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Abstract: Prion diseases are fatal infectious neurodegenerative disorders affecting both humans
and animals. They are caused by the misfolded isoform of the cellular prion protein (PrP¢), PrPSc,
and currently no options exist to prevent or cure prion diseases. Chronic wasting disease (CWD)
in deer, elk and other cervids is considered the most contagious prion disease, with extensive
shedding of infectivity into the environment. Cell culture models provide a versatile platform for
convenient quantification of prions, for studying the molecular and cellular biology of prions, and
for performing high-throughput screening of potential therapeutic compounds. Unfortunately, only
a very limited number of cell lines are available that facilitate robust and persistent propagation of
CWD prions. Gene-editing using programmable nucleases (e.g., CRISPR-Cas9 (CC9)) has proven to
be a valuable tool for high precision site-specific gene modification, including gene deletion, insertion,
and replacement. CC9-based gene editing was used recently for replacing the PrP gene in mouse
and cell culture models, as efficient prion propagation usually requires matching sequence homology
between infecting prions and prion protein in the recipient host. As expected, such gene-editing
proved to be useful for developing CWD models. Several transgenic mouse models were available
that propagate CWD prions effectively, however, mostly fail to reproduce CWD pathogenesis as
found in the cervid host, including CWD prion shedding. This is different for the few currently
available knock-in mouse models that seem to do so. In this review, we discuss the available in vitro
and in vivo models of CWD, and the impact of gene-editing strategies.

Keywords: prion; prion disease; chronic wasting disease; CWD; gene-editing; gene-edited cells;
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1. Introduction

Prion diseases are transmissible spongiform encephalopathies (TSEs) caused by the
misfolded and pathological isoform of the cellular prion protein (PrP®), PrPS¢ [1-3]. These
neurodegenerative diseases affect both animals and humans and are always fatal [3—-6]. Ex-
amples of prion diseases are Creutzfeldt-Jakob disease (CJD) in humans, bovine spongiform
encephalopathy (BSE) in cattle, scrapie in sheep and goats, transmissible mink encephalopa-
thy (TME) in mink, and chronic wasting disease (CWD) in cervids [7-9]. Moreover, a
distinguishing feature of prion diseases that sets them apart from other neurodegenera-
tive disorders is their transmissibility within and sometimes between species, including
zoonotic transmission, as was the case for BSE resulting in variant CJD (vCJD) [10-15].
BSE outbreaks and the emergence of vCJD resulted in severe and prolonged health and
economic crises in various countries [11,15], serving as an example for the negative impact
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prion diseases can have on public health and certain economies. There are no therapeutic
or prophylactic measures in place for prion diseases.

Chronic wasting disease (CWD), endemic to cervid species in North America and
Scandinavia, poses a serious threat to animal health [16-22]. CWD is responsible for cervid
population declines and has an adverse economic impact on cervid hunting and tourism
industries [23-28]. CWD is considered the most contagious prion disease, and the substan-
tial shedding of CWD prion infectivity via urine, feces, and saliva into the environment
significantly contributes to disease spread [29-32]. The long-term perseverance of CWD in-
fectivity in environment reservoirs, including soil, water, and plant sources, makes disease
management very complicated [33-37].

Whether CWD transmits naturally to other animal species or humans is a serious
matter of concern and needs continued investigation in order to control the public health
burden [38—40]. Notably, studies have shown the possibility of experimental transmission of
CWD to cattle, pigs, hamsters, cats, bank voles (BV), and non-human primates [18,21,40-48].
Such experimental CWD transmission to different species raises the important question
of whether the range of natural hosts of CWD prions can extend beyond just cervids. Of
particular importance is livestock that shares pastures contaminated for a long time with
CWD prions. This enables CWD prions to indirectly enter the human food chain, thus
posing a risk of zoonotic transmission of CWD to humans. CWD transmission studies in
transgenic (Tg) mouse models expressing PrPs from various species including ovine, bovine,
and human have revealed a low or even absent ability of CWD prions to cross relevant
species barriers [49,50]. However, the transmission of CWD into non-human primates
via the oral route [21,40,47,48] and efficient in vitro conversion of human PrP by CWD
prions [51,52] should not be neglected. It is widely accepted that the homology between
host PrP and invading prion strain plays a critical role in determining prion transmission
efficiency, both for intra- and inter-species transmission [53-56]. Moreover, the existence
of different CWD prion strains as well as the impact of cervid Prup (gene coding for
PrP) polymorphisms on disease pathogenicity, susceptibility, and transmission [57-63]
emphasize the dynamic, emerging, and complex scenario of CWD transmissibility. In
addition, the long incubation period of prion disease (years to often decades) and atypical
clinical disease presentations add further layers of complexity to assessing the risk of CWD
cross-species transmission. It will help to dissect the molecular and cellular biology and
pathogenesis of CWD and CWD strains for defining the zoonotic potential of CWD and
identifying therapeutic and prophylactic targets.

2. Availability of Models for Studying CWD Prions
2.1. Cell Culture Models

Cell culture-based in vitro models represent an important tool for analyzing the molec-
ular and cellular biology of prion infection and can be used for high-throughput screening
of anti-prion compounds. Compared to in vivo models, cell culture models are fast and
cost-effective. A clear limitation is that many prion strains cannot be propagated in cell lines,
including human and bovine prions (reviewed in [64]). Most of the existing cell culture
models are of mouse origin and propagate only mouse-adapted scrapie strains [65-68]. For
CWD cell-culture models, Raymond and coworkers (2006) developed the transformed mule
deer (MD) brain-derived cell line MDB“WP, persistently infected with CWD prions from
MD and obtained after limited dilution-based single cell cloning post-infection [69]. Interest-
ingly, further limited dilution cloning of MDBWP cells resulted in a subclone, MDBCWDP2,
which was stained positively for fibronectin and negative for microtubule-associated pro-
tein 2 and glial fibrillary acidic protein, suggesting fibroblast origin of MDB“WD?2 [69].
Later, RK13 cells expressing cervid PrP developed by Telling and colleagues served as
an in vitro system for propagation and quantification of CWD prions [70]. RK13 cells,
epithelial in origin and derived from rabbit, lack detectable PrP€ expression [71]. After the
introduction of homologous PrP, reconstituted RK13 cells supported propagation of prions
from different species, including sheep, bank vole, goat, and deer/elk—either directly



Viruses 2022, 14, 609

30f23

from natural isolates or after prion adaptation. However, human PrP—expressing RK13
cells were not permissive to mouse-adapted CJD prions [70-74]. Interestingly, RK13 cells
stably transfected with elk PrP€ initially showed no sustained propagation of CWD prions.
However, after subjecting them to co-transfection with an HIV-1 Gag protein expressing
plasmid and limited dilution cell cloning following infection, the Elk-21* subclone was ob-
tained. Elk-21* cells were able to propagate CWD prions continuously for 67 passages [70].
Inoculation of cell lysates from Elk21* cells into Tg mice expressing elk PrP resulted in
clinical prion disease with phenotypical and neuropathological features as expected for
CWD prions, demonstrating bona fide prion propagation in these cells. [70]. Elk-21* cells
were cured with dextran sulfate 500 (DS-500), designated as Elk-217, and used in cervid
prion cell assay (CPCA) to quantify CWD prions, either natural isolates or from experi-
mental transmission, with sensitivities similar to prion quantification in CWD transgenic
mouse models. Moreover, anti-CWD efficacy of anti-PrP antibodies, obtained from CWD
vaccination in transgenic mice, was tested in this cell culture system [75]. Apart from
Elk-21* cells, the Telling group generated RK13 cells expressing deer PrP and infected
them with mouse-adapted elk CWD prions (RKD™) [76]. Both Elk-21* and RKD* cells
have been utilized to perform sensitive cell-based conformation stability assays for PrPS
to characterize prion strain properties [76]. Similarly, Hyo-Jin Kim and colleagues also
generated RK13 cells expressing elk PrP, RKC1-11, which propagated CWD prions for
97 passages [77].

Although RK13 cells serve as a versatile prion replication model, they are not consid-
ered ideal to study prion biology as they are non-neuronal in origin [70-72]. Until now, no
neuronal cell line has existed that supports persistent CWD replication. The mouse neu-
ronal neuroblastoma cell line (N2a) failed to propagate CWD prions following expression
of elk PrP, possibly due to internal resistance of N2a cells to CWD prions or dominant-
negative inhibition of CWD conversion exerted by endogenous mouse PrP¢ expression [70].
Recently, our laboratory has developed both neuronal (CAD5) and non-neuronal (mouse
embryonic fibroblast, MEF) in vitro models for CWD propagation. This was achieved by
expressing either cervid or BV PrP¢ (BV-PrP) in these murine cells upon knock-out of
the endogenous mouse PrP (CAD5-Prnp~/~ or MEF-Prnp~/~). Such reconstituted cells
overexpressed cervid PrP or BV-PrP under a non-Prnp promoter. Both the reconstituted
BV-PrP-expressing CAD5 and MEEF cells (expressing either cervid PrP or BV-PrP) were able
to propagate CWD prions successfully as suggested by prion seeding activity detected in
the real-time quaking-induced conversion assay (RT-QulC) [78]. Although such reconsti-
tuted cells supported transient replication of mouse-adapted CWD prions from MD and
white-tailed deer (WTD) with low efficiency, further single cell cloning will be necessary to
obtain persistently-infected cell models for CWD [78]. Moreover, different Prup alleles of
cervids, such as 116AG and 138SN, were expressed in CADS—Prnp*/ ~ cells, which could
be used in the future to characterize these Prnp alleles for their susceptibility to CWD
prion infection [78]. The PrP-KO cells CAD5-Prnp~—/~ or MEF-Prnp~/~ were generated by
employing CRISPR-Cas9 (CC9)-based gene-editing strategy. Future attempts will use gene
editing to generate neuronal knock-in (KI) cells, which will express cervid PrP under the
authentic cervid Prnp promoter at normal physiological level, and test their permissiveness
to persistent CWD infection. A similar approach of utilizing the CC9 system to disrupt the
murine Prnp gene to generate CAD5-KO cells was used by another group to propagate
hamster prions after exogenous introduction of hamster PrP [79]. The available cell culture
models of CWD are listed in Table 1.
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Table 1. Cell culture models of CWD infection.
Cell Type Strategy to Trans- Method of PR
Cells (KO Back- Create KO Gene Transgene Appll;{:iet;(;:rlcl;l CWD Limitations Reference
ground) Background Expressed Inserted
a. Non-neuronal
a. Prion propagation: fibroblast-like
MDBCWD2 Transformed MD prions b. Extensive dilution [69]
MDB b. Anti-prion cloning required
compounds testing c. Susceptibility to other
CWD prion strains unknown
a. Prion propagation: a. Non-neuronal
’ elk prions [70] ’ b. PrP expressed under
prions | viral promoter
b. Anti-prion . O
c. Extensive dilution
Naturally . Iiand(i.m tco;npo[t;;lciz] cloning required
Elk-21* RK13 devoid of Elk PrP mntegration esting 172, d. Lack of chronic infection [70]
following stable c. Cervid prion cell . R S
detectable PrP . ) (infection maintained for
transfection assay to quantify CWD 67 passages)
prions after curing for Uninf. P d &
prion infection with e fn.lfl gctte countetr part
3 ailed to propagate
D8-500 [70] deer prions
a. Non-neuronal origin
Random PrP expressed under
Naturally integration Prion propagation: [¢ g;::ispﬁzzncll?fs:ion
RKC1-11 RK13 devoid of Elk PrP following QD Dage ot o ol [77]
detectable PrP lentivirus prions conng required
transduction d. Lack of chronic infection
(infection maintained for
95 passages)
a. Prion propagation:
Naturally irﬁzniﬁgn mouse-adapted a. Non-neuronal
RKD* RK13 devoid of Deer PrP followil stable elk prions b. PrP expressed under [76]
detectable PrP tran: fg tion b. Anti-prion viral promoter
stec compounds testing
Random a. PrP expressed under
CADS5 CAD- integration Prion propagation: b. Det vtlr al p;qrr}otir 1
By Prp—— CRISPR-CAS9 BV PrP following mouse-adapted MD v tsine ultrasensitive 78]
mp lentivirus and WTD prions y usmgcu radsenﬂgve
transduction RT-QuIC and not by
Western blotting
a. Non-neuronal
Random b. PrP expressed under
MEF- integration Prion propagation: viral promoter
MEF_BV Prip—/ - CRISPR-CAS9 BV PrP following mouse-adapted MD c. Detection of infection only [78]
b lentivirus and WTD prions by using ultrasensitive
transduction RT-QuIC and not by
Western blotting
Random a. Non-neuronal
. . . L b. PrP expressed under
MEE- integration Prion propagation: viral promoter
MEF_Cer o —— CRISPR-CAS9 Deer PrP following mouse-adapted MD . . . [78]
rnp lentivirus and WTD prions c. Detection of infection only
transduction P by using RT-QuIC and not
ue Western blotting

KO: knock-out; MDB: mule deer brain cells; RK13: rabbit kidney cells; MEF: mouse embryonic fibroblast; BV:
bank vole; CWD: chronic wasting disease; MD: mule deer; WTD: white-tailed deer; DS-500: dextran sulfate 500;
RT-QulIC: real-time quaking-induced conversion.

2.2. Animal Models of CWD Infection

Bioassays using animal models are indispensable in prion research and considered to
be the gold standard for determining prion infectivity, infectious titers, and transmission
across species. Unlike most other models of neurodegenerative diseases, animal models in
prion research recapitulate the disease phenotype faithfully, e.g., accumulation of infectious
prions, and PrP*¢ deposits and spongiform degeneration are found in the brain after
experimental prion infection [80]. The most widely used animal models in prion disease
research are mice (wild-type (WT) and Tg), hamsters, and to a lesser extent, BV [81]. Tg
mice have played a crucial role in prion research, as Tg mice expressing the PrP sequence
of the prion inoculum abrogate the species barrier that usually exists for prion transmission
between species [82-85].

Tg mice expressing cervid PrP have played a significant role in studying CWD patho-
genesis and transmission barriers [49,86-88], strain typing [57,60,89], and determining
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the efficacy of prophylactic and therapeutic options [75,90-93]. Back in 2004, Brown-
ing and colleagues developed a Tg mouse model for CWD, Tg(CerPrP)1536*/~ and
Tg(CerPrP)1536*/*, overexpressing five- and tenfold amounts of deer PrP, respectively,
in the brain compared to WT mice [86]. Intracerebral inoculation of Tg(CerPrP)1536+/ -
and Tg(CerPrP)1536"/* mice with CWD-positive MD and elk brain homogenates resulted
in successful transmission of CWD prions [86]. Similarly, elk PrP-expressing transgenic
mice, Tg(ElkPrP), which supported CWD propagation, were developed by two groups sep-
arately [86,87]. Later, the Prusiner group also developed Tg(EIkPrP) and Tg(DeerPrP) mice,
which supported successful transmission of CWD prions from MD, WTD, and elk [49].
These Tg mice expressing cervid PrP were used to investigate CWD pathogenesis and trans-
mission after experimental inoculation [49,86-88] as well as to detect the CWD infectivity
in different cervid tissues, secretions, and in the environment [94-98]. The effect of CWD
strains and cervid PrP polymorphisms on CWD susceptibility and pathogenesis was stud-
ied using cervidized Tg mice expressing various PrP polymorphisms [57,59,60,63,89,99].
Additionally, cervid PrP-expressing Tg mice were used to study cross-species transmission
of BSE prions to cervids [100]. Furthermore, the anti-CWD effect of compounds and the
efficacy of CWD vaccination were tested in such Tg mice [75,90-93]. The majority of cer-
vidized Tg mouse models were generated by random integration of cervid Prup transgenes
against a Prnp~/~ (Prnp-KO) background, and are, thus, referred to as random integration
transgenics (RITs) [80,86,87]. In these RITs, the cervid PrP is often expressed in Prnp =/~
mice under a foreign Prnp promoter (usually hamster) and the cervid PrP transgene inte-
grates randomly into the genome in unknown copy numbers, often resulting in several-fold
higher PrP expression [86,87,101]. Recently, Prnp gene-targeted KI mice expressing either
deer or elk PrPC at the normal physiological level under the Prnp promoter have been
generated [58]. Interestingly, these KI mice, unlike the CWD RIT models, recapitulated the
natural CWD transmission and prion shedding, supporting CWD infection upon peripheral
challenge as well as animal co-housing [58]. Apart from transgenic mice, BVs are also
susceptible to CWD infection and have been used to analyze CWD pathogenesis and for
strain typing [46,102].

