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ABSTRACT

Phenotypic diversity in prion diseases can be specified by prion strains in which biological traits are propagated through an epi-
genetic mechanism mediated by distinct PrP>° conformations. We investigated the role of host-dependent factors on phenotypic
diversity of chronic wasting disease (CWD) in different host species that express the same prion protein gene (Prnp). Two CWD
strains that have distinct biological, biochemical, and pathological features were identified in transgenic mice that express the
Syrian golden hamster (SGH) Prnp. The CKY strain of CWD had a shorter incubation period than the WST strain of CWD, but
after transmission to SGH, the incubation period of CKY CWD was ~150 days longer than WST CWD. Limited proteinase K
digestion revealed strain-specific PrP*° polypeptide patterns that were maintained in both hosts, but the solubility and confor-
mational stability of PrP*® differed for the CWD strains in a host-dependent manner. WST CWD produced PrP* amyloid
plaques in the brain of the SGH that were partially insoluble and stable at a high concentration of protein denaturant. However,
in transgenic mice, PrP5 from WST CWD did not assemble into plaques, was highly soluble, and had low conformational stabil-
ity. Similar studies using the HY and DY strains of transmissible mink encephalopathy resulted in minor differences in prion
biological and PrP*° properties between transgenic mice and SGH. These findings indicate that host-specific pathways that are
independent of Prup can alter the PrPS conformation of certain prion strains, leading to changes in the biophysical properties of

PrP*¢, neuropathology, and clinical prion disease.

IMPORTANCE

Prions are misfolded pathogenic proteins that cause neurodegeneration in humans and animals. Transmissible prion diseases
exhibit a spectrum of disease phenotypes and the basis of this diversity is encoded in the structure of the pathogenic prion pro-
tein and propagated by an epigenetic mechanism. In the present study, we investigated prion diversity in two hosts species that
express the same prion protein gene. While prior reports have demonstrated that prion strain properties are stable upon infec-
tion of the same host species and prion protein genotype, our findings indicate that certain prion strains can undergo dramatic
changes in biological properties that are not dependent on the prion protein. Therefore, host factors independent of the prion
protein can affect prion diversity. Understanding how host pathways can modify prion disease phenotypes may provide
clues on how to alter prion formation and lead to treatments for prion, and other, human neurodegenerative diseases of

protein misfolding.

Prion diseases are transmissible protein misfolding diseases
that cause fatal neurodegeneration in humans and animals.
The mechanism of prion formation has been proposed to proceed
by a template-dependent, or seeded, protein polymerization (1,
2). In seeded polymerization epigenetic information transfer is
mediated by the pathogenic prion protein (PrP*¢), which self-
assembles into multimers and/or amyloid by a conformation-de-
pendent mechanism that involves the misfolding and incorpora-
tion of the cellular isoform of the prion protein (PrP%) into the
elongating amyloid. In prion diseases, phenotypic diversity within
a host species has been attributed to both the primary structure of
PrP€ and the tertiary or quaternary structure of the PrP% multi-
mer. Mutations and polymorphisms in the prion protein gene
(Prnp) have been linked to phenotypic diversity among the inher-
ited and sporadic human prion diseases (3—9) and to experimental
scrapie prion infection in mice (10, 11). However, phenotypic
diversity also is observed for the infectious forms of disease during
intraspecies prion transmission in the absence of Prnp mutations
and polymorphisms. Here, prion diversity is propagated by dis-
tinct prion strains, which can be stably maintained within the
same host species to produce characteristic incubation periods,
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clinical symptoms, and neuropathology (12, 13). The molecular
basis of prion strain diversity is encoded in the structure of PrP%c
multimers and/or amyloid, such that distinct PrP*® conforma-
tions can propagate from a similar PrP resulting in different dis-
ease outcomes (14—17). This mechanism accounts for strain di-
versity not only for mammalian prion diseases but also in yeast
prions and prion-like neurodegenerative diseases of humans
(18-22).

Identification of a new prion phenotype is often described
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upon experimental transmission of prions into rodents from a
human or ruminant host with prion disease. Interspecies prion
transmission results in a reduction in the kinetics of new PrP%
formation by seeded polymerization due to mismatches in the
amino acid sequence between the infectious PrP*° and host-en-
coded PrP© (23-25). Consistent with these findings is that inter-
species transmission leads to an inefficient disease process that
results in very long prion incubation periods or, in several cases,
no disease transmission (26, 27). After this initial prion adaptation
in a new rodent host, there is an increase in the efficiency of PrpSc
propagation and a selection for fast replicating prions upon addi-
tional serial passages in the new host species. This is partially due
to homotypic PrP“-PrP*¢ interactions in which both isoforms of
the prion protein now have the same amino acid sequence (25,
28). After several passages, the prion phenotype will acquire stable
and highly reproducible biological and neuropathological features
in the new host species. In some studies, two prion phenotypes, or
strains, with different disease properties have been identified fol-
lowing interspecies transmission of a natural prion isolate (29).
The origin of these phenotypes is often difficult to assess because
there are only a few examples in which the newly identified prion
strains are inoculated back into the original host species (29, 30).
In these studies, it is possible to distinguish between the prion
strain present in the original host and was isolated upon interspe-
cies transmission into rodents, versus prion strains that arise in
rodents due to heterotypic PrP-PrP* interactions and adapta-
tion to the new host species. Furthermore, the role of cellular
factors that can influence adaptation and selection of prion strains
in a new host species is unclear because Prnp is the major deter-
minant for prion replication; in the absence of Prnp, there is no
PrP5¢ formation or prion transmission (31, 32). Genetic analyses
suggest that additional host genes can influence prion incubation
periods, but no candidate genes have been implicated to have a
significant role (33-35).

In the present study, we investigated interspecies transmission
of prions to different rodent hosts that express the same Prnp in
order to investigate the effect of Prnp-independent, host-specific
factors on prion strain diversity. An isolate of chronic wasting
disease (CWD) from white-tailed deer was transmitted to trans-
genic mice expressing Prnp from Syrian golden hamsters (SGH)
and two CWD strains were identified that had distinct biological
and PrP* biophysical properties. Upon interspecies transmission
to SGH there were dramatic changes to the phenotype of the CWD
strains, but similar rodent transmission studies using the HY and
DY strains of transmissible mink encephalopathy (TME) only led
to minor differences in the properties of the TME strains. These
findings indicate that host-dependent cellular pathways that are
independent of Prnp can have a profound impact on the biophys-
ical properties of PrP5 and the phenotypic diversity of certain
prion strains.

MATERIALS AND METHODS

Animalinoculations, body weight measurements, and tissue collection.
Transgenic mice were generated from PrP-null mice and were engineered
to express the SGH prion protein under the control of the rat neuron-
enolase specific promoter, as previously described (and kindly provided
by B. Chesebro and R. Race, NIH Rocky Mountain Laboratories, Hamil-
ton, MT) (36, 37). These transgenic mice are designated HPrP7752KO
mice and are referred to as transgenic mice here. HPrP7752KO mice were
estimated to have an ~4-fold-higher level of PrP< in the brain than found
in SGH (38). HPrP7752KO mice were intracerebrally (i.c.) inoculated
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with 30 pl of a 10% (wt/vol) brain homogenate from a free-ranging white-
tailed deer with CWD (kindly provided by E. Hoover, Colorado State
University, Fort Collins, CO). Brains from these CWD-infected trans-
genic mice were serially passaged into additional transgenic mice by in-
tracerebral inoculation of brain homogenates at a dilution of 10~ 2 or
10™*. In addition, brain homogenates from transgenic mice were serially
passaged into weanling, Syrian golden hamsters (Harlan Laboratories,
Indianapolis, IN) by i.c. inoculation with 50 ul of a 1 or 10% (wt/vol)
brain homogenate. Age-matched SGH were also inoculated with brain
homogenates from normal transgenic mice or SGH (i.e., mock-infected
group). After inoculation, individual hamster body weights were mea-
sured on a weekly basis. Transgenic mice and SGH were observed at least
three times per week for the onset of clinical symptoms and were eutha-
nized during the early to middle stages of neurological disease. For bio-
chemical tissue analysis, tissues were collected, immediately frozen over
dry ice, and stored at —80°C until use. For collection of tissues for immu-
nohistochemistry, hamsters were intracardially perfused with periodate-
lysine-paraformaldehyde fixative, and tissues were dissected and pro-
cessed for embedding in paraffin wax as previously described (39-41).

