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Bin qround and Objectives This paper reports the results to 1 March 2006 of an
: _st:dy, the Transfusion Medicine Epidemiological Review (TMER), by the
5 Surveillance Unit (NCIDSU) and the UK Blood Services (UKBS) ta deter-
nne r there is any evidence that Creutzfeldt-Jakob disease (CID), inciuding
ar+usie CJD (sCID), familial CID (fCID), and variant CJD (vCJD) is transmissible via
bic ol transfusion.
erials and Kethods Sporadic CJD and fCID cases with a history of blood dona-
¢ trarsfusion are notified to UKBS. All vCJD cases aged > 17 years are notified
3S on disgnosis. A search for donation records is instigated and the fate of all
jons is identificd by lookback. For cases with a history of blood transfusion,
al and UXBS records are searched to identify blood donors. Details of identified
2nd donors are checked against the NCIDSU register to establish if there are
narches. . .
Results CJD cases with donation history: 18/31 vCID, 3/93 sCJD, and 3/5 fCJD cases
d as bleod donors were confirmed to have donated labile components trans-
to 66, 2C, and 11 recipients respectively. Two vCID recipients have appeared on
2:CIDSU register as confirmed and probable vCID cases. The latter developed symp-
vCID 5.5 years and 7.8 years respectively after receiving non-leucodepleted
13 (RBCs) from two different donors who developed clinical symptoms
Iy 40 and 21 months after donating. A third recipieat, given RBC
v a further vCJD case approximately 18 months before onset of clinical
1a ! abnormal prion protein in lymphoid tissue at post-mortem (5-years
sion) but had no clinical symptoms of vCJD. CJD cases with history of
Hospital records for 7/11 vCJD and 7/52 sCJD cases included a history of
+ 0! labile blood components donated by 125 and 24 donors respectively.
: 1. who developed vCJD were linked to donors who had already appeared
- 1ICIDST register as vCID cases (see above). No further links were established.

cion Tois study has identified three instances of probable transfusion trans-
“CJD infection, including two confirmed clinical cases and one pre- ot
ction. This study has not provided evidence, to date, of transmission
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) by blood transfusion, but data on these forms of diseases are limited. ~

disease (CJD) had not been transmitted by blood wransfusion.
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Table 1 Recipients of blood donated by variant Creutzfeidt-Jakob disease
cases by vear and blood companent transfused {n = €6]

Year of Number of
transfusion Blood compongat transfused recipients

9A0-1934 Whole blood 1
Red blood cells 1
19585-1839 Red biood cells 2
1950-1834 Red blood cells 9
1995-1539 Whoie blzad 1
fed blogg cells 15
Red blood cells - buffy coat depletea’ 2
fied blood cells - feucodepieica” 2
Feesh frozen plasma 3
Cryo-depleted plasma !
Cryopregipiate 1
1

Platelets ipcoled)
2000-2704 Red blood ceils - feucodepirted 23

fresh frozen plasma - leucadepieted 2

Platelels ‘pooted, leucadepl

Red cel's with buffy-ccat (containing most of telets ang white cells)

removee by centrifugation angd pnysical separalls
URed cel's leucocyte-depieted by pre-storage filtration to < 5 x 10%unit

according to UK guidetines {6}

2006. Of these, 31 of 150 (219%) were reported to have been
blood donors at various times in the past, although there is
variation in the details of available information and the con-
fidence of families in donation history.

Doror records were found for 24 vTJD cases, comprising
20 reported by relatives as biood donors and four additional
cases with no reported donation history. OF these, 18 vCID
cases 112% of the total cligible to donate blood) were con-
fimed to have donated labile blood components, with the
number of components made and issued for use in UK hos-
pitals ranging from 1 to-14 per donor. Six vCID cases were
registered as donors, but had notdo iabile blood com-
panerts, Two of these had never attended sessions, three were
deferred (duc to past medical history, low haemogtiobin value
and illness, respectively) and one case had donated plasma
for fracBonation only {made from z single donation from
whick the red cells were discarded).

