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strategy to manage chronic
wasting disease in wild
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Prion diseases are a novel class of infectious disease based in the misfolding of
the cellular prion protein (PrP%) into a pathological, self-propagating isoform
(PrP5). These fatal, untreatable neurodegenerative disorders affect a variety of
species causing scrapie in sheep and goats, bovine spongiform encephalopathy
(BSE) in cattle, chronic wasting disease (CWD) in cervids, and Creutzfeldt-Jacob
disease (CJD) in humans. Of the animal prion diseases, CWD is currently
regarded as the most significant threat due its ongoing geographical spread,
environmental persistence, uptake into plants, unpredictable evolution, and
emerging evidence of zoonotic potential. The extensive efforts to manage
CWD have been largely ineffective, highlighting the need for new disease
management tools, including vaccines. Development of an effective CWD
vaccine is challenged by the unique biology of these diseases, including the
necessity, and associated dangers, of overcoming immune tolerance, as well the
logistical challenges of vaccinating wild animals. Despite these obstacles, there
has been encouraging progress towards the identification of safe, protective
antigens as well as effective strategies of formulation and delivery that would
enable oral delivery to wild cervids. In this review we highlight recent strategies
for antigen selection and optimization, as well as considerations of various
platforms for oral delivery, that will enable researchers to accelerate the rate at
which candidate CWD vaccines are developed and evaluated.
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Prion diseases

Prion diseases are a unique category of infectious disease in which the molecular basis
of infectivity resides in the misfolding of a normal cellular protein (PrP®) into a
pathological, self-propagating conformation (PrP%) (1). Prion diseases can arise from
genetic polymorphisms that predispose PrP to misfold, uptake/ingestion of PrP* from the
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environment or dietary sources, iatrogenic transmission, or
sporadic forms that lack a defined cause (2).

Chronic wasting disease

Chronic wasting disease (CWD) is a prion disease of cervids,
including deer, moose, and elk (3). Since its first characterization
within captive mule deer of Colorado and Wyoming in 1967, CWD
has made steady progression through wild cervid populations of
North America (3). As of late 2022, CWD has been detected in free
ranging cervids in 30 US states and 4 Canadian provinces
(www.usgs.gov). Prevalence of CWD has reached over 40%
for free-ranging populations in endemic areas and can be as high
as 80-90% in captive populations (4-6). This pattern of emergence
and spread suggests CWD is a relatively new disease, likely
originating within the last hundred years. Prior to that, there may
have been isolated, sporadic cases, but, for undefined reasons, the
disease did not become endemically established until more
recent times.

While often regarded as a North American problem, CWD has
been detected in South Korea as well as three Scandinavian
countries (7, 8). While the South Korea cases of CWD appear to
be imported from North America, comparative transmission
studies indicate sufficient differences to indicate that the European
cases likely represent sporadic disease (9-11). This highlights the
potential for spontaneous emergence of CWD, as well as new forms
of the disease, in previously uncontaminated ecosystems. The extent
to which CWD will gain a foothold within these regions has yet to
be determined.

Over recent decades CWD has had substantial impact on the
health and viability of North American cervid populations (6, 12).
Should CWD continue its current trajectory, the anticipated
outcomes range from a dramatic reduction in cervid numbers to
a complete loss of these species (5, 13). Even the most optimistic of
these outlooks is cause for considerable concern. Outside of their
intrinsic importance, cervids are critical components of delicate
ecosystems; threats to cervid health are certain to have negative
consequences on other species as well threatening food security for
Indigenous and Arctic populations. There is also tremendous
economic activity associated with both wild and farmed cervids.
Elk and deer farms, once thriving industries within North America,
have suffered greatly since the emergence of CWD (14). The big
game hunting industry, valued at over 26 billion dollars in the US in
2016, has also suffered considerable setbacks (6, 12). As damaging as
these impacts have been, it is not difficult to envision scenarios, such
as the disease spilling over into additional species, that would result
in far more dire consequences.

Host range of chronic wasting disease

Outside the immediate threat to cervids, the extent to which
CWD may threaten other species, including humans, remains a
critical question. Fortunately, the transmission of prion diseases
across species is restricted, to varying extents, by species barriers.
For example, during the BSE crisis of the 1980s, species barriers
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served to protect millions of people who consumed prion-
infected beef, limiting disease transmission to approximately two
hundred unfortunate individuals who contracted variant
Creutzfeldt-Jacob disease (vCJD), a fatal, untreatable
neurodegenerative disorder (15). Species barriers reflect the
ability of infecting prions to initiate misfolding of host PrP (16-
18). This, in turn, depends on sequence differences between the
invading and host PrPs, as well as structural characteristics of the
infecting prion amyloid. There is not an established method for
predicting the ease of transmission across various species, although
different species are known to have unique susceptibilities to prion
infection (19).

It is encouraging that infection studies of transgenic mice
expressing ovine, bovine, and human PrP indicate minimal
transmissibility of CWD (20-23). CWD has, however, been
experimentally transmitted to several species, including cattle,
pigs, cats, hamsters, and bank voles (24-27). While these
infection models often utilize doses and routes of infection that
differ from “real world” infection, this nevertheless highlights the
theoretical potential for CWD to infect these species. Of which, the
spectre of transmission of CWD to cattle is particularly concerning
as this could result in a “second-generation” BSE outbreak of similar
economic and human health consequences as the first, but with the
additional challenge associated with managing an environmental
source of infection. There is also considerable concern that the
northern migration of CWD could result in transmission to caribou
which are an important food source for Northern communities and
whose numbers and extensive patterns of migration could provide a
mechanism to further accelerate the geographical spread of the
disease (28).

There is conflicting evidence on the extent to which CWD
represents a threat to human health. Opportunities certainly exist
for zoonotic transmission; it is estimated that approximately 10,000
CWDr-infected cervids are consumed by humans each year (29).
While there isn’t an obvious increase in the rate of human prion
disease amongst consumers of cervid meat, this must be balanced
with the appreciation that transmission is likely quite inefficient,
that the number of people consuming cervid food products is low
(at least relative to those consuming beef products during the BSE
outbreak), and that rates of occurrence of human prion disease
must be evaluated against a baseline of sporadic cases, which occur
at a rate of one to two cases per million people annually (30). With
that, establishing the zoonotic potential of CWD from
epidemiological data may be problematic, particularly if human
CWD should manifest with similar symptoms as CJD. Several
experimental studies support the zoonotic potential of CWD,
including a recent study in which infection of transgenic mice
expressing human PrP resulted in atypical disease and fecal prion
shedding (31). The efficient in vitro conversion of human PrP by
CWD prions (32, 33) also supports the zoonotic potential. With
respect to the transmissibility of CWD to non-human primates,
squirrel monkeys are susceptible to intracerebral and oral infection
(34). However, studies in Cynomolgus macaques, generally regarded
as the most relevant non-human primate model for zoonotic

transmission studies, present conflicting results; some efforts
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indicate an absence of transmission (34-36) while other studies
show susceptibility to both oral challenge and intracerebral
infection (37).

It is also important not to adopt too reductionist of a
perspective on the zoonotic potential of CWD, nor to consider
the disease as a static threat. Transmission of CWD to humans
through intermediate species, including cattle or pigs, could have
the same functional consequences as direct transmission from
cervids. Further, the existence of various CWD prion strains, as
well as the potential for new strains of novel traits, including species
tropisms, also needs to be acknowledged. Such strains could emerge
during passage within cervids or through any number of
intermediate species. The number and diversity of PrP sequence
polymorphisms within species sharing the environment with
cervids offers troubling opportunity for the emergence of new
strains. Collectively, given the fatal and untreatable nature of
prion diseases, coupled with the dynamic nature of the threat,
a conservative approach to zoonotic potential of CWD
seems justified.

Efforts to control chronic wasting disease

Outbreaks of other prion diseases have been successfully
managed in the absence of a vaccine. For Kuru, this was achieved
through alterations to human behavior with the cessation of
cannibalistic funeral rituals (38). For BSE, changes to animal
management practises, in particular removal of high-risk
materials from animal feed, was sufficient to control the disease
(39). Unfortunately, aspects of CWD make its control far more
problematic. Firstly, the existence of CWD within wild animals
complicates disease surveillance as well as implementation of
control measures. Animals infected with CWD shed substantial
amounts of prions into the environment via their urine, feces, and
saliva (40, 41). Once in the environment, these prions display
remarkable durability, resulting in long-term contamination of
soil and water, which provides additional mechanisms for
geographical spread and undermines efforts to protect farmed
cervids through tightened biosecurity (42, 43). Finally, that CWD
is among the most contagious of the prion diseases further
challenges its management (3).

