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Abstract: Chronic Wasting Disease (CWD) is a prion disease that affects Cervidae species, and
is the only known prion disease transmitted among wildlife species. The key pathological
feature is the conversion of the normal prion protein (PrPC) misfolding into abnormal forms
(PrPSc), triggering the onset of CWD infections. The misfolding can generate distinct PrPSc

conformations (strains) giving rise to diverse disease phenotypes encompassing pathology,
incubation period, and clinical signs. These phenotypes operationally define distinct prion
strains, a pivotal element in monitoring CWD spread and zoonotic potential—a complex
endeavor compounded by defining and tracking CWD strains. This review pursues a tripartite
objective: 1. to address the intricate challenges inherent in ongoing CWD strain classification;
2. to provide an overview of the known CWD-infected isolates, the strains they represent and
their passage history; and 3. to describe the spatial diversity of CWD strains in North America,
enriching our understanding of CWD strain dynamics. By delving into these dimensions, this
review sheds light on the intricate interplay among polymorphisms, biochemical properties,
and clinical expressions of CWD. This endeavor aims to elevate the trajectory of CWD research,
advancing our insight into prion disease.

Keywords: chronic wasting disease; prion strains; tissue; infected isolates; transmission

1. Introduction
Prion diseases are fatal transmissible neurodegenerative diseases of mammals; the

diseases can have genetic, sporadic, or transmitted etiologies, and include Creutzfeldt-
Jakob disease (CJD) in humans, bovine spongiform encephalopathy (BSE) in cattle, scrapie
in sheep, and chronic wasting disease (CWD) in cervids [1–5]. The infectious agents do not
contain nucleic acids and are composed of misfolded forms of the cellular prion protein,
PrPC, which is host-encoded by the prion protein gene (Prnp) gene [6]. In disease, PrPC is
misfolded by template-directed amyloid seeding into abnormal pathogenic isoforms (PrPSc)
that cause pathology with distinct disease phenotypes [7–10]. Disease phenotypes include
clinical symptoms, progression rate, survival time, neuropathological alterations, and the
biochemical properties of PrPSc [11–14]. Importantly, these phenotypes are heritable (i.e.,
PrPSc conformations) in the sense they are reproduced faithfully when PrPSc is transmitted
between hosts with similar Prnp genetics. These different disease phenotypes are thought
to be encoded in the conformation of the PrPSc and are referred to as prion strains [15].
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Strain diversity can explain how prions mutate, evolve, and adapt to novel replication
environments such as new host species. How specific conformations of PrPSc translate to
distinct disease phenotypes is still poorly understood [16].

Currently, the conformation of PrPSc responsible for CWD (hereafter referred to as
PrPCWD) is the most common animal prion disease [4,5]. We counted more than 17,000 pos-
itive cases of CWD that were reported by state and provincial wildlife agencies in 2022
in North America. The disease can transmit vertically and horizontally in both captive
and free-ranging cervids. The origin of CWD is unknown with transmission from scrapie-
infected sheep, DNA mutation in the Prnp gene, or spontaneous misfolding of PrPC all
implicated as possible origins [17]. Since first described in the United States in 1967 [18,19],
CWD has since been detected in 35 states in the United States, and four provinces in
Canada, South Korea, and Scandinavia [20]. CWD strains from Scandinavia are seemingly
unique from those in North America [21–24] and are not reviewed here owing to their
recent emergence and ongoing characterization.

The infectious nature of CWD poses a risk to wildlife species and raises concern
for its zoonotic potential. Experimental transmission studies using intracranial inocu-
lation demonstrate the proclivity of CWD prions to infect different cervid species [25],
hamsters [26–30], bank voles [21,31,32], raccoons [33], sheep [34–36], ferrets [37,38], cat-
tle [39,40], laboratory mice [26], and transgenic mouse models expressing a variety of PrPC

molecules from different animal species [41], including beaver [42].
Evidence indicates that CWD is propagating as multiple strains [43,44]. Although

CWD has been studied for over five decades, knowledge in the diversity and emergence of
CWD strains is largely unexplored in terms of distribution and occurrence throughout its
geographic range [44–47]. In some cases, a prion strain may present independently or as a
naturally occurring mixture [12,43,48–50].

The extensive research conducted on scrapie and BSE has significantly advanced
our understanding of prion biology and prion strain properties [4,5,51,52]. Nevertheless,
despite efforts by researchers, many questions remain unanswered, such as the origin
and the geographic distribution and diversity of the prion strains, which are crucial for
understanding prion transmission risk to wildlife and zoonotic potential. The only TSE
that has occurred in wild animals is CWD and the number of infected cervids is expected to
continue to rise [42]. The objectives of this article are as follows: (1) to address some of the
challenges currently faced by researchers studying CWD strains, (2) to provide an overview
of the known CWD-infected isolates and their passage history, and (3) to summarize spatial
representation of the known CWD strains in North America, including the locations where
the affected individual animals were discovered. Due to the unknown source of CWD
outside of North America and limited information available for isolate identification, we
restrict our review to isolates from North America. By delving into these dimensions, we
hope to offer future perspectives on enhancing communication and collaboration among
research communities studying CWD strains.

