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Abstract

Chronic wasting disease (CWD) strains present a novel challenge to defining and mitigating this contagious prion disease of
deer, elk, moose, and reindeer. Similar to strains of other prion diseases (bovine spongiform encephalopathy, sheep scrapie),
CWD strains can affect biochemical and neuropathological properties of the infectious agent, and importantly interspecies
transmission. To date, ten CWD strains have been characterized. The expanding range of CWD in North America and its
presence in South Korea as well as Scandinavian countries will potentially result in millions of cervids infected with CWD;
thus, novel strains will continue to emerge. In this review, we will summarize the characteristics of known CWD strains and
describe the impact of prion protein gene polymorphisms on the generation of strains. We will also discuss the evidence that
individual cervids can harbor more than one CWD strain, complicating strain analysis, and affecting selection and adapta-

tion of strains in new hosts.
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Introduction

Fundamental to mitigating any disease epizootic is a thor-
ough understanding of the biological properties of the infec-
tious agent and its interaction with the host. Transmissible
spongiform encephalopathies (TSEs) or prion diseases, in
general, and chronic wasting disease (CWD) in cervids, in
particular, represent significant challenges for disease man-
agement and eradication. These diseases, which include
CWD, scrapie in sheep and goats, bovine spongiform
encephalopathy (BSE) in cattle, and Creutzfeldt-Jakob dis-
ease (CJD) in humans, are caused by misfolded, infectious
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conformations (PrP%%) of a host encoded (PRNP gene) cel-
lular prion protein (PrPS; Prusiner 1982).

CWD is a contagious prion disease affecting captive and
free-ranging elk, deer, moose, and reindeer. It was first iden-
tified in captive mule deer (Odocoileus hemionus) in Colo-
rado in 1967 and was formally diagnosed as a transmissible
spongiform encephalopathy in 1978 (Williams and Miller
2002; Williams 2005). Its host range has expanded into
wild mule deer, white-tailed deer (Odocoileus virginianus),
elk (Cervus canadensis), reindeer (Rangifer tarandus), and
moose (Alces alces). The geographic range of CWD con-
tinues to increase with the disease reported in 4 Canadian
provinces, 30 American states, South Korea, Norway, Fin-
land, and Sweden.

The magnitude of the number of cervids currently
infected with CWD and the number that will ultimately
become infected is unprecedented. There are approximately
30 million white-tailed deer in the USA (https://www.wildlife.
state.nh.us/wildlife/profiles/deer.html). Wyoming has an
estimated deer population of 400,000 animals and a CWD
prevalence, in chronically affected herds, of greater than 40%
in deer and 15% in elk. The state of Wisconsin has an esti-
mated white-tailed deer population of 1.5 million animals
(https://dnr.wi.gov/wideermetrics/DeerStats.aspx?R=2).
One Wisconsin county (Iowa county) has an estimated
221,000 deer with a CWD prevalence of ~30% in adult does
and 40-50% of adult bucks. With the continuing expansion
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of geographic range and increasing disease prevalence, mil-
lions of cervids in North America are at risk of being CWD
infected. In addition to having a significant impact on cervid
health and populations, there will undoubtedly be additional,
novel CWD strains emerging.

As with all prion diseases, CWD has a long pre-clinical
phase (typically years) prior to the onset of clinical signs,
making it difficult to readily distinguish infected from unin-
fected animals. The lack of ante-mortem tests further con-
founds identification of infected animals as well as develop-
ment of mitigation strategies. Further confounding disease
mitigation is the existence of prion disease variants, CWD
strains. Prion strains are well documented in scrapie, BSE,
and human prion diseases; however, comparatively few stud-
ies have examined CWD isolates for strain differences. In
this review, we will summarize what is known about CWD
strains as well as stress the importance of future studies char-
acterizing the diversity of emerging CWD strains.

PrP structure and prion strains

Recognized for decades, prion strains play a significant role
in the biology of the transmissible spongiform encepha-
lopathies. Strains are capable of stable propagation of their
biological information upon passage. Prion strains can be
distinguished based upon biochemical differences in the
abnormal prion protein and length of incubation period
and clinical symptoms as well as distribution and level of
spongiform changes in the brains of infected animals. As
a result, strain differences can influence important disease
characteristics including interspecies transmission, ability to
detect prion infections, and potential for the disease agent to
survive inactivation and/or persist in the environment. The
structure of the disease-associated form of the prion protein
(PrP%°) is undoubtedly the basis of prion strain differences
and has been shown to differ between prion strains (reviewed
in Block and Bartz 2022). Although not required for strain
generation, the prion protein primary structure (i.e., amino
acid sequence) can play an important role in strain genera-
tion and selection (Duque Velasquez et al. 2020; Hannaoui
et al. 2017).

Prion strains were first described in goats (Stockman
1926) with scratching and nervous syndromes. The two syn-
dromes were identified as distinct strains by Pattison and
Millson (1961) who demonstrated that the distinct clinical
signs observed with the isolates were retained upon serial
passage. The pioneering work of Dickinson and Kimberlin
demonstrated, through transmission experiments, strains
of scrapie in laboratory rodents (reviewed by Bruce 1993).
Strains have been identified in numerous prion diseases,
including classical and atypical scrapie in sheep and goats
(Pattison and Millson 1961; Benestad et al. 2003), classical
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and atypical forms of BSE in cattle (Wells et al. 1987;
Casalone et al. 2004; Brown et al. 2006), sporadic and vari-
ant CJD in humans (Parchi et al. 2000; Telling et al. 1996;
Bruce et al. 1997; Hill et al. 1997), and CWD in cervids (this
review; Table 1).