PrP5¢ enrichment and Western blotting. Frozen brain samples were
homogenized in lysis buffer (10 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1
mM EDTA, 0.5% sodium deoxycholate, and 0.5% ipegal) containing 1X
Complete protease inhibitor (Roche Diagnostics, Indianapolis, IN) to
10% (wt/vol). Brain samples were homogenized using a Bullet Blender
(Next Advance, Averill Park, NY) and 0.5-mm-diameter glass beads. The
protein concentration in tissue homogenates was determined using a
micro-BCA assay (Pierce Protein Research, Rockford, IL). To detect PrpSe
in brain, 100 pg of protein from clinically ill mice and SGH was digested
with proteinase K (PK; Roche Diagnostics Corp., Indianapolis, IN) at 10
and 100 g/ml at a protein sample concentration of 1 mg/ml. Enzymatic
reactions were performed at 37°C for 1 h with constant agitation, followed
by the addition of 1 mM Pefabloc (Roche Diagnostics Corp., Indianapolis,
IN). For studies involving the removal of N-linked carbohydrates from
proteins, enrichment for PrP¢ in brain samples was performed by extrac-
tion in buffer containing 10% Sarkosyl, differential ultracentrifugation,
and proteinase K digestion as previously described (39, 42). Deglycosyla-
tion was performed using N-endoglycosidase F (PNGase F) enzymatic
removal of carbohydrates (New England BioLabs, Beverly, MA) as previ-
ously described according to the manufacturer’s instructions (43).

SDS-PAGE was performed in 12% morpholinepropanesulfonic acid
NuPAGE gels (Invitrogen, Carlsbad, CA), and proteins were transferred
to polyvinylidene difluoride membranes for Western blot as previously
described (44). Detection of PrP€ and PrP5 on membranes was per-
formed using mouse (12B2; kindly provided by J. P. M. Langeveld, Cen-
tral Veterinary Institute of Wageningen, Lelystad, The Netherlands) (45)
and mouse-human chimeric monoclonal antibodies to the prion protein
(D13 and D18; kindly provided by D. Burton, The Scripps Research In-
stitute, La Jolla, CA) (46) as previously described (43, 47) or by using
LI-COR IRDye680LT and IRDye800LT secondary antibodies directed to
mouse or human IgG and a LI-COR Odyssey CLx Imager (LI-COR Bio-
sciences, Lincoln, NE).

Prion CSSA. A prion conformation solubility and stability assay
(CSSA) was performed as previously described with the following modi-
fications (48). Brain homogenates were adjusted to 2.5 mg of protein/ml
in 50 mM Tris (pH 7.4) and 2% N-lauroylsarcosine. After agitation for 1
hat 37°C, 50 ng of protein was removed and added to an equal volume of
GdnHCI solution so that the final GAnHCI concentration ([GdnHCI])
was 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, or 4.0 M. Samples were incubated for
1 hat 37°C with constant agitation. Ultracentrifugation was performed in
an Optima MAX and TLA-55 rotor at 21,000 rpm (20,000 X g) for 1 h
(Beckman Coulter Instruments, Fullerton, CA). The supernatant was
carefully removed, and the pellet and supernatant were analyzed by SDS-
PAGE and Western blotting with anti-PrP D18 antibody. The amount of
prion protein signal (LI-COR Image Studio software) in the supernatant
and pellet fractions at each [GdnHCIl] was combined and given a value of
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1.0. The percentage of prion protein that remained in the pellet fraction
represents insoluble PrP, and this was plotted versus the [GdnHCI] to
generate a prion protein solubility and stability curve. A best-fit line was
produced using the four-parameter nonlinear regression analysis in Prism
software (GraphPad). The median prion denaturation dose (DD5,) was
defined as the [GdnHCI] that resulted in a 50% reduction in the amount
of the prion protein in the insoluble fraction compared to the starting
amount of prion protein that was insoluble at 0 M GdnHCI. Brain from
three different animals was analyzed for each prion strain and rodent host
combination.

PrP5¢ THC. PrP>° immunohistochemistry (IHC) was performed on
paraffin embedded tissue as previously described (39-41). Tissue sections
were subjected to antigen retrieval by treatment with 99% (wt/vol) formic
acid for 30 min and successively incubated with anti-PrP monoclonal 3F4
antibody overnight at 4°C, horse anti-mouse IgG biotinylated antibody
(1:400; Vector Laboratories, Burlingame, CA) at room temperature for 30
min, and streptavidin-horseradish peroxidase (HRP) at room tempera-
ture for 20 min. PrP%° was visualized by localization of the HRP activity
with DAB+ (Dako Cytomation, Carpinteria, CA). Tissue sections were
counterstained with hematoxylin and coverslip mounted with mounting
medium (Richard-Allen Scientific, Kalamazoo, MI) for viewing with a
Nikon Eclipse E600 microscope. Controls for PrPS THC included the use
of mock-infected tissues and substituting a similar concentration of mu-
rine IgG isotype control for the anti-PrP 3F4 monoclonal antibody.

RT-QuIC assay. A real-time quaking-induced-conversion (RT-QuIC)
analysis was performed as previously described with minor modifications
(42, 49). Briefly, brain was homogenized to 10% (wt/vol) in buffer (10
mM phosphate buffer [pH 7.4], 300 mM NacCl, 0.5% Triton X-100, and
Complete protease inhibitor) using a BioSpec Mini-BeadBeater and
1-mm-diameter glass beads in 1.5-ml tubes (BioSpec Products, Inc.,
Bartlesville, OK). After low-speed centrifugation (2,000 X g for 2 min),
the supernatant was collected and frozen at —80°C until use. For RT-
QulIC reactions, brain supernatants were serially diluted in diluent (phos-
phate-buffered saline, 0.1% SDS, and N2 medium supplement), and 2 pl
of each was added to 98 pl containing reaction buffer (10 mM phosphate
buffer [pH 7.4], 300 mM NaCl, 1 mM EDTA tetrasodium salt), 10 .nM
Thioflavin T (ThT; Sigma-Aldrich, Inc., Atlanta, GA), and hamster re-
combinant PrP 90-231 (0.1 mg/ml) (49, 50). Quadruplicate reactions
were assayed in a 96-well microtiter plate (a black plate with a clear bot-
tom) using a FLUOstar Omega plate reader (BMG Labtech, Cary, NC) at
50°C for 1,500 cycles (one cycle consists of shaking at 700 rpm for 1 min
and resting for 1 min), and ThT fluorescence measurements were made
every 45 min. Spearman-Kirber analysis was used to calculate the median
prion seeding dose (SD5,) per mg of brain, and the SD5, concentration
was defined as the sample amount giving a positive response in 50% of
replicate RT-QulIC reactions (51). Positive RT-QuIC reactions were des-
ignated as reactions with ThT fluorescence that was >200% of the average
of ThT fluorescence signal for control samples (PrP*° negative).

Ethics statement. All procedures involving animals were approved by
the Montana State University and Colorado State University JACUC and
were in compliance with the Guide for the Care and Use of Laboratory
Animals; these guidelines were established by the Institute of Laboratory
Animal Resources and approved by the Governing Board of the U.S. Na-
tional Research Council.

RESULTS

Clinical features of WST and CKY CWD in rodents expressing
hamster Prnp. To investigate the role of host species-specific fac-
tors on prion strain diversity, an isolate of chronic wasting disease
from white-tailed deer was serially passaged in transgenic
mice expressing the Syrian golden hamster prion protein gene
(HPrP7752KO mice) and, subsequently, it was serially pas-
saged into SGH. The rationale for this approach was that the
higher expression level of hamster Prnp in HPrP7752K0O mice
would result in a more efficient CWD infection and adaptation
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upon interspecies transmission than direct inoculation of
SGH. Interspecies transmission from HPrP7752KO mice to SGH
does not result in a change in the Prup, so any observed changes to
the disease phenotype must be mediated by host factors other than
Prup or the PrP> conformation. Table 1 summarizes the trans-
mission studies of CWD into HPrP7752KO mice and SGH. A
portion of this table appeared in a previous publication and is
included here in order to present the transmission history of the
wasted (WST) strain of CWD (previously called CWD line A) and
CWD line B, now identified as the cheeky (CKY) strain of CWD
(40). The new animal transmission data includes second and third
serial passages of CKY CWD and WST CWD in SGH, respectively,
and serial backpassage of each into HPrP7752KO mice.

