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Abstract

Prions are infectious proteins composed of the abnormal disease-causing isoform PrPSc, which

induces conformational conversion of the host-encoded normal cellular prion protein PrPC to

additional PrPSc. The mechanism underlying prion strain mutation in the absence of nucleic acids

remains unresolved. Additionally, the frequency of strains causing chronic wasting disease

(CWD), a burgeoning prion epidemic of cervids, is unknown. Using susceptible transgenic mice,

we identified two prevalent CWD strains with divergent biological properties but composed of

PrPSc with indistinguishable biochemical characteristics. Although CWD transmissions indicated

stable, independent strain propagation by elk PrPC, strain coexistence in the brains of deer and

transgenic mice demonstrated unstable strain propagation by deer PrPC. The primary structures of
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deer and elk prion proteins differ at residue 226, which, in concert with PrPSc conformational

compatibility, determines prion strain mutation in these cervids.

Prions are protein-based transmissible agents causing lethal, incurable neurodegenerative

diseases of mammals, including sheep scrapie, bovine spongiform encephalopathy, human

Creutzfeldt-Jakob disease, and chronic wasting disease (CWD), a contagious prion disorder

of cervids (a family of hoofed mammals, including deer and elk). During propagation,

PrPSc, the β-sheet–rich disease-associated conformer of the prion protein (PrP), coerces the

physiological form, PrPC, to adopt the PrPSc conformation. Prions share with nucleic acid–

based pathogens the ability to propagate strain information. Although distinct conformers of

PrPSc appear to encipher the characteristics of certain strains (1–5), it is unclear how prions

mutate and adapt in the absence of nucleic acids. Strain mutation has been reported after

interspecies prion transmission— for example, scrapie transmission to rodents (6).

Prionmutationmay result in increased host range (7), a factor that complicates risk

assessments for new hosts.

Although strain diversity has been recorded for sheep, human, and bovine prions, the

existence of strains in CWD is unclear (8–10). Polymorphic residue 129 of human PrP and

the corresponding elk PrP residue influence prion susceptibility at the level of strain

selection (11, 12). PrP primary structures of CWD-susceptible species differ at residue 226,

which is glutamic acid (E) in Rocky Mountain elk and glutamine (Q) in other susceptible

cervids. To determine CWD strain prevalence and to assess the influence of these amino

acids, we transmitted an extensive collection of CWD isolates (table S1) to transgenic mice

expressing cervid PrP (CerPrP), referred to as Tg(CerPrP)1536+/−,which lack a species

barrier to CWD (5, 8, 12–14).

We used standard criteria to differentiate strains, including distribution and severity of

neuropathology and incubation time to disease onset (15–18).We identified two distinct

neuropathological patterns in primary and secondary transmissions (Figs. 1 to 3). Different

mean incubation times of mice with these distinct neuropathologies allowed us to classify

mice as having been affected by one of two strains, referred to hereafter as CWD1 and

CWD2.

Differences in the profiles of vacuolar degeneration (19) in mice affected by the short–

incubation time CWD1 strain and the long–incubation time CWD2 strain were pronounced

in the hippocampus (Fig. 1C). Immunohistochemically (IHC) stained sections of mice

infected by CWD1 were characterized by continuous, symmetrical CerPrPSc deposits

throughout the hippocampal alveus and, often, the CA3 region of the pyramidal cell layer

with coincident astrocytic gliosis (Fig. 3, A to C). This distribution of CerPrPSc was

recapitulated in histoblots (Fig. 3D) (20). The bilaterally symmetrical lesions in CWD1-

infected mice are consistent with the expected neuropathology of prion infection by most

prion strains. Though unusual, asymmetrical distribution of CerPrPSc and pathology in the

inoculated hemisphere of mice infected by the long–incubation time CWD2 strain (Fig. 3, E

to I) is also a characteristic of certain scrapie strains, such as 87A (21).
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Primary transmissions of elk inocula indicated that roughly half were infected with either

CWD1 or CWD2 (Fig. 1, A and B, and table S1). Of 22 analyzed mice from five elk CWD

transmissions, 21 had short incubation times andCWD1 neuropathology, whereas only 1 had

CWD2 pathology and delayed disease onset (Fig. 1, A and B). Titer-related delayed disease

onset was a feature of one isolate with CWD1 properties (Fig. 1A and SOM). Of the 33

analyzed mice from five other elk inocula, 32 had long incubation times and CWD2

neuropathology, whereas only 1 had CWD1 pathology and rapid disease onset (Fig. 1, Aand

B). Transmission of elk prions generated by protein misfolding cyclic amplification

(PMCA) (22) also produced long incubation times and CWD2 pathology (Fig. 1A). In

contrast to elk, transmission of 12 out of 15 deer inocula produced mixed intra-study

incubation times and CWD1 and CWD2 neuropathologies (Fig. 1, A and B). Transmission

of PMCA-generated deer prions (5) produced mixed CWD1 and CWD2 responses (Fig.