The search fordonorrecords was

vein 1 of 31 (35%)
s (three of whom al-

vCID cases reporied as putative do
legedly donated well before the onset of the SSE epinemicin the
25¢ niegative cases was

1380¢), The information provided in th
miniraal, except in one case where reiatives were confident

that regular donations {up to 50) had been made in the years
leading up to 1993. Despite extersive scarches 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, although discrepancies in some
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of the details given suggest that the history was notas certain
as {nitially 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 blood transfusion laboratory

records. A further nine components issued between 1982 and

1996 could not be traced by the relevant hospital. Table i
gives the number of recipients transfused by year and the
type of blood component transfused. Fifty-six recipients
(85%) received red cells or whole blood, seven (11%) 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 vCJD 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-storage filtration to < 5% 108 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 recipients had themselves
donated blood between receiving their transfusion and early
2004 when the UKBS implémented a policy of excluding all
donors transfused in the UK since 1 January 1980, Itis of note:
that 41 (62%) recipients were aged over 60 years at the time
of transfusion and were not eligible to donate.” All living
recipients (n = 26) have been informed of their risk and
advised not to donate blood, tissues or -organs. Three
instances. of probable transfusion transmitted vCID infection

-have occurred, including two confirmed clinical cases and

one pre- or subclinical infection. Of these, two cases have
died, and one is still alive (see succeeding discussion),
Figures 1 and 2 show the stirvival period for dead (transfu-
sion to death) and live recipients (transfusion to 1-March

2006) of vCJD components, respectively, according to the

interval between transfusion and onset of clinical symptoms -

in the donor,

Dead recipients

Forty recipients {61%) are known to be dead, with mean age

at death 66 % 19 years. Table 2 gives the time and cause of
Jeath as stated on death certificates for the recipients known
to have died, Around haIf {n = 21) of the dead recipients died
within a year of rcctwmg their transfusion, with only seven
surviving for more than 5 years. Two recipients, who died
4 months and 14 months, rtspectlv:ly, after transfusion had
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‘dementia’ tecorded on the death certificate, b
of case notes indicated that neither case had !
gest vCJD. All the other recipients were certifiec 4
causes unrelated to vCJD, except for & recipicns wh
of death on the death certificate was rzcoréeo’ as
tia and [I. prostate cancer’ and was later cor
pathologically as suffering from vCJID [7). T
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vCJD in the donor. Fifty per cent of live recipients were trans-
fused with components from vCJD 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 normal 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 arcund § months to 191 months after making the dona-
tion (see Table 3). Recently, 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 vCJD infection developed
vCJD approximately 21 months after the donation, and the
recipient {s a codon 129 PRNP methonine homozygote.

Plasma for UK fractionation

Twenty-five units of plasma originating 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
donors have been traced. The fate of batches of product
derived from the two remaining plasma donations, from two
different donors, has not yet been traced, and this search
is still ongoing. Table 4 lists the plasma products derived
from the 23 traced donations and the number of batches
imaplicated, divided into risk categories as used in the plasma
product notification exercise (www.hpa.org.uk/infections/

topics_az/cjd/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 VI It
is also known that no case of vCJD has been identified in a
patient with haemophilia in the UK

sCJD cases with history of blood donation

Ninety-three cases of sCJD identified between 1980 and 2000
were reported to have been blood donors, with ounly 38
reported 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 sCJD cases; but
only three had actually donated labile blood cormponents 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
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Table 3 Live recipients of fabile bloud cor parcents donated by vir oot wuter 0L

Time elapsed Current age of (A0
since transfusion’ recipient (vears)? “r
1- < 2years EE
45 .
83 ISy
2-<3years 3:
3-~<dyears 5a <
3: e
3 o
4 - < 5ycars 5C

5- < Byears

6~ < 7years -
7 - < 8years a
8 - < 9years 2

9 - < 10 years

> 10 years

*As at 1 March 20C6.
A negative interval denotes that donstis
Probable variant Creutzfeldt-Jakob

5 mace by ind

sCID between !and b yearsaftird

received red cell componen
platelets and one (5%) rece

As of 1 March 2006, 12 recipien:
amean age atdeathof74 = 15
alter transfusion {four withir a

and seven survived for betwe
their transfusion before dyirs
related causes (cerebrovascuas

MSIAUNS

Seven recipients are notkno
to date, and are therefore pres
of these seven recipients is ©
since their transfusion ranges
a further recipient is unknow

None »f the sTUJI

identified as having received blood fram donor
on to develop sCJD have appeared on the NCJDSU
to date.
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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
NCJDSU database as vCJD cases. These are the donors of the
two clinical cases of transfusion-transmitted vCJD referred
to previously (see vCJD cases with history of donation).

sCID cases with history of transfusion

Fifty-two cases of sCID 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 transfused to these seven sCJD cases.
One of these donors is known to 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 three donors is not
known. The mean age of the donors presumed still alive is
5149 years. None of the traced donors who gave blood to
patients 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 reported to have

received three 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 ‘vCJD’ donor has developed
infection with vCJD, including two clinical cases and -one
pre- or subclinical infection {7-9). These are three different
donor/recipient pairs. In view of the smali size of the total
at-risk recipient population (n = 66) -and- the’ background
mortality rate for vCJD in the general UK population (0-24/
million/annumy), these observations provide strong evidence
that vCJID can be transmitted from petson to person through
blood transfusion. This finding has had important implica-
tions for public health policy nationally and internationally.

