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Abbreviations

BSE bovine spongiform encephalopathy

GP! glycosylphosphatidylinositol

PRPc  normal prion protein

PRPsc  abnormal (infectious) prion protein

TSE transmissible spangiform encephalopathy
vCID variant Creutzfeldt-Jakob disease
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Introduction

Variant Creutzfeld-Jakob Disease (vC]D) was described
in the UK in 1996 [1]. The emergence of this novel form
of CJD is most probably related to the ingestion of food
products obtained from cattle with bovine spongiform
encephalopathy (BSE) [2,3]. From the outset the possib-
ility was considered that passage of infectvity from the
gut to the brain in affected individuals could involve
blood. Therefore, transfusion services were alerted to
the potential for transmission of vC]D to a patenct by
transfusion of blood components from a donor in the
preclinical stages of disease. Consequently, precaution-
ary measures were taken in the UK to minimize this risk,
in particular leucodepletion, sourcing plasma for fraction-
ation from non-UK donor populations, sourcing fresh
frozen plasma for children born after 1 January 1996
(and therefore not exposed through diet) from non-UK
donor populations and deferral of blood donors who had
themselves been transfused [4]). Sourcing sufficient
red cell and platelet components ouwside the UK is
not feasible. The first cases of probable transfusion—
transmission emerged in late 2003 and three probable
transmissions, all linked to red cell preparations trans-

fused before the introduction of leukodepletion, are now
recorded {5,6,7°,8°°]."

The infectious agent

There is a large body of evidence suggestng the infec-
tious agent causing BSE and vC]D is an abnormal con-
former of the prion protein [9]. Recently, evidence has
emerged suggesting that retroviral infection can increase
the release of infectious prions from cells and may be an
important cofactor in the spread of infection [107].

Normal prion protein (PRPc) is a glycosylphosphaudy-
linositol (GPI)-linked protein expressed at cell surfaces of
many tissues. It is a glycoprotein rich in a-helix. The
function of PRPc is unclear, although recent studies
suggest a role in self-renewal of haemopotetic progenitor
cells [11°}. The infectious prion protein (PRPsc) is an
abnormal conformer of PRPc¢ in which the a-helical
regions become predominantly B sheet. This change in
secondary structure alters the properties of the protein so
that PRPsc has a greater propensity 1o aggregate. Aggre-
gates of PRPsc accumulate within cells in the brain of

" Since this manuscript was submifted for publication a fourth case of probable
transfusion-transmission of vC.JO by non-leukodepleted red cell preparations has
been reported in the UK (http://www.hpa.org.uk) and a further study demonstrating
removal of endogenous TSE infectivity from leukodepleted scrapie-infected
hamsler whole blood by filtration through prion-specific affinity resins has been
published (Gregori L, Gurgel PV, Lathrop JT et al., 2006 Lancet 368,2226~2230).
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affected individuals creating the toxic environment that
ultimately results in spongiform encephalopathy. Size
fractionation suggests the most infectious prion particles
comprise aggregates of 14-28 molecules [12]. Once a
small amount of PRPsc is ingested it can associate with
PRPc from the affected individual and convert this PRPc
to PRPsc creating an autocartalytic effect, which greatly
increases the amount of PRPsc in the affected individual.
This autocatalytic effect has been reproduced in vitro ina
hamster model [13].

Normal prion protein is essential for the
disease process

PRPc must be available for prion disease to occur
{14,15,16%]. Furthermore, mice engineered to translate
PRPc without a GPI anchor accumulate PRPsc in
the brain, blood and heart but do not develop clinical
scrapie [17,18]. These results indicate that membrane
tethering of PRPc is essential for disease progression.
GPI-linked proteins frequently occupy lipid rafts in the
plasma membrane. In cultured adult sensory neurones
PRPc leaves lipid rafts to recycle between the cell surface
and recycling endosomes in a time scale of minutes {19].
The mechanism whereby PRPc is converted to PRPsc is
not fully understood but may occur at the cell surface
when PRPc leaves its lipid raft prior to endocytosis [20].
After endocytosis, PRPc goes to recycling endosomes
[21] while PRPsc trafficks to. lysosomes [22]. Passage
of PRPsc to lysosomes can be via multivesicular bodies
from which small vesicles 40—100nm in diameter
(exosomes) rich 1n GPI-linked proteins bud off and are
released from the cell. These exosomes can contain
PRPsc and have the potential to transfer infectivity from
one cellfussue to another [23].

Transfer of infectious prion protein from gut

to brain

After peripheral infecton, PRPsc accumulates and repli-
cates in the lymphoretcular system, particularly the
spleen and lymph nodes, prior to neuroinvasion and
disease. The process by which PRPsc travels from gut
to the lymphoid organs may occur via the blood through
bone marrow-derived dendritic cells, which pick up
PRPsc in the gut and transport it directly to the lymphoid
assues {24]. In rodents, follicular dendritic cells (FDCs)
found 1n the germinal cenues of lymphoid organs are
major sites of PRPsc accumulation and the rate of transfer
of PRPsc from lymphoid dssue to sympathetic nerves is
likely determined by the relauve positioning of FDCs
and sympathetic nerve endings [9,25].