1A).

Though elk prions manifested predominantly as either CWD1 or CWD2 strains on primary

passage (Fig. 1B), serial passage favored strain mixtures and indistinguishable aggregated

mean incubation times for each elk group (Fig. 2B); serial transmission of deer prions also

produced mixed strains (Fig. 2, A and B). Neuropathological profiles were available for 17

mice used as inocula in the 25 secondary transmissions. Profiles of six representative

transmissions illustrate the stochastic stabilities of CWD1 and CWD2 strains (Fig. 2C). Also

in this regard, CWD2 is reminiscent of the 87A scrapie strain and its more stable

counterpart, ME7 (6), but with neither CWD strain being a more stable derivative of the

other.

Although certain strains are associated with distinct conformers of PrPSc (1–5), not all

strains that can be biologically distinguished are composed of PrPSc with recognizably

different biochemical properties (4, 23, 24). The electrophoretic migration patterns of cervid

PrPSc (CerPrPSc) from the brains of mice infected by either strain were indiscernible (Fig.

4A), even when immunoblots were probed with monoclonal antibodies (mAbs) recognizing

epitopes within or immediately downstream of the octarepeat region or in the structured

carboxyl terminus of PrP (Fig. 4B), arguing against the coexistence of distinct CerPrPSc

populations (25). CerPrPSc associated with CWD1 and CWD2 was composed of equivalent

proportions of di-, mono-, and a-glycosyl forms (Fig. 4C). Finally, CerPrPSc fromCWD1-

and CWD2-infected mice had similar unfolding characteristics after treatment with

guanidinium hydrochloride (Gdn.HCl). When CWD1 or CWD2 elk isolates were

transmitted to transgenic mice expressing elk PrP (14), stabilities of the resulting CerPrPSc

encoding E at residue 226 (CerPrPSc-E226) remained indistinguishable, but were distinct

from those of CerPrPSc encoding Q (CerPrPSc-Q226) in Tg(CerPrP)1536+/− mice expressing

deer PrP (Fig. 4D). The indistinguishable CerPrPSc conformations and unstable strain

transitions ofCWD1 andCWD2 in deer and Tg(CerPrP)1536+/− mice are consistent with

their separation by relatively low energy barriers. Our inability to resolve subtle biochemical

properties of CerPrPSc is reminiscent of the properties of postulated swainsonine sensitive

and resistant mutant substrains, or quasi-species, that emerged in response to selective

pressure on 22L prions in cell culture (23).
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Here we have identified two strains in a large number of CWD-affected deer and elk. If

additional strains exist, they would be likely to represent a minor component of the CWD.

The generally mixed CWD strain responses from deer and the relatively uniform

manifestation of CWD1 or CWD2 strains from elk appear to reflect strain constitutions in

the natural host, rather than adaptation and divergence of progenitor strains in recipient

mice, which are alternatives considered in the conformational selection model (26, 27) that

could not be resolved by previous limited CWD transmissions to rodent models (28, 29).

Differences in deer and elk PrP primary structures provide a framework for understanding

these strain profiles. Propagation of either strain by CerPrPC-Q226 in deer brain is unstable,

and both strains are manifested as mixtures after primary transmissions of deer CWD to

Tg(CerPrP) 1536+/− mice. Regardless of whether prions originated as stable strains in elk or

as mixtures in deer, the predominantly mixed strain profiles on serial passage indicate that

strain mixtures are also generated during unstable conversion of CerPrPC-Q226 in

Tg(CerPrP)1536+/− mice. In contrast, the almost exclusive manifestation of CWD1 or

CWD2 strains after primary transmissions of elk CWD prions reflects relatively stable strain

propagation by CerPrPC-E226 in elk. However, whereas the ultimate phenotype of diseased

mice reflects the originating elk CWD1 or CWD2 strain, its manifestation is

counterbalanced by the tendency of transgene-expressed CerPrPC-Q226 to unstably generate

mixed strains. Accordingly, strain switching was detected in 4% of recipient mice during

primary transmissions of CWD1 and CWD2 from elk (Fig. 1A). Because of the substantial

role played by residue 226 in determining CWDstrain properties, the description of a lysine

polymorphism at this position in deer (30) is of considerable additional interest.

