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ABSTRACT Among prion infections, two scenarios of prion spread are generally ob-
served: (i) early lymphoid tissue replication or (ii) direct neuroinvasion without
substantial antecedent lymphoid amplification. In nature, cervids are infected with
chronic wasting disease (CWD) prions by oral and nasal mucosal exposure, and stud-
ies of early CWD pathogenesis have implicated pharyngeal lymphoid tissue as the
earliest sites of prion accumulation. However, knowledge of chronological events in
prion spread during early infection remains incomplete. To investigate this knowl-
edge gap in early CWD pathogenesis, we exposed white-tailed deer to CWD prions
by mucosal routes and performed serial necropsies to assess PrPCWD tissue distribu-
tion by real-time quaking-induced conversion (RT-QuIC) and tyramide signal amplifi-
cation immunohistochemistry (TSA-IHC). Although PrPCWD was not detected by ei-
ther method in the initial days (1 and 3) postexposure, we observed PrPCWD seeding
activity and follicular immunoreactivity in oropharyngeal lymphoid tissues at 1 and 2
months postexposure (MPE). At 3 MPE, PrPCWD replication had expanded to all sys-
temic lymphoid tissues. By 4 MPE, the PrPCWD burden in all lymphoid tissues had in-
creased and approached levels observed in terminal disease, yet there was no evi-
dence of nervous system invasion. These results indicate the first site of CWD prion
entry is in the oropharynx, and the initial phase of prion amplification occurs in the
oropharyngeal lymphoid tissues followed by rapid dissemination to systemic lym-
phoid tissues. This lymphoid replication phase appears to precede neuroinvasion.

IMPORTANCE Chronic wasting disease (CWD) is a universally fatal transmissible spongi-
form encephalopathy affecting cervids, and natural infection occurs through oral and
nasal mucosal exposure to infectious prions. Terminal disease is characterized by
PrPCWD accumulation in the brain and lymphoid tissues of affected animals. How-
ever, the initial sites of prion accumulation and pathways of prion spread during
early CWD infection remain unknown. To investigate the chronological events of
early prion pathogenesis, we exposed deer to CWD prions and monitored the tissue
distribution of PrPCWD over the first 4 months of infection. We show CWD uptake
occurs in the oropharynx with initial prion replication in the draining oropharyngeal
lymphoid tissues, rapidly followed by dissemination to systemic lymphoid tissues
without evidence of neuroinvasion. These data highlight the two phases of CWD in-
fection: a robust prion amplification in systemic lymphoid tissues prior to neuroinva-
sion and establishment of a carrier state.
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Chronic wasting disease (CWD) is a naturally occurring transmissible spongiform
encephalopathy (TSE) of cervids, including deer, elk, and moose (1). CWD was first

recognized in Colorado in 1967 and has since spread to captive and free-ranging cervid
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populations in 24 states and three additional countries, Canada, the Republic of Korea,
and Norway (2, 3). Clinical signs include progressive wasting despite polyphagia,
bruxism, head tremors, and ataxia (1, 4). Like other transmissible spongiform enceph-
alopathies, clinical disease is associated with spongiform change and accumulation of
the infectious prion isoform, PrPCWD, in the central nervous system, most consistently
observed affecting the nucleus of the vagus nerve in the obex region of the medulla
oblongata (5–7).

The majority of natural, horizontal CWD transmission occurs by mucosal contact
with infectious prions, either by contact with infected animals or by indirect environ-
mental exposure associated with foraging and rutting (8). Transmission of CWD prions
by mucosal exposure has been experimentally confirmed by aerosol and oral exposure
to prions, with minor mucosal lesions in the oral cavity enhancing transmission
efficiency (9, 10). In infected cervids, CWD prions have been identified in body fluids
and excreta, including blood, saliva, urine, and feces, all of which are potential natural
sources of environmental contamination (8, 11–14). Once CWD has contaminated the
environment, it has been shown to persist and remain infectious for years, potentially
through binding to soil (15). Vertical transmission has also been described; however, its
role in the spread of CWD remains unclear (16).

As with other TSEs, the pathogenesis of CWD is influenced by the PRNP gene
sequence, and four polymorphisms have been identified thus far in white-tailed deer
(WTD): Q95H, G96S, A116G, and Q226K (17). Of these polymorphisms, Q95, G96, and
A116 are more common in the deer population and reported with higher frequency in
natural cases of CWD (18). Studies have demonstrated at least one copy of the S96
allelic variation prolongs the CWD incubation period in deer, up to 230%, and appears
to impede but not prevent PrPCWD conversion (2, 19, 20).

Investigations of early prion pathogenesis in naturally acquired disease have de-
scribed two patterns of prion spread: an early lymphoid replication phase prior to
accumulation in the brain (neuroinvasion), as in scrapie, and exclusive central nervous
system prion replication, as reported in bovine spongiform encephalopathy (BSE) (21,
22). Previous studies suggest CWD pathogenesis shares many similarities with scrapie.
A survey of mule deer from areas where CWD is endemic identified PrPCWD lymphoid
replication in tonsil biopsy specimens from animals that did not display overt signs of
clinical disease (23). Experimental studies of CWD transmission in deer following
relatively large oral challenges with CWD-positive brain homogenate provided a
glimpse of the disease at individual early time points and demonstrated PrPCWD in
alimentary-associated lymphoid tissues at 42 days and in systemic lymphoid tissues at
90 days postexposure (24, 25). However, there remains relatively little information
regarding the chronological progression of PrPCWD in deer tissues during the early
postexposure period following a smaller, more physiologically relevant dose.

