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Chronic wasting disease (CWD), a transmissible spongiform encephalopathy of cervids, was first documented nearly 50 years
ago in Colorado and Wyoming and has since been detected across North America and the Republic of Korea. The expansion of
this disease makes the development of sensitive diagnostic assays and antemortem sampling techniques crucial for the mitiga-
tion of its spread; this is especially true in cases of relocation/reintroduction or prevalence studies of large or protected herds,
where depopulation may be contraindicated. This study evaluated the sensitivity of the real-time quaking-induced conversion
(RT-QuIC) assay of recto-anal mucosa-associated lymphoid tissue (RAMALT) biopsy specimens and nasal brushings collected
antemortem. These findings were compared to results of immunohistochemistry (IHC) analysis of ante- and postmortem sam-
ples. RAMALT samples were collected from populations of farmed and free-ranging Rocky Mountain elk (Cervus elaphus nel-
soni; n ! 323), and nasal brush samples were collected from a subpopulation of these animals (n ! 205). We hypothesized that
the sensitivity of RT-QuIC would be comparable to that of IHC analysis of RAMALT and would correspond to that of IHC analy-
sis of postmortem tissues. We found RAMALT sensitivity (77.3%) to be highly correlative between RT-QuIC and IHC analysis.
Sensitivity was lower when testing nasal brushings (34%), though both RAMALT and nasal brush test sensitivities were depen-
dent on both the PRNP genotype and disease progression determined by the obex score. These data suggest that RT-QuIC, like
IHC analysis, is a relatively sensitive assay for detection of CWD prions in RAMALT biopsy specimens and, with further investi-
gation, has potential for large-scale and rapid automated testing of antemortem samples for CWD.

Transmissible spongiform encephalopathies are a group of pro-
gressively fatal neurodegenerative diseases caused by infec-

tious proteins known as prions (1). The pathogenesis of prion
diseases involves conversion of the endogenous cellular prion pro-
tein (PrPC) present within specific tissues to the abnormal, pro-
tease-resistant form (PrPres) following exposure to an infectious
dose of PrPres (1). Chronic wasting disease (CWD), a naturally
occurring prion disease of white-tailed deer (Odocoileus virginia-
nus), mule deer (Odocoileus hemionus), Rocky Mountain elk (Cer-
vus elaphus nelsoni), and moose (Alces alces), is the only known
prion disease affecting free-ranging, nondomestic animals (2, 3).
CWD was first described nearly 50 years ago as a fatal, wasting,
spongiform encephalopathy of cervids in Colorado and Wyoming
(4). The disease has since been documented in 23 U.S. states, 2
Canadian provinces, and, via exportation of farmed cervids, the
Republic of Korea (5–8). Four of the 23 states (Texas, Iowa, Penn-
sylvania, and Ohio) were considered CWD free prior to 2012, with
primary cases in three of these states reportedly arising in farmed
cervids (9–11). With the movement of cervids across state and
national borders, these new epidemic foci illustrate the increased
need for highly sensitive surveillance methods and appropriate
antemortem tissue collection in order to potentially mitigate both
natural and anthropogenic spread and more accurately estimate
prevalence.

Presently, there is significant variation in the prevalence of

CWD throughout North America, with levels ranging from 0 to
30% in wild populations and approaching 80% in specific captive
populations (12, 13). Current prevalence rates are dependent on
the use of conventional diagnostic assays, including enzyme-
linked immunosorbent assay (ELISA) and immunohistochemis-
try (IHC) analysis—two assays similar in sensitivity and specificity
that utilize a proteolytic pretreatment step to abolish PrPC cross-
reactivity (14). Despite specificities nearing 100% with these as-
says (14, 15), it is generally acknowledged that these pretreatments
may lead to underestimation of the level of PrPres in a given sample
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(16–19). This shortcoming has led to the development of assays
that utilize amplification of PrPres (e.g., serial protein misfolding
cyclic amplification [18, 20]), fluorometric quantitation of seed-
ing activity (e.g., real-time quaking-induced conversion [RT-
QuIC] assay [21–23]), or other methods devoid of harsh proteo-
lytic treatments (e.g., the conformation-dependent immunoassay
[24]). While the specificities of these assays also approach 100%,
studies to specifically identify sensitivity are difficult without
costly bioassay studies. As a result, the true sensitivities of conven-
tional IHC analysis and ELISA, as well as experimental detection
assays, are difficult to estimate. To date, experimental detection
assays have not been reported in conventional surveillance for
CWD, such assays have the potential for increased sensitivity and
earlier detection of CWD-positive animals (17, 18), an important
component of surveillance and detection protocols.

