@ PLOS|ONE

Check for
updates

G OPEN ACCESS

Citation: Hwang S, Greenlee JJ, Nicholson EM
(2020) Role of donor genotype in RT-QuIC seeding
activity of chronic wasting disease prions using
human and bank vole substrates. PLoS ONE 15(1):
€0227487. https://doi.org/10.1371/journal.
pone.0227487

Editor: Anthony E. Kincaid, Creighton University,
UNITED STATES

Received: September 6, 2019
Accepted: December 19, 2019
Published: January 7, 2020

Copyright: This is an open access article, free of all
copyright, and may be freely reproduced,
distributed, transmitted, modified, built upon, or
otherwise used by anyone for any lawful purpose.
The work is made available under the Creative
Commons CCO public domain dedication.

Data Availability Statement: All relevant data are
within the manuscript.

Funding: This research was funded in its entirety
by congressionally appropriated funds to the
United States Department of Agriculture,
Agriculture Research Service. The funder of the
work did not influence study design, data collection
and analysis, decision to publish, and preparation
of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Role of donor genotype in RT-QuIC seeding
activity of chronic wasting disease prions
using human and bank vole substrates

Soyoun Hwang, Justin J. Greenlee(, Eric M. Nicholson *

United States Department of Agriculture, Agricultural Research Service, National Animal Disease Center,
Virus and Prion Research Unit, Ames, lowa, United States of America

* Eric.Nicholson@ars.usda.gov

Abstract

Chronic wasting disease is a transmissible spongiform encephalopathy of cervids. This fatal
neurodegenerative disease is caused by misfolding of the cellular prion protein (PrPC) to
pathogenic conformers (PrPS°), and the pathogenic forms accumulate in the brain and other
tissues. Real-time Quaking Induced Conversion (RT-QulC) can be used for the detection of
prions and for prion strain discrimination in a variety of biological tissues from humans and
animals. In this study, we evaluated how either PrPS° from cervids of different genotypes or
PrPS° from different sources of CWD influence the fibril formation of recombinant bank vole
(BV) or human prion proteins using RT-QulIC. We found that reaction mixtures seeded with
PrPS° from different genotypes of white-tailed deer or reindeer brains have similar conver-
sion efficiency with both substrates. Also, we observed similar results when assays were
seeded with different sources of CWD. Thus, we conclude that the genotypes of all sources
of CWD used in this study do not influence the level of conversion of PrP€ to PrPSC.

Introduction

Chronic wasting disease (CWD) is a form of transmissible spongiform encephalopathy (TSE)
or prion disease. Prion diseases are a group of fatal neurologic diseases that result from the
misfolding of the cellular prion protein (PrP®) into a pathogenic form (PrP*°) in the brain.
Prion diseases include CWD in cervids like deer, elk, moose, and reindeer; scrapie in sheep;
bovine spongiform encephalopathy (BSE) in cattle; and Creutzfeldt-Jakob disease (CJD), fatal
familial insomnia (FFI), Gerstmann-Striussler-Scheinker syndrome (GSS), and kuru in
humans. Misfolded proteins accumulate in the central nervous system in all TSEs, but in
CWD cases, the misfolded prion proteins are distributed widely not only in the nervous system
but also in lymphoid tissues, muscle, and blood [1-3]. Since prions are shed via saliva, urine,
and feces from infected cervids, CWD can spread rapidly, and it also can affect free-ranging
wild animals. In the United States, CWD has been reported in 24 states and it also has been
reported in other countries including Canada, South Korea, Norway, Finland and most
recently, Sweden [4-7].
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The association of prion protein gene with TSEs is well documented with extensive research
showing that the expression of a prion protein is necessary for a host to develop disease and
that differences in the prion gene sequence altering disease susceptibility and incubation time
[8-12]. In elk, codon 132 is polymorphic and can code for either methionine (M) or leucine
(L), which can affect CWD incubation periods. For example, LL132 elk challenged with the
CWD agent have incubation periods approximately 1.5 times longer than ML132 elk, and 3
times longer than MM132 elk [13]. In white-tailed deer (WTD), polymorphisms at codons 95
and 96 influence CWD susceptibility. Researchers found white-tailed deer with Q95H and
GI6S are under represented in the CWD positive populations [14].

We employed real-time quaking-induced conversion (RT-QuIC) to assess prion seeding
activity using recombinant human or bank vole substrates. RT-QulIC is an efficient and sensi-
tive tool to detect prions in various samples from humans and animals. Also, RT-QulIC has
shown potential analytical applications such as prion strain discrimination, drug screening,
and screening for prion contamination [15].

Limited reports utilizing in-vitro assays to test the transmissibility of CWD to human are
available and no report has been published for investigating the effect of different genotypes of
CWD with human substrate. In this study, we tested if different genotypes of CWD or differ-
ent sources of CWD affect the seeding activity of BV and human rPrP substrates. We hypothe-
sized that the CWD agent derived from hosts with different PRNP genotypes that are
associated with short survival time in animal experiments may affect the seeding activity in
RT-QulC reactions.

Materials and methods
Ethics statement

The animal experiments from which the archived tissue samples used as RT-QulC seed in this
study were reviewed and approved by the National Animal Disease Center’s Institutional Ani-
mal Care and Use Committee (protocol numbers: 3451 and 3669). The animal experiments
were carried out in accordance with the Guide for the Care and Use of Laboratory Animals
(Institute of Laboratory Animal Resources, National Academy of Sciences, Washington, DC).
The details of this study are described in citation numbers 16 and 17.

Sources of inocula and RT-QulC seed

Archived brain samples from CWD-infected white-tailed deer and reindeer were obtained
from studies [16, 17] previously conducted at the National Animal Disease Center. Animals,
genotypes, inoculum source and time to disease on set are summarized in Table 1 and Table 2.