Thus far the efforts by U.S. and Canadian government agencies
to manage CWD have fallen short of desired goals. Even within the
controlled environment of farmed animals, the efforts to manage
CWD through double-fencing, increased restrictions on the
transport of animals, decommissioning and depopulation of
infected farms, have been insufficient to control the disease at an
industry level. Not surprisingly, it has proven even more difficult to
manage CWD in wild animal populations. Efforts such as
depopulation and selective harvesting of animals have been
ineffective in stopping the expansion of CWD throughout
North America. There is clear and urgent need for new tools to
control CWD. Historically, vaccines have been the most effective
method for management of human and animal infectious diseases
and there is optimism borne of evidence that the development of an
effective prion vaccine, including orally administered vaccines,
is achievable.
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Opportunities and challenges for
CWD vaccines

Relative to many of the other proteinopathies, the prion diseases
are advantaged for vaccine development in that PrP represents a
clearly defined, cell-surface accessible, immunotherapeutic target.
Further, numerous investigations confirm the ability for antibodies
to PrP to inhibit prion propagation in vitro as well as for passive and
active immunization to inhibit disease progression in animal
models. While encouraging, the development of prion vaccines is
challenged by unique aspects of prion biology including defining
safe and protective antigens, overcoming immunological tolerance,
and obtaining a better understanding of the extent, and
mechanisms, by which immunotherapy impacts disease initiation
and progression. This information is critical to provide rationale
criteria for optimizing desired vaccine traits as well as allowing the
establishment of realistic benchmarks of vaccine efficacy.

Components of a CWD vaccine
Antigen selection

For traditional infectious diseases, the vaccine antigen is
represented either by the entirety (killed or attenuated vaccines)
or a specific molecular component (subunit vaccines) of the disease-
associated microbe. Prion diseases are unique in that the entirety of
the infectious threat is represented by a single protein. While this
seemingly simplifies antigen selection, there are opportunities to
utilize limited segments of the protein to achieve conformation
specific (PrP® vs PrP°) immune responses or to prioritize specific
regions of PrP based on anticipated outcomes of safety and/
or efficiency.

PrP€ as the immunotherapeutic target

Given the opportunity to target PrP€ or PrP*, it may seem
counterintuitive to prioritize the healthy conformation. There are,
however, strong rationalizations for this approach. It is well
established that PrP® is essential for prion propagation; prion
disease progression cannot proceed in the absence of the PrP“
substrate. This is most conclusively demonstrated by the fact that
PrP-/- animals completely resist prion infection (44). Efforts to
develop vaccines that induce PrP© reactive antibodies look to
achieve the same functional outcome through either
immunological depletion of PrP© and/or blocking its ability to
serve as a substrate for conversion into PrP5¢ (45, 46) (Figure 1).
Antibodies to PrP® block the generation of PrP* in vitro and
extensive investigations have demonstrated that vaccines which
induce PrP° reactive antibodies can delay, to varying degrees, the
onset of prion disease symptoms (46-49).

Safety is a pivotal consideration during development of any
vaccine; this takes on even greater importance for diseases caused by
self-proteins. The strategy of deliberately targeting of PrP<, which is
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PrPSc Amyloid

FIGURE 1

PrPSC Amyloid

10.3389/fimmu.2023.1156451

PrPsc Amyloid

Mechanisms of Immunotherapeutic Intervention. (A) Natural Progression. The PrPSc serves as a template to promote the misfolding and
incorporation of PrPc. (B) PrPSC—Speciﬁc Immunotherapy. Antibodies to Prpse, through disruption of the interaction between PrP¢ and PrP< block
induced misfolding of PrP<. (C) PrP-Specific Immunotherapy. Antibodies to PrP< can block the interaction with PrP® as well as depleting PrP<.
Notably the two mechanisms are not in exclusion of each other such that additive or synergist benefit could occur through dual targeting of each

isoform. Diagram created with Biorender.

available for antibody binding in otherwise healthy animals, has
raised apprehensions of the safety of this immunological approach.
Those concerns are supported by early evidence which seemed to
indicate the potential for PrP®-reactive antibodies to have
pathological consequences. PrP® reactive antibodies, as well as
their Fab fragments, were found to induce neuronal apoptosis in
the brain (50, 51), although more recent investigations challenge
this result (52). Within experimental systems, PrP® reactive
antibodies can activate inappropriate cell signal events (53, 54),
superoxide mediated cytotoxicity (55), and stimulation of
suppressor T-cell lymphocytes (56), although the significance of
these responses is unclear.

Reassuringly, there is an absence of reported pathologies from
numerous vaccine trials, employing a variety antigens and strategies
of formulation and delivery to achieve PrPC reactive immune
responses. While this helps to alleviate some of the concerns of
targeting PrPS, it is important to note that the priority of those
investigations was to quantify vaccine efficacy, not safety, and it is
possible that subtle vaccine-associated pathologies may have
escaped the attention of the researchers. It would also be
premature to assume the safety of all PrP®-associated vaccines as
antibodies with reactivities to different regions of PrP have unique
potentials for pathology; antibodies to the octarepeat are well
tolerated while those against the folded globular domain are
implicated in neurotoxicity (55). Another important
consideration is whether the binding of antibodies to various
regions are associated with a gain, or loss, of function. Loss of
PrP° function seems well tolerated, as evidenced by the absence of
any profound phenotypic consequences with genetic ablation of PrP
(44). Gain-of-function changes would be more difficult to anticipate
in terms of their occurrence and consequences. Thus, while the
current evidence suggests the safety and effectiveness of targeting
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PrPC, it is important to evaluate any candidate CWD vaccines on a
case-by-case basis. Collectively, however, is generally accepted that
PrP€ is a viable antigen for prion vaccines, with demonstrated
potentially for efficacy in inhibiting disease progression in the
absence of adverse side effects.

PrP*¢ as the immunotherapeutic target

Strategies to develop vaccines that restrict the induced immune
responses to PrP* are motivated by considerations of safety and
efficacy. From the perspective of safety, restricting immune
responses to the misfolded conformation may mitigate concerns
over the safety of induction of immune responses to a widely
expressed self-protein; concerns which, whether experimentally
demonstrated or merely perceived, could impact vaccine
approval, licensure, and utilization. For efficacy, prioritizing the
misfolded species could focus the immune response to the most
pressing threat while sparing the function of the healthy form of the
protein (Figure 1). While conceptually appealing, conformation-
specific immunotherapy depends on identification of epitopes,
termed disease specific epitopes (DSEs), that are specifically
exposed for antibody binding in the misfolded state.

Disease specific epitopes

Efforts to identify regions of PrP exposed for antibody binding
in the misfolded protein are complicated by the tendency of PrP to
form insoluble aggregates which are unsuitable for most biophysical
techniques. Instead, the initial PrP DSEs were identified through
lower resolution biophysical techniques, rationale deduction, and
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bioinformatic approaches. The first DSE emerged from a
biophysical investigation which indicated that misfolding of PrP©
to PrP° resulted in the surface exposure of tyrosine residues which
was further determined to correspond a YYR motif of beta-strand 2
(57, 58). Soon after, a second DSE, corresponding to a YML
sequence of the opposing beta-strand was hypothesized, and
confirmed, to undergo similar repositioning to surface exposure
with misfolding (59). A third DSE, corresponding to the loop region
between beta-strand 2 and alpha-helix 2, was identified through a
bioinformatic approaches that anticipate protein regions with the
greatest propensity to unfold (60). This third DSE was designed
Rigid Loop (RL) to reflect the unusual rigidity of this region in
cervid PrP (61). Notably, high resolution structures of prion
amyloids have recently been determined through cryo-electron
microscopy, which should enable the identification of additional
DSEs (62, 63).

Vaccines to each of the three PrP DSEs have been shown to
induce antibodies that can discriminate PrP“ and PrP*° with
specific reactivity to the pathological conformation (58, 64). This
specificity is maintained in univalent and multivalent vaccine
formats (64). Antibodies to each DSEs have also been confirmed
in in vitro assays to neutralize PrP%° (65). Of the DSEs, protective
efficacy has only been evaluated for a parenterally administered,
univalent vaccine based on the YYR DSE. The results of those trials,
performed in two different large animal models, revealed conflicting
results; the vaccine delayed disease onset in a sheep challenge model
(66) but accelerated disease in elk exposed to environmental prions
(67). While each model utilized oral routes of infection, the sheep
were infected once with a large challenge dose while the elk, housed
in a prion-infected environment, were subjected to prolonged, low-
level exposure prions. It is not clear whether these different
outcomes reflect differences in the species or the challenge models.

Others have developed PrP*° specific vaccines through the
design of recombinant antigens in which discontinuous, surface-
exposed residues in PrP%° are presented in a molecular scaffold
designed to mimic a proposed 4-rung beta solenoid fold of PrP%
(68). While recent determinations of the structure of the prion
amyloid through cryo-electron microscopy challenge the beta
solenoid model of PrP%¢ (62, 63), a vaccine based on this antigen,
termed VPrP*, induced PrP**-reactive antibodies and resulted in a
dramatic delay in the onset of symptoms in a transgenic mouse
model of a genetic human prion disease (69).

Potential dangers of PrP*¢ reactivity

Targeting PrP*, whose presence is unique to prion infection,
seems a rational approach to mitigate safety concerns associated with
induction of auto-reactive antibodies. This strategy, however, merely
shifts, rather than alleviates, the safety concerns. Immunotherapy
based on targeting of PrP° gives rise to new apprehensions that these
antibodies could function as templates, or chaperones, to promote
formation of PrP*. Antibody induced misfolding of PrP“ has the
theoretical potential to initiate prion disease in otherwise healthy
subjects. Thus far, these hypothetical concerns are not supported by
experimental evidence. Antibodies to the YYR DSE did enhance the
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presentation of these regions but failed to generate PrP% (57).
Similarly, prolonged incubation of brain homogenates with
polyclonal antibodies to the three DSEs failed to generate PrP*
(64, 66). Finally, induction of high titre PrPSC-speCiﬁc antibodies in
prion-disease sensitized transgenic mice did not result in clinical nor
biochemical indications of prion disease after eight months (70).

