
Manuscript Information

Grant/Project/Contract/Support Information

Manuscript Files

This PDF receipt will only be used as the basis for generating PubMed Central (PMC) 
documents. PMC documents will be made available for review after conversion (approx. 2-3 
weeks time). Any corrections that need to be made will be done at that time. No materials will be 
released to PMC without the approval of an author. Only the PMC documents will appear on 
PubMed Central -- this PDF Receipt will not appear on PubMed Central.

Journal name: Expert review of vaccines
NIHMSID: NIHMS267433

Manuscript Title: Immunomodulation for prion and prion-related diseases
Principal Investigator:

Submitter: Future Medicine Ltd (m.connolly@futuremedicine.com)

Name Support ID# Title

Type Fig/Table 
# Filename Size Uploaded

manuscript  erv_dec_wisniewski.pdf 1117399 2011-01-24 09:43:29 

Page 1 of 1

1/24/2011file://F:\AdLib eXpress\Docs\bf84f4b8-a237-43e8-b032-b6002d864bc3\NIHMS26...



1441

Review

www.expert-reviews.com ISSN 1478-7210© 2010 Expert Reviews Ltd10.1586/ERV.10.131

Prion diseases are conformational neuro
degenerative disorders characterized by the 
structural modification of the normal cellular 
prion protein (PrPC) into a pathological con-
former, scrapie prion protein (PrPSc) [1–3]. They 
are a unique category of illness in that they can 
be inherited, infectious or sporadic in occur-
rence. Thus, the conversion of PrPC to PrPSc can 
be related to an exogenous infectious source of 
PrPSc, a mutation in the prion protein that pre-
disposes to such a conformational change or a 
spontaneous conformational change, as occurs 
in sporadic prion disease. A comprehensive body 
of evidence has presented compelling data that 
the transmissible pathogen for these diseases is 
a proteinaceous infectious particle (hence the 
term ‘prion’) [4,3]. These diseases are also known 
as transmissible spongiform encephalopathies or 
prionoses. Currently, there is no effective therapy 

for this group of diseases [5–8]. The outbreak of 
bovine spongiform encephalopathy (BSE) and 
the resulting emergence of a new human prion 
disease, namely variant Creutzfeldt–Jakob dis-
ease (vCJD), highlight the public health threat 
from prion diseases. Although the original out-
break of vCJD is waning, there is the possibility 
of further outbreaks from current asymptomatic 
carriers and iatrogenically infected individuals. 
In North America, an ongoing threat from prion 
disease is from chronic wasting disease (CWD). 
High rates of infection among deer and elk pop-
ulations have been reported, with experimental 
data indicating that this disease is transmissible 
to primates [9–11]. 

The human forms of prionoses include kuru, 
Creutzfeldt–Jakob disease (CJD), Gerstmann–
Sträussler–Scheinker disease, fatal familial 
insomnia, sporadic fatal insomnia and the more 

Thomas Wisniewski†1,2,3 
and Fernando Goñi3,4

1Department of Psychiatry, Millhauser 
Laboratories, Room HN419, 
New York University School of 
Medicine, 560 First Avenue,  
New York, NY 10016, USA 
2Department of Pathology, 
New York University School of 
Medicine, 560 First Avenue,  
New York, NY 10016, USA 
3Department of Neurology, 
New York University School of 
Medicine, 560 First Avenue,  
New York, NY 10016, USA 
4Department of Immunology, School 
of Chemistry, University of Uruguay, 
Uruguay
†Author for correspondence:
Tel.: +1 212 263 7993 
Fax: +1 212 263 7528 
thomas.wisniewski@nyumc.org

