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The risks posed to human health by individual animal
prion diseases cannot be determined a priori and are difficult
to address empirically. The fundamental event in prion dis-
ease pathogenesis is thought to be the seeded conversion
of normal prion protein to its pathologic isoform. We used
a rapid molecular conversion assay (protein misfolding cy-
clic amplification) to test whether brain homogenates from
specimens of classical bovine spongiform encephalopathy
(BSE), atypical BSE (H-type BSE and L-type BSE), classi-
cal scrapie, atypical scrapie, and chronic wasting disease
can convert normal human prion protein to the abnormal
disease-associated form. None of the tested prion isolates
from diseased animals were as efficient as classical BSE
in converting human prion protein. However, in the case of
chronic wasting disease, there was no absolute barrier to
conversion of the human prion protein.

Prion diseases are rare fatal neurodegenerative condi-
tions that affect humans and animals. The human dis-
eases include Creutzfeldt-Jakob disease (CJD), Gerstmann-
Straussler-Scheinker disease, and fatal familial insomnia.
Most cases of human prion disease are apparently sponta-
neously occurring (sporadic CJD [sCJD]) or are associated
with mutations in the human prion protein gene, designated
PRNP (genetic CJD, Gerstmann-Stréussler-Scheinker dis-
ease, or fatal familial insomnia). A small minority of cases
are acquired by inadvertent human-to-human transmission
during medical or surgical treatments (iatrogenic CJD).

In contrast, animal prion diseases are generally ac-
quired. This applies to scrapie in sheep, transmissible mink
encephalopathy, and chronic wasting disease (CWD) in
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deer and elk. No credible evidence exists of a link between
scrapie and any human prion disease, despite the endemic-
ity of scrapie in many parts of the world and the consequent
likely human exposure to the scrapie agent, which has been
attributed partly to a species barrier between sheep and hu-
mans. However, strong epidemiologic, pathologic, and mo-
lecular evidence does indicate that the epidemic of bovine
spongiform encephalopathy (BSE), primarily in the United
Kingdom during the 1980s, resulted in a zoonotic form of
CJD termed variant CJD (vCJD). BSE/vCJD is the only
known zoonotic prion disease strain.

After identification of BSE and vCJD, active surveil-
lance for animal prion diseases in Europe and elsewhere
has identified rare atypical prion diseases in sheep and
cattle. These include Nor98 or atypical scrapie in sheep (/)
and 2 prion diseases of cattle, bovine amyloidotic spongi-
form encephalopathy or L-type BSE (2) and H-type BSE
(3), both of which have a pathology and epidemiology dis-
tinct from classical or C-type BSE (4). In addition to these
new (or newly described) diseases of farmed sheep and
cattle, CWD in cervids is an acquired, probably contagious
disease that affects captive and free-ranging deer and elk
populations primarily in North America (5).

Their distinctive epidemiology, clinical features, neu-
ropathology, PrP biochemistry, and transmission char-
acteristics suggest that scrapie, atypical scrapie, C-type
BSE, H-type BSE, L-type BSE, and CWD represent dis-
tinct prion strains in their respective species (6,7). Within
scrapie and CWD, natural strain variation also occurs. The
prion hypothesis posits that the posttranslational conforma-
tional conversion of a host’s normal cellular prion protein
(PrP€) by the abnormal form of the prion protein (PrP*) is
the fundamental event in prion disease pathogenesis and
that PrP% itself constitutes the infectious agent. It follows
that an aspect of prion host range may be a species barrier
operating at the molecular level that depends on compat-
ibility between the PrPS° from 1 species and the PrP¢ from
another. Similarities in the species-specific primary PRNP
sequences may account for part of this effect, but prion
strain and host PRNP polymorphic genotype, both of which
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probably find expression in the conformation of PrP, affect
susceptibility in ways not yet fully understood.

A relatively simple empirical approach to assessing
this molecular barrier is to use cell-free PrP conversion as-
say techniques (8,9) to determine the relative efficiency of
PrP conversion using natural “seeds” from an infectious
prion source from the brain of 1 species and a normal brain
“substrate” from another species. We have previously re-
ported the use of protein misfolding cyclic amplification
(PMCA) as a model of cross-species prion transmission of
C-type BSE in cattle and sheep to humans (/0). Here we
report a comparative study of the ability of sheep, cattle,
and deer prions to convert normal human PrP in this same
cell-free system.

Methods

Ovine, bovine, and cervine frozen brain tissue from
prion disease—affected and —unaffected animals were ob-
tained by request from the Animal Health Veterinary Lab-
oratory Agency TSE Archive (AHVLA, Weybridge, UK).
The cases and brain regions supplied were selected on the
basis of proven disease status and of brain region with an
expected high PrP% load, characteristic of the particular
prion disease. The prion disease status of the animals in-
volved was determined at AHVLA and/or the Canadian
Food Inspection Agency’s Ottawa laboratory (Ottawa,
ON, Canada) by neuropathology and PrP immunohisto-
chemistry. The classical scrapie specimen was of brain
stem from a field suspect of the animal prion protein gene
Prnp ARQ/ARQ genotype, and a brain stem specimen
from an unaffected scrapie suspect of the same genotype
was also supplied. The atypical scrapie specimen was of
parietal cortex, also from a field suspect, but of the ARQ/
AHQ genotype, and a corresponding negative control ani-
mal specimen was also supplied. The C-type BSE samples
were of brain stem from confirmed positive C-type BSE
suspects obtained through passive surveillance, and the
corresponding negative control specimen was similarly
obtained. Both the H- and L-type BSE specimens were of
frontal cortex from successful experimental bovine trans-
missions conducted at AHVLA. Mid-brain tissue from a
confirmed CWD-positive and control-negative (unaffect-
ed) elk (both with Prup codon 132MM genotype) was also
supplied through the AHVLA.

