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Prion disease epidemics, which have been unpredictable recurrences, are of significant
concern for animal and human health. Examples include kuru, once the leading cause of
death among the Fore people in Papua New Guinea and caused by mortuary feasting; bovine
spongiform encephalopathy (BSE) and its subsequent transmission to humans in the form of
variant Creutzfeldt—Jakob disease (vC]JD), and repeated examples of large-scale prion
disease epidemics in animals caused by contaminated vaccines. The etiology of chronic
wasting disease (CWD), a relatively new and burgeoning prion epidemic in deer, elk, and
moose (members of the cervid family), is more enigmatic. The disease was first described in
captive and later in wild mule deer and subsequently in free-ranging as well as captive Rocky
Mountain elk, white-tailed deer, and most recently moose. It is therefore the only recognized
prion disorder of both wild and captive animals. In addition to its expanding range of hosts,
CWD continues to spread to new geographical areas, including recent cases in Norway. The
unparalleled efficiency of the contagious transmission of the disease combined with high
densities of deer in certain areas of North America complicates strategies for controlling
CWD and raises concerns about its potential spread to new species. Because there is a high
prevalence of CWD in deer and elk, which are commonly hunted and consumed by humans,
the possibility of zoonotic transmission is particularly concerning. Here, we review the current
status of naturally occurring CWD and describe advances in our understanding of its molec-
ular pathogenesis, as shown by studies of CWD prions in novel in vivo and in vitro systems.

EPIDEMIOLOGY AND HOST RANGE

hronic wasting disease (CWD) was first
Cidentiﬁed in the late 1960s as a fatal wasting
syndrome of mule deer (Odocoileus hemionus
hemionus) and black-tailed deer (Odocoileus
hemionus columbianus) held in captivity in sev-
eral wildlife facilities in northern Colorado. By
the late 1970s, CWD was histopathologically
recognized as a prion disease by the late

Elizabeth Williams (Williams and Young 1980,
1992). A retrospective study also revealed CWD
infection of mule and black-tailed deer that re-
sided at the Toronto Zoo between 1973 and
2003 (Dube et al. 2006). The disease was also
identified in mule deer in a research facility in
Wyoming and in captive wapiti, or Rocky
Mountain elk (Cervus elaphus nelsoni), in both
the Colorado and Wyoming wildlife facilities.
Thereafter, CWD was described in free-ranging
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mule deer and elk in southeastern Wyoming
and northeastern Colorado (Williams and
Young 1980, 1982, 1992) and was described in
white-tailed deer in Nebraska and South Dako-
ta in 2001 (Williams 2005). Surveillance and
modeling studies indicated that CWD occurred
endemically among free-ranging deer and elk in
a contiguous area encompassing northeastern
Colorado, southeastern Wyoming, and western
Nebraska, and that CWD was most likely
present in free-ranging cervids in this “endemic
region” several decades before its detection
(Miller et al. 2000). Long thought to be limited
to this endemic region, a new area was identified
in Saskatchewan, Canada (Williams and Miller
2002), in 1996, and CWD also emerged in free-
ranging populations of white-tailed deer (Odo-
coileus virginianus) in southern Wisconsin (Joly
et al. 2003) in 2002. Most recently, CWD was
present in a wild moose (Alces alces shirasi)
killed by a hunter in Colorado (Baeten et al.
2007) and in captive moose in Wyoming
(Kreeger et al. 2006). The disease was subse-
quently found in additional free-ranging moose
in Colorado and Wyoming and most recently in
Alberta, Canada.

The spread of CWD in North America ap-
pears to be irrevocable. At the time of this
review, CWD has been found in both wild and
farm-raised cervids from 22 North American
states, two Canadian provinces, and in Norway.
Identification of CWD-infected animals in ar-
eas previously thought to be free of infection
may be partly related to increased surveillance
and spread of the disease by natural migration
and by humans who transport infected cervids
to other locations. These factors almost certain-
ly play a role in the emergence of CWD in new
areas. Moreover, this appears to be how out-
breaks of the disease occurred in elk in the
Republic of Korea in 2001, 2004, and 2005—
as a result of the country’s importation of sub-
clinically infected animals (Sohn et al. 2002;
Kim et al. 2005). In 2010, additional CWD cases
were observed in red deer (Cervus elaphus), sika
deer (Cervus nippon), and crossbred sika and
red deer (Lee et al. 2013).

In April 2016, CWD was detected for the
first time in Euorpe and for the first time

in free-ranging reindeer (Rangifer tarandus
tarandus) (Benestad et al. 2016). Western blot
analysis of brain material from this Norwegian
animal, which was from the Selbu region of Ser-
Trondelag county (Norway), showed that PrP*®
(the pathogenic form of the normal cellular
protein) glycosylation and molecular weight
profiles were similar to PrP from North Amer-
ican elk with CWD. It was also found that PrP>
deposition patterns were concordant with those
of PrP*¢ in diseased reindeer orally inoculated
with North American CWD (Mitchell et al.
2012). In subsequent months, CWD was diag-
nosed in a second reindeer from the Selbu
region, as well as in two moose from the Nord-
fjella region in southern Norway, which is sep-
arated from Ser-Trendelag by several hundred
kilometers (S Benestad, pers. comm.). The origin
of these new European cases is currently unclear.

PATHOGENESIS

Clinical signs of infected deer and elk can be
subtle, which makes diagnosis difficult, and in-
clude weight loss, behavioral alterations, appar-
ent ruminal atony, and salivary defluxion in
later stages of the disease. Clinical features in-
clude gradual loss of body condition, resulting
in emaciation (hence the term “wasting dis-
ease”), and behavioral changes that include gen-
eralized depression and loss of fear of humans
(Williams 2003). At later stages, infected ani-
mals may display polydipsia and polyuria, sia-
lorrhea, and generalized incoordination. The
clinical course in captive animals is slowly pro-
gressive, and after diagnosis, most animals sur-
vive for a few weeks up to 3 to 4 mo.

