval of approximately 12.4 years™ Therefore, it is
probable that the transfusion-related vCID cases resulted from dona-
tions made at least halfway through the IF, which is in agreement with
the data from the sheep experiments. In vCID cases, the timing of
detectable lymphoid replication in the preclinical stages of disease is
unknown; therefore, it is not clear whether the peripheral pathogenesis
more closely resembles BSE or natueal scrapie in sheep.

Effect of genetic variation in susceplibility

A smalt proportion of sheep with A34Q171/A136Q)7, PIP genotypes
do not die of infection after natural or experimental exposure to
scrapie and BSE, ot have very prolonged incubation periods.?é-28
The reasons for this variability in response are .not clearly
understood, bul it can be predicted Lo reduce infection rates in both
donor and recipient sheep in the BSE transfusion experiment. The.
majority of preclinical donor sheep (8 of 11) in the BSE transfusion
cxperiment were killed at, or shortly after, the time of donation, and
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none showed conclusive evidence of infection, although 2 transmit-
ted infection to their respective transfusion recipients. It is poten-
tialty significant that donors that failed to (ransmit infection were
heterozygous at PrP codon 154, whereas those that did transmit
infection were homozygous. Thus, variable susceptibility to infec-
tion among the donor sheep may be the result of a protective effect
of cadon 154 heterozygosily to oral challenge with BSE, although
more data are required to confirmu this association.

A novel polymorphism, resulting in a proline to leucine
substitution at coden 168 of the PrP gene, was ideatified in 4 BSE
transfusion recipients and 2 positive control sheep inoculated
intravenously with BSE.™* All 6 survived more than 2000 days
without developing clinical signs of BSE, but on postmortem
examination 4 showed PrP5 deposition in brain and ‘lymphoid
tissues. This suggesls that the P168L polymorphism can protect
against clinical disease but does not prevent infection by the
intravenous route. This polymorphism has not been identified in the
" Edinburgh NPU Cheviots used as donors in the BSE experiment or
“in sheep with the VRQ/VRQ genotype.

Although the genetic basis of susceptibility to BSE infection in
sheep and humans is not directly comparable, the variability in
. response to BSE found in ARQ/ARQ shecp provides a more
realistic refiection of the situation veith vCID in the human

population than the very uniform susceptibility of VRQ/VRQ °

sheep to scrapic infection. In addition, the survival of BSE-infected
transfusion recipients for up to 7 years without clinical signs
demonstrates that prolonged secondary incubation periods andfor a
subclinical/carrier™ state are possible after transfusion in sheep.
The existence of such subclinical or prolonged preclinical infection
states io humans is recognized as one of the important factors
influencing the probability of onward transmission, and thus the
potential size of the vCID epidemic.®® Susceplibility to human
TSEs has been linked to codon 129 of the Pr# gene, which can encode
either methionine (M) or valine (V). Until recently, all clinical cases of
vCID (including the 3 transfusion-related cases) that have been tested
have been homozygous for methionine al.129 (129MM). Interestingly,
the “preclinical” patient thought to have been infected by transfusion
was heterozygous (129MV).2! There is accunwlating evidence to
sugpest that all human 129 genotypes may be susceptible to vCID
infection, with appatenily greater likelihood of subclinical infection in
129MV and 129VV persons. 232 :

Effect of blood component

_ The 4 transfusion-related vCID infections occurred in patients who
received transfusions of red cells that had not been Ieukodepleted.
Leukodepletion was introduced in the United Kingdom in 1999 to
control the risk of transmission of vCID by blood transfusion
because previous siudies in rodenis had shown that infectivity
appeared to be concentrated in the buffy coat, which contains maost
of the blood leukocytes.* Subsequently, leukodepletion of blood
from scrapie-infected hamsters was shown to remove up to 72% of
infectivity* In the sheep experiments, only whole blood and
buffy coat were transfused because we were seeking to establish
proof of principle of transmission of TSEs by blood transfusion,
and assessing whether infectivity appeared to be concentrated in
the buffy coat. The effect of leukodepletion was not investigaied

* . but is being addressed in a follow-up study, along with cstimates of

the distribution of infectivity among other blood components,
including plasma, plalclets, and red cells.

In our experiments, transmission rates did not appear to be

significantly different in recipients receiving whole blood com-
pared with recipients transfused with buffy coat. The number of
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sheep transfused with buffy coat in the BSE experiment was too small to
allow statistical analysis. In the scrapie experiment, 5 of the positive
recipients were transfused with buffy coat, and 4 with whole blood. The
similazity in transmission rates for both components suggests that they
contain approximately equivalent amounis of infectivity.

We have shown that, for sheep infected with scrapic and BSE,
high transmission rates can be achieved using blood transfusion,
particularly when donors are at more than 50% of incubation
period. The results also revealed the posmbmty of prolonged
incubation periods and/or subclinical infections in some recipients
of BSE-infected blood, which is at least partly because of genetic
variation in the sheep PrP gene. The suggestion of relatively high
titers of infectivity in blood is perhaps surprising in view of the
reed for ultrasensitive methods of detection for PrP5° in blood. 3536
It may be that, in blood, infectivity is not closely correlated with
levels of protease-resistant PrP, but comparative titrations of brain
and blood-borne infectivily in sheep will be required to further
define the relationship. The results of our sheep transfusion
experiments are consistent with what is known about transfusion-
associated vCJD transmission in humans, and support thé use of
sheep as an experimental model in which to study the risks associated
with different blood products, the effectiveness of control measures, and
ihe development of diagnostic and screening tests,
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ABSTRACT

Transfusmn transmlss:on of the prion, the agent of variant Creutzfeldt-Jakob disease (vCJD), is now established.

. Subjects infected through food may transmit the disease through blood donations. The two nations most affected
to date-by this threat are the United Kingdom (UK) and France. The first transfusion cases have been observed in
the UK over the past 5 years. In France, a few individuals who developed vCJD had a history of blood donation,
leading to a risk of transmission to recipients, some of whom could be incubating the disease. In the absence of a
large-scale screening test, it is impossible to establish the prevalence of infection in the blood donor population
and transfused patients. This lack of a test also prevents specific screening of blood donations. Thus, prevention of
transfusion transmission essentially relies at present on deferral of “at-risk" individuals. Because prions are present

- in both white blood cells and ptasrha, lsukoreduction is probably insufficient to totally eliminate the transfusion risk.-
In the absence of a screening test for blood donations, recently developed prion-specific filters could be a solution..
Furthermore, while the dietary spread of vCJD seems efficiently controlled, uncertainty remains as to Lhe extent of
the spread of prions through blood transfusion and other secondary routes. '
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ARTICLE TEXT . )

. The first case known in the history of medicine as “mad-cow disease" dates back to 1985. It was observed in.the
United Kingdem (UK}, where the epidemic spread widely: by 2001, close to 180,000 animals had been affected '
by bovine spongiform encephalopathy (BSE). Most likely, the epideric appeared as a result of feeding of bovine
“Iiv_estock with animal food prepared from residues from slaughtering’and quartering, including carcasses of sheep
which died from scrapie and cattle affected by a sporadic form of BSE The use of such animal feed was forbidden
in 1988 in the UK and in 1994 in France. On March 20, 1996, the UK Department of Health announced that the
BSE agent was transmissible to man. A new human pathology appeared that year: a previously unknown form of
Creutzfeldt-Jakob Disease (CJD), transmitted by a variant of the prion, the agent of sporadic CJD.

Unlike other transfusion-transmissible agents, the prion (Proteinaceous Infectivity Only) contains no nucleic acids
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and is composed purely of protein.®-3 The “normal® prion or PrP° (" proteinaceous partic]e;') is a protein expressed
on the cellular membrane by a number of tissues, but the greatest amount is found on the neurons in the brain,
Sensitive to the action of proteolytic enzymes, PrP® has a hali-life of a few hours. Despite having an identical
amino acid sequence to that of the nornral form, the BSE agent is a prion of different conformation, designated by
the abbreviation PrP® (sc for scrapie) and is derived from the isoform of the normal protein by a posttranslationa!
structural modification and conversion to a richly heta-pleated sheet.* The abnormal prion has a tendency to
agaregate and above all a resistance {from which is derived its other abbreviation, "PrP™%") to proteolytic
enzymes (notably proteinase K, resistance lying in the majority conformation in beta-pleated sheets.® The prion
itself plays a role of cofactor in this conformational change. In infected subjects, PrP® induces, on native PrP
molecules, a conformation that confers on them their pathologic character, and the phenomencn of amplification is,

self-propagated.® Because it affects the accumulation of a protein present in its natural state in the body, there is
no immunologic response: neither the production of antibodies nor a specific celiular response. Accumulation of
abnormal prions generates vacuoles in the cerebral tissue, giving eventually a sponglform appearance and hence
the title “spongiform encephalopathy.*

HUMAN PRION DISORDERS

EEEEE-HE

The human transmissible spongiform encephalopathies (TSEs) generally follow a long incubation period, but with
subsequent rapid evolution and death. Varicus forms are described:

+ The idiopat hic disorders, principally the sporadic form of CID {sCJD), which continues to be the commonest
- form. It.appears predominantly in the seventh decade, with an annual incidence of 1 to 1.5 cases per million

population.7 Death follows within 6 months. This form, which Is associated with a pathologic prion, has

unknown etiology. It probably results from a spontanepus conformational modification of PrP to PrPSe.
. The genetic farms: familial CJD (fCID), Gerstmann-Strauster-Scheinker syndrome, and fatal familial insomnia.
. The acquired forms were, until 1966, of human origin: kuru, found in New Guinea and linked to funeral
practices, and the fatrogenic form of CJD, seen after use of contaminated neurosurgical instruments, corneal
‘grafts, dura mater, and intramuscular injection of pituitary hormones, obtained from cadavers. Acquired

disease of bovine origin, that is, variant CJD (vCJD) is seen in subjects infected with the BSE agent.a'9 This is

the only human prion disorder that has crossed the species barrier. The first series of 10 patients was
_described in 1996 by the UK National CJD Surveillance Unit {NCJDSU) based in Edinburgh. The disease was

found chiefly in adults under 40 years of age, contrasting with the mean age for sCJD. The disease is fatal in

a mean of 14 months, which is slower than the sporadic form.'® Nuclear magnetic resonance imaging
scanning shows hypersignals situated in the posterior thalamus ("pulvinar sign"). Unlike other human prion
disorders, notably sCJD, in which the accumulation of abnormal prion protein affects the central nervous
system with a minima! peripheral involvement, vCJD progresses with invasion, by the abnormal protein, of the
central nervous system, the peripheral nervous system, and other tissues, notably Iymphmd tonsils,

 appendix, Peyer s patches, and thymus. "1 Tonsillar blopsy may reveal the presence of PrPSC, but a negatlve
result does not categorically exclude the diagnosis.

GENETIC INFLUENCES

EEFREE-E

The prion protein gene is situated on the short arm of chromosome 20 and codes for 254 amino acids, with either
valine {V) or methionine (M) at position 129. With two copies of the gene, an individual can be MM (39% of the
normal population), MV (509%), or VV (119%). This polymorphism is fundamentally important in the development of
the variant type of the disease, since there is a host susceptibility linked to the genetic type.m'13 Homozygosity
for M (MM) appears to confer susceptibility to clinical expression and to influence the incubation period of the

disease: all vCJD cases, to date, in whom codon 129 typing has been performed, are MM homozygotes.'® In one
case of infection, where the individual died 5 years after an implicated blood transfusion but did not have any

clinical symptoms of vCJD at the time of death, the genotype was MV. Furthermare, PrP®C has been detected in
.the appendix of two VV cases.'® The MV genotype and perhaps more the VV genotype could confer a protective
effect, but this remains true only until a symptomatic case of vQJD is described in a MV or VV subject. In fact, we
know that individuals with all three genotypes can accumulate PrP*¢ in vCJD- specmc tissues, but we do not know
whether symptomatic cases wr[l develop in all genotypes :
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EPIDEMIOLOGY OF vCJD

To December 2007, a cumulative total of 186 cases of vCJD have been recorded in the UK, and this number
accounts for the majority of cases worldwide. Mean age of affected individuals was 28 years (range, 12-74 years),
with a slight maie predominance. The mean duration of the symptomatic period was 14 months (range, 6-40
months). All tested patients were homozygous MM. The most probable origin for the majority of cases was

dietary: no risk factor of other kinds of CJD was observed.'®-17 A small number of cases had a history of blood
transfusion, and some of these have been linked with a known infected donor.

In France, vCJD incidence was, as in the UK, proportional to dietary exposure to contaminated beef. Importation of
contaminated beef into France increased regularly from 1985 to 1995, while the ingestion of these meats

decreased in the UK over the same period.18 However, the level of exposure in France is estimated 92" to have
been 10 to 20 times lower than that of the UK, with moreover a difference between the two countries in terms of
dates of occurrence: the comparison between the number of French cases and that of UK cases (taking into
account the year of the beginning of the symptomatic phase) indicates that a maximal incidence of French cases
occurred 5 years after the peak of the epidemic in the UK, \_Nheie the number of recorded cases has regularly

" decreased since 1999.17 This temporal gap in the epidemic in the UK and in France is attributable to the period of
maximal exposure of the general population in the two countries.

Between 1996 and 2007, 23 vCID cases have been registered in France, with a mean age of 36 years (range, 19-
58 years) and an equal sex ratio (12 males, 11 females). The clinical and genetic characteristics were comparable
to those of the British vCJD patients. The mean duration of the symptomatic period was 15 months (range, 8-24

months}. All the anal{gzed cases were homozygous MM, without: any risk factor of other kinds of- CID.'? Short
stays in the UK (less than 10-day periods} were mentioned in 3 patients; a fourth one had stayed several times in
the UK, for long periods, between 1987 and 1996.

In other countries, vCJD cases remain exceptional. A small number of these cases are attributable to residence in
the UK, but there remain a number which appear to have been acquired outside the UK and France: two cases each
in Ireland, the Netherlands, Saudi Arabia, Spain, and Portugal and one in each of ltaly and Japan.

Several studies have been conducted to estimate the extent of the vGJD epidemic in the UK and in France. A
- British retrospective study revealed the presence of the abnormal prion in surglcally removed appendix in 3 of

12,674 individuals without clinical vCJD: 22. this rate appears higher than suggested by the number of vCJD cases
-recorded in the general population. From these results, a prevalence of 237 cases per million of British citizens
was proposed (95% confidence interval, 49-792), In the most pessimistic hypothesis {i.e., taking into account the
highest range of this interval), 41,250 of 60 million individuals would be infected by the abnormal prion. However,
the latest count of vCJD cases in the UK is more in agreement with the lower prediction of epidemiologists.

In France, where the level of exposure was lower than in the UK, estimates of 6 to 300 vGJD cases during the next

60 years have been suggested in one study,'® and 205 cases in another. 23 In 2003, a modél of-incidence
prediction suggested a total number of 33 cases (0-100}, with 14 cases (2-30} over the 2004-2005 per[od and

11 (1-20) over the 2006-2010 period.'® These data are compatible with the most recent epidemiologic reports.

A recent study predicted 39-(6-99) subsequent cases.2' The worst case scenario of 300 cases over the next 60
years is, however, maintained in the epidemiologic estimations, in particular to estimate the prevalence of prion
-infection in the blood donor population.

Measures taken against the vCJD epidemic, with screening for the BSE agent in cattle and elimination of positive
animals from the food chain, and the latest epidemiologic observations suggest that a vGJD pandemic of dietary
origin is unlikely in the coming years. The unknowns now reside in other sources of contamination, through blood or. .
cellular vectors: blood transfusion, grafts of tissues or organs, or use of medical or surgical instruments
~contaminated with the abnormal prion. Transfusion transmission is especially feared due to its potential extent.

- Nowadays, since food contamination, which was the main source of infection, seems fully controlled, has
transmission by blood components taken its place? In the UK, as in France, while prions have probably been
eliminated from beef, they are likely to be present in the blood of asymptomatic human carriers and transmissible
to the recipients of their blood donations. The fear of human-to-human transmission has thus replaced the fear of
interspecies contamination. ' '

EXPERIMENTAL BASIS OF vCJD TRANSMISSION BY TRANSFUSION

Untll about 1996 lt was acknowledged that the GJD agent was not transmitted by transfusion: several studies
" failed to show any association between the occurrence of sGJID and a past transfusion. 24-26 . The prion load being
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higher in vCJD than in sCJD,27 the number of infectious particles in blood and/ or. their distribution in individuals
affected by sCJD are presumably too low to cause transmission through a blood transfusion. Thus, before the first
vCJD cases, the two main clrcumstances of prion transmission between humans had been kuru and iatrogenic
contamination by injection of growth hormones of pituitary origin. It should be noted that transmission of the kuru
agent belongs to the past since the prohibition of certain rituals in New Guinea and that the exclusive use of
growth hormones of recombinant origin put an end to iatrogenic transmissions through this route. Though no
cases of hurman transmission of vCGJD had yet been described, the possibility of transmission by blood transfusion

remained a theoretical risk.28 3! Unlike major transfusion-transmitted viruses observed in the past decades
{hepatitis B virus, human immunodeficiency virus [HIV], hepatitis C virus), the vCJD agent did not immediat ely
enter into the family of blood-borne agents.

In experimental models, invasion of lymphoid tissue by abnormal prion has been observed rapidly after infection,
with persistence throughout the whole incubation period. it has been suggested (but not demonstrated} that the
lympheid infiftration is brought about by circulating cells, which led to the hypothesis that infected lymphocytes
could transmit the prion to recipients of blood components containing lg,(mphocyte-s.a'2 Intracerebrat injection in

mice of buffy coats and plasma collected from patients ‘with vCJD has not. shown such transmissibiiity,33 but these -
experiments only involved a small number of cases and the sensitivity of the technique may have been insufficient
to detect low.level of infectivity. Subsequently, transfusion transmission of prions was shown in rodents,3* in
particular in mice made susceptible to vCJp.35.38 However, the turning point was the result of experiments aiming
10 show‘, transmissibility through blood from orally infected sheep to healthy sheep:37 it was then found that the
abnormal prion was present in circulating blood and that blood could be a vector of transmission. Blood infectivity

being thus demonstrated, at least in certain circumstances, French and British Health Authorities, as a precautlon
- considered the possibility of transmission of the vCJD agent by transfusion.

In.another experiment, transfusion of healthy sheep with blood from infected sheep led to transmission rates of 17

percent for BSE and 19 percent for scrapie.>® A more recent animal experiment was based on detection of PrPSC in
bloed of hamsters experimentally contaminated by the scrapie agent through intraperitoneal inoculation of infected
brain tissue.®? In both cases, the infectious agent was present in circulating blood during a part of the incubation
phase of the disease, and the transmission rate was shown to be quite high. However, it is important to distinguish
the studies conducted with a Western blot assay detecting the amplified amyloid protein and those involving a
titration of endogenous infectivity.

Finally, even before the description of the first human transfusion cases, these animal experiments had shown
blood transmissibility of prions and the poss1bllny of a short incubation period of the disease through this
transmission route.