To further investigate early CWD pathogenesis, we examined the temporal distri-
bution and accumulation of PrPCWD after mucosal exposure in white-tailed deer using
immunohistochemistry and real-time conversion. Following mucosal exposure, we
found the earliest evidence of prion replication in the upper alimentary tract in the
lymphoid tissues draining the oropharyngeal cavity, followed by rapid dissemination to
systemic lymphoid tissues without evidence of prion neuroinvasion. This study docu-
ments the earliest sites of CWD prion entry and highlights the importance of the
lymphoid system in early CWD pathogenesis.

RESULTS
CWD prions reach and amplify in lymphoid tissues early in infection. (i) Twenty-

four and 72 h postmucosal exposure. In WTD collected at 24 or 72 h postoronasal CWD
exposure, occasional real-time quaking-induced conversion (RT-QuIC) of a minimal
number of sample replicates of the prescapular, mandibular, and hepatogastric lymph
nodes (LN) displayed amyloid seeding activity; however, the average rates of amyloid
seeding for these samples did not statistically differ from those of corresponding
negative-control tissues (P value of �0.05 by unpaired t test) (Fig. 1). Analysis of tissues
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by tyramide signal amplification immunohistochemistry (TSA-IHC) from these early time
points did not detect any PrPCWD immunoreactivity.

(ii) One month postexposure. At 1 month postexposure (MPE), statistically signif-
icant PrPCWD amyloid seeding activity (P value of �0.01 by unpaired t test) was
detected in the retropharyngeal lymph nodes from two 96GG WTD and in the parotid
lymph node from one 96GG WTD (Fig. 2A). In comparison, no significant amyloid
seeding was observed in tissues from 96GS WTD at 1 MPE. The negative results in the
96GS deer suggested that the amyloid seeding detected in tissues from 96GG WTD at
this collection time is indicative of de novo prion generation in these tissues and not
detection of inoculum.

TSA-IHC evaluation of lymphoid tissues at 1 MPE demonstrated faint granular
PrPCWD immunoreactivity in germinal centers of a few (1 to 8) tonsil lymphoid
follicles in two of the three 96GG WTD examined (Fig. 2B). Similar faint granular
PrPCWD immunoreactivity was detected in the parotid lymph node sample that
displayed amyloid seeding detected by RT-QuIC. Despite statistically significant
RT-QuIC amyloid seeding in retropharyngeal lymph nodes, TSA-IHC failed to demon-
strate PrPCWD immunoreactivity. The variation in PrPCWD tissue detection at this early
disease time point is likely due to unequal tissue distribution and sectioning differ-
ences. No PrPCWD immunoreactivity was observed in 96GS tissues.

FIG 1 PrPCWD amyloid seeding activity is not detected at 24 and 72 h following oronasal exposure. (A) RT-QuIC
analysis of tissues collected 24 h postoronasal exposure. Rare tissues, such as the prescapular LN, mandibular LN,
and RAMALT, displayed minor SHrPrP substrate conversion; however, rates of amyloid formation were not
statistically different from those of corresponding negative-control tissues. Data from two deer (963 and 965) are
displayed as means and standard errors of the means (SEM) from 8 replicates, representing 2 separate experiments.
LN, lymph node; Retro LN, retropharyngeal lymph node; RAMALT, rectoanal mucosa-associated lymphoid tissue;
VNO, vomeronasal organ. (B) RT-QuIC analysis of tissues collected 72 h postmucosal exposure. A few tissues, such
as the prescapular LN and spleen, displayed minor SHrPrP substrate amyloid conversion; however, rates of amyloid
formation were not statistically different from those of the corresponding negative-control tissues (P � 0.05,
unpaired t test). Data from two deer (967 and 968) are displayed as means and SEM from 8 replicates, representing
2 separate experiments. (C) RT-QuIC analysis of negative-control tissues collected 72 h postmucosal exposure. Rare
tissues displayed minimal spontaneous amyloid formation of SHrPrP substrate. Data from one deer are displayed
as means and SEM from a minimum of 8 replicates and 2 separate experiments.
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(iii) Two months postexposure. At 2 MPE, statistically significant PrPCWD seeding

activity (P value of �0.01 by unpaired t test) was consistently detected in lymph nodes
draining the head and neck, including the tonsil, retropharyngeal lymph node, and
mandibular lymph node (Fig. 3A). In addition, one 96GG WTD had statistically signifi-
cant seeding activity in the parotid lymph node (P value of �0.05 by unpaired t test).
Compared to 1 MPE (Fig. 2A), the tonsil and retropharyngeal lymph node at 2 MPE
displayed faster amyloid formation rates, consistent with a greater accumulation of

FIG 2 PrPCWD is detected in retropharyngeal and parotid lymph nodes in 96GG deer at 1 month postexposure. (A)
RT-QuIC analysis of 96GG, 96GS, and negative-control tissues collected at 1 MPE. Three samples displayed
statistically significant RT-QuIC amyloid seeding: 1219 retropharyngeal lymph node, 1202 retropharyngeal lymph
node, and 1219 parotid lymph node (P � 0.05, unpaired t test). No statistically significant PrPCWD amyloid seeding
formation was observed in 96GS WTD tissues. Data from three 96GG deer (1174, 1219, and 1202), one 96GS deer,
and one negative-control deer are displayed as means and SEM of 12 replicates from 3 separate experiments. (B)
Representative TSA-IHC from 96GG WTD collected at 1 MPE. Minimal PrPCWD immunoreactivity in germinal centers
from less than five lymphoid follicles was detected in tonsils from two 96GG WTD at 1 MPE. No PrPCWD

immunoreactivity was observed in retropharyngeal lymph nodes, ileocecocolic lymph nodes, or negative-control
tissues. All images are at �200 magnification; scale bar, 50 �m.
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PrPCWD in these tissues. As at 1 MPE, lymphoid tissues from 96GS WTD at 2 MPE
contained no detectable PrPCWD amyloid seeding activity.