Serial transmission of WST CWD into HPrP7752KO mice re-
sulted in incubation periods that stabilized at ~190 days on the
third and fourth passages (Table 1, recipient groups M6339 and
M6386). The clinical symptoms presented as reduced activity and
an oily appearance to the fur coat, and this was followed by ky-
phosis, a shortened trunk, and somnolence. CWD-adapted to
HPrP7752KO mice were transmitted into SGH, and the precise
onset of symptoms was difficult to assess due to the subtle nature
of the neurological changes. On the third serial passage in SGH, we
estimate the incubation period to be 323 * 2.1 days (Table 1,
recipient group H1733), which in retrospect is likely to be repre-
sentative of first and second serial passage in SGH even though
longer incubation periods were initially reported. At around 41
weeks postinfection, the hamsters exhibited an increase in physi-
cal activity and a progressive loss of body weight over the remain-
der of the disease (Fig. 1A). Additional symptoms were progres-
sive and included rearing, head tremor, craning of the neck
backward, loss of balance, jerky movements when walking, cir-
cling behavior, low profiling when walking, and altered burrowing
behavior.

An examination of body weight as a percentage of the body
weight from the previous week, or the BW replacement value,
reveals a steady decline starting at 32 weeks postinfection in SGH
(Fig. 1B). However, there was not a net loss in body weight until 40
weeks postinfection (Fig. 1A) because the BW replacement value
was >100% until 38 weeks postinfection even though it was on the
decline (Fig. 1B). It was not until after 44 weeks postinfection that
the BW replacement value dropped below 99%, and for the re-
mainder of the disease the BW replacement value declined 2.5 to
4% per week in SGH (Fig. 1B). The mean body weight in WST
CWD-infected SGH reached a peak of 206 * 5.7 g at 39 weeks
postinfection, which corresponded to a 10% increase in peak body
weight compared to mock-infected SGH (Table 2). The mean
body weight at the terminal stage of the disease was 135 * 4.3 gat
55 weeks postinfection, or a 34% reduction from peak body
weight. The biological properties of CWD in hamsters led us to
call this the “wasted” (WST) strain of CWD. It is the only prion
strain that has been described in SGH that causes a progressive,
long-term reduction in body weight.

The CKY CWD passage line was established using first passage
HPrP7752KO mouse brain at a 10,000-fold dilution for the sec-
ond passage, compared to a 100-fold dilution used to establish the
WST CWD passage line (see recipient group M6148 and inocula-
tion numbers M6148.1 and M6148.3 in Table 1). This approach
previously has been used to identify slower replicating prions that
can be concealed by faster replicating prions in a mixture of prion
strains, especially when the latter is present at lower doses (52). At
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TABLE 1 Incubation period after serial passage of CWD isolates into transgenic mice and Syrian golden hamsters

HPrP7752KO mice

Syrian golden hamsters

Inoculum? (incubation  Incubation period

Incubation period Total no. of

Recipient group” period in days) (days) = SEM A/I° Pass no.” (days) = SEM A/T* Passage  serial passages
Control (M6148) CWD (NA) 417 *+ 23.6 4/4 First 1
WST CWD passage
M6299 M6148.1 (369) 198 £ 3.1 5/5 Second 2
M6339 M6299.1 (192) 189 = 5.7 4/4 Third 3
M6386 M6339.2 (189) 187 = 1.8 4/4 Fourth 4
H1471 M6299.1 (192) 379 3.0 4/4 First 3
H1572 H1471.4 (382) 343 £5.0 8/8 Second 4
H1733 H1572.1 (340) 323 2.1 19/19  Third 5
M6429 H1572.1 (340) 180 = 8.3 3/3 First back pass 5
M6595 M6429.3 (197) 218 = 9.1 5/5 Second back pass 6
CKY CWD passage
M6332 M6148.3 (473) 360 £ 16 3/3 Second 2
M6374 M6332.1 (343) 160 * 4.6 4/4 Third 3
M6388 M6374.4 (151) 157 £ 0.0 3/3 Fourth 4
H1604 M6374.4 (151) 477 = 15.4 3/3 First 4
H1727 H1604.2 (468) 479 £ 6.4 20/20  Second 5
M6448 H1604.2 (468) 156 = 2.5 5/5 First back pass 5
M6596 Me6448.1 (151) 178 = 2.5 6/6 Second back pass 6

“ Recipient rodents were either HPrP7752KO mice (indicated by an “M” preceding the recipient group number) or Syrian golden hamsters (indicated by an “H” preceding the

recipient group number).

% The inoculum was a 1% brain homogenate, a 10% brain homogenate (for initial passage of CWD isolate into HPrP7752KO mice and for inoculation of CKY CWD into Syrian
golden hamsters), or a 0.01% brain homogenate (M6148.3). All inoculations were administered i.c. using the inoculum from an individual animal in the recipient group (indicated
by the suffixes .1, .2, .3, and .4). The incubation period for the transgenic mouse or Syrian golden hamster used with the inoculum is indicated in parentheses. NA, not applicable.

¢ A/I, number of animals affected by prion disease versus the total number inoculated.
9 Number of serial passages in either HPrP7752KO mice or Syrian golden hamsters.

the second serial passage into HPrP7752KO mice, the incubation
period was long due to the high dilution of inoculum (360 * 16
days, see recipient group M6332 in Table 1). At the third and
fourth serial transmission, now using a 100-fold dilution of the
brain inoculum, the incubation period in HPrP7752KO mice sta-
bilized around 160 days postinfection, and clinical symptoms
were characterized by ptosis, torticollis, and ultimately somno-
lence and kyphosis (Table 1, see recipient groups M6374 and
M6388). These findings indicate that the CWD strains were pres-
ent as a mixture in the CWD inocula and/or brain of transgenic
mice after interspecies transmission of CWD, but we would have
predicted different results, i.e., that the shorter incubation period
CKY CWD would cause clinical disease prior to WST CWD upon
serial passage and not require high dilution of the brain inocula in
order to emerge.

Subsequent transmission of fourth-passage transgenic mouse
brain from the CKY CWD passage line into SGH resulted in incu-
bation periods of ~475 days on the first and second serial passages
(Table 1, see recipient groups H1604 and H1727). The onset of
clinical symptoms was insidious, and it was difficult to assign a
definitive start date. At the second serial passage in SGH, there was
an irreversible and progressive closing of the eyelids in the absence
of microbial infection at 355 = 13 days (range, 263 to 465 days).
The incubation period was estimated to be 479 * 6.4 days (range,
438 to 522 days) and was characterized by a ruffling and loss of fur,
lack of coordination, and labored or erratic breathing. A signifi-
cant number of SGH exhibited periods of incessant hiccup-like
behavior that was often accompanied by inflation of one or both
cheek pouches. In these cases, for each single hiccup, inhalation of
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air resulted in a stepwise inflation of the cheek pouch until it was
full like a balloon. Eventually, the cheek pouch would rapidly de-
flate when the trapped air was released all at once. Based on the
clinical phenotype of these hamsters, we termed this the “cheeky”
(CKY) strain of CWD. SGH infected with CKY CWD exhibited a
steady increase in body weight that peaked at 219 = 6.8 g, which
was a 15% increase compared to mock-infected SGH (Table 2).
For CKY CWD, the peak body weight was reached at 63 weeks
postinfection, and this was 24 and 15 weeks later than peak body
weight in WST CWD-infected and mock-infected SGH, respec-
tively (Fig. 1A and Table 2). The BW replacement value began to
decline in CKY CWD beginning 66 weeks postinfection, and ter-
minal disease was observed at 73 weeks postinfection. The body
weight at terminal disease was reduced 14% compared to the peak
body weight (Fig. 1B and Table 2).

WST CWD and CKY CWD exhibited distinct biological features
in both HPrP7752KO mice and SGH expressing a similar hamster
Prnp genotype. What was unusual about the interspecies transmis-
sion history of these two CWD strains was that CKY CWD had a
shorter incubation period than WST CWD in HPrP7752KO mice at
the third serial passage (160 = 4.6 days versus 189 * 8.3 days), but
upon transmission to SGH, CKY CWD had a significantly longer
incubation period than WST CWD at the second serial passage
(479 = 6.4 days versus 323 = 2.1 days) (Table 1). This reversal in the
length of incubation periods for the CWD strains upon interspecies
transmission was Prnp independent and was therefore controlled by a
host-mediated pathway.