1.1. Factors and Challenges in CWD Strain Research

While observing reproducible transmissibility patterns is the most definitive property
to identify CWD strains, various factors such as the infectious titer of the CWD isolate,
types of tissue, PrPCWD conformation, and the host PrPC primary structure can limit the
replication of a prion strain, resulting in extension of already long incubation periods. If
replication is too slow, the model host may not be affected within their life span, even
if it is infected. Additional passages would be required to characterize the strain by its
phenotype. To date, some studies have reported the presence of CWD strains and their
unique transmission characteristics (Table 1).
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Table 1. Infected isolates of chronic wasting disease (CWD) strains by animal identification (Animal
ID), strain identified, species, state or province (state), tissue, and reference cited.

Animal_ID Strain Species State Tissue References

012-09442 CWD1 Elk Colorado Brain [43,53]
012-22012 CWD1 Elk Colorado Brain [43]
001-44720 CWD1/CWD2 Elk Colorado Brain [43,53]

02-0306 CWD1/CWD2 Elk Saskatchewan Antler velvet, Brain [43,54]
7378-47 CWD1/CWD2 Elk Wyoming Brain [43,54–56]

W97 CWD1/CWD2 Mule Deer Colorado Brain [43]
7138 CWD1/CWD2 Mule Deer Wyoming Brain [43]
8481 CWD1/CWD2 Mule Deer Wyoming Brain [43]
8905 CWD1/CWD2 Mule Deer Wyoming Brain [43]

WTD_Angers CWD1 White-tailed Deer Wisconsin Brain [43]
01-0306 CWD2 Elk Saskatchewan Antler velvet, Brain [43,53,54]
03-0306 CWD2 Elk Saskatchewan Antler velvet, Brain [43,54]

99W12389 CWD1/CWD2 Elk Wyoming Brain [43,53,54,56]
001-39647 CWD1/CWD2 Mule Deer Colorado Brain [43]
989-09147 CWD1/CWD2 Mule Deer Colorado Brain [43]

D08 CWD1/CWD2 Mule Deer Colorado Muscle [57]
H92 CWD1/CWD2 Mule Deer Colorado Brain, Muscle [43,57]

CWD Pool CWD1/CWD2 Mule Deer Colorado (captive) Brain [43]
D10 CWD1/CWD2 Mule Deer Colorado (captive) Brain, Muscle [43,53–57]
D92 CWD1/CWD2 Mule Deer Colorado (captive) Brain [43,54]

Db99 CWD1/CWD2 Mule Deer Colorado (captive) Brain [43,53,55,56]
978-24384 CWD1/CWD2 Mule Deer Colorado Brain [43,53]

9179 CWD1/CWD2 Mule Deer Wyoming Brain [43]
04-22412 CWD1/CWD2 Mule Deer Wyoming Brain [43,58]

5941 CWD1/CWD2 Mule Deer Colorado Muscle [57]
CWD_Elk pool CWD2 Elk Alberta (captive) Brain [26,42,43,59–61]

001-403022 CWD2 Elk Colorado Brain [43,53]
04-0306 CWD2 Elk Saskatchewan Antler velvet, Brain [43,53,54]

V92 CWD2 Mule Deer Colorado Brain [43]
33968 CWD2 Mule Deer Colorado Brain, Muscle [43,57]

1275 (96GS) Wisc-1 White-tailed Deer Wisconsin Brain [62]
1277 (96GG) Wisc-1 White-tailed Deer Wisconsin Brain [48,62,63]

1279 (95QH/96GS) H95+/Wisc-1 White-tailed Deer Wisconsin Brain [26,45,48,59,62,63]
1281 (96GS) Wisc-1 White-tailed Deer Wisconsin Brain [26,45,48,59,62–65]
1285 (96GS) Wisc-1 White-tailed Deer Wisconsin Brain [62]
1289 (96GG) Wisc-1 White-tailed Deer Wisconsin Brain [62]
1291 (96GG) Wisc-1 White-tailed Deer Wisconsin Brain [62]
1293 (96GG) Wisc-1 White-tailed Deer Wisconsin Brain [26,45,48,59,62–64]
1295 (96GG) Wisc-1 White-tailed Deer Wisconsin Brain [62]

1297 (95QH/96GG) Wisc-1/H95+ White-tailed Deer Wisconsin Brain [26,44,45,48,59,62,63]
54344 (96GG) Wisc-1 White-tailed Deer Wisconsin Brain [62]
74792 (96GG) Wisc-1 White-tailed Deer Wisconsin Brain [62]

