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Inoculum

FiG. 7. Histoblot analysis shows the anatomic deposition of protease-resistant PrP5 in Tg(EIkPrP)12577 (A to D) and Tg{DePrP)10945 (E to
H) mice folfowing inoculation with different CWD isolates, as indicated. Coronal sections from four different brain levels are shown: (A and E)
head of the caudate nucleus; (B and F) dorsal hippocampus and thalamus; (C'and G) midbrain; and (D and H) cerebellum and pons.

that found in cattle brain. When inoculated with BSE pri-
ons, Tg(BoPrP}4092 mice and Tg(BoPrP)4125 mice died of
prion disease in ~240 days. In contrast, Tg(BoPrP)4(92
mice remained healthy after inoculation with four CWD
brain samples from elk (>0600 days) and two samples each
from mule deer and white-tailed deer (>3500 days). Neither
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of the two elk samples inoculated into Tg(BoPrP)4125 mice
resulted in prion disease (=600 days). Similarly, inocuiation
of three elk, two mule deer, and three white-tajled deer
CWD samples into Tg(OvPrP,VR(Q)338 mice did not trans-
mit prion disease after >500 days. These Tg mice express
OvPrP at a level 12-fold higher than that found in sheep
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TABLE 4. Compatison of cervid prion inocula in Tg mice
expressing human, bovine, ovine, and marine PrP genes

No. of
PP Incubation animals
Transgenic line expression Inocultm time = SEM  illfno. of
(n-fold) (days) animals
. inoculated”
Tg(HuPrP)440- -2 Ekd >540 Uil A
EfkS >S40 o138
‘Elké >532 o8
EW7 =538 o
MBD4 >512 o
MDS >512 0/6
WTD4 >512 05
WTDS5 : >539 8
sCID, MMMI29 154 £ 26 1818
Te(BoPrPy4052 jirg Elk4 >622 6
Elks - >600 Wi c
E6 >610 . 0BD
Elk7 : >610 0/6
MD4 512 /B
MDs >532 WBE
WED4 >532 w7
WTD5 »532 o7
BSE PG31/90 44243 k)
Te(BoPrP)4125 Bto 16 ' Elk4 >610 016G F
Eks =620 08
BSE PGSEMG A E53 41/4]
Te(OvPrP,VRQJA38 i Elkd =516 05G
Els >3 08 H
Elk6 . >509 LAY}
MD4 >516 [H)
MD5 . »516 o
WTD4 >505 08
WTD3 >5U5 a1
WTDn =526 012
Scrapie 027 17893 16/16
Te({MoPrP)4033 ¥ Elk4 542 =321 68
Eiks >590 oo
£ike =512 073
EI7 >512 V2]
MD4 >33 0/s
MDs5 >312 /5
WTD4 >512 03K
WTD3 >532 i
RML M1 1710

“ Animuls with intercurrent illness at later stages of the experiments died on
the indicated days postinoculation {unfess otherwise noted, one wnimal died on
the indicated day): A, 428 duys; B, 481 days; C, 589 days; D, 588 days (two
animals); E, 399 days; F, 384 days; G, 446 and 494 days; H, 232 duys {two
animalsy; 1. 291 days; J, 518 days; K, 224 days. These animals were determined
to be free of prion disease after neuropathologic analysis for spongiform degen-
eration and immunohistochemistry for PrP and GFAP.

# Compared to PP in human brain (47).

* Compared to PrP* in wild-type FVB mouse brafn.

+ Compared to PrP¢ in boving brain (43).

* Compared to PrPY in sheep hrain, listed as 6X for ihe hemizygous line
Te(OvPrP,VRQ* 1338 (36).

t Compared 16 PrP% in wild-type FVB mouse brain (46).

brain. When inoculated with sheep scrapic prions. the
Te{OvPrP,VRQ)338 mice developed nenrologic dysfunction
in <200 days. Occasional Tg mice expressing HuPrP, BoPrP,
or OvPrP that had been inoculated with CWD prions died at
an older age (Table 4). The brains of those mice were
examined histologically for spongiform changes and immu-
nohistochemically for PrP and GFAP staining. None of the
Tg mice showed evidence of prion disease.