Aside from the selection of a sensitive diagnostic assay for dis-
ease detection, definitive diagnosis also requires appropriate tis-
sue collection (25–27). In most species, the obex, a region of the
caudal brainstem containing the dorsal motor nucleus of the va-
gus nerve, is generally considered the most sensitive region of the
central nervous system for detection of PrPres, 100% given the
above caveats (28–30). However, several studies utilizing IHC
analysis of the medial retropharyngeal lymph nodes (RLN) have
demonstrated a species-dependent improvement in sensitivity
over the brainstem/obex for detection of the infectious prion pro-
tein of CWD (PrPCWD) in cervids (25, 27). In white-tailed deer,
RLN tissues appear to offer nearly 100% sensitivity for the detec-
tion of CWD infection (12, 26, 31), while in elk, upwards of
12% of positive animals may have PrPres deposition limited to
the brainstem at the time of necropsy (25). Unfortunately, the
brainstem and RLN, the two tissues of choice for sensitivity, are
currently available only as postmortem samples. This limita-
tion makes these tissues problematic for understanding epidemi-
ology through population surveillance and individual screening in
areas without hunting or culling practices. For this reason, major
efforts have been undertaken to identify peripheral lymphoid tis-
sues for antemortem collection and diagnosis which may exhibit
sensitivities comparable to those of the brainstem/RLN, including
third-eyelid, tonsil, and recto-anal mucosa-associated lymphoid
tissue (RAMALT) samples (27, 32–37). Previous studies have ad-
ditionally demonstrated high levels of PrPres in olfactory epithe-
lium and nasal secretions in several prion diseases (38–48),
though this prospect has not been assessed with CWD. Both RA-
MALT biopsy specimens and nasal brush samples collected from
the olfactory epithelium are easily and efficiently collected and
processed, making these tissues promising additions in the area of
antemortem detection of prion diseases and the samples of choice
for our study.

In the present study, we applied a standardized RT-QuIC assay
to blindly examine RAMALT biopsy specimens collected from 316
Rocky Mountain elk (Cervus elaphus nelsoni) and nasal brush
samples from a subpopulation of 205 of these elk. RT-QuIC has
previously been shown to efficiently amplify and detect PrPres/CWD

in a number of tissues and bodily fluids, including cerebrospinal
fluid (CSF), urine, saliva, blood, brain tissue, lymph node tissue,
and nasal lavage fluid/swabs (21, 38, 39, 47, 49–54), but to our
knowledge, this is the first study to utilize RAMALT biopsy spec-
imen tissue homogenates and nasal brush preparations for ampli-
fication and detection of PrPCWD by RT-QuIC. RT-QuIC results
were subsequently correlated with ante- and postmortem IHC
analysis results obtained with RAMALT, RLN, and brainstem
samples at the level of the obex (including obex scoring) and the
PRNP genotype (27, 55). We hypothesized that the sensitivity of
RT-QuIC in antemortem samples would correlate with postmor-
tem IHC analysis of these animals, with our findings demonstrat-
ing a relatively rapid and sensitive detection of PrPCWD in both
RAMALT and nasal epithelial brush samples collected.