Frozen half brains from inbred transgenic mouse
lines expressing human PrP¢ of the PRNP codon 129 me-
thionine (129MM) and valine (129VV) genotypes (11—13)
were used for PMCA substrate preparation. The produc-
tion of PMCA substrates from stably transfected human
293F cells overexpressing human PrP¢ (exogenous PRNP
codon 129M and endogenous PRNP codon 129MM) has
been described (/4). A PRNP codon 129 valine expressing
counterpart was engineered by suppressing expression of
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endogenous PRNP codon 129MM expression with RNAi
and transient transfection with a PRNP codon 129 valine
expression vector (designated 129V).

Human brain tissues (frontal cortex) were sampled
from frozen half brains collected at autopsy with the ap-
propriate consent for tissue retention and research use. The
vCJD specimen was from a patient (PRNP codon 129MM)
with definite vCJD as defined by established criteria. The
non-CJD human brain specimens used for PMCA substrate
preparation were frontal cortex from patients with Guillain-
Barré syndrome (129MM) and dementia with Lewy bod-
ies (129VV). sCJD specimens from patients with the MM 1
and VV2 subtypes of the disease were used as reference
standards in certain Western blotting experiments. Ethical
approval for the use of these tissues in this study is covered
by Local Research Ethics Committee 2000/4/157.

Brain homogenates were prepared by using a manual
homogenizer and chilled conversion buffer (150 mM NacCl,
1% Triton X-100, 1X protease inhibitor cocktail in 1%
phosphate-buffered saline) to obtain a final 10% wt/vol so-
lution. The homogenized tissue was cleared by centrifuga-
tion at 2,000 rpm for 40 s in a refrigerated centrifuge (4°C),
and the supernatant was aliquoted and stored at -80°C (/J5).

We prepared homogenates (10% wt/vol) of C-type
BSE, scrapie, CWD, L-type BSE, H-type BSE atypical
scrapie, and vCJD brain. We followed the same method
used for the substrate brain homogenate.

PMCA experiments were carried out in PCR tubes. Al-
iquots of 10% substrate brain homogenate (or 20% cell ex-
tracts) were mixed with 10% prion disease brain seeds in a
final volume of 120 uL. Low molecular weight heparin was
included at 100 pg/mL in all PMCA reactions (/5). Before
sonication, 19 uL of the PMCA reaction mixture (termed
“frozen” sample) was taken for comparison with the am-
plified sample (termed “sonicated” sample). The reactions
were incubated into the microplate horn of a programma-
ble sonicator (Misonix 4000, Misonix, Farmingdale, NY,
USA) at 37°C. A total of 96 PMCA cycles were performed
comprising 20 s of sonication (at an amplitude of 90%) fol-
lowed by 29 min 40 s of incubation for every cycle (16).

Tissue homogenates and PMCA reaction products
were digested with proteinase K (50 pg/mL for 1 h at 37°C)
and detected by Western blotting (/0). Detection was with
3F4 or 6H4 antibodies diluted in 1x phosphate-buffered
saline, 0.05% Tween 20 (/0). The monoclonal antibody
9A2 was obtained from Central Veterinary Institute Wa-
geningen UR (Lelystad, the Netherlands) (7). Membranes
were developed by using peroxidase conjugated secondary
antibody and a luminescent peroxidase substrate ECL-Plus
(10). Finally, blots were exposed to a photographic film and
the image acquired using the XRS digital CCD camera sys-
tem (Bio-Rad Laboratories, Hercules, CA, USA). The an-
tibody 6H4 recognizes an epitope in the protease-resistant
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core of human PrP spanning amino acids 145-153, and it
cross-reacts with bovine, ovine, and cervine PrP. 3F4 also
reacts with a sequence in the protease resistant core of the
human PrP spanning positions 106—112, but 3F4 does not
recognize PrP from species other than humans and ham-
sters. The combination of protease-digestion and detection
by 3F4 in these experiments therefore provides a very sen-
sitive method for detecting newly formed human protease-
resistant prion protein (PrP™) (/0,17). The antibody 9A2
reacts with human PrP amino acids 99—-101 and cross-re-
acts with ovine, bovine, and cervine PrP.