In contrast to Tg mice expressing human, bovine, or ovine
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PrP, Tg(MoPrP)4053 mice were susceptible to one CWD
prion isolate, albeit after prolonged incubation periods (Ta-
ble 4). Tg(MoPrP)4053 mice express wild-type MoPrP-A at

.eightfold-higher levels than WT FVB mice. Six of eight mice

became il after inoculation with the Elk4 CWD sample
beginning at 460 days, with a mean incubation period of
~540 days. Inoculation with three other CWD samples from
elk, two from mule deer, and two from white-tailed deer did
not produce disease after >500 days. Neuropathologic examina-
tion of diseased Tg(MoPrP)4053 mouse brain showed spongi-
form degeneration, PrPS* deposition, and PrP amyloid plagues
{Fig. 6I).

DISCUSSION

The overexpression of cervid PrPs in mice did not have any
deleterious effect on the Tg lines described here. Uninoculated
mice from one such Tg line was observed for ~650 days (Table

_ 1). The absence of spontangous disease in these Tg mice al- C

lowed us to use them to bioassay prions in the brains of etk and
deer that died of CWD. b

Brainstern samples from elk, mule deer, and white-tailed
deer with CWD were inoculated into five Tg lines expressing
ElkPrP and two lines expressing DePrP. Bioassay of the Elkl
inoculum in the seven Tg cervid PrP lines showed that the
length of the incubation time is inversely proportional 1o the
level of cervid PrP expression in the brain (Fig. 5: Table 2}.
When the level of cervid PrP€ expression was similar to that of
MoPrPC in WT mice, it was designated 1X. In Te(DePrP) mice
expressing DePrP at 1. the incubation time was ~300 days,
whether the CWD inoculum was from mule deer (MD1) or elk
(Elk1}. Doubling the level of cervid PIPC to 2X resulted in a
reduction of the incubation time to ~200 days for the Elk! and
MD1 ‘mocula while tripling the expression of cervid PrE< re-
duced the incubation time to ~100 days for the Elk1 inoculum.
A similar relationship was described earlier for Tg mice ex-
pressing SHaPrPC (35). however, both MoPrP and SHaPrP
were coexpressed in those Tg lines. In the studies reported
here (Fig. 5), the MoPrP gene was disrupted (10) so that the
only PrP being expressed was cervid PrP<. In arecent study, Tg
mice expressing DePrP at 5% and 3X the level of PrP ex-
pressed in WT FVB mice developed neurologic deficits at
~235 days after intracerebral inoculation with CWD priomns
from elk and at 225 to 264 days with CWD prions from mule
deer (9). In another study, two lines of Tg mice expressing
EIKPrP at 2% developed CNS disease 118 or 142 days after
inoculation with CWD prions froin elk (23}

The CDI studies of the CWI inocula indicated that the Eik1
and MD1 inocula contained similar levels of PrtP>* (Fig. 1A),
which is consistent with the indistinguishable incubation times
for these inocula in Tg(EIkPrP)12577. Tg(DePrP)10945, and
Tg(DePrP)10969 mice (Table 2). Interestingly, the levels of
PrPS varied over a >100-fold range for the first nine cervid
brain specimens examined (Fig. 1A). Assessing the level of
PrP5< in brain samples in advance of our transmission studies
proved to have been quite useful in retrospect (Table 2).