The identification and characterization of distinct CWD strains with similar conformations

and the influence of PrP primary structure on their stabilities are of importance when

considering the potential for transmission to species outside the family cervidae. Although

CWD prions have reassuringly failed to induce disease in transgenic mice expressing human

PrP (10, 31), because of the risk of prion exposure from contaminated venison (13) and

other infected materials (14), systematically addressing the tissue distributions of CWD1

and CWD2 and their zoonotic potentials would appear to be high priorities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Primary transmission of deer and elk CWD prions to Tg(CerPrP)1536+/− mice. (A) Blue and

red circles, mice with CWD1 and CWD2 patterns of neuropathology, respectively, analyzed

by IHC or histoblotting; open circles, mice not analyzed; gray circle, ambiguous strain

pattern; squares, asymptomatic mice. Animal identification codes are shown on the x axis.

Total CWD1 and CWD2, total number of mice with each strain pattern. Incubation time

differences between groups were established using an unpaired, two-tailed t test (p <

0.0001). d, days. (B) Summary of strain profiles after primary passage of elk and deer. The
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mean (± SD) incubation times and numbers of all mice in each category are shown. The low

titer CWD1 012-22012 elk isolate was excluded from the summary. (C) Neuronal

vacuolation was quantified in nine brain regions: 1, medulla; 2, cerebellum; 3, midbrain; 4,

hypothalamus; 5, thalamus; 6, hippocampus; 7, paraterminal body; 8, cerebral cortex at

hippocampus; and 9, cerebral cortex at septum. Blue circles, eight mice with rapid

incubation periods; red circles, seven mice with prolonged incubation periods; open circles,

uninoculated, age-matched mice. Error bars represent the average number of vacuoles per

field ± SEM. Differences were established using an unpaired, two-tailed t test; asterisks

indicate the degree of significance.
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Fig. 2.
Serial transmission of deer and elk CWD prions to Tg(CerPrP)1536+/− mice. (A) Symbols

are the same as in Fig. 1A. Animal identification codes are shown on the x axis. Asterisks

indicate the degree of significance. (B) Summary of strain profiles on secondary passage.

The mean (± SD) incubation times and numbers of mice in each category are shown. (C) Six

representative transmissions demonstrating instability of CWD1 and CWD2. For each

transmission, the single circles represent diseased mice after the first passage of CWD
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isolates (p1); boxed symbols represent mice resulting from serial passage of those brains

(p2).
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Fig. 3.
Representative distributions of CerPrPSc in the brains of diseased Tg(CerPrP)1536+/− mice.

Sections encompassing the hippocampus and cortex were analyzed by IHC using anti-PrP

mAb 6H4 (A, B, E, and F) or by using antibodies against glial fibrillary acidic protein (C
and G). (D and H) CerPrPSc distribution was evaluated by histoblotting of coronal sections

of similar regions. (I) Asymmetrical distribution of cortical florid plaques and associated

neuronal vacuolation in CWD2-infected mice. Scale bars in (A) and (E), 1 mm; in (B), 50

µm; in (C), (F), (G), and (I), 100 mm. Isolate passage number (p) and incubation times of

mice are shown (d, days).
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Fig. 4.
Biochemical properties of CerPrPSc associated with CWD1 and CWD2. (A) Immunoblots

probed with mAb 6H4. (B) Immunoblots of samples from mice infected with CWD1 or

CWD2 probed with mAbs as indicated. Samples were treated as indicated with proteinase K

(PK). The bands on immunoblots show the various glycoforms of proteaseresistant CerPrPSc

and, in samples from phosphate-buffered saline–inoculated mice not treated with PK,

CerPrPC. Positions of protein molecular mass markers at 37, 25, and 20 kD (top to bottom)

are shown. (C) Ratio of CerPrPSc glycoforms. Data points represent the mean (± SD)

relative proportions from three or four animals of di-(purple squares), mono-(green squares),

and unglycosylated (yellow squares) CerPrPSc. Aggregated values for all mice exhibiting

CWD1 or CWD2 strain properties are also shown. n, number of analyzed mice of each strain

type. (D) Percentage of CerPrPSc as a function of Gdn.HCl concentration in 17 mice

infected with CWD1 (blue circles) and 20 mice affected with CWD2 (red circles).

(Gdn.HCl)1/2 values are shown for Tg(CerPrP)1536+/− mice. Tg(CerPrP-E226)5037+/− mice

were infected with elk isolates that produced CWD1 (12389, blue squares) or CWD2

(04-0306, red squares). Fapp, fraction of apparent PK-resistant PrPSc = (maximum signal –
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individual signal)/(maximum signal – minimum signal); error bars indicate SD of mean

values from three animals analyzed in each study group.
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