While the inability of PrP*° reactive antibodies to promote
misfolding of wildtype PrP is reassuring, there may be elevated
opportunities for antibody-induced misfolding with naturally
occurring PrP polymorphisms associated with genetic prion
disease. In nanopore and immunoprecipitation experiments,
PrP“specific antibodies bound to a PrP variant associated with
early onset familial dementia, indicating the occurrence, and
recognition, of conformational differences and/or partially
unfolded species resulting from this mutation (71). Although
prolonged in vitro incubation of the PrP*-specific antibodies with
the misfolding prone PrP€ did not generate PrP*, this nevertheless
raises concern of this strategy of vaccination in outbred populations
with a range of PrP polymorphisms. Thus, like the situation with
the PrP“-specific vaccines, the safety of PrP*-specific vaccines will
need to be evaluated on a case-by-case basis with appropriate
consideration of naturally occurring PrP polymorphisms.

Collectively, it is generally accepted that PrP* is also a viable
target for prion vaccines, with demonstrated efficacy in inhibiting
disease progression in the absence of adverse side effects. Importantly,
antigen selection for a prion vaccine may not need to represent an
either/or situation of PrP® versus PrP, As each target offers distinct,
and potentially complimentary benefits to inhibit disease progression
there could be value in the development of vaccines which induce
antibodies against both conformations. This outcome which could be
investigated through either a single antigen or a multivalent approach
that combines top candidate PrP® and PrP*° reactive antigens.

Antigen optimization (overcoming
self tolerance)

Independent of the desired specificity, overcoming
immunological tolerance is a shared challenge to the development
of any prion vaccine. Immune tolerance refers to the
unresponsiveness of the immune system to self-molecules due to
developmental depletion of T and B lymphocytes with reactivities to
self-antigens. Immune tolerance serves to prevent autoimmune
disorders but also opposes efforts to develop vaccines against self-
proteins. PrP© falls within the jurisdiction of immune tolerance,
and, as the conversion to PrP% does not involve alteration to the
polypeptide sequence, immune privilege also extends to the
pathological isoform. Consequently, most prion infections
progress to their fatal outcomes in the absence of an induced
immune response (72-76). Thus, the unique biology of prion
infection offers sanctuary from immune activation, enabling
unfettered disease progression, and challenging the development
of vaccines; overcoming immune tolerance is a central obstacle to
the development of prion vaccines (77).

As immune tolerance is based on host PrP, one strategy to
overcome self-tolerance is to utilize PrP from heterologous species
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as vaccine antigens; that species-specific variations of PrP sequence
can provide versions of the protein that are recognized as foreign by
the immune system. For example, while mouse PrP fails to induce
immune responses in BALB/c mice (78), bovine and sheep PrP were
highly immunogenic (79). A stipulation to this approach is ensuring
that the antibodies induced to the heterologous PrP have sufficient
cross-reactivity to enable binding of the infecting and/or host PrP.
There are examples in which antibodies to heterologous PrP
antigens are unable to bind PrP© or PrP% (80). Alternatively,
presentation of PrP as aggregation-prone recombinant dimers can
also overcome immune tolerance, even to homologous sequences
(45, 46). Finally, alternative strategies of antigen formulation and
delivery can overcome self-tolerance; presentation of PrP in the
context of Dynabeads (81) or polylactide-coglycolide nanospheres
(48) have enabled creation of immunogenic vaccines.

The obstacle of self-tolerance is further complicated for peptide-
based vaccines, as these minimal antigens are often weakly
immunogenicity. Early efforts to translate the DSE sequences into
vaccines faced considerable challenges; a vaccine based on the YYR
DSE induced only weak IgM responses, even when conjugated to an
immunogenic carrier and formulated with harsh adjuvants (57).
One effective strategy to improve the immunogenicity of these
peptides is to expand their lengths through the inclusion of
naturally occurring residues flanking the region of interest. In
performing these expansions, it is critical to ensure that PrP%
specificity is maintained; that increased immunogenicity is not at
the expense of PrP°® specificity. The direction and extent of
expansion of these core sequences can be performed through in
silico analysis to anticipate immunogenicity based on the inclusion
of endogenous B-cell epitopes (82). Through optimization of core
sequences, as well as presentation of these optimized sequences on
suitable carrier proteins, the three DSEs were translated into
vaccines that exhibit strong immunogenicity while maintaining
PrP*° specificity (64).

Rationale selection and optimization of peptide antigens is
critical, but often insufficient, to overcome immune tolerance. To
elicit the T-cell help required for strong immune humoral responses
peptide antigens must usually be presented in the context of
immunogenic carrier proteins. A variety of carrier proteins have
been investigated including Leuktoxin of Mannheimia haemolytica
(58), rabies glycoprotein G (83), blue carrier protein (84), cholera
toxin (85), heat-labile enterotoxin B subunit (86) and heat shock
proteins (87). Certain carriers, such as cholera toxin and Escherichia
coli heat-labile enterotoxin, are better suited for mucosal vaccines
(88) while others, like rabies glycoprotein, are of particular interest
for their ability to induce strong, sustained immune responses
including within the context of oral vaccines (89, 90).

Biological vectors for an oral
CWD vaccine

Many of the initial efforts to develop CWD vaccines involved
parenteral administration, this allowed researchers to prioritize the
identification of protective antigens without the additional
challenges associated with oral vaccines. While injected vaccines
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could find application for farmed cervids, there is recognition of the
eventual necessity for orally administered vaccines. Outside of the
obvious practical perspectives of vaccinating wild animals, there is
also emerging recognition that protection against CWD infection,
which occurs through oral routes, may depend on the induction of
strong mucosal responses.

Several successful examples of oral vaccines for wildlife offer
assurance of the viability of this approach and may provide
framework for design of oral CWD vaccines. Most notably, oral
rabies vaccines have been incredibly successful in management of
that disease (91). As the protective antigen of those vaccines,
glycoprotein G, is also an effective carrier for PrP antigens, it may
be possible to transform established oral vaccines for rabies into
CWD vaccines through the simple inclusion of the additional PrP
epitopes. That effective oral rabies vaccines, utilizing different
biological vectors to deliver the glycoprotein G gene, support the
versatility of this approach for adaptation to cervids.

Adenovirus vectors

One of the commercialized oral rabies vaccines, OnRab, utilizes
a human adenovirus platform to deliver genetic material
corresponding to the rabies glycoprotein G protein (89). This
system demonstrates considerable potential as an oral vaccine
platform for CWD as it possesses a broad species and tissue
tropism, induces systemic and humoral immunity, and can be
orally dosed (92, 93). A candidate oral CWD vaccine was
constructed using a replication incompetent human adenovirus
encoding the truncated rabies glycoprotein G with an expanded
C-terminal region to represent a series of tandem repeats of the RL
DSE. Following oral administration to white-tailed deer this vaccine
induced PrP%-specific systemic and mucosal immune responses
after two immunizations, confirming the ability of the vector to
infect cells of the cervid gastro-intestinal tract (83). There were no
indications of adverse health effects and shedding of the vector was
limited to a brief period following administration (83). There is
opportunity to build on these highly promising results by using
replication-competent virus, which is anticipated to achieve in
greater levels of antigen expression with superior immune
responses (94).

Vaccinia virus

A second licenced oral rabies vaccine, RABORAL V-RG, utilizes
an attenuated recombinant vaccinia virus vector engineered to
express the rabies virus glycoprotein G. This vaccine has proven
highly effective in controlling rabies without any reports of adverse
reactions in wildlife or domestic animals (90). Vaccinia virus
(VV), most famous for serving as the foundation as the smallpox
vaccine, has shown considerable potential for the development of
vaccines for other infectious diseases due to its large genome which
can accommodate large inserts (10-15kb) of foreign genes,
established safety profile, stable antigen expression, and ease of
storage (95).
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Lambda phage

Bacteriophage are structurally stable, amenable to genetic
manipulation, strongly immunogenic, and, as they are
omnipresent within the mammalian digestive tract and replicate
exclusively within bacteria, generally regarded as safe to eukaryotes
(96). These traits are all consistent with an oral delivery platform.
This was investigated through presentation of the three PrP DSEs as
recombinant fusions of the capsid head protein D of lambda phage.
These modified phage particles were taken up by the Peyer’s patches
of the small intestine of calves resulting in the induction of strong
mucosal (IgA) responses to the peptide epitopes (97).

Bacterial delivery

Some of the earliest efforts to develop oral prion vaccines
utilized attenuated strains of Salmonella enterica expressing
tandem copies of PrP (98). These attenuated strains reached the
gut lymphoid follicles of deer, enabling antigen delivery and
induction of immune responses in the absence of any pathologies
(99). These oral vaccines resulted in a significant delay in the onset
of CWD in white-tailed deer with one of the animals, who
demonstrated particularly high anti-PrP titres in both saliva (IgA)
and blood (IgG), remaining symptom free after 3 years (100). While
the extensive vaccination protocol, involving eight immunizations,
would limit the real-world potential of these results, these efforts
nevertheless highlight the potential for oral vaccines to serve as a
valuable tool for control of CWD.