Serial passage of CWD prions in the Tg(EIKPrP) rmice re-
sulted in modest reductions in the incubation times, i.e., up 1o
~70 days (Fig. 3A to D; Table 3). This shortening was seen
with prions from elk, mule deer, and white-tailed desr. These
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results contrast with those for the serial passaging of BSE

prions in Tg(BoPrP) mice and the serial passaging of CWD-
.prions in Tgl2 mice, for which no changes in the incubation

times were observed (23, 42, 44). There are several possible
explanations for the shortening of the incubation times upon

- serial passage in Tg(EIkPrP)12577 mice, First, the level of

prions in the brains of cervids may be lower than in Tg(Elk
PrP)12577 mice. H that were the case, then the first Tg monse-
to-Tg mouse passages would be expected to exhibit shorter
incubation times than those found with passages from the
cervids to Tg mice. A corollary to this scenario is that the

incubation times upon subseguent passage in a given Tg line

should remain constani. Second, the cervid brain inocula may
be composed of a mixture of strains, and one strain may
emerge as the predominant strain over the length of the inca-
bation time. In this case, the predominant strain in the Tg
mouse brain exhibits a shorter incubation time during the next
passage, because it exists at a higher titer in the mouse brain
than in the cervid brain sample. Third, within a2 mixture of
prion strains, some slow strains may be inhibitory for faster
ones as previously reported (13, 22), ¥f this were the case and
transmission to Tg mice resulted in thé elimination of the
slower strain, then on subsequent passage in Tg mice, the
incubation time ‘would shorten, Fourth, a posttranslational

modification in cervid PrP, such as the N-linked ol._i'gosaocha— _

rides or the glycosylphosphatidylinositol anchor, might slow
replication of cervid prions in the Tg mice. If this were the
case, then on subsequent passage. CWD prions formed in a
mouse would exhibit shorter incubation times.

Except for the first possibility. for which endpoint titrations
can be used (o establish the titers of CWD prions in cervid and
Tg mouse brains, distinguishing among the possibilities listed
above may be difficult, Interpreting such a titration study will
be facilitated if endpoint titrations in cervids give results sim-
ilar to those obtained with the Tg mice. It is notable that
endpoint titrations performed with cattle resulted in a titer of
108 50% infective dose units/g of brain tissue from the obexes
of BSE-inlected catile. whereas endpoint titrations performed
with Ta(BoPrP) mice resulted in a titer of 10™ 50% infective
dose units/g of brain tissue (39, 42, 50).

Both the glycoform abundance patterns and the distribution
of neuropathologic lesions in CWD-inoculated Tg(EIkPrP)
and Tg(DePrP') mice argue for a single prion strain. The mo-
lecular masses of the di-, mono-, and unglycosylated PrpSe
fragments from all CWD isolates were similar before (Fig. 2A)
and after passaging in Tg(ElkPrP)12577 (Fig. 2B and D) and

. Tg(DePrP)10%45 {Fig. 2C) mice. Moreover, the relative abun-

dance of these glycoforms did not change upon passage in the

. Tg mice (see Fig. 81 in the supplemental material).

Neuropathologic examination of ill Tg(EIkPtF) and TgfDePrP)
mice demonstrated similar CNS lesions in all of the mice in-
oculated with CWD prions from elk, mule deer, and white-
tailed deer (Fig. 6). The deposition patterns and neuroana-
tomic distribution of both PrP3° deposition (Fig. 7} and flord
PrP amyloid plaques (Fig. 6) were similar for afl inocula but
differed somewhat in intensity. Upon serial passage in Tg(Elk
PrP) mice, the CNS lesions remained unchanged (data not
shown). Overall, our neuropathologic findings for CWD-in-
fected Tg mice expressing DePrP or EIkPrP did not differ
substantially from those reported by others (9, 23).
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In Tg(MoPrP)4053 mice inoculated with CWD prians, both
the morphology of the lesions and distribution of PrP amyloid
plaques (Fig. 6I) were different from those found in Tg(Elk
PrP) and Tg{DePrP) mice. In conirast to RML prions that
produce finely granular deposits of PiP®® in the absence of
amyloid plaques, the CWD prion strain was amyloidogenic in
the brains of Tg(MoPrP 4053 mice.