SURVEILLANCE OF TRANSFUSION RISK OF CJD IN THE UK

The first UK epidemiologic studies did not suggest transfusion as a mode of transmission of the vCJD agent, and

. the first descriptions of recovery of abnormal prions within the body had indicated that the blood route would be
an improbable source of contamination. Subsequently, experiments into blood-borne transmission of the BSE agent
in sheep and-the observation of a wider distribution of PrPS¢ in the body of subjects infected by the variant agent
compared with subjects infected with sCJD led to reconsideration of this view.

in 1994, the UK, the country most e-xpos‘.ed to the BSE risk, put in place a national S;Jrvei]lance system named
"The National Creutzfeldt-Jakob Disease Surveillance Unit" or NCJDSU charged with identifying and monltorlng all

cases of CJD.4041 Ajj suspected cases were to be reported by heaith professionals {principally neurologists and
neuropat hologists} and then confirmed and categorized according to the defined diagnostic criteria. As far as

" transfusion is concerned, the medical history of each patient was examined and family members were interviewed,
looking for history of blood donation or of receipt of transfusion. A collaborative study between the NCJOSU and
the UK Blood Transfusion Services, called "TMER" (Transfusion Medicine Epidemiology Review), was set up in 1997
{0 examine all cases of CID, including sCID, fCJD, and vCJD, who had either donated or received blood in the past.
On December 1, 2007, among the 166 UK cases of vCJD, 150 were old enough to have been blood donors and,

among these, 31 {21%) had, at least according to their families, donated their blood at least once.?? Records were
checked and the dates and places of the donations were established. The fate of the donations was traced,
including whether they were used for blood component preparation and/or for fractionated plasma products, and
the fate of recipients of blood components was established. These enquiries identified donor records relating to 24
individuals who later developed vCJD: 18 of whom had donated blood that had been used to prepare components
issued for hospital use. A total of 66 recipients were identified from these 18 donors: 23 of these are still alive.
Blood dongr records were identified for only 3 of 93 individuals who later developed sCJD and were reported o
have heen donors in the past, with 20 recipients identified, of whom 12 are known to-be dead: 5 died within 1
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year of the blood transfusion and 7 between 1 and 7 years after transfusion. Seven recipients are not known to be
dead and have survived 7 to 9 years after transfusion. Three cases who developed 1CJD {of 5 reported as blood
donors) were associated with 11 identified recipients, of whom 2 died within 1 year of blood transfusion and 3 died
3,10, and 17 years after transfusion. Three recipients not known to be dead have survived 13 to 21  years after”
transfusion. Among the 97 recipients thus identified, 4 have developed evidence of infection and 3 of these have

- died of the disease: these all belong to the first group, those exposed to risk of vCJD. Because there is no
evidence that either sCJD or fCJD has been transmitted by bloed transfusion, none of those recipients have been
informed and none were tested for evidence of infection. . '

THE FIRST UK CASES OF v(CGJD IN BRECIPIENTS OF BLOOD COMPONENTS

All four transfusuon associated vCQID infections occurred in patients transfused in the UK with nonleukoreduced red
blood cells {RBCs). There have been no transfusion-associated cases of sCJD or of fCJID: no cases have ever been

described in these two latter groups, even in retrospective lookbacks or in case control studies,‘“"” and no such
infections have been detected in the blood in experimental animal studies, even in transgenic mice rendered
susceptible to the disease, although it is not possible to formally exclude transfusion cases of sGJD, which might
have passed unnoticed if they possessed exceptional features and/ or a particularly long incubation period.

The first of the four patients infected with vCGJID through biood fransfusion was a male in the 60- to 70-year age
group, who developed the iliness in 2002 and died the next year. During surgery in 1996, he received 5 units of
nonleukoreduced RBCs, one of which was donated by a young donor who developed vCJD in 1999 and died the
following year. Both donor and recipient were MM homozygous. Infection of dietary origin could not be completely
excluded in this case (as In the others), but the transfusion was the most plausible explanahon given the age of
the recipient which was greater than the median for cases believed exposed through the dietary route, and by the
association of this rare disease in both donor and recipient: statistical analysis demonstrated that the possibility
these two observations of vCJD would have happened independently, if transfusion was not the source of
infection, was in the order of 1:15,000 {and rose to 1:30,000 taking into account the age of the recipient}. This

first transfusion-associated case in world literature was reported in December 2003.48

The second case was an elderly recipient, who died of cardiovascular causes without developing any clinical signs

of vCJID. Asymptomatic infection with PrPS¢ was established by postmortem examination, which demonstrated the
presence of abnormal prion protein in lymphoid tissue (the’spleen and one cervical lymph node, but not in the

tonsils or appendix), bit not in the brain. This patient had been identified as "at risk" since, 5 years previously, in
1999 a nonleukoreduced RBC component had been provided from a donor who died of vGJD 18 months after the

donation. The PrP% isolated from the spleen had an isoform identical with that observed in cases of vCJD. The
donor was an MM homozygote, but the recipient was a heterozygote (MV), which may explain the asymptomatic
nature of this case, assigned as "preclinical® or "subclinical” vCJD. Alternatively, the recipient may have developed
vCJID at a latér date, if survival had been longer. This second case of possible transtusion transmission of vGJD
infection was reported in July 2004.4°
The third case, reported in 2006,%%:5951 was also one. of the cohort of blood recipients who had received
nonteukoreduced RBCs and had been notified of their risk. This recipient was in the 20- to 30-year age group and -
had received transfusion support during a surgical intervention complicated by serious bieeding. The recipient
developed vGJD in 2005, 7 years after the transfusion episode, and died 2% years later. One of the donors
presented with vCJD in 1999 {18 months after the donation) and died the following year {21 months after the
. blood donation). Both donor and recipient were MM homozygotes. ’

The fourth and last case to date was a recipient who developed vCID 81 years after transfusion with RBCs from a
donor who presented with vCJD 17 months after donation. This donor was the same as that to case number

three. The recipient, genotype MM, died 1 year after presentation.52

These cases.reported in professional journals (and subséquent[y in generat reports) have led to the risk of
transfusion-associated vGJD moving progressively from "theoretical risk" to “possible,” then to "probable" and
finally "demonstrated.” There are a number of unknowns in the variables of risk of blood contamination by vCGJD,
but the combination of the low prevalence of vCID in the general population (the estimation of the.risk from an

individual unit varies between 1:15,000 and 1:30,000 in the UK} 48 gnd of the high prevalence of vCJD cases in
the small group of recipients whe have been rendered at risk {and it should be noted that a sizeable proportion of .
these at-risk recipients have died without surviving long enciigh to develop an eventual vCID and were never
-tested for the presence of infection) makes highly probable a transfusion origin rather than diet. The occurrence of
these cases reinforces the theory that the blood of a donor in the asymptomatic phase of the disease could be
infective for recipients. This evidence of the transfusion transmissibility of vCJD thus largely justifies the '
preventative measm'es previously applied in the UK and in France.
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In fact, deépite the small number of reported transfusion cases, many observations have been proposed or are
already known: '

1.  The possibility of a relatively short incubation period with a transfusion source: 6% years between the
transfusion and the first clinical signs in Case 1, 6 years in Case 3, 8% years in Case 4. This short incubation
period demonstrates the efficacy of the transfusion route. It might suggest a particular pathogenic character

- of the abnormal prion circulating in the bleod and transmitted by this route, even if it is established that
intraspecies transmission is usually accompanied by a shorter incubation than interspecies transmission.
indeed, the shortest incubation period has been observed in kuru, in the tatrogenic form after injection' of .
growth hormone,s3 and in transfusion-associated vGJD.54

2. The rate of transmission in the population of at-risk recipients is high, even though it is not inevitable in the

relatively short follow-up. period.®® A review of the UK's TMER study published in 2006 gave an indication of

the transfusion risk of vCJD and of the incubation period of the first observed cases: %% among the 66 blood
component recipients transfused from donors who later developed vGJD, 37 died v'vit,hin the first 5 years
posttransfusion with a cause of death linked to the existing illness. Apart from the one case shown to have
evidence of infection, none of the other deceased recipients were tested for evidence of infection because .
‘their deaths predated the information that their donars had developed vCJD. Furthermare, ne postmortem
tissue was available for ret rospective testing.
Among the 29 who survived over 5 years, 20 are still alive and have no signs of v(iD, and 9 are now
deceased. Among these 9, 6 died of pathology not linked to vCJD (although only 1 of these had a
postmortem to look specifically for infection, which was demonstrated) and 3 developed (and died from)
vCGiD. ) _
3. The influence of codon 129 genotype is nol refuted in the context of the transfusion route: the sole
recipient known to be infected but asymptomatic was a heterozygote (MV), although it should be noted
that the observation period was the shortest of the series of infected recipients, since this recipient died 5
years after transfusion.
4.  All.the infected recipients had recelved nonleukoreduced RBCs between 1996 and 1999. Routine
‘leukoreduction was introduced in the UK by October 1999. .

" 5. ‘The four recipients who developed evidence of infection had been transfused respectively with component's
from 5, approximately 8-10 (figure uncertain), 56, and 23 blood donors. [Correction added after online
publication 2-Jan-2008: Number of donors has been updated.]

6. 'Inthe UK and France, no case of vCJD has been reported in recipients of fractionated piasma products. As
indicated in the title of this article, we have limited our review to labile blood components, aware of the
‘additional proceduresAthat contribute to the safety of plasma products with respect to prions.

SURVEILLANCE OF TRANSFUSION RISK IN FRANCE: FIRST CASES OF vCJD WITH PREVIOUS
BLOOD DONATIONS AND FIRST MEASURES TAKEN WITH REGARD TO THE RECIPIENTS

Although epidemiologic investigations conducted in France have not revealed previous blood transfusions during
the "risk period* for vCJD (one case had received a blood transfusion, but in 1971, before the epidemic), some

" patients had been blood donors, as would be predicted, in the same period. In 1992, a national surveillance

- netwaork for cases of CJD was set up in France, coordinated by Inserm Unit U708 and including representatives of
various medical specialities and the health services: neurologists, neuropathologists, reference laboratories, and the
"Institut de Veille Sanitaire" (InVS). The aim of this network was to coliect and investigate reports of suspected
cases of CJD, follow their progress, classify the type (sporadic; familial, iatrogenic) and the degree of probabifity
(distinguishing confirmed cases from probable cases), and establish epidemiologic characteristics. in cases with

* previous history of blood donation, InVS was charged with informing the French Blood Service (* Etablissement
Francais du Sang") so thai a transfusicn investigation could be started. It appeared that three of the French vCID
cases, who had developed the disease in 2004, had a history of blood donation. '

The first case {eighth’in the series, reported in February 2004) was a 32-year-old female who donated blood
between 1993 and 2003. The components prepared from these.donations were 13 concentrated RBCs (of which
10 were leukoreduced) and one platelet (PLT) concentrate. Fourteen recipients, of whom 10 were still alive, were
traced. Ten plasma donations were used for fractionated plasma products.

The second case (ninth in the series, reparted in April 2004) was a 52-year-old man who had donated blood since
1984, chiefly between 1996 and 2002. No investigations were carried out into donations which preceded the vCJD
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epidemic. The blood components were 5 concentrated RBC units (all leukoreduced) and 3 PLT concentrates (2
leukoreduced). For donations made after 1894, 7 recipients were traced, of whom 2 were still alive. Twelve plasma
donations were used for fractionation.

The third case (13th in the series, reported in October 2004} was a 48-year-old man who donated blood between
1991 and 2004. The components were one fresh-frozen plasma {(FFP) and 15 concentrated RBC units (half of
them leukoreduced). All 16 recipients were identified, of which 6 were alive.

In total, these 3 donors account for 42 recipients of RBCs or PLTs, of whom 16 were alive at the time of the
investigation: 2 of these, transfused before 1984, were not informed, but 14 were notifled because they received
transfusions between 1991 and 2004, To date, none has presented with symptoms of vCJD. None of the deceased
recipients were tested for evidence of infection, because all died several years before the diagnosis of vGID in the
donor. There were clearly more recipients of fractionated plasma products prepared from plasma from the -
affected donors. Two of the donors had given plasma destined, for fractionation in the period 1991 to 2004 (10
donations in one case, 12 in the other), These 2 donors accounted for around 50,000 recipients: 2000 for
treatment of chronic disorders (hemophllla immunodeficiency), the rest for occasional treatment (albumln
|mmunoglobu||ns)

fn response to the first three cases of blood donors who later developed vGJD, the following measures were put
into place in France:

. - Immediate recall of in-date fractionated plasma products and labile blood componenis prepared from these
donors. When the illness was discovered in the donor, blood products had almost always already been
transfused, but this strategy allowed the following actions.

. Information to the prescribers of the labile blood components implicated. in the investigation.

. Direct and personal information to the recipients of blood components (except those transfused before the
epidemic); exclusion af all recipients as donars of argans, tissues, and cells (they were already exciuded from
biood donation because of their history of transfusion); and finally, putting in place Id‘pg term clinical follow-

up.

. A decision to not inform individual remp1ents of fractionated plasma products except hemophiliacs who had
received Factor (FyVIll or F IX produced from the affected donations.

. Information aimed at the general populatmn and at health professionals about the possm:l[ty of transfusion

transm1ssmn of vGJD.

‘The information given to the biood transfusion recipients by their doctor proved more difficult than that given,
more than 20 years previously, to the first blood donors to be found “LAV positive,” who were already aware of
the large number of uncertainties at the time about the prognosis of infection by the agent responsible for AIDS.
Those who supported not informing recipients of the risk of prion transmission through blood transfusion use the

- follawing arguments: it"is not possible to quantify the absolute risk, because of a number of unknowns and the
absence of a diagnostic test; the existence of preventive measures applied in recent years against the risk linked

" to labile blood components; the major psychological harm resulting for such information, which can only generate
major anxiety; absence of any diagnostic or prognostic tests {except for codon 129 status); and finally, lack of any
prophylaxis or treatment. On November 4, 2004, the National Ethical Consuitative Committee of France (CCNE)
confirmed its position expressed in 1997: to not worry without benefit, notably where no preventive action is
available, and to take into account the risk of excluding a patient from health care in the name of the
precautionary principle. Finally, the CCNE insisted on the need for complete traceability of donations of blood from
donors who had subsequently developed vCJD. ' '

Those in favor of informing recipients of the risk pointed out the need to inform them that they couid no longer
'dona_te {in principle, because they had been transfused, the subjects were already excluded permanently from
"blood donation), but also that the patients had "the right to know," imposed by French law on March 4, 2002,
which puts an obligation on the doctor to alert the patient to all "newly identified risks,” even if the degree of the
individual risk is not quantifiable and there is no available diagnostic procedure and no means of prevention.
Another factor favoring informing recipients is to reduce the risk of secondary spread tg health care workers,
dentists, and other patients. The French circular number 138 of March 14, 2001, defined the management
principles of the risks of transmission of "nonconventional transmissible agents" during medical and surgical
procedures and had classified the recipients of labile blood components in the category of patients at individual
risk of contamination by the vCID agent. For all these reasons, in France, it was ultimately decided to inform
patients at ‘high risk of prion infection.

PRECAUTIONARY MEASURES FOR DONORS AND LABILE BLOOD COMPONENTS IN THE UK AND
FRANCE -
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Since the removal of infected beef products from the food chain, a oub[ic health measure taken to protect the
general population, precautionary measures to reduce the risk of transfusion transmission of prions were
implemented in the UK and France in line with advances in epidemioiogic knowledge. Some were put in place before
the emergence of the first case of transfusion-associated vCID, primarily 10 reduce the risk of transmission of
other forms of CJD and in particular the iatrogenic forms. The first case of transfusion transmission of vCGID
provoked the health authorities in the UK and France to take new and complementary risk reduction measures.
Along with the exclusion. of at-risk donors, the introduction of leukoreduction has contributed to the reduction of

the infectious load in prion transmission by blood®® (it has been shown that this could reduce the infectivity of

whole blood by almost 50%°7). Despite this, as the cases of vCJID transmission by blood {ransfusion observed in
the UK were all due to nonieukoreduced blood components, it could be concluded that the decrease-is by -
definition accounted for by leukoreduced blood components, and above all that it has been established that the
white blood cell {WBC) layer does not contain all the infectivity: an equal amount of infectivity exists, we now
know, in plasma. Leukoreduction therefore appears a necessary measure, but certainly not sufficient.

Table 1 lists, in chronological order, the precautionary fneasures, specific or nonspecific, put in place in the UK58'519
against the risk of transfusion transmission of vCJD. In France, the precautionary measures followed the same
pattern in a number of complementary actions.: The circutar of September 23, 200550 concerning the reports of
the first probable British cases of transfusion transmission of vCJID and the first case of a French donor who
'developed the illness, raised the issue of secondary transmission by transfusion of labile blood components or by
use of surg:cal instruments or endoscopes on patients who had received transfusions of blood components
onglnatlng from donors who later developed vGJD. The successive measures instituted in France and including
those taken for the other forms of CJD before the emergence of vCID, are shown in Table 2.

TABLE 1. Preventive measu_res in the UK against the transfusion risk of vCID

1997 Recall and discard of lab:[e blood components and of plasma derivatives obtained from donors who later deve[oped
vCJD.

1998 lmportation of plasma destined for fractionation from non-UK sources.
1999 Leukoreduction of all labile blood products. -
2002 Importation of FFP for recipients born after January 1, 1996.
2004 Permanent donor deferral in case of transfusion after January 1, 1980.
2005 Importation of FFP for recipients age less than 16 years.
Permanerit donor deferral in case of transfusion anywhere in the world after January 1, 1980.

Permanent deferral and notification of donors whose donations have been transfused to recipients who later
developed vCJD.

ProgreSSWe replacement of PLT pools with apheresis (single-donor) PL.Ts. Apheresis PLTs recommended for
children age less than 16 years.

TABLE 2. Preventive measures in France against the transfusion risk of vCJD .

o

4992- Permanent donor deferral in case of treatment by injection of growth hormones of pituitary origin.
1995 permanent donor deferral in case of history of neurodegenerative disease.

Recall and discard of iabite blood components and batches of plasma products containing plasrﬁa from donors
who later developed sCJID, fCJD, or iatrogenic CJD; having a history of fCJD; or having been treated with
hormones of pituitary origin. -

Permanent donor deferral in case of history of neurosurgery.
1997  Tracihg of recipients of labile blood components collected from donors who later developed CJD.
Permanent donor deferral in case of transfusion of graft.

Recall and discard of labile blood components and plasma products obtained from donors who later developed
vCJD.

1998 Leukoreduc_tion of cellular blood products for a residual level <1 x 10%/unit.
- 2000 Permanent deferral of donors who lived in UK for 1 year or more between 1980 and 1996. )
2001 | gukoreduction of all ptasma (FFP or plasma destined for fractionation) to a residual level <1 x 10%unit. -
Residual WBC level <1 x 10%/unit for plasma not destined for fractionation.

Reduction of volume of plasma-in PLT components through use of PLT additive solution, potentlally reducmg an’
infectious load. .
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Information for doctors, recipients, and donors.

One difficulty with the current situation is that individuals incubating vCJID but still asymptomatic will not know
they are at risk and may be denating their blood. This is relevant as those affected to date with vCJD have been
relatively young and could donate their blood several times per year, for many years. In these circumstances, the
only specific preventive measure against prion contamination ¢f blood transfusions would be to rely on a diagnostic
blood test for qualification of donors, or a general measure which could prove absolute efficacy (while one waits
for prion filters), or both.

ln the prevention of any transfusion risk, an equilibrium between the deferral of at-risk donors and the need for
blood compoenents is necessary. Being the most exposed country, the UK has taken major measures against prion

transmission by blood transfusion, such as the importation of all plasma for frac;fcitana_tiorL61 Although leading to

‘the exclusion of numerous blood doners,®2 these measures were imposed by the "precautionary principle.® 83.64

Transfusion measures taken in other countries are essentially based on the exclusion of potential blood donors who
have stayed in an "endemic” area. For example, the Canadian authorities took successively more stringent _
measures to exclude from donation individuals who became at risk through a stay in a country affected by the
vGJID epidemic: in 1999, all people who had spent a cumuiative period of 6 months in-the UK since 1980 were
excluded from donatlon in 2000, it was the same criterion for a stay in France;.in 2001, the duration of a stay in
France or the UK was reduced to 3 months; and that of a stay elsewhere in Europe must not exceed a cumulatwe

period of 5 years. 65.66
a

After a case of vCJD in an individual who visited the UK for less than 1 month in the 1980s and who developed in
2001 an illness that led to his death in 2004, Japan also took precautionary measures for blood transfusion,
considering that the patient had become infected in the UK, even though approximately.15 cows born in Japan
have been identified with BSE. Having aiready excluded donors who had stayed more than 1 month in the UK, the -
Japanese health authorities took the decision to exclude all individuals who had stayed for even. 1 day in the
country between 1980 and 1996. One can see that prion infection and the precautionary prmcuple have at Ieast
two common po:nts they cross all frontrers and spread in an unforeseen manner.