The risk of developing vCJD infection in the surviving
recipient population is significant but cannot be precisely
estimated because of variables including the timing of blood
donation in relation to clinical onset in the donor, the influ-
ence of the codon 128 genotype of donor and recipient and
the effect of the introduction of leucodepletion in 1999. Fur-
thermore, the currently observed number of infections in the

recipient population may be an underestimate as some sur-

" viving recipients may yet develop vCID and there is limited
available information on the outcome in the cohort of
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Table 5 Donors (n = 125) of labile blood components given ta viriant Crevtsfes

Transfusion Number of donors of labiic

Case date bload components transfised
1 1993 38

1 1993 65

.

2 1983 2

2 1893 3

3 1994 a

4° 1999 5

3 1996 s

8’ 1987 Te°

7 1982 bl

*Two of these cases linked to donors slready cn the National CUi “Lrveitlance s -

Component details traced, but donars nat igeatifiable.

“Timing of clinical iltness excludes bleod transfusion as the sour ¢ +f infection 1+

q
One of the donars already on NCIDSY register as vCUD case, © presumed
“Qne donor already on NCIDSU register as vCID case. Search for 47+ danars tc

deceased recipients; a significant proportion of thcse indi-
viduals may not have survived long enough to express diﬁical
disease even if infected. The minimum incubation period in
CJD transmitted from person (o person by a peripheral route
is 4-5 years in kuru and growta-hormone-related CJD [10,11]
and only nine deceased recipients survived for lornger than
this period. An investigation of the hospital records of the
deceased recipients is underway, and to date, none hac clinical
features of vCJD pre-mortern. However, the identification of
the individual with ‘preclinical’ vCJD infecton was
on post-mortem examination of peripheral lymmphoreticular
tissues, and, to date, no equivalent tissues have been available
in the deceased transfusion recipients. Extrapolating from
the three observed infections ia the total recipient population
is likely to lead to an undercstimate of the overail risk of
t:apsﬁlsion transmission of vCJD, although the introcuction
of leucodepletion in 1999 may have reduced the risk
ients transfused after this date.

A further important variable in estimating indiv
is the ime from blood donation to clinical onset in
.and, although evidence from animal studics in relat 7n Lo this
issue is conflicting {12~-14], it is likely that an extcx
between blood donation and clinical onsct in the danor will
reduce the risk of transfusion transmission. All tested clinical
cases of vCJD have been methionine homozygotes «! codon
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Transmissible spongiform encephalopathies (TSCs) are
fatal CNS infections that can incubate asymptomatically
for a decade or more in human beings befere the
appearance of clinical disease. Peaople in the

Thomson V, Tuzi NL, Head MW, lronside JW, Will RG, Manson

\ asymptormnatic phase of variant Creutzfeldt-jakob discase

(vCjD) appear healthy and donate blood with the same
frequency as any healthy person. Transmission of vC]D
by transfusion was recently recognised in Great Gritain.!
To reduce the risk of transfusion transmission of such
diseases in human Dbeings, the UK implemented
universal leucoreduction of donated biood in 1995, This
measure was based on the expectation that infectivity
would be associated with white blood cells.! However,
findings in blood from infected mice and hamsters
suggested otherwise; at least 40% of the infectiviiy was
plasma-associated, -suggesting that leucorecuction
would not eliminate infectivity (Rohws
unpublished).’ Other investigations s
infectivity when small amounts of TS
were passed through scaled-down filters.* Simila
significant removal of abnormal prion protein was (s
detected when units of human whole blood, spiked with &
a microsomal fraction from TSE-infected brain, were
passed through leucercduction filters from
four major suppliers® Because of reservations abr
relevance of these expenments, none of these
aroused concern.

