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Cell-based measurement of prion infectivity is currently restricted to experimental strains of mouse-adapted
scrapie. Having isolated cell cultures with susceptibility to prions from diseased elk, we describe a modification
of the scrapie cell assay allowing evaluation of prions causing chronic wasting disease, a naturally occurring
transmissible spongiform encephalopathy. We compare this cervid prion cell assay to bioassays in transgenic
mice, the only other existing method for quantification, and show this assay to be a relatively economical and
expedient alternative that will likely facilitate studies of this important prion disease.

Prions consist largely or entirely of PrPSc, a �-sheet-rich
conformer of the prion protein (PrP). During disease, PrPSc

coerces the normal PrPC protein to adopt the PrPSc confor-
mation. While protease-sensitive forms of PrPSc exist (20),
PrPSc is usually partially resistant to limited proteinase K (PK)
digestion (4). Bioassays in susceptible animals have, until re-
cently, been the sole means of assessing prion infectivity. The
scrapie cell assay (SCA) (12), which relies on detection of
protease resistant PrPSc, while a substantial advance, has been
limited to the detection of mouse-adapted scrapie prions, and
the development of analogous systems for naturally occurring
prions is a high priority. Chronic wasting disease (CWD), a
burgeoning epidemic of deer, elk, and moose, is of particular
importance.

We first generated a cell line susceptible to infection by
cervid prions. While rabbit kidney epithelial RK13 cells express-
ing sheep, mouse, and bank vole PrP supported prion replication
from the corresponding species (8, 14, 22), expression of hu-
man PrP did not confer susceptibility to human prions (14).
We produced RK13 cells expressing elk PrP (RKE cells) and
infected them with CWD brain homogenates (5). To analyze
cervid PrPSc (CerPrPSc) by Western blotting, detergent ex-
tracts containing equal amounts protein were treated with 40
mg/ml PK for 1 h at 50°C and centrifuged for 1 h at 100,000 � g.
Alternately, CerPrPSc in cells was analyzed by cell blotting (5).
Infection of RKE cells with CWD resulted in detectable Cer-
PrPSc 3 passages after infection; however, the progressive
reduction of CerPrPSc upon repeated passage (Fig. 1A)
showed that infection was not sustained.

Since previous reports demonstrated that retroviral Gag

mediated enhanced release of mouse-adapted scrapie from
cell cultures (15), RKE cells were further transfected with
pcDNA3-gag expressing the HIV-1 GAG precursor protein
(9), generating RKE-Gag cells. CerPrPSc levels in infected
RKE-Gag were enhanced �2-fold (Fig. 1B). Clones of infected
RKE-Gag and RKE cells were derived by limited dilution. Of 40
clones isolated in each case, single RKE and RKE-Gag clones
produced CerPrPSc. While CerPrPSc was not detected beyond
passage 4 of cloned RKE cells (data not shown), Fig. 1A shows
that CerPrPSc production in the infected RKE-Gag clone, re-
ferred to as Elk21�, was sustained for 67 passages in culture,
which equates to �223 cell doublings.

Other approaches for producing cells chronically infected
with CWD brain homogenates, including infection of N2a cells
stably expressing elk PrP, were unsuccessful (Fig. 2), either
because N2a cells are resistant to CWD brain homogenates or
because CerPrPC-to-CerPrPSc conversion is inhibited by ex-
pression of endogenous mouse PrPC (21).

After 25 passages, Elk21� cells were bioassayed in Tg
(CerPrP-E226)5037�/� mice expressing elk PrP (3), referred to
as Tg5037 mice. Mice developed prion disease with a mean
incubation time of 112 � 1 days. Tg5037 mice inoculated with
the same prions as those used to produce Elk21� cells devel-
oped disease with a mean incubation time of 126 � 2 days,
while Tg5037 mice challenged with RKE-Gag cells remained
asymptomatic (Fig. 1C). Mice were inoculated with infected
brain and cell culture preparations containing similar amounts
of PrPSc as quantified by Western blot analysis. For bioassays
of uninfected cells, mice were inoculated with preparations
containing amounts of total protein equivalent to those in
infected cell cultures.