THE VARIABLES OF RISK OF TRANSFUSION TRANSMISSION OF PRIONS BY LABILE BLOOD
COMPONENTS '

At this stage of medical knowledge, it is clear that all the elements of risk for transfusion transmission of prions
are not clarified. Certain elements are however identifiable:

1. The number of labile blood components received by the patient and the date of their production in relation
to the dates of the epidemic and to the application of precautionary measures (exclusion of at-risk donors,
leukoreduction, etc.).

2. The prevalence of infection in blood donors: a great uncertéinty exists about this prevalence that will depend
upon that in the general population who were exposed through diet in the UK and in France. A calculation
taking into account the higher end of the estimate of between 6 and 300 persons-infected in the general
French population and imagining these 300 cases among the 36 million subjects who are in the age range'to
be biood denors (18-65 years) and eligible to be donors, and assuming that they could be infective during
the whole incubation period, results in a prevalence of 1 in 120,000: that is approximately 8 infected

individuals per 1 million donors, which is close to 11 infected donations per year—in a worst case scenario.87
In a recent reevaluation, the number of expected vCJD cases in France was revised downward {maximum of
100 cases inste'a;d' of 300}, leading to an estimate of 1 donor infected in 1/360,000. The equivalent
calculation in the UK gives a prevalence of 1 in 10,000 donors, although better estimates may become
available in the UK with results from the National _Anonymous Tonsil Archive testing that is currently in .
progress.

3. Infectivity of a labile blood component with regard to prions is still #il understood. Cne measures and refers to

"infectious dose," defined as the minimal dose capable of transmitting the infection in an animal model for

the mode-of contamination given. At present, the infection of a unit of blood depends on two factors:
. The stage of infection in the donor: the level of circulating prion and thus the infectivity certainly

increases with the duration of the incubation period.®® This ignores the delay before which the blood of
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the infected subject becomes infective for the recipient of the biood: an infected donor, donating
during the early part of the incubation period, may not be infectious to a recipient. According to animal
studies, blood infectivity can be demonstrated at least at the start of the second half of the incubation
peried and perhaps also earlier (the infectivity of blood precedes the presence of pat hological ‘prion in

the brain and the organs).68 Even though experiments suggest that infectivity will be absent or minimal
during the first third of the incubation period, caution dictates, in the current state of knowledge, that
a labile blood component originating from a donor in the incubation period contains at ieast one

infectious dose.®® As many years have passéd since the peak of the dietary epidemic, infected
individuals are no longer in the initial stages of infection. The paradox could be that even though the
number of infections is no longer increasing, the number of infectious subjects could still increase over
time.

- Second, the efficacy of leukoreduction for cellular components and for plasma; leukoreduction of
hamster biood contaminated with a scrapie prion removed only a fittle less than half (42%) of the
fnfectnnty present because the infectivity divides almost equally between the WBCs and the

plasma. 57.70,71 Leukoreduct ion may therefore be less effective than originally calculated. As
demonstrated in studies based on experimentally infected rodent blood, total blood’ infectivity will be,

during-the asymptomatic phase, from 20-30 U per mL,%5 and the distribution in the compartments of

blood is in the order of 30 percent in the buffy coat and 50 percent in the plasma.”! The presence of
RBC and PLT infectivity has not been established in a formal manner: it seems at any rate to be little or

none.”273 Thus, after the implementation of leukoreduction of labile blood components {(which must ~

have a residual WBC count of <1.x 106/unit). the infectivity of RBC or PLT components is dependent
on the amount of residual plasma. Use of optimal additive solutions for celiutar components helps to
reduce the quantity. of plasma and therefore the infectious dose in the case of an infected blood
component.

4. Recipient methionine homozygosity at codon 129 has an impact on the risk of developing ilinéss, with
perhaps a hierarchy of risk, movihg In descending order from MM homozygotes to MV heterozygotes to VV
homoiygotes. Furthermore, nonhomozygosity for MM does not appear to confer absolute protection from .’
infectioﬁ, as'indicated by the second UK recipient case {(an MV heterdzygote, nonetheless infected through -

the transfusion route) and in experimental animals.'> What is certain is that the clinical outcome of
transfusion transmission appears to be greatest for MM homozygotes since they alone of the "exposed"
population at risk have developed the disease.

5. Fnally, the length of the incubation period, an essential factor and of which much is currentiy unknown and
to which must be added two important parameters: the age of the recipient and the posttransfusion survival,
which is heavily influenced by deaths due to the underlying illness in the initial years after the bicod
transfusion.

PRION FILTERS

SPECIfIC prion reducuon filters applicable for certain labile blood components have been undergoing validation. The
first donations processed with these pnon filters demonstrated thelr capacity to reduce spiked infectivity of blood

" by three logs, which would without a doubt make a S|gn:f|cam contribution to reducing transfusion risk. 7* These
filters have been produced by two companies with a view to use for RBC preparations: apptlcatmn to PLT
preparations and to plasma await further work. The validation work has been carried out on the Pall leukotrap
affinity prion reduction filter, integrated in the filter CompoSafe Pr Fresenius,”®"77 and the TSE affinity ligand of
the pathogen removal and diagnostic technologies, integrated in the P-Capt MC (MC for. Macopharma) fitter.78
Changes were made to the Pall filter after the initial validation, which affected performance and led to its
withdrawal. A new combined leukoreduction and prion removal filter from the same manufacturer is now under
development. These affinity filters are assumed to remove all detectable traces of infection in a contaminated unit
and to reduce infectivity by transfusion. This capacity has been demonstrated by a study based on-inoculation, in
hamsters, of leukoreduced whole bload taken from animals infected by a TSE. When the blood was treated with
passage over a filter, no hamster became infected. When the blood was not filtered, some hamsters developed

illness associated with the presence of prions in tissues.”’® Nevertheless, although the potential of these filters has
been demonstrated by experimental infectivity transmissions in animal models, their efficacy in the prevention of
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human transfusion transmission remains to be validated.89 Indeed, the amount and the farm of the pathological
prion circulating in different human blood components may differ from that in an animal infected in an experimental
manner, in particular from brain extracts. These artificial situations cannot reproduce exactly the gualitative and
quantitative characteristics of the human prionemia. The most infectious aggregates of pathologic prion protein
are those that are formed of 14 to 28 moleculés,81 but the size of circulating aggregates in the blood remains
unknown. Furthermore, the consequences of using prion reduction filters on blood constituents (notably in the

maintenance of PLT function) and on plasma proteins is totally unknown.®? Chief of the possible consequences are
the risk of neoantigenicity and induction of inhibitors. '

- A MUCH-AWAITED DIAGNOSTIC TEST

Lacking nucleic acid and not provoking any immune response by the infected host, the pathologic prion cannot be

detected by molecular or serologic methods usually used in viral diagnosis. Furthermore, research for indirect

markers has, up to now, reached a'dead end.B3-85

In asymptomatic or symptomatic infection, the most useful diagnostic test will be based on detection of the
pathologic prion in the blood. However, the form that the prion takes in the blood is different from its form in the

central nervous system. PP has an aggregated form in the brain and a much more soluble fraction in the blood:
that difference could influence the effectiveness of diagnostic tests, the majority of which are based on the -
capacity to detect the cerebral form. Furthermore, the pathologic form only represents part of the circulating
prions, but it is this pathologic form that the test must detect. Most of the diagnostic tools developed up to now
depend on the physicochemical differences in the two forms of prion, the normal and the pathofoglc in particular

on the resistance of the pathological form to proteinase K. 11.86-90

A large number of unknowns relating to the transmissibility, epidemiology, and natural history of prion infection will
no doubt be resolved when one or several diagnostic tests, having the necessary characteristics of sensitivity,

specificity, and reproducibility, become available and usable on a large scale.®-9792 Major efforts are presently
being ‘made to develop such tools, which couid be used in the screening of blood donations and would help to
reduce even further the risk of transfusion transmission of prions. These tests should, nevertheless, meet strict -

criteria: 3394

1. A very high sensitivity, to detect an infectious load that may be very low in asymptomatic subjects, because
a low level of PrF’sc in circulating blood is likely to be infectious for recipients of blood components.

High specificity is essential, since the normal protein is present in the circulating blood. 95 False-positive
results could have disastrous consequences, in terms of notifying individuals whose blood donation had been
concluded “pos&ive," not to mention the unjustified deferral of a large number of donors. For other
infections, every reactive result obtained through blood donation screening tests must be verified by a
confirmatory test to separate true-positive results from false-positive results. At present, it is not known if a
true confirmatory test will be. available, whether the solution for prions will be two screening tests performed
simultaneously, or if one will be used for “confirmation" of a positive result by the other. On the problem of
specificity, it has been calculated that, if a diagnostic test having a'89 percent sensitivity and an equivalent .
specificity was applied to the screening of blood donations in a population having a prevalence of vCJD of 1

in 10,000 {which is the estimate for donors in the UK}, 99 individuals would be detected in the incubation
phase of the infection and would correspond to "true positives" for 1 million tested donors, but 10,000
donors.would give a false-positive result, On the other hand, there would only be one false-negative resull in

1 miliion tests.®% in France, where an estimate of prevalence is 1 donor infected in 360,000, fewer than 10
carriers of the variant would be detected, but the number of false-positive results would be just as high as
the UK: 10,000 per 1 million donors, who would not be allowed to give their blood and who would need to be
. informed of their biologic status. ’
3.  Finally, these tests will have to be reproducible, usable on a large scale, and able to be camed out wrthm a
time scale that is compatible with the shelf life of PLT components, criteria that have been required {and
cobtained} for nucleic acid testing in transfusion. )

The lack of a test with the above-mentioned characteristics has niajor consequences: the impossibility -of deferring
from blood donation all those who are carriers of vGJD and the necessity of basing the screening of donors and of
blood donations on nonspecific or partially effective measures such as existence of a risk factor in the donor,.

" leukoreduction of blood donations, and so forth; the impossibility of detecting infected recipients and of testing at-
risk recipients; the difficulty in collecting data about the mean duration of incubation of the iliness; and in France
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and in other countries, the impossibility of rehabilitating donors excluded because of a stay in the UK during the
“affected years (alf the more because, among ihe cases of vCJD identified in France, such a history has been found
only once and it becomes a paradox to exclude donors on the pretext of a visit to the UK when almaost all the
French patients who had the illness were infected in their own country). It would be necessary, furthermore, to
take care that the positive effect of such a "rehabilitation" for some donors was not offset by a negative effect,
by announcing, in the media, the use of a specific transfusion screening test. This could raise concern in the donor
population, of learning, through giving blood, that they carry the infectious agent of an illness for which there is no
preventive or curative treatment.

While awaiting validation, and preceding their potential use in detecting dongrs who. are infected by vCiD, the first
tests could be usefully applied in studies of sample repositories, to determine the spread of the epidemic in the

. overall population and in the transfused population. Assessment of the prevalence of vGID in donors and recipients
of blood, as well as its transmissibility through plasma products, could be carried out via anonymous plasma
samples of matched donors and recipients, This is one of the possihilities provided by the repository presently

undertaken on a European scale, called "BOTIA" (Blood and Organ Transmissible Infectious Agents).97 Indeed, for
obvious ethical reasons, one cannof use imperfectly validated tests on nonanocnymous samples.

Meanwhile, the.-absence of a diagnostic test and strong uncertainties about a transfusion epidemic of vCID requires
maintenance of the preventive measures established by the UK, France, and other countries. If a specific test is
~used in transfusion in the future, there will be the opportunity to consider relaxation of these measures.

UNCERTAINTIES

An illness whose pathogenicity is not well known, with an uncertain prevalence of the infecticus agent in at-risk
groups and in the general population, the absence of a screening test, infectiousness and duration of incubation
poorly defined, and the absence of any therapy, make up the elements that influence the transfusion risk of vCJD
and handicap its prevention. Many questions have no answers, and the order in which we enumerate them probably
-does not correspond to the sequence in which solutions will be found: .

1.  After the end of the UK dietary epidemic and after the peak of the vCJD epidemic in 1999, will.there be a
‘ second peak of transfusion origin? Up to now, the epidemic has remained relatively limited: approximately

200 cases worldwide, of which three-quarters have been in the UK. The Initial pessimis‘tic, hypotheses on
future number of cases have been-revised downward. Furthermore, the peaks that followed the initial peak
of CJD cases linked to injection of contaminated growth hormone were smaller and smaller, as if patients of -
other genotypes were less susceptible to infection and/ or to the development of clinical illness. It is not
known if the same will happen with vCJD, bu; the hypothesis of a secondary transfusion epidemic, with
rearf\pliﬁcation of the phenomenan through asymptomatic carriers of the prion, cannot be excluded.
Nevertheless, it is now 14 years since the first cases of- vCJD occurred, -and no evidence of clinical cases in
haterozygotes has appeared, in contrast to observations in the growth hormone epidemic. Finally,
intraspecies transmission of prions induces, compared to interspecies transmission, a shorter incubation
period and Increased effectiveness of transmission. This could cause a larger outbreak of mfect;on through
transfusion than through contamination by food.

2. What is the prevalence of infection in the general population of the UK and in France, and how many
potentially infected donors are there? The results of a retrospective British study on the prevatence of vGID -
in surgical tissues from appendectomies and toasillectomies pointed in the direction of a much higher
prevalence of asymptomatic carriers than was implied by the known number of symptomatic cases.

Furthermore, since, in the British MV transfused recipient carrying the variant, PrP™® was only detectabie in
the spleen and the cervical lymph nodes, and not .in the appendix or the tonsils, this retrospective
epidemiologic study based on detection of the pathiologic prion in the appendix could have underestimat ed
the size of the epidemic in the general population. '

3. What are the kinetics of the appearance of circulating prion during the mcubatlon phase? For estimation of
the transfusion risk, the working hypothesis is that of blood infectivity and thus potential transmissibifity.
throughout this phase, but the prion level in circulating blood may be too tow, in the first months or first
years of infection, to transmit infection by transfusion.

4. What is the effect of the current precautionary measures in transfusion, especially leukoreduction? The
margin of safety that this measure gives is unknown. Has a reduction in infectivity prevented, or will it
prevent, some transmissions by blood components? Up to now, the mosi feared contradiction would be the
appearance of vGJD in a recipient transfused solely with leukoreduced components. Such a finding has not
yet been reported. :
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5. Do non-MM subjects (that is, 60% of the general population) have absolute resistance to the disease, or
might they develop it after a longer period of incubation? This latter instance would imply a second wave of

the epidemic, which might, furthermore, be partially masked by other causes of death.® But in both
situations, infected asymptomatic subjects would not be less infectious if they donated their blood, and
recipients could become symptomatic if they have the MM status. Such a situation would be

~ epidemiclogically disastrous: an MV or VV infected donor could transmit vCJD to any number of recipients
and not become ill him- or herself, but the recipients would develop illness if they are MM. Such
circumstances have been observed in viral transfusgion transmissions, notably in infection by HIV, where an
infected recipient could develop symptomatlc illness severai years before the donor. In these conditions,
donors wha are carriers of vCJD but do not develop the illness because of a protective genotype at codon
128 would not be identifiable without a specific diagnostic test, except by transfusion investigations showing
their common donor status in two {or more) recipients infected by vGJD who had developed the illness

09/06/26 15:5

" because of a nonprotecting genotype. Such studies would be critical as the only ones capable of identifying a

-regular, infected donor and of intérrupting a chain of transmissions by transfusion. One can perceive to what
extent the deferral of transfused patients from giving blood is an essential measure in breaking a

- "gontamination cycle" between the donor population and that of recipients. Implemented several years ago,
this precaution has probably avoided several transfusion transmissions. of vCJD, even if a German study,
‘based on a mathematical model, has concluded that the effect of this strategy-is minimal: arguing that the
majority of donors were infected from dietary sources and, having never been transfused, would not be

" excluded from blood donation.®®

6. How many donors and recipients will develop vCID durlng the next few years, each time leading to
transfusion lookbacks and mvestlgatlons‘? In the TMER study, among recipients of blood collected from vCJD-
infected donors, the proportion of recipients who developed the iliness has appeared high in a relatively short
period of time (less than a decade), taking into account that the truly at-risk group was reduced by the

 genetic status of codon 129. '

7. Will the threat of transfusion transmission of prions be limited sofely to the UK and France? The description,
in other countries such as Spain and-Saudi Arabia, of cases of vCID with a past of blood donations, suggest
that the problem has now taken on an international dimension, including, and above all, in its aspect of
transfusion séfet_y.

coucLusmns

The possmb:hty of a blood component recipient developmg vCQID 10, 20, or 30 years after transfusion, and that of a
regular donor developing it after the same amount of time, are two situations that will not find any solution except

* with the help of a transfusion traceability almost as prolonged as the human life span. The basic danger of the past
dietary epidemic is now a problem of chronic asymptor‘natic carriers who donate their blood or can transmit the
infection via medical devices used in surgery or in endoscopies, 100
of epidemic.

creating and thus enlarging a secondary wave

An essential notion is that of protection provided by leukoreduction of blood components. In a worst -case
scenario, where cases of vCJID would show up in recipients who have been exclusively transfused with leukoreduced
blood components and thus infected by the residual plasma, the only solution, in the absence of a biologic test for
the screening of blood donations, would be to have recourse to prion filters, if the question of their effectiveness
and ‘harmlessness is resolved, or to only use washed RBCs, with all the accompanying logistical and financial

concerns %1 _even if a partial reduction of prion level thmugh leukoreduction would hetp to reduce the number of
infected recipients and/or to induce a longer incubation period (in the hypothesis that this period would be

proportional to the original contaminating infection). 02

Many professionals-in the field of transfusion infection are betting on the efficacy of prion filters, while
acknowledging that demonstration of their clinical efficacy remains difficult for reasons we have already described
and which are dominated by the absence of a diagnostic test usable on a large scale. At present, a decision to use
these filters is problematic and leads to-as many questions as not using them. In addition, perfecting a screening
test that would be appllcable for blood donations will raise a no less difficult question: filter or test? Filter and
test? . :

‘Procedures for the inactivation of infectious.agents in labile blood components will probably be implemented, but
since they are aimed at the nucleic acids of these agents, they will not be effective against prions. For this reason,
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the prion could become the ultimate transfusion-transmissible agent, while the risk connected to viruses, bacteria
and parasites, known or emerging, would be controlled by pathogen inactivation.

If transfusion transmission of vCJD is a certainty from now on, benefits of transfusion obviously remain
immeasurable compared to this risk. One must put in perspective the number of lives saved every day by
transfusion and the number of cases of transfused vCJD counted on a worldwide scale. One also must compare this
risk, which mainly concerns two European countries, with the infectious risks faced by transfused patients in parts
of the globe where the means are so imited that safety is not always assured even for majoi blood-borne agents.

Never before have so many measures been taken in transfusion to counteract arisk that is numerically so low,
some taken even before the first case of vCID by blood transfusion had been reported. The precautionary principle
has not just gone into the law: it has also penetrated the senses.
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An update on the assessment and management of the risk of
transmission of variant Creutzfeldt-Jakob disease by blood

and plasma products

Marc L. Turner and Christopher A. Ludlam

Seottish National Blood Transfusion Service and Department of Haematology, Reyal Infirmary, Edinburgh, UK

Summary

There have been four highly probable instances of variant
Creutzleldt-Jakob disease (vCJD) transmission by non-leuco-
" cyte depleted red cell concentrates and it is now clear that the
" infectious agent is transmissible by blood components. To date
there in no reported evidence that the infectious agent has
been transmitted by fractionated plasma products, e.g. faclor
VI concentrate. This review outlines current and patential
risk management strategies including donor deferral criteria,
" the potential for donor screening, blood companent process-

“ing and prion reduction ﬁlters,.plasma product manufacture .
and the difficulties in identification and notification of those.

considered “at risk of vCJD for public health purposes’.