For many decades, it was believed that TSE strains pro-
vided a compelling argument for the existence of a scrapie-
specific nucleic acid, and that the protein-only (prion) hypoth-
esis and the existence of prion strains were not compatible
(Kimberlin 1982; Prusiner 1982). The first study linking TSE
strain with PrP%¢ structure identified differences in morphol-
ogy of scrapie-associated fibrils, sedimentation rate, and
degree of proteinase K (PK) resistance when comparing the
hamster-adapted 263K scrapie agent with two mouse-adapted
scrapie agents, ME7 and 139A (Kascsak et al. 1985). Iso-
lation, purification, and characterization of two strains of
hamster-adapted transmissible mink encephalopathy further
solidified the prion hypothesis by demonstrating that differ-
ent prion protein structures dictated prion strains (Bessen
and Marsh 1992). Two prion strains (hyper-HY and drowsy-
DY) were shown to differ in protease sensitivity as well as
the molecular weight of infectious (protease-resistant) prion
protein. Cell-free conversion assays demonstrated that PrPS
purified from HY and DY brains imprinted their conforma-
tions during the conversion, resulting in the generation of
strain-specific PK-resistant PrP5¢ (Bessen et al. 1995). The
development of highly sensitive conformation-dependent
immunoassay methods, capable of detecting differences
in chaotrope-induced unfolding of PrP® and PrP%¢, further
strengthened the argument for protein structure underpinning
prion strains (Safar et al. 1998; Safar et al. 2015).

Structural differences in the disease-associated PrP
present in prion strains have been inferred from the bio-
chemical analyses (described below), but recent advances
in high-resolution cryo-EM are beginning to provide struc-
tural evidence for the link between prion structure and
strains. A comparison of two different prion strains (263K
from hamsters (Kraus et al. 2021) and RML from mice
(Manka et al. 2022a, b) demonstrates that, although the
two strains share a common PIRIBS structure, there are
fundamental differences between the two (Telling 2022).
A more direct comparison of two mouse strains (RML
and ME7; Manka et al. 2022a, b) again identifies minor
structural putative strain-specific differences in the PIR-
IBS structure.

Methods for strain typing

Strain identification and characterization utilize a panel of
assays to unequivocally designate a particular isolate as a
strain. Traditionally, strain characterization requires animal
passages, often several serial transmissions which could take
years to complete. Strain properties, particularly incubation



137

Cell and Tissue Research (2023) 392:135-148

(1202)
T8 10 stnue1], “(6107) T8 30 USIONIA

(0T0T) T 12 ouuoN ‘(8107) 'Te 3o nUISLI

(0T0T) 'Te 10 OuuoN “(8107) 'T& 10 NUISLIJ

Suro3uQ

SO[OA Yueqg

So[0A Yueg

489 0

Te[rwis ‘uonisodop [euoInauenuI Ou

M YBOM ST SOIPOQIIUE [BUILLID)-N
)i Surure)sountuwy 19ap pal uf

urelgpury ut
A3ojoyyedoInou ou 0) p[Iur :SA[OA Yueq UJ
uonisodap proydwA|
ON "SRIpoqUUE TV 6 pue ggg] Wim Sut
-ure)s oN "soje3aI33e [euoInoueIUI U
A[AISN[OX3 JSOWE [\ ~JI1d :9S00W U]

urelqpury
ur A3o[oyjedoInau 9suuI :SI[0A Jueq U]
uonsodap proydwA|
ON "SIpoqUUE TV6 put ¢ ] [im Sur
-ure)s oN "soje3a133e [euoInoUBIUL U
AJoAISNOX? JS0WIE 1\ JId :9S00W U]
IoAe[ Je[nuels Ie[[9qa1dd oy}
Jo A3ojoypedomnau ppiA idoinau oy
ur uonisodap uorid asnyIp 901w 713 uf

SND 2y} 03 pajoLnsar st AMOdId
pueq ey
€1-C1 Jo yunowre ySIy yHIm pueq ey
81-L1 ‘I# 9SOOW UBIABUIPUBROS UBL])
poriad uoreqnour 103U0[ :SIJ0A Jukq U]
adojide zgg 1 TeuTwIo)-N
Jo ssof [enied :Apoqnue $8VS Wim
B €1~ Jo JuowSey [eunuIa)-)
‘e L]~ Jo JuowSey [RUILLIAY-D) UTBIA
pueq
QY €1-C[ JO Junowe MO[ pIm pueq
B 81 ‘T# 9SOOW UBIABUIPUBOS URY)
poriad uorEqnOUI I9)I0YS SI[0A Jueq U]
adoyds zggT TRUTWIN-N
Jo ssof [enied (Apoqnue $81V'S M
e €1~ Jo JuowSely [RUIULIS)-D)
‘e L]~ JO JuowiSelj [BUIULIO)-D) UTRIA

A)1[Iqe)s [euoneurIojuod Yysryg

J199p PY UBIABUIPUBIS

T# 9SOOJA] UBTABUIPUBOS

T# 9SOOJA] UBIABUIPUROS

soyear3se amod’d Pajeroosse Kpoqnue yH9
(0207) 'Te 10 Q100N -Ter[3 pue [euornauenur jusurwoid o uy UIm e 81~ JO pueq pare[AsodA[3un ZETTT
Q0UB)SISAI
SO[0A YUBQ O} [QISSISULT} JON 901U 9¢G1T) JO Wnso[ed 3d pue AJ[Iqels [BUONBULIOJUOD MO
(L10D) domu 1oaeag3], sndioo pue sndwreooddry ‘x93100 ur uon domur 0931
‘T8 32 315qI0H ‘(1202 L107) ‘T8 30 oeuuey s1o)swey uop[os uelIAS  -1sodop . dId pue sisorsuods ssusjuy ur pagessed uaym GeH WOIJ 10UNSI 0911
Qo1
9¢6137, Jo sndwreooddry ur A3ojoyjed
-0Inau PYIJA "SISOI[3 pue soje3aIsde 1AMD
(L107) ‘T8 30 15q19H “(0107) 'Te 30 sieSuy Q01w IoABgS], uorid Jo uonnqLISIp [BOLIOWWASY IO [-0SIA\ WOIJ 9[qeySINSUnSIP-UON ZdAMD
Qo1 9¢G 131, Jo sndureooddry
ur s1sor3uods asud)uy ‘SISoI3 pue sajed
(0102) Te 10 s1aSuy -0133e uorxd Jo uONQINSIP [EILNOWWAS [-OSIA\ WOIJ 9[qeySINSUTISIP-UON 1AMD
5d1d-S96 Sutssaxdxs JouR)SISaI
Q01w IoABIgS], Q0TW ()93) UI—UID)SAS TR[NOLIJUSA SId M0 AN[Iqe)s [BUOT}BULIOJUOD YSTH
(TTOT ‘L10T) Te 19 IsqIoH (A1100d) s1oiswrey uopjoS URLIAS ay} 03 Judde(pe 19[onu urelq Sunosye sarpoqnue d[dnnw ym pajolep
“020T ‘S102) ‘Te 19 zanbse[op onbng oomur odA1-plipy - sresa133e uorid jo uonisodap pazieoo e L1-91 Jo pueq paje[Asodk[Sun +G6H
Q0UB)SISAI
(120T °L102) e S90A queq d pue A)[Iqe)s [eUONeLIojuod STy
moeuueH ‘(72027 ‘L107) ‘Te 32 15qIoH Q01U 10ABIGS], s1so1]3 pue saje3aI33e uond jo sarpoqnue d[dnnu yIm pajoep
“(070T ‘STOT) 'Te 12 zanbse[ap anbn SI9)SWeRY UIP[0S UBLIAS UONNQINSIP [BOINWWAS pue peardsapip B 61—8T JO pueq paje[Asodk[3un T-9STM\
SIUAIIIIY  ,SISOY PIAIID-UOU 0) UOISSIWSURI], saanyeay] [edisojoyredoanaN amodid urens

