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ABSTRACT
Chronic wasting disease (CWD) affects a broad array of cervid species and continues to be 
detected in an expanding geographic range. Initially introduced into the Republic of Korea 
through the importation of CWD-infected elk (Cervus canadensis), additional cases of CWD were 
subsequently detected in farmed Korean elk and sika deer (Cervus nippon). Wild and farmed sika 
deer are found in many regions of Asia, North America, and Europe, although natural transmission 
to this species has not been detected outside of the Republic of Korea. In this study, the oral 
transmission of CWD to sika deer was investigated using material from CWD-affected elk. 
Pathological prion (PrPCWD) immunoreactivity was detected in oropharyngeal lymphoid tissues 
of one sika deer at 3.9 months post-inoculation (mpi) and was more widely distributed in a second 
sika deer examined at 10.9 mpi. The remaining four sika deer progressed to clinical disease 
between 21 and 24 mpi. Analysis of PrPCWD tissue distribution in clinical sika deer revealed 
widespread deposition in central and peripheral nervous systems, lymphoreticular tissues, and 
the gastrointestinal tract. Prion protein gene (PRNP) sequences of these sika deer were identical 
and consistent with those reported in natural sika deer populations. These findings demonstrate 
the efficient oral transmission of CWD from elk to sika deer.

ARTICLE HISTORY
Received 29 June 2020  
Revised 13 August 2020  
Accepted 23 November 2020  

KEYWORDS
chronic wasting disease; 
CWD; prion; sika deer; 
susceptible; transmission

Introduction

Chronic wasting disease (CWD) is an infectious neu-
rodegenerative prion disease of cervids, occurring in 
farmed and free-ranging cervid species of North 
America, the Republic of Korea, and Scandinavia. 
Naturally susceptible species include white-tailed deer 
(Odocoileus virginianus), mule deer (Odocoileus hemi-
onus), elk or wapiti (Cervus canadensis), and moose 
(Alces alces), with cases more recently described in 
reindeer (Rangifer tarandus tarandus) [1], red deer 
(Cervus elaphus) [2,3] and sika deer (Cervus nippon) 
[4]. Consistent with other transmissible spongiform 
encephalopathies, the pathogenesis of CWD hinges on 
the conversion of a normal host-encoded prion protein 
(PrPC) to an abnormal disease-associated isoform 
(PrPCWD) which accumulates in multiple tissues even-
tually resulting in clinical disease [5]. The host PrPC 

gene (PRNP) sequence and resultant tertiary structure 
of PrPC influence susceptibility to conversion by 
PrPCWD, thereby underpinning host susceptibility to 
infection [6]. Nonetheless, the transmission of CWD 
within and between cervid species occurs relatively 
efficiently, ostensibly due to the dissemination of 

infectivity through saliva, urine, and feces [7,8], and 
persistence of infectivity in the environment [9]. The 
risk of CWD transmission to non-cervid species 
appears to be low under natural circumstances, 
although the risk of cross-species transmission con-
tinues to be assessed [10].

Introduced into the Republic of Korea through the 
inadvertent importation of asymptomatic but infected 
elk [11], CWD was subsequently detected in farmed elk 
populations in 2001, 2004 and 2005 [12]. Additional 
cases were later observed in farmed red deer, sika deer, 
and several cross-bred deer during investigations in 
2010 and 2016 [4]. Farmed and feral sika deer exist in 
other regions of Asia, North America, and Europe [13], 
although natural CWD transmission to this species has 
not yet been documented beyond the Republic of 
Korea. In several regions of the world, the range of 
feral sika deer overlaps with other cervids, and hybri-
dization with congeneric species such as red deer is 
known to occur [13,14]. Additionally, sika deer may 
be farmed to maintain broodstock for game ranches or 
for the production of venison and antler velvet, and 
may be cross-bred or housed with CWD-susceptible 
cervid species in this context.
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The sustained prevalence of CWD in North America 
and Korea, and recent cases in Europe, highlights the 
continued need to characterize disease transmission in 
the range of cervid species which may be exposed. 
Understanding the pathogenesis of CWD in sika deer is 
important for the development of diagnostic and disease 
control strategies. Accordingly, we describe the clinical, 
pathological, and genetic findings associated with the oral 
transmission of CWD from elk to sika deer.