Enzyme Immunoassay (EIA) of brain homogenates from cervids

The IDEXX HerdChek EIA test kit was used to selectively detect the presence of disease associ-
ated misfolded prion protein. The IDEXX HerdCheck Assay can be used to test various mam-
malian tissues [18]. Any disease-associated conformer, PrP%, can bind to the ligand on the
surface which is immobilized on the surface and captured with an antigen. Brain homogenates
from CWD-infected cervid animals were assessed using the IDEXX HerdChek EIA kit in the
absence of proteinase K digestion. EIA was performed as described by the manufacturer. The
cutoff value was determined by the negative control sample provided by the manufacturer and
the optical density value was around 0.07 + 0.005. If the optical density value was over 0.15, the
samples were considered positive. All brain samples were normalized with EIA kit before anal-
ysis by RT-QuIC by diluting to an O.D. around 1.0.
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Table 1. Animal experimental summary of genotype, inoculum, survival period, and EIA in white-tailed deer inoculated intracranially with the agent of chronic
wasting disease from elk, white-tailed deer and mule deer.

Animal Number Group Number Eartag Genotype CWD Inoculum Incubation period (mo.) EIA O.D.
95 96
1 A 648 Q0 GG WTD 17 3.27
2 628 Q0 GS WTD 20.93 4.00
3 654 Q0 GS WTD 23.47 4.00
4 B 676 Q0 GG Elk 10.37 3.77
5 635 Q0 GG Elk 17.17 3.97
6 646 Q0 GG Elk 17.73 4.00
7 677 Q0 GS Elk 24.1 4.00
8 C 680 Q0 GG MD 14.5 4.00
9 639 Q0 GG MD 16.1 4.00
10 643 QQ GS MD 22.13 4.00
11 682 Q0 GS MD 26 4.00
12 681 QH GS Neg. control 20.17 0.07

https://doi.org/10.1371/journal.pone.0227487.t001

Recombinant prion protein production and purification

E. coli (BL21(ADE3)) was transformed with the pET28a vector containing the BV PrP gene
(amino acids 23-231; GenBank accession number AF367624) and human PrP (amino acids
90-231, with M at residue 129; GenBank accession number CAA58442.1). The recombinant
prion proteins were expressed and purified as described by Vrentas et al [19]. The concentra-
tion of pooled protein eluent was measured by UV and calculated from the absorbance at 280
nm using an extinction coefficient of 62005 or 20800 M 'em™ as calculated for BV (23-231)
and human (90-231) rPrP.

RT-QulC protocol

RT-QuIC reactions were performed as previously described [20-26]. The reaction mix was
composed of 10 mM phosphate buffer (pH 7.4), 100 mM NaCl (for human rPrP substrate) or
300 mM NaCl (BV rPrP substrate), 0.1 mg/ml recombinant BV or human prion proteins,

10 uM thioflavin T (ThT), and 1 mM ethylenediaminetetraacetic acid tetrasodium salt

Table 2. Animal experimental summary of genotype, inoculum, survival period, and EIA in reindeer inoculated intracranially with the agent of chronic wasting dis-
ease from elk, white-tailed deer and mule deer.

Animal Number Group Number Eartag Genotype CWD Inoculum Incubation period (mo.) EIA O.D.
002 129 138 169 176
1 A 568 \AY% GG NN A% NN WTD 20.9 2.10
2 521 vV GG NS \ ND WTD 33.9 3.76
3 567 vV GG NS A% NN WTD 34.1 4.00
4 555 MV SG SS MV ND WTD 53.3 3.03
5 B 514 vV GG NS \AY NN Elk 38.7 4.00
6 565 A GG NS VvV ND Elk 41.7 1.11
7 571 na SG SS MV NN Elk 42.2 1.32
8 C 502 A% GG NN vV NN MD 24.8 4.00
9 524 A% GG SS \AY% DD MD 31.0 2.79
10 552 \4% GG NS VvV ND MD 43.5 1.16
11 530 vV GG NS A% NN Neg. Control 34.1 0.07
https://doi.org/10.1371/journal.pone.0227487.t002
PLOS ONE | https://doi.org/10.1371/journal.pone.0227487  January 7, 2020 3/15


https://doi.org/10.1371/journal.pone.0227487.t001
https://doi.org/10.1371/journal.pone.0227487.t002
https://doi.org/10.1371/journal.pone.0227487

@ PLOS|ONE

Seed genotype in RT-QuIC

(EDTA). Aliquots of the reaction mix (98 puL) were loaded into each well of a black 96-well
plate with a clear bottom (Nunc, Thermo Fisher Scientific) and seeded with 2 pL of brain
homogenate dilutions. The plate was then sealed with plate sealer film and incubated at 42°C
in a BMG FLUOstar Omega plate reader with cycles of 15 min shaking (700 rpm double
orbital) and 15 min rest for 100 h. ThT fluorescence measurements (excitation, 460 nm; emis-
sion 480 nm, bottom read, 20 flashes per well, manual gain 1400) were taken every 45 min.

All reactions for each dilution and each sample were performed in 8 replicates of RT-QuIC
assays. ThT fluorescence data are displayed as the average ThT fluorescence of four technical
replicates for each time point and, to be considered positive, the ThT fluorescence of at least
two replicate reactions must be positive. As previously described for classification of positive
samples by RT-QulIC, the positive threshold was calculated as the mean value of non-inocu-
lated control sheep brain homogenates plus 10 standard deviations [21, 27, 28].

Results

Quantitation of PrP*° by EIA in brain samples from negative control and
CWD infected cervids

Brainstem samples (obex) were collected from cervids with clinical signs of CWD. All of these
brain samples have been studied previously [16, 17]. EIA was performed on these brainstem
samples of white-tailed deer (Table 1) and reindeer (Table 2) to determine the relative amount
of misfolded prion protein in the sample.