In contrast to Tg mice expressing cervid PrP, Tg mice ex-
pressing human, bovine, or ovine PrP did not succumb to prion
disease after inoculation with CWD prions after >3500 days
{Table 4}, Our results agree with those of others who reported
that Tg mice expressing human PrP were resistant to CWD
prions but susceptible to sCID prions (23). Despite our con-
firmation of an earlier study demonstrating that Tg mice ex-
pressing HuPrP(M129) do not develop prion discase when
inoculated with CWD prions, any conclusions from such neg-
ative data need to be tempered (7), especially in light of a
recent study with squirrel monkeys. Intracerebral inoculation,
of CWD prions into squirrel monkeys (Saimiri sciureus) dem-
onstrated transmission 1o a nonhuman primate, arguing that
hurmans might be susceptible to CWD prions (27).

While our studies of Tg(BoPrF) mice inoculated with CWD
prions also gave negative restits, a Tecent study reported thai -
five of 13 cattle inoculated with CWD prions produced PP,
based on limited proteolysis and immunohistochemical stain-
ing of brain sections (16). These studies were terminated 6
years afler intracerebral inoculation, before any of the cattle
developed neurologic dysfunction. In other studies, sheep
scrapie prions were inoculated into elk (17). After more than
three vears. PrP was found in the brains of three ¢k thu
developed neurologic deficits before dying. Our negative re-
sults with CWD prions inoculated into Tg(HuPrP), Tg(Bo
PrP), and Tg{OvPrP) mice might reflect low levels of prion
replication that are insufficient to produce discase during the
500-day observation period. Several investigators have de-
scribed situations in which prions from one species replicate
too slowly in another species to cause signs of neurologic
dystunction but-do produce discuse with serial passage (19, 36}
In the studies reported here, we did not choose to passage
seriaily the brains of asymptomatic, CWD-inoculated Tg{Hu
PrP), Tg(BoPrP), and Tg(OvPrP) mice (Table 4). An alterna-
tive explanation for our negative results may reside in the
strain(s) of CWD prions that we used for inoculation. While
our CWD prions were. unable to imitiate the conversion of
HuPrPC, BoPrPS, or OvPrPC into PrP%, some other CWD
strains might be able to do so. Precedent for the latter has been
seen with human prions: human vCID prions replicate well in
Tg{BoPrP) mice but multiply slowly in Tg(HuPrP) mice and in
Te(MHu2ZM) mice expressmfr a chimeric human-mouse PrP (2,
24, 42, 44).

Whether hunters, cervid farmers, and aficionados of venison
are at increased risk for prion disease remains to be estab-
lished. Recently, CWD prions were also reported in the skel-
etal muscles of infected deer, indicating a passible hazard for
the oral transmission of CWD prions (1). Tg(EIkPrP) and
Tg(DePrP) mice provide a sensitive and specific bioassay for
determining the levels of CWD prion infectivity in cervid tis-
sues and for studying the biology of these pasticular prions.
These Tg mice make it possible to determine the levels of
CWD prion titers in brain, muscle, liver, pancreas. kidney, and
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other tissues as well as in the blood, urine, feces, and saliva of

both etk and deer. Elucidating the mede of CWD prion spread

among elk, deer, and mooose will be important for understand-
ing why CWD prions are so contagious for domesticated and -

free-ranging cervids. Such information may prove uvseful in
learning how to restrict the epizaotic spread of CWD prions to
humans and livestock. :
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Clinical presentation and pre-mortem diagnosis of variant
Creutzfeldt-Jakob disease associated with blood transfusion:

a case report

Stephen j Wroe, Suvankar Pal, Durrenajaf Siddigue, Harpreet Hyare, Rebecca Macfarlane, Susan joiner, Jacqueline M Linehan, Sebastinn Brandrer,

Jonathan D F Wadsworth, Patricla Hewitt, john Collinge

Summary

Background Concerns have been raised that variant Creutzfeldi-Jakob disease (vCJD) might be transmissible by blood
transfusion. Two cases of prion infection in a group of known recipients of transfusion from donors who subsequently
developed vCJD were identified post-mortemn and reported in 2004. Another patient from this at-risk group developed
meurological signs and was referred to the National Prion Clinic.