surens dmD L 3|qel

pringer

a's



138

Cell and Tissue Research (2023) 392:135-148

Table 1 (continued)

&

Benestad et al. (2016), Nonno et al. (2020)

References

Transmission to non-cervid hosts®

Bank voles (poorly)

In reindeer: Neuropathology indistin-

Neuropathological Features

PrPres glycosylation pattern indistin-

PI'PCWD

Norwegian reindeer

Strain

Springer

guishable from common North Ameri-

can CWD strains

guishable from common North Ameri-

can strains
Barely transmissible to bank voles—

18kDa PrPres

#Only transmission to species different than cervids and in which the inoculated strain was characterized is included

period, clinical signs, and neuropathology, should remain
consistent and constant, upon serial passage, for a particular
agent to be considered a bona fide strain. More recently,
a number of ex vivo and in vitro assays have been devel-
oped which allow more rapid preliminary characterization
of strains.

Animal bioassay The most reliable method for the typing
of CWD strains is bioassay in rodent panels. These rodent
models can include “wild-type” rodents, i.e., non-transgenic
mice, hamsters, and bank voles (reviewed in Otero et al.
2021a) as well as transgenic mice expressing different cer-
vid PrP€ molecules (Meade-White et al. 2007; Angers et al.
2010, Bian et al. 2019; Duque Velasquez et al. 2015, 2020).
Specific mouse lines have been instrumental in distinguish-
ing different strains; one example is the tg60 line (express-
ing 96S allele of white-tailed deer PRNP) which does not
favor efficient replication of the most common CWD strains
in deer (Meade-White et al. 2007; Duque Velasquez et al.
2015; Otero et al. 2021b). Successful infection of tg60 mice
provided definitive evidence of novel CWD strains (H95+
and 116AG; Duque Velasquez et al. 2015; Hannaoui et al.
2017, 2021). These bioassay studies are, however, both
expensive and time-consuming due to the long incubation
periods (months to years) and the requirement for serial pas-
sages in congenic hosts to establish the reproducibility of the
disease phenotypes.

The transmission experiments provide critical informa-
tion for strain typing including incubation period and clinical
signs. Although these properties may be variable following
first passage into a new host, they usually stabilize upon
subsequent passage. As incubation period is dependent on
titer of the starting inocula, neuropathological characteriza-
tion of the infected brains provides strain-specific details
(Fraser and Dickinson 1967). This method, referred to as
lesion profile analysis, quantifies the extent of spongiosis
across nine different regions of the brain.

PrP5¢ also accumulates in specific regions of the brain
in a strain-specific manner. Two methods routinely used for
analyzing PrP5¢ deposition are histoblot and scoring of PrPd
in specific brain regions. Histoblot provides information as
to gross differences in PrPS¢ deposition patterns (Taraboulos
et al. 1992). PrP deposition profiling, described by Jeffrey
and Gonzalez (2007), characterizes morphological patterns
of deposition at the microscopic level (i.e., diffuse deposi-
tion versus aggregates) as a further means of differentiating
scrapie strains.

Ex vivo assays Two assays have been developed for ex vivo
differentiation of strains. One is the standard scrapie cell
assay (SSCA), which can be used as an alternative for mouse
bioassay (van der Merwe et al. 2015). This cell-based tech-
nique was initially used for the study of mouse prion strains
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using the N2a cell line. Cells are incubated with prion-
infected samples, cloned, and then the proportion of PrP5¢
positive cells quantified using automated counting equip-
ment (Klohn et al. 2003). The development of the Elk21 cell
line (expressing elk PrPC) allowed the evaluation of CWD
prions (Bian et al. 2010). The SSCA provides more informa-
tion than the cervid cell assay due to the number of different
cell lines that are infectible by mouse prions (different cells
preferentially amplify different mouse strains). The paucity
of cell lines that efficiently replicate cervid prions somewhat
limits the utility of the cervid cell assay.

Another ex vivo assay that can differentiate strains is the
prion organotypic slice culture assay (POSCA). In this tech-
nique, brain slices are cultured and subsequently infected with
prions. This analysis allows prion replication similar to that in
intracerebral infections, but in an accelerated manner (Falsig and
Aguzzi 2008). POSCA models for CWD have been developed
using organotypic brain slices from transgenic mice expressing
elk PrP (Tg12 line; Kondru et al. 2020).

In vitro methods Strains can also often be distinguished
based on biochemical differences of PrP>. Among the most
important are PrP5¢ glycoforms, sensitivity to digestion by
proteinase K (PK), and the western blot migration patterns
of PK-resistant PrP (Bessen and Marsh 1992; Collinge et al.
1996; Parchi et al. 1996; Khalili-Shirazi et al. 2005). PrP“"P
(i.e., cervid PrP5%) of some strains (Wisc-1, H95+, and
116AG) can be differentiated directly from brain homogen-
ates from deer and transgenic mice by comparison of gly-
cosylation profiles and SDS-PAGE migration patterns by
western blot (Duque Velasquez et al. 2015; Hannaoui et al.
2017; Herbst et al. 2022); other strains (e.g., CWD1 and
CWD2) do not exhibit overt biochemical differences (Angers
et al. 2010).