Within a short time after an animal ingests
material contaminated with CWD prions, the
pathogenic prions migrate to lymphoid centers
associated with the alimentary tract, including
the tonsil and retropharyngeal lymph nodes
(Sigurdson et al. 2002). Following neuroinva-
sion, CWD prions travel throughout the central
nervous system (CNS) via the ascending fibers
of the autonomic nervous system, culminating
in prion deposits and spongiform degeneration
in the dorsal motor nucleus of the vagus nerve
in the obex region of the medulla oblongata.
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Ultimately, prions replicate throughout the
CNS. Like other prion diseases, postmortem
pathognomonic lesions are confined to the
CNS and consist of intraneuronal vacuolation,
neuropil spongiosis, astrocytic hypertrophy,
and hyperplasia (Williams and Young 1993).
CWD is characterized by extensive deposition
of PrP* prions in the CN'S and lymphoid tissue,
the latter being detectable in the early stages of
the disease (Sigurdson et al. 1999; Fox et al.
2006). The pathogenesis of CWD seems to
vary between deer and elk, with fewer deposits
seen in the lymphoid tissue of elk compared
with deer (Race et al. 2007). Florid amyloid
plaques also feature in the neuropathology of
diseased deer (Liberski et al. 2001). Other
tissues in which PrP> or infectivity has been
detected in deer and elk include the pancreas
(Sigurdson et al. 2001; Fox et al. 2006), adrenal
gland (Sigurdson et al. 2001; Fox et al. 2006),
and cardiac muscle (Jewell et al. 2006). CWD
prions have also been detected in saliva and
blood by bioassay (Mathiason et al. 2006) and
in urine by protein-misfolding cyclic amplifica-
tion (PMCA) (Haley et al. 2009a) and bioassay
(Haley et al. 2009b), which suggests that these
body fluids play a role in the transmission and
dissemination of the disease. The fecal material
of subclinical deer also harbors infectivity (Ha-
ley et al. 2009b; Tamgiiney et al. 2009). Please see
Haley and Hoover (2015), who have recently
reviewed pathogenesis in the natural host, for
an exhaustive description of the clinical and
pathological features of the disease.

NATURAL TRANSMISSION

The maximum incubation period of CWD in
naturally infected animals is unknown, but
most natural cases occur in animals 3 to 7 yr
old, with the majority of animals probably de-
veloping the disease within 3 yr of infection
(Miller et al. 1998). Although CWD has been
shown to be experimentally transmissible after
intracerebral inoculation of mule deer with
incubation periods up to 2 yr (Williams and
Young 1992), limited transmission studies
have indicated that CWD developed ~25%
more rapidly in orally challenged elk than deer
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(16 mo for mule deer and 12 mo for elk) (Wil-
liams 2003). Levels of PrP5 were found to be
higher in the tonsil and retropharyngeal lymph
nodes of CWD-infected deer than elk (Race
et al. 2007). Because this finding correlates
with the natural prevalence of CWD in these
species, Race et al. speculated that CWD-infect-
ed deer may be more likely than elk to transmit
the disease.

In the wild, the highly efficient transmission
of CWD appears unparalleled among prion dis-
eases (Williams and Young 1980; Miller et al.
2000; Miller and Williams 2003). The remark-
ably contagious nature of CWD has been doc-
umented in a captive mule deer population,
wherein 90% of the mule deer present in the
population for >2 yr ultimately developed the
disease (Williams and Young 1980). Although
the natural route of transmission is not precisely
known, lateral transmission (Williams and Mil-
ler 2002) by ingesting forage or water contam-
inated by secretions, excretions, or other sources
(for example, CWD-infected carcasses) (Miller
etal. 2004) has long been thought to be the most
plausible natural route. The presence of CWD
prions in saliva, blood, urine, and feces (Haley
etal. 2009a,b, 2011; Mathiason et al. 2006; Tam-
giliney et al. 2009) is consistent with this mech-
anism of contagious lateral transmission. Using
transgenic (Tg) mice bioassays, CWD prions
were detected in elk antler velvet, and the annual
shedding of this material increases the possibil-
ity that it may also play a role in transmitting the
disease (Angers et al. 2009). Recently developed
highly sensitive methods for CWD detection
based on a standardized real-time quaking-in-
duced conversion (RT-QulC) assay are likely to
greatly facilitate epidemiological studies (Haley
et al. 2014; Henderson et al. 2015).

Pertinent to the issue of disease transmis-
sion is the seemingly indefinite persistence of
CWD in the environment (Miller et al. 2004;
Seidel et al. 2007), a feature that is linked to
the unusual and extreme resistance of prions
to degradation. Coupled with this characteris-
tic, prions bind avidly to soil particles, particu-
larly montmorillonite clay and quartz (Smith
et al. 2011), and remain infectious after oral
consumption (Johnson et al. 2006a, 2007;
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Saunders et al. 2012). This binding requires the
flexible N terminus of PrP> and cleavage with
proteinase K effectively releases prions from soil
particles (Saunders et al. 2011). Of note, there
appears to be a close correlation between these
soil types and CWD prevalence (Saunders et al.
2012).

Shedding of CWD prions during infection
raised the possibility that contamination of
plant materials may feature in disease transmis-
sion. To address this, Pritzkow and colleagues
(2015) analyzed the binding and retention of
PrP* to plants. Their study found that even
small quantities of prions in diluted brain
homogenate or in urine and feces bind to wheat
grass roots and leaves for several weeks, and that
animals are efficiently infected by ingesting pri-
on-contaminated plants. These features apply
to prions from diverse origins, including from
CWD. Moreover, root uptake of prions from
contaminated soil is followed by their transport
to the stem and leaves.

IMPACT AND MANAGEMENT OF CWD

Although most U.S. states and Canadian prov-
inces have introduced CWD surveillance pro-
grams, the extent of these programs is variable,
ranging from targeted surveillance in some states
to mandatory testing of all animals suspected of
dying of CWD in others. Complicating the issue,
diagnosis can only be unequivocally made fol-
lowing postmortem analysis of CNS materials,
and current evaluations almost certainly under-
estimate the true prevalence of the disease. Al-
though testing for CWD in other countries has
been minimal, limited active surveillance has, to
date, not detected CWD in European countries
other than Norway or Japan (Roels et al. 2004;
Kataoka et al. 2005; Schettler et al. 2006).