We investigated the effectiveness of leucoreduciion in
removal of TSE infectivity from a hurnan-sized unit of
pooled hamster blood. To ensure that the 150 hamsters
needed for a 450 ml blood pool were at the same |
symptomatic stage of disease (wobbling gait and head |
bobbing) for cach of two separate !
400 weanling golden Syrian hamsters (£

y of the

the . e

dings .
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Volume Yotaianimaly Total animals Titrein (O/mL Fractional distribution

inoculated (mt) inoculitzd infected [415) of infectivity
Whoie blaod 52 104 50 131 (1-6) 1
Leticoredured bload - | 5.4 108 34 7.641.2) 058

fitre and SO cateviated fromthe Poisson dstabiutian as deicribed in the text

Tabi: 2: Concentration of TSE in nmvrrym wholé and leucaréduced blood

approached, but did not fully achieve all specifications;
furthermore, because nore than one flter is involved,
more titrations would have been required to evaluate the
removal of infectivity.

For the infectivity study, 448-5 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-line
WBF2 flter, and ‘was completed in 30 min. -After
removal of a 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 a Sorvall RC-3C centrifuge. The
plasma fraction was expressed into a satellite in-line bag.
A preservative and stabiliser, AS3, was added to the red
blood cells. Samples of the pre-filtration whole blood,
post-filtration whole blood, red blood cells, and plasma
were removed for analysis of cell composition and for
titration in animals.

Cellular composition of the blood was assessed with a
HemaVet five-part differential cell counter calibrated for
hamster biood cells (Drew Scientific, Oxford, CT, USA).
The residual white blood cell concentrations in the

Vitrole blaod prespuitey

g”':
BB,

5
i o
4 ° ob 06V e O 0 000 & ogeasa

[ % ° %JOOOOO ™ o &

o ocoo
.

Leucareduced whole blood

0 180 200 100 a0 50 600 700

Days after inoculation

fizure:Incubiation times of infections from whole and leucoreduced blood

Resuls of inoculatians of whole biod are represented by data above the hocizantal line; those from inoculatians
of cucoreduced blood are shown beiow the fine. Grcles represent in‘ected animals. Squares represent uninfected
arnals that survived 1o the end of the expediment, Triangles represent animals that died intercurrently of causes
otiet than the inaculum.

leucoreduced samples were measured by manual count
and flow cytometry.

Infectivity: of whole and leucoreduced blood was
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 l at a time, into about 100 weanling
golden Symn hamsters that were deeply anaestheuxed
with p bital. Animals were maintai 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 protein by western blot .using 3F4
antibody.

The limiting dilution of an endpoint dilution titration
is that at which not all of,the inoculated animals
become infected. At limiting 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=—Iin(P[0]) expressed as
1D/(inoculation volume). SD of the limiting dilution
titre is the square root of the titre in ID/mL divided by
the total velume inoculated in mL. o

Table 1 shows the distribution of ‘cells in
each component” of the scrapie-infected blood.
Leucofiltration reduced the number of white blood cells
by 29 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 greater than 85%, respectively.
Hamster platelets are not removed by the WBF2 filter,
and partition with the red cells during centrifugation,

The incubation times of infections in each

measurement are shown in the figure. At limiting
dilution, incubation times begin at the end of the
predictable dose response scen in endpoint 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 close to the values from titrations of
similar pools of whole blood by this method
{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
blood, 3400 ID were recovered in the leucofiltered
blood.

Ideally, leucoreduction would be validated by
measuring infectivity concentrations- before and after
leucoreduction of full units of vC]D-infected human
blood. However, it is not currently possible to assay

wwwi.thelancet.com Vol 364 August 7, 2004
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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 bloed 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 blood; avoided
the question of scale by using a human-sized unit of
fresh ‘hamster blood obtained within the time limits
specified for human blaod; minimised the possibility of
artefact by using a commercial blood collection set with
integral filtration unit and a blood centre centrifuge and
expressor; and achieved precision in the infectivity
measurements by limiting dilution inoculation of 5 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 leucoreduction met or excecucd AABB
specifications for all relevant variables.

Leucoreduction removed only 42% of the initial TSE
infectivity from whole blood. This distribution is
consistent with that obtained in a centrifugal scparation
of TSE-infected hamster whole blood, in which the
buffy coat.contained 70% of the total whitc cells but
only 45% of the total whole blood infectivity
(unpublished data). Both methods showed that a
substantial proportion of the TSE infectivity was rot
associated with white cells. We have shown previcusly’
that TSE infectivity is not associated witn highly
purified platelets, and we are currenty testing purified
ted blood cells. We presume that the majority of biood-
borne infectivity is plasma-associated.