Results

PrP was confirmed in all animal brain samples in the
form of 2 major bands in the 20-40-kDa molecular mass
range, probably corresponding to full-length diglycosylated
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the amount of PrP™ contained in these samples. PrP™ was
most abundant in classical scrapie and CWD samples; lower
levels were seen in C-, H- and L-type BSE samples and were
barely detectable at this level of sensitivity in atypical scrapie
(Figure 1, panel B). Normalizing the Western blot PrP™ sig-
nal by adjusting sample loading volumes demonstrated the
expected PrP™ relative mobilities and glycosylation types
(data not shown). When larger volumes of brain homogenate
were analyzed, a characteristic <10-kDa band was present in
the atypical scrapie specimen (Figure 1, panel C).
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Figure 1. Determination of total PrP and PrP's level in animal tissues. To characterize the PrP expression levels (total PrP), brain
homogenates were analyzed by Western blot without digestion with PK. Nineteen microliters of each 10% wt/vol homogenate was loaded
in each lane (A). To detect the PrP™ in the samples, PK digestion (50 Llg/mL) was performed to remove PrP¢, and the samples were then
reanalyzed (B). The atypical scrapie and matched normal control animal samples were further analyzed by Western blot both with (+) and
without (=) prior PK digestion (C) by comparing 3 LLL of undigested homogenates with 100 LLL of the PK-digested sample concentrated by
centrifugation. Five microliters of a PK-digested classical scrapie brain homogenate was analyzed in parallel for comparison. The detection
antibody was 6H4 in (A) and (B) and 9A2 in (C). PrP, prion protein; PrP™s, protease-resistant PrP; PK, proteinase K; PrP¢, normal cellular
PrP; M, molecular marker; BSE, bovine spongiform encephalopathy; +, animal prion disease sample; —, matched normal animal control
sample; CWD, chronic wasting disease; L-BSE, L-type BSE; H-BSE, H-type BSE.
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We evaluated the susceptibility of the human PrP
(129MM) to in vitro conversion first using the human brain
homogenate substrate. Western blotting with antibodies
3F4 and 6H4 both showed readily detectable amplification
in the samples seeded with C-type BSE and vCJD. (Figure
2, panel A, lanes 2, 4, and 14, compared with lanes 1, 3,
and 13). Scrapie, L-type BSE, H-type BSE, and atypical
scrapie reactions did not show detectable human PrP™ for-
mation with the 3F4 antibody (Figure 2, panel A, lanes 6,
10, 12, and 16). However, 3F4 detected human PrP™ in the
reaction seeded with the CWD brain homogenate (Figure 2,
panel A, lane 8). Humanized transgenic mouse (129MM)
brain substrate similarly showed efficient amplification of
vCJD and C-type BSE and readily detectable amplification
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of CWD PrP™ using 3F4 (Figure 2, panel B). Faint bands
were seen in L-type BSE and H-type BSE PMCA reactions
when the 6H4 antibody was used. These bands most likely
represent conversion of endogenous bovine PrP¢ from the
inoculum converted to PrP™, rather than conversion of hu-
man PrP€ from the substrate (compare lanes 11 and 12 for
6H4 and 3F4 in Figure 2, panels A, B).

Dilutions of CWD brain homogenate in substrates
prepared from human brain, transgenic mouse brain, and
239F cells expressing human PrP (129M or 129V) were
compared for their ability to support amplification. Ir-
respective of origin, all 3 PRNP 129M-containing sub-
strates supported amplification, albeit with slightly differ-
ent efficiencies (Figure 3, panels A, B, C). All three PRNP
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G postmortem
tissue Tg-Hu 293 F cells Figure 3. Susceptibility of human brain, humanized transgenic mice
12 3 4 5 6 brain, and 293F cell extract PrP¢ to in vitro conversion by CWD brain
homogenate. PMCA seeded with serial dilutions of CWD brain homogenate
Codon 129MM (1:6, 1:12, and 1:24) were mixed with substrate from 3 different sources:
human brain homogenate (A, D); transgenic mice that express the human
PrP (B, E); and 293F human cell extract (C, F). The substrates contained
human PrP 129M (A-C) or PrP 129V (D—F). These same substrates were
T 2 3 4 5 6 seeded with vCJD brain homogenate at 1:100 (G). Odd-numbered lanes
. ' show the samples without PMCA. Even-numbered lanes were subjected
” u Codon 129V to PMCA. The PrP detection antibody was 3F4. PrP¢, normal cellular prion
protein; CWD, chronic wasting disease; PMCA, protein misfolding cyclic
- b amplification; vCJD variant Creutzfeldt-Jakob disease.

129V-containing substrates also supported amplification
(Figure 3, panels D, E, F), although the level of ampli-
fication was lower than for the 129M equivalent. PMCA
reactions using vCJD brain homogenate as a seed were
conducted by using these same substrates and are shown
for comparison (Figure 3, panel G).

Next, we estimated the relative PrP™ amount in each
sample by densitometry and adjusted the volume of 10%
brain homogenate from the different animal prion dis-
eases used in the PMCA reaction to give roughly equiva-
lent amounts of PrP™ seed in each reaction (Figure 4).
The amount of PrP™ in the atypical scrapie specimen
was so low that a maximum volume of homogenate was
used. The results of the Western blot analysis of these
seed PrP™ normalized PMCA reactions, using antibody
3F4, confirmed that amplification efficiency was a func-
tion of seed/substrate compatibility and not simply
PrPr abundance.