Non-human primates as well as Tg mice expressing human PrP were used to assess
the zoonotic transmission of CWD. Non-human primates, such as squirrel monkeys and
cynomolgus macaques, are ideal animal models for studying zoonotic transmission of
prions as they are genetically very close to humans [11]. Interestingly, squirrel monkeys
were susceptible to CWD infection, after both intracranial and oral inoculation, exhibiting
typical clinical signs of prion disease and PrP>¢ deposition in the brain [47,48,103]. However,
contrasting data exist regarding CWD transmission into cynomolgus macaques, where
one group reported failure of transmission and another group showed successful CWD
transmission with low attack rate and mostly atypical disease presentation, and successful
transfer of prion infectivity to various rodent models [18,21,40]. Using Tg mice expressing
human PrP, a complete transmission barrier was found for CWD [49,50,104]. Based on
these limited studies, the zoonotic potential of CWD remains inconclusive. Further inves-
tigation should be done keeping in mind the possibilities of subclinical disease, different
effects of CWD strains [20], and the longer incubation period in macaques following prion
inoculation [105].

2.3. Ex Vivo Models of CWD Propagation

The development of ex vivo models allowed relatively fast detection of prions, includ-
ing low-titer prion infectivity, with partial recapitulation of prion pathogenesis and ability to
test anti-prion compounds [106,107]. Differentiated neurospheres from Tg(ElkPrP)5037+/~
mice overexpressing elk PrP-amplified CWD prions successfully within three weeks post-
infection [108]. The prion organotypic slice culture assay (POSCA) was developed by
the Aguzzi group in 2008 [109]. Such organotypic slice cultures (OSC) from 9-12 day
old Tg mice expressing elk PrP (Tg12), successfully replicated CWD prions from CWD-
infected brain homogenates as well as recto-anal mucosa-associated lymphoid tissue (RA-
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MALT) [106]. Interestingly, OSCs can be used to determine the anti-prion effects of ther-
apeutic agents [106]. Indeed, OSC recapitulated a complete three-dimensional central
nervous environment, and have been successfully used to analyze scrapie prion strains in
situ [107,110-112].

2.4. In Vitro Prion Amplification Assays for CWD Detection

Highly sensitive and reliable detection of prion infectivity holds a significant place
in prion research. In this regard, Soto and colleagues developed an in vitro (cell-free)
PrPC-to PrP5¢ conversion assay called Protein Misfolding Cyclic Amplification (PMCA).
PMCA enables rapid, versatile, and sensitive detection of minute quantities of PrP% in a
sample [113]. Since then, PMCA has also been used for detection of CWD prions in brain
and antemortem tissue samples, including tonsil biopsy and RAMALT, as well as in bodily
fluids from CWD-infected animals [114-119]. PMCA has successfully been used for early
detection of CWD prions at asymptomatic stages of the disease in various antemortem
biological samples. Moreover, PMCA has been used to determine CWD species barriers and
the ability of CWD prions to convert PrPs from other species. Li and colleagues incubated
brain homogenates of CWD-infected elk as a seed with non-infected brain homogenates
from elk, reindeer, moose, caribou, human, hamster, mouse, bovine, or sheep as substrates,
and subjected them to PMCA for detection of PK-resistant PrP (PrP™®). Very surprisingly,
CWD prions could convert PrP substrates from all the species tested [120]. Moreover, Barria
and colleagues utilized PMCA to test whether CWD prions could convert human PrP¢
into PrP"es. Excitingly, deer prions converted human PrP® into PrP¢, however, beforehand
prion adaptation was required through successive passaging of CWD prions either in
PMCA or in CWD transgenic mouse models [121]. In another study, Barria and colleagues
analyzed PMCA amplification of human PrP¢ obtained from various sources, including
human brain, human-PrP-expressing Tg mouse brain, and a human-PrPC-overexpressing
cell line, and found that human PrP was converted by CWD irrespective of the source
of substrate and the polymorphism at codon 129 of human PrP [51]. More surprisingly,
the biochemical properties of PrP™* showed similarities, unlike vCJD, with MM1 type
sCJD following human PrP conversion by CWD prions [51]. These studies demonstrated
the usefulness of PMCA in determining the species barrier and zoonotic potential of
CWD prions.

Another ultrasensitive in vitro assay, RT-QulC, was reported for fast detection of
minute amounts of prions [122,123]. RT-QulC measures the intensity of the fluorescent
dye Thioflavin T (ThT), which binds to newly formed amyloid after seeds (prions) are
incubated with the recombinant PrP (rPrP) substrate [123]. RT-QulC is used to detect
CWD prion seeding activity in a variety of biological samples from animals at different
stages of prion disease. Examples are feces, urine, RAMALT, nasal brushings, saliva, blood,
cerebrospinal fluid, and third eyelid from CWD-infected cervids, often at early preclinical
stages [124-133]. Similar to PMCA, RT-QulC has also been employed to assess the zoonotic
potential of CWD prions. In this regard, Davenport and coworkers demonstrated that CWD
prions, either from cervids or after adaptation to cats, successfully seeded human rPrP,
albeit less efficiently than sCJD prions [52]. Later, Race and colleagues utilized RT-QuIC
for detecting prion seeding activity in the brain and spinal cord of cynomolgus macaques
experimentally inoculated with CWD prions [18]. Altogether, these results show the wide
range of application of in vitro prion amplification assays in analyzing CWD prions.

3. Gene-Editing Strategies for Genome Engineering in the Prion Field

Recent advances in highly efficient and versatile genome-editing strategies have
created new opportunities for researchers to generate gene-targeted Kls as well as KO
models by introducing sequence-specific modifications into the genomes of a range of cells
and animals [78,79,134-148]. Such gene-editing tools include zinc finger nucleases (ZFNs),
transcription activator-like effector nucleases (TALENSs), and RNA-guided endonucleases



Viruses 2022, 14, 609

7 of 23

(RGENS), such as the clustered regularly interspaced short palindromic repeat (CRISPR)-
Cas9 (CC9) system [149].

Classically, gene targeting was achieved using homologous recombination with a donor
DNA template, in which an exogenous donor template replaces the endogenous gene of inter-
est [150,151]. With the conventional homologous recombination approach, several PrP-KO and
KI models were generated, including a Tg KI mouse model for CWD [58,80,81,152-156]. While
the discovery of homologous recombination greatly advanced biomedical research, the
frequency of recombination remained low in mammalian cells [157]. Moreover, homol-
ogous recombination is laborious, although highly specific, in the sense that it requires
extensive selection and screening of clones to identify the ones in which the homologous
recombination event occurred at the targeted endogenous gene locus [152,158]. For ex-
ample, to generate the first PrP-KO Tg mouse model, homologous recombination was
employed to introduce the neomycin phosphotransferase (neo) gene to replace the codons
4-187 of the 254-codon open reading frame (ORF) of the Prnp gene in mouse embryonic
stem cells (ESCs) [152]. In order to determine the correct Prnp-KO clone, the selection
and screening of thousands of ESC colonies was required. In this study, the frequency of
homologous recombination was roughly 1 in 5000 clones [152,159]. The frequency of gene
integration can, however, be increased by introducing gene-editing tools, such as ZFN,
TALEN, and Cas9, alongside the homologous DNA donor template. Such endonucleases
have the ability to induce targeted double-strand breaks (DSBs), which trigger cellular DNA
repair mechanisms including homology directed repair (HDR), thus facilitating precise
site-specific genomic modifications, including gene insertions, deletions, base substitutions,
and chromosomal translocations [141-143,157,160,161]. In addition, DSB-causing guided
endonucleases can also produce KO models in the absence of a donor template by trig-
gering non-homologous end joining (NHE]), which in turn causes small insertions and
deletions (collectively known as indels) leading to a functional KO [78,79,137,139,146,147].

Gene-Editing Nucleases

ZFNs are customized sequence-specific nucleases in which DNA-binding zinc-finger
proteins are linked to an endonuclease domain of Fokl restriction endonuclease [162]. The
cleavage domain of Fokl mediates the dimerization of ZFN proteins and induces a DSB within
a sequence flanked by the zinc-finger proteins. Zinc-finger proteins consist of DNA-binding
domains which recognize the specific sequence in the genome [163]. ZFNs have been widely
used for genome manipulations, both gene insertions and deletions [135,137,139,140,164].
Interestingly, ZFNs-mediated genome editing was used for site-specific integration of
the factor IX gene in hemophilia B models, and in clinical trials for treating HIV /AIDS
by ZFNs-based knock-out of the HIV-1 co-receptor, CCR5 [136,165]. In the prion field,
ZFN-mediated gene-editing was achieved in zebrafish, for example by generating PrP-2
(homologue of mammalian PrP) knock-out models of zebrafish in order to decipher the
functions of the prion protein [166].

Similar to ZFNs, TALENSs are also based on DNA-binding motifs that guide attached
nucleases (usually Fokl) to specific sequences within the genome, and are dimerized
by Fokl cleavage domain [144,167]. Usually, the assembly of TALENs occurs within
12-20 base pairs (bps) of DNA which results in their enhanced specificity for gene-editing [168].
Typically, DNA-binding domain of TALEN proteins recognize a single base pair (bp) of
DNA with no overlap of target sites from neighboring domains, unlike that of zinc-finger
proteins, which recognizes three bps [169,170]. As a result, ZFN is the least flexible and
has the most off-target effects [144,171]. Moreover, the construction of zinc-finger arrays
is difficult, making it tedious to assemble a functional nuclease, which limits the use of
ZFNss as an efficient gene-editing tool [149]. TALENS are a highly specific, low cytotoxic,
and flexible gene-editing tool, due to their increased and precise affinity for target bases
of DNA [172,173]. However, TALENSs are large proteins with highly repetitive structures,
making it difficult to efficiently deliver them to cells [174]. In addition, it takes more time
to customize TALEN assays and to assemble TALENs as compared to CRISPR-Cas9, while
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this can be achieved within a few days [144]. Several reports imply the application of
TALENS as a gene-editing tool in prion research. For example, TALENs have been suc-
cessfully used to generate PrP-KO mouse neuroblastoma (N2a) cells by replacing Prnp
by a LoxP-EGFP-Zeo-LoxP knock-out cassette [142]. Moreover, TALENs-based PrP gene
disruption to generate functional PrP-KO models was employed in zebrafish, mouse, and
immortalized bovine fibroblasts [145,175,176].

Cas9 is another DSB-causing guided endonuclease, commonly used as CRISPR-
associated nuclease in the CC9 system. Unlike customized ZFNs and TALENs, whose
endonuclease domain is mediated by their DNA-binding motifs, Cas9 depends on guide
RNAs (gRNAs) to reach the targeted site in the genome [144]. The CC9 strategy of gene-
editing was awarded the Nobel Prize in Chemistry in 2020, and we refer the interested
reader to one of the many reviews discussing its inner working [177]. Briefly, the endonu-
clease activity of bacterial Cas9, such as from Streptococcus pyogenes (SpCas9), is used for
targeted cleavage on the genome by CC9 [178]. Unlike restriction endonucleases com-
monly used in molecular biology, Cas9 does not recognize specific DNA sequences, but
can instead be directed to variable loci by a single gRNA partially complementary to the
desired target sequence, due to which CC9 is the most flexible gene-editing technique [179].
Moreover, there is no need for engineering or customizing proteins such as in the case
of ZFNs and TALENSs, which makes CC9 a particularly user-friendly and time-saving
gene-editing technique [138,144,149,180]. Once at its target site, Cas9 induces a DSB which
may be repaired by NHE]. Crucially, NHE] has long been known to cause random dele-
tions and insertions (collectively known as indels), thereby disrupting the gene in which
the DSB occurred [181,182]. CC9-based homologous recombination has been used in
cultured murine and bovine cells, as well as in fertilized bovine zygotes for Prnp gene
disruption [78,79,147,148]. Moreover, in the presence of a donor DNA template, CC9-based
targeting results in HDR allowing the site-specific introduction of exogenous homologous
DNA templates at the Cas9-induced cleavage site [183]. However, HDR-dependent precise
gene-editing could be limited by the possibility of NHE] following DSB, the efficiency
of which can be improved in the CC9 system by introducing genetically-encoded HDR-
promoting or NHEJ-inhibiting cellular factors along with the CC9 components [184-188].
Using CC9-based gene targeting, KI mouse ESCs expressing hamster, BV, and PrP-EGFP fu-
sion proteins were generated following the electroporation of CC9 vectors and KI targeted
construct containing sequences of different Prnp alleles, homology arms, and a neomycin-
resistant gene for selection [143]. Similar technology was used by our group to generate
transgenic KI mice expressing cervid PrP ([189], and Arifin and Gilch, personal commu-
nication). Although the use of Cas9 is superior to other gene-editing endonucleases, it is
also prone to off-target mutations. Several improvement strategies have been introduced to
increase Cas9 specificity, including the combined introduction of a Cas9 nickase mutant
with paired guide RNAs for DSB, which occurs only after simultaneous nicking [190],
controlling the doses of Cas9 and gRNAs [191], and using Cas9 variants [192,193]. The
gene-editing tools used in the generation of models in prion research are listed in Table 2.

Table 2. Gene-editing tools employed in prion research.

Gene-

s Gene-Edited Model . .
E%:::lr;g Model Type Cells/Animal Generated Species Advantages of the Model = Disadvantages of the Model References

No adverse development
phenotype observed; Cannot be directly used to

Gene disruption specific study prion propagation;

ZFNs Animal prp2-KO Zebrafish to prp2 without affecting Possess PrP homologue, [166]
related genes; non-susceptible substrate for

Used for understating prion conversion

PrP function
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yooy off-target effects; Low yield of PrP disrupted
Mouse PrP disruption achieved clones may be due to
epithelial Prup-KO in N2a cells which have transfection procedure
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Eliminated
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inhibition by endogenous
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Editing Model Type ((I;eellllsif:il:sjl Gel\:{z:laetle d Species Advantages of the Model  Disadvantages of the Model References
Tools
Bovine fetal Prnp-KO as Technique further used for Large deletions of the
ff)};/ lfl © ta well as successful Prup disruption targeted PRNP dependent [148]
tbroblasts EGFP-KI in bovine embryos on transfection conditions
Precise targeting achieved
with efficiency of 9-70%
. Myostatin Minimum gRNA . .
f.I;nrgf r}; (MSTN)/PrP- Goat mediated off-target effect; Less hkel'y tof.bi dused m [194]
tbroblasts KO Simultaneous targeting of prion fie
multiple genes achieved
could be advantageous
KImouse
line
Prnp.CerWT expressing Mouse
wild-type
3 C
cervid PrP Physiological levels of
KI mouse cervid PrP¢ expression
hne. l;iﬁ:;z;j?ngisgr; cpelesp Longer disease incubation
expressing .
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Usedtosradycwp - rendom gt
cervid PrP¢ propagation and effect of &
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KI Eliause prion propagation
Prnp.Cer.138SN expressing Mouse
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phic138SN

cervid PrPC€

ZFNs: zinc finger nucleases; TALENS: transcription activator-like effector nucleases; CRISPR: clustered regularly
interspaced short palindromic repeat; KO: knock out; KI: knock in; N2a: neuroblastoma cell line; BV: bank vole;
EGFP: enhanced green fluorescent protein; Af3: amyloid 3.

4. Generation of Gene-Edited Cell Models Susceptible to CWD Prion Infection

As already mentioned above, there is a need for robust neuronal cell lines expressing
cervid PrP and its polymorphic variants that are capable of propagating a wide range
of CWD isolates and strains. This will serve as a versatile and robust model to study
molecular and cellular aspects of CWD prion infection, and complement the animal models
that recapitulate CWD pathogenesis. Studies in Tg mice have shown that the sequence of
the prion protein gene (Prnp) expressed in the host is a major determinant of susceptibility
to infection with prions from a given species [82,156], yet other cellular factors may ex-
ist [195]. Based on this concept, expressing the heterologous PrP that matches the incoming
PrP in trans allowed propagation of such prions, including CWD prions [70-72]. CWD
propagating cells were generated by trans-complementing or reconstituting ‘susceptible’
cells lacking PrP expression, using naturally existing KO cells (RK13) or ones made by
gene-targeted disruption of the endogenous PrP (CAD5-Prnp~/ ). This is important, to
ensure that the endogenous PrP can no longer negatively interfere with cellular prion
infection. Reconstitution was done by random integration of constructs expressing cervid
or BV PrP [70,78]. The reconstitution of cells with PrP~/~ background was achieved by
trial and error methods of stable transfection and stable lentiviral transduction [70,78].
However, random integration has its own limitations, and could have resulted in inser-
tional mutagenesis or transgene silencing by neighboring regulatory sequences [158,196].
In addition, from in vivo Tg mouse studies, we know that cervidized Tg mice created
by random integration are considered imperfect models of CWD pathogenesis, although
they can propagate CWD prions upon intracerebral challenge and reproduce many CWD
phenotypes [58]. They usually overexpress PrP and do not fully recapitulate peripheral
CWD pathogenesis, which was solved later by the development of cervidized KI mice
that mimic the natural routes of CWD transmission [58]. Likewise, cervid PrP KI cell
models could serve as better models of CWD propagation. To overcome the limitations
of random integration of transgenes, genome engineering of potentially susceptible cell
lines can be done, with the aim to replace the endogenous PrP gene by the PrP transgene
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of choice. Mouse cell lines with an established good susceptibility to a wider range of
prions could be employed, and to expand their range of susceptibility the endogenous
Prnp gene locus could directly be replaced in a site-specific manner by a cervid Prnp or a
universal acceptor PrP, allowing physiologic expression under the authentic endogenous
Prnp promoter [78,143].