Prion diseases are a unique category of illness, affecting both animals and humans, where the 
underlying pathogenesis is related to a conformational change of a normal self protein called 
cellular prion protein to a pathological and infectious conformer known as scrapie prion protein 
(PrPSc). Currently, all prion diseases lack effective treatment and are universally fatal. Past 
experiences with bovine spongiform encephalopathy and variant Creutzfeldt–Jakob disease 
mainly in Europe, as well as the current epidemic of chronic wasting disease in North America, 
have highlighted the need to develop prophylactic and/or therapeutic approaches. In Alzheimer’s 
disease that, like prion disease, is a conformational neurodegenerative disorder, both passive 
and active immunization has been shown to be highly effective in model animals at preventing 
disease and cognitive deficits, with emerging data from human trials suggesting that this 
approach is able to reduce amyloid-related pathology. However, any immunomodulatory 
approach aimed at a self-antigen has to finely balance an effective humoral immune response 
with potential autoimmune toxicity. The prion diseases most commonly acquired by infection 
typically have the alimentary tract as a portal of infectious agent entry. This makes mucosal 
immunization a potentially attractive method to produce a local immune response that partially 
or completely prevents prion entry across the gut barrier, while at the same time producing 
modulated systemic immunity that is unlikely to be associated with toxicity. Our results using 
an attenuated Salmonella vaccine strain expressing the prion protein showed that mucosal 
vaccination can protect against prion infection from a peripheral source, suggesting the feasibility 
of this approach. It is also possible to develop active and/or passive immunomodulatory 
approaches that more specifically target PrPSc or target the shared pathological conformer found 
in numerous conformational disorders. Such approaches could have a significant impact on 
many of the common age-associated dementias.
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recently described ‘protease-sensitive prionopathy’ [1,2,12]. In ani-
mals these diseases include BSE in cattle, scrapie in sheep and 
goats, CWD in deer and elk, and transmissible mink encephalo
pathy [1,2]. Neuropathologically, these different forms of the dis-
ease are all characterized by spongiform change, neuronal loss and 
astrocytosis; in addition, amyloid deposition may occur (Figure 1). 
However, the regional pattern of brain lesions and the extent of 
prion amyloid deposition vary within and between species. Within 
species, these differences depend on the strain of prion causing the 
infection. A barrier exists limiting transmission of prions across 
species, but once this barrier is overcome, a new stable and distinct 
pattern of infection can develop in the new host species. 

The protein-only hypothesis of prion disease
The protein-only hypothesis suggests that PrPSc is propagated 
by serving as a template for the autocatalytic recruitment and 
conversion of PrPC, with PrPSc being the principal or sole com-
ponent of the infectious agent [4,13]. Definitive proof of this 
concept, using only synthetic or recombinant PrP (rPrP) to gen-
erate infectivity, has been lacking, despite a wealth of support-
ive experimental data  [1–3,14]. Prion-like behavior has been well 

documented in a number of chromosomally encoded yeast and 
fungal proteins, including Ure2, Sup35, Rnq1, HET-s and Swi1, 
where each of these proteins can adopt distinct and inheritable 
prion states  [15–18]. In these systems it has clearly been shown 
that b-sheet amyloid fibrils produced in vitro from bacterially-
expressed yeast prion proteins introduced into living cells can 
act alone as self-propagating infectious agents [19,20]. For PrPSc, 
which has to replicate in a more complex biological environment, 
such definitive proof has been more elusive; however, a number 
of recent studies have provided strong suggestive evidence. It has 
been shown that in transgenic mice, which overexpress PrPC, 
amyloid fibrils formed from rPrP can cause a transmissible prion 
disease [21,22]. However, these studies are open to the caveat that 
the overexpression of PrPC could predispose these mice to a spon-
taneous transmissible encephalopathy, which is accelerated by the 
administration of fibrillar rPrP rather than this representing the 
true infectivity. Prion infectivity has also been propagated under 
cell free conditions using protein misfolding cyclic amplifica-
tion (PMCA)  [23–25]. This procedure uses successive rounds of 
sonication and incubation to continually amplify PrPSc employ-
ing PrPC present in brain homogenate as a substrate [26]. With 

each successive round of amplification, the 
PMCA product is diluted with fresh brain 
homogenate, with the original seed of 
PrPSc being virtually eliminated. It has 
been shown that the PrPSc generated in 
this manner remains infectious in ani-
mals  [23]. Later studies have shown that 
infectious material can also be generated 
with PMCA using a variety of substrates, 
including purified brain or cell-derived 
PrPC with poly(A) RNA [27,28], rPrP mixed 
with mouse-derived RNA and acidic lipids 
[29] and recently with rPrP in the absence 
of cofactors but with proteinase K-digested 
PrPSc in the first round of amplification [30]. 
The de novo-generated infectious material 
from these PMCA experiments has a titer 
much less than brain extracted PrPSc, so 
these data cannot yet be considered defini-
tive proof of the protein-only hypothesis. 
However, the data reinforce the primary 
importance of PrP to infection. The low 
titers of PMCA-generated PrPSc suggest 
that infection most likely depends on the 
availability of a specific low abundance 
species, as well as the likely participation 
of host factors for optimum infectivity. 
Furthermore, PMCA-generated PrPSc is 
produced under conditions of limited PrPC, 
contrasting with the conditions in infected 
brains. This provides another explana-
tion for the lower titers of PMCA PrPSc. 
Therefore, immunotherapeutic approaches 
that limit the availability of PrPC as a 