C-type BSE, vCID, and CWD amplification products
were normalized and diluted (1:3, 1:6, 1:12, 1:24) in fresh
human brain tissue homogenate (129MM) and subjected
to a second round of PMCA. The CWD and C-type BSE
PMCA reaction products retained their ability to convert

further human 129M PrP, albeit at a lower efficiency than
vCJD (Figure 5).

Western blot analysis of PrP™ produced by a PMCA
reaction using human brain homogenate (129MM) seeded
with CWD brain homogenate (Figure 6, lane 2) showed
that this PrP™ shared the mobility and general glycosyl-
ation profile of type 1 PrP™ from sCJD brain (MMI1 sub-
type) (Figure 6, lane 1). It was distinct from that of type
2 PrP characteristic of sCID (VV2 subtype) and vCID
(Figure 6, lanes 3 and 4, respectively).

Discussion

Multiple factors govern the transmission of prions in
experimental settings. In addition to infectious dose and
route, a species or transmission barrier phenomenon is well
recognized. Within the theoretical confines of the prion
hypothesis, the most obvious basis of a species barrier ef-
fect would be dissimilarity in PRNP sequence between the
infectious source and the exposed individual. However,
PRNP sequence similarity alone does not seem to accurate-
ly predict whether prions are transmissible between spe-
cies, perhaps because interactions between PrP¢ and PrP*
occur as native PrP¢ and misfolded and aggregated PrP*
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Figure 4. Relative conversion efficiency of human PrP (129M) by different animal prion disease samples. Brain homogenates from animal
prion diseases were seeded at different volumes adjusted to give roughly equivalent amounts of seeding PrP™s and amplified by using PrP
129M-containing human brain substrate. Human PrPs formation was detected by the 3F4 antibody (A) and seed and newly formed PrPres
detected using the 6H4 antibody (B). PrP, protein prion; PrP™s, protease-resistant PrP; M, molecular marker; BSE, bovine spongiform
encephalopathy; CWD, chronic wasting disease; L-BSE, L-type BSE; H-BSE, H-type BSE; vCJD variant Creutzfeldt-Jakob disease; M,

molecular marker.

conformers. The possible effects of species-specific se-
quence difference on PrP¢ folding are not well understood.
Neither is the secondary and higher order structure of PrPs
except for clear evidence that different prion strains are as-
sociated with different PrP% conformers and glycotypes
(reviewed in 4, 18) and that these might exist as a quasispe-
cies or molecular cloud (/9). Under such a scenario mo-
lecular compatibility might be difficult to predict.

To isolate and study molecular effects, we have previous-
ly conducted cell-free PrP conversion experiments by PMCA
using homogenates of bovine and ovine prion disease brain
samples to seed brain homogenates containing human PrP, as-
sessing the extent of conversion by detection of human PrPr.
These studies showed that samples of C-type BSE (which is
a known human pathogen and the cause of vCID) efficiently
converted human PrP, with a codon 129 preference similar to
that of vCJID (MM>MV>VV), whereas samples of classical
scrapie (which is not thought to be a human pathogen) failed
to convert human PrP to a measurable extent. Equally impor-
tantly, a sheep BSE isolate resembled C-type BSE and vCJD
in its ability to convert human PrP, thus underscoring influ-
ence of strain over sequence similarity in determining what
might be termed a molecular transmission barrier (/0).

Here we applied the same approach to a series of ani-
mal prion diseases whose risk to human health is poorly
characterized. Our results show that under the PMCA con-
ditions used, L-type BSE, H-type BSE, and atypical scra-
pie isolates fail to produce detectable human PrP™. The
CWD isolate used converted human PrP€, albeit less ef-
ficiently than C-type BSE. This observation remained true
whether the input animal prion disease brain homogenate
was normalized by tissue weight or by PrP™ abundance
and whether the PMCA substrate was from human brain,
PRNP humanized murine brain, or a human-derived and
human PrP¢ overexpressing cell line. The conversion of hu-
man PrP¢ by CWD brain homogenate in PMCA reactions
was less efficient when the amino acid at position 129 was
valine rather than methionine. Furthermore, the form of hu-
man PrP™ produced in this in vitro assay when seeded with
CWD, resembles that found in the most common human
prion disease, namely sCJD of the MM1 subtype.

Previous attempts to determine the transmissibility of
these prion diseases to humans and thus assess their zoo-
notic potential have used experimental challenge of nonhu-
man primates, humanized PrP transgenic mice, and cell-
free assays with sometimes conflicting results. Successful
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Figure 5. Properties of C-BSE, CWD, and vCJD amplification
products in a second round of PMCA. Hu-C-BSE, hu-vCJD, and
hu-CWD (from a previous round of PMCA) were supplemented
with fresh human brain homogenate and subjected to a second
round of PMCA. The reactions were normalized by PrP" level
and the product diluted (1:3, 1:6, 1:12, 1:24) in fresh human brain
homogenate (PRNP codon 129MM) before PMCA. Odd numbers
correspond to samples without PMCA; even numbers correspond to
the reactions after PMCA (A, B, and C). The PrP detection antibody
was 3F4. C-BSE, C-type bovine spongiform encephalopathy; CWD,
chronic wasting disease; vCJD variant Creutzfeldt-Jakob disease;
PMCA, protein misfolding cyclic amplification; hu, human; PrPs,
protease-resistant prion protein; M, molecular marker.