Systemic vs mucosal responses

The route of vaccine delivery impacts the nature of the induced
immune response. Parenterally administered vaccines tend to
favor peripheral humoral responses (IgG) with muted responses
of mucosal antibodies (IgA) while mucosal administration
favors a more balanced IgG/IgA response (101). This holds
true for prion vaccines; parenteral administration of a DSE-based
prion vaccine resulted in IgG responses which were an order of
magnitude higher than the IgA antibodies while the same epitope,
delivered through oral administration with a viral vector, induced a
balanced serum IgG to fecal IgA responses (58, 83). A similarly
balanced epitope-specific IgG and IgA responses were achieved with
mucosal delivery of prion vaccines through bacterial vectors (98-
100) as well as carrier proteins specialized for mucosal delivery
(86, 88).

Control of CWD within wild animal populations necessitates
the use of oral vaccines. With that, it is important to consider how
this route of delivery could impact disease control at the level of
individual animals as well as the overall population. Orally
transmitted prion diseases, including CWD, occur in three stages;
uptake at mucosal surfaces, peripheral amplification, and
transmission to the CNS (102, 103). It is necessary to
contemplate how each of these stages offers unique potentials and
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challenges for immunotherapeutic intervention as relating to
different routes of vaccine administration.

In general, the most effective way to deal with an infectious
disease is to prevent it from occurring. This seems particularly true
for prion diseases as once infection had initiated, immunotherapy,
at least to date, has been limited to slowing, rather than stopping,
disease progression. Blocking the uptake, or neutralizing the
infectivity, of gut-associated prions could represent an ideal
strategy to protect animals from CWD (Figure 2). In a best-case
scenario, antibodies at the mucosal surface could prevent the uptake
of prions from the digestive tract to prevent infection. This is likely
dependent on oral vaccinations for induction of mucosal IgA
antibodies; the strong peripheral immune responses from parental
administration offer greater extent of protection in peripheral rather
than oral challenge models (104).

During the second stage of CWD infection, peripheral
amplification, the priority shift to slowing disease progression by
blocking the ability of PrP° to recruit new PrP into the growing
amyloid. This can be achieved by neutralizing the infectivity of
PrP%, depleting PrPS, or both. Those mechanisms utilize IgG

Peripheral
Amplification

FIGURE 2

Stages of CWD and Opportunities for Immunotherapeutic
Intervention. CWD progresses through four different stages, each of
which presents distinct opportunities and challenges for
immunotherapeutic intervention. Stages where oral vaccines are
anticipated to have positive impact are highlighted in green. Stages
which are unlikely to impacted by oral vaccines are shown in red. 1)
Mucosal Uptake. Following oral ingestion, environmental prions are
taken up through mucosal surfaces. Induction of IgA antibodies
through oral vaccines offer the best chance to block uptake. 2)
Peripheral Amplification. Following uptake, prions undergo a stage
of peripheral amplification. Induction of IgG antibodies, through
either oral or injected vaccines can inhibit this process. 3) Shedding.
Prions generated in periphery and CNS of the infected host are shed
in saliva, urine, and feces. IgG antibodies, induced through injected
or oral vaccines, may restrict prion amplification to reduce shedding.
4) CNS Pathology. After peripheral amplification, prions migrate to
the CNS where they exert pathological consequences. While the
BBB limits access of antibodies to the CNS, IgG antibodies, induced
through either oral or injected vaccination, may minimize pathology.
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antibodies as effectors of the response. The consequences of slowing
the production of PrP° are two-fold. First, this may delay the time
frame of which peripheral loads of PrP* reach thresholds that
promote spillover of the disease to the CNS. As the symptoms of
prion disease are associated with CNS pathology, this would serve to
prolong the asymptomatic period between infection and onset of
symptoms. While this would certainly be valuable for vaccines
against human prion diseases, it is less important for controlling
CWD within wild populations. Indeed, prolonging the lifespan of
an infected animal, enabling greater opportunities for shedding
prions into the environment, could be counterproductive. Strong
peripheral responses, which inhibit the progression of PrP*, may
serve to reduce the infectious load generated within an animal. This,
in turn, would reduce the amount of infectious material released to
the environment which, in time, could serve to slow disease
progression at the population level (Figure 2). While strong
peripheral responses are likely best achieved through parenteral
administration, oral vaccines may also induce high enough levels of
IgG antibodies to reduce the amount of PrP* generated, and shed,
by infected animals.

The final stage of CWD occurs when the infectious agent
reaches the CNS. Here the options for immunotherapy are
limited by the impermeability of the blood brain barrier (BBB) to
antibodies (105, 106). Concentrations of IgG antibodies in the CNS
are typically two to three orders of magnitude lower than in serum
(107). This trend has also been observed for prion vaccines (58).
With this, neither orally nor parenterally administered vaccines are
likely to have much impact on disease progression once the prions
have reached the CNS (Figure 2). Although reducing peripheral
amplification may delay the time required to reach thresholds that
favor spillover into the CNS. Prions generated in the CNS will
contribute to environmental contamination through retrograde
transport to the periphery with subsequent shedding and/or
through environmental contamination via the animal carcass,
including the brain. The minimal ability to slow disease
progression in the brain and prolong the lifespan of the infected
animal may benefit disease control at a population level by
minimizing the duration of time for which infected animals
generate and shed prions. As the priority of the CWD vaccines is
to protect populations, rather than individuals, the relative inability
of orally or parenterally administered vaccines to impact prion
disease progression in the CNS may be an acceptable, and even
desirable, trait.

Collectively, induction of systemic and mucosal immune
responses may be beneficial for an effective vaccine for CWD.
When dealing with oral models of prion infection, the greatest
extents of protection correlated with high titres of both IgG and IgA
antibodies, as compared to either high titres of either IgG or IgA
alone (99).

Prospective impacts of vaccines for control
of CWD

Considering the challenges associated with development of
effective prion vaccines, it is probably overly optimistic to hope
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for vaccine that achieves absolute, sterilizing protection.
Fortunately, while this extent of protection would obviously be
highly desirable, it is not prerequisite for the vaccines to be an asset
in control of the disease. Immunization of wildlife could contribute
to disease management on two fronts.

Firstly, by diminishing the quantities of prions generated within
an infected animal, and subsequently released into the
environment, it may be possible to slow, and even reverse, the
trend towards an increasing environmental burden of prions which
should, in time, be reflected in fewer new cases. That would further
serve to further reduce the extent of environmental contamination.
Given the durability of prions within the environment and the slow
progression of disease within individual animals, this will be a
prolonged process. Parallel efforts to decontaminate environments
and minimize new infections would serve to complement and
enhance this contribution of vaccines to control of CWD.

A second mechanism by which oral CWD vaccines could
contribute to control of CWD is through containment of the
disease to endemic areas. Given the gradual, predictable, patterns
of migration of the disease, coupled with knowledge of the location
of populations of vulnerable populations, like the Northern caribou,
it may be possible to use a ring vaccination approach to stop, or at
least limit, further spread.

The feasibility for strategic placement of oral vaccines, with
respect to the timing and geography of vaccine dispersal, to control
infectious diseases within wildlife is well supported by the examples
of various oral vaccines that have been successfully employed for
the control of rabies. Notably, many of the oral vaccines under
development for CWD utilize similar biological vectors as the oral
rabies vaccines and would have similar traits in terms of cost and
environmental durability.

Conclusions

After decades of research, effective vaccines for the prion
diseases, as well as the conceptually related prion-like diseases,
such as Alzheimer’s and Parkinson’s disease, remain elusive. While
this highlights the magnitude of this challenge, this is an active
branch of vaccinology that continues to advance and evolve,
offering hope for critical breakthroughs. As these proteinopathies
share a common mechanism by which a misfolded self-protein
serves as a self-propagating catalyst for additional misfolding
events, the lessons learned within vaccine development efforts of
each disease, in terms of identification of protect antigens and
strategies of vaccine formulation and delivery, may serve common
benefit. An important distinction, however, is that the criteria of an
“effective” vaccines for human proteinopathies would likely be quite
distinct traits than that of a vaccine for control of CWD in wildlife.
Within human disease, vaccines that prolong lifespan and minimize
disease symptoms would be celebrated achievements. For CWD,
however, a vaccine that prolonged the duration of which an infected
animal could generate and release prions into the environment
would be inconsistent with the goals of disease management, that
the priority of CWD vaccines is to save populations, rather than
individual animals.
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Recent progress in the identification of protective antigens,
strategies to overcome immune tolerance, and efforts to translate
these approaches into oral vaccines gives hope for the development
of oral CWD vaccines. It is critical, however, not to underestimate
the challenges presented by CWD, including occurrence in wildlife
species, widespread geographic occurrence, environmental
persistence, unique molecular mechanisms, and the dynamic
nature of the threat (3, 108, 109). Any expectations of the extent
and time frames in which the trajectory of the disease can be
impacted with a vaccine must be balanced against the magnitude of
these obstacles. Indeed, the challenges of CWD are likely too
numerous and diverse to hope that any single disease control
measure can function as a complete solution. More realistically,
an oral CWD vaccine could contribute as a valuable component
of a multi-pronged approach that could include strategic
culling, utilizing genetic resistance, and decontamination of
environmental prions.

Author contributions

SN and HS co-developed and co-wrote this manuscript. Both
authors contributed to the article and approved the
submitted version.