RT-QulC reactions seeded with brain material from CWD infected white-
tailed deer (WTD) using recombinant BV PrP substrate

To evaluate the influence that PRNP genotype of the white-tailed deer and source of CWD
inoculum on the seeded conversion of bank vole (BV) rPrP, RT-QulC reactions were seeded
with different dilutions (10~ to 107%) of EIA normalized brain tissues. Assays seeded with
CWDY™™, cWD, and CWDMP showed increase of ThT fluorescence of positive white-
tailed deer but no ThT increase for a negative control. First, brain dilutions were tested in
RT-QuIC assays for an optimal dilution for comparison between seeds from different geno-
types. From EIA normalized stock to 10~ brain dilutions seemed optimal to compare each
other. Assays seeded with normalized brain seed without dilution showed a short lag time and
this lag time increased as the brain samples were further diluted (Fig 1). RT-QuIC reactions
seeded with CWDW'™, CWD* and CWD™® were compared based on the PRNP genotype at
codon 96, GG96 and GS96, influence on seeding activity, but no relevant difference was found
(Fig 2). Also, all assays from each CWD source were averaged and compared to other assays
seeded with another CWD inoculum (Fig 3). There was no substantial difference in lag time in
the assays seeded with normalized brain, but assays seeded with 102 brain dilution showed
that average lag time of elk was shorter than the lag time seeded with two other species. It is
worth noting that assays seeded with CWD™P have overall lower ThT fluorescence, a differ-
ence that could be indicative of reduced fibril formation (Fig 3).

RT-QulIC reactions seeded with brain material from from CWD infected
white-tailed deer (WTD) using recombinant human PrP substrate

To evaluate the influence that PRNP genotype of the white-tailed deer and source of CWD
inoculum on the seeded conversion of recombinant human PrP, RT-QulC reactions were
seeded with 10~% of EIA normalized brain tissues based on the data from optimal dilution tests
with bank vole (BV) rPrP. All assays containing positive seed showed ThT fluorescence
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Fig 1. RT-QulIC reactions seeded with CWD infected or not infected white tailed deer brains using BV rPrP as a substrate. RT-QulIC reactions were seeded with
EIA normalized stock (a), 107" (b), 1072 (c), and 10 (d) dilutions of three CWD infected WTD brains and one negative animal. All reactions were seeded with brain
homogenates of WTD with the addition of 0.001% of SDS. Shown are the average ThT fluorescence readings (thick lines) with standard deviations (thin lines)
determined from all replicates (four replicate reactions per each animal).

https://doi.org/10.1371/journal.pone.0227487.9001

increase within 30 hours indicating that recombinant human PrP can be useful to detect CWD
prions as can be seen in Fig 4. Assays seeded with CWD" P showed different seeding activity
between animals but there was no consistent association between seeding activity and geno-
types of animals used as the seed. Assays seeded with CWD®* and CWDMP similarly did not
exhibit relevant differentiation between different genotypes of animals, GS96 vs GG96. Differ-
ent SDS concentration were assessed with regard to differentiation of seeding activity of these
animals, but overall ThT intensity was reduced and lag time was increased suggesting that this
reaction condition is not optimal for conversion or differentiation (Fig 5). All reaction assays
from each CWD source were averaged across genotypes and compared to other assays seeded
with other CWD inocula in white-tailed deer as displayed in Fig 6. Assays seeded with
CWDMP and CWD®* showed similar seeding activity in terms of ThT fluorescence and lag
time, but assays seeded with CWDW'™ showed lower ThT fluorescence although they exhib-
ited a similar lag time to that observed for the other two sources of CWD.

RT-QulIC reactions seeded with brain material from CWD infected
reindeer using recombinant BV PrP substrate

To evaluate the influence that PRNP genotype of the reindeer and source of CWD inoculum
had on the seeded conversion of recombinant BV PrP, RT-QulC reactions were seeded with
different dilutions (1072 to 10~) of EIA normalized brain tissues. Assays seeded with CWD" P,
CWD®X, and CWDMP showed an increase in ThT fluorescence of positive reindeer within 20
hours for most samples but no ThT increase for a negative control. RT-QulC reactions seeded
with CWDY™, CWD* and CWDMP were compared to determine if PRNP genotypes at
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Fig 2. Comparison of seeding activity of RT-QuIC reactions with BV rPrP which contain seeds from WTD inoculated with brains of infected WTD (a and b), elk
(c and d) or mule deer (e and f). Left panel shows RT-QuIC reactions seeded with EIA normalized brains and right panel shows RT-QuIC reactions seeded with 1072
dilutions of brains. Data are presented as mean ThT fluorescence of 4 repeated reactions.

https://doi.org/10.1371/journal.pone.0227487.9002

residue 138 influence the seeding activity, but no discernible difference was identified (Fig 7).
Previously reported study showed that reindeer with the NN138 polymorphism had the shortest
survival times in intracranially inoculated groups [17]. Also, all assays from each CWD source
were averaged across genotypes and compared to other assays seeded with other CWD inocula
in reindeer (Fig 8). Given the published differentiation of TSE isolates based upon fluorescence
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Fig 3. Comparison of averaged seeding activity of RT-QuIC reactions with BV rPrP seeded with brains from WTD inoculated with brains from different cervid
species. (WTD: blue line, elk: red line, MD: green line). All assays seeded with (a) EIA normalized stock and (b) 1072 dilution of WTD brains inoculated with each CWD
source was averaged and compared to assays seeded with two other CWD inocula. Data are presented as mean ThT fluorescence of 4 repeated reactions.

https://doi.org/10.1371/journal.pone.0227487.9003
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Fig 4. Comparison of seeding activity of RT-QuIC reactions with human rPrP which contain brain seeds from

WTD inoculated with infected brains from WTD (a), elk (b) or mule deer (c). This shows RT-QuIC reactions

seeded with 1072 dilution of EIA normalized brains in the presence of 0.002% SDS. Data are presented as mean ThT

fluorescence of 4 repeated reactions. Data are presented as mean ThT fluorescence of 4 repeated reactions.

https://doi.org/10.1371/journal.pone.0227487.9004

intensity by RT-QuIC it is worth noting that at a 10 dilution all three sources CWD exhibited
similar seeding activity based on both ThT fluorescence intensity and lag time, but with further
dilution (107*) CWD"'™ exhibited a slightly higher ThT fluorescence than assays seeded with
the other two sources of CWD. Given the similarities at the lower dilution we do not believe
this to be a meaningful observation but simply note it here for completeness.