TSA-IHC evaluation of lymphoid tissues from 96GG WTD revealed greater PrPCWD

immunoreactivity in tonsils and retropharyngeal lymph nodes in two 96GG WTD
compared to that of 1-MPE animals (Fig. 3B) (summarized in Table 1). No PrPCWD

immunoreactivity was observed in 96GS deer tissues.
(iv) Three months postexposure. At 3 MPE, statistically significant PrPCWD seeding

activity (P value of �0.05 by unpaired t test) expanded from oropharyngeal lymphoid

FIG 3 PrPCWD is detected in oropharyngeal lymphoid tissues in 96GG deer at 2 months postexposure (2-MPE
collection). (A) RT-QuIC of 96GG WTD, 96GS WTD, and negative-control tissues collected at 2 MPE. PrPCWD amyloid
seeding was detected in oropharyngeal lymphoid tissues from at least 1 96GG WTD collected at 2 MPE, including
the tonsil and retropharyngeal, mandibular, and parotid lymph nodes (P � 0.01, unpaired t test). Amyloid formation
rates from 96GS WTD tissues were not statistically different from those of the negative control. Data from three
96GG deer (1148, 1157, and 1218), one 96GS deer, and one negative-control deer are represented as means and
SEM of 12 replicates from 3 separate experiments. (B) Representative TSA-IHC from 96GG WTD collection at 2 MPE.
Mild PrPCWD immunoreactivity was detected in a small number of germinal center lymphoid follicles (�10
follicles/tissue) in tonsil and retropharyngeal lymph nodes. No PrPCWD immunoreactivity was observed in corre-
sponding negative controls. Images are at �200 magnification; scale bar, 50 �m.
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tissues to all systemic lymphoid tissues examined and the vomeronasal organ in at least
one of the two 96GG WTD (Fig. 4A). The lymphoid tissues draining the head and neck
had the highest rates of amyloid seeding activity, consistent with a greater PrPCWD

burden. The PrPCWD seeding activity in spleen was consistent with systemic spread of
prions, either through lymphoid cell trafficking or blood.

TSA-IHC analysis of tissues at 3 MPE identified PrPCWD immunoreactivity in the
majority of systemic lymphoid tissues in addition to oropharyngeal lymphoid tissues
(Fig. 4B) (summarized in Table 1). Lymph nodes draining the head and neck had the
greatest PrPCWD staining distribution and intensity.

(v) Four months postexposure. Tissues from 96GG WTD sacrificed at 4 MPE had
statistically significant PrPCWD amyloid seeding activity (P value of �0.01 by unpaired
t test) in the majority of tissues evaluated, with only rectoanal mucosa-associated
lymphoid tissue (RAMALT) and vomeronasal organ (VNO) displaying variable seeding
activity (Fig. 5A). Overall, tissues had a higher rate of amyloid formation than tissues at
3 MPE, consistent with greater PrPCWD tissue accumulation. The first identification of
amyloid seeding activity in a 96GS WTD was in the tonsil at this time point.

TSA-IHC analysis of 4-MPE tissues revealed PrPCWD immunoreactivity in all tissues
from at least 2 of the 3 96GG WTD (Fig. 5B). The tonsil and retropharyngeal lymph
nodes had diffuse PrPCWD immunoreactivity in lymphoid follicular germinal centers.
Compared to 3-MPE tissues, all lymphoid tissues had an increased number of follicles
displaying PrPCWD immunoreactivity and greater staining intensity consistent with
increased prion accumulation. No PrPCWD immunoreactivity was observed in tissues
from 96GS WTD.

Evaluation of PrPCWD in 96SS WTD. PrPCWD tissue distribution was evaluated from
a single WTD collected at 16 MPE. RT-QuIC detected statistically significant amyloid
seeding activity (P value of �0.05 by unpaired t test) in the majority of tissues examined
(retropharyngeal LN, tonsil, mandibular lymph node, parotid LN, prescapular LN, hepa-
togastric LN, spleen, RAMALT, and VNO) (Fig. 6A). The seeding activity in the mesenteric
and ileocecocolic lymph nodes was statistically indistinguishable from negative-control
tissues. No seeding activity was detected in the obex. TSA-IHC demonstrated PrPCWD

immunoreactivity in all tissues except the mesenteric lymph node, spleen, RAMALT, and
obex (Fig. 6B) (summarized in Table 2).