W14-70036 116AG White-tailed Deer Saskatchewan Brain [45,64]

Despite these advances, the diversity of CWD strains circulating in the many CWD
enzootic regions remains unknown. The characterization and identification of CWD strains
would benefit from inter-laboratory comparisons of transmission properties and phe-
notypes for particular CWD isolates within the same host models. This is difficult to
achieve as only a few laboratories share similar transgenic mouse lines (hereafter re-
ferred to as tg before a number); however, the usage of standard rodent models (hamsters
and non-transgenic mice) could help comparative studies between laboratories. In addi-
tion, deposition of transgenic lines to repositories such as the MMRRC program at the
Jackson laboratory (https://www.jax.org/research-and-faculty/resources/mutant-mouse-
resource-research-center/submitting-mouse-strains, accessed on 25 February 2025) would

https://www.jax.org/research-and-faculty/resources/mutant-mouse-resource-research-center/submitting-mouse-strains
https://www.jax.org/research-and-faculty/resources/mutant-mouse-resource-research-center/submitting-mouse-strains
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ensure that they are available for the research community and facilitate inter-laboratory
comparison of different CWD isolates.

To date, at least eleven CWD strains have been identified worldwide. Since CWD
was first described in 1967, there have been over 50 publications related to CWD strain
research, but only 46 infected isolates resulted in the identification of strains or strain
mixtures (Table 1). The lack of high throughput methods to screen for strain differences and
the limited capacity for confirmatory bioassay studies is limiting the strain characterization
of a higher number of CWD cases. Although some publications have acknowledged the
importance of using individual isolates in studies [43,45,48,53], there is still a need to
expand the reporting of descriptive metadata for isolates including the source, geographic
location, and Prnp genotype [47]. In addition, the variety of methods used for strain typing
by different labs could be different characterizations of the same strain. Identifying isolates
used and potential availability of these isolates may provide samples that are available for
a reassessment of strains previously identified to confirm there are five distinct strains in
North America.

1.2. Strain Typing Data Reproducibility and Comparability

Distinguishing prion strains based solely on sequencing of the Prnp gene and phyloge-
netic analysis is not possible given the limited information this type of approach provides
and is not an adequate method for determining transmission properties of prions [42].
While PrPC amino acid polymorphisms do indeed play a critical role in conformational
selection, the resulting disease phenotype is a complicated interaction between host and
strain [44,66–68]. The identification of a specific prion strain requires the use of an extensive
panel of assays in vitro and in vivo. These include serial transmission experiments in ro-
dent models, observation of neuropathological patterns in brain regions, and investigation
of biochemical and structural properties of PrPSc conformers [10,42,68,69].

Methods of strain typing are directed to evaluate biochemical properties, such as
glycosylation states and migration of proteinase K (PK)-digested products, but also include
various assays used to quantify the relative abundance of protease resistant and sensi-
tive PrPSc such as conformation-dependent immunoassay (CDI) and assays to compare
the conformational stability of PrPSc such as conformational stability assay (CSA), and
conformational stability and solubility assay (CSSA), which are particularly useful in dif-
ferentiation strain-specific conformations [16,63,69]. We have a limited understanding of
how the PrPCWD structure encodes strain-specific phenotypes, and how PrPCWD structures
emerge and evolve in response to host CWD adaptation.

Research laboratories usually have their own research focus and laboratory-specific
protocols, antibodies, and transgenic mouse models. For example, different model or-
ganisms and different PrPC expression levels may affect the susceptibility and incubation
time of the strain [27,41,70,71]. Transmission studies using different traditional transgenic
mice models are difficult to compare between laboratories given potential genomic effects
arising from the transgene insertion as well as variable transgene copies inserted (because
of random integration of transgene insertion sites), thus constraining comparison between
experiments and disease representations [41,71]. Recently, gene-targeted mice expressing
species-specific PrPC to several cervid species have emerged as solution to these impedi-
ments posed by traditional transgenics; however, these transgenic lines are limited to only
a few laboratories (tg; [43,53,72]).

To investigate the interconnections among researchers and determine if certain CWD
strain types are being studied by specific research groups, we created social networks based
on senior authors (referred to as strain community). We identified seven predominant
research groups led by senior authors engaged in collaborative CWD studies involving
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different species of cervids, transmission studies, genetics of susceptibility, and analysis of
PrPCWD biochemical properties in cervids from North America, Europe and South Korea.
There is considerable sharing of CWD isolates and strains inside and outside of network,
therefore, it would appear beneficial to promote the expansion and formalization of these
practices to include other laboratories outside the network as well as the use of a standard
panel of commercially available non-transgenic rodents (mice and hamsters) that would
allow inter-laboratory comparisons, compliment studies in transgenic mice, and expand
the knowledge about transmission properties and zoonotic potential of CWD isolates and
strains. The establishment of an inter-laboratory platform or network would provide
further insight on the host range of CWD isolates from different regions, help refine the
identification of CWD strains by geographic location, and answer whether or not similar
strains characterized by different laboratories are different. A formal inter-laboratory
network can provide further insight into zoonotic risk and wildlife spill over potential of
CWD isolates and strains, as well as reveal their impacts on diagnostics [41,42].