MATERIALS AND METHODS
Study populations. The first group of animals consisted of a population
of farmed elk with a recent history of CWD that was identified in Sas-
katchewan (n ! 120), in an area with a history of endemic CWD. This
population included 40 calves, 38 adult bulls, and 42 adult cows. The
second group of animals consisted of a population of elk from a study area
described previously (27) and consisted of adult female free-ranging elk in
Rocky Mountain National Park (RMNP) that were initially captured and
sampled (n ! 136) or recaptured in later study years for supplemental
sample collection (n ! 39) and released with radio collars during the
winters of 2012 to 2014. Two additional females from RMNP showing
clinical signs suggestive of CWD were sampled perimortem. A third and
separate free-ranging study population in an area of North Dakota (Theo-
dore Roosevelt National Park [TRNP]) where CWD is not known to oc-
cur provided for negative control RAMALT biopsy specimens (n ! 28)
and nasal brushings (n ! 16) collected perimortem (Table 1). All samples
from each group were collected with single-use instruments and included
RAMALT (n ! 323) and nasal brush samples (n ! 205), in accordance
with IACUC protocols and state/federal permits (IACUC protocols
KSU3503 and IMR_ROMO_Monello_Elk_11/21/2011, National Park
Service permits ROMO-2012-SCI-0064 and THRO-2012-SCI-0008, and
Colorado Parks and Wildlife permit 13TR2088). Blood collected by ce-
phalic or jugular venipuncture was used to determine the elk PRNP geno-
type (specifically, PRNP position 132 methionine [M] or leucine [L]) as
described by O’Rourke et al. (56, 57). Elk were ultimately assessed for
CWD via IHC analysis of RAMALT tissue (antemortem) or RLN and
brainstem samples at the level of the obex (postmortem). Free-ranging
animals determined to be CWD positive were monitored until death or
humane euthanasia when exhibiting end-stage clinical signs of CWD.
Brainstem and RLN samples were collected from these animals for con-

TABLE 1 Summary of study populations, including sex, samples collected, and postmortem CWD status as determined by obex and
retropharyngeal lymph node IHC analysisa

Group
No. of
males

No. of
females

No. of RAMALT
samples

No. of nasal
brush samples

No. CWD positive
(postmortem)

No. CWD negative
(postmortem)

Canada 59 61 120 120 44 76
RMNP 0 136 (39)b 136 (39) 66 (3) 5 170
TRNP 0 28 28 16 0 28
a The number of RAMALT samples collected from females at RMNP included 136 initial and 39 follow-up biopsy specimens; nasal brush samples included 66 initial collections and
3 follow-up collections.
b Values in parentheses represent the number of repeat samples collected in subsequent years.
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firmatory IHC analysis. Farmed animals were humanely euthanized im-
mediately following sample collection.

Tissue collection and processing. Elk in both Canada and RMNP
were immobilized with a combination of carfentanil and xylazine as pre-
viously described (27). Samples from TRNP elk were collected perimor-
tem in the course of a herd management initiative. RAMALT biopsy spec-
imens were collected by removing a 1.5-by-0.75-cm strip of mucosal
tissue from the wall of the rectum approximately 1.0 cm anterior to the
mucocutaneous junction of the anus and perpendicular to the cranial/
caudal axis of the rectum (27). The sample was divided into two pieces, an
approximately 0.5-by-0.5-cm section was frozen and maintained at
"80°C, and the remainder was placed in 10% neutral buffered formalin
prior to IHC analysis. Frozen RAMALT biopsy specimens were later pre-
pared as an #2% homogenate in RT-QuIC dilution buffer (phosphate-
buffered saline [PBS] with 0.05% SDS) with a TissueLyser II (Qiagen)
with a single 5-mm stainless steel bead and 2-ml conical snap cap tubes
with two 2-min cycles of homogenization at a power setting of 20. Ho-
mogenates were then maintained at "80°C until analysis by RT-QuIC.

Nasal brush samples were cleanly collected from the right nasal cavity
contemporaneously with RAMALT biopsy specimens as follows. A sterile
uterine single-sheathed cytology brush (Jorgenson Laboratories no.
J0273C) was gently inserted into the right nasal vestibule, directed dorso-
caudally through the dorsal nasal meatus, and fed in approximately 6 to 7
in. until located directly rostral to the ethmoid turbinate (Fig. 1A and B).
At that time, the sampling brush was fed into the sheath and advanced
until obstructed by the ethmoid turbinates. The brush was spun gently to
collect turbinate epithelial tissue and retracted into the sheath, and the
entire unit was removed from the nasal cavity. The brush tip was then
placed in PBS and refrigerated at 4°C between collection and processing.
The sample was processed by vortexing vigorously in PBS to remove and
suspend cellular matter present on the brush. The cellular suspension was
then centrifuged at 3,000 $ g for 10 min at 4°C. The supernatant from the
cellular suspensions was poured off, and the cellular pellet was resus-
pended in 0.5 ml of PBS and homogenized as described above. Homoge-
nates were then maintained at "80°C until analysis by RT-QuIC.