Keywords: Creutzfeldt-Jakob -disease, blood, plasma products.

This review offers an update on our recent assessment and
management of the risk of transmission of variant Creutzfeldt-
Jakob disease (vCJD) by blood components and plasma
products {Ludlath & Turner, 2005). As that review surveyed
perceptions on the nature of the prion agent, the spectrum of
prion diseases in animals and man, and the range of animal
studies relating to pathogenicity and infectivity (much of
which still represents the current level of knowledge), these
topics are not reviewed agdin here, other than witere significant-
new relevant studies have been published. This-current review
focuses on the state of the art in relation to the safety of blood
components and plasma products, which has also been
reviewed elsewhere {Farrugia et al, 2005; Dolan, 2006; Iron-
side, 2006 and Clarke et al, 2007).

To date, a total of 203 probabie, or definite, cases of vCJD
have been reported worldwide, of which 166 have arisen in the
UK, 23 in France, four in Eire and Spain, three in the USA,
and ome-in each of Holland, Portugal, ltaly, Saudi Arabia,
Japan and Canada (lutp://www.cjd.ed.ac.uk/vcjdworld htm).
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Of these, two of the Trish and US ‘cases and those in Canada
and Japan are thought to have been infected in the UK. The’
third US case is thought 10 have been infected in Saudi Arabia.

_The other cases are thought to have been infected in their ’

courttries of origin either through exported UK meat produects
or exported animals or animal foodstuffs. The UK outbreak of
vCJD appears to lave reached a peak around the year 2000 and
has waned such that in 2007 there were only five new cases,
though the frequency of new cases continues to increase in
France and Spain. All clinically affected individuals thus far
have been methionine homozygous at codon 129 of the prdon
protein gene (PRNP). Mathematical projections based on the
current incidence of vCID suggest a maximum likelihood
estimate of 70 further cases (95% confidence interval 10-190)
(Clarke & Ghani, 2005). This could prove to be an underes-
timate, however, if individuals of other codon 129 genotypes
are also capable of being infected and/or secondary transmis-
sions occur from asymptomatic individuals.

Two observations give pause for thought. The first is that the
median age of onset of clinical disease {26 years) has not
altered over the past 10 years as one might expect if a cohort of
individuals were exposed to infection during a specific window
of time, The best fit mathematical model suggests an age-
related expesurefsusceptibility during the teenage years. The
second is the data from a retrospective study of tonsils and
appendices (Hilton er al, 2004} in which 3/12 500 samples
showed evidence of abnormal prion accumulation, giving a
maximum likelihood estimate of 3000 future cases. The
discrepancy between this estimate and that based of current
clinical incidence is best explained by the proposition that
around 93% of infected individuals may experience long-term
pre- or sub-clinical infection {Clarke & Ghani, 2005). This is
consistent, with “experimental animal studies and clinical
studies in patients with iatrogenic CJD and kufu, which .
suggest that individuals who are heterozygous or valine
homozygous at codon 129 have a longer incubation period
and a fower incidence of development of clinical disease than
those who are codon 129 methionine homozygous. These
observations give rise to concern however that a significant
cohort of individuals, maybe as many as 174000 of the general

population in the UK, may have sub-clinical vCID infection
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and be at risk of transmitting the disease through blood and

tissue products or surgical and medical instrumentation,

despite being asymptomatic themselves. .

As there is no currently accepted blood test that reliably
identify vCJD infected individuals (see below), further
studies have been carried out te try to refine the estimate of

the prevalence of sub-clinical disease. The National Anony-.

mised Tonsil Archive aims to test 100 000 iowsil samples.
Currently, there have been no confirmed positive samples out
of 45 000 tested (http://www.hpa.org.ulk/infections/topics_az/
cjdftonsil_archive.htm). However there are reservations
around the interpretation of these data, given that the
sensitivity of the assays in detecting subclinical vCJD is
uncertain, the frequency of involverent of the tonsil as a site
of preclinical infection is unknown, and a large proportion of
the study population are too young to have been exposed to
dietary bovine spongiform encephalopathy {BSE). The Spong-
iform Encephalopathy Advisory Cpmmittee (SEAC) has
therefore not felt it appropriate to amend .the current
prevalence estimates within the UK -at present (httpi//
www.seac.gov.uk).

Infectivity in the peripheral blood

Infectivity remains undetectable in the peripheral blood of
‘patients with vCJD despite the fact that clinical transmission

has clearly.occurred. This apparent.contradiction is-probably :

explained by the presence of a species barrier between man and
mouse and the limited volumes of blood that can be inoculated
into test animals. :
 Studies in" hamsters infected with the 263K strain of scrapie
showed similar results to those in the Fukuoka-1 GSS strain in

mice (Brown ef al, 1998; Ludlam & Turner, 2_005), with a point

estimate of 1-10 infectious doses (ID)/ml of whole blood of
which around 40% was associated with the leucocytes and
most of the remainder in the plasma (Gregori et al, 2004).
Further studies in this model suggest that the majority of cell-
associated infectivity is only loosely bound and can be washed
off and therefore that the plasma form of infectivity probably
predominates. Further studies in miice suggest that the level of
" infectivity -is similar in vCJD-infected animals {Cervenakova
et al, 2003a). Studies in sheep naturally infected with scrapie,
or experimentally infected with BSE, suggest a transmission
frequency of up to 50% from blood taken during the
preclinical or clinical phase of, disease and transfused into
recipients from a scrapie-free flock (Hunter et al, 2002). BSE
has also been transmitted through buffy coat to the primate
Microcebus (Bons et al, 2002).

‘Variant CJD transmission by blood transfusion

Within the UK, the Transfusion Medicine Epidemiology
Review {TMER) has proved an effective system for collating
evidence of possible transmission of vCJD by blood compo-

nents {Hewitt et al, 2006). The UK CJD Surveillance Unit in -
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Edinburgﬁ shares information about new cases of vCJD with
the Blood Transfusion Services, which search their databases to
ascertain whether these patients have been blood donors in the
past. In this event attempts dre made to identify the fate of the
blood components (http://www.cjd.ed ac.uk/TMER) and trace,
notify and monitor living recipients. The ‘revérse’ arm of the
TMER study attempts to identify which individuals who
develop vCID have received blood transfusions and to identify
the donars.

Eighteen patients with vCJD have, or had previously, been

blood denors, from whom a total of 66 recipients have been

identified, 26 of whom are still alive. Of those who have died,

four cases of transmission of vCJD prions have been identified -

{see below). Many of these patients however will have died of

their underlying conditions within 5 years of the implicated
transfusion and will not have had time to show clinical

evidence of vC]D if infected.

The first symptlomatic case of vCJD disease assoda;ed with
blood transfusion was identified in December 2003. This
individual developed vCID 65 years after transfusion of red
cells donated by an individual who developed symptoms of
vCID 3.5 years afler donation (Llewelyn et al, 2004).

A second case of transmission was identified a few months
later in a recipient of red cells from a donor who developed
symptoms of vCID 18 months after donation. This patient
died from causes unrelated to vCJD 5 years after transfusion.
Postmortem investigations found- abnormal prion protein
accumulation in the spleen and a cervical lymph node, but not
in the brain, and no pathological features of vC]D were found
(Peden et al, 2004). . .

A third patient developed symptoms of vCJI2 & years and
died 87 years after receiving a transfusion of red blood cells
from a donor who developed vCID about 20 months after this
blood was donated (Health Protection Agency 2006).

The fourth case of transmission developed symploms of
vCJD 85 years after receiving a translusion of red blood cells
from a donor who déveloped vCJD about 17 months after this
blood was donated. The donor to this patient also donated
the vCJD-implicated blood transfused to the third patient
(Editorial Team, 2007).

All four patients received transfusions of non-leucodepleted
1ed blood cells beiween 1996 and 1999, Since October 1999,
leucocytes have been removed from zll blood wused for
transfusion in the UK.

These data therefore demonstrate clearly that non-leuco-
depleted red cells from asymptomatic individuals incubating
vCJD can transmit the infection by blood transfusion to other
individuals and that the risk of them doing sa is relatively high.

Donor deferral criteria

There has been litte substantive change in blood donor criteria
since our previous review (Ludlam & Turner,. 2005). Whilst
other countries continue to defer those who have spent more
than a specified cumulative period of time in the UK, within
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the UK only those considered by the CJD Incidents Panel to be
‘at risk of vCID for public health purposes’ on account of
exposure to implicated surgical instruments, blood compe-
nents or plasma products, and those who themselves have
received blood components, are deferred (hitp:/fwww.hpa.
org.ukfinfections/topics_az/cjd). There is considerable com-
plexity relating to the introduciion of similar donor deferral
criteria in the context of cell, tissue and organ donation.

" Broadly, whilst all forms of donation ate excluded for patients
with CJD or those considered potentially infected, donation of
_haematopoietic stem cells and solid organs is permitted from
those considered ‘at risk for public health purposes’ and those
previously transfused, subject to a risk assessment that weighs
the risk of vCJD transmission against the potentially life-saving
nature of an otherwise suitable transplant. Donation of other
tissues is based on the same donor deferral criteria as blood.
Donor deferral criteria remain, however, blunt .risk manage-
ment tools with potential deleterious effects on blood, tissue
and organ supply.

Importation of blood components

Since our last report {(Ludlamx & Turner, 2005} the use of
imported methylene-blue treated fresh frozen plasma (FFP)
has been extended to all patients under the-age of 16 years and
to high users. Solvent detergent-treated FFP is recommended
for patients undergoing plasma exchange for thrombotic
thrombecytopenic purpura on the grounds that there is some
evidence .to suggest that methylene-blue treated FFP has a
deleteridus impact on outcome in this patient group (Alvarez-
Larran et af, 2004), Consideration coniinues .to be given
around the possibility of importing FFP and cryoprecipitate
{for additional groups of patients. {mportation .of platelets is
likely to be impractical given the short shelf-life ‘of these
products. However, it may be possible to import red cel
concentrates for some groups of patients, for example for
children up to 16 years of age. Consideration also has to be
given to cost, quality and regulatory requirements and
countervailing risks of transmission of other infectious diseases
or of component shortages.

-Advances in the development of a screening test

As previously noted (Ludlam & Turner, 2005}, neither nucleic
acid transmission nor immunological responses have been
clearly identified in-association with transmission of prion

diseases, rendering standard molecular and serological screen-.
ing assays unfeasible. Surrogate markers, such as 14-3-3, 5100°

and erythroid differentiation-related factor, have thus far
proved insufficiently sensitive and specific to be of clinical
value. Considerable progress has however been made in the
development of assays for the abnormal conformer of prion
protein, pepSE,

Normial prion protein (PrP©) is a widely expressed 35 kDa
230 amino acid glycosyl-phosphatidylinositol anchored mern-

brane glycoprotein with two N-linked glycosylation sites and a
secondary structure that includes three alpha helices and a
single beta-pleated sheet. During the development of prion
diseases there is a change in secondary and tertiary structure
with a substantial increase in the proportion of beta-pleated
sheet which leads 10 a change in ‘the physico-chemical
characteristics of the molecule, rendering it velatively resistant
to breakdown by endogenous proteases and leading to
deposition of amyloid-like plaques in affecled tissues. Because
PrPC and PrP™ have the same primary structure and post-
translational modifications, both forms tend to be recognised
by mwost conventional monoclonal antibodies. PrP**t-based
assays, therefore, have to utilise alternative ways of distin-
guishing the normal from the abnormal conformational form.
PrP" was originally-defined by its resistance to digestion by
proteinase K (PK). However this is a relative phenomenon;
PrP™* can be digested by higher concentrations and longer
exposure to prateolytic enzymes and, in addition, there is’
recent evidence for proteolysis-sensitive forms of PrP"™ (Safar

et al, 2005).

Five general approaches have been deveioped for the
detection of PrP™¢

Differential  proteinase-K'  digestion. Immunohistochemistry
distinguishes PrP™ from PrP© by disrupting the latter

" through the usé of proteolytic enzymes or chaotropic agents,

coupled with the use of standard anti-PrP° monoclonal
antibodies and in situ visualisation for detection. “This
technique enables the demomnstration of PrP™% deposition in
the central nervous system and, in the case of vCJD, in follicular
dendritic cells in lymphoid tissue of clinically affected patients.
Western blot relies on the extraction of PrP™* from blood-or
tissues, proteolytic digestibn‘ ‘and  electrophoresis  with
visualisation by anti-PrP moneclonal antibodies. Proteolysis
leads to complete digestion of PtP, but removes only the
membrane-distal part of PrP ™, leading to.three bands on gel
electrophoresis which corresponds to the three different

glycosylation states, The migration rates of these bands vary

_ between dilferent strains of prion disease, allowing clarification

of strain type (Collinge efal, 1996). Partially selective
precipitation of PeP™* from large sample volumes by sodium
phosphotungstic acid coupled with enhanced detection of
bound antibody by chemiluminescence have been used to
énhance the sensitivity of Western blot and demonstrate
Pr2™E in a variety of peripheral tissues in both sporadic and
vCJD (Wadsworth et al, 2001). The World Health Organisation
Working Group on' Iniernational Reference Materials

. for the Diagnosis and Study of Transmissible Spongiform

Encephalopathies oversaw a collaborative study in which 2
number of different laboratories used their versions of the
immunablot (Minor et al, 2004). Generally it was concluded
that, at present, immunoblot is not sufficiently- sensitive to
detect PrP™E in the peripheral blood of animals or humans
with clinical prion disease. :
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Immunocapillary electrophoresis was amongst the first
methods that claimed to be able to detect PrP™ in the
peripheral blood. The test material is treated with proteinase
and subject to a competitive antibody inhibition assay using
a labelled peptide (as the competitor} and a monoclonal
antibody that recognises both PrP™% and the peptide

(Schmerr ef al, 199%; Yang ef af, 2005). The technique has

however proved difficult to reproduce in other laboratories
and failed to discriminate between infected and uninfected
blood samples in 2 blinded study (Cervenakova eral,
2003D).

.

Epitope unmasking/masking. More success has been achieved ~

with the conformation-dependent immunoassay (CDI), which
-is predicated on the observation that some PrP epitopes are
masked within the PeP™¢
intensity produced by a labelled monoclonal antibody by a
samiple denatured using guanidine hydrochloride when
compared with the native (un-denatured} sample denotes the
 presence of PrPSE (PrPC gives the same signal intensity under
both conditions). The sensitivity of the technique is intreased
through the use of highly sensitive dissociation-enhanced
lanthanide fluorescence immunoassay for antibody detection
and, in some versions of the assay, the use of PK 1o reduce
background signal (Safar ef al, 1998, 2002). CDI appears to
achieve greater sensitivity than immunoblot {Bellon et al,
2003) and, in the format including PK, may approximate the
sensitivity of infectivity assays (Bruce et al, 2001). In the
_absence of PK it appears able to detect PK-sensitive forms of
PrpisE, though it remains unclear as to whethér these are
infectious or not {Bellon ef af, 2003).

The epitope-protection assay developed by Amorfix uses a
chemical medification process which alfers epitopes on normal
PP but not those buried within PrP™* aggregates. The latter
are then disaggregated and the conserved epitopes detected
using immunodetection methods (http://www.amorfix.com).

PeopleBio have developed an approach where a single
antibody is used for both capture and detection steps leading
to the blocking of available epitopes by the capture of Pre€ but
not PrpVSE,

Pret3e. specific monoclonal antibodies. Several antibodies have
now been developed that appear to be specific for
conformation-dependent epitopes present in PrP'*® but not
PrPC (Korth et al, 1997; Paramithiotis ef al, 2003;. Curin
Serbec et al, 2004; Zou et al, 2004). On these, the antibody
15B3, described by Korth et af (1997) and manufactured by
Prionics, 15 the best characlerised and has proved capable of
detecting infectivity in the peripheral blood of scrapie-infected
sheep and BSE-infected cattle in the absence of PK digestion
(http:/fwww.fda.gov/ohrms/dockets/ AC/06/slicles/2006-42405 1 _
9.ppt). Three other antibodies (Paramithiotis et al; 2003;
Curin Serbec et al, 2004; Zou et al, 2004) also appear specific
to PrP™€ but have not yet been translated to routine assay
format, .
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PrP™E _ specific ligands. A variety of other ligands have been
shown to bind selectively to the abnormally conformed
molecule. Plasminogen has been proposed as a means of
selective binding PrP"S¥, but as it can also bind to a variety of
other proteins it is therefore unlikely to be sufficiently specific
for assay development (Fischer er al, 2000).

Polyanionic compounds are known to selectively bind
PrP*** and this property has been employed in the Seprion
assay (Lane et al, 2003), which uses coated magnetic beads to
capture the molecule. The assay is not dependent on PK
treatment and is not species-specific provided "a suitable

* detection antibody is used. It is licensed for postmortem

diagnosis of BSE and Chronic Wasting Disease and is reported
to be able to distinguish between infected and uninfected
bloed in scrapie-infected sheep and a small number of human
samples. :

The approach developed by BioMerieux involves PK diges-
tion, precipitation and denaturation followed by reticulation
by streptomycin, chemical capture by calyx-6-arene and
detection of the macromolecular aggregates by labelled
monoclonal antibody  (http://www.fda.gov/ohrms/dockets/
AC/06/5lides/2006-4240S1_9.ppt). Detection of PrP™! in a
small number of plasma samples from scrapie-infected sheep,
BSE-infected cattle and CID-infected humans has been
reported.

Adlyfe have developed a third approach utilising a synthetic
peptide based on the region of the Pr? molecule involved in
the PrPS-PrP"™ conformational transition. The peptide
sequepce is coupled to its mirror image as a palindromic
molecule fluorescently labelled at each end. When incorpo-
rated into PrP"®E the peptide folds into a hairpin with a beta-
sheet conformation and the flurophores stack and change their
fluorescence wavelength. Further, the folded ligand induces
furlher molecules 10 adopt the folded conformation and thus -
amplifies the signal (Grosset et al, 2005). The assay is reported
1o have discriminated infected from uninfected plasma. in
natural and experimental scrapie, BSE and CJD.

Chiron have utilised (htlp:/{\;vww.fda.gov/ohrmsldockelsl
‘AC/06/slides/2006-424051_9.ppt) a synthetic PrP polypeptide
1o capture PrB™* on magnetic beads with detection by
monoclonal antibody in an ELISA format.

Amplification. Two methods_have been used to amplify the
detection signal. Screening for intensively fluorescent targets
utilises double labelled antibodies, move aof which bind to
PrP* aggregates than to PrP“ and giving rise to a stronger
fluorescence signal (Bieschke et al, 2000). Immuno-polymerase
chain reaction {PCR} also provides a method of amplifying the
signal from an antibody or ligand conjugated to a nucleotide
sequence utilising the PCR {Barletta er al, 2005).

Two further approaches have been developed that resuit in
the amplification of PrP* " tself. The first of these, protein
misfolding cyclic amplification (PMCA) has given rise to
considerable excitement, PrP™E seeded into an excess of PrP©
leads to formation of new PrP™E, That PeP"™® is then
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fragmented through sonication or shaking and leads to a new
round of PeP™™ formation (Kocisko et af, 1994; Saborio et al,
2001). Recurrent.cycles therefore of incubation and fragmen-
tation lead to amplification of the origirial PrP"* (Castilla
et al, 2005). [mmunoblot and CDI have been used for
detection of PrP”™ and infectivity. Studies show that 140
sonication cycles produced an increase in signal intensity of
around 6000-fold, whilst a second ‘nested’ set of 118 cycles
with a fresh source of normal PrP led to an approximate 107-
fold amplification. The technique has proved capable of
discriminating infected from uninfected blood from hamsters
experimentally infected with scrapie, however there are recent

. reports of detection of PrP™** in uninfected animal brain
implying the possibility of low levels of abnormally conformed
PrP in ‘normal’ individuals.