1.3. Strain Mixtures in Nature

Current evidence indicates that some CWD natural infections can involve mixtures
of strains, such as CWD1/CWD2 and 116AG long/short [43,45]. This phenomenon is not
unique to CWD. It has also been observed in humans with sporadic Creutzfeldt–Jakob
disease [73–75] and in sheep and goats infected with scrapie (Reviewed in [16]). The specific
properties of a strain mixture, and how CWD strain diversity is encoded by PrPSc, however,
are still unclear. It is uncertain whether the strain mixtures arise from co-existing prion
conformers, or if a novel strain evolves under specific conditions by replication of a single
conformation species [16,42,75–77].

While individual strains have specific PrPSc conformers with distinct biochemical prop-
erties [11,14,50,68,78], it is challenging to detect a novel strain from a strain mixture in any
situation. For example, many infected isolates from [78] are strain mixtures of CWD1 and
CWD2 (Table 1). Besides unilateral neuropathology and the significantly longer incubation
time from CWD2, the two strains have indistinguishable PrPSc biochemical characteristics
that comprise an equivalent ratio of glycoforms, a similar degree of electrophoretic mobility,
susceptibility to protease digestion, and similar unfolding characteristics after treatment
with guanidinium hydrochloride (Gdn-HCl; [43]).Similarly, two strains were found in the
W14-70036 isolate, which contained a mixture of Wisc-1 and a novel strain 116AG [45]. The
W14-70036 isolate was characterized by serial passage and phenotyping in tg1536 mice,
hamsters and tg60 mice and the resultant phenotypes were compared to passages of a
Wisc-1 reference isolate.

In the field, evaluating the strain composition of CWD isolates is challenging due to the
unknown passage history. The host range can also play a crucial role in understanding strain
selection and adaptation [17,26,42,79,80]. New strains may emerge in populations because
of transmission of prions between hosts expressing amino acid polymorphisms in the host
PrPC. Based on the frequency of non-wildtype alleles in nature, a probable scenario for
emergence of novel CWD strains with altered transmission properties is through infection
of the cervids expressing PrPC allelic variants that subsequently transmit their novel prions
to individuals harboring most common PrPC or other PrPC polymorphisms [48,63]. Passage
of CWD from deer exhibiting PrPC polymorphism has been shown to facilitate transmission
to species known to resist CWD infection [26]. Transfer of CWD prions to cervids with
distinct PrPC molecules could lead to variation in prion conformation, altering transmission
characteristics [24,45,48,53,63].
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2. Materials and Methods
2.1. CWD Senior Research Network

Records of CWD infected isolates were gathered from 140 published articles. Review
publications were compiled from PubMed and Center for Infectious Disease Research and
Policy (CIDRAP) [81], a website that comprises resources for CWD research. For research
published after 2020, we collected from recent publications in CWD newsletter of CIDRAP.
We also checked publications of CIDRAP advisory group members and collected publica-
tions relevant to CWD strain research. For CWD-infected isolates, we only included the
publications that had identified CWD strain type and a recognized isolate source. There-
fore, 22 publications and 56 CWD infected isolates met our requirements. To investigate
collaboration among researchers/research groups, a research network was constructed
based on the senior authors and all additional coauthors in each publication (Figure 1).
A total of 93 publications were used in this analysis. To visualize the research network,
data were arranged as a social network with each coauthor represented as a “node” and
collaborator relationships between senior author and coauthor represented as a “link”. We
used net function and igraph package in Program R (v.1.4.3; [82]).
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Figure 1. Representation of a social network of chronic wasting disease (CWD) strain researchers
showing the connections between senior authors and their collaborators. Each circle represents
a researcher. The size of the circle indicates the significance (based on publication numbers and
collaboratives) of that researcher in this CWD strain community. The link between the two circles
indicates collaboration between the two researchers.
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2.2. CWD Isolate Review

To visualize the distribution between CWD strain publications and the infected isolate
used, we built a bipartite network (Figure 2) by using plotweb and visweb function in
bipartite package in Program R (v2.18; [83]). The lower level indicated the known CWD
infected isolates, and the top level indicated the publications that have been applied in that
specific isolate. This bipartite representation allowed for identification of the number of
times an individual infected isolate had been used in CWD strain research and the number
of isolates used in a specific paper.
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3. Results
3.1. North America CWD Strains

To date, eleven potential CWD strains have been described. Here, our focus will be
on the five CWD strains documented in free-ranging cervid species in North America,
including their infected isolates (Table 1). More information on CWD strains from Nordic
countries and captive cervids can be found in a recent review [47].