Figure 1. The progression of many forms of prion infection. (1) The underlying 
pathogenesis is related to a conformational change of PrPC to PrPSc. (2) Many prion 
diseases have the gut as a point of entry followed by asymptomatic replication of the agent 
in the Peyer’s patches, lymph nodes and spleen of the lymphoreticular system. This 
typically occurs over long periods, which has been documented to last up to 56 years in 
humans [79]. Effective mucosal immunization can prevent prion agent entry, while an 
appropriate systemic humoral anti-PrP response can inhibit replication. (3) Ultimately, with 
PrPSc entry into the CNS, there is the development of the characteristic neuropathology of 
spongiform change, which may be associated with amyloid deposition. Once clinical 
symptoms start, progression in the most common human forms of prion disease is very 
rapid, producing death in approximately 6–9 months.
BSE: Bovine spongiform encephalopathy; CJD: Creutzfeldt–Jakob disease; CWD: Chronic 
wasting disease; PrPC: Cellular prion protein; PrPSc: Scrapie prion protein.
Adapted with permission from [162]. 
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substrate, prevent the entry of PrPSc, hinder the interaction of 
PrPC with PrPSc or increase the clearance of PrPSc are likely to be 
effective for either the infectious or sporadic forms of prionoses. 

Biology of the prion protein
In its mature form following cleavage of N- and C-terminal sig-
nal peptides, PrPC is an approximately 210-amino acid protein, 
which is expressed in many types of cells; however, the highest 
level of expression is found in CNS neurons and in cells of the 
immune system [31–33]. The molecular anatomy of PrPC is crucial 
for understanding its malfunction in prion diseases. The whole 
protein is located on the outer surface of the cell anchored to the 
cell membrane by a phosphotidylinositol glycolipid attached to 
its C-terminus in lipid raft domains. PrPC has an unstructured 
N-terminus and a globular C-terminal domain, which contains 
three a-helices, two of which are linked by a disulphide bridge. 
The N-terminus harbors five octapeptide repeats. Histidines 
located within the octapeptides bind copper and manganese 
ions [34,35]. It has been postulated that one possible function of 
PrPC is in capture, storage and presentation of copper to the neu-
ron [34,36,37]. The levels of copper and manganese influence the 
aggregation state of PrP. Increased manganese has been shown 
to enhance prion protein survival and increase infectivity [38], 
while manganese chelation has been shown to extend survival 
in a mouse model with prion infection [39]. Copper chelation 
has also been shown to have therapeutic effects in prion infec-
tion  [40]; however, the roles of both copper and manganese in 
prion biology are complex [35,41]. The exact functions of PrPC 
remain to be fully elucidated. The protein is not essential since 
Prnp knock-out mice did not show a significant disease pheno-
type [42]. Minor abnormalities in synaptic physiology [43] and in 
circadian rhythm  [44] using more detailed methods have been 
described in these knock-out mice. Hence, prion infection pathol-
ogy is unlikely to be related to loss of PrPC function. Suggested 
PrPC functions have included anti-apoptotic activity, prevention 
of oxidative stress, cell adhesion, cell signaling and modulation 
of synaptic function, and recently antimicrobial activity has also 
been reported [45–47]. It is possible that PrPC conversion to PrPSc 
confers a gain of toxic function in one or more of these putative 
normal roles. 

BSE, vCJD & CWD
Interest in prion disease has greatly increased since the emergence 
of BSE in the UK and the resulting appearance of vCJD in human 
populations. BSE arose from the feeding of cattle with prion-con-
taminated meat and bone-meal products, while vCJD developed 
following the entry of BSE into the human food chain  [48,49]. 
Since the original report in 1995, a total of 217 probable or con-
firmed cases of vCJD have been diagnosed, 174 cases in the UK, 
25 cases in France, five cases in Spain, four cases in Ireland, three 
in the USA and a few cases elsewhere (for the latest numbers see 
[201]). It has been difficult to predict the expected future numbers 
of vCJD. Mathematical analysis has given a broad range from 
1000 to approximately 136,000 individuals who will eventu-
ally develop the disease [50,51]. This broad range reflects a lack of 