The prevalence of CWD can be as high
as 30% in some areas of Colorado (Williams
2005), and wildlife management efforts to con-
tain or eradicate CWD in the state have proven
unsuccessful (Conner et al. 2007). Based on
hunter-harvested animal surveillance, the prev-
alence of CWD in the endemic area from 1996 to
1999 was estimated at ~5% in mule deer, ~2%
in white-tailed deer, and <1% in elk (Spraker

et al. 1997). Several studies have attempted to
address the impact of CWD on cervid popula-
tions. Experimental studies show that CWD
lowers deer survival and can depress population
growth rates when prevalence becomes suffi-
ciently high (Miller et al. 2008; Dulberger et al.
2010). Modeling approaches have provided con-
flicting predictions of the consequences of CWD
on infected populations (Wasserberg et al. 2009;
Almberg et al. 2011; Geremia et al. 2015).
CWD has both a significant economic im-
pact and influences wildlife conservation. The
U.S. Fish and Wildlife Service estimated that a
total of $33.7 billion was spent on hunting items
in 2011, and an estimated 11.6 million hunters
pursued big game such as deer and elk (U.S.
Census Bureau 2011). Within the first month
of diagnosing CWD in free-ranging deer in
2002, Wisconsin’s wildlife management agency
spent ~$250,000 in control and public informa-
tion efforts and subsequently upward of $2.5
millionayear foradditional CWD control efforts
(Telling 2013). Saskatchewan has spent ~$30
million to eradicate the disease within infected
commercially operated game farms (Oklahoma
Department of Wildlife Conservation 2002).

EXPERIMENTAL TRANSMISSION OF CWD

Other cervid species are susceptible to CWD
following experimental challenge. These in-
clude European red deer (Cervus elaphus ela-
phus) (Martin et al. 2009) and muntjac deer
(Muntiacus reevesi) (Nalls et al. 2013). Brain
tissue from CWD-infected white-tailed deer
and elk produced disease in only four of 13
intracerebrally inoculated fallow deer (Dama
dama) (Hamir et al. 2008), and the same species
appeared resistant when cohoused in paddocks
with CWD-infected mule deer (Rhyan et al.
2011), suggesting relative resistance of this cer-
vid species to CWD.

Whether the natural host range of CWD
extends beyond the family Cervidae is currently
unclear. However, the remarkably high rate of
CWD prion transmission brings into question
the risk posed to livestock of developing a novel
CWD-related prion disease via shared grazing
of CWD-contaminated rangeland. This issue
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has been addressed by transmitting CWD to cat-
tle (Hamir et al. 2001, 2005, 2006a, 2007a) and
sheep (Hamir et al. 2006b). In the case of cattle,
PrP* was detected in ~40% of intracerebrally
inoculated animals. Low rates of disease also
occurred in intracerebrally inoculated sheep.
Host genotype appeared to affect the efficiency
of transmission. Tg mice expressing ovine or
bovine prion protein (PrP) have also been chal-
lenged with CWD, thus far with negative out-
comes (Tamgiiney et al. 2006). Davenport et al.
(2015) used the RT-QulIC assay to compare
the conversion properties of CWD and bovine
spongiform encephalopathy (BSE) prions, as
well as feline-adapted versions of these prions.
CWD, BSE, and feline-adapted CWD prions
most effectively seeded cervid, bovine, and
feline bacterially expressed recombinant PrP
(rPrP), respectively, whereas feline spongiform
encephalopathy (FSE) prions more efficiently
converted bovine than feline rPrP. To determine
the potential of these prions to convert human
PrP, human rPrP was used as a substrate in
RT-QulC. Remarkably, CWD, feline-adapted
CWD, BSE, and FSE prions all converted human
rPrP although not as efficiently as sporadic
Creutzfeldt—Jakob disease (CJD) prions.
Experimental transmission to other species
has shown mixed results. Studies by the late Dr.
Richard Marsh in the mid-1980s at the Univer-
sity of Wisconsin showed that the CWD agent
transmitted poorly to Syrian golden hamsters,
ferrets, and mink (Bartz et al. 1998; Marsh et al.
2005; Sigurdson et al. 2008). Other susceptible
species include several species of voles, white-
footed mice, deer mice, cats, raccoons, and
squirrel monkeys (Hamir et al. 2003, 2007b;
Race et al. 2009a, 2014; Heisey et al. 2010; Di
Bari et al. 2013; Mathiason et al. 2013; Seelig
et al. 2015). Although non-Tg mice have been
reported to be resistant to CWD infection
(Browning et al. 2004), limited infection of
the VM/Dk inbred strain of mice with elk
CWD prions has been reported (Lee et al. 2013).

TRANSGENIC MOUSE MODELS OF CWD

Although CWD is transmissible after intracere-
bral inoculation of mule deer with incubation
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periods up to 2 yr (Williams and Young 1992),
the expense of housing cervids under prion-free
conditions for long periods and the highly com-
municable nature of CWD present significant
challenges for using deer as experimental hosts
(Mathiason et al. 2006). As noted above, CWD
transmissions to other species have yielded mixed
results, but are generally inefficient, albeit to
varying extents, an effect referred to as the species
barrier to prion transmission (Pattison 1965).
Seminal studies in Tg mice with sheep scra-
pie prions experimentally adapted to mice or
Syrian hamsters showed that optimal disease
progression requires that the primary structures
of the pathogenic form of the prion protein
(PrP), referred to as PrP%, and the normal cel-
lular form, referred to as PrP®, are related (Pru-
siner et al. 1990; Scott et al. 1993). These studies
paved the way for the development of Tg models
in which to study human prions (Telling et al.
1995) and subsequently other naturally occur-
ring mammalian prions (for review, see Telling
2011). Studies in Tg mice also underscored that
the tertiary structure of PrP*" enciphers strain
information (Bessen and Marsh 1994; Telling et
al. 1996). Additionally, Tg mice have been used
to model interspecies transmission (Vickery et
al. 2014), which is generally inefficient and usu-
ally characterized by low attack rates with long
and variable incubation times upon primary
transmission. Relatively facile transmission
upon serial passage reflects adaptation in the
newly infected species (Telling 2011). The initial
barrier to propagation is thought to result from
primary structural incompatibilities between
donor PrP%¢ and recipient PrpP¢, resulting in in-
efficient PrP¢ conversion. Ultimately, nascent
PrP* composed of the new host primary struc-
ture readily converts PrP“, and efficient prion
propagation ensues in the recipient species.
Using this rationale, several Tg mouse mod-
els expressing either elk or deer PrP have been
produced in which the species barrier to CWD
has been eliminated. Prototype Tg mice express-
ing deer PrP, designated Tg(CerPrP)1536™/~
(Browning et al. 2004) and referred to here as
Tg(DeerPrP), recapitulated the cardinal neuro-
pathological, clinical, and biochemical features
of CWD, an observation subsequently con-
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firmed in comparable Tg mouse models
expressing deer or elk PrP (Kong et al. 2005;
LaFauci et al. 2006; Tamgiiney et al. 2006;
Meade-White et al. 2007; Angers et al. 2009).
The generation of CWD-susceptible Tg mice, in
concert with the development of PMCA-based
approaches for amplifying CWD infectivity us-
ing PrP® expressed in the CNS of those mice
(Green et al. 2008a; Meyerett et al. 2008) has
also provided crucial information about the bi-
ology of CWD and cervid prions. Amplification
in vitro was shown to maintain CWD prion-
strain properties and provided a means of gener-
ating novel cervid prion strains (Kurt et al. 2007,
2009; Green et al. 2008a; Meyerett et al. 2008).
Studies in Tg mice and in vitro amplifica-
tion approaches have also facilitated our under-
standing of the mechanism of CWD transmis-
sion among deer and elk (Mathiason et al. 2006;
Haley et al. 2009a,b; Tamgiiney et al. 2009).
Transmission studies in Tg(DeerPrP) and sim-
ilar lines of Tg mice showed that CWD prions
were present in urine, feces, and saliva (Tamgii-
ney et al. 2006; Haley et al. 2009a), and these
findings were substantiated by in vitro amplifi-
cation techniques (Haley et al. 2009a; Pulford
et al. 2012; Henderson et al. 2013).
Tgapproaches in mice have been essential to
assessing the potential risk of human exposure
to CWD prions (Angers et al. 2006, 2009; Race
etal. 2009b). For the first time, the availability of
CWD-susceptible Tg mouse models has also
provided a means of quantifying CWD infectiv-
ity by end-point titration (Angers et al. 2009).