References

1. Prusiner SB. Proteinaceous infectious particles cause scrapie. Science (1982)
216:136-44. doi: 10.1126/science.6801762

2. Prusiner SB. Prions. Proc Natl Acad Sci USA (1998) 95(23):13363-83. doi:
10.1073/pnas.95.23.13363

3. Williams ES. Chronic wasting disease. Vet Pathol (2005) 42(5):530-49.
doi: 10.1354/vp.42-5-530

4. Haley NJ, Hoover EA. Chronic wasting disease of cervids: current knowledge and
future perspectives. Annu Rev Anim BioSci (2015) 3(1):305-25. doi: 10.1146/annurev-
animal-022114-111001

5. Edmunds DR, Kauffman MJ, Schumaker BA, Lindzey FG, Cook WE, Kreeger TJ,
et al. Chronic wasting disease drives population decline of white-tailed deer. PLoS One
(2016) 11(8):e0161127. doi: 10.1371/journal.pone.0161127

6. DeVivo MT, Edmunds DR, Kauffman M]J, Schumaker BA, Binfet J, Kreeger TJ,
et al. Endemic chronic wasting disease causes mule deer population decline in
Wyoming. PLoS One (2017) 12(10):e0186512. doi: 10.1371/journal.pone.0186512

7. Benestad SL, Mitchell G, Simmons M, Ytrehus B, Vikeren T. First case of chronic
wasting disease in Europe in a Norwegian free-ranging reindeer. Vet Res (2016) 47
(1):88. doi: 10.1186/s13567-016-0375-4

8. Benestad SL, Telling GC. Chronic wasting disease: an evolving prion disease of
cervids. Handb Clin Neurol (2018) 153:135-51. doi: 10.1016/B978-0-444-63945-5.00008-8

9. Kim TY, Shon HJ, Joo YS, Mun UK, Kang KS, Lee YS. Additional cases of chronic
wasting disease in imported deer in Korea. J Vet Med Sci (2005) 67(8):753-9.
doi: 10.1292/jvms.67.753

10. Bian J, Kim S, Kane SJ, Crowell J, Sun JL, Christiansen J, et al. Adaptive selection
of a prion strain conformer corresponding to established north American CWD during
propagation of novel emergent Norwegian strains in mice expressing elk or deer prion
protein. PLoS Pathog (2021) 17(7):e1009748. doi: 10.1371/journal.ppat.1009748

11. Tranulis MA, Gavier-Widén D, Vage J, Noremark M, Korpenfelt SL,
Hautaniemi M, et al. Chronic wasting disease in Europe: new strains on the horizon.
Acta Vet Scand (2021) 63(1):48. doi: 10.1186/s13028-021-00606-x

12. Hannaoui S, Schatzl HM, Gilch S. Chronic wasting disease: Emerging prions and
their potential risk. PLoS Pathog (2017) 13(11):e1006619. doi: 10.1371/
journal.ppat.1006619

13. Rivera NA, Brandt AL, Novakofski JE, Mateus-Pinilla NE. Chronic wasting
disease in cervids: Prevalence, impact and management strategies. Vet Med (Auckl)
(2019) 10:123-39. doi: 10.2147/VMRR.S197404

Frontiers in Immunology

10.3389/fimmu.2023.1156451

Funding

This work was supported by funding of the Alberta Conservation
Association, Saskatchewan Fish and Wildlife Development Fund,
and Alberta Environment and Parks. VIDO receives operational
funding from the Government of Saskatchewan through Innovation
Saskatchewan and the Ministry of Agriculture and from the Canada
Foundation for Innovation through the Major Science Initiatives for
its CL3 facility.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

14. Chiavacci SJ. The economic costs of chronic wasting disease in the united states.
PLoS One (2022) 17(12):e0278366. doi: 10.1371/journal.pone.0278366

15. Ritchie DL, Peden AH, Barria MA. Variant CJD: Reflections a quarter of a
century on. Pathogens (2021) 10(11):1413. doi: 10.3390/pathogens10111413

16. Prusiner SB, Scott M, Foster D, Pan KM, Groth D, Mirenda C, et al.
Transgenetic studies implicate interactions between homologous PrP isoforms in
scrapie prion replication. Cell (1990) 63(4):673-86. doi: 10.1016/0092-8674(90)
90134-z

17. Collinge J, Clarke AR. A general model of prion strains and their pathogenicity.
Science (2007) 318(5852):930-6. doi: 10.1126/science.1138718

18. Sigurdson CJ, Nilsson KP, Hornemann S, Manco G, Fernandez-Borges N,
Schwarz P. A molecular switch controls interspecies prion disease transmission in
mice. J Clin Invest (2010) 120(7):2590-9. doi: 10.1172/JCI42051

19. Myers R, Cembran A, Fernandez-Funez P. Insight from animals resistant to
prion diseases: Deciphering the genotype - morphotype - phenotype code for the prion
protein. Front Cell Neurosci (2020) 14:254. doi: 10.3389/fncel.2020.00254

20. Kurt TD, Jiang L, Fernandez-Borges N, Bett C, Liu ], Yang T, et al. Human prion
protein sequence elements impede cross-species chronic wasting disease transmission. ]
Clin Invest (2015) 125(4):1485-96. doi: 10.1172/JCI79408

21. Wilson R, Plinston C, Hunter N, Casalone C, Corona C, Tagliavini F, et al.
Chronic wasting disease and atypical forms of bovine spongiform encephalopathy and
scrapie are not transmissible to mice expressing wild-type levels of human prion
protein. J Gen Virol (20122012) 93:1624-9. doi: 10.1099/vir.0.042507-0

22. Tamgiiney G, Miller MW, Giles K, Lemus A, Glidden DV, DeArmond §J, et al.
Transmission of scrapie and sheep-passaged bovine spongiform encephalopathy prions
to transgenic mice expressing elk prion protein. J Gen Virol (2009) 90:1035-47.
doi: 10.1099/vir.0.007500-0

23. Wadsworth JDF, Joiner S, Linehan JM, Jack K, Al-Doujaily H, Costa H, et al.
Humanised transgenic mice are resistant to chronic wasting disease prions from
Norwegian reindeer and moose. J Infect Dis (2021) 226:933-7. doi: 10.1093/infdis/
jiab033

24. Hamir AN, Kehrli ME]Jr, Kunkle RA, Greenlee JJ, Nicholson EM, Richt JA, et al.
Experimental interspecies transmission studies of the transmissible spongiform
encephalopathies to cattle: comparison to bovine spongiform encephalopathy in
cattle. J Vet Diagn Invest (2011) 23(3):407-20. doi: 10.1177/1040638711403404

25. Di Bari MA, Nonno R, Castilla J, D'Agostino C, Pirisinu L, Riccardi G, et al.
Chronic wasting disease in bank voles: characterisation of the shortest incubation time

frontiersin.org


https://doi.org/10.1126/science.6801762
https://doi.org/10.1073/pnas.95.23.13363
https://doi.org/10.1354/vp.42-5-530
https://doi.org/10.1146/annurev-animal-022114-111001
https://doi.org/10.1146/annurev-animal-022114-111001
https://doi.org/10.1371/journal.pone.0161127
https://doi.org/10.1371/journal.pone.0186512
https://doi.org/10.1186/s13567-016-0375-4
https://doi.org/10.1016/B978-0-444-63945-5.00008-8
https://doi.org/10.1292/jvms.67.753
https://doi.org/10.1371/journal.ppat.1009748
https://doi.org/10.1186/s13028-021-00606-x
https://doi.org/10.1371/journal.ppat.1006619
https://doi.org/10.1371/journal.ppat.1006619
https://doi.org/10.2147/VMRR.S197404
https://doi.org/10.1371/journal.pone.0278366
https://doi.org/10.3390/pathogens10111413
https://doi.org/10.1016/0092-8674(90)90134-z
https://doi.org/10.1016/0092-8674(90)90134-z
https://doi.org/10.1126/science.1138718
https://doi.org/10.1172/JCI42051
https://doi.org/10.3389/fncel.2020.00254
https://doi.org/10.1172/JCI79408
https://doi.org/10.1099/vir.0.042507-0
https://doi.org/10.1099/vir.0.007500-0
https://doi.org/10.1093/infdis/jiab033
https://doi.org/10.1093/infdis/jiab033
https://doi.org/10.1177/1040638711403404
https://doi.org/10.3389/fimmu.2023.1156451
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Napper and Schatzl

model for prion diseases. PLoS Pathog (2013) 9(3):e1003219. doi: 10.1371/
journal.ppat.1003219

26. Mathiason CK, Nalls AV, Seelig DM, Kraft SL, Carnes K, Anderson KR, et al.
Susceptibility of domestic cats to chronic wasting disease. J Virol (2013) 87:1947-56.
doi: 10.1128/JV1.02592-12

27. Moore SJ, West-Greenlee MH, Kondru N, Manne S, Smith JD, Kunkle RA,
et al. Experimental transmission of the chronic wasting disease agent to swine after
oral or intracranial inoculation. J Virol (2017) 91(19):e00926-17. doi: 10.1128/
JV1.00926-17

28. Chiu A, Goddard E, Parlee B. Caribou consumption in northern Canadian
communities. J Toxicol Environ Health A (2016) 79(16-17):762-97. doi: 10.1080/
15287394.2016.1174011