knowledge regarding the time of incubation and the number of 
patients who could be infected from a given dosage of a BSE agent. 
Because the vCJD agent is present at high levels in lymphatic tis-
sue, screening for PrPSc was performed on sections from lymph 
nodes, tonsils and appendices archived in the UK. Out of 12,674 
randomly selected cases, three showed evidence of subclinical 
infection, leading to a prediction that approximately 4000 further 
vCJD cases may occur in the UK [52]. However, there is much 
uncertainty surrounding such a prediction, as it is not known 
if all subclinical infections will progress to disease or whether 
such screening of lymphoid tissue would capture all subclini-
cal cases. A complicating factor for estimating future numbers 
of vCJD is the documentation of several transfusion-associated 
cases. These occurred after incubation periods of 6–8 years. One 
of these disease-associated donations was made more than 3 years 
before the donor became symptomatic, suggesting that vCJD can 
be transmitted from silently infected individuals [53]. Currently, 
there is no method for routinely screening blood for possible prion 
contamination. An additional point of concern relates to the cases 
with a methionine/valine (MV) genotype at codon 129 of the 
Prnp gene. So far, all the clinically symptomatic cases of vCJD 
had the methionine/methionine codon 129 genotype. However, 
two clinically nonsymptomatic patients with the MV genotype 
were found to be infected (one from a blood transfusion and the 
other from a random appendix and tonsil specimen survey of the 
population) [6,51]. The discovery of such carriers raises the possibil-
ity of secondary spread of infection via blood transfusion, surgi-
cal procedures or tissue transplants from individuals who more 
than likely have much longer (or possibly lifelong) asymptomatic 
infections. Hence, the risk of vCJD originating elsewhere and 
spreading at least within Europe via blood transfusion remains a 
possibility. Current BSE surveillance methods are felt by many to 
be inadequate and there may be asymptomatic carriers of vCJD 
in the USA who probably acquired their infection elsewhere and 
are donating to the USA blood supply [54,55]. Furthermore, several 
atypical strains of scrapie and BSE have been documented with 
possibly greater transmissibility to humans [56]. It has been sug-
gested that one atypical BSE strain may be responsible for a type 
of CJD (type MV2) previously thought to be sporadic [6]. Hence, 
the spectrum of infectious prion disease may widen. 