The hope is that these procedures do not negatively affect their susceptibility to
persistent prion propagation now for different types and strains of prions. This is similarly
true for cells supposed to propagate CWD prions. A given cell line can be non-permissive
to different prion strains from the same species, why should it be for prions from a different
species? For example, the widely used neuroblastoma cell line N2a supports replication of
mouse-adapted scrapie strains 22 and RML, but not of Me7 and 22A [67,197]. Alternatively,
not all cell lines support the replication of prions from the same species, even if there is
complete sequence identity between recipient PrP and invading PrP*, obviously due
to factors unrelated to the PrP sequence. For instance, Bourkas and colleagues did not
observe persistent infection in gene-edited N2a-Prnp~/~ cells expressing hamster PrP
following exposure to hamster prions, even though the same approach was successful in
CADS cells [79]. Similarly, Bian and colleagues could not detect PrP5¢ in N2a-Prnp~/~ cells
expressing elk PrP following exposure to CWD isolates, while RK13-expressing elk PrP
propagated CWD prions [70]. In this line, our laboratory recently described a neuronal
mouse cell line supporting CWD propagation, which is gene-edited and reconstituted
CAD?5 cells that supported CWD prion propagation from MD and WTD [78]. Indeed,
CADS cells serve as an excellent neuronal cell system for prion propagation as they are
permissive to the replication of a wide range of prions, including mouse-adapted scrapie
and hamster prions [67,79,198].

Briefly, murine PrP-expressing CAD5 (neuronal) and MEF (non-neuronal) cells were
engineered to express cervid PrP or BV PrP (universal acceptor) in the absence of endoge-
nous PrP expression using a two-step approach, which entails CC9-mediated PrP-KO
followed by lentiviral reconstitution with either cervid PrP or BV PrP [78]. Since CAD5
and MEF cells are of murine origin and express mouse PrP, they are unable to propagate
CWD prions when mouse PrP is in the background. Following CC9-mediated disruption
of the endogenous mouse Prnp locus, PrP-KO cells, CAD5-Prnp~/~ and MEF-Prup~/~,
devoid of mouse PrP were generated. Later, these gene-edited PrP-KO cells were stably
transduced with recombinant lentiviruses expressing either BV or cervid PrP [78]. The
resultant genome-engineered cells were able to propagate CWD prions from WTD and
MD [78]. In order to knock out the endogenous murine Prnp in CAD5 and MEF cells, we
expressed SpCas9 along with two gRNAs targeting opposite strands of Prnp exon 3 in
these cells. For CAD5 cells, lipofectamine-based transfection of plasmids encoding Cas9
and the selected gRNAs was used [78,199]. MEF, however, are less efficiently transfected,
and nucleofection was chosen to introduce the required plasmids. Single cell clones were
then isolated using fluorescence-activated cell sorting (FACS) based on GFP expression
and expanded for analysis by genomic DNA sequencing, anti-PrP immunoblotting and
immunofluorescence staining for PrP¢. These analyses revealed the presence of clones
with a complete disruption of Prup, which was further confirmed when the cells were
challenged with mouse-adapted 22L scrapie prions. As expected, no proteinase K (PK)-
resistant PrP (PrP™) could be detected in 221-challenged MEF-Prnp~/~ or CAD5-Prip =/~
cells in immunoblot. Wild-type (WT) MEF or CADS cells, however, stably propagated
PrP’® within several passages after infection with 221 prions [78]. Next, CAD5-Prup =/~
cells were reconstituted with BV PrP (CAD5_BV), while MEF—Prnp’/ ~ were reconstituted
with either BV (MEF_BV) or cervid PrP (MEF_Cer). The three reconstituted cell lines
were then challenged with WID and MD prions. When examined by RT-QulC, prion
seeding activity was detected in CAD5_BV, MEF_BV, and MEF_Cer cells infected with
either WTD or MD prions, however, no PrP™* was detected in any of the six possible
cell line/prion-strain combinations in immunoblot [78]. This was not unexpected, since
we used a non-cloned population, whereas many widely used cell culture models with
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strong PrP™ signal in immunoblot were established by extensive subcloning for highly
susceptible clones [65,66,200]. Taken together, these data demonstrate that replacement of
the endogenous mouse Prnp with bank vole or cervid PrP rendered CADS5 and MEEF cells
susceptible to infection with CWD prions. This work provides a proof-of-principle of how
murine cells known to propagate prions can be genetically modified to generate cell culture
models for the study of CWD prions.

We and others used gene-editing tools to generate CAD5-Prip~—/~ cells, but PrP trans-
genes were introduced by random integration [78,79]. In the future, gene editing should be
considered to develop KI models by homology-based integration of PrP transgenes in a
site-specific manner at the host Prnp locus rather than through random integration. The
existing PrP-ablated CAD5 and MEF KO cells could be used as a starting point for such
direct gene replacement. These cells do not express PrP, so successful gene replacement
events could be detected by surface PrP FACS analysis. Gene-editing strategies that could
be employed to create cell culture models for CWD are shown in Figure 1.

CRISPR-Cas9-mediated generation of gene-edited cells for CWD analysis |

A. Direct gene-targetingapproach B. Two-step gene-targeting approach
Development of cervid PrP knock-in (KI) cell lines in wild-type (WT) background 1. Development of PrP knock-out (KO) cell lines
Generation of CC9 vectors: Cas9 and gRNAs targeting Prnp-exon3 Generation of CC9 vectors: Cas9 and dual gRNAs targeting Prnp-exon3
CaRNAZ ]
— ) Mouse — Mouse
—— pop R T} - S —  pmp

Generation of donor template/targeting vector containing cervid Prnp
—(Homologvarm 1—(CENEPEN—{ Homologvarm 1

Co-transfection of cells (e.g. CAD5) with CC9 vectors

(CeENALD
l [eRNAZ ] Chemical transfection or
T nucleofection
Co-transfection of cells (e.g. CAD5) with CC9 vectors and targeting vector
= s
- = l
{Go - C"°'""""]‘“"“'f“'°" Cs Single cell cloning by FACS and indels characterization by PCR and
nucleofection
sequencing Deletion created after NHE)
following CC9-induced DSB
Semm- Disrupted L
> = * mouse Prnp
1 Genomic PCR of clones * Indels analysis to identify Prnp-KO clones
. ) L ) Single cell ¢ * Characterization of KO clones
Single cell cloning and characterization by PCR and sequencing SR one
Insertion after HOR following . T
_ e CCo-induced DSB 2. Development of cervid PrP Kl cell lines in KO background
— = ° 7T —» mediated Generation of CC9 vectors and donor template (cervid Prnp)
- Insertion of _ <. ection of clones with cervid Prmp integration
Genomic PCR of clones _ donor AL |
) _ it at native Prnp locus Prnp- l
Single cell cloning + Characterization of Ki clones Caa * ko
el e 77y ST E—

|

Co-transfection of PrP-KO cells with CC9 vectors and targeting vector

Single cell cloning by FACS and characterization by PCR and sequencing

Figure 1. CRISPR-Cas9 (CC9)-based gene-editing for generation of cell culture models to study
chronic wasting disease (CWD). Two general CC9 gene-editing approaches can be used to create
CWD cell culture models: (A) direct gene-targeting /knock-in (KI), and (B) two-step gene-targeting
involving knock-out of endogenous Prnp followed by knock-in of cervid Prnp at the disrupted Prnp
locus. (A) Gene-targeting using CC9 in presence of a donor template (cervid Prnp) results in KI clones
where site-specific CC9-induced double-stranded break (DSB) facilitates the homology-directed
repair (HDR) mechanism by which cervid Prnp will replace the mouse Prnp in the genome. (B) In
the two-step approach, firstly, PrP knock-out (KO) cells are generated using CC9-mediated gene
disruption. By employing CC9, two DSBs can be induced in the Prnp gene locus of suitable mouse
PrP-expressing cells, followed by gene repair by non-homologous end joining (NHE]) resulting in
indels or Prnp deletions. Such not-in-frame deletions or indels cause loss of functional PrP expression
resulting in PrP-KO cells, as already shown for CAD5 and mouse embryonic fibroblast (MEF) Prip =/~
models [78]. Later, PrP-KO cells can be used for gene-targeting using CC9 in presence of a cervid
Prnp template, which will be inserted at the disrupted Prnp locus via HDR.
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Similar to cell culture models, gene-editing tools can be used in vivo to generate cervid
PrP KI mouse models for study of CWD pathogenesis. So far, all published KI mouse
models for prion research have been produced using classical homologous recombination
rather than gene-editing [58,80,154,155]. Gene replacement with expression of PrP at nor-
mal physiological level under the native Prnp promoter was first described by Kitamoto
and colleagues, who replaced the mouse Prnp open reading frame with human Prup using
a Cre-LoxP-mediated system in ESCs [201]. Another group later generated a human-Prnp
KI mouse line that was able to propagate vC]D prions [154,155]. Since then, several gene-
targeted mouse lines have been generated to express various PrPs [80,81,156]. The first
KI line for CWD research, expressing WT deer and elk PrP®, was recently reported by
Bian and colleagues [58]. These mice develop CWD and succumb to clinical disease after
200-400 dpi, depending on the inoculum-route combination [58]. Most importantly, these
mice consistently propagate CWD prions administered through oral and intraperitoneal
routes with similar incubation times, mimicking the natural route of CWD transmission.
They perfectly recapitulate CWD pathogenesis as observed in the cervid host, with prion
lateralization in the periphery and prion shedding, which is mostly absent in transgenic
mouse models of CWD [58]. Although classical homologous recombination-mediated
gene-targeting results in high-precision gene modifications, a major limitation is the low
frequency of the desired recombination events that occurs in cells, and identifying gene-targeted
clones requires extensive screening from hundreds to thousands of clones [58,152,159,202].
Using gene-editing tools like CC9 could improve the efficiency of homologous recom-
bination [144,203]. Lately, Jackson and colleagues generated cervid-Prnp expressing KI
ESCs using CC9, similar to their gene-edited ESCs expressing hamster PrP, BV PrP, and
EGFP-PrP¢ on a C57BL/6] background [143]. Using these ESCs, Dr. Gilch'’s laboratory gen-
erated several lines of cervid-Prnp KI mice, expressing WT deer PrP (1385S) and the cervid
polymorphic PrP variants 138NN and 116GG ([189], and Arifin and Gilch, personal commu-
nication). C57BL/6] ESCs expressing cervid PrP were injected and implanted into albino
C57BL/6 mice (for ease of determining chimera percentage) and chimeric pups produced
were bred and kept on a C57BL/6N background. These KI mouse lines express physio-
logical levels of cervid PrP¢ (in comparison to wild-type C57BL/6), and preliminary data
suggested that KI mice replicate CWD prions upon peripheral challenge, reaching terminal
prion disease endpoints at 400-600 days post-inoculation [189], with the typical CWD
signs as seen in other CWD mouse models. Apart from these few KI lines, the majority
of cervidized Tg mouse models are RITs and were generated by random integration of
various cervid Prnp transgenes against a Prup~/~ (Prnp-KO) background [80,86,87]. In
these transgenics, the cervid PrP is often expressed under a foreign Prnp promoter (usually
hamster) and the transgene integrates randomly into the genome in unknown copy num-
bers, often resulting in several-fold higher PrP expression [86,87,101]. The RIT models are
beneficial in studying prion disease as they overexpress PrP, which leads to acceleration
of disease progression and shortening of the incubation period [58,204]. However, high
expression of PrP can result in the development of spontaneous neurological disease at a
later stage of life [205]. Additionally, the promoter used to express PrP in RITs might result
in an expression pattern in the brain different from that of normal mice [206]. During the
generation of RITs, genomic positional effects can also be seen, where multiple founder
lines express the transgene at different levels and in different patterns, leading sometimes
to differences in phenotypes [144]. Although gene-editing CWD mouse models are still
rare, they have the potential to overcome the limitations of RITs, and serve as valuable
experimental tools to understand the pathobiology of CWD.

5. Significance and Potential Applications of Gene-Edited Cells in CWD Research

The lack of versatile cell culture models that stably propagate CWD prions limits
CWD research, as in vivo studies are lengthy, expensive, and require appropriate facilities.
Attempts to produce persistently prion-infected cell models often fail, and are mostly based
on trial and error approaches. Traditionally, cells are derived from prion-infected animals
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or obtained by infecting established immortalized cell lines with prions [65,66,69,207]. In
fact, the workhorses for studying prion cell biology are a very small number of murine
cell lines and RK13 cells, so the majority of work is done with mouse-adapted scrapie
prions. To obtain stably prion-infected cell lines and to sustain persistent infection, repeated
subcloning is usually performed [64,65,67,197,200,208]. Even with subcloning, cells can
lose their ability to persistently propagate prions. Interestingly, subcloning from a single
clonal population can lead to either prion-susceptible or -resistant cells, just like for N2a
cells where the PK1 subclone is highly susceptible, and R33-resistant to mouse-adapted
scrapie prions [67]. Until now, no persistently-infected neuronal cell culture model has
existed for CWD. For the generation of such neuronal models, gene-editing strategies
could be advantageous. They facilitate high precision and rapid genetic alterations for
Prnp locus-specific introduction of cervid PrP in already available murine cell lines [78].
Moreover, gene-editing strategies offer a uniform way of directly comparing the PrP
substrate conversion efficiency of different cervid Prnp polymorphic variants, as the same
locus for expression at normal physiological levels under the native promoter is targeted
in a given cell line, which is impossible to achieve with a random integration approach.
This uniform approach ensures minimum variability in the experimental setting. Recently,
CC9-mediated base editing methods have gained popularity for creating single nucleotide
polymorphism (SNPs) in the genome of cells or animals. The use of an impaired Cas
nuclease and a base-modification enzyme to generate precise point mutations in the genome
without inducing DSBs is gaining popularity [209,210]. Such highly efficient and precise
base editing methods can be used to generate cell and mouse models expressing a range
of cervid Prnp polymorphic variants to study the influence of polymorphism on CWD
susceptibility and mechanisms involved.

Gene-edited KI cells expressing cervid PrP or a universal PrP substrate like BV PrP
could provide new opportunities to study the biology of CWD prions. First, these cells could
be used in scrapie cell assay (SCA) as a cellular bioassay for detection and quantification of
CWD prions. SCA facilitates endpoint prion titration comparable to that achieved with
animal bioassays in a rapid and cost-effective way, avoiding the need for large numbers
of animals and fulfilling one of the ‘3R’ requirements in animal experimentation [211,212].
Currently, the majority of cell lines used in SCA cells express murine PrP, allowing the rapid
and sensitive quantification of mouse-adapted scrapie prion titers [211,212]. Similarly, RK13
cells expressing cervid PrP are used in SCA to quantify CWD [68]. Besides quantification,
cell lines used in SCA can be used for prion strain discrimination and characterization,
as cells differ in their susceptibilities to different prion strains [67,211,212]. In line with
this, gene-edited cell models would provide another versatile experimental platform for
the study of CWD prions and newly emerging strains [57,60,89]. Second, gene-edited
cells can be used in conformation-based stability assays to investigate the biochemical
properties of different PrP“WP to characterize prion strains [76]. Third, gene-edited CWD
cell models can be utilized to study the susceptibility of cervid Prnp polymorphic variants
to convert PrPCWP in a cellular context. We already know that cervid Prip polymorphisms
impact CWD pathogenesis. For example, Leucine (L) homozygous at codon 132 in elk is
less susceptible to CWD infection than homozygous methionine (M) [61,213]. A serine
(S)/phenylalanine (F) polymorphism at codon 225 affected CWD susceptibility in MD [214].
Indeed, the finding that the ovine Prnp polymorphism alanine (A);3¢ arginine (R)154 Ri7;
(ARR) is associated with resistance to scrapie infection in sheep [215] was recapitulated
in RK13 cells expressing the corresponding ovine allele ARR [216]. This suggests that cell
culture models are able to model susceptibility profiles of different Prnp alleles as observed
at the animal level. Fourth, gene-edited CWD cell culture models would facilitate the rapid
high-throughput screening of compounds with anti-prion efficacy, as done before for other
prions [217].
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6. Conclusions

CWD is currently the most contagious prion disease, and its zoonotic potential is yet
to be determined. Moreover, for developing therapeutics against CWD it is important to
understand the molecular and cellular biology of CWD strains, their intra- and inter-species
transmission properties, and the influence of cervid Prnp polymorphism on CWD. Only
very few cell culture models exist for CWD, and there is a need for developing new and
improved ones. Recent advances in genome engineering provide an excellent platform to
generate gene-edited cell culture and mouse models. For example, the CC9 technology
could be used to generate cervid PrP-expressing KI cell and mouse models, which could
better recapitulate CWD pathogenesis and support the propagation of a variety of CWD
isolates. Importantly, shedding of CWD prions into the environment—a crucial hallmark
of CWD prions—is not currently recapitulated in the traditional transgenic mice, but
may become accessible using KI mouse models. Moreover, gene-editing could assist in
introducing heterologous PrPs from different species in KI models to assess the cross-
species transmission of CWD. Gene-editing also helps to investigate the impact of Prnp
polymorphisms on CWD pathogenesis, by generating KI models expressing various cervid
polymorphic alleles. Taken together, gene-edited cell and mouse models will be critical
tools to better understand the biology of CWD prions.