CWD strains are encoded by different structures (con-
formers) of PrP“VP which can be differentiated from each
other based on their relative resistance to denaturation.
Two assays are routinely used: conformation-dependent
immunoassay (CDI) and conformation stability assay
(CSA). CDI allows the quantification of PrP€ and Prps°
in samples from clinically affected tissue homogenates
by exploiting the ability of anti-PrP antibodies to bind
to exposed PrPC epitopes, which are hidden in PrP5¢ and
become exposed following denaturation in guanidine
hydrochloride (GdnHCl). Denaturation of PrPS¢ before
and after protease treatment allows for measurement of
the concentration of both protease-sensitive and protease-
resistant PrPS¢ (Safar et al. 1998, 2002). Sequential dena-
turation with increasing concentrations of GdnHCI pro-
vides the basis for conformational stability assay (CSA)
allowing for comparison of the strain-specific multimeric
PrP5¢ spectra (Haldiman et al. 2013; Duque Velasquez
et al. 2020).

Atomic field flow field fractionation (AF4) fractionates
prion particles by size. Analysis of the fractions provides infor-
mation for specific prion preparations regarding hydrodynamic
radius allowing one to correlate the relative size of prion parti-
cles with infectivity. Cortez et al. (2021) demonstrated that two
hamster-adapted prion strains with distinct clinical presenta-
tion (hyper and drowsy; Bessen and Marsh 1992) differ in the
size of the most infectious particle. Interestingly, both PrPS
aggregates become PK-resistant at the same size.

Two in vitro assays for amplifying prions have been
developed. Both can amplify very small amounts of infec-
tious prions (often sub-infectious doses), enhancing the
detection of prions in tissues and in the environment. The
prion misfolding cyclic amplification assay (PMCA) is a
prion amplification technique in which PrP¢ is converted
into protease-resistant PrP through serial rounds of sonica-
tion and incubation (Saborio et al. 2001). PMCA can repro-
duce the intra- and interspecies transmission of CWD prions
without any apparent alteration of CWD strain properties
(Green et al. 2008). By using different PrPC substrates in
PMCA, it is possible to rapidly evaluate the transmission
barrier of prions, as the relationship between host and sub-
strate permits discrimination between prion strains. The
real-time, quaking-induced conversion (RT-QulC) assay
measures the amplification characteristics (endpoint dilu-
tion, lag, and log phase) of prion strains comparing their
seeding activity in different recombinant substrates (Schmitz
et al. 2016). CWD strains such as 116AG show distinct RT-
QuIC seeding activities compared to wild-type CWD prions,
allowing strain typing (Hannaoui et al. 2017).

Although current in vitro analyses might suggest that a
given sample (i.e., brain homogenate) contains a specific
strain, verification currently requires passage in animals to
establish strain-specific incubation periods, clinical signs,
and neuropathology. Strain differences are confirmed upon
serial passage in rodent panels (i.e., tg60 cervidized mice,
gtE and gtK knock-in mouse lines, bank voles, tgCC mice
expressing beaver PrP°). These studies are, however, time-
consuming and expensive. Retrospective analysis of strains
identified by animal passage will allow the identification of
specific in vitro/biochemical signatures of strains. Strain
characteristics can be faithfully recapitulated in PMCA
(reviewed in Peden et al. 2021); a comprehensive comparison
of established strains with novel isolates, in PMCA using a
panel of substrates, would validate PMCA for strain identifi-
cation and, thus, facilitate more rapid identification of strains.

CWD strains

In early CWD studies, it was common for pooled isolates to
be used as the inocula. This could result in loss or dilution
of less common strains. Additionally, early publications

@ Springer
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often did not identify the source of the infectious brain
homogenates (i.e., host species), the geographic location
from which the samples were obtained, nor the PRNP
genotype of the donor animal. More recent studies have
emphasized characterization of individual isolates and
several CWD strains have been identified; however, direct
comparison of these agents is complicated by several fac-
tors. Strain characterization has used different rodent mod-
els (both “wild-type” and transgenic animals) which may
express PrPC at different levels. Taken together, strain data
from different research groups is often not directly compa-
rable. Strain characterization, to date, however, has identi-
fied at least 10 distinct CWD strains (Table 1).

Early evidence of CWD strains Early evidence for CWD
strains utilized a cell-free conversion assay to determine
susceptibility of various rodent species to CWD (Raymond
et al. 2000). Based on the cell-free conversion data, these
isolates were then used to infect five species of hamsters,
transgenic mice expressing hamster prion protein, and two
non-transgenic strains of mice. There was variability in the
transmission of CWD isolates from a variety of cervids to
this rodent panel. When brains from clinically affected ham-
sters were serially passaged in Syrian Golden hamsters, two
strains appeared; these strains varied in stable incubation
periods (85-89 days vs 408-544 days) and had distinct neu-
ropathology (Raymond et al. 2007).

Ferrets (Mustela putorius furo) are also a valuable ani-
mal model for the study of CWD (Bartz et al. 1998; Sig-
urdson et al. 2008). Transmission of two sources of CWD
showed distinct and reproducible pathological phenotypes
after adaptation to ferrets. These two ferret strains, named
CWD-UWI and CWD-CSU, had distinctly different sensi-
tivities to proteinase K digestion and differential distribu-
tion of PrP“™P in the brain and lymphoid organs (Perrott
et al. 2012).

Q95H Goes ©129%

D20G G598 / T98A S138N
25 54 | -
oR| | HD
FL-PrPC
T36N $100G
S100R |A116G

M132L
K109Q

P168S N176D

Bioassays of CWD isolates from captive and wild cer-
vids from different North American locations into transgenic
mice overexpressing deer PrP (Tg(CerPrP)1536%~ mice)
provided evidence for two CWD prion strains, denoted
CWD1 and CWD2 (Angers et al. 2010). Although primary
transmissions of prions from elk produced either CWD1
or CWD?2 phenotypes, the inoculation of deer CWD in the
transgenic mice generated mixed survival times and neuro-
pathological features. The CWD1 strain has relatively short
incubation times (~200dpi), intense vacuolation of the hip-
pocampus and widespread, symmetrical PrPVP deposition,
and astrocytic gliosis in Tg(CerPrP)1536™~ mice. CWD2
is, however, characterized by longer incubation periods
(~300dpi), low vacuolation scores in the hippocampus, and
asymmetrical distribution of PrP“WP_ affecting only the
inoculated hemisphere. Despite these differences, PrP¢VP
from both strains have indistinguishable glycosylation pat-
terns, and very similar guanidine hydrochloride denaturation
profiles (Angers et al. 2010). Taken together, these results
suggest that deer brains contain CWD1/CWD2 mixtures,
whereas elk are usually infected with either one of the
strains. Serial transmission of elk prions, however, favored
strain mixtures (i.e., mixed profiles were observed in the
transgenic mice upon second passage).