In North America, an emerging prion infection in deer and 
elk populations, CWD, potentially represents an even greater 
significant threat to human populations. This disease is endemic 
in regions of Canada, Colorado (USA), Wyoming (USA) and 
Nebraska (USA) and continues to spread. Recently, it has been 
detected as far east as New York State (USA) [10,57,58]. Transmission 
of CWD is thought to be mainly horizontal via the mucosal/oral 
route [59,60]. The occurrence of CJD among three young deer hunt-
ers from this same region raised the speculation of transmission 
of CWD to humans [61]. Autopsy of these three subjects did not 
show the extensive amyloidosis characteristic of vCJD and CWD 
[62]. However, like BSE, CWD is transmissible to nonhuman 
primates (squirrel monkeys) [9,11]. CWD has also been shown 
to be transmissible to sheep, cattle and several North American 
rodents that can scavenge on CWD carcasses [63–65]. Each of these 
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animals can enter the human food chain directly or, in the case 
of rodents, by accidental inclusion in grain and forage. To date, 
studies using transgenic mice expressing human PrPC have failed 
to show transmission of CWD, suggesting there is a significant 
species barrier that is greater than the BSE–human barrier [66–68]. 
On the other hand, two different strains of CWD have recently 
been identified and it is likely that there are more [69]. Whether 
any of these other strains for CWD have greater potential for 
human spread remains unknown. Future transmission studies 
using nonhuman primates and human PrP-expressing transgenic 
mice will need to be repeated with all known CWD strains and 
will also need to take into account PrP polymorphisms in the 
CWD source and human PrP [70]. Furthermore, CWD prions 
have been found not only in the brain of infected deer but also 
in the blood, muscle, feces, fat, urine, antler velvet and saliva 
[60,71–77]. Therefore, the possibility of transmission to humans 
needs to be closely monitored. The risk posed to humans by 
CWD is difficult to estimate [66]. The prevalence of CWD in 
free-range deer varies from up to 30% in some endemic areas to 
less than 1% in US states in which CWD has only recently been 
discovered, such as West Virginia and New York  [57,10]. Over 
370 hunter-killed deer and elk were identified as CWD-positive 
by the Colorado Department of Wildlife (USA) between 2003 
and 2005 and over 240 CWD-positive hunter-harvested animals 
were identified by the Wisconsin Division of Natural Resources 
(USA) between 2002 and 2004 [78]. Overall, over 6.6 million deer 
and 6.9 million total cervid species are harvested annually in the 
USA. It is therefore certain that human exposure has occurred and 
continues to occur, either by direct contact in hunters and game 
processors, by consumption of venison or by contact with prod-
ucts from cervids. Furthermore, the preclinical period of human 
prion infection via an oral route can be very long; in the case of 
kuru, an incubation period of 56 years has been documented [79]. 
In contrast to the distribution of BSE-infected beef, which would 
be diluted in the food-processing chain, it is more typical that 
only a few family members and friends consume venison from a 
CWD-infected animal, thus leading to a proportionally greater 
potential exposure. Human exposure to CWD may also occur 
from contaminated environmental sources; however, there are no 
data available to estimate the significance of such exposure. The 
number of CWD-infected deer harvested without knowledge of 
the animal’s status can be estimated by considering the number of 
deer harvested annually in the three states in which CWD could 
be considered endemic (CO, USA; WY, USA; and WI, USA). For 
example, in 2006 (the year for which the most comprehensive data 
is available in these states), nearly 45,000 deer were harvested in 
CO, of which approximately 450 were CWD-positive (based on a 
statewide prevalence of ~1% in deer). Similar calculations for WI 
(0.71% of 506,947 deer harvested) and WY (~2% of 40,067 deer 
harvested) would add another 4400 positive animals, bringing 
this total to approximately 4900 CWD-infected animals annu-
ally (or between 9.3 and 160 CWD-positive deer per 100,000 
residents or one CWD-positive deer for every 110–217 licensed 
hunters in these three states) [80]. A significant new finding is that 
CWD is able to transmit nasally with high efficacy by aerosol 

among cervid PrP transgenic mice [81]. This represents the first 
documentation of prion spread via this respiratory route. Hence, 
if CWD were to cross the species barrier to humans, it would pose 
a potentially grave threat, probably far greater than that of vCJD. 

Prion disease & other conformational 
neurodegenerative disorders
The prion diseases belong to a broader category of conforma-
tional diseases [82], which include Alzheimer’s disease (AD), dif-
fuse Lewy body disease, Parkinson’s disease, Huntington’s disease 
and frontotemporal lobar degeneration. In each of these disorders, 
a normal self-protein/peptide, which has a physiological func-
tion, undergoes a conformational change to a pathological con-
former that has a high b-sheet content, is resistant to degradation 
and accumulates either in extracellular plaques or intracellular 
inclusion bodies, with the most toxic conformers being oligo-
meric [83]. In AD the normal soluble Ab and tau are converted 
to oligomeric/fibrillar Ab and abnormally phosphorylated tau in 
neurofibrillary tangles, respectively. A total of 11 different proteins 
are known to accumulate as oligomers, plaques and/or intracel-
lular inclusions in the CNS leading to various neurodegenerative 
diseases, with the most common being Ab, phosphorylated tau, 
a-synuclein and TAR DNA-binding protein-43  [83,84]. Among 
patients with a clinical diagnosis of dementia, neuropathological 
examination reveals that in the majority of cases there is an accu-
mulation of a mixture of different pathological protein conform-
ers, with the most common mix being Ab, phosphorylated tau 
and a-synuclein  [85]. CJD has also been reported to occur in 
association with the accumulation of one or more amyloid pro-
teins  [86,87] and some case of Gerstmann–Sträussler–Scheinker 
disease have widespread neurofibrillary tangles similar to AD 
[88,89]. One explanation for this frequent co-occurrence of age-
associated pathologies in a given patient’s brain is that one type 
of pathological conformer can seed oligomerization/fibrillization 
in heterologous proteins that are prone to form amyloid, in what 
has been called abnormal conformational mimicry [90,91]. The 
spread of neuropathology in all the conformational neurodegen-
erative disorders has been suggested to be prion-like [92,93]. The 
major difference between PrPC and PrPSc in terms of its secondary 
structure is an increase in b-sheet content. Although the insol-
ubility of PrPSc has prevented performance of crystallographic 
conformational studies, less precise structural methods such as 
circular dichroism and Fourier transform infrared spectroscopy 
have indicated a b-sheet content as high as 45% (compared with 
3% in PrPC) and an a-helix content of 30% (40% in PrPC) [94,95]. 
During this conformational change, it is reasonable to assume 
that certain regions of PrP are exposed that are normally hidden in 
PrPC. For example, it has been demonstrated that the conversion 
of recombinant mouse PrP to a more b-sheet-rich form is associ-
ated with increased solvent exposure of tyrosine side chains [96]. 
Two bi-tyrosine pairs found in helix 1 and b-strand 2 in con-
junction with a C-terminal arginine create a YYR motif [96]. It 
has recently been shown that through expansion of this motif 
and the use of a leukotoxin-based delivery system, it is possible 
to produce an active vaccine that induces a more PrPSc-specific 
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immune response [97]. The increase in b-sheet content in PrPSc 
is also a critical characteristic of the pathological conformers of 
other cerebral amyloid proteins [84]. Thus, development of immu-
nomodulatory therapeutic approaches that specifically target this 
particular shared pathological conformation of the numerous pro-
teins that produce neurodegeneration has been suggested as a 
viable approach with many advantages [98,99]. 