RAMALT biopsy specimen, RLN tissue, and brainstem/obex tissue
IHC analysis. Reference tissues were assayed for PrPCWD by IHC analysis
as previously described (37, 58). Briefly, tissue was preserved in 10% neu-
tral buffered formalin and then embedded in paraffin blocks. Cross sec-
tions 5 %m thick were mounted on glass slides and deparaffinized before
treatment with 99% formic acid for chemical denaturation of PrPC. IHC
staining for PrPCWD was performed with the primary antibody Anti-prion
99 (Ventana Medical Systems, Tucson, AZ) and then counterstained with
hematoxylin. Biopsy specimens were considered positive if at least one
follicle exhibited PrPCWD-specific staining (58). The numbers of staining
and nonstaining follicles in each RAMALT biopsy specimen were docu-
mented. Samples not demonstrating IHC staining were considered CWD
“not detected.” The same protocol was used for postmortem brainstem/
obex and RLN analysis, with obex sections scored on a PrPCWD deposition
scale of 0 (no PrPCWD staining) to 4 (heavy accumulation of PrPCWD) as
previously described (59).

RT-QuIC preparation and procedure. RT-QuIC assays were per-
formed with a truncated form of recombinant Syrian hamster PrP
(SHrPrP; residues 90 to 231) in pET41b and expressed and purified as
previously described (47). In brief, 1-liter cultures of lysogeny broth (LB)
containing autoinduction supplements (EMD Biosciences) were inocu-
lated with SHrPrP-expressing Rosetta strain Escherichia coli, which was
grown overnight and harvested when an optical density at 600 nm of #3
was reached. Cells were lysed with BugBuster reagent with supplemented
Lysonase (EMD Biosciences), and inclusion bodies (IB) were harvested by
centrifugation of the lysate at 15,000 $ g. IB pellets were washed twice and
solubilized overnight in 8 M guanidine hydrochloride (GuHCl) in 100
mM NaPO4 and 10 mM Tris (pH 8.0), clarified by centrifugation at
15,000 $ g for 15 min, and added to Superflow nickel-nitrilotriacetic acid
(Ni-NTA) resin (Qiagen) preequilibrated with denaturing buffer (6.0 M

GuHCl, 100 mM NaPO4, 10 mM Tris, pH 8.0). Denatured SHrPrP and
Ni-NTA resin were incubated by rotation at room temperature for 1 h and
then added to an XK fast protein liquid chromatography column (GE
Healthcare). Refolding was achieved on column with a linear refolding
gradient of denaturing buffer (6 M GuHCl, 100 mM NaPO4, 10 mM Tris,
pH 8.0) to refolding buffer (100 mM NaPO4, 10 mM Tris, pH 8.0) over 3
h at 1.5 ml/min. SHrPrP was eluted with a linear gradient of refold buffer

FIG 1 In vivo (A) and ex vivo (B) demonstrations of nasal brush collection on
Rocky Mountain elk.
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to elution buffer (100 mM NaPO4, 10 mM Tris [pH 8.0], 500 mM imida-
zole [pH 5.8]) over 40 min at 2.0 ml/min. Peak UV 280-nm fractions were
pooled and dialyzed overnight against two changes of 4.0 liters of dialysis
buffer (20 mM NaPO4, pH 5.8). Recovered SHrPrP was adjusted to a final
concentration of #0.5 mg/ml and stored at 4°C for up to 45 days. Purity
was evaluated through analyses of fast protein liquid chromatography
spectroscopy and Western blotting profiles but most importantly through
functionality in the RT-QuIC assay. Seeded amplification with a positive
control consisting of pooled CWD-positive brain tissue from six experi-
mentally infected white-tailed deer (cervid brain pool 6 [CBP6]) was eval-
uated in each experimental run to confirm the consistency and repeatabil-
ity of the amplification rate, reproducibly amplifying in triplicate between
cycles 20 and 24 (data not shown).