PRNP polymorphisms affect strain generation Although
the PRNP gene is highly conserved in the Cervidae family,
several allele variants have been identified encoding PrP®
molecules with different amino acid sequences (Fig. 1).
In white-tailed deer populations, the most common PRNP
allele (wt) codes for glutamine (Q), glycine (G), alanine
(A), and glutamine (Q) at amino acids 95, 96, 116 and 226,
respectively. Various PRNP alleles coding for amino acid
substitutions, however, have been identified, such as Q95H,
GI96S, A116G, and Q226K (Raymond et al. 2000; Heaton
et al. 2003; Johnson et al. 2003; O'Rourke et al. 2004).

$225Y Q226E
m @ $225F Q226K

I 1
182 192 202 217
- Hll =
- 84 oo 200 oo
173 177 Godd ZY( raversl
loop %@0 '(%Eroo

B2-02 © cHo

M209I

V169M

Polymorphism described in: Mule deer, Red deer, White-tailed deer, Sika deer, Caribou, Elk, Moose, Reindeer
Multiple species: S138N described in mule deer, white-tailed deer, caribou and fallow deer; Q226E in red deer, sika deer, elk and fallow deer

Fig. 1 Cervid PrPC representation showing the main polymorphisms in cervid species. FL-PrPC : Full length PrP®; OR: Octarepeat region, HD:
Hydrophobic domain; B1 and 2: f sheets 1 and 2; al, 2 and 3: « helices 1, 2 and 3; GLP: Glycolipid
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Differences between primary amino acid sequence of
PrPYP from the donor and PrPC of the recipient host are
the main determinants of the transmission barrier and, con-
sequently, of strain generation (Scott et al. 1989; Prusiner
et al. 1990; Bessen and Marsh 1992; Bartz et al. 1994, 2000).
PrP€ polymorphisms not only dictate susceptibility to CWD
but also modulate strain selection, resulting in the emer-
gence and adaptation of new CWD strains (Duque Velasquez
et al. 2015, Hannaoui et al. 2017). Nonhomologous PrP¢
substrates modulate the selection and replication fidelity
of the invading strain conformer (conformation expansion)
affecting the biological stability and resulting in emergence
of new strains through competitive selection of new con-
formers (Duque Velasquez et al. 2020). As we explore in
the section below, certain PRNP polymorphisms of cervids
including white-tailed deer 95H and 116G, elk 132L, and
the amino acid difference at codon 226 between deer and
elk PrP¢ sequences are directly implicated in the propaga-
tion of distinct CWD strains (Duque Velasquez et al. 2015;
Hannaoui et al. 2017; Bian et al. 2019).

Wisc-1/H95+ Experimental infection of white-tailed deer
expressing Q95/G96 (wt/wt), S96/wt, H95/wt or H95/S96
PrP€ molecules confirmed the impact of PRNP polymor-
phisms on the incubation period (Johnson et al. 2011).
Homozygous wt/wt deer had a relatively short incubation
period, succumbing to CWD with an average survival of
23 months post-infection (mpi). Heterozygous deer S96/wt,
H95/wt, and H95/S96 deer had longer incubation periods
suggesting partial resistance to disease. Interestingly, H95-
PrPC impacted disease progression the most as heterozygous
S96/wt deer had an average survival of 32 mpi, and deer
expressing H95-PrPC survived longer than 50 mpi (Johnson
et al. 2011) with altered peripheral distribution of prions in
these animals (Otero et al. 2019).

Passage of these deer isolates in tg33 (wt) and tg60 (S96)
transgenic mouse lines provided further insights into these
agents. Neuropathological profiles and PrPres type in tg33
mice were similar irrespective of the CWD lineage they
received, and their PrPres conformational stability highly
resembled wt/wt deer CWD prions, demonstrating adapta-
tion of a common strain to all the lineages (denoted as Wisc-
1). Differences in incubation period after first passage of
HO95/596 into tg33 mice were attributed to a loss of Wisc-1
specific titer following replication with H95 or S96-PrP®
(Duque Velasquez et al. 2015, 2020). The Wisc-1 conformer
was maintained upon conversion of H95 and S96-PrP® and
could be reselected when transmitted to a host expressing
wt-PrPC.

Host strain selection in transgenic mice expressing
S96-PrP€ resulted in selection and adaptation of a distinct
strain (H95+). Only the H95/wt and H95/S96 CWD isolates
resulted in prion disease when inoculated into tg60 mice,

with incubation periods that shorten upon serial passage
(Duque Velasquez et al. 2015, 2020). The conformational
stability of the H95+ PrP VP, propagated in tg60 mice,
is indistinguishable from the core of the H95/S96 deer
PrP“"P demonstrating the emergence of a new strain. When
HO95+ strain, passaged in tg60 mice, was used to infect tg33
mice (expressing wt-PrP®), similar neuropathological and
PrP™P properties were observed, demonstrating the ability
of H95+ to stably replicate with wt-PrP¢ (Duque Velasquez
et al. 2015). The opposite was also possible; brain homoge-
nates from tg33 mice infected with H95/S96 CWD prions
resulted in selection of H95+ when inoculated into tg60
mice (Duque Velasquez et al. 2015; 2020). These tg33
donors, despite being classified, based on histopathological
profiles and by western blot, as Wisc-1, contained a mix-
ture of PrP®VP populations with distinct conformational
stability compared to tg33 mice exposed to wt/wt prions,
also incapable of producing disease in tg60 mice (Duque
Velasquez et al. 2020).