Recently the link between PrP and the other conformational 
neurodegenerative disorders has been found to be even more 
extensive. PrPC has been reported to be a receptor for Ab oli-
gomers, in part mediating their toxicity [100,101]. It has been 
suggested that PrPC functions as a general receptor for multiple 
aggregated proteins [102]. Significantly, when AD model trans-
genic mice are crossed onto a Prnp knock-out background, there 
is rescue from the expected cognitive decline, despite the fact 
that the AD-related pathology in terms of amyloid deposition 
is unaffected [103]. It has recently been shown that the anti-PrP 
monoclonal antibody 6D11, which blocks the binding between 
Ab oligomers and PrPC [100], can be used as a ‘treatment’ for cogni-
tive deficits in an AD transgenic model [104]. Hence, therapeutic 
downregulation of PrPC may have other benefits besides inhibiting 
prion infection. However, this is a controversial and complex area 
of research, since it is likely that Ab oligomers mediate toxic-
ity via multiple, nonmutually exclusive pathways and the results 
obtained depend on the experimental setting [105–107].

The immune system & prion infection
Cellular prion protein is expressed in T and B lymphocytes, natu-
ral killer cells, platelets, monocytes, dendritic cells (DCs) and 
follicular DCs [108]. Owin to this expression pattern and the lack 
of an immune response to a self antigen, the immune system is 
involved in the peripheral replication of the prion agent and its 
ultimate access to the CNS [109,110]. Paradoxically, immune sup-
pression with, for example, splenectomy or immunosuppressive 
drugs, increases the incubation period [109], while nonspecific 
immunostimulation has the opposite effect [111]. This incuba-
tion period during which time the prion agent replicates periph-
erally without producing any symptoms is quite long, lasting 
many months in experimental animals and up to 56 years in 
documented human cases associated with cannibalistic exposure 
to the prion agent  [79]. Lymphatic organs, such as the spleen, 
tonsils, lymph nodes or gut-associated lymphoid tissue, contain 
high concentrations of PrPSc long before PrPSc replication starts 
in the brain (Figure 1)  [59,112,113]. Cells found to be particularly 
important for peripheral PrPSc replication are the follicular DCs 
and the migratory bone marrow-derived DCs [59,113–115]. DCs 
from infected animals are capable of spreading the disease [115]. 
Immunotherapeutic approaches that can overcome the toler-
ance of these immune cells will probably inhibit prion repli-
cation in the lymphorecticular system and ultimately inhibit 
neuroinvasion; however, a delicate immunomodulation has to 
be accomplished in order to avoid potential autoimmune toxic-
ity [110,116,117]. A further consideration is that while in most prion 
diseases infection and replication in the lymphorecticular system 
shortens the incubation times and facilitates neuroinvasion, this 

does not appear to be the case in most BSE cases, in sporadic 
CJD and in some types of scrapie such as the drowsy form of 
hamster scrapie [118–120]. Hence the potential beneficial effect 
of altering the immune response to PrP would have to be tailor 
made, depending on the specific type of prion disease. 