Prnp-independent changes in disease onset of TME. To de-
termine whether the reversal in the length of the incubation pe-
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FIG 1 Body weight of SGH during prion infection with chronic wasting dis-
ease. Mock-infected (O) and CWD-infected hamsters ((Jand A) (see Table 1,
recipient groups H1733 for WST CWD and H1727 for CKY CWD) were mon-
itored weekly over the course of infection for mean body weight (A) and the
percent change in body weight (BW) from the prior week or BW replacement
value (B). The green dashed line in panel B indicates no change in the BW
replacement value, whereas values above or below the line indicate a net gain
or loss, respectively, in body weight. A solid blue box at 32 weeks postinfection
is indicated for WST CWD. The error bars indicate the standard errors of the
mean and values changed when hamsters were sacrificed due to illness and for
collection of age-matched controls (e.g., at 50 to 60 weeks and at 70 to 80 weeks
postinfection). For illustration purposes, data points are plotted for every
other week.

riod for the WST and CKY CWD strains upon transmission be-
tween HPrP7752KO mice and SGH can occur with additional
prion strains, we inoculated the short-incubation “hyperexcit-
able” (HY) and long-incubation “drowsy” (DY) TME strains
adapted to SGH into HPrP7752KO mice (26, 29). The incubation
periods of HY and DY TME in SGH were 63 * 2.1 days and 161 =
2.0 days, respectively. Upon serial transmission to HPrP7752KO
mice, HY TME established an approximately 70- to 90-day shorter
incubation period than DY TME during four serial passages

Host Determinants of Prion Strain Diversity

TABLE 3 Adaptation of HY and DY TME from SGH to HPrP7752KO
mice

HY TME DY TME

Mean incubation Mean incubation

period (days) = period
Serial passage SEM A/l* (days) = SEM A/l?
1 46 + 0.2 5/5 116 £ 2.6 6/6
2 51 £0.4 8/8 119 £ 1.5 10/10
3 58 = 1.7 717 146 £ 5.1 717
4 57 £ 1.8 6/6 140 £ 0.8 9/9

“ A/I, number of animals affected by prion disease versus the total number inoculated.

(Table 3). For the HY and DY TME strains, there were 20 and 17%
increases, respectively, in the lengths of the incubation period
from first passage to the fourth serial passage in HPrP7752KO
mice, even though interspecies transmission did not result in a
change of the Prup genotype. This feature was also unusual since
incubation periods typically shorten upon serial passage into a
new host, especially since HPrP7752KO mice express higher levels
of PrP© than do SGH. Therefore, there also appear to be host-
specific changes to the biological properties of the TME strains
following interspecies transmission that were independent of
Prnp. These changes could be related to differences in TME brain
titers in HPrP7752KO mice and SGH, as described below. Inter-
species transmission of the TME strains did not follow a similar
trend as the CWD strains. For the TME strains, the incubation
periods were shorter for HY TME in both rodents, and differences
in the lengths of the incubation period between hosts for each
strain were slightly reduced in transgenic mice and considerably
less than those found for the CWD strains.

Another explanation for the reversal in the lengths of the incu-
bation periods for the WST and CKY CWD strains upon interspe-
cies transmission from HPrP7752KO mice to SGH is that there
was a difference in brain titer between the CWD strains that cor-
relates with disease onset. The standard method to measure prion
titer is to calculate the median lethal dose (LDs,) concentration by
endpoint dilution of samples and animal bioassay (51, 53). In the
present study, we used the RT-QulC assay to measure the median
seeding dose (SDs,) concentration because this correlates with the
LD, concentration in SGH brains infected with scrapie (49). We
previously reported a 100-fold-higher LD, concentration in the
brains of SGH with HY TME compared to DY TME (29), and the
SDs, concentration for HY TME was also 10- to 100-fold higher
than with DY TME in SGH, illustrating that the RT-QulIC assay is
a valid in vitro assay to compare prion levels between these prion
strains (Table 4). In HPrP7752KO mice, the brain SDs, concen-
tration was at most 10-fold higher in HY TME than in DY
TME, and the SDs, concentration was 10- to 100-fold lower in

TABLE 2 Body weights of Syrian golden hamsters with WST and CKY CWD

Peak (mean = SEM)

Terminal (mean = SEM)

Mean terminal/peak body

Prion strain Body wt (g) Time (wpi)* Body wt (g) Time (wpi) wt % change + SEM”
Mock 186 = 3.2 48 £ 6.5 172 = 5.8 73 £ 49 -0.07 = 0.01

WST CWD 206 £ 5.7 3909 135+ 4.3 55 * 0.6 —0.34 = 0.01

CKY CWD 219 £ 6.8 63 1.2 188 = 9.4 73 £ 1.0 -0.14 = 0.02

@ wpi, weeks postinfection.

b That is, the percent change in body weight from peak to terminal stages.

October 2015 Volume 89 Number 20 Journal of Virology jviasm.org 10431


http://jvi.asm.org

Crowell et al.

TABLE 4 Incubation periods and median seeding titers of TME and CWD strains in HPrP7752KO mice and SGH

HPrP7752KO mice Syrian golden hamsters
Prion strain Mean incubation period (days) = SEM SD;, per mg of brain® Mean incubation period (days) + SEM SDs, per mg of brain”
HY TME 58 + 1.6 1072, 107 63+ 2.1 102, 10%2, 108
DY TME 146 * 5.1 10%2, 10%° 161 = 2.0 1072, 107, 1087
CKY CWD 160 * 4.6 10%7, 10%7 479 * 6.4 10%, 10", 1087
WST CWD 189 + 5.7 10°9, 10%7 323 + 2.1 1077, 1084, 1077
Mock >250 <102, <10* >600 <10%, <10% <10?

@ Tenfold serial dilutions of brain were used in an RT-QUIC assay to calculate the median seeding dose (SDs).
b A one-way analysis of variance and Tukey’s multiple-comparison test indicated a difference (P < 0.05) between CKY CWD and WST CWD and between CKY CWD and DY

TME. Statistical analysis in transgenic mice was not performed due to the limited # value.

HPrP7752KO0 than in SGH for each strain. For the CWD strains,
the SD5, concentration was 10- to 100-fold higher in the brains of
CKY CWD compared to WST CWD for both HPrP7752KO mice
and SGH, even though the overall SD5, concentrations were lower
in HPrP7752K0 mice for the CWD strains (Table 4). These find-
ings indicate that the pattern of relative prion levels in the brain
among strains is maintained in both rodent species. There was a
higher SD;, concentration for HY TME compared to DY TME
and for CKY CWD compared to WST CWD in transgenic mice
and SGH. In addition, there was no correlation between the
amount of prion in the brain, or SDs, concentration, and the
length of the prion incubation period (Table 1, compare HY TME
and CKY CWD), nor was there a significant change in SDj, con-
centration between CKY CWD and WST CWD that can explain
the reversal in the order of the incubation periods upon interspe-
cies transmission from HPrP7752KO mice to SGH.

PrP*¢ distribution in brain of WST and CKY CWD-infected
SGH and HPrP7752K0 mice. PrP5 ITHC was performed on the
brains of SGH infected with WST and CKY CWD during the later
stages of disease. PrP% was widely distributed throughout the
brain, and there were many brain structures in which PrP* depo-
sition was found in both of the CWD strains (Fig. 2). Overall, there
was a lower PrP** signal intensity for WST CWD in SGH at third
serial passage compared to CKY CWD, especially in the hip-
pocampus. At the second serial passage, WST CWD had a stronger
PrP* signal in the hippocampus and more closely resembled the
brain distribution of CKY CWD at second serial passage. In the
mesencephalon, PrP°¢ staining was very intense in the superior
colliculus for both CWD strains, and moderate deposition was
found in the CA1 region of the hippocampus, medial geniculate
nucleus, substania nigra, interpeduncular nucleus, and middle
cortical layers of the cerebrum (Fig. 2A to C). Further rostral in the
brain, the strongest PrPS® deposition was found in layers CA1 to
CA3 of the hippocampus, thalamic nuclei (e.g., the lateral genic-
ulate nucleus and the lateral, ventral posteromedial, and posterior
thalamic nuclei), and middle layers of the cerebral cortex (Fig. 2D
to F). More intense PrP*° staining was consistently found in the
hypothalamic nuclei in WST CWD-infected SGH. Even further
rostral, strong PrP*° deposition was found in the laterodorsal tha-
lamic nucleus, and moderate staining was noted in the caudate
putamen, reticular formation, and middle layers of the cerebral
cortex. More intense PrP*° staining was consistently found in the
globus pallidus in CKY CWD-infected SGH (Fig. 2G to I). In the
telencephalon, moderate PrP*° deposition was found in the cau-
date putamen, septal nuclei, cingulate cortex, and middle cortical
layers of the cerebrum (Fig. 2J to L). The brain distribution of
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PrP5¢ was more similar between WST and CKY CWD than it was
different.