Infectious prion protein in blood

The foregoing discussion describes a process whereby
infecuvity (PRPsc) in the gut passes via the blood to the
spleen and lymphotd cells and thence to the brain by way
of anugen-presenting cells capable of taking up and
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replicating PRPsc. If the antigen-presénting cells come
into contact with other blood cells whilst in transit from
gut to lymphoid ussues or process PRPsc in a manner
which results in the generation of exosomes conraining
PRPsc it is possible infectivity could transfer to other
cells in blood. The cycle of PRPsc replication could
continue within those other blood cells that have the
necessary intracellular organelles, and those cells withour
the necéssary machinery for recycling PRPsc like red
cells may act as passive carriers of infectivity. There is
considerable evidence for the occurrence of exosomes in
human blood [26] and that they can derive from platelets
[27] and reticulocytes [28] as well as from circulating
dendritic cells {29]. Furthermore, transfer of GPI-linked
proteins CD55 and CD59 from transfused red cells to the
red cells of a patient with paroxysmal nocturnal hemo-
globinuria has been demonstrated in vivo [30]. In chis
context it is interesting to note that ¢xosomes containing
HIV-1 released from immature dendritic cells were found
to be 10 times more infective of CD4+ T cells than celi-
free virus particles [31].

Exosomes do not provide the only hydrophobic environ-
ment in plasma. Recently, evidence has been presented
{327} showing that brain-derived PRPsc binds with high
affinity to apolipoprotein B, the major component of very
low density and low-density lipoproteins (VLDL and
LDL) in plasma.

Infectivity in red cell preparations used for
transfusion

There is persuasive evidence {8°°] that transfusion of red
cell preparations from donors who subsequently devel-
oped vC}D has transmitted the disease to three recipi-
ents. In each of these cases, the transfusions ook place
before leucodepletion of red cell preparations was intro-
duced in the UK. Leucodepletion of 450 ml whole blood
collected from scrapie-infected hamsters removed 42% of
the ol infecuvity [33]. Whether or not a similar
reduction in infectvity is achieved by leucodepletion
of human blood is unknown. More relevant is whether or
not leucodepletion of human blood is sufficient to pre-
vent transfusion—transmission of vCJD. The follow-up of
recipients of leucodepleted red cell preparations from
donors who subsequently developed vCJD will provide
information of relevance w this question [8°°]. The
leucodepletion process itself does not appear to result
in increased numbers of leucocyte microvesicles that may
carry infectivity [34] but would probably not remove
exosomes. Given the uncertainty concerning the effect-
wveness of leucodepletion in removing infecuvity from
human blood, attenton has tumed tw the possibility of
employing filters, which selectively remove PRPsc.
Sowemimo-Coker ez a/. [35] filtered 300 ml red cells from
500 ml blood collected from
scrapie-infected hamsters. "They report transmission of

anticoagulated whole

91



T TR T
oW T
B e

R

T

E R W el
c T TR
. e T TR T
T

R

EEEE S gy
TR T Y TR R T
3 =T

e

N, L T P
E R e
Y T

92



212 Erythroid systems and its diseases

disease to six of 43 hamsters receiving unfiltered red cells
but none of 35 hamsters given filtered cells. Gregori ez a/.
[36°] report removal of all but 0.01% infectivity from
leucodepleted human red cells spiked with scrapie from
hamster brain. These studies indicate that infectivity is
not intrinsic to red cells or that if infectivity is associated
with red cells it is loosely bound and removed by the
filcration process. These dara, if transferable to the human
_situation, provide a means of securing the safety of red
cell transfusions in countries where the population has
been exposed to BSE. Neither study, however, precisely
mimics the human situation and so it is necessary to
consider the suitability of hamster scrapie as a model for
BSE and the similarity between the blood cells of ham-
sters and humans.”

Of hamsters and men

As 1t is extremely difficult to design experiments that
directly address the biology of vCJD in human blood,
most of the darta available relate to animal red cells and
transmission of scrapie rather than BSE. Whole blood
transfusions between sheep have demonstrated trans-
mission of BSE but these experiments have not yer been

extended to transfusion of the individual components of
blood {37].

As described above, available evidence suggests that
prion disease cannot develop in the absence of PRPc.
It is therefore reasonable to ask what is the distribution of
PRPc in human blood cells and how does it compare with
PRPc distribution in blood cells of animals used for
investigation of blood-borne TSE infectvity, since
differences in PRPc expression may occur and be
relevant to disease progression. Holada and Vostal [38]
report flow cytomeuic experiments demonstrating low
levels of PRPc on human red cells and absence of PRPc
from hamster red cells. Experiments of this type, which
utilize a single monoclonal antibody to PRPc, may give
erroneous information if the relevant PRPc epitope is not
accessible on the cell type examined because of differ-
ences in posttranslational modificarions like glycosylation
[39]. If hamster red cells differ from human red cells in
lacking PRPc¢ expression, however, are hamsters a
relevant model with which to study the infecuvity of
human red cells?