Nasal brush preparations were diluted 1:10 in RT-QuIC dilution buf-
fer, while RAMALT homogenates were diluted 1:100 in RT-QuIC dilution
buffer. Five microliters of this 10"1 or 10"2 dilution was added to 95 %l of
RT-QuIC reaction buffer consisting of 50 mM NaPO4, 350 mM NaCl, 1.0
mM EDTA tetrasodium salt, 10 %M thioflavin T (ThT), and 0.1 mg/ml
truncated SHrPrPC to yield a final volume of 100 %l. Each sample was
tested in triplicate on a single plate in two separate experiments. Nasal
brushings were repeated at two different institutions (Kansas State Uni-
versity [KSU], Rocky Mountain Laboratories [RML]). Positive controls
consisting of 5 %l of a 10"3 dilution of CBP6 spiked into 95 %l of RT-QuIC
reaction buffer were included in triplicate in each experiment. Negative
controls, also prepared in triplicate, consisted of RAMALT biopsy speci-
mens or nasal brush samples collected from elk known to be negative
(confirmed by IHC analysis of brainstem or RLN tissue) from an area
where CWD has not been reported (TRNP), as well as untreated RT-QuIC
reaction buffer spiked with 5 %l of RT-QuIC dilution buffer. Reactions
were prepared in a black 96-well optical-bottom plate that was then sealed
and incubated in a BMG Labtech Polarstar fluorimeter at 42°C for 24 h (96
15-min cycles) with intermittent shaking cycles; specifically, 1-min shak-
ing periods (700 rpm, double orbital pattern) alternating with 1-min rest
periods. ThT fluorescence measurements (450-nm excitation and
480-nm emission wavelengths) were taken every 15 min with the gain set
at 1,200. The relative fluorescence (in relative fluorescence units) of each
triplicate sample was progressively monitored against time with orbital
averaging and 20 flashes/well at the 4-mm setting.

A replicate well was considered positive when the relative fluorescence
crossed a predefined positive threshold, calculated as 10 standard devia-
tions above the mean fluorescence of all of the sample wells from cycles 2
to 8. Positive samples were considered those crossing the threshold in
!2/6 replicates for both RAMALT and nasal brush analyses.

Correlation of RT-QuIC results with PrPCWD IHC analysis, obex
scoring, and the PRNP genotype. Considering only our findings from
farmed elk, we sought to examine if RT-QuIC results from RAMALT and
collected nasal brush samples could be associated with a number of pre-
dictor variables, including RAMALT, RLN, and brainstem/obex IHC
analysis results; the obex score; and the PRNP genotype. We used Spear-
man correlations to assess the relationship and direction of relationship
between RT-QuIC results obtained with RAMALT and nasal brush sam-
ples to conventional postmortem methods of detecting CWD infection
and to compare results of assays performed at different institutions.

RESULTS
CWD-positive population data and IHC analyses. In the herd of
120 farmed elk, 25 (41%) of the 61 elk cows examined were posi-
tive by RLN or brainstem/obex IHC analysis or both, while 19
(32.2%) of 59 bulls were considered positive. Forty (43.5%) of 92
animals that had a PrP 132MM genotype were CWD positive in
the obex or RLN by IHC analysis, and 33/40 (82.5%) were
RAMALT positive by IHC analysis. Four (14.2%) of 28 132ML elk
were CWD positive by postmortem obex/RLN analysis, and just
1/4 was identified by positive follicular staining of RAMALT in

IHC analysis. Elk identified as positive postmortem had obex
scores ranging from 0 to 4 (Tables 1 and 2).

Of the animals sampled at RMNP, five were identified as CWD
positive by RAMALT IHC analysis and eventually confirmed
through postmortem IHC analysis of the brainstem and RLN. All
brainstem/obex samples of CWD-positive free-ranging cow elk
were considered highly positive, indicating disseminated infec-
tion and central nervous system accumulation of PrPCWD at the
time of euthanasia or death (Fig. 2A and B). Four of these
CWD-positive animals were homozygous for methionine at
PRNP codon 132 (132MM), while a fifth was heterozygous at
this position (132ML).

RT-QuIC analysis of RAMALT biopsy specimens. Biopsy
specimens from 34/120 farmed elk were positive by RT-QuIC in
3/3 replicates in two separate experiments. Of these RT-QuIC-
positive biopsy specimens, 33 were also positive by IHC analysis,
though there was an additional specimen positive by IHC analysis
that was RT-QuIC negative; RAMALT RT-QuIC correlated 96%
with RAMALT IHC analysis (Tables 2 and 3) in this group.