Although' leucoreduction is a necessary step for
removing white-cell-associated TSE infectivity [rom
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
absence of screening or inactivation alternatives,
removal is an atlractive 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-borne infectivity.
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predicting susceptibility and incubation time of
human-to-human transmission of v(JD

isar, H N Bayl

Summary

caused concern over spread of the

epnable 3 con

Y Thomsan, N L Tuzi, MW Head, JW Ironside, R G Will, ] C Manson

sackground Identification of possible tansmission of variant Creutzfeldt-Jakob disease (vC]D) via blood transfusion
; svase within the human population. We aimed to model iatrogenic spread to
rison of transmission cfliciencies of vCJD and bovine spongiform encephalopathy (BSE} and an

issessment of the effect of the codon- 129 polymoiphism on human susceptibility.
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1uman or bovine prion protein (PrP) by direct replacement of the mouse PrP
e Stnce the human PrP gene has variation at codon 129, with MM, VYV, and MV genotypes, three inbred lines with
. Juced to express human PrP with the codon-129 MM, MV, and VV genotypes.
Ve were rociialed with BSE or \C] 1 and assessed for clinical and pathological signs of disease.

ndings BSE was transmitted to the Povine line but did not transmit to the human lines. By contrast, vCID was
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# arc mediated

itted o .‘1 thre2 human hnu with different pathological characteristics for each genotype and a gradation of
1n beings is, probably restricted by the presence of a significant species
substantially reduced barrier for human-to-human’ transmission of vCJD.

sians A lergthy preclinical disease is predicted by these models, which may
ither discase tras ~~.\.1ssinn and thus a significant public-health issue.

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 ifatrogenic 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 human 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.®

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 dlfferent genotypes in the
human population.

Methods

Transgenic mice

Details of how the gene-targeted transgenic lines were
created are supplied as supplementary information

>@
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Figure 1: Western blot of brain extract from uninoc .
Prpis detected with equivalent electrophoretic moniity and ¢

ratio in all three human transgenic lines

Dediglycosylated PPt band; Memonosg'cosyiat
PrP* band. In the BovTg ling, 3 deglycoslated ba,
malecular weight due to the additional N-termina.
Protein levels are simitar to the wildtypr Hing used i
(12901a). Glycosylation s confirmed by the sedu:

deglycosylation with the enzyme PidGaseF. Tre ant

for the HumTg blot as it will teact with &

was used for the BovTg blat

See Online forwebappendis  (webappendix). Transgenic mice were anaesthe
halothane and then injected with 002 m'
homogenate into the right ceru)ral ¢

vC]D tissue homogenate (at 167

by the UK National Institute for Biologi
and Control (Code 'NI{BY0/0003}

brain (Veterinary Laboratoriez Ag

12/92) was prepared by maceration of
saline to a dilution of 10" From 100 days

scored each week for signs of disea

Figure 2:

is deposited in a more diffuse/granular form with occasiona- plaques.

Loth nhrine ans

y of histological sections with anti-PrP antibody GH4 shawing the ¢
hippocampal, and thalamic regions of the mouse brain with Prp detection (brown}
A-D: Human transgenic mice with vCD inaculum. A: HUMA' mouse 653 days post in_cu
707 days post inoculation, C: HuVY mouse 653 days post in xculation. 2: Flarid plagu
of the HUMM mouse in pane! A. Each plague has an eosinopniiic core with a paler hars ana
of vacuolation (haematoxylin and eosin stain). E: Hippacamaal regian of a BovTg meuse i
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5 1 deoxycholate, 0.9% w/v sodium
chioride, SO0mM Tris-HCi pH 7-5) to give a 10%
1 jon. T as cleared by centrifugation

1. This material v
supcrnatant digested with PNGaseF, The
products were denatured then leaded onto a 12% Novex
Tris/Glycine gel (Invitrogen, UK). Afier electrophoresis
the gel was blotted onto PVDF membrane. PrP was
identified - with  the  SuperSignal  West Dura
chemiluminescence detection kit (Pierce, UK) with
primry antibody 8H4* at 1:20000 and an anti-mouse
1gG peroxidase-linked secondary (Jackson Immuno
Rescarch Laboratories, UK) at 1:10000. Images were

capiured on radiographic film and with a Kodak 440CF

irmager (figure 1).

digita
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publi

re
ication.