Gene-targeted mice expressing either E226 or Q226 PrP dif-
ferentiate CWD strains The primary sequence of elk and deer
PrP differs by one amino acid at codon 226 (Robinson et al.
2012). When gene-targeted mice, GtE226™+ and GtQ226™*
mice (expressing elk and deer PrPC, respectively), were chal-
lenged with isolates from CWD-affected North American
deer and elk (Bian et al. 2019), survival periods were shorter
in GtE226** than in GtQ226™* regardless of the inocula
used, correlating with the observations in other mouse mod-
els for CWD (Browning and Mason 2004; Kong et al. 2005;
LaFauci et al. 2006; Angers et al. 2009). Two main patterns
of PrPWP deposition were observed. One pattern, observed
in all GtQ226 mice and in GtE226 mice challenged with deer
prions, was characterized by asymmetrical and disorganized
prion deposits, ipsilateral to the inoculation site (Bian et al.
2019), like that observed for the CWD?2 strain (Angers et al.
2010). The second PrP! pattern was similar to the CWD1
strain with diffuse and bilaterally symmetrical prion depos-
its, it was only observed in GtE226™" mice challenged with
elk prions. The results suggest that the strain properties of
CWD prions generated in elk are distinct from those of pri-
ons producing disease in deer and that residue 226 selects and
propagates distinct strains from mixtures of PrP®VP conform-
ers (Bian et al. 2019).

Deer heterozygous for A116G PRNP replicate a novel CWD
strain Hannaoui et al. (2017) characterized the effect of the
A116G PrP€ polymorphism of WTD comparing Wisc-1
CWD (homozygous A116; wild-type PrP€) with prions
obtained from a A116G heterozygous, hunter-harvested wild
deer. This amino acid substitution is in the hydrophobic core
region of PrP€. In silico analysis suggests that the structure
of G116 PrPC is less stable and more flexible than A116
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PrP® (Hannaoui et al. 2017). Compared to Wisc-1, 116AG
prions show lower conformational stability in GdnHCI,
lower resistance to proteases, and decreased RT-QulC seed-
ing activity characterized by extended lag and log phases.
In addition, 116AG prions were less efficient propagating
in primary neuronal cultures and produced long incubation
periods upon first passage into tg1536+/+ mice suggesting
new conformational variants were amplified during prion
replication in the 116AG deer. After the second passage,
however, survival periods of 116AG inoculated mice were
significantly reduced, and most mice had shorter disease
progression times compared to mice inoculated with Wisc-1
prions. Differences between 116AG and Wisc-1 prions were
maintained after passage in transgenic mice, demonstrating
that 116AG deer contains a distinct CWD strain (Hannaoui
et al. 2017). It remains to be determined if the 116AG strain
was generated by conformational diversification under the
selective pressure of the G116-PrP€ or selected from a pre-
existent mixture acquired by the 116AG deer in the wild.
Isolates from wild cervids naturally infected with CWD and
sheep and goats with scrapie have been shown to contain
prion strain mixtures (Angers et al. 2010; Barrio et al. 2020;
Nonno et al. 2020).

Elk strains PRNP in elk is variable at amino acid 132,
methionine and leucine. Experimental CWD transmission
in elk expressing the three different 132 PRNP genotypes
resulted in differential CWD progression with MM 132
elk succumbing first, followed by ML132 elk and finally
LL132 elk. LL132 elk have differences in the distribution
of CWD lesions in their brains and the PrP“"P showed a
distinct protease-resistant PrPVP pattern (O'Rourke et al.
2007) as well as distinct fibril stability, abundance in the
brain, and RT-QuIC seeding activity compared to MM132
and ML132 elk prions (Moore et al. 2018). Strain typing
of these isolates in transgenic mice expressing MM 132 elk
PrP€ (Tgl12 mice) results in prolonged incubation periods
for LL132 isolates, and the PrP“"P generated in the mice
showed reduced accumulation in the brain and lower molec-
ular weight than the PrPVP detected in mice inoculated
with MM 132 or ML 132 brain homogenates. No overt differ-
ences were observed in the disease phenotype between mice
inoculated with MM 132 or ML132 CWD. The phenotypic
features observed in experimentally infected elk were main-
tained after two passages of LL132, MM132, and ML132
isolates into mice expressing MM 132 PrPC. Thus, CWD pri-
ons generated in LL132 elk represent a novel CWD strain
(Moore et al. 2020).

Whether the prion strain generated in LL.132 elk is also
present in elk expressing ML132 PrP€ remains to be eluci-
dated. Although ML132 and MM 132 elk prions had indis-
tinguishable neuropathological characteristics and fibril
stability, ML132 elk had intermediate incubation periods,
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less PrP®™P in the brain, and different seeding activity of
the generated prions compared with MM 132 and LL132 elk
(Moore et al. 2018). Differences in incubation periods and
amount of prions in the brain between ML132 and MM 132
elk may be explained by the lower expression of M132 PrP®
in the heterozygous animals compared to the homozygous
animals, and that M 132 is more permissive to prion propaga-
tion than L132 PrP€ (Green et al. 2008; Moore et al. 2018).
Second passage of ML132 prions in transgenic mice, how-
ever, resulted in two different groups with differences in
incubation periods and prion fibril stability suggesting that
the ML132 elk isolate might contain a mixture of prion con-
formations (Moore et al. 2020).

CWD inreindeer Rangifer tarandus sp. is present in North-
ern Europe (European reindeer) and North America (Barren
ground caribou, woodland caribou, Porcupine caribou, and
Peary caribou). PrP¢ polymorphisms have been identified
in European reindeer: G129S, S138N, V169M, N176D, and
S225Y (Mitchell et al. 2012; Wik et al. 2012). Sequencing of
the reindeer PRNP alleles indicated that $$225-PrP€ and/or a
PRNP octapeptide deletion were overrepresented among the
CWD-positive animals (Guere et al. 2020). Genetic analyses
of three caribou herds from Alaska revealed four PRNP alleles
coding for different PrP© amino acid polymorphisms: V2M,
G129S, S138N, and V169M (Happ et al. 2007); Canadian
caribou had additional polymorphisms at Y153F and P242L
(Arifin et al. 2020). Experimental oral CWD infections of
reindeer showed that variation at position S138N apparently
influences CWD susceptibility. Mitchell and colleagues sug-
gested that the SS138 genotype was associated with suscep-
tibility to CWD and the SN138 genotype with resistance
(Mitchell et al. 2012). It was later shown that SN138 reindeer
can develop disease, but PrP“VP accumulation in their lym-
phoid tissues was significantly lower than in reindeer express-
ing SS138 or NN138 PrP® (Moore et al. 2018).