3.1.1. CWD1 and CWD2

Infected isolates of CWD1 and CWD2 strains: Ref. [43] documented CWD1 and CWD2,
and their strain mixtures in tg1536 mice. These strains were identified by passage of
infected isolates from elk (Cervus elaphus) and deer that originated from Colorado, Wyoming,
Alberta, and Saskatchewan. These isolates have also served as valuable resources for other
research (Table 1).

Noteworthy information regarding CWD1: The infected isolate derived from white-tailed
deer (Odocoileus virginianus), as described by [43], was sourced from Wisconsin and was
one of the isolates, which did not result in the CWD2 phenotype during serial passage. This
isolate shared similar strain phenotypic features (widespread symmetric neuropathology)
with the wt/wt (Wisc-1) infected isolate from Wisconsin described in the work conducted
by [48]. Establishing whether Wisc-1 and CWD1 are indeed identical strains remains a
challenge, primarily because these prion agents were passaged in different transgenic mice.

Strain summary: CWD1 and CWD2 are the strains that were defined from CWD in-
fected isolates from North American cervids [43]. In this study, CWD isolates from elk,
mule deer (Odocoileus hemionus), and white-tailed deer were inoculated into transgenic mice
overexpressing deer PrPC (tg1536mice). The two strains resulted in different disease pheno-
types: CWD1 has a shorter incubation time, higher vacuolation score in hippocampus, and
a widespread, symmetrical PrPSc deposition compared to CWD2, which is characterized by
longer incubation periods and asymmetrical neuropathology. Transmission of elk isolates
typically resulted in either CWD1 or CWD2 with a few contrasting isolates resulting in
both phenotypes after first passage (IDs: 12389 and 001-4030022). Of particular interest for
comparative studies of CWD strains are the isolates that did not generate mixed phenotypes
among the inoculated mouse cohorts (Elk isolate 012-22012 was consistently CWD1 during
serial passage). Other isolates with interesting strain instability are those that, upon first
passage, generated a single strain phenotype, but in second passage shifted to the other
strain phenotype (Isolate 04-0306 was first CWD2 and turned into CWD1 following second
passage). This phenotypic shift in strain properties contrasts with isolates that elicited
a single phenotype at first passage but during second passage produced the opposite
phenotype in a small proportion of the inoculated mouse cohort (i.e., 001-44720).

Serial transmission of mule deer isolates more often resulted in propagation of CWD1
and CWD2 “mixtures” leading to mice with either pathological phenotype [43]. However,
various isolates are particularly interesting because their stability during serial passage,
including isolate V92 which was consistently the CWD2 strain, and isolates that were mostly
CWD1, but which resulted in breakthrough of the CWD2 strain in a small proportion of the
inoculated mouse cohorts (IDs: 8481, 978-24384, D10 and Db99 and 001-39647).

The primary structures of mule-deer and elk PrPC differ at codon 226 (Q and E; [84].
Despite this difference, the biochemical properties of PrPCWD such as electrophoretic mobil-
ity, conformational stability, and glycoform ratio from both strains were indistinguishable
when compared within tg1536 (deer PrPC) mice. However, CWD prions propagated in
tg1536 mice had different conformation stability than those passaged in tg5037 (elk PrPC)
after first passage [43].
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Perhaps unexpectedly, the CWD1 and CWD2 classification is not phenotypically
consistent when the isolates classified by [43] were transmitted in novel gene-targeted
transgenic mice expressing deer PrPC [53]. Strain properties can be highly dependent
on host factors such as transgene expression level [85]. For example, the Elk isolate 001-
44720 was strain-typed as CWD1 (short incubation period in tg1536 [43]) and produced
the longest incubation period in GtQ226 mice [53]. In contrast, the transmission of elk
isolate 04-0306, which was classified as CWD2 (long incubation period in tg1536), produced
relatively shorter incubation periods in GtQ226 mice. These contrasting results may indicate
a disconnect between strain specific titers in the cervid isolates and the strain selection by
the PrPC expressed in the Gt mice.

Similarly, the PrPSc deposition pattern, another defining phenotypic feature of CWD1
(symmetric) and CWD2 (asymmetric) is inconsistent when passaged in GtQ226 mice. Trans-
mission of deer or elk isolates classified by [43] as CWD1 (12389) or strain mixtures (D10
and Db99) in GtQ226 produced the asymmetric PrPCWD deposition pattern characteristic
of CWD2. In contrast, passage of elk isolates 04-0306 and 12389 (i.e., CWD1) in GtE226 pro-
duced symmetric prion aggregates characteristic of CWD1 strain, suggesting the pathology
observed arises from strain and host interactions.