GENERAL INSIGHTS INTO THE MECHANISM
OF PRION PROPAGATION FROM CWD-
SUSCEPTIBLE TRANSGENIC MOUSE MODELS

Effects of Polymorphisms in the Unstructured
N Terminus of PrP

As shown in other species in which prion dis-
eases occur naturally, susceptibility to CWD is
highly dependent on polymorphic variation in
deer and elk PRNP. Polymorphisms at codons
95 (glutamine [Q] or histidine [H]) (Johnson
etal. 2003), 96 (glycine [G] or serine [S]) (Ray-
mond et al. 2000; Johnson et al. 2003), and 116

(alanine [A] or G) (Heaton et al. 2003) in white-
tailed deer have been reported. Although all
major genotypes were found in deer with
CWD, the Q96, G96, A116 allele (QGA) was
more frequently found in CWD-affected deer
than the QSA allele (Johnson et al. 2003;
O’Rourke et al. 2004), suggesting a protective
effect of the counterpart polymorphisms. The
elk PRNP coding sequence is polymorphic
at codon 132, encoding either methionine (M)
or leucine (L) (Schitzl et al. 1997; O’Rourke
et al. 1999). This position is equivalent to hu-
man PRNP codon 129. Studies of free-ranging
and captive elk with CWD (O’Rourke et al.
1999), as well as oral transmission experiments
(Hamir et al. 2006¢; O’Rourke et al. 2007), in-
dicate that the L132 allele protects against CWD.

Tg mouse modeling provides a means of
assessing the role of these cervid PrP gene poly-
morphisms on CWD pathogenesis. In recent
work combining studies in Tg mice, the natural
host, cell-free prion amplification, and molec-
ular modeling approaches, we analyzed the ef-
fects of deer polymorphic amino-acid varia-
tions on CWD propagation and susceptibility
to prions from different species (Angers et al.
2014). Reflecting the general authenticity of
the Tg modeling approach, the properties of
CWD prions were faithfully maintained in
deer following their passage through Tg mice
expressing cognate PrP. Moreover, the protec-
tive influences of naturally occurring PrP poly-
morphisms on CWD susceptibility were accu-
rately reproduced in Tg mice or during cell free
amplification. The resistance to CWD of Tg
mice expressing deer PrP with serine at residue
96, referred to as Tg(DeerPrP-S96)7511 mice, is
consistent with previously generated tg60 mice
expressing serine at residue 96 (Meade-White
et al. 2007). In the studies of Angers and
colleagues, whereas substitutions at residues
95 and 96 affected CWD propagation, their
protective effects were overridden during repli-
cation of sheep prions in Tg mice and, in the
case of residue 96, deer.

To more fully address the influence of the elk
132 polymorphism, transmissibility of CWD
prions was assessed in Tg mice expressing cervid
PrP€ with leucine or methionine at residue 132
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(Green et al. 2008b). Although Tg mice express-
ing leucine at residue 132 afforded partial resis-
tance to CWD, Sheep Scrapie Brain Pool
(SSBP) /1 sheep scrapie prions transmitted effi-
ciently to these mice, suggesting that the elk 132
polymorphism also controls prion susceptibil-
ity at the level of prion-strain selection. The
contrasting ability of CWD and SSBP/1 prions
to overcome the inhibitory effects of leucine at
residue 132 allele is reminiscent of studies de-
scribing the effects of the human codon 129
methionine (M) /valine (V) polymorphism on
vCJD/BSE prion propagation in Tg mice ex-
pressing human PrP, which concluded that hu-
man PrP with valine at residue 129 severely re-
stricts propagation of the BSE prion strain
(Wadsworth et al. 2004). It therefore appears
that amino-acid substitutions in the unstruc-
tured region of PrP affect PrP“-to-PrP*° conver-
sion in a strain-specific manner.

The susceptibility of Tg(DeerPrP-596)7511
mice, albeit with incomplete attack rates and
long incubation times, is at odds with previous
work showing complete resistance of tg60
mice, which express the same deer PrP variant
(Meade-White et al. 2007; Race et al. 2011). This
apparent discrepancy is most likely related to
the low transgene expression in tg60 mice,
which is reported to be 70% of the levels found
in deer. CWD occurs naturally in deer homozy-
gous for the PrP-596 allele (Keane et al. 2008),
which is clearly inconsistent with this substitu-
tion’s completely protective effect, suggesting
that Tg(DeerPrP-S96)7511 mice represent an
accurate Tg model in which to assess the effects
of the S96 substitution.