Another feature of prion infection in the brain of SGH infected
with WST and CKY CWD was large PrP*° deposits and PrP*
amyloid plaques. PrP>® plaques were most often associated with
the ventricles, either in the subependymal layer and/or extending
into the ventricle, and the vascular associated with pia arterioles
and likely the ascending arterioles in the brain parenchyma (Fig.
3). It was common to observe strong PrP5® deposition along the
entire length of the third and lateral ventricles (Fig. 3A and B), as
well as in narrow ventricular passages, especially along the lateral
ventricle between the alveus of the hippocampus and the cerebral
cortex. PrP% plaques were both unicentric and multicentric as
evident by hematoxylin and eosin staining and were associated
intense PrP% deposition (Fig. 3C and F). PrP5 plaques were bire-
fringent when stained with Congo red and often had a feathery
appearance that emanated from the center of the plaque when
stained with hematoxylin and eosin (Fig. 3E). PrP*¢ plaques were
more frequent and more widely distributed in WST CWD than in
CKY CWD. Cerebrovascular PrP%° deposition was also observed
in the brain parenchyma, often in the hypothalamus, cerebellar
cortex, and cerebral cortex; this pattern of PrPS¢ staining also was
more common in WST than in CKY CWD (not shown). These
findings indicate that PrP plaques was prominent in both WST
and CKY CWD infections of SGH and is consistent with PrP%
deposition in CWD infection of transgenic mice that express
cervid Prnp (54, 55).

The brain distributions of PrP*¢in WST and CKY CWD infec-
tions of HPrP7752KO mice were both similar to and distinct from
CWD infections in SGH. First, the level of PrP* deposition was
much lower in transgenic mice than in SGH, especially for WST
CWD (data not shown). Both CWD strains had moderate levels of
PrP*° in the thalamus in a distribution pattern similar to that
found in SGH, particularly in the medial geniculate nucleus, lat-
erodorsal thalamic nucleus, and ventral posterior thalamic nu-
cleus. For CKY CWD, lower levels of PrP*° deposition were also
found in the mesencephalon, telencephalon, hypothalamus, and
rhombencephalon in similar brain structures as in SGH, although
in WST CWD these brain regions were mostly devoid of PrP>,
except for an occasional PrP*° deposit. However, several brain
regions with strong and moderate PrP deposition in the SGH
were either lacking or had low levels of PrP*¢ deposition in trans-
genic mice, including the superior colliculus, the hippocampus,
and the cerebral cortex. Based on the brain distribution of PrP%
during CWD infection, moderate changes to CKY CWD and sig-
nificant changes for WST CWD were observed upon transmission

October 2015 Volume 89 Number 20


http://jvi.asm.org

Host Determinants of Prion Strain Diversity

FIG 2 PrP% deposition pattern in the brains of Syrian golden hamsters (SGH) infected with WST and CKY CWD. Brain sections from CKY CWD (A, D, G, B,
E,H,and K), WST CWD (C, F,1,J,and L), and mock (M, N, and O) infections in SGH were stained for PrP5¢ by IHC (brown deposit) or stained with hematoxylin
and eosin (A, D, G, J, M, N, and O). Brain tissue was from the second (CKY CWD) and third (WST CWD) serial passages in SGH. VC, visual cortex; M, motor
cortex; Cg, cingulate cortex; S1, somatosensory cortex; Pir, piriform cortex; HC, hippocampus; SC, superior colliculus; SNR, substania nigra; RN, red nucleus;
MG, medial geniculate nucleus; VPM, ventral posterior thalamic nucleus; IPR, interpedunclar nucleus; PN, pretectal nucleus; ZI, zona incerta; H, hypothalamic
nuclei; AM, amygdala; Rt, reticular formation; CPu, caudate-putamen; GP, globus pallidum; LS, lateral septal nucleus; MS, medial septal nucleus; ic, internal

capsule; cc, corpus callous; LV, lateral ventricle; 3, third ventricle.

from HPrP7752KO mice to SGH. The other notable difference
between CWD infections in the two rodent species was the ab-
sence of PrP plaques in the brain of transgenic mice and little
evidence for periventricular and perivasculature PrP>° deposition
(data not shown). In contrast to CWD infection of SGH, intracel-
lular PrP*° deposits were frequently observed in transgenic mice,
likely in the soma of neurons, during both WST and CKY CWD
infections.

Antigenic mapping of PrP5 from TME and CWD strains in
HPrP7752K0 mice and SGH. To investigate strain-specific bio-
chemical properties of PrP* among the TME and CWD strains,
we performed proteinase K (PK) digestion of brain homogenates
from HPrP7752KO mice and SGH, followed by Western blotting
and antigenic mapping. Limited PK digestion results in the trun-
cation of ~90 amino acids from the N terminus of PrP%, and
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anti-PrP antibodies directed at the truncated and ragged N termi-
nus of PrP*° can distinguish molecular weight differences between
PrP5¢ polypeptides (14, 56). Prior studies that describe a difference
in the molecular weight of PrP polypeptides between HY TME
and DY TME in SGH also found that anti-PrP antibody directed
to the PK truncated N terminus reacted poorly with PrP** from
DY TME but not HY TME (56, 57). In the present study, anti-PrP
12B2 antibody, which recognizes amino acids 88 to 92 of the prion
protein, did not immunoreact with PrP® from DY TME but did
react strongly with PrP> from HY TME in both HPrP7752KO
mice and SGH (Fig. 4). Anti-PrP 12B2 immunoreacts with PrP5
in the absence of PK digestion, indicating that PK cleavage re-
moved the epitope at the truncated N terminus of PrP*° from DY
TME. PrP* immunoreactivity was partially restored for DY TME
in both host species using anti-PrP D13 antibody, which recog-
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FIG 3 PrP5 deposition associated with brain ventricles and vasculature. PrP*
IHC (B, D, and F) and hematoxylin and eosin stain (A, C, and E) in adjacent
tissue sections of CKY CWD (A and B)- and WST CWD (C to F)-infected
SGH. (A and B) Heavy PrP*¢ deposition associated with the ependymal cell
layer (e) of the third ventricle (3). PrP% plaques (white asterisks and black
arrowheads) were located below the ependymal cells, PrP*° extended through
this cell layer, and PrP* projected into the third ventricle. (C and D) A large
PrP¢ plaque (white asterisk) at the brain surface was found adjacent to PrP*
deposition surrounding an arteriole (a) in the pia. (E and F) Several PrP%
plaques were observed along the midline of the cerebral cortex. Large unicen-
tric and multicentric hematoxylin-positive plaques (white arrowhead and as-
terisk, respectively) were often observed in WST CWD but were less common
in CKY CWD infection of SGH. Brain tissue was from the second (CKY CWD)
and third (WST CWD) serial passages in SGH. Scale bar, 20 pm.

nizes amino acid sequences that are adjacent to, or partly within,
the N terminus after PK digestion (Fig. 4). Strong PrP> immuno-
reactivity was observed for both HY and DY TME with anti-PrP
D18 antibody that recognizes an internal PrP domain that is dis-
tant from the N terminus. PrPS® immunoreactivity with anti-PrP
D18 antibody also reveals that the 1- to 2-kDa molecular mass
difference between the TME strains and the faster migration of
PrP%¢ polypeptides in DY TME is consistent with additional PK
truncation at the N terminus. This molecular mass difference is
most pronounced for the aglycosylated, or lowest-molecular-
mass, PrP*° polypeptide in the 20-kDa range. The strain-spe-
cific PrP*¢ polypeptide migration pattern of HY and DY TME
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was also evident after PrP* enrichment, PK digestion, and
deglycosylation with PNGase F (Fig. 5A and B). These results
illustrate that the strain-specific PK cleavage of PrP*¢ for the
TME strains was maintained across different rodent species
that express hamster Prup.