Initial biopsy specimens from 5/136 elk from RMNP (each
positive by IHC analysis) showed evidence of prion amplification
in 3/3 replicates in two separate experiments (Table 2). None of
the 39 animals sampled on recapture or of the 28 sampled from
TRNP were considered positive by RT-QuIC or IHC analysis.

RT-QuIC analysis of nasal brush samples. Nasal brush sam-
ples collected from 120 farmed elk in Canada, 69 elk in RMNP,
and 16 in TRNP were analyzed by a modified RT-QuIC assay as
described above. Brush samples collected from farmed elk were
positive in 15/120 (12.5%, KSU) or 14/120 (11.7%, RML) cases.
Spearman correlation of the results from the two institutions was
significant, with a coefficient of 0.883 (P & 0.001). Initial brush
samples collected from 2/66 elk from RMNP—animals whose
RAMALT samples were positive by IHC analysis and whose brain-
stems were positive by RT-QuIC and IHC analysis—produced
amplification in 3/3 replicates, in two separate experiments. In

FIG 2 IHC detection of PrPCWD in brainstem (obex) and RAMALT samples
by previously described protocols. Panels: A, CWD-negative obex section of an
elk from RMNP; B, obex section of an elk from RMNP showing heavy accu-
mulation of material staining positive for PrPCWD; C, RAMALT biopsy speci-
men from an elk from RMNP showing negative staining for PrPCWD; D, CWD-
positive RAMALT biopsy specimen from an elk from RMNP showing heavy
accumulation of material staining positive for PrPCWD. IHC analysis was per-
formed with anti-prion 99 antibody (Ventana Medical Systems, Tucson, AZ).
Bars ! 250 %m.
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this subgroup of the larger group of RMNP elk, no other CWD-
positive animals were identified through analyses of ante- or
postmortem tissues (i.e., these two positive nasal brushings
represented the only CWD-positive animals in this subgroup).
Likewise, no positive elk that represented RMNP recaptures
(0/3) or those sampled from TRNP (0/16) were identified (Fig.
3; Table 2).

Correlation of RT-QuIC results with RAMALT, RLN, and
obex IHC analysis results; obex scores; and PRNP genotypes.
There was a positive correlation (96%) between RAMALT RT-
QuIC and IHC analysis results for farmed elk in Canada, an RT-
QuIC result obtained with RAMALT from a single animal that
failed to detect PrPCWD that was identified by RAMALT IHC anal-
ysis and vice versa. RT-QuIC results obtained with RAMALT were
negatively correlated with an obex score of 0 ("92%) but posi-
tively correlated with obex scores of 3 (48%) and 4 (71%). RT-
QuIC results obtained with RAMALT were positively correlated
with the 132MM genotype (30%) but negatively correlated with
the 132ML genotype ("30%). RT-QuIC results obtained with
nasal brush samples were not as reliable in detecting PrPCWD as
RT-QuIC results obtained with RAMALT in comparison with
RLN and brainstem/obex IHC analyses at 52 and 58%, respec-
tively. However, RT-QuIC results obtained with nasal brush sam-
ples were negatively correlated ("58%) with an obex score of 0
but positively correlated (64%) with an obex score of 4 (Fig. 4 and
5 Table 3).

DISCUSSION
The geographic distribution and/or detection of CWD has been
progressively expanding in captive and free-ranging populations
since its initial documentation in Colorado and Wyoming nearly
50 years ago (4, 60). Increased surveillance efforts during the past
several years have led to the detection of new cases in U.S. states
previously thought to be outside the area where CWD is endemic
(e.g., Texas, Iowa, and Pennsylvania in 2012 and Ohio in 2014)
(9–11). As this devastatingly fatal disease spreads across the
United States and beyond, the importance of highly sensitive an-
temortem detection becomes increasingly evident. This study
sought to evaluate the use of RT-QuIC as a fast, efficient, and
highly sensitive PrPCWD detection assay, with the incorporation of

RAMALT and nasal brush samples as useful antemortem target
samples.