transmission of CWD and L-BSE to certain nonhuman
primates has been reported: L-type BSE showing a differ-
ent pathologic profile and a shorter incubation period than
C-type BSE (20-23). However, Kong et al. (24) reported
that CWD failed to transmit to humanized PrP 129M over-
expressing mice inoculated with an elk brain homogenate.
In contrast, Beringue et al. (25) reported that humanized
PrP 129M overexpressing mice were susceptible to L-type
BSE and suggested that L-type BSE was more virulent than
C-type BSE and presented a zoonotic risk. H-type BSE re-
portedly failed to transmit to these same mice. Sandberg et
al. (26) and Tamgiiney et al. (27) confirmed the previous
report of Kong et al. that CWD fails to transmit to trans-
genic mice, irrespective of whether 1) the mice expressed
bovine, ovine, or human PrP; 2) the mice expressed the hu-
man 129M or 129V PrP allelic variants; or 3) the CWD
i1solates were from mule deer, elk, or white-tailed deer.
Cell-free approaches to modeling human susceptibil-
ity to animal prion prion diseases also have been published
(8,10,28-31). Raymond et al. (28) compared the ability of
CWD, C-type BSE, sheep scrapie, and CJD brain homog-
enates to convert human PrP¢ metabolically labeled and
purified from transfected cells. These experiments obtained

limited conversion of human PrP¢ by CWD, C-type BSE,
and scrapie. In contrast to our study, this early cell-free
system failed to distinguish between scrapie and C-type
BSE in their ability to convert human PrP¢; however, it
indicated a substantial molecular barrier to conversion of
human PrP® by CWD PrP5¢ (28,29), which agrees with this
report. Kurt et al. (37) reported that PMCA using human
PrP€ overexpressing transgenic mice brain (both 129M
and 129V lines) as substrate failed to support amplifica-
tion when seeded with CWD cervine brain homogenate.
Cervidized Prnp transgenic mouse brain homogenate can
support CWD prion replication (32), and extensive in vitro
conditioning of a CWD isolate by PMCA in a cervidized
substrate (or passage in cervidized mice) was sufficient to
overcome the barrier and enable efficient in vitro ampli-
fication in a humanized transgenic mouse substrate (33).
Direct comparison of these studies is made difficult by the
differences in approach (in vivo vs. in vitro), the different
transgenic constructs used, and the technical details of the
cell-free conversion assays undertaken (Table). An addi-
tional possibly significant difference between these studies
is the nature of the CWD isolate used. CWD affects dif-
ferent deer species (some of which show allelic variation
in their Prnp sequence), but CWD also occurs as different
biologic strains of agent (34-36). Different strains of CWD
may have a role in determining transmissibility and con-
version efficiency. Recently, Meyerett et al. (37) reported
the in vitro strain adaptation of a CWD isolate by serial
PMCA, similar to that produced by in vivo subpassage.

SCID o, SCD VeD
MM1 W2
50kDa
.~ 30 kDa
- - ' I 20 kDa
1 2 3 4

Figure 6. PrPes typing of the CWD amplification product. The
CWD PMCA product derived from amplification in a human brain
homogenate substrate (PRNP codon 129MM) was compared by
Western blotting with PrP™s from human brain samples from cases
of sCJD of the MM1 subtype, sCJD of the VV2 subtype, and variant
CJD. The PrP detection antibody was 3F4. PrPs, protease-resistant
prion protein; CWD, chronic wasting disease; PMCA, protein
misfolding cyclic amplification; sCJD sporadic Creutzfeldt-Jakob
disease; vCJD, variant CJD; hu, human; M, molecular marker.
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Table. Comparison of the outcomes of experimental transmission and in vitro conversion studies of chronic wasting disease in human,
humanized, and nonhuman primate model systems*

In vivo In vitro
Donor animal Species Animal (expression PrP source (expression
inoculum inoculated levels)/codon 129  Transmission levels)/codon 129 Method Conversion Ref
Mule deer, Cells 129M and 129V C-FA Pos (28,29)
white-tailed
deer, and elk
Elk Humanized Tg-40 (1x)/129MM Neg (24)
PrP transgenic ~ Tg-1 (2x)/129MM Neg
mice
Mule deer Squirrel Saimiri sciureus (1x) Pos (20)
monkeys
Mule deer, Humanized Tg(HuPrP)440 (2x) Neg 27)
white-tailed PrP transgenic
deer, and elk mice
Mule deer, Squirrel Saimiri sciureus (1x) Pos (22)
white-tailed monkeys
deer, and elk  Cynomolgus  Macaca fascicularis Neg
macaques (1x)
Mule deer Tg-6816 (16x)/129M PMCA Neg (37)
and white- Tg-7823 (5x)/129V PMCA Neg
tailed deer
Mule deer Humanized  Tg-45 (4x)/129MM Neg (26)
PrP transgenic ~ Tg-35 (2x)/129M Neg
mice Tg-152 (6x)/129VV Neg
White-tailed Humanized HUMM (1x)/129MM Neg (11)
deer PrP transgenic ~ HuVV (1x)/129VV Neg
mice
Mule deer Tg-440 (2x)/129MM PMCA Pos (33)
(after in vitro
conditioning)
Elk Human brain PMCA Pos This
(1x)/129MM article
Human brain PMCA Pos
(1x)/[129VvV
HUMM (1x)/129MM PMCA Pos
HuVV(1x)/129VV PMCA Pos
293F cell line(4x)120M  PMCA Pos
PMCA Pos

293F cell line(2x)/129V

*Numbers in parentheses denote the stated expression levels of PrP° into the animal species and cell lines used. PrP, prion protein; C-FA, cell-free assay;
pos, positive; neg, negative; PrP°, host's normal cellular PrP. Blank cells indicate no reported data.