3.1.2. Wisc-1/H95+

Infected isolates of Wisc-1 and H95+ strain: The Wisc-1 and H95+ strains were character-
ized from orally inoculated experimental deer [62] and by passage in transgenic mice [48].
These experimental white-tailed deer were comprised of four different groups depending
on the PrPC amino acid polymorphisms expressed at codon 95 and 96 (Q95H and G96S).
Each deer was inoculated with a brain homogenate pool composed of two CWD positive
deer brains (Animal IDs 54344 and 74792). Both animals were hunted in T7N R6E of State
Forest section in Iowa County, Wisconsin, where CWD was first identified during the early
stage of the outbreak in this state. One deer was a two-year-old female, and the other was a
three-year-old female that contained a high abundance of CWD prions in their brain tissue.
The Wisc-1 isolates were harvested during November and December 2002. By contrast, the
H95+ strain is an experimentally derived CWD strain in white-tailed deer and has not been
detected in free-ranging deer to date.

The four deer genotypes used to investigate the effect of polymorphisms on incubation
time [62] include the following:

1. Q95G96/Q95G96 (wt/wt): Deer expressing Prnp genes encoding Q95G96-PrPC, also
known as wt-PrPC, which is canonically the most abundant PrPC molecule in white-
tailed deer and mule deer. Deer homozygous for wt-PrPC developed CWD first.
Animal IDs: 1293, 1291, 1289, 1277, 1295, and 1287 (preclinical; died of intercurrent
gut infection 416 days post-exposure).

2. Q95S96/Q95G96 (S96/wt): Second deer genotype that developed CWD consisted
of heterozygous animals expressing wt-PrPC and S96-PrPC. Animal IDs: 1281, 1275,
and 1285.

3. H95G96/Q95G96 (H95/wt): Third genotype to developed CWD comprised a single
heterozygous individual expressing wt-PrPC and H95-PrPC. Animal ID: 1279.

4. H95G96/Q95S96 (H95/S96): Last genotype that developed CWD had no wt-PrPC

and expressed H95-PrPC and S96-PrPC. Animal ID: 1297.

Strain Summary: Wisc-1 and 95H+ are two strains that demonstrate the impact of Prnp
polymorphisms on CWD strain diversification and host range expansion [26,48,63]. To
investigate the effect of polymorphisms on incubation time, the above four deer genotypes
were used. The data indicate that wt/wt deer exhibited shorter incubation time compared
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to polymorphic deer and a different protease-resistant was observed in H95/S96 deer
(Animal ID 1297; [62].

Transmission studies [48,63] of the CWD proteotypes (Animal IDs 1277, 1293, 1281,
1279 and 1297) described above were conducted in transgenic mice expressing wildtype
G96-PrPC (tg33) and S96-PrPC (tg60; [86]). Serial passage in tg33 mice resulted in similar
neuropathological, PrP-res profiles and conformational stability indicating a common
CWD strain, Wisc-1, was selected. However, most CWD proteotypes failed to produce
clinical disease when passed in tg60 mice, except for CWD allotypes (Animal IDs 1279 and
1297), which had H95-PrPCWD and resulted in the identification of a novel CWD strain
(H95+). The differential strain selection that occurred for CWD allotypes 1279 and 1297,
indicates PrPC heterozygous deer accumulated a strain mixture (Wisc-1 and H95+), and
the strain selection was dependent on PrPC of the inoculated tg mouse line, with tg33
selecting the Wisc-1 strain while tg60 selected H95+. Importantly, passage of tg60-CWD-
H95+ into tg33 mice resulted in some mice displaying the Wisc-1 phenotype while others
displayed the H95+ phenotype, demonstrating the H95+ strain can also be propagated in
host expressing wt-PrPC [48]. Likewise, the transmission of tg33 prions into tg60 mice
resulted in H95+ selection when the donor tg33 mice received the 1297 or 1279 CWD
allotypes [63]. These results indicate that H95+ strain emerged in deer expressing H95-PrPC

as a result of conformational diversification as opposed to selection from the original CWD
pool used to infect the polymorphic deer.

To further investigate host range of the two strains, ref. [26] inoculated non-transgenic
C57BI6 mice with isolates (Animal IDs 1293, 1281, 1279 and 1297). Surprisingly, the results
showed that only mice infected with isolates from animal IDs 1279 and 1297 (containing
the H95+ strain) produced clinical disease in C57BI6 mice. This finding also suggests the
unique transmission properties of the H95+ strain, as it can propagate in a wider range of
host species.