Levels of CerPrPC and CerPrPSc and their electrophoretic
migration and glycosylation patterns differed between Elk21�

cells and Tg5037 mice (Fig. 1D and 2). CerPrPSc deposition in
the brains of Tg5037 mice infected with Elk21� cells was dif-
fuse and granular (Fig. 1E and F), in accordance with previous
reports (3); no disease occurred in Tg5037 mice inoculated
with RKE-Gag cells (Fig. 1G and H).

Elk21� cells were treated with the antiprion compound dex-
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tran sulfate 500 (DS-500) (7, 11, 13). CerPrPSc was undetect-
able after 5 weeks and did not reemerge when cells were
returned to medium lacking drug (Fig. 1I). Tg5037 mice re-
mained asymptomatic for �355 days following inoculation
(Fig. 1C). Cells cured of PrPSc by DS-500, referred to as
Elk21� cells, retained the ability to sustain production of
CerPrPSc when rechallenged with elk CWD brain homoge-
nates (Fig. 1I). The process of cloning of Elk21� cells after 58
passages in culture also resulted in elimination of PrPSc in a
subset of subclones. While Western and cell blotting de-
tected CerPrPSc in 3 subclones, 11 subclones did not pro-
duce CerPrPSc. Of the 11 “negative” subclones rechallenged with
CWD brain homogenates, 10 produced CerPrPSc (for example,
clone Elk21-3 [Fig. 1I]), while clone Elk21-9 was resistant to
CWD (Fig. 1I). The CWD-free statuses of clones Elk21-3 and
Elk21-9 were confirmed in Tg5037 mice (Fig. 1C).

We adapted the SCA (12, 16, 17) to visualize infected
Elk21� or Elk21-3 cells. We refer to this as the cervid prion
cell assay (CPCA) (see the supplemental material). Briefly,
susceptible Elk21� cells in 96-well plates were exposed to

serial dilutions of CWD brain homogenates ranging from 10�2

to 10�5 in a volume of 100 �l. Cell cultures were split once at
1:4 and twice at 1:7, which effectively diluted out CerPrPSc in
the inoculum. Inclusion of RK13 cells stably transfected with
empty vector (RKV cells) showed that positive spots detected
after three splits were the result of newly generated CerPrPSc.
After the final passage, 20,000 cells were filtered onto Multi-
screen IP 96-well, 0.45-�m filter plates (enzyme-linked immu-
nospot [ELISPOT] assay plates; Millipore, Billerica, MA) or
AcroWell 96-well, 0.45-�m BioTrace filter plates (Pall, East
Hills, NY). Cells were subjected to PK digestion and denaturation
with guanidinium thiocyanate. CerPrPSc-producing cells were de-
tected by an enzyme-linked immunosorbent assay (ELISA) using
anti-PrP monoclonal antibody (MAb) 6H4, followed by alkaline
phosphatase (AP)-conjugated secondary anti-mouse IgG, and
developed with NBT/BCIP. Images were scanned with CTL
ELISPOT equipment, and spot numbers were determined us-
ing ImmunoSpot3 software (Cellular Technology, Ltd., Shaker
Heights, OH). Figure 3A depicts magnifications of ELISPOT
filters of infected Elk21� cells.

FIG. 1. Characterization of cell cultures for studying CWD prions. (A) Western blots showing accumulation of CerPrPSc in RKE cells
challenged with CWD brain homogenates from elk isolate 012-09442, passaged in Tg5037 mice (RKE-CWD) (left) and Elk21� cells (right).
Passage numbers (p) of cell cultures are indicated. (B) Expression of CerPrPC and HIV-Gag and accumulation of CerPrPSc in RKE and RKE-Gag
cells infected with CWD brain homogenates. Cultured cells were also analyzed by cell blotting (right). (C) Bioassay of Elk21� cells propagating
elk CWD 012-09442 prions (filled circles), elk CWD 012-09442 prions in Tg5037 mice (filled squares), uninfected RKE-Gag (open circles), Elk21�

13 passages after DS-500 treatment (open triangles), Elk21� 30 passages after DS-500 treatment (filled triangles), the Elk21-3 clone (open
diamonds), and the Elk21-9 clone (open squares). (D) Western blots of CerPrPC (100 and 50 �g total protein loaded in each case) and CerPrPSc

(200, 100, and 50 �g total protein loaded in each case) produced in Elk21� cells and Tg5037 mice inoculated with Elk21� cell extracts. (E to H)
CerPrPSc deposition in the hippocampus (E and G) and thalamus (F and H) of Tg5037 mice inoculated with either Elk21� (E and F) or uninfected
RKE-Gag (G and H) cell extracts. (I) Western blots demonstrating susceptibility of Elk21-3, Elk21-9, and Elk21� to reinfection with elk CWD
012-09442 prions. For each cell line, the first two lanes show extracts from mock (phosphate-buffered saline [PBS])-infected cells, while the second
two lanes show extracts from cells exposed to CWD brain homogenates. In all Western blots, samples were either PK treated (�) or untreated
(�), and the positions of protein molecular mass markers at 37, 25, and 20 kDa (from top to bottom) are shown.
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To determine the dose-response relationship of Elk21� cells
to CWD brain homogenates, we used a pooled elk CWD
inoculum titrated in two different transgenic mouse lines (3, 6).
In the case of Tg5037 mice, we estimated the titer to be 107.0

intracerebral (i.c.) 50% infective doses (ID50)/g of brain, and

the titer in Tg(CerPrP)1536�/� mice expressing deer PrP was
estimated at 107.2 i.c. ID50/g (Table 1) (19).

Proportions of infected Elk21� cells were assessed following
exposure to serial 10�2-to-10�5 dilutions of titrated CWD (Fig.
3 and Table 1). Double logarithmic plots from 6 independent

FIG. 2. Lack of susceptibility of N2a cells expressing elk PrP to CWD. (A) Western blot showing elk and deer PrPC expression in N2a cells.
(B) Elk PrPc-expressing N2a cells (N2a-ElkPrP) infected with CWD isolates remain uninfected after four passages. Pairs of lanes show extracts
of N2a-ElkPrP cells challenged with brain homogenates from diseased Tg(CerPrP-E226)5037�/� mice infected with elk isolates 012-022012,
012-09442, 99W12389, and 7178-47 (from left to right). Results are also shown for Elk21� cells and CWD-infected Tg(CerPrP-E226)5037�/� mice.
Blots were probed with MAb 9E9, which recognizes only cervid PrP. Samples were either PK treated (�) or untreated (�), and the positions of
protein molecular mass markers at 37, 25, and 20 kDa (from top to bottom) are shown.

FIG. 3. Quantification of elk CWD prion infectivity by the transgenic mouse bioassay and the cervid prion cell assay. (A) Representative wells
of an ELISPOT plate showing spots given by duplicate Elk21� cells exposed to 3-fold serial dilutions of pooled elk CWD brain homogenates,
between 10�3 and 10�4.4. (B) Double-logarithmic plot of spot number versus brain homogenate dilution showing the linear response of the CPCA.
Elk21� cells infected with dilutions of pooled elk CWD brain homogenates (open circles) and pooled elk CWD brain homogenates passaged in
Tg5037 mice (filled circles). In each case, the mean is derived from 6 independent experiments performed in triplicate, with error bars indicating
the standard errors of the means (SEM). (C) Responsiveness of Elk21� and Elk21-3 cells to various CWD brain homogenates. The cells were
infected with serial 1:3 dilutions of homogenates of CWD-infected brains and subjected to the CPCA. In each case, the dilution required to yield
300 positive cells per 20,000 cells after the third split was calculated. Solid black line, CPCA of CWD brain homogenates from diseased elk brain,
using Elk21� cells; solid gray lines, CPCA of CWD brain homogenates from diseased Tg5037 mice, using Elk21� cells; dashed gray line, CPCA
using Elk21-3 cells. Filled triangles, D10 CWD isolate; open circles, pooled elk CWD brain homogenate; filled circles, brain homogenate of Tg5037
mice infected with pooled elk CWD; filled diamonds, 012–09442 CWD isolate; filled squares, 01-0306 CWD isolate.
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experiments, each performed in triplicate, showed a linear
response between dilutions of �10�3 and �10�4.4 (Fig. 3B).
An increased dose-response relationship was recorded for brain
homogenates of diseased Tg5037 mice, reflecting increased CWD
titers. Figure 3C shows plots of CerPrPSc-positive cells as a
function of log dilution of CWD prion inocula. The number of
CerPrPSc-positive cells reflects the prion titer (12, 16). We
determined that 100 �l of a 10�2.5 dilution of the elk CWD
pool yielded 300 spots, the point used to determine the re-
sponse index in the SCA (16), which corresponds to 106.0