Funding: This work was funded by Alberta Innovates/Alberta Prion Research Institute (project
numbers 201700013 and 201600023).

Institutional Review Board Statement: Study did not require ethical approval.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: Authors declare no conflict of interest.

References

1. Prusiner, S.B. Novel proteinaceous infectious particles cause scrapie. Science 1982, 216, 136-144. [CrossRef] [PubMed]

2. Prusiner, S.B. Prions. Proc. Natl. Acad. Sci. USA 1998, 95, 13363-13383. [CrossRef] [PubMed]

3.  Prusiner, S.B. Biology and genetics of prions causing neurodegeneration. Annu. Rev. Genet. 2013, 47, 601-623. [CrossRef]
[PubMed]

4. DeMarco, M.L.; Daggett, V. From conversion to aggregation: Protofibril formation of the prion protein. Proc. Natl. Acad. Sci. USA
2004, 101, 2293-2298. [CrossRef]

5. Budka, H. Neuropathology of prion diseases. Br. Med. Bull. 2003, 66, 121-130. [CrossRef]

6.  Tatzelt, J.; Schatzl, H.M. Molecular basis of cerebral neurodegeneration in prion diseases. FEBS J. 2007, 274, 606—-611. [CrossRef]

7. Brown, K; Mastrianni, J.A. The prion diseases. J. Geriatr. Psychiatry Neurol. 2010, 23, 277-298. [CrossRef]

8. Chen, C.; Dong, X.P. Epidemiological characteristics of human prion diseases. Infect. Dis. Poverty 2016, 5, 47. [CrossRef]

9. Houston, F.; Andreoletti, O. Animal prion diseases: The risks to human health. Brain Pathol. 2019, 29, 248-262. [CrossRef]

10. Lee, J.; Kim, S.Y,; Hwang, K.J.; Ju, Y.R.; Woo, H.J. Prion diseases as transmissible zoonotic diseases. Osong Public Health Res.
Perspect. 2013, 4, 57-66. [CrossRef]

11. Bruce, M.E; Will, R.G.; Ironside, ].W.; McConnell, I.; Drummond, D.; Suttie, A.; McCardle, L.; Chree, A.; Hope, J.; Birkett, C.; et al.
Transmissions to mice indicate that ‘new variant’ CJD is caused by the BSE agent. Nature 1997, 389, 498-501. [CrossRef] [PubMed]

12. Hill, A.F; Collinge, J. Prion strains and species barriers. Contrib. Microbiol. 2004, 11, 33-49. [PubMed]

13.  Hope, ]. Bovine spongiform encephalopathy: A tipping point in One Health and Food Safety. Curr. Top. Microbiol. Immunol. 2013,
366, 37-47. [CrossRef] [PubMed]

14. Llewelyn, C.A.; Hewitt, PE.; Knight, R.S.; Amar, K.; Cousens, S.; Mackenzie, J.; Will, R.G. Possible transmission of variant
Creutzfeldt-Jakob disease by blood transfusion. Lancet 2004, 363, 417-421. [CrossRef]

15. Hill, A.F; Desbruslais, M.; Joiner, S.; Sidle, K.C.; Gowland, I.; Collinge, J.; Doey, L.]J.; Lantos, P. The same prion strain causes vC]D
and BSE. Nature 1997, 389, 448-450. [CrossRef]

16. Spraker, T.R; Miller, M.W.; Williams, E.S.; Getzy, D.M.; Adrian, W.J.; Schoonveld, G.G.; Spowart, R.A.; O'Rourke, K.I; Miller, ] M.;
Merz, P.A. Spongiform encephalopathy in free-ranging mule deer (Odocoileus hemionus), white-tailed deer (Odocoileus virginianus)
and Rocky Mountain elk (Cervus elaphus nelsoni) in northcentral Colorado. J. Wildl. Dis. 1997, 33, 1-6. [CrossRef]

17. Baeten, L.A.; Powers, B.E.; Jewell, ].E.; Spraker, T.R.; Miller, M.W. A natural case of chronic wasting disease in a free-ranging

moose (Alces alces shirasi). . Wildl. Dis. 2007, 43, 309-314. [CrossRef]


http://doi.org/10.1126/science.6801762
http://www.ncbi.nlm.nih.gov/pubmed/6801762
http://doi.org/10.1073/pnas.95.23.13363
http://www.ncbi.nlm.nih.gov/pubmed/9811807
http://doi.org/10.1146/annurev-genet-110711-155524
http://www.ncbi.nlm.nih.gov/pubmed/24274755
http://doi.org/10.1073/pnas.0307178101
http://doi.org/10.1093/bmb/66.1.121
http://doi.org/10.1111/j.1742-4658.2007.05633.x
http://doi.org/10.1177/0891988710383576
http://doi.org/10.1186/s40249-016-0143-8
http://doi.org/10.1111/bpa.12696
http://doi.org/10.1016/j.phrp.2012.12.008
http://doi.org/10.1038/39057
http://www.ncbi.nlm.nih.gov/pubmed/9333239
http://www.ncbi.nlm.nih.gov/pubmed/15077403
http://doi.org/10.1007/82_2012_264
http://www.ncbi.nlm.nih.gov/pubmed/22976349
http://doi.org/10.1016/S0140-6736(04)15486-X
http://doi.org/10.1038/38925
http://doi.org/10.7589/0090-3558-33.1.1
http://doi.org/10.7589/0090-3558-43.2.309

Viruses 2022, 14, 609 16 of 23

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Race, B.; Williams, K.; Orru, C.D.; Hughson, A.G.; Lubke, L.; Chesebro, B. Lack of Transmission of Chronic Wasting Disease to
Cynomolgus Macaques. J. Virol. 2018, 92, e00550-18. [CrossRef]

Benestad, S.L.; Mitchell, G.; Simmons, M.; Ytrehus, B.; Vikoren, T. First case of chronic wasting disease in Europe in a Norwegian
free-ranging reindeer. Vet. Res. 2016, 47, 88. [CrossRef]

Pirisinu, L.; Tran, L.; Chiappini, B.; Vanni, I.; Di Bari, M.A.; Vaccari, G.; Vikoren, T.; Madslien, K.I.; Vage, J.; Spraker, T.; et al. Novel
Type of Chronic Wasting Disease Detected in Moose (Alces alces), Norway. Emerg. Infect. Dis. 2018, 24, 2210-2218. [CrossRef]
Osterholm, M.T.; Anderson, C.J.; Zabel, M.D.; Scheftel, ].M.; Moore, K.A.; Appleby, B.S. Chronic Wasting Disease in Cervids:
Implications for Prion Transmission to Humans and Other Animal Species. MBio 2019, 10, e01091-19. [CrossRef] [PubMed]
Rivera, N.A.; Brandt, A.L.; Novakofski, ].E.; Mateus-Pinilla, N.E. Chronic Wasting Disease In Cervids: Prevalence, Impact And
Management Strategies. Vet. Med. (Auckl) 2019, 10, 123-139. [CrossRef] [PubMed]

Edmunds, D.R.; Kauffman, M.J.; Schumaker, B.A.; Lindzey, F.G.; Cook, W.E.; Kreeger, T.].; Grogan, R.G.; Cornish, T.E. Chronic
Wasting Disease Drives Population Decline of White-Tailed Deer. PLoS ONE 2016, 11, e0161127. [CrossRef]

DeVivo, M.T.; Edmunds, D.R.; Kauffman, M.].; Schumaker, B.A.; Binfet, J.; Kreeger, T.].; Richards, B.]J.; Schatzl, H.M.; Cornish, T.E.
Endemic chronic wasting disease causes mule deer population decline in Wyoming. PLoS ONE 2017, 12, e0186512. [CrossRef]
[PubMed]

Bishop, R.C. The Economic Impacts of Chronic Wasting Disease (CWD) in Wisconsin. Hum. Dimens. Wildl. 2004, 9, 181-192.
[CrossRef]

Heberlein, T.A. “Fire in the Sistine Chapel”: How Wisconsin Responded to Chronic Wasting Disease. Hum. Dimens. Wildl. 2004, 9,
165-179. [CrossRef]

Seidl, A.F; Koontz, S.R. Potential Economic Impacts of Chronic Wasting Disease in Colorado. Hum. Dimens. Wildl. 2004, 9,
241-245. [CrossRef]

Bollinger, T.; Caley, P.; Merrill, E.; Messier, F; Miller, M.W.; Samuel, M.D.; Vanopdenbosch, E. Expert Scientific Panel on Chronic
Wasting Disease; Canadian Cooperative Wildlife Health Centre, Newsletters & Publications, University of Nebraska-Lincoln:
Lincoln, NE, USA, 2004; p. 19.

Mathiason, C.K.; Powers, ].G.; Dahmes, S.J.; Osborn, D.A.; Miller, K.V.; Warren, R.J.; Mason, G.L.; Hays, S.A.; Hayes-Klug, J.;
Seelig, D.M.; et al. Infectious prions in the saliva and blood of deer with chronic wasting disease. Science 2006, 314, 133-136.
[CrossRef]

Miller, M.W.; Williams, E.S. Prion disease: Horizontal prion transmission in mule deer. Nature 2003, 425, 35-36. [CrossRef]
Miller, M.W.; Williams, E.S.; Hobbs, N.T.; Wolfe, L.L. Environmental sources of prion transmission in mule deer. Emerg. Infect. Dis.
2004, 10, 1003-1006. [CrossRef]

Mathiason, C.K.; Hays, S.A.; Powers, ].; Hayes-Klug, J.; Langenberg, J.; Dahmes, S.J.; Osborn, D.A.; Miller, K.V.; Warren, R.J.;
Mason, G.L.; et al. Infectious prions in pre-clinical deer and transmission of chronic wasting disease solely by environmental
exposure. PLoS ONE 2009, 4, e5916. [CrossRef] [PubMed]

Johnson, C.J.; Phillips, K.E.; Schramm, P.T.; McKenzie, D.; Aiken, ].M.; Pedersen, J.A. Prions adhere to soil minerals and remain
infectious. PLoS Pathog. 2006, 2, €32. [CrossRef] [PubMed]

Johnson, C.J.; Pedersen, J.A.; Chappell, R.J.; McKenzie, D.; Aiken, ].M. Oral transmissibility of prion disease is enhanced by
binding to soil particles. PLoS Pathog. 2007, 3, €93. [CrossRef] [PubMed]

Nichols, T.A.; Pulford, B.; Wyckoff, A.C.; Meyerett, C.; Michel, B.; Gertig, K.; Hoover, E.A.; Jewell, ].E,; Telling, G.C.; Zabel, M.D.
Detection of protease-resistant cervid prion protein in water from a CWD-endemic area. Prion 2009, 3, 171-183. [CrossRef]
Pritzkow, S.; Morales, R.; Moda, E; Khan, U.; Telling, G.C.; Hoover, E.; Soto, C. Grass plants bind, retain, uptake, and transport
infectious prions. Cell Rep. 2015, 11, 1168-1175. [CrossRef]

Hannaoui, S.; Schatzl, H.M.; Gilch, S. Chronic wasting disease: Emerging prions and their potential risk. PLoS Pathog. 2017, 13,
€1006619. [CrossRef]

Waddell, L.; Greig, J.; Mascarenhas, M.; Otten, A.; Corrin, T.; Hierlihy, K. Current evidence on the transmissibility of chronic
wasting disease prions to humans-A systematic review. Transbound. Emerg. Dis. 2017, 65, 37-49. [CrossRef]

Haley, N.J.; Hoover, E.A. Chronic wasting disease of cervids: Current knowledge and future perspectives. Annu. Rev. Anim.
Biosci. 2015, 3, 305-325. [CrossRef]

Czub, S.; Schulz-Schaeffer, W.; Stahl-Hennig, C.; Beekes, M.; Schaetzl, H.; Motzkus, D. First evidence of intracranial and peroral
transmission of chronic wasting disease (CWD) into cynomolgus macaques: A work in progress. In Proceedings of the Prion
2017, Edinburgh, UK, 25 May 2017.

Hamir, A.N.; Kunkle, R.A.; Cutlip, R.C.; Miller, ].M.; O’'Rourke, K.I.; Williams, E.S.; Miller, M.W.; Stack, M.].; Chaplin, M.].;
Richt, J.A. Experimental transmission of chronic wasting disease agent from mule deer to cattle by the intracerebral route. J. Vet.
Diagn. Investig. 2005, 17, 276-281. [CrossRef]

Hamir, A.N.; Miller, ].M.; Kunkle, R.A.; Hall, S.M.; Richt, ].A. Susceptibility of cattle to first-passage intracerebral inoculation with
chronic wasting disease agent from white-tailed deer. Vet. Pathol. 2007, 44, 487-493. [CrossRef]

Moore, S.J.; West Greenlee, M.H.; Kondru, N.; Manne, S.; Smith, J.D.; Kunkle, R.A.; Kanthasamy, A.; Greenlee, ].]. Experimental
Transmission of the Chronic Wasting Disease Agent to Swine after Oral or Intracranial Inoculation. J. Virol. 2017, 91, e00926-17.
[CrossRef]


http://doi.org/10.1128/JVI.00550-18
http://doi.org/10.1186/s13567-016-0375-4
http://doi.org/10.3201/eid2412.180702
http://doi.org/10.1128/mBio.01091-19
http://www.ncbi.nlm.nih.gov/pubmed/31337719
http://doi.org/10.2147/VMRR.S197404
http://www.ncbi.nlm.nih.gov/pubmed/31632898
http://doi.org/10.1371/journal.pone.0161127
http://doi.org/10.1371/journal.pone.0186512
http://www.ncbi.nlm.nih.gov/pubmed/29049389
http://doi.org/10.1080/10871200490479963
http://doi.org/10.1080/10871200490479954
http://doi.org/10.1080/10871200490480042
http://doi.org/10.1126/science.1132661
http://doi.org/10.1038/425035a
http://doi.org/10.3201/eid1006.040010
http://doi.org/10.1371/journal.pone.0005916
http://www.ncbi.nlm.nih.gov/pubmed/19529769
http://doi.org/10.1371/journal.ppat.0020032
http://www.ncbi.nlm.nih.gov/pubmed/16617377
http://doi.org/10.1371/journal.ppat.0030093
http://www.ncbi.nlm.nih.gov/pubmed/17616973
http://doi.org/10.4161/pri.3.3.9819
http://doi.org/10.1016/j.celrep.2015.04.036
http://doi.org/10.1371/journal.ppat.1006619
http://doi.org/10.1111/tbed.12612
http://doi.org/10.1146/annurev-animal-022114-111001
http://doi.org/10.1177/104063870501700313
http://doi.org/10.1354/vp.44-4-487
http://doi.org/10.1128/JVI.00926-17

Viruses 2022, 14, 609 17 of 23

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Raymond, G.J.; Raymond, L.D.; Meade-White, K.D.; Hughson, A.G.; Favara, C.; Gardner, D.; Williams, E.S.; Miller, M.W.,;
Race, R.E.; Caughey, B. Transmission and adaptation of chronic wasting disease to hamsters and transgenic mice: Evidence for
strains. J. Virol. 2007, 81, 4305-4314. [CrossRef] [PubMed]