The experimental CWD isolates also exhibited PrPSc biochemical and structural dif-
ferences when heterozygous CWD isolates were compared to wt/wt homozygous deer
prions [63]. The PrPCWD of the H95+ strain has greater structural stability than the Wisc-1
strain and tg33 mice exposed to H95/S96 CWD prions (i.e.,1297) contain sub-populations
of PrPCWD that were also more stable than those from tg33 mice exposed to 1293 [63]. More-
over, despite isolates from animal IDs 1293, 1277 and 1281 not causing prion disease in tg60
mice, they managed to establish a subclinical infection in mice after more than 600 days post
infection with correspondingly low levels of PrP-res in their brains. Subclinically infected
mice contained approximately 1/10 of the PrP-res accumulated in tg60 that succumbed
to H95+ [63]. Analysis of the allelotype composition of PrPCWD in wt/wt and S96/wt
isolates demonstrated that wt-PrPC is more susceptible to CWD prion misfolding than
S96-PrPC and converted with different efficiencies in S96/wt deer [87]. Findings from serial
in vitro protein misfolding cyclic amplification (PMCA) experiments also demonstrated
that S96-PrPC leads to inefficient in vitro propagation of PrPCWD for most tested strains,
with H95+ being able to propagate continually [59].

3.1.3. 116AG

Infected isolate of 116AG strain: The infected isolate 116AG originated from a five-year-
old male white-tailed deer with original animal ID W14-70036. The deer was free-ranging
and found as roadkill in Saskatchewan province. Since it was a wild animal, there is no
available information about the passage history of the isolate. The deer appeared emaciated,
and it tested positive for CWD using immunohistochemistry. The infected isolate was from
a deer heterozygous for PrPs [45].
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Strain Summary: The strain 116AG is an example of how polymorphisms at codon 116
(A to G) in PrPC of white-tailed deer can impact the stability, pathogenesis and prion prop-
erties of CWD [45]. The PrPSc from infected isolate of heterozygous PrPC deer (116AG) was
conformationally less stable than PrPSc from the experimental Wisc-1 isolate (Animal ID:
1277) from PrPC wt/wt deer [64]. As compared to Wisc-1, PrPSc from isolate 116AG shows
lower seeding activity in real-time quaking-induced conversion (RT-QuIC), slower disease
propagation, longer incubation time in different rodent models and reduced infectivity
in vitro [45,88]. Serial transmission in tg(CerPrP)1536+/− revealed the infected isolate,
W14-70036 contained two strains, 116AG-long and 116AG-short. In the third passage,
116AG-long displayed a prolonged two-month clinical phase delay, prolonged survival
and disease progression. The proteinase K-resistant banding patterns of PrPSc from the two
strains also displayed distinctive electrophoretic mobility in both tg(CerPrP)1536+/− mice
and Syrian golden hamsters [45].

3.1.4. 132LL Elk CWD

Elk are polymorphic at residue 132 of the prion protein and the presence of
a leucine or methionine has significant disease modifying effects that suggest novel
strain emergence [89,90]. The incubation period of CWD was extended in elk with
132LL > 132ML > 132MM. PrPCWD was less abundant in clinically affected 132LL elk
as compared to clinically affected 132MM elk. 132LL elk CWD prions were differentially
cleaved by proteinase-K to a lower molecular weight and had increased structural stability
as compared to 132MM CWD prions. These biochemical alterations indicate novel strain
emergence in isolates from 132LL elk. Subsequent experimental transmission of 132LL
CWD Prions into Tg12 (132MM) transgenic mice [91] supports strain emergence [92]. When
the 132LL CWD prions were passaged, they maintained their distinctive biochemical pheno-
types including increased conformational stability and low molecular weight proteinase-K
cleave PrP-res isoforms.

3.1.5. Other Isolates of CWD in North America

The data demonstrating that an isolate is composed of a novel strain of CWD typically
include biochemical, transmission and pathology data that show a heritable phenotype
upon passage. Other isolates of CWD that are likely composed of novel strains include
CWD in mule deer with the 225FF polymorphism [93,94] as well as moose (Alces alces)
CWD [24,95].

3.2. Spatial Representation of North American CWD Strains

Two paths can conceivably contribute to the geographic distribution of CWD; one
is from captive cervids, and the other is spread among free-ranging cervids. Before 2000,
the distribution of CWD in free-ranging cervids has only been reported in Colorado and
Wyoming. Subsequently, CWD was concentrated in four main enzootic zones: 1. north-
eastern Colorado and southeastern Wyoming, 2. Saskatchewan, Canada, 3. Wisconsin,
and 4. Mid-Atlantic [20]. The spread of CWD to neighboring states/regions could have
originated from these, with subsequent jumps leading to the establishment of new foci.
Regardless of how CWD spreads remains controversial, with limited documented evidence
necessitating further research [96].