29. Osterholm MT, Anderson CJ, Zabel MD, Scheftel JM, Moore KA, Appleby BS.
Chronic wasting disease in cervids: Implications for prion transmission to humans and
other animal species. mBio (2019) 10(4):e01091-19. doi: 10.1128/mBi0.01091-19

30. Sikorska B, Knight R, Ironside JW, Liberski PP. Creutzfeldt-Jakob Disease. Adv
Exp Med Biol (2012) 724:76-90. doi: 10.1007/978-1-4614-0653-2_6

31. Hannaoui S, Zemlyankina I, Chang SC, Arifin MI, Béringue V, McKenzie D,
et al. Transmission of cervid prions to humanized mice demonstrates the zoonotic
potential of CWD. Acta Neuropathol (2022) 144:767-84. doi: 10.1007/s00401-022-
02482-9

32. Barria MA, Telling GC, Gambetti P, Mastrianni JA, Soto C. Generation of a new
form of human PrP(Sc) in vitro by interspecies transmission from cervid prions. J Biol
Chem (20112011) 286(9):7490-5. doi: 10.1074/jbc.M110.198465

33. Wang Z, Qin K, Camacho MV, Cali I, Yuan J, Shen P, et al. Generation of
human chronic wasting disease in transgenic mice. Acta Neuropathol Commun (2021)
9(1):158. doi: 10.1186/540478-021-01262-y

34. Race B, Meade-White KD, Phillips K, Striebel J, Race R, Chesebro B. Chronic
wasting disease agents in nonhuman primates. Emerg Infect Dis (2014) 20(5):833-7.
doi: 10.3201/€id2005.130778

35. Race B, Meade-White KD, Miller MW, Barbian KD, Rubenstein R, LaFauci G.
Susceptibilities of nonhuman primates to chronic wasting disease. Emerg Infect Dis
(2009) 2009) 15:1366-76. doi: 10.3201/eid1509.090253

36. Race B, Williams K, Orrt CD, Hughson AG, Lubke L, Chesebro B. Lack of
transmission of chronic wasting disease to cynomolgus macaques. J Virol (2018) 92:
€00550-18. doi: 10.1128/JV1.00550-18

37. Czub S, Schulz-Schaeffer W, Stahl-Hennig C, Beekes M, Schaetzl H, Motzkus D.
First evidence of intracranial and perora transmission of chronic wasting disease
(CWD) in cynomolgus macques: A work in progress. Prion (2017) 25:23-6.

38. Liberski PP, Gajos A, Sikorska B, Lindenbaum S. Kuru, the first human prion
disease. Viruses (2019) 11(3):232. doi: 10.3390/v11030232

39. Smith PG, Bradley R. Bovine spongiform encephalopathy (BSE) and its
epidemiology. Br Med Bull (2003) 66:185-98. doi: 10.1093/bmb/66.1.185

40. Nichols TA, Pulford B, Wyckoff AC, Meyerett C, Michel B, Gertig K, et al.
Detection of protease-resistant cervid prion protein in water from a CWD-endemic
area. Prion (2009) 3(3):171-83. doi: 10.4161/pri.3.3.9819

41. John TR, Schitzl HM, Gilch S. Early detection of chronic wasting disease prions
in urine of pre-symptomatic deer by real-time quaking-induced conversion assay. Prion
(2013) 7(3):253-8. doi: 10.4161/pri.24430

42. Kuznetsova A, McKenzie D, Banser P, Siddique T, Aiken JM. Potential role of
soil properties in the spread of CWD in western Canada. Prion (2014) 8(1):92-9. doi:
10.4161/pri.28467

43. Pritzkow S, Morales R, Moda F, Khan U, Telling GC, Hoover E, et al. Grass
plants bind, retain, uptake, and transport infectious prions. Cell Rep (2015) 11(8):1168—
75. doi: 10.1016/j.celrep.2015.04.036

44. Bueler H, Aguzzi A, Sailer A, Greiner RA, Autenried P, Aguet M, et al. Mice
devoid of PrP are resistant to scrapie. Cell (1993) 73:1339-47. doi: 10.1016/0092-8674
(93)90360-3

45. Gilch S, Wopfner F, Renner-Miiller I, Kremmer E, Bauer C, Wolf E, et al.
Polyclonal anti-PrP auto-antibodies induced with dimeric PrP interfere efficiently with
PrPSc propagation in prion-infected cells. J Biol Chem (2003) 278(20):18524-31.
doi: 10.1074/jbc.M210723200

46. Abdelaziz DH, Thapa S, Abdulrahman B, Lu L, Jain S, Schatzyl HM.
Immunization of cervidized transgenic mice with multimeric deer prion protein
induces self-antibodies that antagonize chronic wasting disease infectivity in vitro.
Sci Rep (2017) 7:10538. doi: 10.1038/s41598-017-11235-8

47. Mallucci G, Dickinson A, Linehan J, Kl6hn PC, Brandner S Collinge J. Depleting
neuronal PrP in prion infection prevents disease and reverses spongiosis. Science (2003)
302:871-4. doi: 10.1126/science.1090187

48. Kaiser-Schulz G, Heit A, Quintanilla-Martinez L, Hammerschmidt F, Hess S,
Jennen L, et al. Polylactide-coglycolide microspheres co-encapsulating recombinant
tandem prion protein with CpG-oligonucleotide break self-tolerance to prion protein
in wild-type mice and induce CD4 and CD8 T cell responses. J Immunol (2007) 179
(5):2797-807. doi: 10.4049/jimmunol.179.5.2797

49. Nicoll AJ, Collinge J. Preventing prion pathogenicity by targeting the cellular
prion protein. Infect Disord Drug Targets (2009) 9(1):48-57. doi: 10.2174/
1871526510909010048

Frontiers in Immunology

10

10.3389/fimmu.2023.1156451

50. Solforosi L, Criado JR, McGavern DB, Wirz S, Sanchez-Alavez M, Sugama S,
et al. Cross-linking cellular prion protein triggers neuronal apoptosis in vivo. Science
(2004) 303:1514-6. doi: 10.1126/science.1094273

51. Lefebvre-Roque M, Kremmer E, Gilch S, Zou WQ, Feraudet C, Gilles CM, et al.
Toxic effects of intracerebral PrP antibody administration during the course of BSE
infection in mice. Prion (2007) 1:198-206. doi: 10.4161/pri.1.3.4870

52. Kléhn PC, Farmer M, Linehan JM, O'Malley C, Fernandez de Marco M, Taylor
W, et al. PrP antibodies do not trigger mouse hippocampal neuron apoptosis. Science
(2012) 335(6064):52. doi: 10.1126/science.1215579

53. Cashman NR, Loertscher R, Nalbantoglu J, Shaw I, Kascsak RJ, Bolton DC, et al.
Cellular isoform of the scrapie agent protein participates in lymphocyte activation. Cell
(1990) 61:185-92. doi: 10.1016/0092-8674(90)90225-4

54. Mouillet-Richard S, Ermonval M, Chebassier C, Laplanche JL, Lehmann S,
Launay JM, et al. Signal transduction through prion protein. Science (2000) 289:1925-8.
doi: 10.1126/science.289.5486.1925

55. Sonati T, Reimann RR, Falsig ], Baral PK, O’Connor T, Hornemann S, et al. The
toxicity of antiprion antibodies is mediated by the flexible tail of the prion protein.
Nature (2013) 501:102-6. doi: 10.1038/nature12402

56. Isaacs JD, Jackson GS, Altmann DM. The role of the cellular prion protein in the
immune system. Clin Exp Immunol (2006) 146(1):1-8. doi: 10.1111/j.1365-
2249.2006.03194.x

57. Paramithiotis E, Pinard M, Lawton T, LaBoissiere S, Leathers V, Zou W, et al. A
prion protein epitope selective for the pathologically misfolded conformation. Nat Med
(2003) 9:893-9. doi: 10.1038/nm883

58. Hedlin P, Cashman N, Li L, Gupta ], Babiuk L, Potter A, et al. Design and
delivery of a cryptic PrPC epitope for induction of PrPSc-specific antibody responses.
Vaccine (2010) 28:981-8. doi: 10.1016/j.vaccine.2009.10.134

59. Cashman NR. Antibodies and epitopes specific to misfolded prion protein. United
States patent US (2010).

60. Guest W, Cashman N, Plotkin S. Structure-based prediction of unstable regions
in proteins: Applications to protein misfolding diseases. Bull Am Phys Soc (2009) 54:
A40-013.