Resuits

We first invesugated the potential effects of the species
barrier between BSE and human beings and any
alteration in that barrier once BSE had passed through
peepie in the form of vCJD. We then investigated the
efiect of the codon-129 polymorphism on human-to-
humizn: transmission of vCJ D using gene-targeted inbred
e developed by direct replacement of the murine PrP
gene Jor the human gene. These mice produce PrP under
the control of the normal regulatory ciements for PrP
hus express physiological concentrations of PrP
with the correct tissue distribution (figure 1. Three
inbred lines with an identical genetic background were
prodicced to express human PrP with the codon-129 MM,
MV, and VV genotypes (designated HuMM, HuMV, and
HuVV, respectively). Each line differs by only a single
codor: in PRNP and in all other respects the mice were
gencticaily identical. Additionally, in an identical manner,
we produced mice that express bovine PrP to enable
direct comparisons to be made not only between
cenic and wild-type mice, but also between each of
the tinsgenic lines.

Typical clinical signs of TSE discase were seen in more
£ {15/22) the BovTg mice inoculated with BSE
material with a mean incubation period of 551 days (SD
7). These clinical cases were confirmed by a positive
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
nly in a diffuse and synaptic fonn, and also as
P“Equ- like structures, frequently associated with areas
ol spongiform change (figure 2). Deposition was mast

tran
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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 PrP 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 inoculated with
BSE material and after extensive pathological analysis all
were confirmed as negative for TSE transmission
{table 1). Mice of each genotype line were inoculated with
vC]D material. Two pathologically confirmed clinically
positive mice were seen in the HuMM line (at 497 and
630 days post inoculation), one in the HuMV line (at

*Negative by dlinical or pathological analysis, or positive by dinlcal scoring Eut not confrmed by pathology.
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Clinically pasitive Vacuolation pesitive  Pre pasitive Negative®
HyMM {n=17)
0-400 0 o 2 2
401-500 1 1 B 2
501-600 [ 1 3 2 N
>600 1 4 5 o
HUMVY (n=16) B
0-400 [ 0 o °
. 401-500 0 ° 5 o
501-600 Q [ 4 3
>600 1 1 7 H
HuVV {n=16)
0-400 [ 0 a 0
401-500 0 0 0 1
501-600 0 4 o s
»600 0 1 1 ]

Table 3: Clinical and pathological scoring of human transgenic mice, by number of days after v;C

inoculation

(table 3). HuMM mice were more likely to show d
associated vacuolation, beginning at around §
post inoculation. Six were scored positive an
similar distribution of vacuolation in the brai
highest levels found in the dorsal medulla, tha

in each of the HuMV and HuVV groups scorce
for vacuolation at approximately 700 <&
inoculation.

Most of the HuMM :ice (11/i5) sh
deposition in most areaz of the brain ata relats
stage {from around 370 days post inoculation),
vacuolar pathology became evident. From 50C <z
inoculation the appuarance of  vacuolation
accompanied by a significant increase in PrP*
By contrast, although PrP* deposition was id::
many HuMV e (11,13}, they had little
restricted to only a few areas (including the ve
and ventromedial thalamic nuclei and the red =
the mid-brain), even after 700 days post itocul

HUAM®

conexang ..
bellar cortex (miniral) . an, .

* Thasus (sever) <ere
hippogarmpus (mild); c

id and nonsflord b evidence o o

amifhoid plany
¢ hippotampus; 6

cerebral cort
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PrP* type will remain a useful diagnostic feature of
secondary vC]D infection irrespective of codon-129
genotype, as has been observed for the two extant cases
of transfusion-associated vC]D infection.’? N

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 vCJD. Secondary
transmission of vC]D 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
efficiency. Transmission studies in cynomolgus macaques
provide further evidence for this agent adaptation as they
show reduction in incubation times after-serial passage
of BSE.™ Our BSE inoculation at 10" dilution was
compared with vC] D inoculation at 107 because the latter
inoculum was found to be toxic to the mice at 10" Use of
a higher dose of vCJD inoculum would have maintained
or increased the transmission efficiency of vCJD and
enhanced the current findings.

Our findings raise concerns relevant to the possibility
of secondary transmission of vC]D through blood
transfusion, 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
might be 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
time.®

Although all .cases of vCJD 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 vC[D
infection; however, progressive development of
pathological TSE features (vacuolation and PrP
deposition) is more rapid in the MM-genotype mice. An
explanation for this finding might be provided by in-vitro
conversion of recombinant human PrP by BSE and vC]D
agents, which has shown that PrP with methionine at
position 129 is more efficiently converted than PrP with
valine, and that conversion by vC]D 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 vC[D
draws attention to the importance. of systematic
assessmerit of the clinical, genetic, pathological, and