A number of cell-based amplification 1echniques have been
described in which the rodent cell lines N2a (Nishida et al,
2000}, PK-1 {Klohn et al, 2003}, Rov9 (Birkett et af, 2001} and
CAD-5 are infectable by natural or experimental strains of
scrapie and demonstrate amplification of PrP™F detected by
immunoblot. No cell-based ampliﬁcation has yet been suc-
cessfully reported for CJD.

Both these kinds of amplification take several days (PMCA})
to weeks {cell-based assays) and would therefore be better
positioned as confirmatory rtather than screening dssays.

Considerations with regard ro assay gssessrient. Whilst the
above is not a comprehensive list of all the assays under
development, it does provide a flavour of the range'and variety
of approaches and their relative strengths and weaknesses.
Some of these are now approaching the .poim_ at which they
may be Council of Europe (CE) marked and marketed as
potential clinical assays. There are, therefore, a series of further
considerations relating to the potential assessment and utility
of prion assays prior to clinical implementation.

The required sensitivity is difficult 10 gauge because the
level, spatial distribution and temporal variation of infectivity
in.the blood of patients with vC]D or healthy individuals with
subclinical infection is unknown. The genera[izabiliiy of
experimental data from mouse and hamster experiments to
the human condition cannot be assumed (Castilla er al, 2006).
Moreover, the refationship between infectivity and PrE™* is
complex. Although many authorities believe PrE™E 1o be

causal, there is experimental evidence both of infectivity with
very low levels of PrP™®* and of the presence of PrP"™* in the
absence of infection in human brain (Yuan ef al, 2006). Recent
studies have shown that following PK digestion, particles in the

_ size range 300-600 kDa have the highest associated specific

infectivity (Silveira ct al, 2005), suggesting that a Prp"®*
oligomer of 14-28 might represent an infectious dose. The
contribution of PK-sensitive PrP™* 1o infectivity is uncertain.
Ii is reasonable, therefore, to regard PrP™™¢
infection, provided it is recognised that there is not a simple

as a marker of

" linear correlation with the level of infectivity or the develop-

ment of disease. The National [nstitute of Biological Standards
and Controls have established a reference panel of homogen-
ised human CJD-infected brain and spleen spiked into plasma,
peripheral blood from natural and experimentally infected
animals and a small number of peripheral blood samples from
pafients with vCJD, to provide independent evaluation of the
sensitivity of prion assay§ (http:/fwww.nibsc.ac.uk).

Whereas the sensitivity of an assay is mostly related to its
technical aspects, the specificity is also highly dependent on the
population into which it is deployed. Thus an assay which may
be highly specific (ie. a high proportion of irue to {alse
positives) in a group of patients with suspect clinical disease,
can show very poor specificity in a normal population where
the number of false positives may significantly exceed the
number of true positives. This point is demonstrated in Fig 1.
The UK Blood Services have established a Test Assessment
Facility containing samples from 5000 UK and 5000 US blood -
donots 1o evaluate the likely positivity rates amongst the
general population, .

Finally, there are a number of other considerations in
weighing the likely impact of the introduction of a vCJD assay.
Such an assay is unlikely to only be used amongst blood
donors, it may also be used in patients with suspect CJD or
other psychiatric or neurological conditions (10 exclude CJD);
in those considered ‘at risk for public health purposes’ on
account of exposure to implicated surgical instruments, blood
components or plasma products; or for population prevalence
studies and the ‘worried well. In the absence of a true
confirmatory assay (i.e. the ability to demonstrate infectivity) it
will prove difficult to discriminale between false and true
positive individuals and, of course, the likelihood of a truly
positive individual developing clinical vCJD is unknown.

1000000 aa'nans;e:
< wCID1M10.000 -
Assay 99% effectme

Fig 1. Qutcome of screening of 3 ‘normal’ population of one million donors in whom there s a true positive prevalence of £/10 000 for subdinicai
variam Creutzfeldi-Jakol disease using an assay with a sensitivity and specificity of 99%. As can be seen, a very poor specificity results where the

number of false positives greatly exceeds the number of true positives.
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Blood donors would not be able to continue to donate if they
tested positive, it is illegal for example to take the donation
with the intent of discarding it, even if the donor consents to
such a strategy. Test positive individuals will therefare have to
be told of this outcome and {presumably) managed as ‘at risk
for public health purposes’. Clearly this will cause significant
disiress and give rise to psychological and social problems for
some people, act as ‘a disincentive to blood donation and
therefore a negative impact on the blood supply. Moreaver, it
is likely that previous recipients of blood components from
these donors will also have to be traced and contacted
(lookback}, giving rise to a much larger group of individuals in
the population considered ‘at risk of public health purposes’
and requiring specific precautionary measures to bé taken in
the event of surgery or medical investigation (see below). A
comprehensive health and economic evaluation will therefore
have to weigh the positive impact of reducing potential
secondary transmission of vCJI} against these potential neg-
.ative consequences.

Blood component processing

Universal leucodepletion was introduced in the UK in 1999 as
a measure to reduce the risk of secondary transmission of
vCID. The experimental data from mice infected with the
Fukuoka-t strin of Gerstmann-Straussler-Scheinker disease
“{Brown et al, 1998, 1999) suggests that leucodepletion filters
have little impact on plasma-borne infectivity. ‘Studies in the
263K hamster model (Gregori ef al, 2004) similarly suggest a
40-70% reduction in whole blood infectivity, consistent with
the removal of leucocyté-associated infectivity, but not that
présent in the plasma. Table I illustrates the [ikely distribution
of residual infectivity in- a unit of leucodepleted red cell
concentrate prepared by Doitom and top processing method
{with a residual plasma volume of around 10-15 ml). Assum-
ing 10 ID/ml infectivity in whole blood, just over 130 ID
would be left in the unit and that up to a 3 log further
reduction is réquired to impact upon the risk-of transmission
(i.e. achieve <1 [D/unit). Red cell concentiates prepaved by the
more common top-top methodology contain greater amounts
of residual plasma (around 20 ml) and would consequently
require a 4-log reduction. The absence of data on the level of
infection in human blood mests an uncertainty of at least
1-log around these point estimates. It can be said in summary,
however, that it is unlikely that current blood component
processing will suffice to reduce the risk of transmission in
most plausible infectivity scenarios. .
Three companies ace working on the dévelopment of prion
reduction filters. One has a CE-marked dock-on filter which is
used in series with a leucodepletion filter. Published studies
using this filter material show >3 log reduction in infectivity
on brain homogenate spikes and to the limit of detection
(>1log) in endogenous infectivity studies {(Gregosi ef al,
2006). Two other companies are working on the development
of combined leucodepletion/prion reduction filters. All prion

® 2008 The Authors
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Table I. Residual infectivity distribution in a unit of leucodepleted red
cell concentrate,

Log reduction Residual Residual Residual
in infectivity leucocytes plasma infectivity
Leucodepletion alone 02 130 130-2

1 Log ' 02 13 132

2 Log 02 13 -5

3 Log 02 0-13 0-33

4 Log 02 0013 0213

“The data represents the likely distribution of cesidual infectivity in a

unit of leucodepleted red cell concentrate prepared by a bottom and
top processing method (with a residual plasma volunie of around
10 ml).

Assuming 10 [D/ml infectivity in whole blood with 40% {i.e.4 [D/mi}

.being removed by leucodepletion and the remainder residing in the

plasma (i.e. for a haematoctit of 045 a plasma concentration of
approximately 13 D/ml), around 130 ID remains in the unit’s plasma.
Hence up to approximately a 3 log further reduction is required to
reduce the risk of transmission to <1 ID/unit.

reduction filters will have to undergo independent assessment
of clinical safety and efficacy within a series of studies managed
by the UK and Irish Blood Sefvices and agreed with SEAC
and the Advisory Committee on the Safety of Blood, Tissues
and Organs (http://www.advisorybodies.doh.gov.uk/acsblo/
index.him). Part of the problem for both manufacturers and
Blood Services is the absence:of assays capable of detecting
cither PrP*®® or infectivity in the peripheral blood of patients
with vCJD. Assessment of the efficacy of the technology is

therefore based on brain homogenate spikes {where baseline

infectivity is sufficient to detect a 3—4 log reduction:but the
physico-chemical form of the spike is unlikely to be similar to
that of plasma based infectivity), and endogenous infectivity
studies (where the form of infectivity is likely to be more
relevant, but theé baseline infectivity is sufficienily low that little
more than a l-log reduction is detectable). There remain, -
therefore, fundamental questions relating to the climical
relevance of different forms of spike material and general
applicability of these kinds of studies to the-human situation,
The potential for deleterious effects on the red cell coricentrate
itself are alse a matter for concern, both in terms of the
possibility of alterations to the rheological or antigenic profile
of the red cells and the loss in the volume of the additional
filter. The latter would have a particular impact if used in
conjunction with boitom and top pracessing, the combined

- effect of which may reduce the red cefl mass in a concentrate
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below current standards, necessitating additional transfusions
for some individuals. ’
With regard to platelet concentrates, re-suspension in
optimal additive solution rather than plasma would reduce
the amount of residual plasma by around 65% 1o 80-90 ml.
This would still contain more than enough .infectivity io
transmit infection to the recipient under even the most
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optimistic of the current infectivity assumptions and is likely
to be ineffectual. Prion reduction hlters are not currently
applicable to. either platelet concentrates or FFP.

Plasma product manufacturing

It is reassuring that to date no recipient of a pooled plasma
product has developed vCJD. However in 1997, shortly after
the first description of vCfD as a new condition, there was
concern that the UK plasma supply might have the potential to
transmit the infectious agent and that plasma collected from
countries where there were few or no cases of vCJD might pose
a lower risk (Ludlam, 1997). Although this view gave tise to
controversy, the regulatory authorities m_ov’;ed to a position of
allowing, and subsequently mandating that pooled plasma
‘products manufactured in the UK should only be made from
plasma imported fromn parts of the world at low tisk of vCID,
In an attempt t0 help define the risk of PrP"™* transmission
by plasma-derived products, detailed studies have been
undertaken to assess how prions are pastitioned during the
plasma fractionation process, mainly by spiking the starting
plasma with ‘exogenous’ prion derived from brain homogen-
ates of experimentally infected animals. The strengths and
weaknesses of this approach are similar to those deseribed
above in the discussion around the assessment of prion flters.
Int general there was least clearance of prion in the manufacture
of factor VIII, IX and antithrombin concentrates, greater
clearance ii the preparation of intravenous immunoglobulin,
- and greatest clearance in the manufaclure of albumin (Foster,
1999). '
'_I'hé way in which different countries responded to the risk

that plasma products might transmit the infectious agent -

varied and depended partly on the perceived relative number
of donors who might be infectious as well as details of the
plasma fractionation techniques used in each country.

In the UK, using data on partitioning of prion infectivity
. during manufacture of plasma products, along with the animal
data on the likely range of infectivity in individuals with sub-
clintcal infection, a risk assessment was undertaken 1o quantify
the risk of recipients of such products being infected. The CJD
Incidents Panel have taken the view that an individual with a
>1% additional risk of exposure 1o an infectious dose of vCJD
should be notified and -managed as ‘at risk for public health
purposes’. ’

Ta date a total of 174 ‘implicated’ batches of plasma
products have been identified as having been manufactured
from a pool of plasma to which an individual contributed who
subsequently developed vC[D (Hewitt er al, 2006). For each of
‘these batches a detailed risk assessment was carried out that
included the total number of donations included in the pool,
the details of the plasma fractionation process used during
manufaciure and (conservative} estimales of the likely cumu-
lative reduction in infectivity over the manufacturing process.
The outcome was expressed as the likely mass of product to
which an’individual would have had to be exposed to increase

their risk of exposure to infection by 1% over background.
Although these estimates varied between manufacturers
dependent on the details of the manufacturing process,
broadly speaking plasma products could be classified into
‘high risk of expasure’ products, such as coagulation factor
concentrates, where a single adult dose would suffice to place a
patient beyond the 1% additional exposure threshold;
‘medium risk of exposure’ products, such as immunoglebulin,
where only patients veceiving repeated doses of the implicated
batch would be likely to pass the 1% threshold; and ‘low risk of
exposure’ products, such as albumin, where unfeasibly large
exposuze to the implicated batch would be required to move
the patient beyond the % threshold. Categorisation as ‘at risk
for public health purposes’ requires that a patient be nolified
and that precautions be taken in the use of surgical
jnstruments and other invasive medical interventions {such
as endoscopy with biopsy), to reduce the risk of onward

. transmission to other patients.

Consideration was given to whether to calegorise as ‘at risk
for public health purposes’ only those who had been exposed
to specific implicated batches, or whether to categorise all
individuals who had received UK manufactured products
between 1980 and 2001 (the dates between which implicated
plasma products pools could have used). After nnich debate it
was agreed that for ‘low and medium risk of exposure’
products (immuncglobulins and albumin), the former
approach would suffice, whereas for *high risk of exposure’
products {coagulation factors), an umbrella approach would
be more appropriate because it' was uncertain how many
batches of plasma might be ‘infectious’ from donors with sub-
clinicat vCJD and because if additional donors developed
vCID, -it would be necessary to inform further groups of
recipients, who might have previously been told they had not
received “implicated’ batches. . ' .

Other countries have responded differently to the UK. In
France the assessment took into account the local plasma
fractionation processes and concluded that the risk posed by
‘implicated’ batches to recipients was very small and it was not
appropriate to take any special precautions (o prevent further
spread by surgical instruments. A similar view was formulated
in Germany, though no cases of vC]D have yet arisen in that
country (Seitz et al, 2007).

Within the UK advice on prevention of spread of PrP™E by
surgical, medical and dental instrumenls is given by the
Advisory Committee on Dangerous Pathogens and advice on
individual clinical incidents by the CJD Clinical Incidents
Panel. Instrument contamination was estimated to be of ‘high
risk” where there was contact with tissue from the nervous
system and ‘moderate’ risk if there was exposure to lymphoid
tissue (http:/fwww.advisorybodies.doh.gov.ukfacdp/index.
htm). Surgery involving these tissues should be undertaken

. with disposable instruments where possible, and if not they

should be ‘quarantined’ thereafter and not reused because it
would not be possible to ensure adequate decontamination
prior to use on the next patient. This guidance has led to major
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difficulties in the pérformance of biopsies with gastrointestinal
-endoscopes because the samples obtained would probably
contain lymphoid tissue. The financial implications are
significant because the endoscopes cannot be decontaminated
and must effectively be discarded. Both upper and lower

gastrointestinal endoscopies without biopsy do not result in

the instrument being considered as potentially ‘contarninated’
and it can therefore be reused on other patients after standard
cleaning procedure. The concern aboul possible contamination
of instruments has also led to -an increased use of capsule
“endoscopies, which give good images but cannot be used 1o
biopsy or treat gut lesions.
Although no individuals with haemophilia have thus far
.developed vCJD and a retrospective study of autopsy samples
from individuals with haemophilia in 1998 showed no
evidence of sub-c[inicai_ infection, it has been important to
try and gather more data (Lee e al, 1998). This has not been
easy and depends upon procuring appropriate tissue samples
prospectively from individuals undergoing clinically necessary
surgery in addition to cousent for autopsy. In addition it has
been important to try and develop a record of the extent of
exposure of individuals to implicated” batches of concentrate,
as well as all recipients of UK clotting factor concentrates over
the 22-year period of exposure. This is being co-ordinated by
UK Haemophilia Centre Doctors’ Organisation by accumu-
lating the data for subsequent anonymised sindies.

Communication with patients and the general
public '

Keeping, recipients of blood and blood products infornmied
about the current state of knowledge and in particular
informing individuals about their individual risks has proved
challenging because of the complexity and uncertainty inhet-
ent in oirr understanding of the field. It has been important for
there to be close collaboration between those able to assess the
risk of vCID infection, physicians responsible for clinical
services and patient organisations representing those poten-
tially affected. For those who have received blood components
from donors wha subsequently developed vCJD, the risk of
exposure to YCID is judged to be high and these individuals
‘have been- contacted on an individual basis and offered
counselling and specialist follow-up. Similarly, blood donors
who have donated blood administered to a patient who later
developed vC]D have been contacled and are managed as ‘at
risk for public health purpeses’. In 2004, all patients with
haemophilia were sent a letter stating whether or not they had
or had not received UK plasma-derived clotting concentrates
. between 1980 and 2001, irrespective of whether or not they had
received UK plasma products, because in an earlier mailing
about this tépic only those in the “at risk’ group were contacted
and this left non-recipients of letters not knowing whether they
-had not been potentially exposed or whether their letter had
got lost in the post. All were offered the opportunity for
" individual counselling. It is this attention to the detail of how

© 2008 The Authors
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patients are informed that is critical in trying to ensure that
individuals feel confident in the arrangements,

For patients potentiafly exposed to other implicated plasma
products, the issue of traceability and notification have proved
more problematic, Whilst patients with primary immunode-
ficiency share a similar close long-term relationship with their
physicians, those receiving, immunoglobulin for ather clinical
indicatio;us or high doses of albumin (for example during
plasma exchange), are often discharged following their acute
care. The absence of a general system of traceability for plasma
products and of searchable clinical notes has made the follow-
up of the latter groups of potentially exposed patients highly
problematic.

Concluding remarks

Three years after our last review (Ludlan & Turrer, 2005), the
management of thé risk of transmission of vCJD by blood and
plasma products remains highly challenging. Whilst the
diminishing- number of clinical cases is reassuring, there are
continuing uncertainties surrounding the prevalence of sub-
clinical disease, the level of infectivity in peripheral blood of
such individua[s, and the overall risk of transmission and
development of clinical disease. Much progress has been made
in the development of new tcc_h'nologies;. such as prion filters

- and prion assays, but assessment of these is problematic and

cost and countervailing. risks need to be considered. Accurate
and timely communication with the general public and with
thosé who are considered to be at increased risk of exposure
remains essential given the continuing complexity and uncer-
tainty-of the field.
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Managing the risk of transmission of varlant Creutzfeldt Jakob

dlsease by blood products
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summary

Whereas plasma-derived clottiﬂg factor concentrates now have
a very good safety record for not being infectious for lipid

-enveloped viruses, concerm has arisen about the possibility that

prion diseases might be transmitted- by blood products, There
is epidemiological evidence that classical sporadic Creutzield
Jakob disease (C_)]D) is ‘not transmitted by blood transfusion.

There is now good evidence that the abnormal prion associated

with variant CJD can be transmitted by transfusion of fresh
blood components and infect recipients. To reduce the risk of
the pathological prion in the UK infecting recipients of clotting
factor concentrates, these are now only manufactured from
imported plasma collecied from couniries where there has not
been bovine spongiform encephalopathy (BSE) in cattle and
the risk of variant CJD in the population is, therefore,
cansidered negligible. The safety of these concentrates is also

. enhanced because prion protein is, to an appreciable extent,

excluded by the manufacturing process from the final product.
To help reduce the chance of prion transmission by fresh blood
products, donations are leucodepleted, there is increasing use
of imported fresh frozen plasma (especially for treafin'g
children) and potential danors, who have been recipients of

" blood since 1980 (the beginning of the BSE epidemic in cattle)

are deferred.

Keywaords: vaciant Creutzfeld Jakob disease, transfusion, epi-

~ demiology, safety, haemophilia.

Emerging pathogens will always challenge the safety of blood

transfusion, Whilst the risk of hepatitis B virus (HBV),
hepatitis C virus (HCV) or human immunodeficiency virus
{(HiV)} wansmission by blood components and plasma prod-

ucts is now small (http:/fwww.eurosurveillance.org), new.

potentially transfusion- transmLSSLble pathogens continue to
emerge.