Vaccination for prion infection
Currently there is no treatment that would arrest and/or reverse 
progression of symptomatic prion disease in patients or in non-
genetically altered animals, although numerous approaches have 
been attempted [5,7,8,121]. In the AD mouse model, it has been 
definitively shown that immunotherapy can prevent the onset of 
cognitive deficits and the development of amyloid lesions [122]. 
Significantly, this method of treatment is associated with con-
sistent cognitive benefits in the mice [99,123–126]. An antibody
mediated response is probably critical for a therapeutic response, 
since similar results have been obtained with passive immuni-
zation [127]. Active immunization has been tried in humans for 
AD by Elan (Dublin, Ireland), with significant toxicity result-
ing from the vaccine [128–130]. In the human Phase IIA clini-
cal trial of the Elan AD vaccine (called AN-1792), 18 out of 
372 patients worldwide developed symptoms of meningitis or 
meningoencephalitis with symptoms apparently responding to 
immunosuppression in most patients (12 patients out of the 
18 responded fully)[128]. Evidence suggests that patients who 
developed anti-Ab titers benefited cognitively from vaccination, 
including patients among the 12 that initially had complica-
tions, although these benefits were modest [128,131]. The lack 
of more dramatic clinical benefits in these patients has been 
suggested to be related to vaccination starting too late in the 
progression of the disease process  [132]. Limited autopsy data 
documented that vaccination resulted in both amyloid clearance 
and in a reduction in tau-related pathology [133,134]. Hence, it 
appears that if future protocols can resolve safety issues and the 
timing at which treatment should begin, a vaccine approach will 
prove to have important therapeutic value in patients [129,135]. 
Numerous AD vaccination clinical trials are ongoing [136,137].

Partly because of this success in AD models, similar experi-
ments with anti-PrP antibodies were initiated in prion infec-
tivity culture models, along with active and passive immuniza-
tion studies in rodent models. Earlier in vivo studies had shown 
that infection with a slow strain of PrPSc blocked expression of 
a more virulent fast strain of PrP, mimicking vaccination with a 
live-attenuated organism [138]. In tissue culture studies, anti-PrP 
antibodies and antigen-binding fragments directed against PrP 
have been shown to inhibit prion replication [139–142]. When we 
first demonstrated that active immunization with recombinant 
PrP delayed the onset of prion disease in wild-type mice, the 
therapeutic effect was relatively modest and eventually all the 
mice succumbed to the disease [143]. This limited therapeutic 
effect may be explained by the observation that antibodies gen-
erated against prokaryotic PrP often do not have a high affinity 
towards the critical portions of PrPC that are involved in binding 
and replication [144]; however, in our studies, the increase in the 
incubation period correlated well with the antibody titers against 
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PrPC. Our follow-up passive anti-PrP immunization study con-
firmed the importance of the humoral response, showing that 
anti-PrP antibodies are able to prolong the incubation period [145]. 
In another study, using higher doses of anti-PrP antibodies, it 
was shown that prion infection from a peripheral source could 
be completely prevented if treatment began within 1 month of 
infection [146]. This type of approach could be used immediately 
following accidental exposure in humans to prevent future infec-
tion. However, passive immunization has not been found to be 
effective closer to the clinically symptomatic stages of prion infec-
tion. Furthermore, passive immunization would be an approach 
that is too costly for animal prion diseases. The possibility that 
immunological approaches that reduce levels of PrPC or limit its 
availability for conversion to PrPSc could be effective closer to 
the onset of symptomatic disease is supported by a study that 
showed that the behavioral deficits, impaired neurophysiological 
function and early hippocampal spongiform pathology of prion 
infection could be completely rescued by genetically knocking 
out the expression of endogenous neuronal PrPC [147]. 

The amalgamation of the aforementioned data suggest that 
by departing from the classical vaccination approach and by 
using some of the specific properties of antibodies it would be 
possible to interfere with one or more stages of the initiation or 
progression of prionoses. A critical issue is that the self nature of 
the precursor protein has to be taken into account. Specifically, 
immunomodulation for prion disease has to overcome tolerance 
to the original PrP to raise antibodies that will interfere with or 
neutralize PrP critical binding sites that are involved with one or 
more of the following functions: facilitation of invasion, promo-
tion of conversion or interactions with host factors. Concurrently, 
any humoral or cellular autoimmune cytotoxic effect has to be 
avoided or minimized. A delicate balance between the quality and 
quantity of therapeutically active immunoglobulin molecules has 
to be accomplished without knowing a priori what would be the 
ideal nature of the required immunogen and what could be the 
best route by which to present it to the immune system. 