Articles

biochemical features of aii human prion dises o
findings indicate that for humin-to-hun
infection it sho ve assumed that all ¢
genotype individuals (ziot fust MM can be {
long incubation tirmes can cccur,
tevel of subdlini
population,

nd that a s

be preser:

Contributars

MTE, PH,and CP did iy
JCM.NT, HNB, and i4 prod
piied vCID case rnateria; as
e mouse inoculations; and
prepated the manuscript.

western iy

ic mouse lines

sup

Conflicts of interest
We have no conflicts of ¢

Acknowiedgments
Ve thank the Animal
Errma Murdoch, Lean

i and especia
aw, Tricia

¥ Thomson and lrene McConr
division for sectioning tie m.
ton (Sandra Mack, G
Suttie); Tricia M

supervision of Linda McCardie,
irmmunocytochemisty at the CfDS
der the supervisior: of MW {1ead

References
1 Will RG, Ironside J'W, Z
Jakab disecase in the UK
Valeron A}, Bocle
size and incubation H
United Kingdon:. Science 2001 294: 1725
3 Chani AC, Ferguson NAL Don
vCID mortality in Great
4 Hiton DA, Ghani AC,
ymphoreticular prion pi.tei
J Pathol 2004; 203: 73332
5 Peden AH, Head MW,
vC]D after blood wransfusion
patient. Lancet 2004; 364: 527-29.
6 Hunter N, Goldmann W, Smit

406: 581--
nce of
UK tissie o

sside WP,
4129 heterr oy

G, Hope |. The associs

amicsar E, et al, Changing a siv
amino acid in the N-terminus of murine PrP alters TSE
tme across three species barriers. Embo [ 2001; 20: 507

R Alperovitch A, Zerr I, Poce
genotype and sporadic Creutzfoidt-Jakob &i
353; 1673-74.

9 Brandel JP, Precce M, Brown T, et ab. Distibution of cocr
genotype in human 1 hot zated CJD patient: in
and the UK. Lancet 2003 362:

10 Pamer MS, Dryden Al Hughes |T, Coliinge |. Homozy, -
pretein genotype predispases o sporadic Creutzfeldt]ane
Nature 1991; 352: 340-42

s




From vaww.bloodjournal.org at National Institute of Infactious Diseases on June 25, 2009. For personal use only.

TRANSFUSION MEDICINE

Prion diseases are efficiently transmitted by blood transfusion in sheep

Fiona Houston,' Sancra vl

<effrey® ard Nora Houn

Tne emergence o Creutzield-
Jakob disease, foliswing an from the be-
thy (BSE;
epidemic. ted to cancerns about the po-
tential risk of iatrogenic transmission of
discase by blood transfusion and the
introduction of costiy contrcl measures
to protect b'cod supplies. Vio previcusly

ving spongiform encephaios

repartec preliminary dala demonstraling
the transmission of B8SE and natural
scrapie by hlood lranslusion in sheep

The final results of this experiment, re-
poried here, give unexpectedly high trans-
mission rates by transfusion of 36% for
BSE and 43% for scrapie. A proportion of
BSE-infected tranfusion recipients (3 of
8) survived for up to 7 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-

2on,” Wiifred Goldmann,2 Angela Chong,2 James Foster,2 Silvia Sis6,? Lorenzo Gonzalez 3

ton, United Kingdom; 2Neuropathogenesis Division, Rosiin Institute, University of Edinburgh, Edinburgh,
ary Laboratories Agency, Penicuik, United Kingdom

tively short and consistent incubation
periods in clinically positive recipients
suggest that infectivity titers in blood
were substantial and/or that blood trans-
tusion is an efficient method of transmis-
sion. This experiment has established
the value of using sheep as a model
for studying transmission of variant
Crautzfeid-Jakob disease by blood prod-
ucts in humans, (Blood. 2008;112:
4739-4745)

introduction

Transmissible spongiform encephalopathics (TSEs) are neurodegenera-
tive diseases, which include Creutzfeld-Jakod discase (CID) in man,
scrapie in sheep and bovine spougiform encephalopathy (BSE) in cattle.
A new variant of CID (iermedd vCID) was recognized. in the United
om in the mid-1990s, appareatly as a result of transmission of
BSE to humans.! To date, there have been 165 cases-of vCID recorded
in the Uaited Kingdom, as weil as several cases in other countries,
Human TSEs arc characierized by long asvmplomatic incubation
s no reliable test for
inical disease. It is not
the United Kingdom harbor vCID,
screening of tonsil and appendix
s suggest there could be up to $000.2 These infected
a risk of hun

periods (usually several yeais), and the

ore the onset of

detecting

known how many people ir

albthn estimates bascd o

sam

persons po -te-human transmission via blood

transfusion of contaminated surgical inst:uments.