The most directly comparable in vivo study to that re-
ported here is Wilson et al. (//), in which a similar series
of atypical animal prion diseases were used to challenge
transgenic mice expressing physiologic levels of human
PrPC. Atypical scrapie; C-, H-, and L-type BSE; and CWD
all failed to produce disease (or signs of infection) on first
passage in these mice (/7). The use of different animal
prion disease isolates (and possibly differing species and
strains of CWD) might explain this discrepancy; however,
a more fundamental difference might be that the in vivo
and in vitro model systems assess different aspects of the
agent and its replication. The in vivo model is undoubtedly
more complex and arguably more physiologically relevant,
and the readout is disease; however, it remains disease in a
mouse, in which the PRNP sequence alone is human. The
in vitro cell-free model does not assess disease as such,
only the compatibility of particular combinations of seed
and substrate homogenates (some of which, in these ex-
amples, were entirely of human origin) to produce PrP™.

Differences between the in vivo and in vitro models are
exemplified by the comparison of C-type BSE, and vCJD.
Both amplify well in PMCA using humanized (129MM)
brain homogenate as a substrate (/0), whereas intracranial
inoculation of C-type BSE into humanized (129MM) mice
fails to produce disease (/2), unless first experimentally
transmitted to sheep or goats (/3,38,39).

The interpretation of different amplification efficiencies
as a semiquantitative measure of relative risk is tempting but
is probably premature and almost certainly an oversimplifi-
cation. The testing of more isolates, especially of CWD in
deer and elk, is advisable before any firm conclusions can
be drawn. Additionally, possible strain-specific effects on
amplification efficiency by the precise PMCA experimen-
tal conditions are difficult to discount and might complicate
interpretation. The relative amplification efficiencies of C-,
H-, and L-type BSE might differ intrinsically because cer-
tain strains of sheep scrapie appear to, even when amplified
in homologous sheep substrates (40). However, we can say
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with confidence that under the conditions used here, none of
the animal isolates tested were as efficient as C-type BSE
in converting human PrP€, which is reassuring. Less reas-
suring is the finding that there is no absolute barrier to the
conversion of human PrP® by CWD prions in a protocol us-
ing a single round of PMCA and an entirely human substrate
prepared from the target organ of prion diseases, the brain.

Acknowledgments

We gratefully acknowledge Michael Jones and Helen Wil-
liamson for their initial Western blot characterization of the ani-
mal prion disease tissues at the National CJD Research & Surveil-
lance Unit as part of a knowledge-transfer grant—funded project
(IKTF 5M-960B) from the University of Edinburgh. We thank
Jan Langeveld for his generous gift of the 9A2 antibody.

This is an independent report commissioned and funded by
the Policy Research Programme of the Department of Health, UK.
The brain and tissue bank at the National CJD Research & Sur-
veillance Unit is part of Edinburgh Brain Banks and is supported
by the Medical Research Council (MRC G0900580).

Mr Barria is a PhD student at the National CJD Research
and Surveillance Unit, University of Edinburgh (UK). His main
research interest is the molecular basis of human prion diseases.

References

1. Benestad SL, Sarradin P, ThuB, SchoenheitJ, Tanulis MA, Bratberg B.
Cases of scrapie with unusual features in Norway and designation
of a new type, Nor98. Vet Rec. 2003;153:202-8. http://dx.doi.
org/10.1136/vr.153.7.202

2. Casalone C, Zanusso G, Acutis P, Ferrari S, Capucci L, Tagliavini F,
et al. Identification of a second bovine amyloidotic spongiform
encephalopathy: molecular similarities with sporadic Creutzfeldt-
Jakob disease. Proc Natl Acad Sci U S A. 2004;101:3065-70. http://
dx.doi.org/10.1073/pnas.0305777101

3. Biacabe AG, Laplanche JL, Ryder S, Baron T. Distinct molecular
phenotypes in bovine prion diseases. EMBO Rep. 2004;5:110-5.
http://dx.doi.org/10.1038/sj.embor.7400054

4. Tranulis MA, Benestad SL, Baron T, Kretzschmar H. Atypical prion
diseases in humans and animals. Top Curr Chem. 2011;305:23-50.
http://dx.doi.org/10.1007/128 2011 161

5. Saunders SE, Bartelt-Hunt SL, Bartz JC. Occurrence, transmission,
and zoonotic potential of chronic wasting disease. Emerg Infect Dis.
2012;18:369-76. http://dx.doi.org/10.3201/eid1803.110685

6. Le Dur A, Beringue V, Andreoletti A, Reine F, Lai TL,
Baron T, et al. A newly identified type of scrapie agent can
naturally infect sheep with resistant PrP genotypes. Proc Natl
Acad Sci U S A. 2005;102:16031-6. http://dx.doi.org/10.1073/
pnas.0502296102