Results

Incubation period and clinical disease

Two (cases 1 and 2) of the six inoculated sika deer were 
removed from study at 3.9 and 10.9 months post- 
inoculation (mpi) due to intercurrent disease and 
neither animal displayed clinical signs consistent with 

CWD (Table 1). The remaining four sika deer pro-
gressed to terminal disease, with clinical signs begin-
ning around 20 mpi, and a mean survival time of 22.2 
mpi. Clinical signs were similar to those observed in 
other CWD-infected cervids, initially including subtle 
changes in hair coat and weight loss, but progressing to 
include ataxia, bruxism, sialorrhea and tremors. Two 
sika deer (cases 3 and 4) were subjected to recto-anal 
mucosa-associated lymphoid tissue (RAMALT) biopsy 
at 20 mpi, just prior to the onset of clinical disease, and 
samples from both showed marked PrPCWD deposition 
in follicular germinal centres by immunohistochemistry 
(Figure 1(c)). Gross lesions were not evident during the 
necropsy of sika deer with terminal CWD. Primary oral 
transmission occurred in all inoculated sika deer, and 
was detected in standard lymphoid and nervous tissues 
using routine diagnostic tests (ELISA, western blot, 
immunohistochemistry).

Table 1. Summary of results from CWD-inoculated sika deer.
ELISA (OD)c IHCd

Animal ID Survival time (mpi)a Clinical signs RAMALTb Obex RPLN Obex RPLN Western blote

1 3.9 - ND - (0.018) +(1.666) - + -
2 10.9 - ND +(1.960) +(3.247) ++ + +
3 21.0 + 20.6 +(>3.5) +(3.184) ++++ + +
4 21.3 + 20.6 +(>3.5) +(>3.5) ++++ + +
5 22.3 + ND +(>3.5) +(2.477) ++++ + +
6 24.4 + ND + (>3.5) +(1.446) ++++ + +

aTime in months postinoculation (mpi). 
bmpi when recto-anal mucosa-associated lymphoid tissue (RAMALT) biopsy positive, ND – not determined. 
cELISA (Bio-Rad TeSeE) optical density (OD) value of the obex or retropharyngeal lymph node (RPLN). 
dImmunohistochemistry (IHC) of obex graded (- to ++++) or RPLN (±). 
eBio-Rad TeSeE western blot conducted on obex (±). 

Figure 1. Distribution of PrPCWD deposition in the retropharyngeal lymph node (RPLN), obex and recto-anal mucosa-associated 
lymphoid tissue (RAMALT) of sika deer orally inoculated with CWD. Tissue sections were stained with anti-PrP mAb F99 and show the 
presence of PrPCWD (red deposits) in the (a) RPLN of sika deer 1 at 3.9 mpi; (b) obex of sika deer 2 at 10.9 mpi; and the (c) RAMALT 
and (d) obex of sika deer 3 at 20.6 and 21 mpi, respectively.
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Histopathology and immunohistochemistry

Brainstem histopathology of clinically affected sika deer 
identified notable spongiform change, particularly promi-
nent in the dorsal vagal nucleus, and characterized by 
vacuolation of the grey matter neuropil and occasional 
neuronal perikarya. The distribution of PrPCWD was cata-
logued in a range of tissues using immunohistochemistry 
(Table 2). At 3.9 mpi, PrPCWD was restricted to follicular 
germinal centres of the retropharyngeal lymph node 
(RPLN) (Figure 1(a)) and tonsil, but was more widely 
distributed in lymphoid tissues of the sika deer examined 
at 10.9 mpi. Moreover, central nervous system involvement 
was evident in the sika deer at 10.9 mpi, with moderate 
PrPCWD deposits restricted to the dorsal nucleus of the 
vagus nerve (DMNV) and the area postrema, but no stain-
ing in the adjacent nuclei of the obex (Figure 1(b)). Also, 
apparent by 10.9 mpi was the affiliation of PrPCWD staining 
with lymphoid follicles, and neurons of the submucosal and 
myenteric plexuses throughout the gastrointestinal tract 
(Table 2).

In the four sika deer reaching clinical disease, heavy 
PrPCWD deposits filled the DMNV, surrounding nuclei 

and white matter tracts of the entire obex section (Figure 
1(d)). Although widely distributed throughout the central 
nervous system, PrPCWD staining intensity was highest in 
the medulla, with relatively lower levels in the striatum 
and cerebral cortex (Table 2). PrPCWD deposits were also 
widespread in the germinal centres of lymphoid follicles 
of the tonsil and all lymph nodes examined in clinical 
animals. Tissues from the musculoskeletal system, includ-
ing tongue, masseter, diaphragm, trapezius, triceps, semi-
tendinosus and psoas major did not contain detectable 
PrPCWD, nor did sections of skin. The tissue distribution 
and intensity of PrPCWD accretion were generally consis-
tent among the four sika deer reaching clinical disease, 
and closely resembled the patterns observed in other 
cervid species with terminal CWD.