CPCA units/g. The CPCA was also performed on the elk CWD
pool passaged in Tg5037 mice, as well as 2 other elk inocula
passaged in Tg5037 mice, producing CPCA titers of 106.3, 106.3,
and 106.6 units/g of brain, respectively, again reflecting higher
CWD prion titers (Fig. 3C). We also determined the response
of the Elk21-3 clone to the elk CWD pool passaged in Tg5037
mice; in this case, the CPCA titer was 106.6.

In summary, we generated CWD-susceptible cells by ex vivo
transgenesis in RK13 cells. While CerPrPSc purification as
described for other CWD cell culture systems (18) was not a
prerequisite for sustained cellular infection, we show that ex-
pression of retroviral Gag facilitated prion susceptibility. As
described previously (5, 12), selection of susceptible clones was
critical. While the mechanism of Gag action and identification
of cellular infection factors will be of considerable interest,
Gag expression and/or cloning may be required to facilitate
isolation of cell lines with susceptibilities to human (14) and
other prions. Identification of susceptible clones by “curing” of
infected counterparts also greatly facilitated our approach.
CWD-susceptible transgenic mice not only provided a conve-
nient and controlled source of CWD brain homogenates for
infections, and a benchmark for quantifying CWD prion infec-
tivity (Table 1), but also allowed us to ascertain the CWD
infection statuses of cell cultures (Fig. 1C).

The CPCA takes �24 days; the bioassay using Tg5037 mice
requires a dilution series out to 10�8 and a minimum of 400
days (Table 1). On the basis of these considerations, the costs
of assaying a CWD sample by endpoint titration are �$15,500,
compared with �$135 per sample (triplicate determination
including controls) for the CPCA. Thus, the bioassay is, con-
servatively, �100-fold more expensive and takes �16-fold
longer than the CPCA. While endpoint titration with Tg mice

produced elk CWD pool titers of �107, the titers for the CPCA
ranged from �106 to 106.5. The 106.6-CPC-unit value in
Elk21-3 cells (Fig. 3C) suggests that the sensitivity of this clone
is higher and that isolation of clones with improved responses
will be possible.

Finally, while D10 deer prions induced disease in Tg5037
mice (3), they failed to elicit a CPCA response (Fig. 3C). We
have performed infectivity assays of D10 in Tg mice on several
previous occasions (1–3, 6, 10). The inoculum also contains
high levels of PK-resistant CerPrPSc (6). We previously re-
ported that the mean incubation time for a 10�2 dilution of
D10 brain in Tg1536 mice was 225 � 1 days and that the mean
incubation time for an equivalent dilution of the deer D92
isolate was 268 � 15 days. We determined the endpoint titer of
D92 in Tg1536 mice to be 6 log i.c. ID50/g. The source of D10
prions for infection of Elk21� cells was Tg5037 mice, which
developed disease with a mean incubation time of 201 � 1 days
(3). These characteristics suggest that the lack of a CPCA
response to D10 is not due to low prion titers but rather due to
differences in the strain properties of these prions. Our find-
ings also suggest the possibility of distinguishing cervid prion
strains by adapting the CPCA to a cell panel assay format (16).
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