Mathiason, C.K; Nalls, A.V,; Seelig, D.M.; Kraft, S.L.; Carnes, K.; Anderson, K.R.; Hayes-Klug, J.; Hoover, E.A. Susceptibility of
domestic cats to chronic wasting disease. . Virol. 2013, 87, 1947-1956. [CrossRef] [PubMed]

Di Bari, M.A.; Nonno, R.; Castilla, J.; D’Agostino, C.; Pirisinu, L.; Riccardi, G.; Conte, M.; Richt, ].; Kunkle, R.; Langeveld, J.; et al.
Chronic wasting disease in bank voles: Characterisation of the shortest incubation time model for prion diseases. PLoS Pathog.
2013, 9, €1003219. [CrossRef] [PubMed]

Race, B.; Meade-White, K.D.; Miller, M.W.; Barbian, K.D.; Rubenstein, R.; LaFauci, G.; Cervenakova, L.; Favara, C.;
Gardner, D.; Long, D.; et al. Susceptibilities of nonhuman primates to chronic wasting disease. Emerg. Infect. Dis. 2009, 15,
1366-1376. [CrossRef]

Race, B.; Meade-White, K.D.; Phillips, K.; Striebel, ].; Race, R.; Chesebro, B. Chronic wasting disease agents in nonhuman primates.
Emerg. Infect. Dis. 2014, 20, 833-837. [CrossRef]

Tamguney, G.; Giles, K.; Bouzamondo-Bernstein, E.; Bosque, PJ.; Miller, M.W.; Safar, J.; DeArmond, S.J.; Prusiner, S.B. Transmission
of elk and deer prions to transgenic mice. J. Virol. 2006, 80, 9104-9114. [CrossRef]

Sandberg, M.K.; Al-Doujaily, H.; Sigurdson, C.J.; Glatzel, M.; O’Malley, C.; Powell, C.; Asante, E.A.; Linehan, ].M.; Brandner, S.;
Wadsworth, ].D.; et al. Chronic wasting disease prions are not transmissible to transgenic mice overexpressing human prion
protein. J. Gen. Virol. 2010, 91 Pt 10, 2651-2657. [CrossRef]

Barria, M.A.; Balachandran, A.; Morita, M.; Kitamoto, T.; Barron, R.; Manson, J.; Knight, R.; Ironside, ].W.; Head, M.W. Molecular
barriers to zoonotic transmission of prions. Emerg. Infect. Dis. 2014, 20, 88-97. [CrossRef]

Davenport, K.A.; Henderson, D.M.; Bian, J.; Telling, G.C.; Mathiason, C.K.; Hoover, E.A. Insights into Chronic Wasting Disease
and Bovine Spongiform Encephalopathy Species Barriers by Use of Real-Time Conversion. J. Virol. 2015, 89, 9524-9531. [CrossRef]
Wadsworth, ].D.; Asante, E.A.; Desbruslais, M.; Linehan, J.M.; Joiner, S.; Gowland, I.; Welch, J.; Stone, L.; Lloyd, S.E,;
Hill, AE; et al. Human prion protein with valine 129 prevents expression of variant CJD phenotype. Science 2004, 306,
1793-1796. [CrossRef] [PubMed]

Dickinson, A.G.; Meikle, V.M. Host-genotype and agent effects in scrapie incubation: Change in allelic interaction with different
strains of agent. Mol. Gen. Genet. MGG 1971, 112, 73-79. [CrossRef] [PubMed]

Benestad, S.L.; Arsac, ].N.; Goldmann, W.; Noremark, M. Atypical/Nor98 scrapie: Properties of the agent, genetics, and
epidemiology. Vet. Res. 2008, 39, 19. [CrossRef] [PubMed]

Bruce, M.; Chree, A.; McConnell, I; Foster, J.; Pearson, G.; Fraser, H. Transmission of bovine spongiform encephalopathy and
scrapie to mice: Strain variation and the species barrier. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 1994, 343, 405—411. [CrossRef]
Angers, R.C.; Kang, H.E.; Napier, D.; Browning, S.; Seward, T.; Mathiason, C.; Balachandran, A.; McKenzie, D.; Castilla, J.;
Soto, C.; et al. Prion strain mutation determined by prion protein conformational compatibility and primary structure. Science
2010, 328, 1154-1158. [CrossRef]

Bian, J.; Christiansen, J.R.; Moreno, ].A.; Kane, S.J.; Khaychuk, V.; Gallegos, J.; Kim, S.; Telling, G.C. Primary structural differences
at residue 226 of deer and elk PrP dictate selection of distinct CWD prion strains in gene-targeted mice. Proc. Natl. Acad. Sci. USA
2019, 116, 12478-12487. [CrossRef]

Herbst, A.; Velasquez, C.D.; Triscott, E.; Aiken, ].M.; McKenzie, D. Chronic Wasting Disease Prion Strain Emergence and Host
Range Expansion. Emerg. Infect. Dis. 2017, 23, 1598-1600. [CrossRef]

Hannaoui, S.; Amidian, S.; Cheng, Y.C.; Duque Velasquez, C.; Dorosh, L.; Law, S.; Telling, G.; Stepanova, M.; McKenzie, D.;
Wille, H.; et al. Destabilizing polymorphism in cervid prion protein hydrophobic core determines prion conformation and
conversion efficiency. PLoS Pathog. 2017, 13, e1006553. [CrossRef]

O’Rourke, K.I.; Spraker, T.R.; Zhuang, D.; Greenlee, ].J.; Gidlewski, T.E.; Hamir, A.N. Elk with a long incubation prion disease
phenotype have a unique PrPd profile. Neuroreport 2007, 18, 1935-1938. [CrossRef]

Green, K M,; Browning, S.R.; Seward, T.S.; Jewell, ].E.; Ross, D.L.; Green, M.A_; Williams, E.S.; Hoover, E.A.; Telling, G.C. The elk
PRNP codon 132 polymorphism controls cervid and scrapie prion propagation. J. Gen. Virol. 2008, 89 Pt 2, 598-608. [CrossRef]
Angers, R.; Christiansen, J.; Nalls, A.V.; Kang, H.E.; Hunter, N.; Hoover, E.; Mathiason, C.K.; Sheetz, M.; Telling, G.C. Structural
effects of PrP polymorphisms on intra-and interspecies prion transmission. Proc. Natl. Acad. Sci. USA 2014, 111, 11169-11174.
[CrossRef] [PubMed]

Krance, S.H.; Luke, R.; Shenouda, M.; Israwi, A.R.; Colpitts, S.J.; Darwish, L.; Strauss, M.; Watts, J.C. Cellular models for
discovering prion disease therapeutics: Progress and challenges. J. Neurochem. 2020, 153, 150-172. [CrossRef] [PubMed]

Butler, D.A.; Scott, M.R.; Bockman, ].M.; Borchelt, D.R.; Taraboulos, A.; Hsiao, K.K.; Kingsbury, D.T.; Prusiner, S.B. Scrapie-infected
murine neuroblastoma cells produce protease-resistant prion proteins. J. Virol. 1988, 62, 1558-1564. [CrossRef] [PubMed]
Schatzl, HM.; Laszlo, L.; Holtzman, D.M.; Tatzelt, J.; DeArmond, S.J.; Weiner, R.I.; Mobley, W.C.; Prusiner, S.B. A hypothalamic
neuronal cell line persistently infected with scrapie prions exhibits apoptosis. J. Virol. 1997, 71, 8821-8831. [CrossRef]

Mahal, S.P,; Baker, C.A.; Demczyk, C.A.; Smith, EW.; Julius, C.; Weissmann, C. Prion strain discrimination in cell culture: The cell
panel assay. Proc. Natl. Acad. Sci. USA 2007, 104, 20908-20913. [CrossRef]

Vorberg, I.; Raines, A.; Story, B.; Priola, S.A. Susceptibility of common fibroblast cell lines to transmissible spongiform en-
cephalopathy agents. J. Infect. Dis. 2004, 189, 431-439. [CrossRef]


http://doi.org/10.1128/JVI.02474-06
http://www.ncbi.nlm.nih.gov/pubmed/17287284
http://doi.org/10.1128/JVI.02592-12
http://www.ncbi.nlm.nih.gov/pubmed/23236066
http://doi.org/10.1371/journal.ppat.1003219
http://www.ncbi.nlm.nih.gov/pubmed/23505374
http://doi.org/10.3201/eid1509.090253
http://doi.org/10.3201/eid2005.130778
http://doi.org/10.1128/JVI.00098-06
http://doi.org/10.1099/vir.0.024380-0
http://doi.org/10.3201/eid2001.130858
http://doi.org/10.1128/JVI.01439-15
http://doi.org/10.1126/science.1103932
http://www.ncbi.nlm.nih.gov/pubmed/15539564
http://doi.org/10.1007/BF00266934
http://www.ncbi.nlm.nih.gov/pubmed/5165642
http://doi.org/10.1051/vetres:2007056
http://www.ncbi.nlm.nih.gov/pubmed/18187032
http://doi.org/10.1098/rstb.1994.0036
http://doi.org/10.1126/science.1187107
http://doi.org/10.1073/pnas.1903947116
http://doi.org/10.3201/eid2309.161474
http://doi.org/10.1371/journal.ppat.1006553
http://doi.org/10.1097/WNR.0b013e3282f1ca2f
http://doi.org/10.1099/vir.0.83168-0
http://doi.org/10.1073/pnas.1404739111
http://www.ncbi.nlm.nih.gov/pubmed/25034251
http://doi.org/10.1111/jnc.14956
http://www.ncbi.nlm.nih.gov/pubmed/31943194
http://doi.org/10.1128/jvi.62.5.1558-1564.1988
http://www.ncbi.nlm.nih.gov/pubmed/3282080
http://doi.org/10.1128/jvi.71.11.8821-8831.1997
http://doi.org/10.1073/pnas.0710054104
http://doi.org/10.1086/381166

Viruses 2022, 14, 609 18 of 23

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Raymond, G.J.; Olsen, E.A.; Lee, K.S.; Raymond, L.D.; Bryant, PK, 3rd; Baron, G.S.; Caughey, W.S.; Kocisko, D.A;
McHolland, L.E.; Favara, C.; et al. Inhibition of protease-resistant prion protein formation in a transformed deer cell line infected
with chronic wasting disease. J. Virol. 2006, 80, 596-604. [CrossRef]

Bian, J.; Napier, D.; Khaychuck, V.; Angers, R.; Graham, C.; Telling, G. Cell-based quantification of chronic wasting disease prions.
J. Virol. 2010, 84, 8322-8326. [CrossRef]

Vilette, D.; Andreoletti, O.; Archer, F.; Madelaine, M.F,; Vilotte, ].L.; Lehmann, S.; Laude, H. Ex vivo propagation of infectious
sheep scrapie agent in heterologous epithelial cells expressing ovine prion protein. Proc. Natl. Acad. Sci. USA 2001, 98, 4055-4059.
[CrossRef]

Courageot, M.P;; Daude, N.; Nonno, R.; Paquet, S.; Di Bari, M.A.; Le Dur, A.; Chapuis, J.; Hill, A.F; Agrimi, U,; Laude, H.; etal. A
cell line infectible by prion strains from different species. J. Gen. Virol. 2008, 89 Pt 1, 341-347. [CrossRef]

Dassanayake, R.P.; Zhuang, D.; Truscott, T.C.; Madsen-Bouterse, S.A.; O'Rourke, K.I.; Schneider, D.A. A transfectant RK13 cell
line permissive to classical caprine scrapie prion propagation. Prion 2016, 10, 153-164. [CrossRef]

Lawson, V.A,; Vella, L.].; Stewart, ].D.; Sharples, R.A.; Klemm, H.; Machalek, D.M.; Masters, C.L.; Cappai, R.; Collins, S.J.;
Hill, A.F. Mouse-adapted sporadic human Creutzfeldt-Jakob disease prions propagate in cell culture. Int. ]. Biochem. Cell Biol.
2008, 40, 2793-2801. [CrossRef] [PubMed]

Abdelaziz, D.H.; Thapa, S.; Brandon, J.; Maybee, J.; Vankuppeveld, L.; McCorkell, R.; Schatzl, H.M. Recombinant prion protein
vaccination of transgenic elk PrP mice and reindeer overcomes self-tolerance and protects mice against chronic wasting disease. J.
Biol. Chem. 2018, 293, 19812-19822. [CrossRef]

Bian, J.; Kang, H.E.; Telling, G.C. Quinacrine promotes replication and conformational mutation of chronic wasting disease prions.
Proc. Natl. Acad. Sci. USA 2014, 111, 6028-6033. [CrossRef] [PubMed]

Kim, H.J.; Tark, D.S.; Lee, YH.; Kim, M.].; Lee, W.Y.; Cho, L.S.; Sohn, H.J.; Yokoyama, T. Establishment of a cell line persistently
infected with chronic wasting disease prions. J. Vet. Med. Sci. 2012, 74, 1377-1380. [CrossRef]

Walia, R.; Ho, C.C.; Lee, C.; Gilch, S.; Schatzl, H.M. Gene-edited murine cell lines for propagation of chronic wasting disease
prions. Sci. Rep. 2019, 9, 11151. [CrossRef]

Bourkas, M.E.C.; Arshad, H.; Al-Azzawi, Z.A.M.; Halgas, O.; Shikiya, R.A.; Mehrabian, M.; Schmitt-Ulms, G.; Bartz, J.C.;
Watts, J.C. Engineering a murine cell line for the stable propagation of hamster prions. J. Biol. Chem. 2019, 294, 4911-4923.
[CrossRef]

Watts, ].C.; Prusiner, S.B. Mouse models for studying the formation and propagation of prions. J. Biol. Chem. 2014, 289,
19841-19849. [CrossRef]

Brandner, S.; Jaunmuktane, Z. Prion disease: Experimental models and reality. Acta Neuropathol. 2017, 133, 197-222. [CrossRef]
Scott, M.; Foster, D.; Mirenda, C.; Serban, D.; Coufal, F.; Walchli, M.; Torchia, M.; Groth, D.; Carlson, G.; DeArmond, S.J.; et al.
Transgenic mice expressing hamster prion protein produce species-specific scrapie infectivity and amyloid plaques. Cell 1989, 59,
847-857. [CrossRef]

Scott, M.R.; Safar, J.; Telling, G.; Nguyen, O.; Groth, D.; Torchia, M.; Koehler, R.; Tremblay, P.; Walther, D.; Cohen, FE.; et al.
Identification of a prion protein epitope modulating transmission of bovine spongiform encephalopathy prions to transgenic
mice. Proc. Natl. Acad. Sci. USA 1997, 94, 14279-14284. [CrossRef]

Telling, G.C.; Scott, M.; Hsiao, K.K,; Foster, D.; Yang, S.L.; Torchia, M.; Sidle, K.C.; Collinge, J.; DeArmond, S.J.; Prusiner, S.B.
Transmission of Creutzfeldt-Jakob disease from humans to transgenic mice expressing chimeric human-mouse prion protein.
Proc. Natl. Acad. Sci. USA 1994, 91, 9936-9940. [CrossRef]

Prusiner, S.B.; Scott, M.; Foster, D.; Pan, KM.; Groth, D.; Mirenda, C.; Torchia, M.; Yang, S.L.; Serban, D.; Carlson, G.A; et al.
Transgenetic studies implicate interactions between homologous PrP isoforms in scrapie prion replication. Cell 1990, 63, 673-686.
[CrossRef]

Browning, S.R.; Mason, G.L.; Seward, T.; Green, M.; Eliason, G.A.; Mathiason, C.; Miller, M.W.; Williams, E.S.; Hoover, E.;
Telling, G.C. Transmission of prions from mule deer and elk with chronic wasting disease to transgenic mice expressing cervid
PrP. . Virol. 2004, 78, 13345-13350. [CrossRef]

LaFauci, G.; Carp, R.I; Meeker, H.C ; Ye, X.; Kim, J.I; Natelli, M.; Cedeno, M.; Petersen, R.B.; Kascsak, R.; Rubenstein, R. Passage
of chronic wasting disease prion into transgenic mice expressing Rocky Mountain elk (Cervus elaphus nelsoni) PrPC. |. Gen. Virol.
2006, 87 Pt 12, 3773-3780. [CrossRef]

Seelig, D.M.; Mason, G.L.; Telling, G.C.; Hoover, E.A. Pathogenesis of chronic wasting disease in cervidized transgenic mice. Am.
J. Pathol. 2010, 176, 2785-2797. [CrossRef]

Duque Velasquez, C.; Kim, C.; Herbst, A.; Daude, N.; Garza, M.C.; Wille, H.; Aiken, J.; McKenzie, D. Deer Prion Proteins Modulate
the Emergence and Adaptation of Chronic Wasting Disease Strains. J. Virol. 2015, 89, 12362-12373. [CrossRef]