CWD in moose North American and European moose repli-
cate different strains of CWD. Polymorphisms at positions
36 encoding for threonine (T) or asparagine (N) and 209
encoding for methionine (M) or isoleucine (I) have been
described in North American moose (Huson and Happ 2006;
Wik et al. 2012). In addition, the unique amino acid variant
K109Q (K=lysine) was detected in European moose (Wik
et al. 2012). CWD cases in moose are less abundant than in
other cervids. All positive cases in free-ranging moose have
been detected in animals of the wild-type genotype (KK109,
MM209) (Baeten et al. 2007; Pirisinu et al. 2018). Currently,
the number of CWD-positive moose is too low to determine
if PrP- amino acid variation affects susceptibility to CWD.
During experimental transmission of CWD to MM209
and MI209 moose, abnormal PrP aggregates occurred in
brain and lympbh tissues at 15.5 and 18.9 mpi, respectively;



Cell and Tissue Research (2023) 392:135-148

143

however, it is not possible to draw conclusions about the
effect of PrP® primary sequence as these animals died with-
out showing clinical signs of CWD (Kreeger et al. 2006).
The relative abundance of these two PRNP alleles and their
effect on CWD susceptibility and progression remains to be
determined.

In 2018, Pirisinu and colleagues reported three positive
cases of CWD in old female moose (13, 14 and 13 years old)
from Norway. Interestingly, PrP°VP in these animals dif-
fered from moose CWD from Canada, reindeer CWD from
Scandinavia, and other prion diseases. CWD in Norwegian
moose is characterized by intraneuronal prion aggregates,
absence of lymphoid tissue involvement, and a low molecu-
lar weight PrP“™P with partial loss of the epitope recognized
by the 12B2 anti-prion antibody (amino acids 93-97, cer-
vid numbering). These features clearly differ from Norwe-
gian reindeer CWD (Benestad et al. 2016). CWD was later
detected in five additional moose in Norway, three moose
from Sweden (16, 16, and 9 years old, respectively), and two,
greater than 10-year-old, moose from Finland (Agren et al.
2021; Tranulis et al. 2021). Preliminary characterization of
the Swedish and Finnish moose shows a similar presentation
to Norwegian moose CWD (Gavier-Widen 2019; Korpenfelt
2019; Koutsoumanis et al. 2019; Tranulis et al. 2021). North
American moose PrP®™P is indistinguishable, by western
blot, from PrP®YP found in other CWD-infected North
American cervids (Kreeger et al. 2006; Baeten et al. 2007)
and there are no differences between the primary sequences
of CWD-positive reindeer and moose PrP. This suggests that
the unique characteristics of Scandinavian moose CWD are
not due to the species nor amino acid variations of PrP and
that it represents a novel CWD strain (Pirisinu et al. 2018).
The epidemiological characteristics (i.e., isolated cases
found in aged animals) and the phenotypic features (i.e.,
CWD prions are restricted to the CNS) of CWD in Euro-
pean moose suggest it could be a spontaneous prion disease,
has been hypothesized for atypical/Nor98 scrapie (Benestad
et al. 2008; Fediaevsky et al. 2010).

The discovery of CWD in European cervids in 2016 led
to multiple questions about the possible origin of the disease
in the continent (Benestad et al. 2016). A strain typing study
in which different CWD isolates were transmitted to bank
voles was performed to determine whether European and
North American CWD cases were associated. Surprisingly,
adaptation of the CWD isolates to bank voles showed that
CWD prions from Europe are distinct from those found in
North America and that at least four different CWD strains
can be differentiated: one, common to all Canadian CWD
cases, one from Norwegian reindeer CWD (R-NO1), and
two distinct strains in Norwegian moose (M-NOI1 and
M-NO2) (Nonno et al. 2020). Strain typing of European
CWD isolates is ongoing, and it is important to assess the
zoonotic ability of these CWD prions.

Interspecies transmission

One of the more important characteristics that can define a
strain is interspecies transmission. Success of an interspecies
transmission is dependent on the interactions of the PrPS
with the PrP€ of the new host; these parameters are not,
however, readily predictable. The species barrier effect and
interspecies transmission have not been thoroughly investi-
gated at the level of CWD strains. Although CWD has been
successfully transmitted to several other species (Table 1 and
reviewed in Otero et al. 2021a), individual strains have not
been extensively analyzed.

Evidence for interspecies transmission resulting in emer-
gent CWD strains was observed upon adaptation of CWD
into ferrets (Mustela putorius furo). Mule deer CWD pas-
saged through ferrets causes clinical disease in Syrian ham-
sters (Mesocricetus auratus), while the initial mule deer
CWD inocula did not (Bartz et al. 1998). Passage of CWD
through transgenic mice expressing hamster PRNP followed
by passage in hamsters resulted in the isolation of two dis-
tinct phenotypes based on incubation periods and clinical
signs (Crowell et al. 2015). These two observed phenotypes,
termed cheeky (CKY) for the development of incessant hic-
cips and wasted (WST) for the dramatic weight loss upon
onset of clinical disease, were subsequently determined to be
two distinct strains, demonstrating that cross-species CWD
transmission can result in new strains (Crowell et al. 2015).

An expanded host range was also observed with the HO5+
strain. When C57B1/6 mice and Syrian golden hamsters were
intracerebrally infected with the Wisc-1 and H95+ strains,
differential transmission patterns were observed. We, and
others, have demonstrated that C57B1/6 mice are not suscep-
tible to infection with common CWD strains (Herbst et al.
2017). H95+, however, resulted in clinical infection of this
mouse line. Conversely, hamsters were susceptible to the
Wisc-1 strain but had limited susceptibility to H95+.

In another study testing interspecies transmission of
CWD, challenge of a transgenic mouse line expressing bea-
ver PRNP with a range of CWD strains showed no species
barrier. There were, however, strain-specific differences in
incubation periods and in the biochemical properties of the
CWD prions generated in the transgenic beaver mice (Herbst
et al. 2022).

Strain adaptation, selection, and evolution

The concept of strain adaptation, selection, and evolution
was first described in mice infected with sheep scrapie iso-
lates, prior to the discovery of the prion protein (reviewed
by Dickinson and Meikle 1970; Bruce and Dickinson 1979;
Kimberlin 1982). Several different types of biological stabil-
ity were described, based on the “visible” properties of the
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disease (incubation periods, neuropathology, clinical signs).
In general, upon serial passage of a specific isolate in a new
host, the incubation period, clinical signs, and neuropathol-
ogy stabilize, this is considered adaptation to a new host.
Passage of some isolates into a new host resulted in different
strain properties (i.e., different incubation periods, neuropa-
thology, and clinical signs following adaptation to the new
host) suggesting selection or mutation of the original strain.