The results of this study support the hypothesis that RAMALT
RT-QuIC exhibits a sensitivity comparable to that of RAMALT
IHC analysis for the antemortem detection of CWD infection in
elk. Of the 49 animals identified postmortem as CWD positive in
the present study, RT-QuIC found seeded amplification in 39
RAMALT biopsy specimens collected antemortem—revealing a
sensitivity of 79.6% compared to postmortem testing. No animal
considered negative through postmortem testing was positive by
antemortem RT-QuIC, indicating a high specificity for CWD in-
fection. With further development, it seems possible that RT-
QuIC could have the potential for continued improvement in
sensitivity over conventional methods, and while it is seemingly
approaching the limits of sensitivity with RAMALT samples, it
may prove useful for the identification of CWD prions in other
antemortem samples. This is highlighted by the significant prog-
ress made in the field of RT-QuIC analysis within the last several
years, demonstrating its utility for the identification of prion seed-
ing activity in a multitude of tissues, including CSF, urine, saliva,
blood, brain, lymph node tissue, and nasal lavage fluid/swabs (21,
38, 39, 47, 49–54). Additionally, intraassay variability has proven
to be low (23, 61), and with the ability to run a large number of
samples simultaneously, generating rapid (&24 h), quantita-
tive results, RT-QuIC is a fast, easy, and user-friendly assay
with potential for widespread application in CWD research
and monitoring.

While confirming its limitations, this study offers additional
support for the use of RAMALT as diagnostic tissue. There have
been a number of previous studies of elk demonstrating the
sensitivity of RAMALT compared to postmortem evaluation
(27, 37, 58), making this a potentially useful antemortem sam-
ple for understanding the epizootiology of the disease and for
management of captive herds in areas where CWD is endemic.
While lymphoid follicle counts in RAMALT biopsy specimens
have been shown to decline with age (62) and the sensitivity of
RAMALT is decreased in cases of early infection (25, 27, 58)
and in animals with specific PRNP alleles, these limitations
should not preclude the continued evaluation of RAMALT as
an antemortem testing tissue. Ultimately, shortcomings in sen-

TABLE 2 Summary of testing data for farmed and free-ranging elka

Group

No.
negative

No.
positive No. with IHC analysis of: No. with obex score of: No. tested byRT-QuIC

M F M F RAMALT RLN Obex
RLN'

Obex"
RLN"

Obex' 0 1 2 3 4 RAMALT

NB

KSU RML

Canada
132MM 26 26 18 22 33 37 35 5 3 5 3 2 10 20 33 15 14
132ML 14 10 1 3 1 4 1 3 0 3 1 0 0 0 1 0 0

RMNP
132MM NAc NA 4 4 4 4 0 0 NA 4 2b 2b

132ML NA NA 1 1 1 1 0 0 NA 1 0 0
a Ante- and postmortem RT-QuIC and IHC test results were highly correlative. Testing of RAMALT and nasal brushing (NB) samples also correlated highly with both the obex
score and the PRNP genotype at position 132. All animals positive by RAMALT testing were also positive by RLN IHC analysis, while some obex-positive animals were RLN
negative and vice versa. Neg, chronic wasting disease negative; Pos, chronic wasting disease positive; M, male; F, female.
b These positive samples were from a subpopulation of the overall sample population of free-ranging elk, and represented the only two positive elk for which nasal brushings were
acquired.
c NA, not available.
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sitivity may be overcome through continued development of
the RT-QuIC or similar assays—specifically, as progress is
made on amplification substrates that may enhance diagnostic
sensitivity. However, it should be acknowledged that current
and past studies indicate that detectable prions may not accu-
mulate in currently employed peripheral tissues from some
proportion of animals or until very late in the course of clinical
disease, and as a result, either IHC analysis or RT-QuIC may
perpetually fall short of a perfect sensitivity critical for use in a
screening assay prior to animal movement.