TABLE 1 Summary of PrPCWD detection in 96GG WTD by RT-QuIC and TSA-IHC following
mucosal exposurea

Tissue

Value atb:

1 MPE 2 MPE 3 MPE 4 MPE

QuIC IHC QuIC IHC QuIC IHC QuIC IHC

Retro LN 2/3 0/3 3/3 2/3 2/2 2/2 3/3 3/3
Tonsil 0/3 2/3 2/3 3/3 2/2 2/2 3/3 3/3
Mandibular LN 0/3 0/3 2/3 0/3 2/2 2/2 3/3 3/3
Parotid LN 1/3 1/3 1/3 0/3 1/2 1/2 3/3 2/3
Prescapular LN 0/3 0/3 0/3 0/3 2/2 1/2 3/3 2/3
Mesenteric LN 1/3 0/3 0/3 0/1 1/2 0/2 3/3 2/3
Hepatogastric LN 0/3 0/3 0/3 0/3 2/2 2/2 3/3 3/3
Ileocecocolic LN 0/3 0/2 0/3 0/3 2/2 1/2 3/3 3/3
Spleen 0/3 0/2 0/3 0/2 2/2 1/2 3/3 2/3
RAMALT 0/3 0/3 0/3 0/2 2/2 0/2 2/3 2/3
VNO 0/3 NA 0/3 NA 2/2 NA 2/3 NA
Ileum NA 0/2 NA 0/2 NA 1/2 NA 2/2
Obex 0/3 0/3 0/3 0/3 0/2 0/2 0/3 0/3
aRT-QuIC and TSA-IHC detected similar patterns of PrPCWD accumulation during early infection: initial
detection in oropharyngeal lymph nodes prior to systemic lymphoid dissemination. Although the two
assays displayed similar lymphoid distribution patterns, RT-QuIC analysis identified more positive tissues
compared with TSA-IHC. Abbreviations: QuIC, RT-QuIC; IHC, TSA-IHC; Retro LN, retropharyngeal lymph node;
VNO, vomeronasal organ; NA, not applicable.

bData for each tissue are displayed as the number of animals positive by the detection method out of the
total number of animals examined.
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Evaluation of PrPCWD in obexes. The obex region of the medulla oblongata, the
region considered to be the first site of CWD prion neuroinvasion, was evaluated for
evidence of PrPCWD by RT-QuIC and TSA-IHC. Neither PrPCWD RT-QuIC seeding nor
TSA-IHC immunoreactivity was detected at any collection time (Fig. 7). Thus, there was
no evidence of neuroinvasion in the time period we evaluated in this study.

Estimation of prion burden during early CWD infection. We have previously
reported that the prion concentration in the sample used to seed the RT-QuIC reaction
directly correlates with the rate of amyloid formation (26, 27). To explore the kinetics of
PrPCWD accumulation in lymphoid tissues over the course of early infection, we com-
pared the average amyloid formation rates in 96GG WTD lymphoid tissues from the 1-
to 4-MPE collections with those collected from 3 white-tailed deer with terminal disease
(20 to 24 months postinfection). Evaluation of lymphoid tissues over time revealed two
patterns. First, the oropharyngeal lymph nodes, including the tonsil, retropharyngeal
lymph node, and mandibular lymph node, displayed a rapid accumulation of PrPCWD,
approximating terminal tissue levels by 3 MPE, with no statistical difference observed
between 3 MPE, 4 MPE, and the terminal disease states (3 MPE versus terminal and 4
MPE versus terminal, P value of �0.05 by unpaired t test) (Fig. 8A). The parotid lymph
node displayed a lower rate of prion accumulation but reached prion levels comparable
to those of terminal disease by 4 MPE (4 MPE versus terminal, P value of �0.05 by
unpaired t test) (Fig. 8A). Second, distal gastrointestinal lymphoid tissues (GALT) and
spleen displayed a later accumulation of PrPCWD and did not reach peak tissue burdens
during the time course of our study (4-MPE tissues versus terminal tissues, P value of
�0.01 by unpaired t test) (Fig. 8B). We approximated the PrPCWD amyloid formation
kinetics of the oropharyngeal and gastrointestinal lymphoid patterns by linear regres-
sion analysis. We found no statistical difference between the slopes of the best-fit linear
regression lines (P value of 0.4229 by linear regression analysis). These data indicate

FIG 4 PrPCWD is detected in systemic lymphoid tissues in 96GG deer at 3 months postexposure. (A)
RT-QuIC of 96GG WTD tissues collected at 3 MPE. The majority of tissues display positive rates of amyloid
formation that are statistically different from those of the corresponding negative-control tissues (P �
0.05, unpaired t test). The two tissues that are not significant are 1207 mesenteric lymph node and 1207
parotid lymph node. The increase in lymphoid tissue distribution at 3 MPE is consistent with systemic
prion spread. Amyloid formation rates in the oropharyngeal lymphoid tissues are higher at 3 MPE than
at 2 MPE (Fig. 3A), consistent with an accumulation of PrPCWD with the longer incubation time. Data from
two 96GG deer (1207 and 1203) are represented as means and SEM of 12 replicates from 3 separate
experiments. 3-MPE tissues were compared with 4-MPI negative-control tissues for statistical analysis. (B)
Representative TSA-IHC from 96GG WTD collected at 3 MPE. Increased PrPCWD immunoreactivity staining
was identified in oropharyngeal lymphoid tissues in lymphoid follicle germinal centers. TSA-IHC addi-
tionally detected PrPCWD immunoreactivity in the majority of systemic lymphoid tissues (not pictured).
IHC images are at �200 magnification; scale bar, 50 �m.
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that the lymphoid tissues examined have similar prion replication kinetics and that the
difference in lymphoid tissue prion levels at 4 MPE reflects the sequence of onset of
PrPCWD accumulation in tissues (i.e., the oropharyngeal tissues were infected earlier
than systemic lymphoid tissues) and not due to a difference in prion replication kinetics
among tissues.