To advance our understanding of CWD strains, having well-documented records of
infected isolates is imperative. Historical records of infected isolates (Table 1) suggest
that several enzootic zones of CWD appear to represent the spatial distribution of known
strains in North America based on a few animals that have had strain explored (Figure 3).
A potential distribution of CWD 1 and CWD2 could be found in mule deer and elk in
Colorado and Wyoming, United States, and Saskatchewan, Canada, while Wisc-1 was
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detected in white-tailed deer in Wisconsin, United States. The 116AG was isolated from
Saskatchewan, Canada, although this is likely a rare event. The spatial distribution of
cervid species may also play an essential role in the distribution of CWD strains. Interaction
between cervid species and horizontal transmission may promote strain mixing.
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Importantly, whether the enzootic zones are the extension of the origin strain region, a
secondary region, or a separate, spontaneous emergence of the CWD strain is difficult to
identify. The emergence of novel CWD strains is transmitted through animal populations.
Given that geographic variation in Prnp can impact susceptibility to prion disease, this can
also result in the development of distinct strain characteristics. For instance, an investi-
gation on human Prnp from major continental groups affected by CJD found significant
geographic variation in susceptibility based on allele frequency [97]. Notably, the 129V
allele is highly represented in certain populations in the United States, which predicted
that Native Americans would be less susceptible to prion infection than other populations
due to a higher rate of heterozygotes M/V. Heterozygotes are associated with a lower prob-
ability of contracting CJD whereas the protective 219K allele, which lowers the risk of CJD,
was constantly linked with 129M and primarily confined to Asian and Pacific populations
but less so in the Native American population. The counteracting susceptibility at codon
129 may lower the CJD contracting rate in those regions [97]. Therefore, polymorphism of
Prnp gene among geographically varied cervid populations should be considered when
modeling the epidemiological properties of CWD, as the generation of new CWD strain
can be transmitted through a population and result in novel disease characteristics [47].

The origin of CWD and the most prevalent CWD strain present in nature remains
elusive, and information about the epidemiology of the CWD strain is often limited. In
scrapie, multiple transmission experiments in laboratories, from sheep to mice, have
resulted in the same strain, ME7 [98–100]. Furthermore, natural scrapie transmission to mice
from 26 geographic resources around the United Kingdom found that over half of the mice
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developed clinical signs similar to the ME7 strain [100]. If we could obtain CWD-infected
isolates from free-ranging cervids from diverse geographic regions and compare their
strain properties when transmitted to a panel of transgenic mice, more reliable evidence
regarding the distribution of CWD strains would be available. Additionally, by comparing
the properties of CWD strains between newly emergent and endemic locations, we may
identify the epidemiological origin of CWD in new locations [41]. Comparable work with
sheep and goats has been useful to define the temporal and geographical distribution of
scrapie [98,99,101–103].

4. Discussion
In our current effort, we have attempted to address some current challenges facing

CWD strain research. While decades of prion research have provided a much deeper
understanding of the mechanical framework of prion strains, many questions remain
unanswered and unexplored in CWD. For example, little is known about the origin of
strains and the mechanisms that drive the diversification and expansion of CWD strains into
different host species. Additionally, we are unsure how host species manage to coexist with
a mixture of strains and support multiple strains simultaneously. An extensive collection
of infected isolates from across geographic regions appears warranted to answer these
vital and unrequited questions. In recent years, there has been an increased focus on CWD
surveillance, and the infected isolates used for CWD testing that could be made available
for genotyping, strain typing, and transmission studies [44]. In 2019, a large contingent of
researchers studying chronic wasting disease was formed, prioritizing establishing a tissue
repository to increase the accessibility of CWD isolates [104].

Recent studies have shown that Nordic cervids carry a variety of strain profiles,
contrasting with a relatively constant strain profile in North American cervids [22]. Ar-
guments can be made, however, that the diversity of North American CWD strains is
still underestimated. A more connected research network would enable tracking of CWD
strains and genotypes. As CWD strains evolve [48,63], new CWD strains can emerge with
unpredictable disease phenotypes and host ranges [26,42,80]. Because of the increasing
prevalence of CWD, and therefore, increased exposure to CWD, there is a growing concern
about transmission to humans and other species [4,46,51,105].

As the emergence of novel strains increases the zoonotic potential, developing and
standardizing methods to efficiently identify new strains and their transmission is war-
ranted to document CWD spread [41]. New approaches include amplification-based assays
such as PMCA are offering the possibility to distinguish CWD strains. Forty-five CWD+
retropharyngeal lymph node samples from Texas were screened and identified a single
PMCA amplified isolate (64420) migrated faster on Western blot [106]. In another example,
PMCA was used with five different substrates to amplify CWD+ isolates from six cervid
species [23]. One of the isolates, DB99 (Table 1), was previously identified as a mixture of
CWD1 and CWD2. Further characterization of isolates by PMCA may enhance confidence
in their distinctiveness or similarity. Other exciting work for understanding CWD strains
includes the first cryo-EM images and structural analysis of CWD [107]. It seems likely that
structures for other CWD strains will soon be completed. Understanding the structures
that encode the different strains of CWD is particularly important to explain the disease
modifying properties of different polymorphisms. It is unclear how the G96S polymor-
phism can extend incubation period in Wisc-1/CWD1 infected deer or how the Q95H can
drive the emergence of H95+. Structural information that explains this would increase our
understanding of prion replication.
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