RT-QulIC reactions seeded with brain material from CWD infected

reindeer using recombinant human PrP substrate

In order to evaluate the influence that PRNP genotype of the reindeer and source of CWD

inoculum had on the seeded conversion of recombinant human PrP, RT-QulC reactions were
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Fig 5. Comparison of seeding activity of RT-QuIC reactions with human rPrP which contain brain seeds from
WTD inoculated with brains of infected white-tailed deer (a), elk (b) or mule deer (c) in the presence of 0.001%
SDS. This shows RT-QuIC reactions seeded with 1072 dilution of EIA normalized brains. Data are presented as mean
ThT fluorescence of 4 repeated reactions. Data are presented as mean ThT fluorescence of 4 repeated reactions.

https://doi.org/10.1371/journal.pone.0227487.9005

seeded with 1072 of EIA normalized brain tissues from CWD infected reindeer. All assays
seeded with positive animals showed ThT fluorescence increase within 20 hours similar to the
results reported here for assays seeded with CWD positive white-tailed deer confirming that
recombinant human PrP can be useful for rapid detection of CWD prions (Fig 9). In addition,
all reaction assays from each CWD source were averaged across genotypes and the result of
which are shown in the figure (Fig 10). All reactions had similar lag time and ThT fluorescence
intensity as observed with seeded reactions from white-tailed deer which suggests that there is
no consistent association between in-vitro seeding activity and genotypes of reindeers or
source of CWD inoculum.
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Fig 6. Comparison of averaged seeding activity of RT-QulC reactions with human rPrP seeded with brains from
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green line). All assays from each CWD source was averaged and compared to assays seeded with different CWD
inocula. Data are presented as mean ThT fluorescence of 4 repeated reactions.
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Discussion and conclusions

Using in-vitro RT-QulC assays, we have previously shown the impact of scrapie seed derived
from different genotypes of sheep on RT-QulC seeding activity [29]. In the present study, we
have further identified the effect of different genotypes and species of cervids previously inocu-
lated with different sources of CWD in the seeding activity in RT-QuIC using BV and human
recombinant prion protein as the substrate. Previously we have shown that RT-QulC reactions
seeded with VRQ/VRQ sheep scrapie had higher seeding activity with shorter lag time com-
pared to assays seeded with ARQ/ARQ sheep scrapie. In addition to RT-QulC assays, bioassay
confirmed that mice inoculated with VRQ/VRQ sheep scrapie had a shorter incubation period
[29]. Since this previous study confirmed that in-vitro seeding activity can accurately reflect in-
vivo results with regard to disease, we wanted to test how different genotypes of cervids or dif-
ferent source of CWD affect the seeding activity of recombinant BV PrP and human PrP. In
this way, we may gain understanding of genotype effects on CWD transmission to human.

Using samples from previous studies, summarized in Tables 1 and 2, we assessed the seeded
conversion of human rPrP in addition to BV rPrP by seeding with CWD prions from different
sources. Based on the reputation of BV rPrP as a universal substrate in RT-QulC [20, 30, 31], it
was expected that we would observe efficient conversion of the samples tested here, of note is
the observation that the efficiency of conversion was essentially indistinguishable regardless of
CWD isolate or genotype among those tested further supporting the use of BV rPrP as a sub-
strate in the detection of CWD.

Utilizing the same set of samples we also demonstrated that CWD prions sourced from
WTD, elk or mule deer can seed human rPrP with high efficiency. To date, we are aware of
only one report on the seeding activity of human substrate with CWD prions using RT-QulIC.
This report showed that CWD prions from white-tailed deer could be used to seed human sub-
strate (129M) and that the CWD conversion was more efficient than conversion with classical
BSE prions [30]. Our study reconfirms that CWD is an efficient seed for human rPrP substrate.
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Fig 7. Comparison of seeding activity of RT-QuIC reactions with BV rPrP which contain seeds from reindeer inoculated with brains of infected WTD (a and b),
elk (c and d) or mule deer (e and f). Left panel shows RT-QuIC reactions seeded with 107 brain dilution of EIA normalized and right panel shows RT-QuIC reactions
seeded with 107> dilutions of brains. Data are presented as mean ThT fluorescence of 4 repeated reactions.

https://doi.org/10.1371/journal.pone.0227487.9007

The relatively high efficiency of RT-QulC amplification of CWD prions using human rPrP
substrate may seem counter to the status of the broader understanding of CWD not being
associated with human disease. This understanding is based on the published body of work on
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Fig 8. Comparison of averaged seeding activity of RT-QulIC reactions with BV rPrP seeded with brains from reindeer inoculated with brains of infectious cervid
species. (WTD: blue line, elk: red line, MD: green line). All assays seeded with (a) 1072 or (b) 1072 dilution of EIA normalized stock dilutions of reindeer brains
inoculated with each CWD source was averaged and compared to assays seeded with two other CWD inocula. Data are presented as mean ThT fluorescence of 4
repeated reactions.

https://doi.org/10.1371/journal.pone.0227487.g008
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Fig 9. Comparison of seeding activity of RT-QuIC reactions with human rPrP which contain brain seeds from
reindeer inoculated with brains of infectious WTD (a), elk (b) or mule deer (c). This shows RT-QulC reactions
seeded with 1072 dilution of EIA normalized brains in the presence of 0.002% SDS. Data are presented as mean ThT
fluorescence of 4 repeated reactions. Data are presented as mean ThT fluorescence of 4 repeated reactions.