61. Gossert AD, Bonjour S, Lysek DA, Fiorito F, Wuthrich K. Prion protein NMR
structures of elk and of mouse/elk hybrids. Proc Natl Acad Sci USA (2005) 102:646-50.
doi: 10.1073/pnas.0409008102

62. Wang LQ, Zhao K, Yuan HY, Wang Q, Guan Z, Tao J, et al. Cryo-EM structure
of an amyloid fibril formed by full-length human prion protein. Nat Struct Mol Biol
(2020) 27:598-602. doi: 10.1038/s41594-020-0441-5

63. Kraus A, Hoyt F, Schwartz CL, Hansen B, Artikis E, Hughson AG, et al. High-
resolution structure and strain comparison of infectious mammalian prions. Mol Cell
(2021) 81(21):4540-51. doi: 10.1016/j.molcel.2021.08.011

64. Marciniuk K, Miittianen P, Taschuk R, Airey D, Potter A, Cashman NR, et al.
Development of a multivalent, PrP**-specific prion vaccine through rational
optimization of three disease-specific epitopes. Vaccine (2014) 32:1988-97. doi:
10.1016/j.vaccine.2014.01.027

65. Taschuk R, van der Merwe J, Marciniuk K, Potter A, Cashman N, Griebel P,
et al. In vitro neutralization of prions with PrP*-specific antibodies. Prion (2015)
9:292-303. doi: 10.1080/19336896.2015.1071761

66. Taschuk R, Marciniuk K, Maittinen P, Madampage C, Hedlin P, Potter A.
Safety, specificity and immunogenicity of a PrP(Sc)-specific prion vaccine based on the
YYR disease specific epitope. Prion (2014) 8(1):51-9. doi: 10.4161/pri.27962

67. Wood ME, Griebel P, Huizenga ML, Lockwood S, Hansen C, Potter A, et al.
Accelerated onset of chronic wasting disease in elk (Cervus canadensis) vaccinated with
a PrPSc-specific vaccine and housed in a prion contaminated environment. Vaccine
(2018) 36:7737-43. doi: 10.1016/j.vaccine.2018.10.057

68. Wille H, Requena JR. The structure of PrP% prions. Pathogens (2018) 7(1):20.
doi: 10.3390/pathogens7010020

69. Fleming M, Fang A, Tancowny B, Telling G, Wille H. Optimizing prion
vaccination in a transgenic mouse model of gerstmann-Striussler-Scheinker disease.
Prion (2022) 16:95-253. doi: 10.1080/19336896.2022.2091286

70. Maittinen P, Taschuk R, Ross L, Marciniuk K, Bertram L, Potter A, et al. PrP-
specific antibodies do not induce prion disease or misfolding of PrP in highly
susceptible Tga20 mice. Prion (2013) 7:434-9. doi: 10.4161/pri.26639

71. Madampage C, Méittinen P, Marciniuk K, Brownlie R, Andrievskaia O, Potter
A. Binding of bovine T194A PrP® by PrP*-specific antibodies. Prion (2013) 7:301-11.
doi: 10.4161/pri.25148

72. Zabel MD. Avery AC Prions—-not your immunologist's pathogen. PLoS Pathog
(2015) 19:¢1004624. doi: 10.1371/journal.ppat.1004624

73. Porter DD, Porter HG, Cox NA. Failure to demonstrate a humoral immune
response to scrapie infection in mice. J Immunol (1973) 111:1407-10. doi: 10.4049/
jimmunol.111.5.1407

74. Kasper KC, Stites DP, Bowman KA, Panitch H, Prusiner SB. Immunological
studies of scrapie infection. J Neuroimmunol (1982) 3:187-20. doi: 10.1016/0165-5728
(82)90022-4

75. Aucouturier P, Carnaud C. The immune system and prion diseases: a
relationship of complicity and blindness. ] Leukoc Biol (20022002) 72:1075-83. doi:
10.1189/1b.72.6.1075

frontiersin.org


https://doi.org/10.1371/journal.ppat.1003219
https://doi.org/10.1371/journal.ppat.1003219
https://doi.org/10.1128/JVI.02592-12
https://doi.org/10.1128/JVI.00926-17
https://doi.org/10.1128/JVI.00926-17
https://doi.org/10.1080/15287394.2016.1174011
https://doi.org/10.1080/15287394.2016.1174011
https://doi.org/10.1128/mBio.01091-19
https://doi.org/10.1007/978-1-4614-0653-2_6
https://doi.org/10.1007/s00401-022-02482-9
https://doi.org/10.1007/s00401-022-02482-9
https://doi.org/10.1074/jbc.M110.198465
https://doi.org/10.1186/s40478-021-01262-y
https://doi.org/10.3201/eid2005.130778
https://doi.org/10.3201/eid1509.090253
https://doi.org/10.1128/JVI.00550-18
https://doi.org/10.3390/v11030232
https://doi.org/10.1093/bmb/66.1.185
https://doi.org/10.4161/pri.3.3.9819
https://doi.org/10.4161/pri.24430
https://doi.org/10.4161/pri.28467
https://doi.org/10.1016/j.celrep.2015.04.036
https://doi.org/10.1016/0092-8674(93)90360-3
https://doi.org/10.1016/0092-8674(93)90360-3
https://doi.org/10.1074/jbc.M210723200
https://doi.org/10.1038/s41598-017-11235-8
https://doi.org/10.1126/science.1090187
https://doi.org/10.4049/jimmunol.179.5.2797
https://doi.org/10.2174/1871526510909010048
https://doi.org/10.2174/1871526510909010048
https://doi.org/10.1126/science.1094273
https://doi.org/10.4161/pri.1.3.4870
https://doi.org/10.1126/science.1215579
https://doi.org/10.1016/0092-8674(90)90225-4
https://doi.org/10.1126/science.289.5486.1925
https://doi.org/10.1038/nature12402
https://doi.org/10.1111/j.1365-2249.2006.03194.x
https://doi.org/10.1111/j.1365-2249.2006.03194.x
https://doi.org/10.1038/nm883
https://doi.org/10.1016/j.vaccine.2009.10.134
https://doi.org/10.1073/pnas.0409008102
https://doi.org/10.1038/s41594-020-0441-5
https://doi.org/10.1016/j.molcel.2021.08.011
https://doi.org/10.1016/j.vaccine.2014.01.027
https://doi.org/10.1080/19336896.2015.1071761
https://doi.org/10.4161/pri.27962
https://doi.org/10.1016/j.vaccine.2018.10.057
https://doi.org/10.3390/pathogens7010020
https://doi.org/10.1080/19336896.2022.2091286
https://doi.org/10.4161/pri.26639
https://doi.org/10.4161/pri.25148
https://doi.org/10.1371/journal.ppat.1004624
https://doi.org/10.4049/jimmunol.111.5.1407
https://doi.org/10.4049/jimmunol.111.5.1407
https://doi.org/10.1016/0165-5728(82)90022-4
https://doi.org/10.1016/0165-5728(82)90022-4
https://doi.org/10.1189/jlb.72.6.1075
https://doi.org/10.3389/fimmu.2023.1156451
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Napper and Schatzl

76. Aguzzi A. Prions and the immune system: a journey through gut, spleen, and
nerves. Adv Immunol (2003) 81:123-71. doi: 10.1016/s0065-2776(03)81004-0

77. Mabbott NA, Alibhai JD, Manson J. The role of the immune system in prion
infection. Handb Clin Neurol (2018) 153:85-107. doi: 10.1016/B978-0-444-63945-5.00005-2

78. Polymenidou M, Heppner FL, Pellicioli EC, Urich E, Miele G, Braun N, et al.
Humoral immune response to native eukaryotic prion protein correlates with anti-
prion protection. Proc Natl Acad Sci USA (2004) 101(Suppl. 2):14670-6. doi: 10.1073/
pnas.0404772101

79. Ishibashi D, Yamanaka H, Yamaguchi N, Yoshikawa D, Nakamura R, Okimura
N, et al. Immunization with recombinant bovine but not mouse prion protein delays
the onset of disease in mice inoculated with a mouse-adapted prion. Vaccine (2007) 25
(6):985-92. doi: 10.1016/j.vaccine.2006.09.078

80. Heppner FL, Aguzzi A. Recent developments in prion immunotherapy. Curr
Opin Immunol (2004) 16(5):594-8. doi: 10.1016/j.c0i.2004.07.008

81. Tayebi M, Collinge J, Hawke S. Unswitched immunoglobulin m response
prolongs mouse survival in prion disease. ] Gen Virol (2009) 90:777-82. doi:
10.1099/vir.0.005041-0

82. Marciniuk K, Trost B, Napper S. EpIC: a rational pipeline for epitope
immunogenicity characterization. Bioinformatics (2015) 31:2388-90. doi: 10.1093/
bioinformatics/btv136

83. Taschuk R, Scruten E, Woodbury M, Cashman N, Potter A, Griebel P, et al.
Induction of PrP%specific systemic and mucosal immune responses in white-tailed
deer with an oral vaccine for chronic wasting disease. Prion (2017) 11(5):368-80. doi:
10.1080/19336896.2017.1367083

84. Pilon JL, Loiacono C, Okeson D, Lund S, Vercauteren K, Rhyan J, et al. Anti-
prion activity generated by a novel vaccine formulation. Neurosci Lett (2007) 18:161-4.
doi: 10.1016/j.neulet.2007.10.015

85. Bade S, Baier M, Boetel T, Frey A. Intranasal immunization of balb/c mice
against prion protein attenuates orally acquired bovine spongiform encephalopathy.
Vaccine (2006) 24:1242-53. doi: 10.1016/j.vaccine.2005.12.051

86. Yamanaka H, Ishibashi D, Yamaguchi N, Yoshikawa D, Nakamura R, Okimura
N, et al. Enhanced mucosal immunogenicity of prion protein following fusion with b
subunit of escherichia coli heat-labile enterotoxin. Vaccine (2006) 24(15):2815-23. doi:
10.1016/j.vaccine.2005.12.054

87. Koller MF, Grau T, Christen P. Induction of antibodies against murine full-
length prion protein in wild-type mice. J Neuroimmunol (2002) 132:113-6. doi:
10.1016/50165-5728(02)00316-8