Antigenic mapping of PrP% from WST and CKY CWD in
HPrP7752KO0 mice and SGH also revealed strain-specific proper-
ties after PK digestion, but these differences were subtle. The im-
munoreactivity of anti-PrP 12B2 antibody indicated that PrP%
from both CWD strains had polypeptide migration patterns sim-
ilar to that of PrP from HY TME (Fig. 4). When we used anti-PrP
D13 antibody, PrP*¢ polypeptides from WST CWD appeared to
migrate slightly faster than those from HY TME, especially in
HPrP7752KO mice, but more slowly than PrP> polypeptides
from CKY CWD. These differences were also evident for CWD
infection of SGH and PrP*¢ immunoreactivity with anti-PrP D18
antibody. In this case, the PrP*° polypeptides from WST CWD
migrate similarly to those of HY TME, whereas for CKY CWD
there were two aglycosylated PrP> polypeptides that appeared as a
doublet band in addition to the glycosylated PrP*° polypeptides
(Fig. 4). The higher-molecular-weight aglycosylated PrP% poly-
peptide from CKY CWD in SGH was immunoreactive with anti-
PrP 12B2 antibody, whereas the lower-molecular-weight aglyco-
sylated PrP¢ polypeptide was not immunoreactive with 12B2
antibody (Fig. 4). This lower-molecular-weight PrP> polypeptide
had a migration similar to that of the aglycosylated PrP° polypep-
tide in DY TME with anti-PrP D18 antibody. These subtle differ-
ences in PrP% polypeptides between WST CWD and CKY CWD
were more evident in brain homogenates than after PrP¢ enrich-
ment and PK digestion, but they were observed after deglycosyla-
tion of PrP*° polypeptides (Fig. 5A and B). These results demon-
strate that strain-specific antigenic properties of PrP*° from the
CWD strains were also maintained across different rodent species
that express hamster Prup.

Conformational analysis of PrP%® from TME and CWD
strains in SGH and HPrP7752KO mice. In addition to PK diges-
tion and antigenic mapping of PrP*¢, the biophysical properties of
PrP*¢ from the TME and CWD strains in the two rodent species
were investigated by a combination of detergent extraction, pro-
tein denaturation, and ultracentrifugation. A PrPS¢ CSSA was
used to measure the median denaturation dose, which was defined
as the concentration of GdnHCI that results in a 50% increase in
PrP*¢ solubility compared to in the absence of GAnHCI. Western
blot was used to visualize and quantify the percentage of PrP in the
supernatant (i.e., soluble) and pellet (i.e., insoluble) at each con-
centration of GAnHCI between 0 and 4 M and to generate PrP*
denaturation curves. Figure 6 illustrates the results from a single
SGH brain infected with each of the TME and CWD strains, and a
gradual shift in the PrP*° distribution was observed from the pellet
to the supernatant with increasing concentrations of GdnHCL
The CSSA was used to generate solubility and denaturation
curves for each prion strain in SGH (Fig. 7A). The percentage
of insoluble PrP in N-laurylsarcosine and 0 M GdnHCI distin-
guishes the prion CSSA curves into two patterns. HY TME and
CKY CWD have a high percentage of insoluble PrP in 0 M
GdnHCI, while DY TME and WST CWD have a moderate
amount of insoluble PrP under these conditions (Fig. 7A). Al-
though the PrP%¢ denaturation curves appear to slightly deviate
between HY TME and CKY CWD at =2.0 M GdnHCI, the
median denaturation doses (DDs,) were similar, i.e., 2.08 and
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FIG 4 Antigenic mapping of PrP*° from TME and CWD infection of transgenic mice and Syrian golden hamsters. (A) Prion-infected brain homogenates from
HPrP7752KO mice and Syrian golden hamsters were digested with or without proteinase K (PK) and analyzed by SDS-PAGE and Western blotting with the
anti-PrP antibodies 12B2, D13, and D18. The hamster amino acid (aa) sequence that is recognized (12B2) or used as a peptide antigen (D13 and D18) is indicated
below each antibody. Brain tissues were from the second (CKY CWD) and third (WST CWD) serial passages in SGH. The three short horizontal bars between
the PK-treated samples from HPrP7752KO mice and Syrian golden hamsters correspond to molecular masses of 20, 30, and 40 kDa. The bracket indicates the
doublet PrP%¢ polypeptide found in CKY CWD. (B) Schematic of the linear amino acid map of the mature prion protein, including the octapeptide repeat (OR)
region, two N-linked glycosylation sites, and carbohydrate structures (the Y-like branches). Limited PK digestion of PrP*° results in the degradation of the
N-terminal region. This results in a ragged N terminus with new N termini around amino acid 90. The locations of the peptides used to generate the anti-PrP
antibodies 12B2, D13, and D18 are indicated with horizontal bars below the prion protein map. Enzymatic deglycosylation of PK-treated PrP*° removes the two

N-linked carbohydrate structures and results in an ~25% reduction in molecular weight and a single major PrP*° polypeptide (see Fig. 5B).

2.15 M GdnHC], respectively, between the prion strains. There
was a more pronounced departure between DY TME and WST
CWD, and this is reflected in DDs,s of 1.57 and 2.40 M Gdn-
HCI, respectively. These findings provide additional support
for distinct features among the TME and CWD strains based on
the biophysical properties of PrP,

A direct comparison of the CSSA curves for each prion
strain in HPrP7752KO mice and SGH revealed that the bio-
physical features of PrP% were not maintained upon interspe-
cies transmission. There was a dramatic increase in brain PrP
solubility in 2% N-laurylsarcosine in the absence of GdnHCl in
HPrP7752KO mice compared to SGH for three of the four
prion strains (Fig. 7B and Fig. 7E to H; data not shown). For HY
TME, the percent insoluble PrP in 0 M GdnHCI was 81% *
10% for SGH versus 26% = 4.6% in HPrP7752KO mice (Fig.
7E). This was not due to a significant difference in the solubility
of PrP€ in uninfected brains from HPrP7752KO mice and SGH
(Fig. 7C) or to the detergent conditions to separate PrP“ and
PrP5¢ in brain extracts of HPrP7752KO mice (Fig. 7D).
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The solubility of brain PrP in 0 M GdnHCI in SGH and
HPrP7752KO mice was also distinct for DY TME (52% =+ 5.1%
versus 38% = 5.9%), WST CWD (58% = 14.4% versus 10% =
7%), and CKY CWD (76% = 9.3% versus 87% * 5.3%) (Fig.
7F to H; data not shown). Despite these differences in PrP>
solubility, the DDs,s for HY TME were 2.08 and 2.13 M Gdn-
HCI for HPrP7752K0O mice and SGH, respectively, and 1.57
and 1.16 M GdnHCI, respectively, in DY TME. The median
denaturation doses for WST CWD and CKY CWD were 2.40
and 2.15 M GdnHCI in SGH, respectively, but ambiguous in
HPrP7752KO0 mice using a four-parameter nonlinear regres-
sion analysis (Fig. 7B). For WST CWD in HPrP7752KO mice,
the percentage of insoluble PrP appears to be unchanged with
increasing concentrations of GdnHCI (Fig. 7B and G), suggest-
ing that the majority of PrP°® was solubilized at low concentra-
tions of GAnHCI. Additional support for this conclusion were
the similarities in denaturation curves for WST CWD in
HPrP7752K0 mice and in mock-infected HPrP7752KO mice;
both exhibited a flat-line fitted curve (Fig. 7B and C). These
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FIG 5 Enrichment and deglycosylation of PrP** from TME and CWD strains.
Brain homogenates from SGH infected with HY TME, DY TME, WST CWD,
and CKY CWD were enriched for PrP> by detergent extraction, ultracentrif-
ugation, and proteinase K digestion (A), and N-linked carbohydrates were
removed after enzymatic deglycosylation with PNGase F (B). Brain tissue was
from second (CKY CWD) and third (WST CWD) serial passages in SGH.
Samples were analyzed by SDS-PAGE and Western blotting with anti-PrP D18
antibody. Short white horizontal lines are located below the aglycosylated
polypeptide band of HY TME and placed between each lane for reference
purposes.

results indicate that the biophysical properties of PrP*° were
not maintained for the CWD strains upon interspecies passage
to a host with the same Prnp genotype, but these properties
were largely maintained for the TME strains.