7. Jacobs JG, Langeveld JP, Biacabe AG, Acutis PL, Polak MP,
Gavier-Widen D, et al. Molecular discrimination of atypical
bovine spongiform encephalopathy strains from a geographical
region spanning a wide area in Europe. J Clin Microbiol.
2007;45:1821-9. http://dx.doi.org/10.1128/JCM.00160-07

8. Castilla J, Gonzalez-Romero D, Saa P, Morales R, De Castro J,
Soto C. Crossing the species barrier by PrP(Sc) replication in vitro
generates unique infectious prions. Cell. 2008;134:757-68. http://
dx.doi.org/10.1016/j.cell.2008.07.030

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Orrd CD, Caughey B. Prion seeded conversion and amplifica-
tion assays. Top Curr Chem. 2011;305:121-33. http://dx.doi.
org/10.1007/128 2011_184

Jones M, Wight D, Barron R, Jeffrey M, Manson J, Prowse C,
et al. Molecular model of prion transmission to humans. Emerg Infect
Dis. 2009;15:2013-6. http://dx.doi.org/10.3201/eid1512.090194
Wilson R, Plinston C, Hunter N, Casalone C, Corona C,
Tagliavini F, et al. Chronic wasting disease and atypical forms of
bovine spongiform encephalopathy and scrapie are not transmissible
to mice expressing wild-type levels of human prion protein. J Gen
Virol. 2012;93:1624-9. http://dx.doi.org/10.1099/vir.0. 042507-0
Bishop MT, Hart P, Aitchison L, Baybutt HN, Plinston C,
Thomson V, et al. Predicting susceptibility and incubation time of
human-to-human transmission of vCJD. Lancet Neurol. 2006;5:393—
8. http://dx.doi.org/10.1016/S1474-4422(06)70413-6

Plinston C, Hart P, Chong A, Hunter N, Foster J, Piccardo P, et al.
Increased susceptibility of human-PrP transgenic mice to bovine
spongiform encephalopathy infection following passage in sheep.
J Virol. 2011;85:1174-81. http://dx.doi.org/10.1128/JVI.01578-10
Yokoyama T, Takeuchi A, Yamamoto M, Kitamoto T,
Tronside JW, Morita M. Heparin enhances the cell-protein
misfolding cyclic amplification efficiency of variant Creutzfeldt-
Jakob disease. Neurosci Lett. 2011;498:119-23. http://dx.doi.
org/10.1016/j.neulet.2011.04.072

Saa P, Castilla J, Soto C. Cyclic amplification of protein misfolding
and aggregation. Methods Mol Biol. 2005;299:53-65.

Barria MA, Gonzalez-Romero D, Soto C. Cyclic amplification of
prion protein misfolding. Methods Mol Biol. 2012;849:199-212.
http://dx.doi.org/10.1007/978-1-61779-551-0_14

Jones M, Peden AHMW, Ironside JW. The application of in
vitro cell-free conversion systems to human prion diseases. Acta
Neuropathol. 2011;121:135-43. http://dx.doi.org/10.1007/s00401-
010-0708-8

Gambetti P, Cali I, Notari S, Kong Q, Zou WQ, Surewicz WK. Mo-
lecular biology and pathology of prion strains in sporadic human
prion diseases. Acta Neuropathol. 2011;121:79-90. http://dx.doi.
org/10.1007/s00401-010-0761-3

Collinge J, Clarke AR. A general model of prion strains and their
pathogenicity. Science. 2007;318:930-6. http://dx.doi.org/10.1126/
science.1138718

Marsh RF, Kincaid AE, Bessen RA, Bartz JC. Interspecies
transmission of chronic wasting disease prions to squirrel
monkeys (Saimiti sciureus). J Virol. 2005;79:13794-6. http://dx.doi.
org/10.1128/JV1.79.21.13794-13796.2005

Comoy EE, Casalone C, Lescoutra-Etchegaray N, Zanusso G,
Freire S, Marce D, et al. Atypical BSE (BASE) transmitted from
asymptomatic aging aattle to a primate. PLoS ONE. 2008;3:e3017.
http://dx.doi.org/10.1371/journal.pone.0003017

Race B, Meade-White KD, Miller MW, Barbian KD, Rubenstein R,
LaFauci G, et al. Susceptibilities of nonhuman primates to chronic
wasting disease. Emerg Infect Dis. 2009;15:1366-76. http://dx.doi.
org/10.3201/e1d1509.090253

Ono F, Tase N, Kurosawa A, Hiyaoka A, Ohyama A, Tezuka Y,
et al. Atypical L-type bovine spongiform encephalopathy (L-BSE)
transmission to cynomolgus macaques, a non-human primate. Jpn J
Infect Dis. 2011;64:81-4.