https://doi.org/10.1371/journal.pone.0227487.9009

CWD and human transmission from either PMCA based amplification, transgenic mouse
studies and non-human primates [31-37]. Collectively this work indicates that the species bar-
rier is strong between humans and cervid CWD, and the efficient converstion of CWD prions
using human rPrP by RT-QulC does not challenge this because RT-QulC exclusively assess
the primary structure compatibility of the substrate with that of the secondary and tertiary
structure of the seed. However, RT-QulC does offer us a means to rapidly assess large numbers
of amino acid substitutions between and within species associated with CWD to determine
whether. In this study we did not observe changes in the key parameters to differentiate
RT-QuIC (lag time, amyloid formation, or ThT fluorescence signal intensity) [38] based on
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different CWD inocula. Data are presented as mean ThT fluorescence of 4 repeated reactions.

https://doi.org/10.1371/journal.pone.0227487.9010

the genotypes of CWD or with different sources of CWD. Since the RT-QulC assay monitors
the fibril formation in real-time via binding of the fluorescence marker ThT to the amyloid
fibrils, different lag times indicate different seeding rate of reactions, which is often used to dif-
ferentiate the reaction. The maximal ThT fluorescence intensity of each reaction can be a simple
indicator to reflect seeding activity measured in the RT-QulC [39]. However, in this study, the
source genotype of the CWD seed from either white-tailed deer or reindeer did not seem to
show any distinct correlation with reaction time in RT-QulC when analyzed with lag time and
ThT fluorescence intensity. One possible explanation for these results might be that the original
inoculum, used to i.c. inoculate the WTD and reindeer used as seeds for these experiments, was
pooled brain material (CWD affected elk (CWD*X), CWD-affected mule deer from Wyoming
(CWD™9), or CWD from white-tailed deer from Wisconsin combined with brain material
from experimentally challenged white-tailed deer (CWD"'%)), therefore it might contain a mix-
ture of CWD strains and thus not exhibit a meaningful difference by RT-QulIC.

Haley and colleagues provide a comprehensive evaluation of RT-QulC conversion of differ-
ent genotypes of cervid CWD seed using various genotypes of cervid rPrP advance the under-
standing of genotype based susceptibility/resitance of CWD [40], and Orru and colleagues
conducted an extensive assessment of RT-QulC derived fibrils to further the understanding of
strains using RT-QulC and detailed biochemical characterization of the resultant fibril prod-
ucts [20]. The existence of strains and CWD source genotype are components in this study,
however, the focus of the work is whether the BV prion protein is equivalently sensitive at the
detection of CWD from white-tailed deer and reindeer of different genotypes and whether
these different genotypes might be of different risk to humans through differences in the
seeding capacity. In this report we showed that the recombinant BV prion protein substrate
exhibits equivalent sensitivity for the different species and genotypes studied here further sup-
porting the use of BV prion protein as a universal substrate in the development of RT-QulC
based diagnostics, and the rate of conversion of PrP to PrP*° using human substrate does not
differ based on the species or genotype of those tested here. This in vitro assay only assesses the
seeded misfolding aspect of the complex disease process of TSEs, and it does not specifically
report on the disease susceptibility/resistance of humans to CWD. For this data on evaluating
seeded conversion, there is no evidence supporting greater or lesser risk with regard to human
transmission from CWD of different species or genotypes.

PLOS ONE | https://doi.org/10.1371/journal.pone.0227487  January 7, 2020 12/15


https://doi.org/10.1371/journal.pone.0227487.g010
https://doi.org/10.1371/journal.pone.0227487

@ PLOS|ONE

Seed genotype in RT-QuIC

Acknowledgments

Disclaimer: Mention of trade names or commercial products in this publication is solely for
the purpose of providing specific information and does not imply recommendation or
endorsement by the U.S. Department of Agriculture. USDA is an equal opportunity provider
and employer.

The authors thank Semakaleng Lebepe-Mazur, Trudy Tatum, and Joe Lesan for providing
technical support to this project.

Author Contributions

Conceptualization: Soyoun Hwang, Eric M. Nicholson.
Formal analysis: Soyoun Hwang.

Investigation: Soyoun Hwang, Eric M. Nicholson.
Methodology: Soyoun Hwang, Eric M. Nicholson.
Resources: Justin J. Greenlee.

Supervision: Eric M. Nicholson.

Writing - original draft: Soyoun Hwang, Eric M. Nicholson.

Writing - review & editing: Soyoun Hwang, Justin J. Greenlee, Eric M. Nicholson.

References

1. Prusiner SB. Prions. Proc Natl Acad Sci USA. 1998; 95(23):13363-83. https://doi.org/10.1073/pnas.95.
23.13363 PMID: 9811807.

2. Collinge J. Prion diseases of humans and animals: their causes and molecular basis. Annual review of
neuroscience. 2001; 24:519-50. https://doi.org/10.1146/annurev.neuro.24.1.519 PMID: 11283320.

3. Caughey B, Chesebro B. Transmissible spongiform encephalopathies and prion protein interconver-
sions. Adv Virus Res. 2001; 56:277-311. https://doi.org/10.1016/s0065-3527(01)56031-5 PMID:
11450303.

4. Haley NJ, Hoover EA. Chronic wasting disease of cervids: current knowledge and future perspectives.
Annu Rev Anim Biosci. 2015; 3:305-25. https://doi.org/10.1146/annurev-animal-022114-111001
PMID: 25387112.

5. Benestad SL, Mitchell G, Simmons M, Ytrehus B, Vikoren T. First case of chronic wasting disease in
Europe in a Norwegian free-ranging reindeer. Vet Res. 2016; 47(1):88. https://doi.org/10.1186/s13567-
016-0375-4 PMID: 27641251.

6. Department for Environment FaRA, Agency APH, Monitoring VSPAT-ID. Update on Chronic Wasting
Disease in Europe 2018. Available from: https://assets.publishing.service.gov.uk/government/uploads/
system/uploads/attachment_data/file/703368/sa-cwd-norway-20180425.pdf.