Western immunoblot

The obex region of each CWD-inoculated sika deer was 
analyzed by western immunoblot and proteinase K- 
resistant PrP (PrPres) was detected in five of the six 
sika deer (Figure 2). The electrophoretic migration 

Table 2. Distribution of PrPCWD in tissues of CWD-infected sika deer.
Animal ID Animal ID

Tissue 1 2 3,4,5,6 Tissue 1 2 3,4,5,6

Cerebral cortex -a - ++ Palatine tonsil + +++ +++
Striatum - - +++ Retropharyngeal LN + +++ +++
Thalamus - - ++++ Mediastinal LN - +++ +++
Midbrain - - ++++ Ileocecocolic LN - +++ +++
Rostral medulla - - ++++ Spleen - + ++
Obex - ++ ++++ Duodenum - ++ ++
Cerebellum - - +++ Jejunum - ++ ++
Spinal cord - - +++ Ileum - ++ +++
Celiac ganglia - - ++ Colon - ++ ++
Sympathetic chain - - ++ Rectum - + +++

aThe intensity of immunohistochemical staining (mAb F99) in each tissue was qualitatively scored as follows: – not detected; + 
mild focal staining; ++ moderate multifocal staining; +++ heavy multifocal staining; ++++ intense widespread staining. 
Scores from clinically affected sika deer (3–6) were averaged. 

Figure 2. Western blot (mAb Sha31) demonstrating PrPCWD molecular profiles in the obex region of five of the six sika deer and the elk CWD 
inoculate (Elk). Molecular weight markers are present in the lane between silka deer 3 and 4 and flanking lanes on either side of the gel.
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patterns and glycoform ratios of PrPres in these sika 
deer were comparable to each other, and indistinguish-
able from the original elk inoculum.

PRNP sequence analysis

Sequencing the PRNP open reading frame from all six 
sika deer revealed an absence of variability among in this 
group, and consistency with the sika deer (C. nippon) 
PRNP sequence published in Genbank (accession no. 
MK103018). All animals were homozygous for glutamine 
(Q) at codon 95, glycine (G) at codon 96, methionine (M) 
at codon 132 and serine (S) at codon 225. These findings 
are consistent with PRNP sequences reported in Chinese 
[15], Japanese [16] and Korean sika deer [17], as well as a 
recent study involving European sika deer [18].

Discussion

Oral transmission of CWD from the brain tissues of 
infected elk to sika deer (Cervus nippon) occurred efficiently 
in all six sika deer inoculated in this study. PrPCWD was 
detected in tissues routinely collected for surveillance pur-
poses (retropharyngeal lymph node and tonsil), using com-
mercially available test methods, as early as 3.9 months after 
inoculation. Four of the six animals developed relatively 
comparable clinical symptoms and succumbed to disease 
within a mean period of 22 months. This incubation period 
is comparable to what has been reported in oral CWD 
inoculation studies in red deer [19] and elk homozygous 
for methionine at codon 132 [20], both species which are 
phylogenetically closely related to sika deer [21]. The pro-
gressive accumulation of PrPCWD in lymphoreticular and 
nervous system tissues was generally consistent with disease 
progression in other cervids infected naturally or experi-
mentally with CWD [22].

The early accumulation of PrPCWD in oropharyngeal 
lymphoid tissues typically precedes broader lymphoid 
tissue involvement as well as the deposition of PrPCWD 

in central and peripheral nervous systems and other 
organs [23–25]. Our earliest tissue collection occurred 
at 3.9 mpi, at which point tonsil and retropharyngeal 
lymph node contained detectable PrPCWD, and by 10.9 
mpi, PrPCWD was present in an array of peripheral 
lymph nodes and lymphoid follicles of the gastrointest-
inal tract. Other studies have found initial PrPCWD 

accumulations are detectable by IHC in oropharyngeal 
lymphoid tissues within a few weeks following the oral 
inoculation of mule deer [26] or white-tailed deer [25].