Hannaoui, S.; Arifin, M.I,; Chang, S.C.; Yu, ].; Gopalakrishnan, P.; Doh-Ura, K.; Schatzl, H.M.; Gilch, S. Cellulose ether treatment
in vivo generates chronic wasting disease prions with reduced protease resistance and delayed disease progression. J. Neurochem.
2020, 152, 727-740. [CrossRef]

Berry, D.B.; Lu, D.; Geva, M.; Watts, ].C.; Bhardwaj, S.; Oehler, A.; Renslo, A.R.; DeArmond, S.J.; Prusiner, S.B.; Giles, K. Drug
resistance confounding prion therapeutics. Proc. Natl. Acad. Sci. USA 2013, 110, E4160-E4169. [CrossRef]

Berry, D.; Giles, K.; Oehler, A.; Bhardwaj, S.; DeArmond, S.J.; Prusiner, S.B. Use of a 2-aminothiazole to Treat Chronic Wasting
Disease in Transgenic Mice. |. Infect. Dis. 2015, 212 (Suppl. 1), S17-S25. [CrossRef]


http://doi.org/10.1128/JVI.80.2.596-604.2006
http://doi.org/10.1128/JVI.00633-10
http://doi.org/10.1073/pnas.061337998
http://doi.org/10.1099/vir.0.83344-0
http://doi.org/10.1080/19336896.2016.1166324
http://doi.org/10.1016/j.biocel.2008.05.024
http://www.ncbi.nlm.nih.gov/pubmed/18590830
http://doi.org/10.1074/jbc.RA118.004810
http://doi.org/10.1073/pnas.1322377111
http://www.ncbi.nlm.nih.gov/pubmed/24711410
http://doi.org/10.1292/jvms.12-0061
http://doi.org/10.1038/s41598-019-47629-z
http://doi.org/10.1074/jbc.RA118.007135
http://doi.org/10.1074/jbc.R114.550707
http://doi.org/10.1007/s00401-017-1670-5
http://doi.org/10.1016/0092-8674(89)90608-9
http://doi.org/10.1073/pnas.94.26.14279
http://doi.org/10.1073/pnas.91.21.9936
http://doi.org/10.1016/0092-8674(90)90134-Z
http://doi.org/10.1128/JVI.78.23.13345-13350.2004
http://doi.org/10.1099/vir.0.82137-0
http://doi.org/10.2353/ajpath.2010.090710
http://doi.org/10.1128/JVI.02010-15
http://doi.org/10.1111/jnc.14877
http://doi.org/10.1073/pnas.1317164110
http://doi.org/10.1093/infdis/jiu656

Viruses 2022, 14, 609 19 of 23

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.
110.

111.

112.

113.

114.

115.

116.

117.

Abdelaziz, D.H.; Thapa, S.; Abdulrahman, B.; Lu, L.; Jain, S.; Schatzl, HM. Immunization of cervidized transgenic mice with
multimeric deer prion protein induces self-antibodies that antagonize chronic wasting disease infectivity in vitro. Sci. Rep. 2017,
7,10538. [CrossRef]

Angers, R.C.; Browning, S.R.; Seward, T.S.; Sigurdson, C.J.; Miller, M.W.; Hoover, E.A_; Telling, G.C. Prions in skeletal muscles of
deer with chronic wasting disease. Science 2006, 311, 1117. [CrossRef]

Race, B.; Meade-White, K.; Race, R.; Chesebro, B. Prion infectivity in fat of deer with chronic wasting disease. J. Virol. 2009, 83,
9608-9610. [CrossRef]

Angers, R.C.; Seward, T.S.; Napier, D.; Green, M.; Hoover, E.; Spraker, T.; O’'Rourke, K.; Balachandran, A.; Telling, G.C. Chronic
wasting disease prions in elk antler velvet. Emerg. Infect. Dis. 2009, 15, 696-703. [CrossRef]

Haley, NJ.; Seelig, D.M.; Zabel, M.D.; Telling, G.C.; Hoover, E.A. Detection of CWD prions in urine and saliva of deer by
transgenic mouse bioassay. PLoS ONE 2009, 4, e4848. [CrossRef]

Kuznetsova, A.; Cullingham, C.; McKenzie, D.; Aiken, ].M. Soil humic acids degrade CWD prions and reduce infectivity. PLoS
Pathog. 2018, 14, €1007414. [CrossRef]

Meade-White, K.; Race, B.; Trifilo, M.; Bossers, A.; Favara, C.; Lacasse, R.; Miller, M.; Williams, E.; Oldstone, M.; Race, R.; et al.
Resistance to chronic wasting disease in transgenic mice expressing a naturally occurring allelic variant of deer prion protein. J.
Virol. 2007, 81, 4533—4539. [CrossRef]

Vickery, C.M.; Lockey, R.; Holder, TM.; Thorne, L.; Beck, K.E.; Wilson, C.; Denyer, M.; Sheehan, J.; Marsh, S.; Webb, P.R.; et al.
Assessing the susceptibility of transgenic mice overexpressing deer prion protein to bovine spongiform encephalopathy. J. Virol.
2014, 88, 1830-1833. [CrossRef]

Telling, G.C. Prion protein genes and prion diseases: Studies in transgenic mice. Neuropathol. Appl. Neurobiol. 2000, 26, 209-220.
[CrossRef]

Nonno, R.; Di Bari, M.A ; Pirisinu, L.; D’Agostino, C.; Vanni, L.; Chiappini, B.; Marcon, S.; Riccardi, G.; Tran, L.; Vikoren, T.; et al.
Studies in bank voles reveal strain differences between chronic wasting disease prions from Norway and North America. Proc.
Natl. Acad. Sci. USA 2020, 117, 31417-31426. [CrossRef]

Marsh, R.F; Kincaid, A.E.; Bessen, R.A.; Bartz, ].C. Interspecies transmission of chronic wasting disease prions to squirrel monkeys
(Saimiri sciureus). J. Virol. 2005, 79, 13794-13796. [CrossRef]

Kong, Q.; Huang, S.; Zou, W.; Vanegas, D.; Wang, M.; Wu, D.; Yuan, J.; Zheng, M.; Bai, H.; Deng, H.; et al. Chronic wasting
disease of elk: Transmissibility to humans examined by transgenic mouse models. ]. Neurosci. 2005, 25, 7944-7949. [CrossRef]
Comoy, E.E.; Mikol, J.; Luccantoni-Freire, S.; Correia, E.; Lescoutra-Etchegaray, N.; Durand, V.; Dehen, C.; Andreoletti, O.;
Casalone, C.; Richt, J.A ; et al. Transmission of scrapie prions to primate after an extended silent incubation period. Sci. Rep. 2015,
5,11573. [CrossRef]

Kondru, N.; Manne, S.; Kokemuller, R.; Greenlee, ].; Greenlee, M.H.W.; Nichols, T.; Kong, Q.; Anantharam, V.; Kanthasamy, A.;
Halbur, P; et al. An Ex Vivo Brain Slice Culture Model of Chronic Wasting Disease: Implications for Disease Pathogenesis and
Therapeutic Development. Sci. Rep. 2020, 10, 7640. [CrossRef]

Falsig, ].; Sonati, T.; Herrmann, U.S.; Saban, D.; Li, B.; Arroyo, K.; Ballmer, B.; Liberski, PP.; Aguzzi, A. Prion pathogenesis is
faithfully reproduced in cerebellar organotypic slice cultures. PLoS Pathog. 2012, 8, €1002985. [CrossRef]

Iwamaru, Y.; Mathiason, C.K.; Telling, G.C.; Hoover, E.A. Chronic wasting disease prion infection of differentiated neurospheres.
Prion 2017, 11, 277-283. [CrossRef]

Falsig, ].; Aguzzi, A. The prion organotypic slice culture assay-POSCA. Nat. Protoc. 2008, 3, 555-562. [CrossRef]

Halliez, S.; Jaumain, E.; Huor, A.; Douet, ].Y,; Lugan, S.; Cassard, H.; Lacroux, C.; Beringue, V.; Andreoletti, O.; Vilette, D. White
blood cell-based detection of asymptomatic scrapie infection by ex vivo assays. PLoS ONE 2014, 9, e104287. [CrossRef]
Kondru, N.; Manne, S.; Greenlee, J.; West Greenlee, H.; Anantharam, V.; Halbur, P.; Kanthasamy, A.; Kanthasamy, A. Integrated
Organotypic Slice Cultures and RT-QulIC (OSCAR) Assay: Implications for Translational Discovery in Protein Misfolding Diseases.
Sci. Rep. 2017, 7, 43155. [CrossRef]

Wolf, H.; Hossinger, A.; Fehlinger, A.; Buttner, S.; Sim, V.; McKenzie, D.; Vorberg, .M. Deposition pattern and subcellular
distribution of disease-associated prion protein in cerebellar organotypic slice cultures infected with scrapie. Front. Neurosci.
2015, 9, 410. [CrossRef]

Saborio, G.P.; Permanne, B.; Soto, C. Sensitive detection of pathological prion protein by cyclic amplification of protein misfolding.
Nature 2001, 411, 810-813. [CrossRef] [PubMed]

Kurt, T.D.; Perrott, M.R.; Wilusz, C.J.; Wilusz, J.; Supattapone, S.; Telling, G.C.; Zabel, M.D.; Hoover, E.A. Efficient in vitro
amplification of chronic wasting disease PrPRES. J. Virol. 2007, 81, 9605-9608. [CrossRef]

Haley, N.J.; Mathiason, C.K.; Carver, S.; Telling, G.C.; Zabel, M.D.; Hoover, E.A. Sensitivity of protein misfolding cyclic
amplification versus immunohistochemistry in ante-mortem detection of chronic wasting disease. J. Gen. Virol. 2012, 93 Pt 5,
1141-1150. [CrossRef]

Kramm, C.; Pritzkow, S.; Lyon, A.; Nichols, T.; Morales, R.; Soto, C. Detection of Prions in Blood of Cervids at the Asymptomatic
Stage of Chronic Wasting Disease. Sci. Rep. 2017, 7, 17241. [CrossRef]

McNulty, E.E.; Nalls, A.V.; Xun, R.; Denkers, N.D.; Hoover, E.A.; Mathiason, C.K. In vitro detection of haematogenous prions in
white-tailed deer orally dosed with low concentrations of chronic wasting disease. J. Gen. Virol. 2020, 101, 347-361. [CrossRef]
[PubMed]


http://doi.org/10.1038/s41598-017-11235-8
http://doi.org/10.1126/science.1122864
http://doi.org/10.1128/JVI.01127-09
http://doi.org/10.3201/eid1505.081458
http://doi.org/10.1371/journal.pone.0004848
http://doi.org/10.1371/journal.ppat.1007414
http://doi.org/10.1128/JVI.02762-06
http://doi.org/10.1128/JVI.02762-13
http://doi.org/10.1046/j.1365-2990.2000.00253.x
http://doi.org/10.1073/pnas.2013237117
http://doi.org/10.1128/JVI.79.21.13794-13796.2005
http://doi.org/10.1523/JNEUROSCI.2467-05.2005
http://doi.org/10.1038/srep11573
http://doi.org/10.1038/s41598-020-64456-9
http://doi.org/10.1371/journal.ppat.1002985
http://doi.org/10.1080/19336896.2017.1336273
http://doi.org/10.1038/nprot.2008.13
http://doi.org/10.1371/journal.pone.0104287
http://doi.org/10.1038/srep43155
http://doi.org/10.3389/fnins.2015.00410
http://doi.org/10.1038/35081095
http://www.ncbi.nlm.nih.gov/pubmed/11459061
http://doi.org/10.1128/JVI.00635-07
http://doi.org/10.1099/vir.0.039073-0
http://doi.org/10.1038/s41598-017-17090-x
http://doi.org/10.1099/jgv.0.001367
http://www.ncbi.nlm.nih.gov/pubmed/31846418

Viruses 2022, 14, 609 20 of 23

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Kramm, C.; Gomez-Gutierrez, R.; Soto, C.; Telling, G.; Nichols, T.; Morales, R. In Vitro detection of Chronic Wasting Disease
(CWD) prions in semen and reproductive tissues of white tailed deer bucks (Odocoileus virginianus). PLoS ONE 2019, 14, e0226560.
[CrossRef] [PubMed]

Davenport, K.A.; Christiansen, J.R.; Bian, J.; Young, M.; Gallegos, J.; Kim, S.; Balachandran, A.; Mathiason, C.K.; Hoover, E.A;
Telling, G.C. Comparative analysis of prions in nervous and lymphoid tissues of chronic wasting disease-infected cervids. J. Gen.
Virol. 2018, 99, 753-758. [CrossRef]

Li, L.; Coulthart, M.B.; Balachandran, A.; Chakrabartty, A.; Cashman, N.R. Species barriers for chronic wasting disease by in vitro
conversion of prion protein. Biochem. Biophys. Res. Commun. 2007, 364, 796-800. [CrossRef]

Barria, M.A.; Telling, G.C.; Gambetti, P.; Mastrianni, J.A.; Soto, C. Generation of a new form of human PrP(Sc) in vitro by
interspecies transmission from cervid prions. J. Biol. Chem. 2011, 286, 7490-7495. [CrossRef]

Atarashi, R.; Moore, R.A.; Sim, V.L.; Hughson, A.G.; Dorward, D.W.; Onwubiko, H.A; Priola, S.A.; Caughey, B. Ultrasensitive
detection of scrapie prion protein using seeded conversion of recombinant prion protein. Nat. Methods 2007, 4, 645-650. [CrossRef]
Atarashi, R.; Satoh, K.; Sano, K,; Fuse, T.; Yamaguchi, N.; Ishibashi, D.; Matsubara, T.; Nakagaki, T.; Yamanaka, H.; Shirabe, S.;
et al. Ultrasensitive human prion detection in cerebrospinal fluid by real-time quaking-induced conversion. Nat. Med. 2011, 17,
175-178. [CrossRef] [PubMed]

Cheng, Y.C.; Hannaoui, S.; John, T.R.; Dudas, S.; Czub, S.; Gilch, S. Early and Non-Invasive Detection of Chronic Wasting Disease
Prions in Elk Feces by Real-Time Quaking Induced Conversion. PLoS ONE 2016, 11, e0166187. [CrossRef] [PubMed]

John, T.R; Schatzl, HM.; Gilch, S. Early detection of chronic wasting disease prions in urine of pre-symptomatic deer by real-time
quaking-induced conversion assay. Prion 2013, 7, 253-258. [CrossRef] [PubMed]

Henderson, D.M.; Tennant, ].M.; Haley, N.J.; Denkers, N.D.; Mathiason, C.K.; Hoover, E.A. Detection of chronic wasting disease
prion seeding activity in deer and elk feces by real-time quaking-induced conversion. J. Gen. Virol. 2017, 98, 1953-1962. [CrossRef]
[PubMed]

Manne, S.; Kondru, N.; Nichols, T.; Lehmkuhl, A.; Thomsen, B.; Main, R.; Halbur, P; Dutta, S.; Kanthasamy, A.G. Ante-mortem
detection of chronic wasting disease in recto-anal mucosa-associated lymphoid tissues from elk (Cervus elaphus nelsoni) using
real-time quaking-induced conversion (RT-QuIC) assay: A blinded collaborative study. Prion 2017, 11, 415-430. [CrossRef]
Haley, N.J.; Siepker, C.; Walter, W.D.; Thomsen, B.V.; Greenlee, J.J.; Lehmkuhl, A.D.; Richt, J.A. Antemortem Detection of
Chronic Wasting Disease Prions in Nasal Brush Collections and Rectal Biopsy Specimens from White-Tailed Deer by Real-Time
Quaking-Induced Conversion. J. Clin. Microbiol. 2016, 54, 1108-1116. [CrossRef]

Henderson, D.M.; Manca, M.; Haley, N.J.; Denkers, N.D.; Nalls, A.V,; Mathiason, C.K.; Caughey, B.; Hoover, E.A. Rapid
antemortem detection of CWD prions in deer saliva. PLoS ONE 2013, 8, €74377. [CrossRef]

Henderson, D.M.; Denkers, N.D.; Hoover, C.E.; Garbino, N.; Mathiason, C.K.; Hoover, E.A. Longitudinal Detection of Prion
Shedding in Saliva and Urine by Chronic Wasting Disease-Infected Deer by Real-Time Quaking-Induced Conversion. J. Virol.
2015, 89, 9338-9347. [CrossRef]