7. National Veterinary Institute S. Map of Chronic Wasting Disease (CWD) 2019. Available from: https:/
www.sva.se/en/animal-health/wildlife/map-of-chronic-wasting-disease-cwd.

8. Greenlee JJ, Zhang X, Nicholson EM, Kunkle RA, Hamir AN. Prolonged incubation time in sheep with
prion protein containing lysine at position 171. J Vet Diagn Invest. 2012; 24(3):554-8. https://doi.org/10.
1177/1040638712440993 PMID: 22529124.

9. Vrentas CE, Greenlee JJ, Tatum TL, Nicholson EM. Relationships between PrPSc stability and incuba-
tion time for United States scrapie isolates in a natural host system. PLoS One. 2012; 7(8):€43060.
https://doi.org/10.1371/journal.pone.0043060 PMID: 22916207.

10. Moore SJ, Smith JD, Greenlee MH, Nicholson EM, Richt JA, Greenlee JJ. Comparison of two US
sheep scrapie isolates supports identification as separate strains. Veterinary pathology. 2016; 53
(6):1187-96. https://doi.org/10.1177/0300985816629712 PMID: 26936223.

11. Moore SJ, West Greenlee MH, Smith JD, Vrentas CE, Nicholson EM, Greenlee JJ. A Comparison of
Classical and H-Type Bovine Spongiform Encephalopathy Associated with E211K Prion Protein Poly-
morphism in Wild-Type and EK211 Cattle Following Intracranial Inoculation. Front Vet Sci. 2016; 3:78.
https://doi.org/10.3389/fvets.2016.00078 PMID: 27695695.

PLOS ONE | https://doi.org/10.1371/journal.pone.0227487  January 7, 2020 13/15


https://doi.org/10.1073/pnas.95.23.13363
https://doi.org/10.1073/pnas.95.23.13363
http://www.ncbi.nlm.nih.gov/pubmed/9811807
https://doi.org/10.1146/annurev.neuro.24.1.519
http://www.ncbi.nlm.nih.gov/pubmed/11283320
https://doi.org/10.1016/s0065-3527(01)56031-5
http://www.ncbi.nlm.nih.gov/pubmed/11450303
https://doi.org/10.1146/annurev-animal-022114-111001
http://www.ncbi.nlm.nih.gov/pubmed/25387112
https://doi.org/10.1186/s13567-016-0375-4
https://doi.org/10.1186/s13567-016-0375-4
http://www.ncbi.nlm.nih.gov/pubmed/27641251
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/703368/sa-cwd-norway-20180425.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/703368/sa-cwd-norway-20180425.pdf
https://www.sva.se/en/animal-health/wildlife/map-of-chronic-wasting-disease-cwd
https://www.sva.se/en/animal-health/wildlife/map-of-chronic-wasting-disease-cwd
https://doi.org/10.1177/1040638712440993
https://doi.org/10.1177/1040638712440993
http://www.ncbi.nlm.nih.gov/pubmed/22529124
https://doi.org/10.1371/journal.pone.0043060
http://www.ncbi.nlm.nih.gov/pubmed/22916207
https://doi.org/10.1177/0300985816629712
http://www.ncbi.nlm.nih.gov/pubmed/26936223
https://doi.org/10.3389/fvets.2016.00078
http://www.ncbi.nlm.nih.gov/pubmed/27695695
https://doi.org/10.1371/journal.pone.0227487

@ PLOS|ONE

Seed genotype in RT-QuIC

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

Moore SJ, Vrentas CE, Hwang S, West Greenlee MH, Nicholson EM, Greenlee JJ. Pathologic and bio-
chemical characterization of PrP(Sc) from elk with PRNP polymorphisms at codon 132 after experimen-
tal infection with the chronic wasting disease agent. BMC veterinary research. 2018; 14(1):80. https:/
doi.org/10.1186/s12917-018-1400-9 PMID: 29523205.

Hamir AN, Gidlewski T, Spraker TR, Miller JM, Creekmore L, Crocheck M, et al. Preliminary observa-
tions of genetic susceptibility of elk (Cervus elaphus nelsoni) to chronic wasting disease by experimental
oral inoculation. J Vet Diagn Invest. 2006; 18(1):110—4. https://doi.org/10.1177/104063870601800118
PMID: 16566268.

Johnson C, Johnson J, Vanderloo JP, Keane D, Aiken JM, McKenzie D. Prion protein polymorphisms in
white-tailed deer influence susceptibility to chronic wasting disease. The Journal of general virology.
2006; 87(Pt 7):2109-14. https://doi.org/10.1099/vir.0.81615-0 PMID: 16760415.

Schmitz M, Cramm M, Llorens F, Muller-Cramm D, Collins S, Atarashi R, et al. The real-time quaking-
induced conversion assay for detection of human prion disease and study of other protein misfolding
diseases. Nat Protoc. 2016; 11(11):2233—42. https://doi.org/10.1038/nprot.2016.120 PMID: 27735933.

Hamir AN, Richt JA, Miller JM, Kunkle RA, Hall SM, Nicholson EM, et al. Experimental transmission of
chronic wasting disease (CWD) of elk (Cervus elaphus nelsoni), white-tailed deer (Odocoileus virginia-
nus), and mule deer (Odocoileus hemionus hemionus) to white-tailed deer by intracerebral route. Veter-
inary pathology. 2008; 45(3):297-306. https://doi.org/10.1354/vp.45-3-297 PMID: 18487485.

Moore SJ, Kunkle R, Greenlee MH, Nicholson E, Richt J, Hamir A, et al. Horizontal Transmission of
Chronic Wasting Disease in Reindeer. Emerg Infect Dis. 2016; 22(12):2142-5. https://doi.org/10.3201/
eid2212.160635 PMID: 27869594.

Vrentas CE, Greenlee JJ, Baron T, Caramelli M, Czub S, Nicholson EM. Stability properties of PrP(Sc)
from cattle with experimental transmissible spongiform encephalopathies: use of a rapid whole homog-
enate, protease-free assay. BMC Vet Res. 2013; 9:167. https://doi.org/10.1186/1746-6148-9-167
PMID: 23945217.