T patienis with vCJD, there is widespread replication of the
infectious agent aud deposition of PrPSe (Jisease-associated form
tymphoreiicuiar tissues, such-as the tonsil,
spleen, and [ymph nades, in contrast to sCID, where lymphoreticu-
lar involvement is minimal.’ The fact tha! lvmphocytes continu-
ously reciculate between biood and ly miphoreticular tissues strongly
suggests that the bicod of vCID paticnts is probably infectious.
Data from radent TSE models nad shown that the highest levels of
infectivity in blood were associated with leukocytes and, to a lesser
extent, plasma.® As a resull, costly control mcasures such as
leukodepiction (filtration of bioed and blood products to remove
leukocytes) and importation of plasma were introduced to protect
United Kingdom blood supplics, despite the limited data that were
then available to judge the size of the risk and the efficacy of the
control measires.,

of prion pratcin} in

The potential for using sheep as a model for studying the risks
of vCID transmission by blood transfusion was highlighted by the
similarity between the distribution of infectivity and PrP% in sheep
infected with TSEs and humans infected with vCID.57 One 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 practice 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.3? Although scrapie
is not thought to be transmissible to humans, it was included as a

p ive of infection acquired under field conditions, which
may give different results to-those obtained from experimentally
infected animals. Qur blood transfusion experiment in sheep is
complete after 9 years, and this paper presents the full data from the
study. The overall transmission rates for both scrapic and BSE are
surprisingly high when factors such as the stage of infection and
genetic background are taken into 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 review
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 are represented by single letter amino acid
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_ positive and negative controls were housed in a

- result in relative resistance to oral infection with BSE.
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code for codons 136, 154, and 171, which have
susceptibility (eg, ARQ represents alanine, argini
tively, at codons 136, 134, and 171).

All donor sheep were from the Edinburgh NPU Cheviot flock, which
has endemic natural scrapie. The recipient sheep (including scrapie 36
negative control donors) were Cheviots derived from the DEFRA scrapie-  tisst
free (DEFRA/SF) flock of New Zealand origin. Transfusion recipients and oy {1 I 2 Jonois ¢
pose-built isolation unit §

Leen linked (0 scrapic
and glutamine, respec-

on a different site to the donors, with strict procedures in place to minimize
the risk of cross-contamination between groups, as cescribed.? The sheep
were scored at weekly intervals for clinical signs of TSEs and kilied when
they reached humane endpoints agreed with the Home Office. Tor
experimentally inoculated animals (BSE donors, positive controls, and
transfusion recipients), the incubation period (iP) in clinically positive
sheep was defined s the period between the date of tnoculation and the cate
of death. For scrapic-exposed donors, the 1P in clinically positive sheep was
defined as the age at death (ie, they were assumed 10 have become infec
immediately after birth).

Bloed collection and transfusian

Procedures for blood collection/transfusian were o
Briefly, venous blood (430-300 mL = 1 unit) was
collection bags (NBPI-Fresenius, Emmer-Comp:
containing citrate phosphate dextrose adenine sl i
From dorors that were about to be killed, 2 units was collected jusi befo:
postmortem, whercas {rom donors that were o be left alive, s
collections of ! unit were made at lzast 28 days apart. How
2 units of bic
eod was oblained, onc

inn as anticoagui

practical reasons, it was not always possibe to co
every donor sheep. In most cases where 2 units ©
was transfused as wholc blood (without icukodeple
used to prepare a bulfy coal fraction.

1) and the other was

BSE blood transfusions

Fifteen sheep experimentally inoculated cither ocaily (n = 14) or intracere-
brally (n = 1) with 5 g or 0.03 g, respectively, of BSE-infected cattle brain
‘homogenate were used as blood donors. The donor PrP genolypes were
ARQ/ARQ (n = 3), ARQ/AHQ (n = 5), or AHQ/AHQ (n = 7), which are
tesistant 1o natural scrapie in the NPU fiock but produce the shortest 1Ps
after inoculation with BSE. Two sheep previously reported as donors® were
excluded from the study (along with their recipicnts) when regenotyping
showed them to be ARQ/ARR and VRQ/AHQ, respectively, genatypes that

fwo reciinn

and the
Eleven donor sheep provided blood for transfusion at the preclinical
stage of infeclion. Eight of these were culled at the time of donatian as part