In the present study, the sensitivity of nasal brush sample
analysis was quite low compared to that of other antemortem
and postmortem sample analyses and to the apparently high
sensitivity reported with human Creutzfeldt-Jakob disease
(CJD) cases (48), which indicates that it is unsuitable for use in
CWD surveillance. Although the anatomic target of nasal
brush sampling—the rostral ethmoid turbinates—is a reported
site of olfactory epithelium in ruminants (63, 64), it is possible
that our sampling technique failed to appropriately collect
from this area without rhinoscopic assistance. Alternatively,
there may be a delay in the appearance of amplifiable PrPres in
olfactory epithelium, as has been suggested for RAMALT. On-
going studies may help further assess the quality of the olfac-
tory epithelium of cervids and define the kinetics of prion ac-
cumulation in nasal tissues. Despite the low sensitivity, the
correlation to the obex score (and thus the clinical stage of
disease) (31) should not be overlooked. We found the highest
sensitivity, 60%, in advanced cases of CWD in elk, with a steady
decline toward earlier, preclinical stages of disease. This likely
translates to the potential utility of nasal brush samples col-
lected for the diagnosis of CJD—in that preclinical screening of
individuals with a genetic predisposition for, or a history of
iatrogenic exposure to, prion diseases may not be as fruitful as
examination of individuals showing overt clinical symptoms.

FIG 3 Prion-seeded RT-QuIC amplification of RAMALT and nasal brush
samples. CBP6 acted as the positive control. The data are from elk 819 from
RMNP, which was ante- and postmortem IHC analysis positive for CWD.
Recombinant PrP, SHrPrP. Ct threshold, threshold cycle calculated as 10 stan-
dard deviations above the mean fluorescence of all of the samples through
cycles 2 to 8.
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Recently, additional large- and small-scale depopulation ef-
forts have been undertaken to reduce the impact of CWD in
captive and free-ranging cervid herds. In some cases, where the
incidence of CWD is likely to have been low, these efforts have

proven successful (65, 66). In many cases, however, depopula-
tion efforts were unable to control the spread of CWD in sus-
ceptible populations (67, 68). With the demonstrated link be-
tween PRNP alleles, susceptibility, and antemortem test

FIG 4 Prevalence of CWD in farmed elk PRNP 132 alleles based on RT-QuIC amplification of nasal brush (NB) samples, RAMALT biopsy (RB) specimens, or
postmortem (PM) IHC analysis. CWD was more prevalent in 132MM elk; higher sensitivities in RAMALT biopsy specimens and nasal brush analyses were also
observed in this genotype.

FIG 5 Associations of obex scores with antemortem testing and the genetic background of farmed elk. As obex scores increased, a greater proportion of positive
132MM animals was observed, along with a higher sensitivity observed through both nasal brush and RAMALT biopsy specimen analyses. NB, nasal brush
analysis by RT-QuIC; RB, RAMALT biopsy specimen analysis by RT-QuIC; GT, 132MM allele proportion among animals identified as CWD positive.
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sensitivity, a combination of antemortem testing, genetic
screening, and selective breeding in farmed herds may help
reduce the dependence on depopulation regimes. Future ante-
mortem test developments would prove critical in cases of
cervid trade, relocation, or reintroduction, in which case eu-
thanasia and postmortem testing are not an option. The unin-
tentional transfer of CWD between Canada and the Republic of
Korea, for example, might have been prevented if a perfectly
sensitive antemortem test had been available (7). CWD control
in free-ranging cervid herds presents a more complex problem
because of animal inaccessibility and seasonal migration. The
incorporation of antemortem testing strategies could be bene-
ficial, however, when prevalence rates are high or depopulation
efforts are contraindicated, as with protected herds. Despite the
lower sensitivity of antemortem samples compared to post-
mortem tissue collection, antemortem tests remain an impor-
tant tool for monitoring prevalence, mitigating spread of the
disease, and developing an expanded understanding of CWD
resistance.

In summary, we report the antemortem detection of prion
seeding activity by RT-QuIC in RAMALT and nasal brush samples
collected from CWD-positive elk. Seeded amplification results
from antemortem samples were comparable to those arrived at by
IHC analysis with common samples, though both were less sensi-
tive than postmortem testing. As has been reported previously, the
stage of clinical disease and the PRNP genotype can have a strong
influence on antemortem test sensitivity—a finding that could
directly translate to efforts to identify preclinical patients at risk of
CJD. Although significantly less sensitive than RAMALT biopsy
specimen testing, nasal brushing offers the benefits of ease of sam-
ple collection, reduced trauma, and simplicity in its use of dispos-
able equipment and sample processing. The employment of ante-
mortem sample collection and testing would be beneficial in
better understanding of CWD in cervids across North America,
especially as diagnostic techniques—including the RT-QuIC
assay—improve.
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