DISCUSSION

We analyzed PrPCWD distribution in WTD at early time points following oral exposure
to CWD prions. We demonstrated early PrPCWD seeding in oropharyngeal lymph nodes

FIG 5 Increased PrPCWD tissue burden is present in systemic lymphoid tissues in 96GG deer at 4 months
postexposure. (A) RT-QuIC PrPCWD amyloid formation was detected in all tissues from at least two of the three 96GG
WTD collected at 4 MPE (P � 0.05, unpaired t test). The two tissues that did not have statistically significant rates
of amyloid formation were 1201 vomeronasal organ and 1201 RAMALT. Compared with 3-MPE tissues (Fig. 4),
4-MPE tissues displayed higher rates of amyloid formation, consistent with a larger PrPCWD tissue burden. Tonsil
from 96GS WTD had detectable amyloid formation at this collection time (P � 0.01, unpaired t test). Data from
three 96GG deer (1171, 1201, and 1215), one 96GS deer, and one negative-control deer are represented as means
and SEM of 12 replicates from 3 separate experiments. (B) Representative TSA-IHC from 96GG WTD collected at 4
MPE. All lymphoid tissues displayed PrPCWD immunoreactivity in the germinal centers of follicles. The greatest
staining was observed in oropharyngeal lymphoid tissues. No staining was observed in corresponding negative-
control tissues. IHC images are at �200 magnification; scale bar, 50 �m.
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at 1 MPE and rapid systemic accumulation of PrPCWD in lymphoid tissues by 4 MPE with
tissue prion levels comparable to those for terminal disease. These findings are con-
sistent with previous investigations of early CWD pathogenesis (24, 25), even though
the exposure dose in the present study was 10-fold lower. This suggests the dose of
CWD prions, as long as it is greater than the infectious dose, does not impact infection
kinetics and that most experimental doses far surpass the natural infectious dose and
thereby produce the same disease course. Interestingly, a recent report determined the
minimal effective oral dose of sheep-adapted BSE to be 0.05 g, and that higher
inoculation doses did not alter the disease course (28). Investigations into the minimum
infectious oral dose required for CWD in the natural host are ongoing.

The pattern of CWD lymphoid tropism observed in our study is consistent with an
early and sustained lymphoid prion replication phase prior to neuroinvasion, and in

TABLE 2 Summary of PrPCWD detection in 96SS WTD at 16 MPE by RT-QuIC and TSA-IHCa

Tissue

Result at 16 MPE

QuIC IHC

Retro LN 1/1 1/1
Tonsil 1/1 1/1
Mandibular LN 1/1 1/1
Parotid LN 1/1 1/1
Prescapular LN 1/1 1/1
Mesenteric LN 0/1 0/1
Hepatogastric LN 1/1 1/1
Ileocecocolic LN 0/1 1/1
Spleen 1/1 0/1
RAMALT 1/1 0/1
VNO 1/1 NA
Ileum NA 1/1
Obex 0/1 0/1
aRT-QuIC and TSA-IHC detected similar patterns of PrPCWD distribution in the majority of systemic lymphoid
tissues. Data are displayed as the number of animals positive by detection method out of the total number
of animals examined. Abbreviations: QuIC, RT-QuIC; IHC, TSA-IHC; Retro LN, retropharyngeal lymph node;
VNO, vomeronasal organ; NA, not applicable.

FIG 6 PrPCWD is detected in systemic lymphoid tissues from a subclinical 96SS deer collected at 16 MPE.
(A) RT-QuIC PrPCWD seeded amyloid formation was detected in all tissues except the mesenteric LN and
ileocecocolic LN (P � 0.05, unpaired t test), consistent with systemic lymphoid PrPCWD distribution. (B)
Representative TSA-IHC from 96SS WTD. The tonsil and retropharyngeal lymphoid tissues displayed
strong PrPCWD immunoreactivity in the germinal centers of a majority of follicles. Rare immunoreactivity
limited to a few germinal centers was observed in the ileocecocolic lymph node. IHC images are at �200
magnification; scale bar, 50 �m.
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that respect it is similar to several other orally transmitted prion diseases, such as
scrapie and variant Creutzfeldt-Jakob disease (22, 29). Temporal investigations of
scrapie identified alimentary-associated lymphoid tissues, including tonsil, retropharyn-
geal lymph node, Peyer’s patches, and ileocecocolic lymph nodes, as the first sites of
scrapie detection (30, 31). The oropharyngeal lymphoid tissues draining the head and
neck displayed PrPCWD amyloid seeding activity and IHC immunoreactivity, consistent

FIG 7 No evidence of CWD neuroinvasion in 96GG deer at 4 MPE. (A) RT-QuIC evaluation of obex samples
collected from 2 MPE to 4 MPE. No evidence of PrPCWD amyloid seeding was detected in the obexes
evaluated from 96GG deer collected during early infection time points. (B) Representative TSA-IHC of the
obex from two 96GG WTD collected at 4 MPE. No PrPCWD immunoreactivity was observed in sections of
the obex from the 4-MPE collection. IHC images are at �200 magnification; scale bar, 50 �m.