In accordance with the role of this region in
strain selection, in subsequent studies, Tg mice
expressing wild-type deer PrP (tg33) or tg60
were challenged with CWD prions from exper-
imentally infected deer with varying polymor-
phisms at residues 95 and 96 (Duque Velasquez
et al. 2015). Passage of deer CWD prions into
tg33 mice resulted in 100% attack rates, with
CWD prions from deer expressing H95 or S96
having significantly longer incubation periods.
Remarkably, otherwise resistant tg60 mice
(Meade-White et al. 2007; Race et al. 2011) de-
veloped disease only when inoculated with pri-
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ons from deer expressing H95/Q95 and H95/
S96 PrP genotypes. Serial passage in tg60 mice
resulted in propagation of a novel CWD strain,
referred to as H95", whereas transmission to
tg33 mice produced two disease phenotypes
consistent with propagation of two strains.

Effects of Residues in a Discontinuous Epitope
Formed by Interactions between a 32-«a2
Loop and a-Helix 3

High-resolution structural studies showed that
the loop region linking the second 3 -sheet (32)
with the a 2-helix (a2) of cervid PrP is extreme-
ly well defined compared with most other
species, increasing the possibility that this struc-
tural characteristic correlates with the unusually
facile contagious transmission of CWD (Gos-
sert et al. 2005). Tg mice expressing mouse PrP
in which the B2—a2 loop was replaced by the
corresponding region from cervid species spon-
taneously developed prion disease (Sigurdson
et al. 2009). Additional studies consistently
point to the importance of the B2—a2 loop in
regulating transmission barriers, including that
of humans to CWD (Kurt et al. 2009, 2014,
2015; Sigurdson et al. 2010).

Subsequent work suggested a more complex
mechanism in which the B2-a2 loop partici-
pates with the distal region of a-helix 3 to form
a solvent-accessible contiguous epitope (Pérez
et al. 2010). These and later studies (Christen
et al. 2009) ascribed greater importance to the
plasticity of this discontinuous epitope. For ex-
ample, substitution of aspartic acid (D) found
in horse, which contains a similarly structured
loop region, with serine (S) at residue 170 of
mouse (elk PrP numbering), increased not
only the structural order of the loop, but also
the long-range interaction with tyrosine (Y) at
residue 228 in a-helix 3. Underscoring the im-
portance of long-range B2—a2 loop/a-helix 3
interactions, similar structural connections oc-
cur between this residue, which is alanine (A) in
Tammar wallaby PrP, and residue 169 in the
B2—a2 loop (Christen et al. 2009). Stabilizing
long-range interactions between the B2-a2
loop and «-helix 3 also occur in rabbit PrPB,
a species generally regarded as resistant to
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prion infection. X-ray crystallographic analyses
showed that the rabbit B2—a2 loop is clearly
ordered and indicated that hydrophobic inter-
actions between the side chains of valine (V) at
residue 169, and in this case Y221 (elk PrP num-
bering) of a-helix 3, contributed to the stability
of the B2—a2 loop/a helix 3 epitope (Khan
et al. 2010).

In mule deer, polymorphism at codon 225
encoding S or phenylalanine (F) influences
CWD susceptibility, with the 225F allele being
relatively protective. The occurrence of CWD
was found to be 30-fold higher in deer homo-
zygous for serine at position 225 (225SS) than
in heterozygous (225SF) animals; the frequency
of 225SF and 225FF genotypes in CWD-nega-
tive deer was 9.3%, but only 0.3% in CWD-
positive deer (Jewell et al. 2005). Recent studies
comparing CWD susceptibility in mule deer
with either of the residue 225 genotypes,
225SS or 225FE showed that 225FF mule deer
had differences in clinical disease presentation
as well as subtler atypical traits (Wolfe et al.
2014). Immediately adjacent to the protective
mule deer PrP polymorphism at 225, residue
226 encodes the singular primary structural dif-
ference between Rocky Mountain elk and deer
PrP. Elk PrP contains glutamate (E) at this po-
sition, and deer PrP contains glutamine (Q).

Recent findings show that residues 225 and
226 play a critical role in PrP¢-to-PrP*° conver-
sion and strain propagation, but the effects are
distinct from those produced by the H95Q,
G95S, and MI132L polymorphisms (Angers
et al. 2014). Structural analyses confirm that
residues 225 and 226 are located in the distal
region of a-helix 3 that participates with the
B2—a2 loop to form a solvent-accessible con-
tiguous epitope (Pérez et al. 2010). Consistent
with the role of this epitope in PrP conversion,
these polymorphisms severely impact replica-
tion of both SSBP/1 and, to variable degrees,
CWD. In the case of Tg mice expressing deer
PrP with phenylalanine at 225, referred to as
Tg(DeerPrP-F225), SSBP/1 incubation times
were prolonged threefold, whereas inoculation
with CWD produced incomplete attack rates
and prolonged and variable incubation times
in the small numbers of mice that did develop

disease. In those Tg(DeerPrP-F225) mice that
did succumb to CWD, PrP® distribution pat-
terns were altered compared with Tg(DeerPrP)
mice.

To address the effects of the substitution of
glutamate for glutamine at residue 226, we
assessed whether Tg mice expressing wild-type
elk or deer PrP differed in their responses to
CWD. These studies showed that differences at
residue 226 also affected CWD replication, but
to a lesser degree than the residue 225 polymor-
phism, with disease onset prolonged by 20%—
46% in CWD-inoculated Tg(DeerPrP) com-
pared with Tg(EIkPrP) mice, and PrP5¢ distri-
bution and neuropathology varying in each case
(Angers et al. 2009). In contrast to Tg(DeerPrP)
mice, which are susceptible to SSBP/1 (Green
et al. 2008b), Tg(EIkPrP) mice were completely
resistant (Angers et al. 2009), although the re-
sistance of elk PrP to propagation of SSBP/1
was overcome following adaptation in deer or
Tg(DeerPrP) mice. Passage in Tg mice express-
ing E226 or Q226 profoundly affected the abil-
ity of SSBP/1 to reinfect Tg mice expressing
sheep PrPC. These studies paralleled aspects of
our previously published work indicating that
amino-acid differences at residue 226 controlled
the manifestation of CWD quasispecies or
closely related strains (Angers et al. 2010). These
findings therefore collectively point to an im-
portant role for residues 225 and 226 in PrP¢-
to-PrP%° conversion and the manifestation of
prion-strain properties. They substantiate the
view that long-range interactions between the
B2—a2 loop and a-helix 3 provide protection
against prion infection and suggest a likely
mechanism to account for the protective effects
of the F225 polymorphism. Molecular dynam-
ics analyses (Angers et al. 2014) showed that the
S225F and E226Q substitutions in deer alter the
orientations of D170 in the B2—a2 loop and
Y228 in a-helix 3. This structural change allows
hydrogen bonding between the side chains
of these residues, which results in reduced plas-
ticity of the B2—a2 loop/a-helix 3 epitope
compared with deer or elk PrP structures. This
suggests that the increased stability of this
tertiary structural epitope precludes PrP“-to-
PrP*° conversion of deerPrP-F225.
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CELL CULTURE MODELS OF CWD
Therapeutic Approaches