Many challenges were posed by the emergence of variant

Creutzfeldt Jakob disease (CJD) in 1996 (Will et al, 1996).
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Whereas there has been little evidence of transmission of
sporadic CJD by blood components or plasma products, it was
recognlsed that varfant CJD represented a different strain of
prion disease, with a different distribution of perlphcral disease
(vide infra) and that absence of evidence of transmission could

not be considered to eciuate with evidence of absence of risk”

(Ricketts, 1997; Ricketts et al, 1997). A number of precau-

tionary measures were therefore taken to manage the uncertain

tisk. The description of two cases of transmission of variant
CJI» prions by red-cell concentrates over the last 18 months

~ (Llewelyn et al, 2004; Peden et al, 2004), coupled with

continuing concerns over the prevalence of subclinical disease
in the UK popitlation {Clarke & Ghani, 2005}, has led to the
introduction of further precautionary measures. The Depart-.
ments of Health have considered ita high priority to prevent
secondary spread of variant CJD by transfusion as this could
lead to the infection becoming endemic in the UK population
(Fig 1}. However, these measures are likely to be of limited
efficacy. The development of prion reduction filters and/or of
peripheral blood screening assays pose sighificant challenges
but hold the possibility of achieving better control over the risk

of transmission of this disease by blood products. In the )

meantime, public health. policy and medical practice will have

‘to continute to balance the risks and benefits associated with

human blood and tissue products (Flanagan & Barbara, 1996).
This review considers the unique aetiological and patho-
physiological features of pnon diseases, the measures that have

_ been taken or might be taken in future to manage that risk,

and the implications for these who prescribe and receive blood
components and plasma products.

The biochemistry of prions

Prion protein (PrP¢) js 2'30-35 kDa glycoprotein that is widely
expressed by many cells and tissues in animals and man. It has
two N-glycosylation sites and its secondary structure includes

. three alpha-helices and ene beta-pleated sheet in the mem-

brane-proximal carboxy-terminal-of the protein. The mem-
brane-distal amino-terminal of the molecule is largely
unstructured. The protein is encoded by a single gene (PRNP)
and with no spliced isoforms. In man, 20 different single

nucleotide polymorphisms have been described that predis-

pose to familial disease (de Silva, 1996a) (vide infra). In
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Fig 1. Incidence of bovine spongiform encephalopathy and variant Creutzfeldt Jakob disease in the UK (- - - - - , predicted cases). The right hand

peak illustrates the potential for secondary spread by haematogenous spread. Reprinted from Collins et al {2004) with permission from Elsevier.

addition, a critical polymorphism at codon 129 coding for
methionine or valine leads to significant variation in the
susceptibility to, and incubation period of, human. prion
diseases. In the UK, 37% of the general population are
'homozygous' for methionine at this locus, 11% are homozy-
gous for valine and 52% heterozygous. Methionine homozyg-
osity is much more common than expected amongst patients
with CJD (vide infra). PtP is inserted into the cell membrane
predominantly via a glycosylphosphatidyl inositol (GPI)
_ anchor, although transmembrane and soluble forms have also
- been described. The glycoprotein is predominantly located in
calveolar zones in the cell membrane and is estimated to have a
half-life of around 6 h, being internalised into endosomes with
a proportion recycling to the cell surface (Shyng et al, 1993).
The function of the protéin remains unclear, it has been shown
to bind to a laminin receptor precursor protein (Martins et al,
1997; Rieger ef al, 1997) and act as a copper metalloproteinase
(Brown et al, 1997a). PrP null mice appear to develop
normally although some strains show subtle neurological
abnormalities (Tobler ef al, 1996). Prion formation involves
changes in the secondary and tertiary conformations of the PrP
molecule: up to 40-50% of the molecule can be in the form of
beta-pleated sheet, mainly at the expense of the membrane-
distal unstructured region. This changes the physicochemical
properties of the molecule and engenders relative resistance to
pioteinase digestion. Prion protein aggregates (PrP™) are
deposited in cells and tissues leading to the formation of
amyloid-like plaques and in the nervous system to neuronal
death, astrogliosis and spongiform change.
The mechanism by which PrP€ is converted to PP remains
unclear, as does its precise role in the aetiology of the disease.
_ The prion hypothesis (Prusiner, 1998) proposes that the PrP>
molecule itself converts PrP° to the abnormal conformation,
either through a process of heterodimerisation or through
nuckear polymerisation {Aguzzi & Weissmann, 1997). PrE™ is
relatively resistant to proteinase-K digestion and different
" molecular strains of disease can be identified by the balance of
di-glycosylated, mono-glycosylated and non-glycosylated spe-

cies. Several molecular strains of PrP> occur in sporadic CJD;
however, only a single strain of PrP* is found in variant CJD,

. which is similar to that seen in naturally occurring bovine

spongiform encephalopathy (BSE)} in cattle, and BSE trans-
mitted naturally and experimentally to other animals (Collinge
et al, 1996; Hill er al, 1997a). Evidence that variant CJD and
BSE represent the same strain of prion disease also stems from
infectivity studies in a prion disease strain typing panel of
inbred experimental mice, where the patterns of incubation
period and neuropathological targeting were similar and
differed from those seen in sporadic CJD, scrapie and other

_pribn diseases (Bruce et al, 1997).

Prion diseases in other species

¢

A range of prion disorders have been described including those
involving the SuP35p and Ure2p proteins in yeast, which
appear to be non-pathogenic and convey a survival advantage
under certain circumstances (Burwinkel et al, 2004).

Scrapie was first described as a diszase of sheep and goats
over 250 years ago and demonstrated to be experimentally
transmissible 50 years ago (Aguzzi & Polymenidou, 2004).
There is no evidence that scrapie has ever transmitted to man.
The only other known self-sustaining animal prion disease is

chronic wasting disease in mule deer and elk in several states of

the USA. Again there is no current evidence that this disease
has transmitted to man.

BSE was first described in UK cattle in 1985 (Wells et al,
1987) and is thought to have spread through oral consumption
of ruminant-derived meat and bone meal (Wilesmith et al,
1988; Brown, 1998). The disease spread widely, peaking in
1992 with over 180 000 clinical cases in the UK, although
mathematical estitnates suggest that 1-2 million cattle could
have been infected but slaughtered and entered the human
food chain before they were old enough to demeonstrate
evidence of clinical disease (Fig 1) (Anderson et al, 1996). BSE
has crossed into up to 20 other species, incIﬁding domestic and
exotic cats (Wyatt ef al, 1991; Kirkwood & Cunningham,
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1994) and exotic ungulates in British zoos. In July 1988, the
spread of BSE led the UK Government to restrict the use of
ruminant-derived meat and bone meal as an animal feed and
in November 1989 specified that bovine offals were banned for
human consumption. '

sporadic Creutzfeldt Jakob diseases

sporadic CJD was the first described human prion disease, is of
uncertain actiology, has a worldwide distribution and an
incidence of around one per million population per year (Will
et al, 1998). The median age at onset is around 68 years and
the disease is characterised by a rapidly progressive dementia
leading to death in around 4~6 months. The incidence of the
disease varies with the codon 129 genotype of the PRNP gene,

with 83% of patients homozygous for the expression of
methionine at this locus (Deslys et al, 1998). Molecular strain -

‘typing suggests that six forms of disease are dependent on
codon 129 phenotype and strain of prion disease. One of the

pathological hallmarks of sporadic CJD is the restriction of

accumulation of plaques of prion protein to the central
ervous systermn (CNS). However,. with recently developed,
more sensitive techniques, prion accumulation has alse now
been reported to be present in peripheral nerve {Pavereaux
‘et al, 2004) as well as in muscle, lymphoid tissue and olfactory
epithelium (Glatzel et al, 2003} at an advanced stage of clinical
disease. '

" Although there are a small number of. reports claiming
transmission of sporadic CJD by inoculation of blood from
patients with clinical disease into experimental rodents (Man-
uelidis et al, 1985; Tateishi, 1985), these results have not been

_supported by further studies in primates (Brown et al, 1994),
Similarly, although there are a handful of reperts of sporadic
CID arising after blood or plasma product transfusion (Klein
& Dumble, 1993; Creange et al, 1995, 1996; de Silva, 1996b;
Patry et al, 1998}, in none of these has a causal link to a donor
with CJD been established. Moreover a series of epidemiolog-
ical case control {(Kondo & Kuroiwé; 1982; Davanipour et al,

1985; Harries-Jones et al, 1988; Will, 1991; Wientjens et al,
1996; Van Duijin et al, 1998; Collins ef al, 1999}, lookback
(Esmonde er al, 1993; Heye er al, 1994; Operskalski & Mosley,
1995) and surveillance (Evatt, 1998; Evatt et al, 1998; Lee et al,
1998) studies carried out over almost 25 years have failéd to
demonstrate evidence of transmission of sparadic CJD by
blood components or plasma products. [t seems likely
therefore that the preclinical incubation period in sporadic
CID is ‘sufficiently short, or peripheral bload infectivity is

sufficiently low, as to make transmission of the discase by

blood components andfor plasma products at worst a very rare
event (de Silva & Mathews, 1993; Brown, 1995; R1cketts et al
1597; Will & Kimberlin, 1998),

Thus, although individuals suspected of having sporadic
CID are permanently deferred from blood donation, no other

precautions, such as withdrawal of plasma products if the

donor has contributed to the plasma pool, are undertaken.

Review

This is because although sporadic CJD is a rare disease, the
large number of donations contributed to.a plasma pooi leads
to frequent withdrawal and product shortages.

Familial human prion diseases

Familial human prion disorders are uncommon, which include
Gerstmann-Straussler—Scheinker disease (GSS), fatal famnilial
insomnia and familial CJD, and are associated with mutations
in the prion gene (vide supra). Although thiere is no evidence of
familial human prion disease transmission via blood products,

individuals with two or more blood relatives with prion

disease, or who have been advised that they are at risk of prion
disease as a result of PRNP gene sequencing, are deferred from
blood donation as a precautionary measure.

Acquired human prion diseases

"-The transmission of human prion disease (Kuru) was first

reparted in the Fore people of Papua New Guinea in.the late

~ 1950s {Gajdusek & Zigas, 1957) é__r:d is thought to have been

transmitted during ritual cannibalistic or sacrificial funeral
rites. The clinical features differ from those of sporadic CJD
with more prominent ataxia and 2 longer clinical course. At
one time Kuru was a leading cause of death amongst the Fore
people and interestingly, ‘despite abandoning these practices
around '1960; there are still occasional people presenting with
dlinical ‘disease — testimony to the fact that the incubation
period in prion diseases can be very long. :
Tatrogenic transmission of CJD has been well documented by
direct inoculation of the CNS through contaminated neuro-
surgical instruments, stereotactic intracerebral electrodes, dura
mater and corneal grafts. Tatrogenic transmission has also
occurred via cadaveric human pituitary growth hormone and
gonadotrophins administered by intramuscular injection
(Buchanan et al, 1991; Brown ‘et al, 1992). The clinical
presentation varies depending on the route -of infection;
centrally transmitted cases tend to have a shorter incubation
petiod of around 2 years-and develop a rapidly progressive
dementia reminiscent of sporadic CJD, whilst peripherally
‘ransmitted cases tend to have a much more prolonged
incubation period of around 13-15 years and present with
ataxia and sensory disturbance (Tablé I) (Brown ef al, 2000).

Variant CiD

Vartant CJD was first described almost 10 years ago (Will et af,
1996) as a result of systematic monitoring of the incidence and
clinical phenotype of CJD in the UK by the Mational CJD
Surveillance Unit in Edinburgh. Clinically, the disease is

unusual in that it preserits with neuropsychiatric symptioms,
. such as anxiety or depression, dysaesthesia and ataxia. Patients

develop progressive dementia, myocionus and choreoathetosis
with an average clinical course to ‘death of 6 months--2 years
(Will, 2004; Will & Ward, 2004}. Non-specific electroence-
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Table L. Iatrogenic transmission of Creutzfeldt Jakob disease.

Number {Incubation period (months}
Neurosutgical instruments 5 12-28
Isttracerebral electrodes 2 16-20
Dura mater graft 120 18-216
Corneal graft 4 16-320
Human growth hormone 142 550-456
Human gonadotrophin 5 144-192

The incubation period for infections transmitted by peripheral
inoculation is shorter than that when infection is directly in the brain
" (from Ironside and Head, 2003, with permiséion from Blackwell
Publishing).

phalogram changes are observed, but magnetic resonance
imaging {MRI} is more informative, with changes in the
pulvinar (posterior thalamus) in the majority of cases.
Neuropathologically, the disease is characterised by neural
cell loss, astrogliosis and spongiform change with particularly
florid amyloid plaques as a pathognomic feature (Fig 2)
(Ironside & Head, 2003; Peden & Ironside, 2004), To date all
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clinical cases of variant CJD have occurred in methionine 12¢

homozygous individuals; it scems likely that valine homozy-
gous and methionine/valine heterozygous individuals are more
resistant to infection or, if infected, to the development of
clinical variant CJD. In this context it may be relevant tha
methionine 129 human prion protein oligomises more rapidly
with beta-sheet formation whereas 129 valine tends to form
alpha-helix rich monomers (Tahiri-Alaoui er al, 2004). Fur-
thermore it is of interest that following inoculation with
prions, mice homozygous for human methionine developed
‘typical’ variant CJD, whilst those that were homozygous for
valine appeared more resistant to infection and when this
accurred, the clinical and pathological features were more
similar to sporadic CJD (Wadsworth  eral, 2004). It is
noteworthy, in this context that the second case of probable
variant CJD prion transmission by blood transfusion was
recorded in a methioninefvaline heterozygous patient who did
not develop “clinical features of the disease despite surviving
5 years after transfusion (Peden et al, 2004). This patient had
been identified as part of the variant CJD lookback process and
postinortem examination was requested following death from
unrelated causes (vide infra). ’

Fig 2. Immunaocytochemistry for the prion protein (PrP) in lymphonid tissues in variant Creutzfeldt Jakob disease shows staining of follicular
dendritic cells and macrophages in (A) the tonsil, (B} spleen and {C) lymph node. Anti-PrP antibody {(KG9) with haematoxylin counterstain [from
Ironside and Head (2003} with permission from Blackwell Publishing]. . )
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Unlike sporadic and familial forms of CJD, patients with
ariant CJD show evidence of abnormal prion accumulation in
follicular dendritic cells in peripheral lymphoid tissue inclu-
ding tonsils (Hill et al, 1997b; Kawashima etal, 1997},
appendices, spleen (Hilton et al, 1998) and lymph nodes (Hill
et al, 1999). In two patients, appendices removed 8 months
and 2 years prior to the onset of clinical disease have also
shown evidence of prion accumulation, although a sample
removed 10 y;:ars prior to onset of clinical disease did not
(Glatzel et al, 2004).

The median age at death is 29 years (range 14-74 years) and
has not altered over the first 10 years of the outbreak,
.suggesting an age—related susceptibility or exposure (Ghani
et al, 19983; Boelle er al, 2004). At the time of writing there
have been 154 definite and probable cases of variant CJD in the
UK, nine in France, two in Ireland and one in each of the USA,

Canada, Italy,. Saudi Arabia and Japan. In the UK, the -

_incidence of clinical disease appears to have peaked around
2000 and has since fallen significantly (htip:/fwww.cjd.ed.

ac.uk). However, although the outbreak thus Afar has been very

much less than that which was initially feared (Cousens et al,
1997; Ghani et al, 1998b), with an upper boundary of around a
“further 70 new cases now predicted based on the pattern of
clinical disease (Will, 2003; Smith et al, 2004; Sneath, 2004), 2
recent retrospective study of tonsil and appendix samples
" demonstrated three of 12 500 samples positive for abnormal
prion accurnulation, suggesting that up to 3500 people could
be infected with a prevalence of pre- or subclinical disease
amongst the 10 to 30-year-old UK population of one of 10 000
(Hilton et al, 2004): Ghani et al {1998a) have suggested that
up to 90% of individuals infected may have prolonged
preclinical or true subclinical disease and that this could be
related to codon 129 genotypes encoding valine homozygosity
or methionine/valine heterozygosity. If transmissible prion
infectivity is present in the peripheral blood of such asymp-
tomatic individuals, the concern is that blood-derived pro-
ducts could provide a route to long-term persistence of variant
CID within the population.

Animal studies of peripheral blood infectivity
and transmissibility

The route' by which the prions disseminate and replicate
fo].lowmg peripheral inoculation is of importance in under-
standing the likely distribution of infectivity and has been
recently reviewed (Mabbott & Turner, 2005). Studies in
knockout mice with deficiencies ‘in PrP expression, or
lacking various cellular compartments of their immune
systems, have led to the conclusion that initial 2ccumulation
or replication in follicular dendritic cells is essential to
peripheral transmission {McBride et al, 1992; Bueler et al,
1993; Fraser et al, 1996; Brown etal, 1997b; Klein et al,
1997, 1998; Mabbott et al, 1998). Indeed, infection ‘and
abnormal prion accumulation can be demonstrated in the
lymphatic tissues of scrapie-infected rodents and sheép prior
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to the stage at which it can be detected in the nervous
system {Diringer, 1984; Casaccia et al, 1989; Farquhar et 4l,
1994; Mabbott et al, 1998). The mechanism by which prions
are transmitted from a site of initial exposure, such as the
intestinal lumen, to the lymphoid germinal centres where
they replicate is uncertain. It is possible that follicular
dendritic cells (FDCs) trap circulating cell-free prion or that
agent is transported by lymphocytes, macrophages or
migratory dendritic cells. Once prion replication has
occurred within FDCs, retrograde neuroinvasion occurs via
sympathetic and parasympathetic peripheral nerves to the
CNS. Again it is unclear whether direct EDC-neuronal
interaction or dendritic cell-mediated spread is responsible
for this step. These observations suggest that it is quite
plausible that the peripheral blood also harbours infectivity
from an ecarly stage in the preclinical phase of the disease.

As a generalisation, peripheral blood infectivity has been
shown to be detectable in rodents experimentally infected with
scrapie, BSE and variant CJD and in experimentally infected
sheep and goats. Peripheral blood infectivity has not been
demonstrated in the peripheral blood of sheep naturally
infected with scrapie or BSE-infected cattle. The reason for
these differences is unclear but may relate to the route and size
of the primary infectious inoculum.

In mice infected with the Fukuoka 1 strain of GSS, 100
infectious umits (i.u.)/ml have been demonstrated in the
peripheral blood during the clinical phase of disease and
10 i.u./ml during the preclinical phase of disease. Around 70%

_o/f the infectivity is associated with the buffy coat (inclusive of

the leucacyte and platelets) and the remainder with the plasma
(Brown er al, 1998, 1999). éimﬂar findings have been demon-
strated in the 293K hamster model. The latter also suggested an
efficiency of transmission via the intravenous route of

‘approximately 5~10% of that of the intracerebral route of

inoculation.

In sheep naturally infected with scrapie or experimentally
infected by an oral dose of BSE, peripheral blood drawn during
the clinical and preclinical phases of disease has been shown to
transmit infection to 20-25% of secondary tecipients. This
study amounted to proof of principal that prion diseases are
transmissible by transfusion (Hunter ef ai, 2002).

Transmission of variant CID by blood
transfusion

The UK has established surveillance to assess the transmissi-
bility of CJD by blood components (http://www.cjd.ed.ac.uk/).
For each individual who develops CJD, close relatives are
questioned and Blood Transfusion Service records searched to
try to establish whether he/she was a blood donor. If so, the
recipients of blood components “manufactured from those
donations are traced and notified. They themselves are subject

" to public health restrictions around blood, tissue and organ

donation and invasive medical and surgical procedures and are

flagged to the UK Office of National Statistics.
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The reverse arm of the -surveillance scheme addresses the
question as to whether any of the patients who have developed
variant C]D could have become infected via a previous blood
transfusion. The transtusion history of all patients developing
variant CJD is assessed and the donors are traced and also
flagged to the UK Office of National Statistics.

To date 17 variant CjD patients are known to have been
blood donors (15 in the UK and two in France). Of the 50

recipients of blood components, 17 are still alive. Plasma from

23 donations was fractionated to produce albumin, immuno-
globulin and dlotting factor concetstrates that were used in the
UK, France, Belgium, Germany and Italy. In the UK it appears
that the incidence of variant CJD peaked in about 2001 and is
now declining (Fig 1).