Vrentas CE, Onstot S, Nicholson EM. A comparative analysis of rapid methods for purification and
refolding of recombinant bovine prion protein. Protein Expr Purif. 2012; 82(2):380-8. https://doi.org/10.
1016/j.pep.2012.02.008 PMID: 22381461.

Orru CD, Groveman BR, Raymond LD, Hughson AG, Nonno R, Zou W, et al. Bank Vole prion protein
as an apparently universal substrate for RT-QulC-based detection and discrimination of prion strains.
PLoS Pathog. 2015; 11(6):€1004983. https://doi.org/10.1371/journal.ppat. 1004983 PMID: 26086786.

Dassanayake RP, Orru CD, Hughson AG, Caughey B, Graca T, Zhuang D, et al. Sensitive and specific
detection of classical scrapie prions in the brains of goats by real-time quaking-induced conversion. The
Journal of general virology. 2016; 97(3):803—12. https://doi.org/10.1099/jgv.0.000367 PMID:
26653410.

ChengK, Sloan A, Avery KM, Coulthart M, Carpenter M, Knox JD. Exploring physical and chemical fac-
tors influencing the properties of recombinant prion protein and the real-time quaking-induced conver-
sion (RT-QuIC) assay. PLoS One. 2014; 9(1):e84812. https://doi.org/10.1371/journal.pone.0084812
PMID: 24404191.

Orru CD, Hughson AG, Groveman BR, Campbell KJ, Anson KJ, Manca M, et al. Factors that improve
RT-QuIC detection of prion seeding activity. Viruses. 2016; 8(5). https://doi.org/10.3390/v8050140
PMID: 27223300.

Masuijin K, Orru CD, Miyazawa K, Groveman BR, Raymond LD, Hughson AG, et al. Detection of atypi-
cal H-type bovine spongiform encephalopathy and discrimination of bovine prion strains by real-time
quaking-induced conversion. Journal of clinical microbiology. 2016; 54(3):676—86. https://doi.org/10.
1128/JCM.02731-15 PMID: 26739160.

Orru CD, Favole A, Corona C, Mazza M, Manca M, Groveman BR, et al. Detection and discrimination of
classical and atypical L-type bovine spongiform encephalopathy by real-time quaking-induced conver-
sion. Journal of clinical microbiology. 2015; 53(4):1115-20. https://doi.org/10.1128/JCM.02906-14
PMID: 25609728.

Hwang S, Greenlee JJ, Nicholson EM. Use of bovine recombinant prion protein and real-time quaking-
induced conversion to detect cattle transmissible mink encephalopathy prions and discriminate classi-
cal and atypical L- and H-Type bovine spongiform encephalopathy. PLoS One. 2017; 12(2):e0172391.
https://doi.org/10.1371/journal.pone.0172391 PMID: 28225797.

Orru CD, Groveman BR, Hughson AG, Zanusso G, Coulthart MB, Caughey B. Rapid and sensitive RT-
QuIC detection of human Creutzfeldt-Jakob disease using cerebrospinal fluid. mBio. 2015; 6(1). https://
doi.org/10.1128/mBio.02451-14 PMID: 25604790.

Orru CD, Bongianni M, Tonoli G, Ferrari S, Hughson AG, Groveman BR, et al. A test for Creutzfeldt-
Jakob disease using nasal brushings. N Engl J Med. 2014; 371(6):519-29. https://doi.org/10.1056/
NEJMoa1315200 PMID: 25099576.

PLOS ONE | https://doi.org/10.1371/journal.pone.0227487  January 7, 2020 14/15


https://doi.org/10.1186/s12917-018-1400-9
https://doi.org/10.1186/s12917-018-1400-9
http://www.ncbi.nlm.nih.gov/pubmed/29523205
https://doi.org/10.1177/104063870601800118
http://www.ncbi.nlm.nih.gov/pubmed/16566268
https://doi.org/10.1099/vir.0.81615-0
http://www.ncbi.nlm.nih.gov/pubmed/16760415
https://doi.org/10.1038/nprot.2016.120
http://www.ncbi.nlm.nih.gov/pubmed/27735933
https://doi.org/10.1354/vp.45-3-297
http://www.ncbi.nlm.nih.gov/pubmed/18487485
https://doi.org/10.3201/eid2212.160635
https://doi.org/10.3201/eid2212.160635
http://www.ncbi.nlm.nih.gov/pubmed/27869594
https://doi.org/10.1186/1746-6148-9-167
http://www.ncbi.nlm.nih.gov/pubmed/23945217
https://doi.org/10.1016/j.pep.2012.02.008
https://doi.org/10.1016/j.pep.2012.02.008
http://www.ncbi.nlm.nih.gov/pubmed/22381461
https://doi.org/10.1371/journal.ppat.1004983
http://www.ncbi.nlm.nih.gov/pubmed/26086786
https://doi.org/10.1099/jgv.0.000367
http://www.ncbi.nlm.nih.gov/pubmed/26653410
https://doi.org/10.1371/journal.pone.0084812
http://www.ncbi.nlm.nih.gov/pubmed/24404191
https://doi.org/10.3390/v8050140
http://www.ncbi.nlm.nih.gov/pubmed/27223300
https://doi.org/10.1128/JCM.02731-15
https://doi.org/10.1128/JCM.02731-15
http://www.ncbi.nlm.nih.gov/pubmed/26739160
https://doi.org/10.1128/JCM.02906-14
http://www.ncbi.nlm.nih.gov/pubmed/25609728
https://doi.org/10.1371/journal.pone.0172391
http://www.ncbi.nlm.nih.gov/pubmed/28225797
https://doi.org/10.1128/mBio.02451-14
https://doi.org/10.1128/mBio.02451-14
http://www.ncbi.nlm.nih.gov/pubmed/25604790
https://doi.org/10.1056/NEJMoa1315200
https://doi.org/10.1056/NEJMoa1315200
http://www.ncbi.nlm.nih.gov/pubmed/25099576
https://doi.org/10.1371/journal.pone.0227487

@ PLOS|ONE

Seed genotype in RT-QuIC

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Hwang S, Greenlee JJ, Vance NM, Nicholson EM. Source genotype influence on cross species trans-
mission of transmissible spongiform encephalopathies evaluated by RT-QuIC. PLoS One. 2018; 13
(12):0209106. https://doi.org/10.1371/journal.pone.0209106 PMID: 30571737.