Based on observations showing that rabbit kid-
ney epithelial (RK13) cells engineered to express
sheep PrP were capable of propagating scrapie
prions (Vilette et al. 2001), cloned RK13 cells
expressing elk PrP were developed. A highly
susceptible clone producing PrP%, referred to
as Elk-217, was isolated in which CWD infec-
tion was maintained for more than 100 passages
(Bian et al. 2010). Inoculation of CWD-suscep-
tible Tg(EIkPrP) mice with prions from Elk-21"
cells resulted in disease transmission with clin-
ical and neuropathological features identical to
CWD.

This development provided a unique and
convenient means of exploring CWD therapeu-
tics. Our first approach was to assess the efficacy
of compounds with known effects on rodent
prions. Consistent with its effect on mouse pri-
on infectivity, sustained treatment of Elk-217
cells with dextran sulfate 500 (DS-500) resulted
in PrP% clearance, which did not reemerge in
the resulting Elk-21" cells after more than 40
passages, and inoculation of susceptible Tg
mice showed that Elk-21" cells were cured of
CWD prion infection (Bian et al. 2010). In stark
contrast to its well-documented inhibitory ef-
fects on PrP>° accumulation in cells chronically
infected with experimentally adapted rodent
prions (Doh-Ura et al. 2000; Korth et al. 2001;
Barret et al. 2003; Ryou et al. 2003; Klingenstein
et al. 2006; Fasano et al. 2008; Mays et al. 2012 ),
quinacrine increased elk and deer PrP° accu-
mulation and raised prion titers in cells persis-
tently infected with CWD prions (Bian et al.
2014). These findings show that a compound
with demonstrated, albeit transient, efficacy
against a strain in one species acts to directly
enhance prion replication in a different species
and produces prions with novel biological
properties. This means that the effects of “antip-
rion” compounds are clearly species/strain de-
pendent, in that drugs found to restrain prions
in one situation may improve replicative ability
in another. These findings force a reconsidera-
tion of current strategies to screen antiprion
drugs. In particular, it seems imperative that

Molecular Mechanisms of CWD Prion Propagation

cells with susceptibilities to cervid, ovine, bo-
vine, and human prions be used to identify
drugs capable of treating prions affecting those
species.

Studies with the 2-aminothiazole referred
to as IND24 showed that mice treated with
this compound and infected with mouse-
adapted scrapie had longer survival times, but
that treatment led to the emergence of drug-
resistant variants (Berry et al. 2013). IND24
doubled the incubation times for Tg mice in-
fected with CWD prions, and extensive analyses
indicated that the CWD prions were not altered
by IND24 treatment. This is significant because
these results reveal efficacy of a therapeutic on a
naturally occurring prion, in a system replicat-
ing such prions, and suggest that IND24 may be
a viable candidate for treating CWD in natural
hosts (Berry et al. 2015).

With respect to therapeutic options for
CWD, white-tailed deer orally vaccinated with
attenuated Salmonella expressing PrP and orally
challenged with CWD had a significant prolon-
gation of the incubation period, with one deer
remaining asymptomatic by several sensitive
criteria (Goni et al. 2015).

Cell-Based CWD Quantification

Elk-21" cells were used to develop a novel cell-
based assay for CWD prion quantification,
analogous to the scrapie cell assay developed
by Weissmann and colleagues (KIohn et al.
2003) as a facile alternative to in vivo CWD
prion quantification. This cell-based assay is re-
ferred to as the cervid prion cell assay (CPCA).
Detection and quantification of cervid prions,
including naturally occurring CWD prions and
experimentally adapted cervid prion strains,
was made possible using the CPCA (Bian et al.
2010).

In the CPCA, CWD prion-susceptible Elk-
21 cells in 96-well plates are exposed to serial
dilutions of the prion-containing sample for
4 d, grown to confluence, split at a ratio of 1:8,
grown to confluence once more, and split sim-
ilarly again. When the cells have reached con-
fluence after the second split, 20,000 cells are
filtered onto membranes of Elispot plates, and
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the proportion of cells containing protease-
resistant CerPrP*° is identified by an enzyme-
linked immunosorbent assay (ELISA) using
automated counting equipment (Elispot). In-
clusion of RK13 cells stably transfected with
empty vector showed that positive spots detect-
ed after three splits were the result of newly
generated CerPrP*. Although CerPrP* purifi-
cation as described for other CWD cell-culture
systems (Raymond et al. 2006) was not a
prerequisite for sustained cellular infection, ex-
pression of retroviral Gag facilitated prion sus-
ceptibility, and cell cloning was also critical.
This cell-based approach also facilitated
novel means of assessing prion-strain proper-
ties, specifically conformational stability analy-
ses of PrP% (Peretz et al. 2001). Apart from
limited investigations in infected cell cultures
(Ghaemmaghami et al. 2011), such analyses
are generally conducted on PrP® produced in
infected brains. This constraint relates, in large
part, to relatively low PrP* levels in infected cell
cultures and a paucity of sensitive cell-based
analytical approaches. A cell-based conforma-
tional stability assay (C-CSA) circumvents these
drawbacks because it provides the advantage of
direct in situ detection of PrP> without isola-
tion or purification and is a quantitative, sensi-
tive, and accurate means of discerning the un-
folding characteristics of PrP5¢ (Bian etal. 2014).