Passage of CWD strains into SGH can modify strain proper-
ties in HPrP7752KO mice. Our findings provide evidence for
Prnp-independent modification of both prion strain biological
properties and PrP*° biophysical properties upon transmission of
CWD strains from HPrP7752KO mice to SGH. We next investi-
gated whether the strain-specific properties of WST CWD and
CKY CWD in SGH can be maintained upon passage back into
HPrP7752KO0 mice. Brain samples from SGH at the first and sec-
ond serial passages of CKY CWD and WST CWD, respectively,
were inoculated into HPrP7752KO mice for two serial passages.
For CKY CWD, on the first and second serial backpassages the
incubation periods in HPrP7752KO mice were 156 = 2.5 days and
178 £ 2.5 days, respectively (Table 1, recipient groups M6448 and
M6596) compared to 160 = 4.6 days prior to interspecies trans-
mission to SGH. For WST CWD in SGH, backpassage into
HPrP7752KO mice resulted in incubation periods of 180 = 8.3
days and 218 = 9.1 days on the first and second serial passages,
respectively (Table 1, recipient groups M6429 and M6595). The
incubation period of WST CWD prior to interspecies transmis-
sion to SGH was 187 to 198 days. These findings indicate that the
incubation period of CKY CWD was able to revert to a shorter
length than for WST CWD upon backpassage into HPrP7752KO
mice, as was observed in HPrP7752KO mice prior to interspecies
transmission to SGH. However, the incubation periods for both
CWD strains after serial backpassage were now longer than before

S P S P S P S P S
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FIG 6 Western blot of prion protein from the TME and CWD strains in Syrian golden hamsters after a conformation solubility and stability assay (CSSA). SGH
brain homogenates from HY TME (A), DY TME (B), WST CWD (C), and CKY CWD (D) were extracted in Sarkosyl, incubated with GdnHCl from 0 to 4.0 M,
and subjected to ultracentrifugation as described for the CSSA. For each GdnHCl treatment, the supernatant (S) and pellet (P) fraction after ultracentrifugation
were analyzed in adjacent lanes by SDS-PAGE and Western blotting with anti-PrP D18 antibody. Brain tissue was from the second (CKY CWD) and third (WST
CWD) serial passages in SGH. For each panel, two separate Western blots prepared for strain analysis, and for illustrative purposes, they were merged between

the 2.0 and 2.5 M GdnHCl values.
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FIG 7 Conformational stability and solubility of prion protein in transgenic mice and Syrian golden hamsters infected with TME and CWD strains. The CSSA
was performed using three individual brains from the TME and CWD strains in transgenic mice and SGH. The percentage of insoluble prion protein (PrP)
indicates the percentage in the pellet fraction when 100% is equal to the sum of the soluble and pellet fraction for a given [GdnHCI]. The CSSA results for the prion
strains in SGH (A) and HPrP7752KO mice (B) are plotted on the same graph. The CSSA results for each individual prion strain in both host species are also
plotted on a single panel (E through H). The CSSA results for uninfected SGH and HPrP7752KO mice (C), and the solubility of PrP in N-laurylsarcosine and 0
M GdnHCI from mock-infected and HY TME-infected HrP7752KO brain (D) are also illustrated. Brain tissue was obtained from the second (CKY CWD) and

third (WST CWD) serial passages in SGH and from the fourth (CKY CWD) and third (WST CWD) serial passages in HPrP7752KO mice.

interspecies transmission to SGH indicating that there was addi-
tional Prnp-independent modification of CWD strain properties.

To investigate the PrP5° polypeptide pattern of WST CWD
and CKY CWD after backpassage into HPrP7752KO mice, PK
digestion of brain homogenates was performed on SGH and
transgenic mouse tissues. Western blot analysis with anti-PrP D18
antibody revealed that the PrP*° polypeptide migration pattern
was similar between the SGH brain inoculum and HPrP7752KO
mice for each of the CWD strains upon serial backpassage (Fig. 8).
PrP¢ polypeptides from WST CWD had an equal or slower mi-
gration than those from CKY CWD, and PrP5 from CKY CWD
had the characteristic doublet PrP* for the aglycosylated polypep-
tides. These results indicate that the strain-specific PrP*° polypep-
tide pattern for the CWD strains is maintained upon transmi-
ssion from HPrP7752KO mice to SGH and backpassage into
HPrP7752KO mice.

DISCUSSION

This study investigated interspecies prion transmission into two
rodent species with the same Prnp genotype in order to determine

WST back passage CKY back passage
SGH HPrP7752KO , SGH HPrP7752KO

.
— ]

1t  ond  ond’ 1t ond  ond

FIG 8 Western blot analysis of PrP following backpassage of CWD strains
from Syrian golden hamsters (SGH) into transgenic mice. SGH brain samples
from the second (CKY CWD) and third (WST CWD) serial passages were
subsequently passaged back into transgenic mice (Mo) two times (e.g., lanes
“Ist” and “2nd”) as presented in Table 1. Brain homogenates were digested
with proteinase K and analyzed by SDS-PAGE and Western blotting with
anti-PrP D18 antibody. The two short horizontal bars at both ends of the
membrane correspond to molecular masses of 20 and 30 kDa. The bracket
indicates the doublet PrP*° polypeptide found in CKY CWD.
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whether there are host-dependent cellular pathways that influence
prion strain properties. Our findings indicate that serial passage of
prion strains into a new host species, but expressing a similar Prup,
can result in either minor or significant changes to the biophysical
and biological properties of the prion agent. CWD transmission
from HPrP7752KO mice to SGH resulted in a reversal in the
length of the prion incubation period between the WST and CKY
CWD strains, an increase in the conformational stability of PrPS,
and the formation of PrPS° amyloid plaques. These results indicate
that the cellular environment for epigenetic PrP> propagation
and/or manifestation of prion-induced changes can vary between
host species, and these differences can play a role in influencing
prion phenotypic diversity. Although a strong host species effect
was observed for WST and CKY CWD, the HY and DY TME
strains were relatively unchanged with respect to incubation pe-
riod and conformational stability of PrP5 when adapted to both
HPrP7752KO mice and SGH. Prior reports also indicate the
maintenance of prion phenotypes upon interspecies transmission
into different host species that express the same Prnp. Transmis-
sion of sporadic Creutzfeldt-Jakob disease (sCJD), bovine spon-
giform encephalopathy, and CWD to transgenic mice that over-
express the human, bovine, and cervid Prup, respectively, resulted
in brain disease phenotypes that were similar to the disease in the
original host species (54, 55, 58—61). Interestingly, in one study
the transmission of sCJD was more efficient in transgenic mice
that overexpress a chimeric human-mouse PRNP that was differ-
ent from the human PrP€ at six amino acid positions. This was
interpreted to indicate that murine-specific factors can interact
with either mouse PrP“ or PrP® more effectively than with the
human prion protein and promote prion formation of the chime-
ric PrP€ (58). Therefore, we propose that adaptation of the WST
and CKY CWD strains to the hamster Prnp genotype can be used
to determine how changes to the biophysical properties of PrP>
can translate to specific disease outcomes.
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Several unusual biological features of prion disease were dis-
covered during the isolation of WST and CKY CWD strains on the
hamster Prnp background. One was the unexpected identification
of the longer incubation period WST CWD strain upon serial
passage at a low dilution of inocula (i.e., a high concentration of
prion strains) and the subsequent identification of the shorter
incubation period CKY CWD strain after a high dilution of CWD
inocula (i.e., a low concentration of prion strains). Since a similar
strategy was previously used during the early passages of Stetson-
ville TME to identify DY TME in SGH, we would expect CKY
CWD to emerge after serial passage of CWD at low dilutions of
inocula in transgenic mice (52). Based on prion competition ex-
periments after coinoculation of short- and long-incubation-pe-
riod prion strains, there is no precedence to explain the emergence
of CKY CWD from a mixture also containing WST CWD only
after the dilution of inocula (52). Another unusual feature of the
CWD strains isolated in transgenic mice was the reversal in the
length of the prion incubation periods upon transmission to SGH.
CKY CWD had an incubation period in transgenic mice that was
30 days shorter than WST CWD, but the incubation periods for
both CWD strains were two to three times longer in SGH and CKY
CWD had an incubation period that was 150 days longer than
WST CWD. This was not observed for HY and DY TME, which
had comparable, but slightly shorter incubation periods upon
transmission from SGH to HPrP7752KO mice. This difference in
incubation periods between the CWD strains in the two rodent
hosts was probably not due to a reduction in prion levels in SGH
because the relative prion brain titer, as estimated by median seed-
ing dose, was higher for CKY CWD than WST CWD in both
rodent species. A reversal in the lengths of the incubation periods
also has been reported for the Sc237 and 139H scrapie strains in
SGH upon transmission to Chinese hamsters, but this interspecies
passage is to a host with a nonhomologous Prnp, indicating that
these changes to the prion phenotype are likely to be Prnp depen-
dent (62). Lastly, the clinical symptoms of CKY CWD were un-
usual, and the long-term eyelid closure, erratic and labored
breathing, persistent hiccups, and inflation of the cheek pouch
have not been described in prion infection of SGH. These clinical
features are consistent with prion-induced alterations to the au-
tonomic nervous system and suggest that there is an altered func-
tion of the sphincter muscles of the cheek pouch. It is noteworthy
that a previous study used a similar strategy to adapt CWD from
deer and elk to both HPrP7752KO mice and SGH (63). Although
these earlier studies reported prion incubation periods that are
consistent with some of our results, it is difficult to compare the
findings from the two studies with respect to identification of
similar prion phenotypes based on their description of clinical
signs and PrP5° brain distribution.