To date there have been two cases of probable transmission
of . variant CJD prions via non-leucodepleted red cell
concentrates. In the first episode, a 24-yeaf—old individual
gave a blood donation in 1996 (Llewelyn et al, 2004). Three
years later he developed variant CJD and died the subsequent
year. The recipient of this donation in 1996 was aged 62 years
and also received four other units of red cell concentrate to
cover a surgical operation, In 2002 he became depressed and
developed blurred vision, motor difficulties including 2
shuffling gait” and cognitive impairment. An MRI of his
brain was reported as normal. In 2003 he died of dementia.
At autopsy, histology of 'his brain revealed characteristic
features of variant CJD, and this was confirmed by protein-
ase-K resistance and typical features on Western blotting.
Analysis of his PRNP gene revealed him to be homozygous

" for methionine at codon 129. A statistical assessment
concluded that there was only a 1:15 000~1:30 000 chance
of this occurring by coincidence.

A secondindividual was reported in 2004 as a result of the
national surveillance of recipients of transfusions from
donors who later developed variant CJD. This patient very
likely became infected with variant CJD prions by a unit of
red cell concentrate in 1999 from a doner who developed
variant CJD 18 months later (Peden et a, _2604). Although
this patient died 5 years after the transfusion of unrelated
causes with no clinical features of variant CJI, analysis of her

. lymphoid tissue at autopsy revealed that prion accumulation
was present in the spleen and one cervical Ilymph node. There
were no histological features or evidence of prion accumu-,
lation in her CNS. The other unusual feature as noted above,
was that the PRNP gene was heterozygous at codon 129 for
methionine/valine. '

These two cases are therefore of great importance because
they have demonstrated that variant CJD priobs can be
transmitied by blood transfusion feom donors who are in a
preclinical phase of disease at the. time of donation and that
methionine/valine heterozygous individuals can also be
infected, although whether they are as susceptible to infection
and/or the development of clinical disease as methionine
honozygous individual remains uncertain (Aguzzi & Glatzel,
2004).

Blood donor selection

Many countries have instituted policies of donor deferral for
those who have spent time in the UK, France or more broadly
Europe, based on the likely comparative level of risk with their
indigenous population, the extent or pattern with which their
population visit affected areas and the likely impact on their
blood donor base. '

In the UK, there are few epidemiological criteria that would
allow identification of a ‘high-risk’ donor population. In
response to the blood transfusion related transmissions of
variant CjD, in 2004, a policy of deferral of donors who
themselves have been recipients of blood compoenents since
1980 was instituted to reduce the risk of tertiary or higher-

. order transmissions leading to a self-sustaining outbreak. This
"policy also has the advantage of reducing thé risk of other

blood borne infectious agents being recycled in the community
by transfusion. There was concern that this would lead to 2
significant reduction in the donor base and that a sometimes

- precarious blood supply would be further compromised.

Whilst about 5-10% donors have been lost from the UK
blood donor panels, the impact has been mitigated by
proactive recruitment campaigns to enlist more new donors.

Impartation of blood components

It is not likely-to be feasible to import red cell or platelet
concentrates due to the large volumes required, the short shelf

 life and lability of these components and concerns over the risk

of other transmissible agents in some overseas donor popu-
lations. To reduce the risk of variant CJD transmission to -
children, in 2002 the decision-was made to only use imported
non-UK plasma to treat those born after 31 December 1995.
This date was chosen because it was consideréd that BSE-
infected foods had been largely eliminated from the diet by this
date, and therefore, children born after this time were unlikely
to be infected from food. In addition, with relatively small

-volumes of plasma, the product can be stored, transported
‘frozent and be virus-inactivated.

Donor screening

No immunological response to prion infection has yet been
identified nor has DNA been found associated with disease
transmission. Therefore, traditional serological and molecudar
biclogical appreaches to donor screening are not currently
feasible. _

Several groups have looked at the possibility of using
surrogate markers. The proteins 14-3-3 (Zerr et al, 1998) and

' S100 (Otto etal, 1998) are non-specific markers of CNS

damage and are therefore likely to be elevated only in the
clinical stages of disease. It has been shown that transcription
of erythroid differentiation associated factor (EDAF) is
depressed in the peripheral blood of animals suffering from
prion disease (Miele et al, 2001). The cause of this observation
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is uncertain and it also currently remains unclear whether this
could be translated into the setting of human clinical and

preclinical disease and whether an appropriate differential *

exists between patients incubating varfant CJD and normal
individuals.

Infectivity has not thus far been detected in the peripheral
blood of patients with clinical variant CJD by intracerebral
inoculation into rodents despite the evidence of clinmical
transmission, reflecting the limitations of infectivity bioassays
due to the species barrier and the small amounts of blood
inoculated. - .

A central difficulty in the development of molecular assays is
the differentiation of PrP™ from PrP° (Minar, 2004). There are

- currently no monaclonal antibodies or other reagents of
sufficient analytical specificity to differentiate between the
normal and abnormal isoforms. Most assays therefore depend
on differential physicochemical characteristics, such as resist-
ance to proteinase-K digestion or display of additional or novel
PrP epitopes following treatment with chaotropic agents, such
as guanidine hydrochloride. The level of sensitivity required is
chailenging. Brown et al (1999) has estimated that.in the order
1 pg of PrP*/ml may be present in the peripheral blood of
individuals in the pre- or subclinical phases of disease, in the
santext of around, 100 ng/ml of Pr%, ie. a ratio of 1 PiP*™
molecule:1 million PrP® molecules. There are also significant
challenges in validating such assays. This would normally he
undertaken using samples from individuals with the disease in
Juestion. However, there are very few patients alive at any one
itme with variant CJD and large amounts of blood cannot be

drawn for ethical reasoms. As it is not currently possible to

determine who may, or may not, be incubating the disease, the
1ssays will therefore need be validated on brain homogenate-

ipiked human blood or animal endogenous infectivity samples

Josing questions around the extrapolation of the data to the
auman setting. Finally it-should be borne in mind that it will
10t be possible to determine which of the donors with positive
1ssays are actually incubating variant CJD and which of these
we likely to go on to develop clinical disease. There is no

reatment available at the present time to offer such indivi-

luals. There is concern, therefore, over the number of donars
#ho may need to be deferred due to positive assay results and

e potential impact of the introduction of such assays on the .
ﬁlﬁngness of donots to donate (Blajchman et al, 2004;

McCullough et al, 2004).

lood component processing

1w October 1997, the UK épongifdrm Encephalopathy Advi- g

iwory Committee advised that universal leucodepletion be
:onsidéred. The UK Departments of Health commissioned
wm independent risk assessment by Det Norske Veritas
onsulting (DNV) and asked thé Blood Services to consider
- he feasibility (Comer & Spouge, 1999). Implementation was
ecommended in July 1998 and completed by the autumn of
999 (Department of Health, 1998a,b). The measure was
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predicated on studies suggesting that B lymphocytes were likely
to be involved in the initial phases of disease and that
leucocytes were an important locus of infectivity in the
peripheral blood. Subsequently, it has become apparent that in
animal studies leucodepletion does not reduce infectivity in
plasma and is likely to reduce the prion concentration in blood
by only about 40% (Prowse & Bailey, 2000; Gregori et al, 2004;
St Romaine et al, 2004). Universal lencodepletion is also
considered to offer a number of additional benefits, e.g.

‘reduction in transmission of cell-based viruses such as
cytomegalovirus and human T-cell lymphotropic virus, rates

of alloimmunisation, immunomodulatory effects and transfu-
sion-mediated graft versus host disease (Roddie er al, 2000)
Other approaches under consideration in the UK to reduce
infection risk include the greater use of apheresis platelets from
a single donor (rather than a pool from four individual

" donors), extension of imported fresh frozen plasma and

cryoprecipitate to all patients under the age of 16 years and
further reduction in residual plasma in red cell and platelet
concenfrates.

Two companies are developing filtration devices, which may
reduce the prion concentration in blood by several orders of
magnitude. Such a reduction could significantly, reduce the

‘likelihood of transmission of variant CJD from a donor with
sub- or preclinical disease. However, validation is likely to pose-

a significant challenge as studies cannmot be carried out on
naturally infected human peripheral blood and data will
therefore have to be extrapolated from studies using homog-

_ enised infected brain spikes in human blood and endogenously

infected rodent blood, raising issues around the relevance of
these models.

" Plasma product manufacture

In 1997, the Committee for Proprietary Medicinal Products
{Committee for Propriety Medicinal Products, i998), s the
licensing authority, recommended recall of two batches of in
date, factor VIII concentrate that had been manufactured froma
plasma pool containing donations from two patients who had
subsequently developed variant CJD. The UK Haemophilia
Centre Doctors Organisation (UKHCDO) in November 1997
recommended that as ‘variant CJD oceurs almost exclusively in
the UK, it is likely thiat any risk of transmission would be reduced
by using concentrate prepared from blood donor plasma
collected in other countries, e.g. USA, where there are no cases

ofvariant CJI> or BSE’ (Ludlar, 1997). The UK government was_

keen to try to evaluate the risk of blood transmission of variant
CJD so that other rational safety measures could be taken and, in
2004, the original DNV risk assessment was reviewed- using

-further estimates of quantitative risk that had emerged from

anirmal studies and fresh guidance offered.

Although prions are highly resistant to physical and chemical
degradztion and methaods for their inactivation would be too
severe to be used on plasma products, their physicocheraical
features suggest that they will partition selectively during the
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plasma fractionation process (Foster, 1999). Studies with blood

‘from endogenously infected animals (Brown et al, 1998; Foster,
2004) and blood spiked with high-titre brain homogenates
(Foster et al, 2000, 2004; Tateishi er al, 2001; Reichl et al, 2002;
Stenland et al, 2002; Vey et al, 2002), suggest that a number of
steps in existing plasma fractionation processes should contrib-
ute individually to reduction in infecti.vity, including eryopre-~
cipitation and cold ethanol fractionation, depth fltration,
adsorption chromatography and nanofiltration. Some of these
steps have also been studied in sequence, where it has been
shown that, in general, the pverall degree of prion removal
exceeds that of any one individual step but is less than the sum of
the individual steps (Foster, 2004).

- Other.measures

For the past 5 years the UK Transfusion Sgrﬁtes have had an
active policy of trying to optimise the use of all.blood and
blood products. An impertant component of this palicy has
been to ensure the appropriate usc of red cell concentrates. The
aim has been to prevent unnecessary red cell use as exemplifted
by Sirchia et af (1994). Such a policy not only reduces the risk
of all transfusion-transmitted infections to each individual
patient but it allows more patients to be treated with a scarce
red cell resotrce.

Non-blood- transfusion related strategies to
prevent secondary spread of variant CJD
horizontally in population

Between 1996 and 2004 several attempts were made 10 -assess

the risk of horizontal spread of variant CJD transmission by
mechanisins other than blood products and make rational
recommendations on appropriate safety measures (Bird, 2004).
There has been concern about transmission in health care
settings by invasive medical and surgical procedures. The
second 2004 DNV risk asscssment was informed by animal
studijes, which provided some measure of risk related to prion
load in the inoeulum. The aim was to try and identity the
patients and procedures for which specific safety precautions
should be instituted. Clearly some level of precaution was

appropriate for patients who had clinical variant CfD, but for

what other groups of individuals should precautions be taken?
It was proposed that precautions should be taken for
individuals who could be identified as having more than a
1% risk of expasure to an infectious dose of variant CJD prions
(t‘-vo [Dsq extmpolat;d from experimental rodent studies).
The UK CJD Incidents Panel and Health Protection Agency
offered advice based on the 2004 DNV risk assessment in
relation to recipients of blood components and plasma
products. Precautions were to be taken with all identified
recipients of fresh blood components from doners who went
on to develop variani CJD. For those who received fractionated
plasma products, the risk from each was calculated on 2
product-by-product basis, dependent on the size of the denor

pool, detail of the manufacturing process, and the dose of
product that would give a 1% risk of exposure to an infectious
dose (as defined above} was estimated. The products were
divided into three groups based on the assessed risk. Those that
were considered to pose a high risk were factors VIIVIX and
antithrombin concentrates, where less than one injection of a
therapeutic dose for an adult would exceed the risk threshold.
Products in the medium risk group were those where the risk
threshold would be exceeded if several or more treatments
were given and included intravenous immunoglobulin and
high doses of albumin. The low risk group consisted of
products where very high doses, far in excess of those used in
normal medical practice would be required to exceed the risk
threshold, e.g. albumin used as an excipient in other products, .
intramuscular immunoglobulin.

Having defined the thresheld dose of ‘implicated’ prcduct it
was necessary to identify which patients were likely to have
received such a dose. For those with haemophiliz and
antithrombin deficiency, it would have been possible in
principle to have identified all those patients kiown ta have
received implicated concentrates. But this was likely to
I'gpr_eseﬁl a significant proportion of all UK haemophiliacs
as, by September 2004, .16 batches of factor VI and eight
batches of factor IX were implicated and furthermore, it is
likely that more batches used in treatment scveral years ago.wiil
become implicated as further former biood donors develop
variant CJD in the future. It was therefore decided to use a
‘p0pu]atioﬁ' approach and consider all haemophiliacs who had
received c-!ol'ting_' factor concentrale manufactured from UK
plasma between 1980 (the beginning of the BSE epidemic) and
2001 (the expiry date of the last batch of protuct prepaced
from UK plasina).as being at risk-of variant CjD for public
health purposes’. Such a policy strongly, advocated by
UKHCDOQ, was seen as the simplest and least threatening
way to categorise ‘those for whom extra precautions would -
need to be taken for certain invasive procedures. For other
groups, e.g. those with immunodchiciency, patients are being
reviewed individually and a decision made as to whether they
would fall into the “at additional risk of exposure to variant
CJD for public health purposes’ category (Hewitt, 2004).

For those considered to in the  ‘at additional risk of
exposure to variant CJD for public health measuees’ group,
either on the basis of population or individual assessmeny,
the arrangements to prevent horizontal transmission lave
been laid out by the Advisory Committee ‘on Dangerous
Pathogens {http:/fwww.hpa.org.uldintections/topics_az/cjd/
bleod_products.ithj. In such individuals CNS tssue con-
stitutes a high risk of tissue infectivity and thercfore
potential contamination of surgical instruments. Surgery
on lymphoid tissue or olfactory epithelium and the anterior
chamber of the eye, eg. cataract surgery, involved tissue of
medivm risk infectivity. Instruments for ali these procedures
should either be disposable or ‘guarantined’ after surgery
and not reused. Tt has been suggested that some of these
could profitably be used for research studies ino decon-
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tamination techniques. All other surgeries, including dental
and orthopaedic, were not considered to pose a significant
risk of contaminating instruments with prions as the tissues
were considered at low risk of infectivity and therefore no
special precautions were advised.
With the publication of the primate study (Herzog et al,
2004), in which, following infection of Macaques'with BSE
. prion both orally and intravenously, PrP* was clearly
demonstrated in the gut subepithelial neural plexuses as
well as Payer's patches, it became clear that endoscopic
" biopsies of the gut mucosa could potentially contaminate
the biapsy forceps and its channel in the instrument with
PrP*°. Whilst the current recommendation is that endo-
scopes used [or non-invasive procedures be cleaned and
reused dn the normal way, those used for invasive proce-
dures, e. g. colonic biopsies, should be “quarantined’ and not
reused. This has had ma;or financial implications for
hospitals.

Conclud ing remarks

Management of the risk of transmission of variant CJD and

indeed, other prion diseases by bload and plasma products
remains highly, problematic (Wilson & Ricketts, 2004a,b).

Although the relatively small and falling number of clinical .
cases in the UK is reassuring, data indicating that up to 90% of

infected individuals may sustain long-term preclinical or
subclinical disease and that most such individuals are likely
to be curn_ntly in the 200 years age group suggests a

51gmlu.ant poot of potentially infectious blood donors. Blood.

. donor selection criteria are a blunt instrument for risk
managemcent and current measures, such as universal leuco-
depletion, seem likely to be only of limited efficacy. Blood
donar screening assays and prioﬁ reduction-filters offer a better
~chance of control, but much of the validation will need to be
based on animal experimentation, the extrapolation of which
Lo the human setting is problermatic. Most new risk reduction
measures are likely to be highly expensive and engender the'
possibility of alternative risks, inchuding critical blood short-
ages. n this context, it is of increasing importance that health
services work to ensure prescription of blood preducts only

where they are required (Fart et al, 2004; McClelland &

Contieras, 2005).
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Questions and Answers on "Guidance for Industry:
Revised Preventive Measures to Reduce the Possible
Risk of Transmission of Creutzfeldt-Jakob Disease
(CJD) and Variant Creutzfeldt- Jakob Disease (vCJD) by
Blood and Blood Products”

Why do we recommend new blood donor deferrals for possible
exposure to BSE and vCi1D?

FDA is taking this step as a prudent measure to assure the safety of the. blood
supply by further reducing the theoretical risk from vClD. In 1999, we -
recommended the first donor deferral for people who may have been exposed
to the vCID agent, which is believed to be the same as the agent of bovine
spongiform encephalopathy (BSE, or "mad cow" disease). We recommended
deferral of donors who resided in the United Kingdom (U.K.) for 6 months or
more between 1980 and 1996. At this time, we are recommending new blood -
donor deferrals for possible exposure to BSE and vCID for the following

- reasons: - ' ' '

- 1. Smcev'1'999 the rate of vCID cases rn the U.K. has been on the rise.

2. Significant exposures to potentially contaminated U: K. beef occurred in S

France and cases of vCID have appeared in France,
3. Significant exposures to potentially contaminated U. K. beef occurred at
-U.S. mmtary bases in Europe -
4. In Europe, outside the U.K., the BSE epldemlc has been increasing.
5. Particularly in the U.K,, transfus:on rec:pzents may have been exposed
to donors already mfected wnth vCJD oo

Whet are the new dono'r deferrals for possible exposure to vCID? ,
L Residence in the U.K. for 3 months or 'more, between 1980 and 1996.

Ratlonale The U.K. has experienced the largest epidemic of BSE, and also
has the largest number of cases of vCID (over 100). However, in 1996, the
UK. instituted and enforced rules to prevent contaminated catile from
entering the human food chain (www.defra.gov.ukfanimalh/bse/public-
"health/public-health-index.html). Due to these effective food chain
protections, the risk of exposure to the BSE agent has been greatly reduced
: For thls reason, the donor deferral extends only through 1996.

2. Mllttary personnel (current and former), and their dependents, who
-spent time in military bases in northern Europe 1980 1990, or southem
Europe (1980 1996), for 6 months or more,
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~ Rationale: British beef was eaten at military bases during these time penods
The maximum amount of U.K. beef eaten was about 35% of the total beef
diet.

-3. Donors who lived in France for 5 years or more between 1980 and the
present

Rationale: The French imported at~least 5% of their beef supply from the U.K. |
before. 1996. There are also 5 cases of vCID in France. This deferral will go
into place before the European deferral (# 5., below}).

4. Donors who received a transfusion in the U.K. between 1980 and the
present ~

Rationale: Although there are no known cases of transfu51on of vCID, it is too
early to ruie out this-possibility. Since the U.K. has the highest number of
vC3D cases, and is likely to also have the highest number of people incubating
" vCID, we recommend deferra! of people who have received blood products
from U.K. donors.

5 Blood donors who I:ved in Europe for 5 years or more, between 1980
and the present.

Rationale: Most European countrles now have reported BSE afthough in

fewer cattle than in the U.K. However rmethods to prevent BSE from gettmg

into human food are not completely in place in all European countries, S0 we
" recommend deferral up to the present time. .