Davenport KA, Henderson DM, Bian J, Telling GC, Mathiason CK, Hoover EA. Insights into Chronic
Wasting Disease and Bovine Spongiform Encephalopathy Species Barriers by Use of Real-Time Con-
version. Journal of virology. 2015; 89(18):9524—31. https://doi.org/10.1128/JV1.01439-15 PMID:
26157118.

Race B, Williams K, Orru CD, Hughson AG, Lubke L, Chesebro B. Lack of Transmission of Chronic
Wasting Disease to Cynomolgus Macaques. Journal of virology. 2018; 92(14). https://doi.org/10.1128/
JVI1.00550-18 PMID: 29695429.

Tamguney G, Giles K, Bouzamondo-Bernstein E, Bosque PJ, Miller MW, Safar J, et al. Transmission of
elk and deer prions to transgenic mice. Journal of virology. 2006; 80(18):9104—14. https://doi.org/10.
1128/JV1.00098-06 PMID: 16940522.

Barria MA, Balachandran A, Morita M, Kitamoto T, Barron R, Manson J, et al. Molecular barriers to zoo-
notic transmission of prions. Emerg Infect Dis. 2014; 20(1):88-97. https://doi.org/10.3201/eid2001.
130858 PMID: 24377702.

Barria MA, Telling GC, Gambetti P, Mastrianni JA, Soto C. Generation of a new form of human PrP(Sc)
in vitro by interspecies transmission from cervid prions. The Journal of biological chemistry. 2011; 286
(9):7490-5. https://doi.org/10.1074/jbc.M110.198465 PMID: 21209079.

Kong Q, Huang S, Zou W, Vanegas D, Wang M, Wu D, et al. Chronic wasting disease of elk: transmissi-
bility to humans examined by transgenic mouse models. J Neurosci. 2005; 25(35):7944-9. https://doi.
org/10.1523/JNEUROSCI.2467-05.2005 PMID: 16135751.

Kurt TD, Jiang L, Fernandez-Borges N, Bett C, Liu J, Yang T, et al. Human prion protein sequence ele-
ments impede cross-species chronic wasting disease transmission. J Clin Invest. 2015; 125(6):2548.
https://doi.org/10.1172/JC182647 PMID: 25961458.

Sandberg MK, Al-Doujaily H, Sigurdson CJ, Glatzel M, O’'Malley C, Powell C, et al. Chronic wasting dis-
ease prions are not transmissible to transgenic mice overexpressing human prion protein. The Journal
of general virology. 2010; 91(Pt 10):2651-7. https://doi.org/10.1099/vir.0.024380-0 PMID: 20610667.

Kang HE, Mo Y, Abd Rahim R, Lee HM, Ryou C. Prion Diagnosis: Application of Real-Time Quaking-
Induced Conversion. Biomed Res Int. 2017; 2017:5413936. https://doi.org/10.1155/2017/5413936
PMID: 28596963.

Atarashi R, Satoh K, Sano K, Fuse T, Yamaguchi N, Ishibashi D, et al. Ultrasensitive human prion
detection in cerebrospinal fluid by real-time quaking-induced conversion. Nat Med. 2011; 17(2):175-8.
https://doi.org/10.1038/nm.2294 PMID: 21278748.

Haley NJ, Rielinger R, Davenport KA, O’Rourke K, Mitchell G, Richt JA. Estimating chronic wasting dis-
ease susceptibility in cervids using real-time quaking-induced conversion. The Journal of general virol-
ogy. 2017; 98(11):2882-92. https://doi.org/10.1099/jgv.0.000952 PMID: 29058651.

PLOS ONE | https://doi.org/10.1371/journal.pone.0227487  January 7, 2020 15/15


https://doi.org/10.1371/journal.pone.0209106
http://www.ncbi.nlm.nih.gov/pubmed/30571737
https://doi.org/10.1128/JVI.01439-15
http://www.ncbi.nlm.nih.gov/pubmed/26157118
https://doi.org/10.1128/JVI.00550-18
https://doi.org/10.1128/JVI.00550-18
http://www.ncbi.nlm.nih.gov/pubmed/29695429
https://doi.org/10.1128/JVI.00098-06
https://doi.org/10.1128/JVI.00098-06
http://www.ncbi.nlm.nih.gov/pubmed/16940522
https://doi.org/10.3201/eid2001.130858
https://doi.org/10.3201/eid2001.130858
http://www.ncbi.nlm.nih.gov/pubmed/24377702
https://doi.org/10.1074/jbc.M110.198465
http://www.ncbi.nlm.nih.gov/pubmed/21209079
https://doi.org/10.1523/JNEUROSCI.2467-05.2005
https://doi.org/10.1523/JNEUROSCI.2467-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16135751
https://doi.org/10.1172/JCI82647
http://www.ncbi.nlm.nih.gov/pubmed/25961458
https://doi.org/10.1099/vir.0.024380-0
http://www.ncbi.nlm.nih.gov/pubmed/20610667
https://doi.org/10.1155/2017/5413936
http://www.ncbi.nlm.nih.gov/pubmed/28596963
https://doi.org/10.1038/nm.2294
http://www.ncbi.nlm.nih.gov/pubmed/21278748
https://doi.org/10.1099/jgv.0.000952
http://www.ncbi.nlm.nih.gov/pubmed/29058651
https://doi.org/10.1371/journal.pone.0227487