CWD STRAINS

Although our seminal studies in Tg mice
(Browning et al. 2004) and subsequent work
(LaFauci et al. 2006) raised the possibility of
CWD strain variation, the limited number of
isolates and the lack of detailed strain analyses
in these studies means that this hypothesis
remained speculative. Subsequent studies sup-
ported the feasibility of using Tg(DeerPrP)
mice for characterizing naturally occurring
CWD strains, as well as novel cervid prions gen-
erated by PMCA (Green et al. 2008a). To address
whether different CWD strains occur in various
geographical locations or in different cervid
species, bioassays in Tg mice were used to
analyze CWD in a large collection of captive
and wild mule deer, white-tailed deer, and elk

from various geographical locations in North
America (Angers et al. 2010). These findings
provided substantial evidence for two prevalent
CWD prion strains, referred to as CWDI and
CWD2, with different clinical and neuropatho-
logical properties. Remarkably, primary trans-
mission of CWD prions from elk produced
either CWD1 or CWD2 profiles, whereas trans-
mission of deer inocula favored the production
of mixed intra-study incubation times and
CWDI1 and CWD2 neuropathologies. These
findings indicate that elk may be infected with
either CWD1 or CWD2, whereas deer brains
tend to harbor CWD1/CWD2 strain mixtures.

The different primary structures of deer and
elk PrP at residue 226 provide a framework for
understanding these differences in strain pro-
files of deer and elk. Because of the role played
by residue 226, the description of a lysine (K)
polymorphism at this position in deer (Johnson
et al. 2006b) and its possible role on strain
stability may be significant. It is unknown
whether CWD1 and CWD2 interfere or act syn-
ergistically or whether their coexistence con-
tributes to the unparalleled efficiency of CWD
transmission. Interestingly, transmission results
reported in previous studies suggest that cervid
brain inocula might be composed of strain mix-
tures (Tamgiiney et al. 2006).

Additional studies support the existence of
multiple CWD strains. CWD has also been
transmitted, albeit with varying efficiency, to
Tg mice expressing mouse PrP (Sigurdson
etal. 2006; Tamgiiney et al. 2006). In the Sigurd-
son et al. study, a single mule deer isolate
produced disease in all inoculated Tga20 mice,
which express mouse PrP at high levels. On suc-
cessive passages, incubation times dropped to
~160 d. In the second study, one elk isolate
from a total of eight deer and elk CWD isolates
induced disease in 75% of inoculated Tg4053
mice, which also overexpress mouse PrP. The
distribution of lesions in both studies appeared
to resemble the CWDI1 pattern. Low efficiency
CWD prion transmission was also recorded
in hamsters and Tg mice expressing Syrian
hamster PrP (Raymond et al. 2007). In that
study, during serial passage of mule deer
CWD, fast- and slow-incubation-time strains
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with different patterns of brain pathology and
PrP5¢ deposition were also isolated. In other
studies, serial passages of CWD from white-
tailed deer into Tg mice expressing hamster
PrP, and then Syrian golden hamsters, produced
a strain, referred to as “wasting” (WST), char-
acterized by a prominent preclinical wasting
disease similar to cachexia, which the investiga-
tors propose results from a prion-induced en-
docrinopathy (Bessen et al. 2011). These same
investigators identified a second strain, defined
as “cheeky” (CKY), derived from infection of Tg
mice that express hamster PrP (Crowell et al.
2015). The CKY strain had a shorter incubation
period than WST, but after transmission to
hamsters, the incubation period of CKY be-
came ~150 d longer than WST. In this case,
PK digestion revealed strain-specific PrP* sig-
natures that were maintained in both hosts, but
the solubility and conformational stability of
PrP*¢ differed for the CWD strains in a host-
dependent manner. In addition to supporting
the view that there are multiple CWD strains,
these findings suggest the importance of host-
specific pathways, independent of PrP, that
participate in the selection and propagation of
distinct strains.

Studies in cell culture also support the
existence of CWD strains. Quinacrine altered
the transmission properties of CWD prions,
as well as the biochemical characteristics of
the constitutive PrP%¢ (Bian et al. 2014). Despite
accumulating significantly higher prion titers,
quinacrine-treated (Q-CWD) prions from
Elk-21" cells produced prolonged incubation
times in Tg(DeerPrP) and Tg(EIkPrP) mice
compared with CWD prions in untreated
Elk-21" cells. Because the kinetics of disease
onset in prion-infected animals is inversely re-
lated to the titer of a given prion strain, this
unusual outcome is consistent with quinacrine
affecting the intrinsic properties of the CWD
prion. In accordance with this notion, although
the deposition patterns of PrP* in the brains of
diseased Tg(DeerPrP) and Tg(ElkPrP) mice re-
ceiving prions from Elk-21" are concordant
with our previously published descriptions fol-
lowing transmission of naturally occurring or
PMCA-generated CWD prions (Green et al.

Molecular Mechanisms of CWD Prion Propagation

2008a), these distinctive patterns were not reca-
pitulated in either line of Tg mice receiving
Q-CWD prions. Although prion incubation
times and neuronal targeting are the biological
criteria by which prion strains are classically
defined, subsequent studies showed that strain
properties are enciphered within the conforma-
tion of PrP% (Telling et al. 1996; Green et al.
2008a), and cervid prion incubation times
positively correlate with PrP> conformational
stability (Green et al. 2008a). It is therefore
significant that the longer incubation times of
Q-CWD prions and altered patterns of PrP*
deposition in both Tg models were associated
with an increase in the relative stability of PrP*°
conformers constituting Q-CWD prions.

The properties of Q-CWD prions provided
convincing evidence for conformational muta-
tions that were suggested, but could not be ob-
served, in previous studies of mouse-adapted
scrapie prions in cell cultures treated with
swainsonine, an inhibitor of Golgi a-mannosi-
daseII (Lietal. 2010). Because the swainsonine-
induced properties of cell-derived mouse pri-
ons reverted to their original characteristics
when propagated in vivo, and there were no
detectable differences in the conformations of
PrP*° generated under conditions of swainso-
nine treatment compared with untreated cells,
claims of strain mutation were indirectly based
on the differing properties of prions from
swainsonine-treated and untreated cells using
a cell panel assay. In contrast, CWD and Q-
CWD prions are comprised of distinct PrP>
conformers that produce discernable pheno-
types in two lines of Tg mice.

In accordance with western blot—based
analyses showing higher conformational stabil-
ities of PrP*° produced in the brains of CWD-
infected Tg(DeerPrP) mice compared with
Tg(EIkPrP) mice (Angers et al. 2010), C-CSA
confirmed that the conformation of deer PrP>
in RK13 cells expressing deer PrP (RKD™) was
more stable than elk PrP*° produced during in-
fection of Elk-21". Because Elk-21" and RKD*
propagated CWD prions from the same source,
differences in conformational stability result
from the effects of residue 226, the sole primary
structural difference between elk and deer PrP.
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WHAT IS THE THREAT OF CWD TO
HUMANS?