FIG 8 PrPCWD tissue burden in early infection approximates terminal disease tissue levels in oropharyn-
geal lymphoid tissues. The prion concentration in oropharyngeal tissues was estimated by averaging the
amyloid formation rate from all deer at each collection time point. (A) Estimation of prion replication
kinetics in oropharyngeal lymphoid tissues during early CWD infection. In oropharyngeal lymph nodes,
the tonsil and retropharyngeal and mandibular lymph nodes displayed a rapid PrPCWD accumulation and
reached tissue PrPCWD levels comparable to that for terminal disease burden by 3 MPE (3 MPE versus
terminal, P � 0.05, unpaired t test). The parotid lymph node displayed a slightly slower prion accumu-
lation but reached prion levels comparable to that of terminal disease by 4 MPE (4 MPE versus terminal,
P � 0.05, unpaired t test). (B) Estimation of prion replication kinetics in gastrointestine-associated
lymphoid tissues (GALT) and systemic lymphoid tissues during early CWD infection. PrPCWD seeding
activity was not detected in distal GALT and the spleen until 3 MPE. At 4 MPE, GALT and spleen had
statistically significantly lower rates of amyloid formation than corresponding terminal tissues (4 MPE
versus terminal, P � 0.01, unpaired t test), indicating these lymphoid tissues did not reach maximum
prion burdens during the time course of our study.
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with either a larger initial PrPCWD dose arriving at these tissues due to direct drainage
from the oral mucosa or to faster prion replication kinetics in these tissues. The initial
oropharyngeal lymphoid replication phase was followed by systemic lymphoid PrPCWD

replication. PrPCWD may be trafficked systemically from initial lymphoid replication sites
via either blood or lymphoid cells and/or secondary mucosal entry sites in the intestinal
mucosa. Blood has been shown previously to harbor CWD infectivity, particularly
associated with B cells and platelets (12, 32). In contrast, in PRNP knockout mice orally
inoculated with the Fukuoka-1 strain of CJD, macrophages were identified as the cells
responsible for transporting prions from intestinal mucosa to mesenteric lymph nodes
and spleen (33). Further studies are needed to illuminate which lymphoid cell or cells
are responsible for systemic prion trafficking in subclinical CWD and other prion
diseases. We did not observe evidence of neuroinvasion in the obex region of the
medulla oblongata, the first site of PrPCWD accumulation in the brain, during the time
course of our study (1). However, we cannot exclude PrPCWD accumulation in peripheral
nerves during early disease prior to transport to the brainstem.

A surprising finding was the early detection of PrPCWD seeding activity in the vomero-
nasal organ at 3 MPE. The vomeronasal organ is a collection of accessory olfactory cells
located in the anterior nasal mucosa that functions in pheromone detection in cervids (34).
RT-QuIC analysis of nasal brushings have recently been shown to be a useful preclinical
prion diagnostic tool for CJD in humans and CWD in cervids (35–37). The early PrPCWD

accumulation in the nasal cavity, not only in 96GG deer but also during the prolonged
subclinical phase in 96SS deer, may provide an additional pathway contributing to
indirect environmental transmission in cervids.

In order for oral TSE transmission to occur, prions must cross alimentary mucosal
barriers. Studies with radioactively labeled scrapie prions in mice demonstrated prions
can rapidly cross the intestinal mucosa in minutes, followed by distribution to systemic
organs via the vascular system (38). Investigations of specific routes of intestinal uptake
of transmissible mink encephalopathy and scrapie prion have identified M cells of
the follicle-associated epithelium of Peyer’s patches as a site of prion entry (39, 40).
Additionally, gastrointestinal-associated lymphoid tissue (GALT) uptake appears to be
required for neuroinvasion, as depletion of M cells or decreased numbers of Peyer’s
patches, but not lymphocytes, blocked the development of prion disease in mice (33,
41–43). Other imaging studies have suggested prions can use a paracellular route to
cross the epithelial mucosal epithelium (40). Our study strongly supports oronasal
mucosal uptake as the most important pathway of prion entry in early CWD patho-
genesis. This does not exclude that additional intestinal mucosal uptake may also
contribute to total CWD prion uptake.

During early CWD disease stages, the low prion tissue burden limits PrPCWD detec-
tion by traditional immunoblotting techniques. Here, we demonstrate that both RT-
QuIC and TSA-IHC can enhance PrPCWD detection, with RT-QuIC being more sensitive
during early infection. This finding is consistent with recent studies reporting RT-QuIC
has sensitivity at least equal to that of IHC in detecting PrPCWD in RAMALT biopsy
specimens from WTD and elk (35, 36); however, a larger sample size is necessary to
evaluate RT-QuIC as a diagnostic tool for subclinical infection.

The present study provides further support for the influence of the PRNP genotype,
specifically at codon 96, on CWD pathogenesis in deer (19). Lymphoid tissues from
96GS WTD displayed slower disease progression, with RT-QuIC amyloid seeding activity
only detected in tonsil at 4 MPI and in some systemic lymphoid tissues in the 96SS WTD
despite a 4� longer incubation course. The slower disease course in 96GS and 96SS
WTD may enable distinction of the exact chronological sequence of PrPCWD lymphoid
replication that is masked in the faster 96GG WTD disease course. Thus, the initial
identification of amyloid seeding in 96GS WTD tonsil suggests this tissue is the first
location of PrPCWD entry following oral exposure.