The progression from initial lymphoid deposition to 
eventual CNS involvement is a consistent feature of CWD 
pathogenesis in white-tailed deer and mule deer, with sur-
veys detecting a proportion of early cases which are positive 

in lymph nodes but not the CNS [27–30]. This progression 
was also observed in our early incubation stage sika deer, 
but a more variable PrPCWD tissue distribution pattern 
appears to exist in elk. Surveys of CWD-infected elk popu-
lations detect cases which are positive in lymph nodes and 
not the CNS, but they also find a small percentage of 
animals to be positive in the obex, without detectable 
PrPCWD in retropharyngeal lymph nodes or tonsils [31– 
34] suggesting that limited lymphoid deposition may occur 
prior to CNS infection in this species. A study of PrPres in 
lymphoid tissues of CWD-infected deer and elk found 
comparatively higher levels could be detected in deer tonsil 
and lymph node samples [35], further supporting species 
differences in the tissue distribution of PrPCWD. Reasons for 
these varying tissue accumulation patterns are not clear but 
may relate to host genetics or conformational differences in 
the infectious agent. Given the close phylogenetic relation-
ship between sika deer, elk and red deer [21], it seems 
reasonable to predict that surveys of CWD-exposed sika 
deer may identify a small proportion of CWD cases which 
have detectable PrPCWD in obex but not oropharyngeal 
lymphoid tissues.

In the four sika deer reaching clinical end point in this 
study, PrPCWD was widely disseminated throughout multi-
ple organ systems. Although immunohistochemistry did 
not detect PrPCWD in some tissues such as skeletal muscle 
and skin, we cannot exclude the possibility that infectivity 
exists in these tissues below the detection levels of the 
methods used here. Amplification assays such as PMCA 
and RT-QuIC have the potential to characterize low 
PrPCWD tissue levels earlier in disease than the methods 
used in our study [36,37] and further analysis using these 
assays will refine our understanding of the progression of 
PrPCWD distribution in sika deer.

The PRNP sequence was identical in all six sika deer in 
our study and had been previously identified in studies of 
Asian [15–17] and European sika deer [18]. Many of the 
alleles present in our sika deer have been associated with 
CWD susceptibility in other cervid species (95Q, 96G, 
132M, 225S) [6]. Sequence variation at codons 100 
(S100G) and 226 (Q226E) has been identified in Chinese 
and Korean sika deer populations [15,17] although the 
relative significance of these polymorphisms on CWD sus-
ceptibility in sika deer remains unknown. Variation at 
codon 226 (Q226E) is common in red deer [18,38,39], 
although an oral transmission study found all genotypes 
(EE, EQ and QQ) were susceptible to CWD [19]. 
Notwithstanding an effect on CWD susceptibility, Q and 
E amino acid differences at codon 226 appear to influence 
CWD strain selection and propagation during disease pro-
gression, with potential repercussions on transmissibility 
within and between animal species [40]. Further study on 
the influence of codon 226 polymorphisms is relevant given 
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the current presence of codon 226 variability in some sika 
deer populations, and the potential for increased variability 
in sika deer following hybridization with red deer.

Studies associating PRNP polymorphisms with resis-
tance to CWD have largely been conducted in CWD- 
exposed populations of farmed or feral cervids in North 
America. Reduced CWD susceptibility has been associated 
with common polymorphisms such as M132L in elk and 
G96S in deer [6], but rarer polymorphisms may also convey 
resistance or alter disease progression in some cervid popu-
lations [41]. Numerous subspecies of sika deer exist in 
different regions of the world [13], and hybridization with 
other cervids has been demonstrated [14], so a more com-
prehensive assessment of PRNP polymorphisms in sika 
deer may reveal additional influential variants. The extent 
to which PRNP polymorphisms in sika deer convey resis-
tance to different CWD isolates from North America, 
Korea or Scandinavia remains to be elucidated, and it is 
unknown if sika deer are susceptible to the novel type of 
CWD recently described in Europe [42].

Widespread detection of PrPCWD by IHC suggests that 
infectivity is distributed throughout a broad range of tissues 
in sika deer with clinical CWD, indicating the potential for 
transmission to other cervid species, and human exposure 
during the processing and consumption of infected ani-
mals. The early presence of PrPCWD in peripheral lymphoid 
tissues reflects the progressive accumulation pattern 
observed in other cervids and it seems reasonable to expect 
infectivity to be shed through similar routes such as feces, 
urine and saliva. PRNP polymorphisms associated with 
CWD resistance in other cervids were not present in the 
sika deer of this study, and the influence of other sika deer 
PRNP polymorphisms remains to be determined. Farmed 
and feral sika deer populations are distributed throughout 
the world and should be considered susceptible to CWD 
during the application of surveillance and control strategies.