88. Sakaguchi S, Arakawa T. Recent developments in mucosal vaccines against
prion diseases. Expert Rev Vaccines (2007) 6(1):75-85. doi: 10.1586/14760584.6.1.75

89. Yarosh OK, Wandeler AI, Graham FL, Campbell JB, Prevec L. Human
adenovirus type 5 vectors expressing rabies glycoprotein. Vaccine (1996) 14:1257-64.
doi: 10.1016/50264-410X(96)00012-6

90. Maki J, Guiot AL, Aubert M, Brochier B, Cliquet F, Hanlon CA, et al. Oral
vaccination of wildlife using a vaccinia-rabies-glycoprotein recombinant virus vaccine
(RABORAL V-RG®): a global review. Vet Res (2017) 48:57. doi: 10.1186/s13567-017-
0459-9

91. Mahl P, Clinquet F, Guiot AL, Niin E, Fournials E, Saint-Jean N, et al. Twenty-
year experience of the oral rabies vaccine SAG2 in wildlife: A global review. Vet Res
(2014) 45:77. doi: 10.1186/s13567-014-0077-8. PMID:25106552

92. Buge SL, Richardson E, Alipanah S, Markham P, Cheng S, Kalyan N, et al. An
adenovirus-simian immunodeficiency virus env vaccine elicits humoral, cellular, and
mucosal immune responses in rhesus macaques and decreases viral burden following
vaginal challenge. J Virol (1997) 71:8531-41. doi: 10.1128/jvi.71.11.8531-8541.1997

Frontiers in Immunology

11

10.3389/fimmu.2023.1156451

93. Alejo DM, Moraes MP, Liao X, Dias CC, Tulman ER, Diaz-San S, et al. An
adenovirus vectored mucosal adjuvant augments protection of mice immunized
intranasally with an adenovirus-vectored foot-and-mouth disease virus subunit
vaccine. Vaccine (2013) 26:2302-09. doi: 10.1016/j.vaccine.2013.02.060

94. Matsuda K, Migueles SA, Huang J, Bolkhovitinov L, Stuccio S, Griesman T, et al.
A replication-competent adenovirus-vectored influenza vaccine induces durable
systemic and mucosal immunity. J Clin Invest (2021) 131(5):e140794. doi: 10.1172/
JCI140794

95. Zhang Z, Dong L, Zhao C, Zheng P, Zhang X, Xu J. Vaccinia virus-based vector
against infectious diseases and tumors. Hum Vaccin Immunother (20212021) 17
(6):1578-85. doi: 10.1080/21645515.2020.1840887

96. Hodyra-Stefaniak K, Miernikiewicz P, Drapala J, Drab M, Jonczyk-Matysiak E,
Lecion D, et al. Mammalian host-Versus-Phage immune response determines phage
fate in vivo. Sci Rep (2015) 5:14802. doi: 10.1038/srep14802

97. Gonzalez-Cano P, Gamage L, Marciniuk K, Hayes C, Napper S, Hayes S, et al.
Lambda display phage as a mucosal vaccine delivery vehicle for peptide antigens.
Vaccine (2017) 35:7256-63. doi: 10.1016/j.vaccine.2017.11.010

98. Goni F, Knudsen E, Schreiber F, Scholtzova H, Pankiewicz J, Carp R, et al.
Mucosal vaccination delays or prevents prion infection via an oral route. Neurosci
(2005) 133:413-21. doi: 10.1016/j

99. Goni F, Prelli F, Schreiber F, Scholtzova H, Chung E, Kascsak R, et al. High titers
of mucosal and systemic anti-PrP antibodies abrogate oral prion infection in mucosal-
vaccinated mice. Neuroscience (2008) 15:679-86. doi: 10.1016/j

100. Goni F, Mathiason CK, Yim L, Wong K, Hayes-Klug J, Nalls A, et al. Mucosal
immunization with an attenuated salmonella vaccine partially protects white-tailed
deer from chronic wasting disease. Vaccine (2015) 33:726-33. doi: 10.1016/
j.vaccine.2014.11.035

101. Ogra PL, Faden H, Welliver RC. Vaccination strategies for mucosal immune
responses. Clin Microbiol Rev (2001) 14(2):430-45. doi: 10.1128/CMR.14.2.430-
445.2001

102. Miller MW, Williams ES. Prion disease: horizontal prion transmission in mule
deer. Nature (2003) 425:35-6. doi: 10.1038/425035a

103. Beekes M, McBride PA. The spread of prions through the body in naturally
acquired transmissible spongiform encephalopathies. FEBS J (2007) 274:588-605. doi:
10.1111/§.1742-4658.2007.05631.x

104. Pilon JL, Rhyan JC, Wolfe LL, Davis TR, McCollum MP, O'Rourke KI, et al.
Immunization with a synthetic peptide vaccine fails to protect mule deer (Odocoileus
hemionus) from chronic wasting disease. ] Wildl Dis (2013) 49:694-8. doi: 10.7589/
2012-07-200

105. Poduslo JF, Curran GL, Wengenack TM, Malester B, Duff K. Permeability of
proteins at the blood-brain barrier in the normal adult mouse and double transgenic
mouse model of alzheimer’s disease. Neurobiol Dis (2001) 8:555-67. doi: 10.1006/
nbdi.2001.0402

106. Neuwelt EA, Bauer B, Fahlke C, Fricker G, Iadecola C, Janigro D, et al.
Engaging neuroscience to advance translational research in brain barrier biology. Nat
Rev Neurosci (2011) 12:169-82. doi: 10.1038/nrn2995

107. Katsinelos T, Tuck BJ, Mukadam AS, McEwan WA. The role of antibodies and
their receptors in protection against ordered protein assembly in neurodegeneration.
Front Immunol (2019) 10:1139. doi: 10.3389/fimmu.2019.01139

108. Gilch S. Chronic wasting disease - a prion disease through a one health lens.
Can Vet J (2022) 63(4):431-3.

109. Saunders SE, Bartelt-Hunt SL, Bartz JC. Prions in the environment: occurrence,
fate and mitigation. Prion (2008) 2:162-9. doi: 10.4161/pri.2.4.7951

frontiersin.org


https://doi.org/10.1016/s0065-2776(03)81004-0
https://doi.org/10.1016/B978-0-444-63945-5.00005-2
https://doi.org/10.1073/pnas.0404772101
https://doi.org/10.1073/pnas.0404772101
https://doi.org/10.1016/j.vaccine.2006.09.078
https://doi.org/10.1016/j.coi.2004.07.008
https://doi.org/10.1099/vir.0.005041-0
https://doi.org/10.1093/bioinformatics/btv136
https://doi.org/10.1093/bioinformatics/btv136
https://doi.org/10.1080/19336896.2017.1367083
https://doi.org/10.1016/j.neulet.2007.10.015
https://doi.org/10.1016/j.vaccine.2005.12.051
https://doi.org/10.1016/j.vaccine.2005.12.054
https://doi.org/10.1016/S0165-5728(02)00316-8
https://doi.org/10.1586/14760584.6.1.75
https://doi.org/10.1016/S0264-410X(96)00012-6
https://doi.org/10.1186/s13567-017-0459-9
https://doi.org/10.1186/s13567-017-0459-9
https://doi.org/10.1186/s13567-014-0077-8.PMID:25106552
https://doi.org/10.1128/jvi.71.11.8531-8541.1997
https://doi.org/10.1016/j.vaccine.2013.02.060
https://doi.org/10.1172/JCI140794
https://doi.org/10.1172/JCI140794
https://doi.org/10.1080/21645515.2020.1840887
https://doi.org/10.1038/srep14802
https://doi.org/10.1016/j.vaccine.2017.11.010
https://doi.org/10.1016/j
https://doi.org/10.1016/j
https://doi.org/10.1016/j.vaccine.2014.11.035
https://doi.org/10.1016/j.vaccine.2014.11.035
https://doi.org/10.1128/CMR.14.2.430-445.2001
https://doi.org/10.1128/CMR.14.2.430-445.2001
https://doi.org/10.1038/425035a
https://doi.org/10.1111/j.1742-4658.2007.05631.x
https://doi.org/10.7589/2012-07-200
https://doi.org/10.7589/2012-07-200
https://doi.org/10.1006/nbdi.2001.0402
https://doi.org/10.1006/nbdi.2001.0402
https://doi.org/10.1038/nrn2995
https://doi.org/10.3389/fimmu.2019.01139
https://doi.org/10.4161/pri.2.4.7951
https://doi.org/10.3389/fimmu.2023.1156451
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Oral vaccination as a potential strategy to manage chronic wasting disease in wild cervid populations
	Prion diseases
	Chronic wasting disease
	Host range of chronic wasting disease
	Efforts to control chronic wasting disease


	Opportunities and challenges for CWD vaccines
	Components of a CWD vaccine
	Antigen selection
	PrPC as the immunotherapeutic target
	PrPSc as the immunotherapeutic target
	Disease specific epitopes
	Potential dangers of PrPSc reactivity
	Antigen optimization (overcoming self tolerance)

	Biological vectors for an oral CWD vaccine
	Adenovirus vectors
	Vaccinia virus
	Lambda phage
	Bacterial delivery
	Systemic vs mucosal responses
	Prospective impacts of vaccines for control of CWD

	Conclusions
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