With the discovery of the prion protein, these observa-
tions can be linked to changes in prion conformation/struc-
ture. Upon primary passage into a new host, the PrP5¢:PrP¢
interaction varies depending on the homology between the
two. With serial passage, the selection for the most favora-
ble conformation for conversion is selected, with a resulting
decrease in incubation period, stabilization of neuropathol-
ogy (i.e., deposition of PrPd and lesion profiles), and clinical
signs. This stabilization of strain properties can also result
in changes in the biochemical properties of PrPS° (guanidine
stability, sensitivity to proteinase K, migration patterns on
SDS-Page).

Field isolates of scrapie can contain more than one strain,
i.e., more than one conformation that can be converted to
PrP5¢. These conformers can then compete for PrPC, result-
ing in variable incubation periods. Subsequent passages,
particularly with low titers of PrPS°, will lead for the selec-
tion of one strain or the other. This was nicely demonstrated
by Bartz et al. (2000) with transmission of mink transmis-
sible encephalopathy into hamsters. On the initial passage,
the incubation period was long and western blot analysis
showed two different sized PrPS migration patterns. Low
titer passage then resulted in the adaptation and selection
of two different strains (hyperactive, HY; and drowsy, DY)
with significantly different incubation periods and two dif-
ferent PrP5¢ structures (Bartz et al. 2000; Caughey et al.
1998; Safar et al. 1998; Cortez et al. 2021).

Several models have been proposed to explain the process
of strain selection. Prion strains have been proposed to exist
as quasispecies or clouds of conformational variants that
“mutate” and are selected based on compatibility with the
host PrP€ (Li et al. 2010; Collinge 2010). Different host PP
molecules would be compatible with only a subset of the
PrP5¢ conformers, resulting in the selection and adaptation
of the infectious agent. Another model, deformed templating
mechanism suggests that inaccurate matching of the host
PrPC and incoming PrP*¢ results in the generation of novel
conformers (Baskakov 2014). Despite all the evidence for
the link between PrPS¢ conformation and strain, there is, to
date, no data directly measuring the conformational diver-
sity, frequency, and mutation rate of conformers in an infec-
tious prion preparation.

As described for scrapie strains, CWD strains undergo
adaptation, selection, and evolution in a strain-specific man-
ner. Transmission of CWD prions into white-tailed deer
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expressing amino acid polymorphisms (H95 and/or S96)
resulted in the prion conformation expansion (and the forma-
tion of strain mixtures in deer heterologous for H95 (Duque
Velasquez et al. 2015, 2020). Passage of these CWD line-
ages into the tg60 mice (expressing S96-PrPC) resulted in
the selection and adaption of the H95+ strain accompanied
by the reduction of conformational heterogeneity, buildup of
higher infections titers, and stabilization of phenotypic char-
acteristics. By comparison, passage in tg33 mice (expressing
G96-PrPC) resulted in selection of Wisc-1. Transmission
of CWD lineages from deer that do not express H95+ did
not result in clinical disease but amplified non-adaptive S96
conformers. None of these lineages (Wisc-1, etc.), upon pas-
sage in tg60 mice, contained H95+ conformers based on
both serial PMCA in S96-PrPC substrate and bioassay in
tg60 mice (Otero et al. 2021b; Duque Velasquez et al. 2020).
Together, these experiments suggest that the H95+ conform-
ers efficiently convert S96-PrPC, while the Wisc-1 conformer
loses the ability to convert S96-PrP¢ with passage.

Another excellent system for characterization of strain
evolution is the gene-targeted mice generated by the Telling
lab. As described above, different strains/sources of CWD
agent are more readily transmitted in either the GtE or the
GtQ mice. Of interest is the serial passage of moose strains
from Norway in these mice (Bian et al. 2019, 2021). The
Scandinavian moose strains have very different proper-
ties than North American moose strains, with no apparent
involvement of the lymph system. Serial passage of these
agents in GtQ mice, however, results in the selection/adapta-
tion of prion conformers such that the isolates more resem-
ble North American CWD lineages. These data suggest that
the North American CWD strains (i.e., Wisc-1) have also
evolved, through numerous passages, to a few dominant
strains.

Understanding strain selection and adaptation in cervids
is complicated by the presence of more than one strain/
conformer in free-ranging CWD-positive deer. In many
areas where CWD is endemic, an individual animal may
be exposed to CWD from either different cervid species or
the same species expressing different PrP¢ molecules. The
passage history is unknown for naturally infected animals so
it is difficult to assess the strain composition in a given ani-
mal. Characterization of isolates from CWD-infected cer-
vids suggests that many are comprised of strain mixtures.
Passage into a specific host results in the selection of the
most favored conformation. Subsequent serial passages in
the same host result in host adaptation (seen as a reduc-
tion in incubation periods). In our experience, these mix-
tures complicate strain characterization as passage through
a panel of rodent hosts results in selection of a myriad of
conformations, some of which stabilize becoming distinct
strains, while others are temporary. Temporary conforma-
tions appear to revert to common strains (i.e., Wisc-1).
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Conclusions and perspective

The generation of new variants as a CWD strain is transmit-
ted through a population is not uncommon and can result in
variants with novel characteristics. CWD is no exception.
To date, 10 CWD strains have been identified, strains that
can impact incubation period, distribution of the agent in
the brain, biochemistry of PrP“"P, shedding of infectivity
(and environmental contamination), and, most importantly,
the species barrier. A few strains currently predominate the
CWD landscape but experimental data suggests these strains
can evolve (Duque Velasquez et al. 2015, 2020; Hannaoui
et al. 2021; Crowell et al. 2015; Telling 2022). There is little
evidence the disease has spilled over into non-cervid spe-
cies; however, CWD strains represent a changing dynamic,
potentially affecting interspecies transmission. The diver-
sity of strains identified, to date, and the likelihood of novel
strains emerging and being selected (due to PrP€ polymor-
phisms and/or interspecies transmission) means that the bio-
logical properties of CWD need to be constantly monitored
and assessed.
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