Haley, N.J.; Van de Motter, A.; Carver, S.; Henderson, D.; Davenport, K.; Seelig, D.M.; Mathiason, C.; Hoover, E. Prion-seeding
activity in cerebrospinal fluid of deer with chronic wasting disease. PLoS ONE 2013, 8, e81488. [CrossRef]

Haley, N.J.; Donner, R.; Henderson, D.M.; Tennant, J.; Hoover, E.A.; Manca, M.; Caughey, B.; Kondru, N.; Manne, S.; Kanthasamay, A.;
et al. Cross-validation of the RT-QuIC assay for the antemortem detection of chronic wasting disease in elk. Prion 2020, 14, 47-55.
[CrossRef]

Cooper, S.K.; Hoover, C.E.; Henderson, D.M.; Haley, N.J.; Mathiason, C.K.; Hoover, E.A. Detection of CWD in cervids by RT-QuIC
assay of third eyelids. PLoS ONE 2019, 14, e0221654. [CrossRef] [PubMed]

Bibikova, M.; Golic, M.; Golic, K.G.; Carroll, D. Targeted chromosomal cleavage and mutagenesis in Drosophila using zinc-finger
nucleases. Genetics 2002, 161, 1169-1175. [CrossRef] [PubMed]

Urnov, ED.; Miller, ].C.; Lee, Y.L.; Beausejour, C.M.; Rock, J.M.; Augustus, S.; Jamieson, A.C.; Porteus, M.H.; Gregory, P.D;
Holmes, M.C. Highly efficient endogenous human gene correction using designed zinc-finger nucleases. Nature 2005, 435,
646-651. [CrossRef] [PubMed]

Tebas, P.; Stein, D.; Tang, W.W.,; Frank, I.; Wang, S.Q.; Lee, G.; Spratt, S.K.; Surosky, R.T.; Giedlin, M.A.; Nichol, G.; et al. Gene
editing of CCR5 in autologous CD4 T cells of persons infected with HIV. N. Engl. |. Med. 2014, 370, 901-910. [CrossRef]
Santiago, Y.; Chan, E.; Liu, P.Q.; Orlando, S.; Zhang, L.; Urnov, ED.; Holmes, M.C.; Guschin, D.; Waite, A.; Miller, ].C.; et al.
Targeted gene knockout in mammalian cells by using engineered zinc-finger nucleases. Proc. Natl. Acad. Sci. USA 2008, 105,
5809-5814. [CrossRef]

Mali, P; Yang, L.; Esvelt, KM.; Aach, J.; Guell, M.; DiCarlo, J.E.; Norville, J.E.; Church, G.M. RNA-guided human genome
engineering via Cas9. Science 2013, 339, 823-826. [CrossRef]

Lee, H.J.; Kim, E.; Kim, J.S. Targeted chromosomal deletions in human cells using zinc finger nucleases. Genome Res. 2010, 20,
81-89. [CrossRef]

Moehle, E.A.; Rock, ].M.; Lee, Y.L.; Jouvenot, Y.; DeKelver, R.C.; Gregory, P.D.; Urnov, ED.; Holmes, M.C. Targeted gene addition
into a specified location in the human genome using designed zinc finger nucleases. Proc. Natl. Acad. Sci. USA 2007, 104,
3055-3060. [CrossRef]


http://doi.org/10.1371/journal.pone.0226560
http://www.ncbi.nlm.nih.gov/pubmed/31887141
http://doi.org/10.1099/jgv.0.001053
http://doi.org/10.1016/j.bbrc.2007.10.087
http://doi.org/10.1074/jbc.M110.198465
http://doi.org/10.1038/nmeth1066
http://doi.org/10.1038/nm.2294
http://www.ncbi.nlm.nih.gov/pubmed/21278748
http://doi.org/10.1371/journal.pone.0166187
http://www.ncbi.nlm.nih.gov/pubmed/27829062
http://doi.org/10.4161/pri.24430
http://www.ncbi.nlm.nih.gov/pubmed/23764839
http://doi.org/10.1099/jgv.0.000844
http://www.ncbi.nlm.nih.gov/pubmed/28703697
http://doi.org/10.1080/19336896.2017.1368936
http://doi.org/10.1128/JCM.02699-15
http://doi.org/10.1371/journal.pone.0074377
http://doi.org/10.1128/JVI.01118-15
http://doi.org/10.1371/journal.pone.0081488
http://doi.org/10.1080/19336896.2020.1716657
http://doi.org/10.1371/journal.pone.0221654
http://www.ncbi.nlm.nih.gov/pubmed/31461493
http://doi.org/10.1093/genetics/161.3.1169
http://www.ncbi.nlm.nih.gov/pubmed/12136019
http://doi.org/10.1038/nature03556
http://www.ncbi.nlm.nih.gov/pubmed/15806097
http://doi.org/10.1056/NEJMoa1300662
http://doi.org/10.1073/pnas.0800940105
http://doi.org/10.1126/science.1232033
http://doi.org/10.1101/gr.099747.109
http://doi.org/10.1073/pnas.0611478104

Viruses 2022, 14, 609 21 of 23

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.
156.
157.
158.
159.
160.
161.
162.

163.
164.

165.

166.

167.

168.

169.

Hou, Z.; Zhang, Y.; Propson, N.E.; Howden, S.E.; Chu, L.E; Sontheimer, E.].; Thomson, J.A. Efficient genome engineering in
human pluripotent stem cells using Cas9 from Neisseria meningitidis. Proc. Natl. Acad. Sci. USA 2013, 110, 15644-15649.
[CrossRef]

Falker, C.; Hartmann, A.; Guett, I.; Dohler, F.; Altmeppen, H.; Betzel, C.; Schubert, R.; Thurm, D.; Wegwitz, F; Joshi, P; et al.
Exosomal cellular prion protein drives fibrillization of amyloid beta and counteracts amyloid beta-mediated neurotoxicity. J.
Neurochem. 2016, 137, 88-100. [CrossRef]

Kaczmarczyk, L.; Mende, Y.; Zevnik, B.; Jackson, W.S. Manipulating the Prion Protein Gene Sequence and Expression Levels with
CRISPR/Cas9. PLoS ONE 2016, 11, e0154604. [CrossRef] [PubMed]

Kaczmarczyk, L.; Jackson, W.S. Astonishing advances in mouse genetic tools for biomedical research. Swiss Med. Wkly. 2015, 145,
w14186. [CrossRef] [PubMed]

Choi, W,; Kim, E.; Yum, S.Y.; Lee, C.; Lee, J.; Moon, J.; Ramachandra, S.; Malaweera, B.O.; Cho, J.; Kim, ].S.; et al. Efficient PRNP
deletion in bovine genome using gene-editing technologies in bovine cells. Prion 2015, 9, 278-291. [CrossRef] [PubMed]

Sung, Y.H.; Kim, ].M.; Kim, H.T,; Lee, J.; Jeon, J.; Jin, Y.; Choi, ]. H.; Ban, Y.H.; Ha, S.J.; Kim, C.H.; et al. Highly efficient gene
knockout in mice and zebrafish with RNA-guided endonucleases. Genome Res. 2014, 24, 125-131. [CrossRef] [PubMed]
Mehrabian, M.; Brethour, D.; Maclsaac, S.; Kim, J.K.; Gunawardana, C.G.; Wang, H.; Schmitt-Ulms, G. CRISPR-Cas9-based
knockout of the prion protein and its effect on the proteome. PLoS ONE 2014, 9, e114594. [CrossRef]

Bevacqua, R.J.; Fernandez-Martin, R.; Savy, V.; Canel, N.G.; Gismondi, M.I.; Kues, W.A.; Carlson, D.E; Fahrenkrug, S.C.;
Niemann, H.; Taboga, O.A.; et al. Efficient edition of the bovine PRNP prion gene in somatic cells and IVF embryos using the
CRISPR/Cas9 system. Theriogenology 2016, 86, 1886-1896.e1. [CrossRef]

Kim, H.; Kim, J.S. A guide to genome engineering with programmable nucleases. Nat. Rev. Genet. 2014, 15, 321-334. [CrossRef]
Smithies, O.; Gregg, R.G.; Boggs, S.S.; Koralewski, M.A.; Kucherlapati, R.S. Insertion of DNA sequences into the human
chromosomal beta-globin locus by homologous recombination. Nature 1985, 317, 230-234. [CrossRef]

Thomas, K.R.; Folger, K.R.; Capecchi, M.R. High frequency targeting of genes to specific sites in the mammalian genome. Cell
1986, 44, 419-428. [CrossRef]

Bueler, H,; Fischer, M.; Lang, Y.; Bluethmann, H.; Lipp, H.P; DeArmond, S.J.; Prusiner, S.B.; Aguet, M.; Weissmann, C. Normal
development and behaviour of mice lacking the neuronal cell-surface PrP protein. Nature 1992, 356, 577-582. [CrossRef]
Manson, J.C.; Clarke, A.R.; Hooper, M.L.; Aitchison, L.; McConnell, I; Hope, J. 129/0la mice carrying a null mutation in PrP that
abolishes mRNA production are developmentally normal. Mol. Neurobiol. 1994, 8, 121-127. [CrossRef]

Bishop, M.T.; Hart, P,; Aitchison, L.; Baybutt, H.N.; Plinston, C.; Thomson, V.; Tuzi, N.L.; Head, M.W.; Ironside, ] W.; Will, R.G.;
et al. Predicting susceptibility and incubation time of human-to-human transmission of vCJD. Lancet Neurol. 2006, 5, 393-398.
[CrossRef]

Bishop, M.T.; Will, R.G.; Manson, ]J.C. Defining sporadic Creutzfeldt-Jakob disease strains and their transmission properties. Proc.
Natl. Acad. Sci. USA 2010, 107, 12005-12010. [CrossRef] [PubMed]

Diack, A.B.; Alibhai, ].D.; Manson, ].C. Gene Targeted Transgenic Mouse Models in Prion Research. Prog. Mol. Biol. Transl. Sci.
2017, 150, 157-179. [CrossRef] [PubMed]

Lanigan, T.M.; Kopera, H.C.; Saunders, T.L. Principles of Genetic Engineering. Genes 2020, 11, 291. [CrossRef]

Weissmann, C.; Flechsig, E. PrP knock-out and PrP transgenic mice in prion research. Br. Med. Bull. 2003, 66, 43-60. [CrossRef]
Weissmann, C.; Bueler, H. A mouse to remember. Cell 2004, S116 (Suppl. 2), S111-5113. [CrossRef]

Hsu, P.D.; Lander, E.S.; Zhang, F. Development and applications of CRISPR-Cas9 for genome engineering. Cell 2014, 157,
1262-1278. [CrossRef]

Torres, R.; Martin, M.C.; Garcia, A.; Cigudosa, ].C.; Ramirez, ].C.; Rodriguez-Perales, S. Engineering human tumour-associated
chromosomal translocations with the RNA-guided CRISPR-Cas9 system. Nat. Commun. 2014, 5, 3964. [CrossRef]

Kim, Y.G,; Cha, J.; Chandrasegaran, S. Hybrid restriction enzymes: Zinc finger fusions to Fok I cleavage domain. Proc. Natl. Acad.
Sci. USA 1996, 93, 1156-1160. [CrossRef]

Porteus, M.H.; Carroll, D. Gene targeting using zinc finger nucleases. Nat. Biotechnol. 2005, 23, 967-973. [CrossRef] [PubMed]
Bibikova, M.; Beumer, K.; Trautman, ].K.; Carroll, D. Enhancing gene targeting with designed zinc finger nucleases. Science 2003,
300, 764. [CrossRef] [PubMed]

Sharma, R.; Anguela, X.M.; Doyon, Y.; Wechsler, T.; DeKelver, R.C.; Sproul, S.; Paschon, D.E.; Miller, J.C.; Davidson, R.J.;
Shivak, D.; et al. In vivo genome editing of the albumin locus as a platform for protein replacement therapy. Blood 2015, 126,
1777-1784. [CrossRef] [PubMed]

Fleisch, V.C.; Leighton, P.L.; Wang, H.; Pillay, L.M.; Ritzel, R.G.; Bhinder, G.; Roy, B.; Tierney, K.B.; Ali, D.W.; Waskiewicz, A.].;
et al. Targeted mutation of the gene encoding prion protein in zebrafish reveals a conserved role in neuron excitability. Neurobiol.
Dis. 2013, 55, 11-25. [CrossRef] [PubMed]

Miller, J.C.; Tan, S.; Qiao, G.; Barlow, K.A.; Wang, J.; Xia, D.F,; Meng, X.; Paschon, D.E.; Leung, E.; Hinkley, S.]J.; et al. A TALE
nuclease architecture for efficient genome editing. Nat. Biotechnol. 2011, 29, 143-148. [CrossRef]

Guilinger, J.P,; Pattanayak, V.; Reyon, D.; Tsai, S.Q.; Sander, ].D.; Joung, ].K.; Liu, D.R. Broad specificity profiling of TALENs
results in engineered nucleases with improved DNA-cleavage specificity. Nat. Methods 2014, 11, 429-435. [CrossRef]

Deng, D.; Yan, C; Pan, X.; Mahfouz, M.; Wang, J.; Zhu, ].K.; Shi, Y.; Yan, N. Structural basis for sequence-specific recognition of
DNA by TAL effectors. Science 2012, 335, 720-723. [CrossRef]


http://doi.org/10.1073/pnas.1313587110
http://doi.org/10.1111/jnc.13514
http://doi.org/10.1371/journal.pone.0154604
http://www.ncbi.nlm.nih.gov/pubmed/27128441
http://doi.org/10.4414/smw.2015.14186
http://www.ncbi.nlm.nih.gov/pubmed/26513700
http://doi.org/10.1080/19336896.2015.1071459
http://www.ncbi.nlm.nih.gov/pubmed/26217959
http://doi.org/10.1101/gr.163394.113
http://www.ncbi.nlm.nih.gov/pubmed/24253447
http://doi.org/10.1371/journal.pone.0114594
http://doi.org/10.1016/j.theriogenology.2016.06.010
http://doi.org/10.1038/nrg3686
http://doi.org/10.1038/317230a0
http://doi.org/10.1016/0092-8674(86)90463-0
http://doi.org/10.1038/356577a0
http://doi.org/10.1007/BF02780662
http://doi.org/10.1016/S1474-4422(06)70413-6
http://doi.org/10.1073/pnas.1004688107
http://www.ncbi.nlm.nih.gov/pubmed/20547859
http://doi.org/10.1016/bs.pmbts.2017.06.008
http://www.ncbi.nlm.nih.gov/pubmed/28838660
http://doi.org/10.3390/genes11030291
http://doi.org/10.1093/bmb/66.1.43
http://doi.org/10.1016/S0092-8674(04)00032-7
http://doi.org/10.1016/j.cell.2014.05.010
http://doi.org/10.1038/ncomms4964
http://doi.org/10.1073/pnas.93.3.1156
http://doi.org/10.1038/nbt1125
http://www.ncbi.nlm.nih.gov/pubmed/16082368
http://doi.org/10.1126/science.1079512
http://www.ncbi.nlm.nih.gov/pubmed/12730594
http://doi.org/10.1182/blood-2014-12-615492
http://www.ncbi.nlm.nih.gov/pubmed/26297739
http://doi.org/10.1016/j.nbd.2013.03.007
http://www.ncbi.nlm.nih.gov/pubmed/23523635
http://doi.org/10.1038/nbt.1755
http://doi.org/10.1038/nmeth.2845
http://doi.org/10.1126/science.1215670

Viruses 2022, 14, 609 22 of 23

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.
184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

Wolfe, S.A.; Nekludova, L.; Pabo, C.O. DNA recognition by Cys2His2 zinc finger proteins. Annu. Rev. Biophys. Biomol. Struct.
2000, 29, 183-212. [CrossRef]

Pattanayak, V.; Ramirez, C.L.; Joung, J.K,; Liu, D.R. Revealing off-target cleavage specificities of zinc-finger nucleases by in vitro
selection. Nat. Methods 2011, 8, 765-770. [CrossRef]

Mussolino, C.; Alzubi, J.; Fine, E.J.; Morbitzer, R.; Cradick, T.J.; Lahaye, T.; Bao, G.; Cathomen, T. TALENS facilitate targeted
genome editing in human cells with high specificity and low cytotoxicity. Nucleic Acids Res. 2014, 42, 6762—-6773. [CrossRef]
Meckler, J.E; Bhakta, M.S.; Kim, M.S.; Ovadia, R.; Habrian, C.H.; Zykovich, A.; Yu, A.; Lockwood, S.H.; Morbitzer, R.; Elsaesser, J.;
et al. Quantitative analysis of TALE-DNA interactions suggests polarity effects. Nucleic Acids Res. 2013, 41, 4118-4128. [CrossRef]
[PubMed]