Materials and methods

Ethics statement

All experimental procedures involving animals were per-
formed under strict accordance with the Canadian Council 
on Animal Care guidelines in such a manner as to minimize 
the impact on animal wellbeing. Protocols were approved 
and monitored by the Animal Care Committee at the 
Canadian Food Inspection Agency, Ottawa Laboratory 
(Fallowfield).

Experimental challenge

The transmissibility of a Canadian elk CWD isolate was 
investigated in six, six-month-old sika deer sourced from a 

CWD-free farmed herd in a region of Canada not known 
to contain CWD-infected cervids. Animals were group 
housed in isolation barns at the Canadian Food 
Inspection Agency, Ottawa Laboratory (Fallowfield) 
(Ottawa, Ontario). The inocula were prepared as pooled 
brain homogenates containing 5 g of brain material in 
20 ml of physiological saline and were comprised of brain 
material from a single infected farmed elk herd in western 
Canada. The pooled material was derived from 12 elk with 
clinical CWD of genotype 132 MM, confirmed positive by 
ELISA, western blot and IHC. Sika deer were orally inocu-
lated with a total of 5 g of tissue equivalent on two separate 
days, 1 week apart, by directing a syringe towards the 
oropharynx and slowly depositing the brain homogenate. 
Inoculated sika deer were monitored daily for evidence of 
disease.

Tissue collection

At one time point, two animals were sedated with a mixture 
of ketamine and xylazine for biopsy of recto-anal mucosa- 
associated lymphoid tissue (RAMALT). RAMALT biopsies 
were obtained and evaluated by IHC as previously 
described [43]. If an animal displayed evidence of discom-
fort which was not responsive to treatment, or clinical signs 
consistent with terminal CWD, they were euthanized with 
sodium pentobarbital. A broad range of neural and non- 
neural tissues from all major organ systems was collected 
and adjacent tissue samples were frozen at −80°C or fixed in 
10% neutral buffered formalin.

Immunohistochemical testing

Formalin-fixed, paraffin-embedded tissues were sectioned 
at 5-um thickness and stained with hematoxylin and eosin 
or by IHC as previously described [43]. Antigen retrieval 
was achieved by autoclaving in citrate buffer solution 
(DAKO Target Antigen Retrieval) and IHC for PrPCWD 

was performed on an automated immunostainer (Ventana 
Medical Systems) using the monoclonal antibody F99/ 
97.6.1 (VMRD) and Ultraview Red detection kit (Ventana 
Medical Systems). Positive and negative staining were dif-
ferentiated based on comparisons with positive and nega-
tive deer control tissues included in each run, and negative 
control tissues showed no immunoreactivity. The extent of 
PrPCWD deposition in obex sections was graded (- to ++++) 
using previously published criteria [31].

ELISA and western blot

ELISA and western blot were conducted on fresh or pre-
viously frozen tissue samples using commercially available 
detection kits (TeSeE ELISA and TeSeE Western blot, Bio- 
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Rad Laboratories) according to manufacturer’s instructions 
as previously described [19]. Western blots were run with 
molecular mass markers and ELISA and western blot runs 
included CWD positive and negative control brain homo-
genates from elk and sika deer. Negative control samples 
did not show detectable immunoreactivity.

Genotyping

Genomic DNA was extracted from blood with the DNeasy 
Blood and Tissue kit (Qiagen). The PRNP open reading 
frame was amplified using Platinum PCR SuperMix High 
Fidelity (ThermoFisher Scientific) and the following pri-
mers: forward 5ʹ- ACATGGGCATATGATGCTGACAC 
C-3ʹ and reverse 5ʹ- GCCAAGAAATGAGACACCACCA 
CTACAGGG-3ʹ. PCR reaction conditions were as follows: 
3 min at 94⁰C, followed by 40 cycles of 30 s at 94⁰C, 30 s at 
58⁰C and 90 s at 68⁰C, followed by a final elongation for 
5 min at 68⁰C. Sequencing was performed using the follow-
ing PCR primers: forward 5ʹ-GGGCTCGAGGTCATC 
ATGGTGAAAAGCCACATAGG–3ʹ and reverse 5ʹ- C 
CCACGCGTCTATCCTACTATGAGAAAAATGAGG– 
3ʹ and the BigDye Terminator v3.1 Cycle Sequencing kit 
(ThermoFisher Scientific). Sequence of both strands was 
generated using a 3730XL DNA Analyzer (ThermoFisher 
Scientific) and analyzed using MEGA7 software, and was 
considered valid only if forward and reverse results were in 
agreement.
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