Our analyses indicate that the biophysical properties of PrPSc
were distinct among the TME and CWD strains and suggest that
the higher-order structure of multimeric PrP*¢is different for each
prion strain. In addition, for WST and CKY CWD the conforma-
tional stability of PrP* was different for each strain in the two
rodent hosts despite a similar hamster Prnp genotype. Based on
detergent solubility in the absence of GdnHCI denaturant, the
majority of the PrP> in the brains of transgenic mice was soluble
in three of the four prion strains, but in SGH under the same
conditions, insoluble PrP* average levels ranged from 55 to 92%
among the TME and CWD strains. This indicates that the host
species can affect the PrP* biochemical properties independent of
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the prion strain. Differences in PrP*¢ solubility have been previ-
ously described for several prion strains, including HY and DY
TME in SGH (57, 64). For the TME strains in HPrP7752KO mice
and SGH there were minor differences to the stability of the PrP*c
conformation, but for the CWD strains the biophysical properties
of PrP* undergo dramatic changes between rodent species. In
transgenic mice the PrP>* denaturation curve for WST CWD was
indistinguishable from that of PrP“, but upon transmission of
WST CWD to SGH it had the highest conformational stability
among the prion strains. The high detergent solubility of PrP*
from WST CWD in transgenic mice is a likely explanation for
the negligible effect of GAnHCI in the CSSA. Another unusual
finding was the undefined DDs, for PrP* from CKY CWD in
HPrP7752KO mice but not in SGH. The PrP*® denaturation
curve for CKY CWD in transgenic mice was heterogeneous,
especially at the lower concentrations of GAnHCI, even though
most PrP was insoluble under these conditions. One possible
explanation for this finding is that CKY CWD contains a mix-
ture of prion strains and therefore does not produce a single-
slope denaturation curve. Consistent with this explanation is
the wide range for the onset of incubation periods for CKY
CWD in SGH (from 438 to 522 days), which could indicate the
presence of multiple prion phenotypes. Furthermore, in CKY
CWD the aglycosylated PrP*° polypeptide migrated as a dou-
blet, and this may also indicate a mixture of two distinct PrP5
types.

The expression level of Prnp in HPrP7752KO mice and SGH
could provide an explanation for the changes in prion phenotype
upon interspecies transmission. It has been reported that
HPrP7752KO mice have four times the level of brain PrP€ than
SGH (38), and this can explain the shorter incubation periods for
the TME and CWD strains in transgenic mice compared to SGH.
Previous studies also report shorter incubation times for scrapie
strains in transgenic mice that overexpress SGH Prup. For the
Sc237 and 139H scrapie strains, shorter incubation periods and a
smaller difference in disease onset between these strains was found
in Tg81 mice (81 days versus 106 days, respectively) and Tg7 mice
(54 days versus 59 days, respectively) compared to SGH (77 days
versus 167 days, respectively) (62). Serial passage of HY and DY
TME in HPrP7752KO mice resulted in incubation periods that
were only 5 to 15 days, respectively, shorter than the same
TME strain in SGH, suggesting that overexpression of PrP® in
HPrP7752KO mice had only a small effect on incubation periods
compared to SGH. However, for WST and CKY CWD the incu-
bation periods were 140 to 320 days, respectively, longer in SGH
than in transgenic mice. These findings suggest that there is a
strong host species effect on the CWD strains, but that it is likely to
be independent of Prnp expression level based on the minor effect
on the TME strains. We cannot exclude the possibility that there
exist differences in the amount of PrP© expression at the cellular
level and/or in specific neuronal subsets between these rodent host
species that can influence incubation period and other disease
related phenotypes. Other studies indicate that transmission of
mouse-adapted scrapie strains between wild-type mice and trans-
genic mice that overexpress murine Prnp can also have unpredict-
able outcomes on incubation periods (65).

Another variable that can influence prion strain properties in a
host-dependent manner are the cellular sites of Prnp expression.
In HPrP7752KO mice the SGH Prnp is driven by the rat neuron-
specific enolase promoter, which restricts brain PrP“ expression

October 2015 Volume 89 Number 20


http://jvi.asm.org

to neurons (66). NSE promoter activity can vary among different
neuronal subtypes, as can the activity of the Prnp promoter. PrP“
expression from the endogenous Prnp promoter in the brains of
mice and SGH is primarily found in neurons (67, 68). Both the
NSE and the Prup promoters are widely expressed in the mouse
brain at high levels, and expression is found in many similar brain
regions. There is one report of PrP€ expression in glial cells (69),
but other studies report no PrP< expression in astrocytes and a
lack of detectable Prnp mRNA in glia (68, 70, 71). In transgenic
mice that express SGH Prnp driven by the glial fibrillary acidic
protein promoter (GFAP), prion incubation periods are very long
and disease penetrance is incomplete (72). These studies suggest
that astrocytes are not likely to be a prominent source of either
PrP© or PrP*° propagation, especially in wild-type rodents, be-
cause Prnp expression is lower in astrocytes from the endogenous
Prnp promoter compared to transgenic GFAP-Prnp mice. There-
fore, differences in the cellular sites of Prnp expression between
HPrP7752KO mice and SGH do not appear to provide an expla-
nation for the changes that we observed for the CWD strains upon
transmission between these host species. However, in another
study, neuron-specific Prnp expression was removed using a con-
ditional-inducible knockout mouse during the course of prion
infection and, afterward, PrP% was found to accumulate in astro-
cytes (73). This suggests that PrP5° formation can occur in astro-
cytes. An alternate interpretation is that since PrPS® accumulation
was not observed in the astrocytes of these prion-infected mice
when Prnp expression was not perturbed, PrP* localization to
astrocytes in the conditional Prnp knockout mice could represent
cellular redistribution of PrP* to astrocytes. The brain sites of
PrP¢ deposition could also influence the disease course during
CWD infection, and PrP*® accumulation in the soma of neurons
was more common in transgenic mice than in SGH, whereas PrP%¢
amyloid plaques were prominent in SGH. These differences may
be influenced by the rate of PrP*° formation and turnover, as well
as the duration of prion infection at a particular site. For the CWD
strains there were minor differences in the pattern of PrP> depo-
sition in the brain of SGH, but there were many brain regions in
which PrP5 was found for both strains at terminal disease. This
may reflect the long disease duration and widespread dissemina-
tion of PrP*  more than the role of prion targeting to specific brain
structures in defining prion strain phenotypes (74). The observa-
tion that the incubation periods and PrP*° biophysical properties
of HY and DY TME were only slightly modified upon transmis-
sion from SGH to HPrP7752K0O mice indicates that interspecies
transmission between these rodents is not sufficient to signifi-
cantly alter prion strain properties. In order to explain how prion
phenotypes were altered for the CWD strains upon interspecies
transmission, we propose that host-specific cellular factors, other
than or in addition to the levels and cellular sites of PrP“ expres-
sion, contribute to the disease process. WST and CKY CWD pro-
vide an experimental model to identify putative host-dependent
factors that modify prion strain diversity.
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