Holkers, M.; Maggio, I.; Liu, J.; Janssen, ].M.; Miselli, F.; Mussolino, C.; Recchia, A.; Cathomen, T.; Goncalves, M.A. Differential
integrity of TALE nuclease genes following adenoviral and lentiviral vector gene transfer into human cells. Nucleic Acids Res.
2013, 41, e63. [CrossRef] [PubMed]

Leighton, PL.A.; Kanyo, R.; Neil, G.J.; Pollock, N.M.; Allison, W.T. Prion gene paralogs are dispensable for early zebrafish
development and have nonadditive roles in seizure susceptibility. J. Biol. Chem. 2018, 293, 12576-12592. [CrossRef]

Nuvolone, M.; Hermann, M.; Sorce, S.; Russo, G.; Tiberi, C.; Schwarz, P.; Minikel, E.; Sanoudou, D.; Pelczar, P.; Aguzzi, A. Strictly
co-isogenic C57BL/6]-Prnp-/- mice: A rigorous resource for prion science. J. Exp. Med. 2016, 213, 313-327. [CrossRef] [PubMed]
Adli, M. The CRISPR tool kit for genome editing and beyond. Nat. Commun. 2018, 9, 1911. [CrossRef] [PubMed]

Garneau, J.E.; Dupuis, M.E.; Villion, M.; Romero, D.A.; Barrangou, R.; Boyaval, P.; Fremaux, C.; Horvath, P.; Magadan, A.H.;
Moineau, S. The CRISPR/Cas bacterial immune system cleaves bacteriophage and plasmid DNA. Nature 2010, 468, 67-71.
[CrossRef] [PubMed]

Jinek, M.; Chylinski, K.; Fonfara, I; Hauer, M.; Doudna, J.A.; Charpentier, E. A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity. Science 2012, 337, 816-821. [CrossRef]

Cho, S.W.; Kim, S.; Kim, ].M.; Kim, J.S. Targeted genome engineering in human cells with the Cas9 RNA-guided endonuclease.
Nat. Biotechnol. 2013, 31, 230-232. [CrossRef]

Franklin, N.C. Extraordinary recombinational events in Escherichia coli. Their independence of the rec+ function. Genetics 1967,
55, 699-707. [CrossRef]

Anderson, P. Anecdotal, historical and critical commentaries on genetics twenty years of illegitimate recombination. Genetics
1987, 115, 581-583. [CrossRef]

Salsman, J.; Dellaire, G. Precision genome editing in the CRISPR era. Biochem. Cell Biol. 2017, 95, 187-201. [CrossRef] [PubMed]
Song, J.; Yang, D.; Xu, J.; Zhu, T.; Chen, Y.E.; Zhang, J. RS-1 enhances CRISPR/Cas9- and TALEN-mediated knock-in efficiency.
Nat. Commun. 2016, 7, 10548. [CrossRef] [PubMed]

Chu, V.T,; Weber, T.; Wefers, B.; Wurst, W.; Sander, S.; Rajewsky, K.; Kuhn, R. Increasing the efficiency of homology-directed repair
for CRISPR-Cas9-induced precise gene editing in mammalian cells. Nat. Biotechnol. 2015, 33, 543-548. [CrossRef] [PubMed]
Maruyama, T.; Dougan, S.K.; Truttmann, M.C.; Bilate, A.M.; Ingram, J.R.; Ploegh, H.L. Increasing the efficiency of precise genome
editing with CRISPR-Cas9 by inhibition of nonhomologous end joining. Nat. Biotechnol. 2015, 33, 538-542. [CrossRef]

Canny, M.D.; Moatti, N.; Wan, L.CK,, Fradet-Turcotte, A.; Krasner, D.; Mateos-Gomez, PA.; Zimmermann, M,
Orthwein, A; Juang, Y.C.; Zhang, W.; et al. Inhibition of 53BP1 favors homology-dependent DNA repair and increases
CRISPR-Cas9 genome-editing efficiency. Nat. Biotechnol. 2018, 36, 95-102. [CrossRef]

Liu, M.; Rehman, S; Tang, X.; Gu, K,; Fan, Q.; Chen, D.; Ma, W. Methodologies for Improving HDR Efficiency. Front. Genet. 2018,
9, 691. [CrossRef]

Arifin, M.I. A Prion Protein Gene Polymorphism at Codon 138 Modulates Chronic Wasting Disease Pathogenesis. Ph.D. Thesis,
University of Calgary, Calgary, AB, Canada, 2021.

Ran, EA.; Hsu, P.D.; Lin, C.Y.; Gootenberg, ].S.; Konermann, S.; Trevino, A.E.; Scott, D.A_; Inoue, A.; Matoba, S.; Zhang, Y.; et al.
Double nicking by RNA-guided CRISPR Cas9 for enhanced genome editing specificity. Cell 2013, 154, 1380-1389. [CrossRef]
Hsu, P.D,; Scott, D.A.; Weinstein, ].A.; Ran, FA.; Konermann, S.; Agarwala, V.; Li, Y.; Fine, E.J.; Wu, X,; Shalem, O.; et al. DNA
targeting specificity of RNA-guided Cas9 nucleases. Nat. Biotechnol. 2013, 31, 827-832. [CrossRef]

Zetsche, B.; Volz, S.E.; Zhang, F. A split-Cas9 architecture for inducible genome editing and transcription modulation. Nat.
Biotechnol. 2015, 33, 139-142. [CrossRef]

Kleinstiver, B.P,; Pattanayak, V.; Prew, M.S; Tsai, S.Q.; Nguyen, N.T.; Zheng, Z.; Joung, ].K. High-fidelity CRISPR-Cas9 nucleases
with no detectable genome-wide off-target effects. Nature 2016, 529, 490-495. [CrossRef]

Ni, W,; Qiao, J.; Hu, S.; Zhao, X.; Regouski, M.; Yang, M.; Polejaeva, I.A.; Chen, C. Efficient gene knockout in goats using
CRISPR/Cas9 system. PLoS ONE 2014, 9, e106718. [CrossRef] [PubMed]

Telling, G.C.; Scott, M.; Mastrianni, J.; Gabizon, R.; Torchia, M.; Cohen, EE.; DeArmond, S.J.; Prusiner, S.B. Prion propagation in
mice expressing human and chimeric PrP transgenes implicates the interaction of cellular PrP with another protein. Cell 1995, 83,
79-90. [CrossRef]

Al-Shawi, R.; Kinnaird, J.; Burke, J.; Bishop, J.O. Expression of a foreign gene in a line of transgenic mice is modulated by a
chromosomal position effect. Mol. Cell. Biol. 1990, 10, 1192-1198. [CrossRef] [PubMed]


http://doi.org/10.1146/annurev.biophys.29.1.183
http://doi.org/10.1038/nmeth.1670
http://doi.org/10.1093/nar/gku305
http://doi.org/10.1093/nar/gkt085
http://www.ncbi.nlm.nih.gov/pubmed/23408851
http://doi.org/10.1093/nar/gks1446
http://www.ncbi.nlm.nih.gov/pubmed/23275534
http://doi.org/10.1074/jbc.RA117.001171
http://doi.org/10.1084/jem.20151610
http://www.ncbi.nlm.nih.gov/pubmed/26926995
http://doi.org/10.1038/s41467-018-04252-2
http://www.ncbi.nlm.nih.gov/pubmed/29765029
http://doi.org/10.1038/nature09523
http://www.ncbi.nlm.nih.gov/pubmed/21048762
http://doi.org/10.1126/science.1225829
http://doi.org/10.1038/nbt.2507
http://doi.org/10.1093/genetics/55.4.699
http://doi.org/10.1093/genetics/115.4.581
http://doi.org/10.1139/bcb-2016-0137
http://www.ncbi.nlm.nih.gov/pubmed/28177771
http://doi.org/10.1038/ncomms10548
http://www.ncbi.nlm.nih.gov/pubmed/26817820
http://doi.org/10.1038/nbt.3198
http://www.ncbi.nlm.nih.gov/pubmed/25803306
http://doi.org/10.1038/nbt.3190
http://doi.org/10.1038/nbt.4021
http://doi.org/10.3389/fgene.2018.00691
http://doi.org/10.1016/j.cell.2013.08.021
http://doi.org/10.1038/nbt.2647
http://doi.org/10.1038/nbt.3149
http://doi.org/10.1038/nature16526
http://doi.org/10.1371/journal.pone.0106718
http://www.ncbi.nlm.nih.gov/pubmed/25188313
http://doi.org/10.1016/0092-8674(95)90236-8
http://doi.org/10.1128/mcb.10.3.1192
http://www.ncbi.nlm.nih.gov/pubmed/2304463

Viruses 2022, 14, 609 23 of 23

197.

198.

199.

200.
201.

202.
203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.
216.

217.

Nishida, N.; Harris, D.A.; Vilette, D.; Laude, H.; Frobert, Y.; Grassi, J.; Casanova, D.; Milhavet, O.; Lehmann, S. Successful
transmission of three mouse-adapted scrapie strains to murine neuroblastoma cell lines overexpressing wild-type mouse prion
protein. J. Virol. 2000, 74, 320-325. [CrossRef]

Watts, J.C.; Giles, K; Patel, S.; Oehler, A.; DeArmond, S.J.; Prusiner, S.B. Evidence that bank vole PrP is a universal acceptor for
prions. PLoS Pathog. 2014, 10, €1003990. [CrossRef]

Ran, FA; Hsu, PD.; Wright, J.; Agarwala, V.; Scott, D.A.; Zhang, F. Genome engineering using the CRISPR-Cas9 system. Nat.
Protoc. 2013, 8, 2281-2308. [CrossRef]

Bosque, PJ.; Prusiner, S.B. Cultured cell sublines highly susceptible to prion infection. J. Virol. 2000, 74, 4377-4386. [CrossRef]
Kitamoto, T.; Nakamura, K.; Nakao, K.; Shibuya, S.; Shin, RW.; Gondo, Y.; Katsuki, M.; Tateishi, J. Humanized prion protein
knock-in by Cre-induced site-specific recombination in the mouse. Biochem. Biophys. Res. Commun. 1996, 222, 742-747. [CrossRef]
Capecchi, M.R. Altering the genome by homologous recombination. Science 1989, 244, 1288-1292. [CrossRef]

Bibikova, M.; Carroll, D.; Segal, D.J.; Trautman, ].K.; Smith, J.; Kim, Y.G.; Chandrasegaran, S. Stimulation of homologous
recombination through targeted cleavage by chimeric nucleases. Mol. Cell. Biol. 2001, 21, 289-297. [CrossRef]

Bouybayoune, I.; Mantovani, S.; Del Gallo, E; Bertani, I.; Restelli, E.; Comerio, L.; Tapella, L.; Baracchi, F.; Fernandez-Borges, N.;
Mangieri, M.; et al. Transgenic fatal familial insomnia mice indicate prion infectivity-independent mechanisms of pathogenesis
and phenotypic expression of disease. PLoS Pathog. 2015, 11, e1004796. [CrossRef] [PubMed]

Westaway, D.; DeArmond, S.J.; Cayetano-Canlas, J.; Groth, D.; Foster, D.; Yang, S.L.; Torchia, M.; Carlson, G.A.; Prusiner, S.B.
Degeneration of skeletal muscle, peripheral nerves, and the central nervous system in transgenic mice overexpressing wild-type
prion proteins. Cell 1994, 76, 117-129. [CrossRef]

Fischer, M; Rulicke, T.; Raeber, A.; Sailer, A.; Moser, M.; Oesch, B.; Brandner, S.; Aguzzi, A.; Weissmann, C. Prion protein (PrP)
with amino-proximal deletions restoring susceptibility of PrP knockout mice to scrapie. EMBO ]. 1996, 15, 1255-1264. [CrossRef]
Clarke, M.C.; Haig, D.A. Evidence for the multiplication of scrapie agent in cell culture. Nature 1970, 225, 100-101. [CrossRef]
[PubMed]

Race, R.E.; Fadness, L.H.; Chesebro, B. Characterization of scrapie infection in mouse neuroblastoma cells. J. Gen. Virol. 1987, 68
Pt 5,1391-1399. [CrossRef]

Rees, H.A.; Liu, D.R. Base editing: Precision chemistry on the genome and transcriptome of living cells. Nat. Rev. Genet. 2018, 19,
770-788. [CrossRef]

Xu, L.; Zhang, C.; Li, H.; Wang, P.; Gao, Y.; Mokadam, N.A.; Ma, ].; Arnold, W.D.; Han, R. Efficient precise in vivo base editing in
adult dystrophic mice. Nat. Commun. 2021, 12, 3719. [CrossRef]

Klohn, P.C; Stoltze, L.; Flechsig, E.; Enari, M.; Weissmann, C. A quantitative, highly sensitive cell-based infectivity assay for
mouse scrapie prions. Proc. Natl. Acad. Sci. USA 2003, 100, 11666-11671. [CrossRef]

Mahal, S.P; Demczyk, C.A.; Smith, EW.,, Jr.; Klohn, P.C.; Weissmann, C. Assaying prions in cell culture: The standard scrapie cell
assay (SSCA) and the scrapie cell assay in end point format (SCEPA). Methods Mol. Biol. 2008, 459, 49-68. [CrossRef]

Hamir, A.N.; Gidlewski, T.; Spraker, T.R.; Miller, ].M.; Creekmore, L.; Crocheck, M.; Cline, T.; O'Rourke, K.I. Preliminary
observations of genetic susceptibility of elk (Cervus elaphus nelsoni) to chronic wasting disease by experimental oral inoculation. J.
Vet. Diagn. Investig. 2006, 18, 110-114. [CrossRef]

Jewell, ].E.; Conner, M.M.; Wolfe, L.L.; Miller, M.W.; Williams, E.S. Low frequency of PrP genotype 225S5F among free-ranging
mule deer (Odocoileus hemionus) with chronic wasting disease. J. Gen. Virol. 2005, 86 Pt 8, 2127-2134. [CrossRef] [PubMed]
Baylis, M.; Goldmann, W. The genetics of scrapie in sheep and goats. Curr. Mol. Med. 2004, 4, 385-396. [CrossRef] [PubMed]
Sabuncu, E.; Petit, S.; Le Dur, A.; Lan Lai, T.; Vilotte, J.L.; Laude, H.; Vilette, D. PrP polymorphisms tightly control sheep prion
replication in cultured cells. J. Virol. 2003, 77, 2696-2700. [CrossRef] [PubMed]

Ghaemmaghami, S.; May, B.C.; Renslo, A.R.; Prusiner, S.B. Discovery of 2-aminothiazoles as potent antiprion compounds. J. Virol.
2010, 84, 3408-3412. [CrossRef]


http://doi.org/10.1128/JVI.74.1.320-325.2000
http://doi.org/10.1371/journal.ppat.1003990
http://doi.org/10.1038/nprot.2013.143
http://doi.org/10.1128/JVI.74.9.4377-4386.2000
http://doi.org/10.1006/bbrc.1996.0814
http://doi.org/10.1126/science.2660260
http://doi.org/10.1128/MCB.21.1.289-297.2001
http://doi.org/10.1371/journal.ppat.1004796
http://www.ncbi.nlm.nih.gov/pubmed/25880443
http://doi.org/10.1016/0092-8674(94)90177-5
http://doi.org/10.1002/j.1460-2075.1996.tb00467.x
http://doi.org/10.1038/225100a0
http://www.ncbi.nlm.nih.gov/pubmed/4983025
http://doi.org/10.1099/0022-1317-68-5-1391
http://doi.org/10.1038/s41576-018-0059-1
http://doi.org/10.1038/s41467-021-23996-y
http://doi.org/10.1073/pnas.1834432100
http://doi.org/10.1007/978-1-59745-234-2_4
http://doi.org/10.1177/104063870601800118
http://doi.org/10.1099/vir.0.81077-0
http://www.ncbi.nlm.nih.gov/pubmed/16033959
http://doi.org/10.2174/1566524043360672
http://www.ncbi.nlm.nih.gov/pubmed/15354869
http://doi.org/10.1128/JVI.77.4.2696-2700.2003
http://www.ncbi.nlm.nih.gov/pubmed/12552009
http://doi.org/10.1128/JVI.02145-09

	Introduction 
	Availability of Models for Studying CWD Prions 
	Cell Culture Models 
	Animal Models of CWD Infection 
	Ex Vivo Models of CWD Propagation 
	In Vitro Prion Amplification Assays for CWD Detection 

	Gene-Editing Strategies for Genome Engineering in the Prion Field 
	Generation of Gene-Edited Cell Models Susceptible to CWD Prion Infection 
	Significance and Potential Applications of Gene-Edited Cells in CWD Research 
	Conclusions 
	References