In summary, we used RT-QuIC and TSA-IHC to explore the early pathogenesis of
CWD infection in white-tailed deer. Our results indicate oropharyngeal prion entry and
early prion amplification in draining oropharyngeal lymphoid tissues followed by
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dissemination to systemic lymphoid tissues, with tissue burdens approaching terminal
disease levels by 4 months postexposure prior to neuroinvasion. The detection meth-
ods used, particularly RT-QuIC, make possible whole-body profiling of CWD prion
infection throughout the course of disease.

MATERIALS AND METHODS
Deer CWD inoculum. CWD-positive (CWD�) or CWD-negative (CWD�) 10% (wt/vol) brain homog-

enates in phosphate-buffered saline were used as inocula for deer studies. The CWD� inoculum was
produced by pooling eight random CWD� brain sections, confirmed positive by Western blotting, from
six experimentally inoculated, white-tailed deer with terminal disease. The titer of this inoculum was
calculated to be 3.33 � 106 50% lethal doses/g of brain tissue by cervid-PrPC transgenic mouse bioassay
(44). The CWD� inoculum was produced by pooling eight random CWD� brain sections, confirmed
negative by Western blotting, from three uninoculated, captive, indoor-housed white-tailed deer (WTD).
The CWD status of the pooled inoculum as positive or negative was confirmed by Western blotting.

Animal care and study design. Indoor-housed, hand-raised WTD (Odocoileus virginianus) were
maintained in strict accordance with Colorado State University Animal Care and Use Committee-
approved protocols. Deer in the very early harvest cohort, identified as 900 series, were inoculated
oronasally with 0.55 g of CWD� or CWD� pooled cervid brain homogenate. Oronasal inoculation was
performed by atomizing the equivalent of 0.05 g of brain homogenate directly into the nasal cavity with a
Nasonex-style sprayer and separately instilling the equivalent of 0.5 g of brain homogenate directly into the
animal’s mouth using a syringe. These 900 series WTD were sacrificed at either 24 h or 72 h postinoculation.
Deer in the early pathogenesis cohort, identified by an 1100 or 1200 series, were inoculated with either 0.5
g of CWD� or CWD� brain homogenate per os (p.o.), by instilling the equivalent of 0.5 g brain homogenate
directly into the animal’s mouth with a syringe, and sacrificed at either 1, 2, 3, or 4 months postexposure
(MPE). A single WTD (number 1205) homozygous for serine at PRNP codon 96 (96SS) was inoculated p.o. with
0.5 g of CWD-positive brain homogenate and sacrificed at 16 months postexposure. No signs of clinical
disease were detected in any deer throughout the course of study.

PRNP genotype at codon 96 was determined as previously described through collaborations with
Katherine O’Rourke at Washington State University and Wilfred Goldmann at the Roslin Institute,
University of Edinburgh (16, 45–47). Deer were determined to be homozygous G96G (96GG), heterozy-
gous G96S (96GS), or homozygous S96S (96SS), and each genotype was evenly distributed throughout
the collection time points in an attempt to equalize genetic representation (Fig. 9).

WTD collected at terminal disease were experimentally inoculated p.o. by instilling the equivalent of
0.01 g of pooled CWD� brain homogenate directly into the animal’s mouth with a syringe. Deer were
monitored for clinical signs using a previously established scoring system and necropsied when animals
reach a terminal disease state between 20 and 26 months postinoculation.

Tissue collection and processing. A full necropsy and tissue collection was performed of each WTD
at the time of sacrifice. For this study, tissue analysis focused on lymphoid tissues, brain (obex), ileum,
RAMALT, and VNO. Each tissue was collected with an individual, prion-free instrument to avoid cross-
contamination. Tissues were divided into two halves; one-half was frozen and stored at �80°C, and the
other half was fixed in periodate-lysine-paraformaldehyde (PLP) for 4 days before transferring to sterile
1� phosphate-buffered saline (PBS) until trimming into histology cassettes. Tissue cassettes were
processed into paraffin-embedded blocks by following routine histologic techniques. Frozen tissues were
processed into 10% (wt/vol) tissue homogenates using 1� PBS (Life Technologies) and a Bullet Blender
tissue homogenizer (Next Advance).

IHC for PrPCWD. Tissue PrPCWD was detected with a two-step immunostaining procedure using TSA
enhancement, with modifications to a previously described protocol (48). Briefly, 5-�m tissue sections
were mounted on positively charged glass slides. Following routine deparaffinization with xylene and
rehydration with graded alcohols, tissues were subjected to 1 �g/ml proteinase K digestion at 37°C to
remove native PrPC. Epitope exposure was performed using hydrated autoclaving antigen retrieval in 10
mM EDTA, pH 6.0. Tissues were exposed to 88% formic acid for 5 min prior to quenching endogenous
peroxide activity with 3.0% hydrogen peroxide in methanol. Tissue sections were blocked with a

FIG 9 Overview of the PRNP genotype distribution of white-tailed deer at each collection time point.
White-tailed deer were collected at 24 and 72 h or 1, 2, 3, and 4 months postexposure. PRNP codon 96
genotypes, homozygous G96G (96GG) and heterozygous G96S (96GS), were distributed throughout the
collections to ensure adequate genetic representation. An additional deer (not shown), homozygous
S96S (96SS), was collected at 16 months postexposure.
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proprietary protein block, TNB (Perkin-Elmer), followed by sequential application of primary anti-prion
protein antibody BAR224 (Cayman Chemical) at 0.5 �g/ml and secondary anti-mouse antibody conju-
gated to horseradish peroxidase (Envision�; Dako). Antibody signal was enhanced with tyramide signal
amplification (PerkinElmer) by following the manufacturer’s suggested protocol. Immunoreactivity was
detected using AEC substrate-chromogen (Dako). Coverslips were mounted using aqueous mounting
medium, and staining was visualized by light microscopy.