If hamster scrapie strain 237K PRPsc does not bind to
human red cells does this necessarily mean that BSE/
vCJD PRPsc does not bind either? Nishina ez a/. [40°]
reported that diglycosylated hamster brain PRPc s
required for the amplification of hamscer PRPsc strain

* Since this manuscript was submitted for publication a fourth case of probable
transfusion-transmission of vCJD by non-leukodepleted red cell preparations has
been reported in the UK (http://www.hpaorg.uk) and a further study demonstrating
removal of endogenous TSE infectivity from leukodepleted scrapie-infected
hamster whole blood by filtration through prion-specific affinity resins has been
pubtished (Gregori L, Gurgel PV, Lathrop JT er al, 2006 Lancet 368,2226-2230).

237 in vitro whereas unglycosylated mpuse brain PRPc is
required for the amplification of RML PRPsc, a clear
indication that different sources of PRPsc have different
requirements for glycosylation of PRPc. Earlier work [41)
also demonstrated that the glycosylation profile of PRPc
can influence the amount of PRPsc bound.

The same protein can have different glycosylation pro-

~-files in different tissues from the same animal [42,43].

Clearly, such tissue-specific differences in glycosylation
of PRPc could result in tissue-specific differences in
binding and replication of PRPsc and account for hetero-
geneiry of PRPc isoforms observed in different regions of
mouse brain and for different parterns of PRPsc depo-
sition by different PRPsc strains [44).

These considerations lead to the conclusion that expres-
sion of PRPc on a given cell or tissue is not, of itself, an
indication of susceptibility to PRPsc binding. Con-
sequently, the glycosylation profile of PRPc on red cells
may influence the ability of different strains of PRPsc to
bind to red cells and may account for the lack of PRPsc
binding observed in animal experiments described
above. The same reasoning applies to the interpretation
of animal experiments examining the infectivity of blood
platelets. Hamster platelets lack PRPc whereas human
platelets express PRPc at high levels [45]). Platelets were
found to lack infectivity in the blood of hamsters infected
with hamster scrapie [46]. The glycosylacion profile of the
complement regulatory protein CD59 on human red cells
and platelets has been determined in detail. The protein
on both cell types is extensively glycosylated but the
glycosylation profiles of the protein on the two cell types
are distinct [43]. If PRPc on red cells and platelecs is
glycosylated in a similar manner this may account for
absence of PRPsc binding because large N-linked oligo-
saccharides at Asn181 and Asn197 could shield large parts
of the surface of the prion protein and sterically hinder
protein—protein interactions [47). This could also explain
why murine red cells which express PRPc [38] lacked
infectivity when derived from animals infected with
mouse-adapted vCJD [48]. Nevertheless, it would be
prudent to investigate binding of BSE PRPsc to human
red cells and platelets before assuming chat these cells do
not carry vC]D infectivity, since the glycosylation profile
of a protein can differ between species [49,50].

Human red cell PRPc¢ and hamster brain PRPc may differ
in the structure of the GPI anchor. On human red cells,
GPl-linked proteins CD59 and acetylcholinesterase are
unusual in that the GPPI anchor is palmitoylated in a2 way
that renders it resistant to phospholipase C [43,51]. If as
Rudd ez a/. [43] point out this 1s likely to be a feature of all
GPl-linked proteins on the red cell, then red cell PRPe
would have the same anchor. The GPI anchor found on
PRP¢ from Syrian hamster brain is not palmitoylated in
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this way [47]. This difference may influence the location
of PRPc in lipid rafts and thence accessibility o PRPsc
{20,52].

Finally, there is also the possibility that human red cells
could bind PRPsc independently of PRPc. PRPsc binds
with high affinity to plasma lipoproteins [32°]. Plasma
LDLs have been reported to bind red cells, albeit wich
low affinity {53]. - ——

Conclusion

Recent reports show there is a high probability chat
human red cell preparations have tansmitted vCJD.
Experiments carried out with rodent TSEs indicate that
infectivity in red cell preparations is not associated with
the red cells chemselves but with other constituents of
the product such as residual leukocytes and plasma. Lack
of intrinsic red cell infectivity may result from posttran-
slational modifications of the structure of red cell PRPc
which prevent PRPsc binding. If it can be shown that the
causative agent of vCJD fails to bind human red cells and
in the absence of a suitable screening test for PRPsc in
blood, it may be prudent for blood services in countries
where vCJD occurs to consider processing red cell prep-
arations by washing or filtration to remove fluid phase
infectivity prior to transfusion.
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