The identification and characterization of dis-
tinct CWD strains, and the influence of PrP
primary structure on their stabilities, is impor-
tant when considering the potential for inter-
species transmission. The appearance of vCJD
following human exposure to BSE (Bruce et al.
1997; Hill et al. 1997) raises public health
concerns about the human species barrier to
other animal prion diseases, particularly
CWD. North American hunters harvest thou-
sands of deer and elk each year, and it is not
currently mandatory that these animals are test-
ed for CWD; therefore, it is likely that humans
consume CWD prions. Additionally, CWD pri-
ons have been shown in the skeletal muscle and
fat of deer (Angers et al. 2006; Race et al. 2009b).
The substantial market for elk antler velvet in
traditional Asian medicine also warrants con-
cern (Angers et al. 2009).

Estimates of the zoonotic potential of
CWD are currently mixed. Surveillance current-
ly shows no evidence of transmission to humans
(Belay et al. 2004; Mawhinney et al. 2006).
Although initial cell-free conversion studies
suggested that the ability of CWD prions to
transform human PrP® into protease-resistant
PrP (PrP%) was low (Raymond et al. 2000),
subsequent results showed that cervid PrP* in-
duced the conversion of human PrP© by PMCA,
following CWD prion-strain stabilization by
successive passages in vitro or in vivo (Barria
et al. 2011). These results have implications
for the human species barrier to CWD and
underscore the role of strain adaptation on
interspecies transmission barriers. Additional
studies using Tg mice expressing human PrP®
showed that CWD prions failed to induce dis-
ease following intracerebral infection (Kong
et al. 2005; Tamgiiney et al. 2006; Sandberg
et al. 2010). However, CWD transmission was
reported in squirrel monkeys (Saimiri sciureus)
after intracerebral inoculation (Marsh et al.
2005; Race et al. 2009a). Moreover, using RT-
QulC to model the transmission barrier of
CWD to human rPrP, the work of Davenport
and colleagues suggests that, at the level of

protein—protein interactions, CWD adapts to
a new species more readily than does BSE and
that the barrier preventing transmission of
CWD to humans may be less robust than esti-
mated (Davenport et al. 2015).

CONCLUSIONS AND FUTURE PROSPECTS

Some 15 years ago, CWD was perhaps the least
understood of all the prion diseases in animals
and humans. Known to be highly contagious,
its origins and mode of transmission were un-
clear, and it was not known whether multiple
CWD strains existed or whether CWD prions
posed a risk to other animals or humans. The
main objectives at that time were to develop
rapid and sensitive bioassays for CWD prions
and to experimentally address the risks that
CWD prions posed to humans and other spe-
cies. Developing Tg mice that were the first re-
liable bioassay for rapid and sensitive detection
of CWD prions was a significant advance. With
these resources in hand, investigators have been
able to obtain important information about
CWD pathogenesis and the molecular mecha-
nisms of prion propagation, species barriers,
and strains. Using CWD-susceptible Tg mice,
it has become possible to bioassay CWD prions
in tissues, body fluids, and secretions of deer
and elk, which have provided insights into the
mode of transmission of this highly contagious
disease. The study of intermammalian species
barriers in Tg mice allows investigators to mod-
el the risks posed to humans and livestock from
exposure to CWD prions, and this information
helps facilitate management decisions designed
to minimize interspecies prion transmission.
During this time, the development of more
facile, sensitive approaches to amplify prions
in vitro, such as PMCA and RT-QuIC, have rev-
olutionized our ability to detect prions, even at
extremely low titers. In concert, cell culture
models have provided an alternate means of
CWD titration that has largely superseded bio-
assay in Tg mice and has provided insights into
strategies for developing compounds that inhib-
it CWD propagation. The development of com-
pounds such as IND24 provides significant
optimism for treating this currently incurable
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disease. Finally, studies of CWD using these
newly developed tools have provided unexpect-
ed mechanistic insights into PrP©-to-PrP*° con-
version, particularly the role of the B2-a2
loop/a-helix 3 epitope and the proposal that
prion strains exist as a continuum of conforma-
tional quasispecies.

Looking toward the future, although many
enigmatic issues surrounding the biology of
CWD have been addressed and resolved over
the last decade and a half, substantial questions
remain. First, it is unclear whether management
of this highly contagious, lethal disease will be
successful in the coming decades. To date, the
geographical areas and numbers of host species
affected by CWD have been expanding un-
checked. Given the high densities of deer pop-
ulations in many areas of North America and
Europe, and the persistence of CWD infectivity
in the environment, there is little reason to
suspect that this trend will not continue. The
possibility that CWD will establish a foothold
in the large populations of migratory caribou in
northern Canada is of particular concern given
the reliance of First Nation peoples on these and
other cervid species. Beyond North America,
expansion of CWD to other countries, as oc-
curred in the case of the Republic of Korea,
and more recently Norway, is also of impor-
tance, although the limited amount of surveil-
lance that has been put in place to monitor
disease would appear to be at odds with these
concerns. Although Tg models have been ex-
tremely valuable as a means of detecting and
studying CWD prions, they have significant
drawbacks when it comes to reproducing fea-
tures of peripheral pathogenesis in the natural
host. Because this feature most likely influenc-
es the highly contagious nature of disease, the
development of tractable model systems in
which to accurately study the parameters gov-
erning peripheral CWD pathogenesis and
contagious transmission in the wild is a high
priority.

Second, our studies suggest that CWD-in-
fected deer, elk, or moose produce prions with
different biological characteristics. This finding
raises several important questions, including
the evolutionary effects of passage among these

Molecular Mechanisms of CWD Prion Propagation

species on the infectious properties of CWD
and whether CWD prions arising from these
different sources have varying zoonotic poten-
tials. Related to this question, and given the
impact of strain properties on interspecies
transmission, systematically addressing the zoo-
notic potential, as well as the tissue distribu-
tions of newly recognized CWD strains, includ-
ing CWDI1 and CWD2 (Angers et al. 2010),
would appear to remain high priorities. The
transmission of BSE to humans in the form of
vCJD underscores the potential and the unpre-
dictability of newly emergent prions to cause
disease in humans that consume, or are other-
wise exposed to, CWD prions. The best that can
be said about the current scientific evidence
surrounding this issue is that the zoonotic
potential of CWD remains uncertain.
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