Methods The patient was admitted for investigation and details of blood transfusion history were obtained from the
National Bfood Service and Health Protection Agency; after diagnosis of vCJD, the patient was enrolled into the MRC
PRION-1 trial. When the patient died, brain and tonsil tissue were obtained at autopsy and assessed for the presence
of disease-refated PrP by immunoblotting and immunohistochemistry. '

Findings A clinical diagnosis of probable vCJD was made; tonsil biopsy was not done. The patient received experimental
therapy with quinacrine, but deteriorated and died afier a dinical course typical of vCJD, Autopsy confirmed the

diagnosic and showed prion infection of the tonsils,

interpretation This case of transfusion-associated vCJD infection, identified ante-mortem, is the third instance from
a group of 23 known redpients who survived at least 5 years after receiving a transfusion from donors who
subsequently developed vC]D. The risk to the remaining recipients of such tranfusions is probably high, and these
patients should be offered spedialist follow-up and investigation. Tonsil biopsy will allow early and pre-symptomatic
diagnosis in other iatrogenically exposed individuals at high risk, as in these with primary infection with bovine

spongiform encephalopathy prions.

Introduction

Since the arrival of variant Creutzfeldt-Jakob disease
{(vCJD), and the experimental confirmation that it is

-aused by the same prion strain as that causing epidemic

.. oovine spongiform encephalopathy (BSE), there have
been concerns thatit might be transmissible by fatrogenic

routes including use of blood and biood products.! Such -

concerns were heightened by the recognition that the
pathogenesis of vC]D differed substantially from that of
sporadic or dassical CJD by showing prominent and
uniform prion accurmulation in lymphoreticular issues™
akin to ovine scrapie, where prionaemia has since been
demonstrated experimentaily* AU dinically affected
patients with vCJD identified to date have been homo-
zygous for methionine at polymorphic codon 129 of the
pron protein (PrP) gene, PRNP, where cither methionine
(M) or valine {V) may be encoded.

Several risk reduction measures have been introduced
in the UK and some other countries to limit secondary
transmission of vCJD prions by blood and surgical
instruments. In 1997, a study was set up between the
National CJD Surveillance Unit and UK Blood Services
so that recipients of blood components from donors who
subsequently developed vC]D f{ie, vCjD-implicated
components) could be identified and evidence sought for
possible transmission of vCJD by blood transfusion.®

www.thelancet.com Vol 368 December 9, 2006

In 2004, two transfusion-associated cases of vCJD prion
infection were reported in individuals who had been
identified in this way. The first wasin a 62-year-old patient
who had received a single vCJD-implicated non-leuco-
depleted unit of red cells and who became symptomatic
6-5 years post-transfusion and died after a progressive
neurological illness of estimated 13 months' duration.
The pulvinar sign was not seen on brain MRI and tonsil
biopsy was not done. The cause of death was recorded as
dementia.® Afier autopsy, neuropathology was thought to
be suggestive of CJD, and vC]D was subsequently
confirmed by neuropathological examination; the clinical
presentation: of vCJD in the case was judged typical of
vCJD.5

The second case was in an elderly patient who had also
received a single vCJD-implicated unit of non-leuco-
depleted red cells and who died from an unrelated cause,
without evidence of 2 neurological disorder, 5 years after
receiving the transfusion. Western blot analysis for the
disease-related prion protein isoform (PrP*) and PrP
immumohistochemistry of lymphoreticular tissues was
consistent with vCJD prion infection.® Interestingly, this
patient was heterozygous (MV) at PRNP codon 129, a
genotype that is associated with relative resistance to CJD
and other prion diseases’ The cohort of identified
recipients of Dblood tansfusion from donors who
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