RT-QuIC substrate protein purification. Real-time quaking-induced conversion (RT-QuIC) assays
were performed with recombinant truncated Syrian hamster PrPC (SHrPrP) encompassing residues 90 to
231, which was expressed and purified as previously described (26, 27). Briefly, SHrPrP was expressed in
BL21 Rosetta Escherichia coli (Novagen). Bacteria were cultured at 37°C in lysogeny broth (LB) medium
in the presence of the selection antibiotics, kanamycin and chloramphenicol, until the final optical
density at 600 nm (OD600) was at least 2.5. Cell lysis was performed using BugBuster reagent supple-
mented with Lysonase (EMD Biosciences), and inclusion bodies were harvested by centrifugation at
212,000� relative centrifugal force (RCF). The inclusion body pellet was solubilized overnight (8 M
guanidine hydrochloride, 100 mM Na2PO4) prior to application to nickel-nitrilotriacetic acid (Ni-NTA)
Superflow resin (Qiagen) that had been previously equilibrated with denaturation buffer (6 M guanidine
hydrochloride, 100 mM Na2PO4, 10 mM Tris). The resin-SHrPrP was applied to an XK16-60 column (GE
Healthcare) and purified using a Bio-Rad Duoflow fast-performance liquid chromatograph (FPLC), with a
gradient from denaturation buffer to refolding buffer (100 mM Na2HPO4, 10 mM Tris) to induce protein
refolding. Refolding was followed by a gradient from refolding to elution buffer (100 mM NaH2PO4, 10
mM Tris, 0.5 M imidazole) with all fractions being collected. Fractions from the elution peak were
combined and dialyzed against 4 liters of buffer (20 mM NaH2PO4) overnight. Final protein concentration
was determined using the A280 and a coefficient of extinction of 25,900 by Beer’s law.

RT-QuIC assay. (i) Lymphoid and parenchymal tissues. Tissue homogenates were subjected to
sodium phosphotungstic acid (NaPTA) precipitation to enhance detection by RT-QuIC. Briefly, 100 �l of
a 1% tissue homogenate solution was incubated and shaken with 7 �l NaPTA solution (0.5 g sodium
phosphotungstic acid, 0.43 g MgCl2-6-hydrate, pH 4.0) for 1 h at 37°C and 1,400 rpm. The solution was
pelleted by centrifugation at 21,130� RCF for 30 min. The supernatant was removed, and remaining
pellets were resuspended in 10 �l of RT-QuIC dilution buffer (0.1% SDS–1� PBS). Two microliters of
resuspended NaPTA-precipitated tissue sample was used to seed each RT-QuIC reaction.

(ii) Nervous system tissues. Brain tissue was alcohol precipitated prior to RT-QuIC assay as
previously described (49). Briefly, 10 �l of a 10% brain homogenate was incubated at room temperature
with 100% ethanol for 5 min. Proteins were pelleted by centrifugation at 21,130� RCF for 5 min and the
supernatant discarded. The procedure was repeated and the final pellet was resuspended in 10 �l of
RT-QuIC dilution buffer. Two microliters of a 10�1 dilution of the precipitated nervous tissue proteins
were used to seed each RT-QuIC reaction.

(iii) Assay conditions. RT-QuIC was performed as previously described (26, 27). Briefly, RT-QuIC
experiments were carried out in black, optical-bottom 96-well plates (Nunc), with each well containing
0.1 mg/ml SHrPrP substrate and RT-QuIC reaction buffer (20 mM NaH2PO4, 320 mM NaCl, 1.0 mM EDTA,
1 mM thioflavin T). RT-QuIC experiments were carried out in a BMG Labtech Polarstar fluorometer/plate
reader, with each cycle consisting of 1 min of shaking at 700 rpm followed by 1 min of rest, repeated for
15 min. Fluorescence readings with an excitation of 450 nm, emission of 480 nm, and gain of 1,700 were
taken at the completion of each 15-min shake/rest cycle by measuring each well with 20 flashes and an orbital
average of 4. Each RT-QuIC experiment consisted of 250 fluorescence readings, for a total of 62.5 h.

RT-QuIC data analysis. Data for each sample were collected from a minimum of two separate
RT-QuIC experiments with 4 replicates each, for a minimum of 8 replicates per tissue. Individual replicates
were considered to have positive amyloid formation if their fluorescence rose above a threshold of 5
standard deviations above the average of the baseline fluorescence. RT-QuIC amyloid formation rates
were calculated as previously described (26, 50). Rates of amyloid formation were normalized to a plate
positive control to minimize any individual experiment variation by dividing the rate of amyloid
formation for each sample by the highest rate of conversion for the positive control. Sample data were
statistically analyzed using GraphPad software. RT-QuIC replicate distributions were determined to be
normally distributed using the D’Agostino test for normality. Amyloid formation rates from tissue
homogenates from PrPCWD-exposed animals were compared to corresponding negative controls by an
unpaired t test and considered statistically different if the P value was at least �0.05.
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