Kong Q, Huang S, Zou W, Vanegas D, Wang M, Wu D, et al. Chronic
wasting disease of elk: transmissibility to humans examined by
transgenic mouse models. J Neurosci. 2005;25:7944-9. http://
dx.doi.org/10.1523/INEUROSCI.2467-05.2005

Béringue V, Herzog L, Reine F, Le Dur A, Casalone C, Vilotte JL,
et al. Transmission of atypical bovine prions to mice transgenic for
human prion protein. Emerg Infect Dis. 2008;14:1898-901. http://
dx.doi.org/10.3201/eid1412.080941

Sandberg MK, Al-Doujaily H, Sigurdson CJ, Glatzel M,
O’Malley C, Powell C, et al. Chronic wasting disease prions are

96 Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 20, No. 1, January 2014



27.

28.

29.

30.

31

32.

33.

34.

not transmissible to transgenic mice overexpressing human prion
protein. J Gen Virol. 2010;91:2651-7. http://dx.doi.org/10.1099/
vir.0.024380-0

Tamgiiney G, Giles K, Oehler A, Johnson NL, DeArmond SJ,
Prusiner SB. Transmission of elk and deer prions to transgenic mice.
J Virol. 2006;80:9104—14. http://dx.doi.org/10.1128/JV1.00098-06
Raymond GJ, Hope J, Kocisko DA, Priola SA, Raymond LD,
Brossers A, et al. Molecular assessment of the potential transmis-
sibilities of BSE and scrapie to humans. Nature. 1997;388:285-8.
http://dx.doi.org/10.1038/40876

Raymond GJ, Bossers A, Raymond DL, O’Rourke KI,
McHolland LE, Bryant PK, et al. Evidence of a molecular barrier
limiting susceptibility of humans, cattle and sheep to chronic wast-
ing disease. EMBO J. 2000;19:4425-30. http://dx.doi.org/10.1093/
emboj/19.17.4425

Castilla J, Morales R, Saa P, Barria M, Gambetti P, Soto C.
Cell-free propagation of prion strains. EMBO J. 2008;27:2557-66.
http://dx.doi.org/10.1038/embo;j.2008.181

Kurt TD, Telling GC, Zabel MD, Hoover EA. Trans-species amplifi-
cation of Prp(CWD) and correlation with rigid loop 170N. Virology.
2009;387:235-43. http://dx.doi.org/10.1016/j.virol.2009.02.025
Green KM, Castilla J, Seward TS, Napier DL, Jewell JE, Soto C,
et al. Accelerated high fidelity amplification within and across
prion species barriers. PLoS Pathog. 2008;4:¢1000139. http://dx.doi.
org/10.1371/journal.ppat.1000139

Barria MA, Telling GC, Gambetti P, Mastrianni JA, Soto C. Genera-
tion of a novel form of human PrP(Sc) by inter-species transmission
from cervid prions. J Biol Chem. 2011;286:7490-5. http://dx.doi.
org/10.1074/jbc.M110.198465

Angers RC, Kang HE, Napier D, Browning S, Seward T, Mathi-
ason C, et al. Prion strain mutation determined by prion protein
conformational compatibility and primary structure. Science.
2010;328:1154-8. http://dx.doi.org/10.1126/science.1187107

35.

36.

37.

38.

39.

40.

Molecular Barriers to Zoonotic Transmission of Prions

Perrott MR, Sigurdson CJ, Mason GL, Hoover EA. Evidence for
distinct chronic wasting disease (CWD) strains in experimental
CWD in ferrets. J Gen Virol. 2012;93:212-21. http://dx.doi.
org/10.1099/vir.0.035006-0

Telling GC. Chronic wasting disease and the development of re-
search models. In: Zou WQ, Gambetti P, editors. Prions and dis-
eases. Volume 2. Animals, humans and the environment. New York:
Springer; 2013. p. 45-56.

Meyerett C, Michel B, Pulford B, Spraker TR, Nichols TA,
Johnson T, et al. In vitro strain adaptation of CWD prions by serial
protein misfolding cyclic amplification. Virology. 2008;382:267-76.
http://dx.doi.org/10.1016/j.virol.2008.09.023

Padilla D, Beringue V, Espinosa JC, Andreoletti O, Jaumain E,
Reine F, et al. Sheep and goat BSE propagate more effi-
ciently than cattle BSE in human PrP transgenic mice. PLoS
Pathog. 2011;7:¢1001319. http://dx.doi.org/10.1371/journal.
ppat. 1001319

Wilson R, King D, Hunter N, Goldmann W, Barron RM.
Characterisation of an unusual transmissible spongiform en-
cephalopathy in goat by transmission to knock-in transgenic
mice. J Gen Virol. 2013;94:1922-32. http://dx.doi.org/10.1099/
vir.0.051706-0

Thorne L, Holder T, Ramsay A, Edwards J, Taema MM, Windl O,
et al. In vitro amplification of ovine prions from scrapie-infected
sheep from Great Britain reveals distinct patterns of propagation.
BMC Vet Res. 2012;8:223. http://dx.doi.org/10.1186/1746-6148-
8-223

Address for correspondence: Mark W. Head, National CJD Research &
Surveillance Unit, The University of Edinburgh, The Bryan Matthews
Bldg, Western General Hospital, Edinburgh, Scotland EH4 2XU, UK;
email: m.w.head@ed.ac.uk

Sign up to receive our table of contents
Online subscription: www.cdc.gov/ncidod/eid /subscribe.htm

GovDelivery

of customized content

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 20, No. 1, January 2014

97