How effectlve are the new donor deferrals at reducmg risk of VCJD
from transfu5|on7 -

Combmed with the effect of our previous recommendatlons our new
recommendations, added to the previous U.K. deferral, eliminate an

estimated total 90% of overall risk (calculated by "risk-weighted" person-days
of exposure to infected beef), and may decrease the number of donors an
-average of an additional 5% nationwide. The new deferrals reflect an attempt
to minimize the theoretical risk of transmission of vCID, while mamtamlng
critical supplles of blood products

Why can people who have lived in Europe for 5 years or more,.give
Source Plasma, but not blood? -

Blood.donors are deferred, but donors of "Source I5[asma " who have lived in

. Europe (except France and the U.K. as above), may continue to donate.
Unlike blood, Source Plasma undergoes manufacturing into highly processed
products ("plasma derivatives"), several of which have been in short supply.

- Donors who have lived in Europe have a low likelihood of incubating vCiD,
compared to people who lived in France or the'U.K. Furthermore, published -
studies show that some of the steps used in plasma. derivative manufacturing.
remove agents which are similar to the vCID adenit, thus adding a potential
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margin-of safety. Thus we consider the risks and benefits of deferring Source
Plasma donors, as opposed to blood donors, for residence in Europe to be
different.

How will the new deferrals affect the blood supply?

Based upon a 1999 survey, we estimate that about 5% of blood donors may
be deferred. However, in some locations, such as in large coastal cities,
where more people travel, up to 10% of donors may be deferred.

‘What measures are bemg taken to attenuate the |mpact of the new
donor deferrals? :

1. We have recommended two separate phases of donor deferrals, to
spread out the potential impact on supplies over-time. Phase I will start
May 31, 2002, and includes deferral of people who lived in the U.K. (3
months or more, 1980-1996), in France (1980- present), or on military
bases (as described above), or who had a transfusion in the U.K. Phase .
I will provide 82% of the additional risk reduction accomplished by the '
revised deferral policy and is estimated to ellmmate approxmately 59%
of current potential vCID risk.

For blood donors who lived in Eurepe for 5 years or more, deferrals will
start on October 31, 2002. Phase II wili provnde the balance (18%) of the
additional risk reduction accomphshed by the revised deferral policy, and is
estlmated to elimmate an addltlonal 13% of current potenttal risk. :

2 We have asked blood banks that choose to have broader deferrals than
. those we recommend, to implement pilot studies, to see whether the
loss of donors can be tolerated without causing local blood shortages.
3. The Department of Health and Human Services has instituted a system
for monitoring the blood supply, natnonmde in an-effort to detect blood
supply shortages. .

4. We continue to encourage. more blood donations, as weu as _c00perati_on
among blood banks to assist each other in cases of local shortages.

If I am deferred, will I ever be able to donate again?

Because it is still uncertain whether blood can transmit vCID, and because it
- is possible that donor screening tests may be developed to exclude anyone
carrying the disease, it is possible that you will be able to donate again in the
future, Along with our expert Transmissible Spongiform Encephalopathy
Adwsory Committee (TSEAC), we are continuing to monitor the BSE
epidemic, human exposure to.BSE, possible testing methods for bloed, and
scientific advances which will help us understand whether or not blood or
blood components are able to transmit vCID. New advances in sc1ence and
epldem[oiogy may enable you to donate again in the future
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What will happen when new countries, not now on the blood donor
deferral list, are.discovered to have BSE?

- Since the publication of our draft guidance in August 2001, BSE was
diagnosed in Japan, which is not on the blood donor deferral list. The source
of this outbreak is believed to be contaminated material from BSE cattle,
which was imported and fed to Japanese cows. The news media has reported
that other countries may also have received potential BSE-contaminated
material which they could have fed to their own cows. We may consider

. additional deferrals based upon possible exposure to BSE in Asia or
elsewhere, but only after additional information about the potential level of

- BSE exposure and food chain controls in these other countries is acquired -
and, preferably, would anticipate doing so after the currently recommended
deferrals have been implemented and their-impact-is assessed.

‘How is FDA monitbri‘ﬁg the risk of vCID tra‘nsmisSion by blood?

We monitor the risk by keeping up to date with new published, and

- unpublished scientific work from academia and industry. Much of this material
is-made publicly available at meetings of the TSEAC. We maintain close
contacts, and consult with experts in other agenciés that are also involved in
BSE and vCID, such as the U.S. Department of Agriculture and the Centers
for Disease Control and Prevention, as well as with international government
agencies. FDA also maintains its own pool of scientific expertsin these
diseases who perform active research to address questions of transm|55|on of
spongiform encephalopatmes _'s_uch as BSE and vCID by blood.

Where can I obtain more information?.

1. Previous TSEAC transcripts, containing dichs‘Sién and information
about many of the issues-and decisions, above:

TSEAC Transcripts, December 18, 1998
TSEAC Transcripts June 1-2, 2000

TSEAC Transcripts, January 18-19, 2001 -
TSEAC Transcripts June 28, 2001,

.8 0 & &

Referenced Guidance

» Guidance for Industry: Revised Preventive Measures to Reduce the
Possible Risk of Transmission of Creutzfeldt-Jakob Disease (CID) and
Variant Creutzfeldt—)akob Disease (vCID) by Blood and Blood Products
(PDF) (PDF - 93KB)

Contact Us

. (800) 835-4709
« (301) 827-1800
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e matt@fda.hhs.gov

. Manufacturers ASSlstance and Techmcal Training Branch (CBER)
. D:vusnon of Manufacturers Ass:stance and Training
Offce of Communication, Outreach and Development'
Food and Drug Administration |
1401 Rockville Pike
Suite 200N/HFM—41
Rockville, MD 20852-1448
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1. PURPOSE

The purpose of this Directive is to advise all licenced Canadian blood establishments to take

further measures to reduce the theoretical risks of transmission of vCJID through the blood

supply. This is to be accomplished by excluding from donating blood, all persons who:

. have spent a cumulative period of time of 3 months or more in the United Kingdom(UK)
consisting of England, Scotland, Wales, Northern Ireland, Isle of Man, the Channel
Islands between the years 1980 to 1996; or

. have spent a cumulative period of time of 3 months or more in France between the years
1980 to 1996; or
. have spent a cumulative period of time of 5 years or more in countries of Western

Europe(WE) consisting of Germany, Italy, Netherlands, Switzerland, Austria, Belgium,
Spain, Republic of Ireland, Portugal, Denmark, Luxembourg, Liechtenstein between the
years 1980 and ongoing; or

. have received a transfusion of whole blood or blood components in the UK between the
years 1980 and ongoing.

The period of time of three months or more spent in the UK or France is not based on a
combination of time in either country. The period spent in the above noted WE countries
considers either the time spent individually in each country or any combination of time spent in
the various countries so that cumulatlvely, the residence period requiring deferral amounts to 5
years or more .

2. BACKGROUND |
Variant Creutzfeldt-Jakob disease (vCID), first described in 1996, is a "new" disease, linked
with the outbreak of Bovine Spongiform Encephalopathy (BSE) in cattle.

While there have been no cases of vCJID attributable to the use of human blood or plasma
derivatives to date, lack of experience with this condition and the causative agent, together with
limited knowledge available on certain biological effects associated with this infection (e.g. the
lack of information on the concentration and infectivity of the vCID prion in blood), do not
allow for conclusion that it can not occur. In addition, a report that BSE in sheep can be
transmitted within that species through blood transfusion, suggests that theoretically, vCJD may
have the potential to spread through human blood or blood derivatives. Scientific knowledge of
the Transmissible Spongiform Encephalopathies (TSEs) has been hampered by the long
incubation period of the known TSE infectious agents (e.g. vCID and BSE) and the lack of
diagnostic procedures available for early detection. Consequently, Health Canada (HC) wishes
to mitigate the risks of potential human to human transmission of vCJD with policies on blood
donor deferral for persons who have spent time in the UK, or France or WE.

In considering this potential risk and measures to deal with it, the principle has been adopted
that one must seek to apply measures which will reduce the targeted risk without jeopardizing
the safefy of the blood system in other ways. Using this rationale, Health Canada issued
Directives on August 17, 1999 and August 20, 2000 requiring the exclusion from blood donation
of all persons who had spent time amounting cumulatively, t6 a period of 6 months or more in
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the UK or France between the years 1980 to 1996, inclusive. Based on recent scientific
knowledge available since the issuance of the 1999 and 2000 Directives, Health Canada, in
consultation with stakeholders including Canadian Blood Services(CBS) and Héma-
Québec(HQ), is directing industry to tighten the blood donor deferral for the UK and France to 3
months or more and to add a deferral based on 5 years or more spent in the above-noted
countries of WE.

This new Directive is based on recent scientific knowledge available since the issuance of the
1999 and 2000 Directives and the following new information:

= The total number of cases of vCID is increasing, with a cumulative total that reached 110
in August, 2001, with 106 in the UK, France reporting 3 cases and one case in the
Republic of Ireland;

2 The number of observed BSE cases is increasing steadily in West European countries
once thought to be free of the disease;

= Brain tissue from BSE-infected primates, injected intravenously into other primates, has
been shown to transmit disease;
= Recent research has shown experimental sheep-to-sheep transmission of the BSE agent

by blood transfusion.

Recent surveys conducted by CBS and HQ indicate that reducing the deferral period to three
months or more for either France or the UK and the addition, of a deferral based on 5 years or
more time spent in the above-noted countries of WE, will not jeopardize the blood supply.
Health Canada’s Population and Public Health Branch has carried out a number of modeling
studies to estimate the theoretical risk of acquiring vCJD for those persons who have spent time
in the UK. Similar modeling studies have been done to estimate vCJD risk for persons spending
time in France and the above noted countries of WE. These risks are not identical and
consequently, HC would not require a deferral based on a combination of time in the UK with
time spent in France; or a combination of times spent between the above-noted WE countries
and either the UK or France. However, WE deferral does allow for a combmatlon of times spent
among the above-noted WE countries.

A theoretical risk reduction of 72% is achieved under the 1999 and 2000 Directives. With the
implementation of the current Directive, there is expected to be an additional 16-18% reduction
of the theoretical risk for an estimated overall risk reduction value of 88-90%. A blood donor
loss of around 3% or less is estimated under the current Directive.

3. SCOPE

This Directive applies to all Canadian blood estabhshments that are licensed to fabricate blood
and blood components for transfusion or for further manufacture. Products affected by the
Directive include all blood components for transfusion with the exception of: autologous
donations, peripheral blood stem cells collected for autologous transplants, rare blood types and
products derived from USA-sourced plasma.

Blood Deferral Policy-UK, France & Western Europe ‘
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4. REGULATORY REQUIREMENTS
Blood establishments are required to submit a Licence Amendment Submission to the Blood and
Tissues Division of the Biologics and Genetic Therapies Directorate (BGTD) for review.

An attachment must be included which indicates both the impacts that this measure will have on
the donor base and plans to mitigate any such effects. Operators are also encouraged to develop
materials to be used in explaining these deferral actions to affected donors in order to foster an
appropriate understanding of these precautionary actions.

Regarding the withdrawal of prior donations by deferred donors, Health Canada, will require
that all available components collected from these deferred donors, that have not been transfused
or pooled for further manufacture, be retrieved.

5. COMPLIANCE DATE ‘
" The exclusion is to be introduced as soon as operationally feasible, but not later than three
months from the date of this Directive.

6. ADDITIONAL INFORMATION :
Blood operators will be required to report semi-annually on the impact of this policy on their
donor bases and the supply of blood. )

On an ongoing basis, Health Canada may update its guidance in response to new scientific
knowledge. If other cases of vCJD are confirmed in a specific country, a risk assessment will be
 carried out to determine specifically what deferral measures will be required.

The Directive, with a list of supporting references on the Background science, will be posted on
an HC website.

Questions concerning the “ Donor Exclusion to Address Theoretical Risk of Transmission of
variant CJD through the Blood Supply” should be directed to:
Biologics and Genetic Therapies Directorate '
Blood and Tissues Division
3" Floor LCDC Building #6
Postal Locator 0603C
. Tunney's Pasture
Ottawa, Ontario
KIA 0LZ2

7.  REFERENCES
Scientific references used in the development of the Directive’s “Background”Section:

1. Monthly statistics on the United Kingdom’s CJD cases

Blood Deferral Policy-UK, France & Western Europe
August 30, 2001 : Page 4 of 5

158



http://www.doh.gov.uk/cjd/stats/aug01.htm
and EUROCID and NEUROCID: The European and Allied Countries Collaborative Study
Group of CID(EUROCID) plus the Extended European Collaborative Study Group of
CID(NEUROCID)
http://www.eurocjd.ed.ac.uk/
2. Monthly statistics on the cases of BSE determined through testing in the European countries.

~ Monthly BSE testing - Cumulative table from January to May
2001 http://europa.eu.int/comm/food/fs/bse/testing/bse_testo

6_en.pdf - BSE testing - May 2001
and Office International des Epizooties - Number of reported cases of BSE worldwide

http:/fwww oie.int/eng/info/en_esbmonde.htm
3. Corinne Ida Lasmézas et al. PNAS, March 27, 2001, vol.98(7),4142-4147 “Adaptation of the
bovine spongiform encephalopathy agent to primates and comparison with Creutzfeldt-
Jakob disease: Implications for human health”
http://www.pnas.org/cgi/doi/10.1073/pnas. 041490898
4. Houston F, Foster J.D., Chong A, et al. Transmission of BSE by blood transfuslon in sheep.
Lancet 2000; 356: 999 1000

The modelling studies carried out by Health Canada’s Population and Public Health Branch to
estimate the theoretical risk of acquiring vCJD under the conditions of the Directive can be found
on the Health Canada website with URL: )
http://www.hc-sc.gc.ca/sab-ces/sep2000_BSE _vCID_slidel1_e. html
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April 22, 2005

Additional Donor Exclusion Measures to Address the Potential Risk of
Transmission of variant Creutzfeldt-Jakob Disease (vCJID) through the Blood

Supply
1. PURPOSE

The purpose of this néw Directive is to advise all Canadian blood establishments licenced to
fabricate blood and blood components for transfusion of the requirement to implement further
measures to reduce the potential risk of transmission of vCJD through the blood supply. This is
to be accomplished by screening and excluding from donating blood, all persons who have
received a transfusion of whole blood or blood components in France or Western Europe (WE)
between the years 1980 and ongoing. These new requirements are in addition to those detailed in
Health Canada’s Directive Donor Exclusion to Address Theoretical Risk of Transmission of
variant Creutzfeldt—.fakob Disease (vCJD) through the Blood Supply UNITED KINGDOM,
FRANCE & WESTERN EUROPE dated August 30, 2001".

To summarize the current requirements, risk reductlon is to be achleved by excluding from
donating blood, all persons who:

LI Have speﬁt a cumulative period of time of 3 months or more in the United Kingdom(UK)
consisting of England, Scotland, Wales, Northern Ireland, Isle of Man, the Channel
Islands between the years 1980¢ to 1996; or

. have spent a cumulative period of time of 3 months or more in France between the years
© 1980 to 1996; or ‘

. have spent a cumulative period of time of 5 years or more'in countries of WE consisting
of Germany, [taly, Netherlands, Switzerland, Austria, Belgium, Spain, Republic of
Ireland, Portugal, Denmark, Luxembourg, and Liechtenstein between the years 1980 and
ongoing; or ’

. have received a transfusion of whole blood or blood components in the UK, Franceor
WE between the years 1980 and ongoing.
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2. BACKGROUND

Variant Creutzfeldt-Jakob disease (vCID), first described in 1996, is a fatal disease linked
with the outbreak of Bovine Spongiform Encephalopathy (BSE) in cattle and the consumption of
beef and beef products from cattle infected with BSE2

Scientific knowledge of the Transmissible Spongiform Encephalopathies (TSEs) has been
hampered by the long incubation period of the known TSE infectious agents (e.g. vCID and
BSE) and the lack of diagnostic procedures available for early detection. Consequently, Health
Canada (HC) wishes to mitigate the risks of potential human to human transmission of vCJD
with policies on blood donor deferral for persons who have spent time or received transfusion of
blood or blood components, in the UK, or France or WE.

In considering this potential risk and measures to deal with it, the principle has been adopted
that dne must seek to apply measures which will reduce the targeted risk without jeopardizing
the availability or safety of blood in Canada. Using this rationale, Health Canada issued
Directives based on the scientific knowledge available at the time, on August 17, 1999, August
20, 2000 and August 30, 2001". The first two directives required the exclusion from blood
donation of all persons who had spent time amounting cumulatively, to a period of 6 months or
more in the UK or France between the years 1980 to 1996, inclusive, based on the BSE epidemic
and the occurrences of vCJID in the UK and France. The August 30, 2001 Directive was issued
to tighten the blood donor deferral for the UK and France to 3 months or more, to add a deferral
based on 5 years or more spent in the above-noted countries of WE, and to add a deferral for
donors who received a blood transfusion in the UK, between the years 1980 and ongoing.

The scientific knowledge related to vCID since the issuance of the 2001 Directive has increased,
including the following:

. A study in 2002 demonstrating that scrapie infected asymptomatlc sheep could transmit
the disease to other sheep by transfusion’.

. Research indicates that the intravenous route of transmission of BSE is highly efficient®

. There have been two recent reports of potential human to human transmission of vCID by

blood transfusion™®. The two blood donors involved did not develop symptoms of vCID
until 40 and 18 months after the donation. One of two recipients of the suspected blood
component was a methionine-valine heterozygote-(MV) at codon 129 of the prion protein
gene (PRNP), contrary to previous data suggesting that susceptibility to vCJD was
restricted to the methionine homozygous (MM) PRNP genotype’.

e There has been an increase in BSE and vCJID cases reported worldwide™'®!!. The total
number of definite and probable cases of vCID has reached 168 as of February 7, 2005,
with 154 cases in the UK, 9 in France, and one case each in the Republic of Ireland,
Canada, Italy and United States'>"?,
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3. REGULATORY REQUIREMENTS

Based on the current scientific knowledge, Health Canada is directing all Canadian blood
establishments that are licenced to fabricate blood and blood compoenents for transfusion to
further reduce the risk of vCJD transmission through the blood supply by expanding the
exclusion of donors who received a blood transfusion in the UK between the years 1980 and

‘ongoing, to include France and WE. These blood establishments are required to submit a
Licence Amendment Submission to the Biologics and Genetic Therapies Directorate (BGTD) for
review, -

An attachment must be included which indicates both the impacts that this measure will have on
the donor base and plans to mitigate any such effects. Establishments are also encouraged to
develop materials to be used in explaining these deferral actions to affected donors in order to
foster an appropriate understanding of these precautionary actions.

Regarding the withdrawal of prior donations by deferred donors, Health Canada, will require
that all available components collected from these deferred donors, that have not been transfused
or pooled for further manufacture be retrieved.

4. SCOPE

This Directive applies to all Canadian blood establishments that are licenced to fabricate blood
and blood components for transfusion. Products affected by the Directive include all blood
components for transfusion with the exception of: autologous donations, peripheral blood stem
cells collected for transplants, and rare blood types..

It is recommended that Canadian and non-Canadian manufacturers of plasma-derived products
follow the donor exclusion requirements outlined in this directive.

5. CONSULTATIONS

-

The scientific finding have been discussed and advised upon by Health Canada’s Expert
Advisory Committee on Blood Regulation as well as the Health Products and Food Branch
Public Advisory Committee. Also, Canadian Blood Services, Cangene, and Héma-Québec have
been consulted in the development of this Directive.

The blood donor loss as a result of this new exclusion criteria is estimated to be very low.

6. COMPLIANCE DATE

The exclusion is to be introduced as soon as operationally feasible, but not later than three
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months from the date of this Directive.

7. ADDITIONAL INFORMATION

Blood operators will be required to report semi-annually on the impact of this pollcy on their
donor bases and the supply of blood.

On an ongoing basis, Health Canada may update its guidance in response to new scientific
knowledge.

Questions concerning the “ Donor Exclusion to Address Theoretical Risk of Transmission of
variant CID through the Blood Supply™ should be d:rected to:

Biologics and Genetic Therapies Directorate

Centre for Biologics Evaluation

Director’s Office

3rd Floor LCDC Building #6

Postal Locator 0603D

Tunney's Pasture

Ottawa, Ontario

KIA 0L2
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