A potentially ideal means of using immunomodulation to 
prevent prion infection is by mucosal immunization. One 
important reason for this is that the gut is the major route of 
entry for many prion diseases such as CWD, BSE, transmis-
sible mink encephalopathy and vCJD. Furthermore, mucosal 
immunization can be designed to primarily induce a humoral 
immune response, avoiding the cell-mediated toxicity that was 
seen in the human AD vaccine trial [128,136,137]. Recently, we 
have been developing prion vaccines that target gut-associated 
tissue, the main site of entry of the prion agent. One of our 
approaches is to express PrP in attenuated Salmonella strains 
as a live vector for oral vaccination. Live-attenuated strains of 
Salmonella enterica have been used for many years as vaccines 
against salmonellosis and as a delivery system for the construc-
tion of multivalent vaccines with broad applications in human 
and veterinary medicine [148,149]. A main advantage for this sys-
tem is that the safety of human administration of live-attenuated 
Salmonella has been extensively confirmed in humans and ani-
mals  [149–151]. Ruminants and other veterinary species can be 

effectively immunized by the oral route using live Salmonella 
to induce humoral mucosal responses [152,153]. Salmonella targets 
M cells, antigen-sampling cells found in the intestines, which 
may also be important for the uptake of PrPSc [110,113,154]. Hence, 
this approach is more targeted than prior vaccination studies, 
probably explaining the improved efficacy [116,155]. The rationale 
takes into account that if tolerance is broken, the bulk of the 
B-cell response will be devoted to producing dimeric secretory 
IgA in the mucosa, with a discrete – in terms of conventional 
vaccination experience – systemic IgG level, which will help 
to maintain a desired number of antibodies with a low risk 
of autoimmune pathology. As the recombined V region genes 
would be the ones selected by the gut immune system through 
mesenteric lymph nodes, and typically produce neutralizing IgA 
molecules, it is probable that the genes selected and the recom-
binations would be different from the ones obtained by systemic 
immunization, with a lower possibility of autoimmune inflam-
matory complications. Results from experiments using 139A 
scrapie prions in wild-type CD-1 mice suggest that in animals 
that have a good anti-PrP mucosal IgA response and a systemic 
anti-PrP IgG response, full protection against oral challenge 
with the prion agent is possible [116,155]. Possible mechanisms of 
action of mucosal immunomodulation are illustrated in Figure 2. 
Further development of mucosal immunization, which aims for 
high specificity rather than high antibody response, is likely to 
lead to an effective means of preventing prion disease in animal 
and human populations at risk for prion exposure. Trials using 
this methodology to prevent CWD in mule deer are ongoing. 
However, this approach has so far not been effective when ini-
tiated after prion exposure has already occurred or during the 
symptomatic stages. 

As mentioned previously, passive immunization has also been 
shown to be effective at inhibiting prion infection when ini-
tiated immediately or within 30 days after peripheral prion 
infection [145,146,156]. Presumably, the lack of greater therapeutic 
efficacy of these passive immunization approaches is related 
to the poor blood–brain barrier permeability of the anti-PrP 
antibodies. Interestingly Song et al. showed therapeutic effi-
cacy with anti-PrP antibodies up to 120 days post-inoculation, 
using direct intraventricular infusion [157]. However, a potential 
problem with such an approach is that neuronal apoptosis has 
been reported to occur in response to some anti-PrP antibodies 
being directly applied to the CNS [158,159], suggesting that the 
characteristics of the antibodies chosen for use will be an impor-
tant factor determining the probability of toxic side effects. As 
some of the antibodies raised in a mucosal immunization might 
be effective to neutralize PrPSc invasion, binding, conversion 
or progression, successfully vaccinated animals can be used to 
produce monoclonal antibodies with the required therapeutic 
characteristics. Therapeutic monoclonal antibodies could be 
humanized and used to prevent potential infection or disease 
progression. Most probably, more than one monoclonal anti-
body would be necessary to obtain effective protection. This 
approach is being actively pursued in our laboratory, as well as 
by other groups.
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Expert commentary
Currently, none of the conformational neurodegenerative 
disorders have a highly effective therapy. Many studies using 
AD models have shown that immunotherapeutic approaches 
can reduce both amyloid and tau-related pathology, which is 
associated with a cognitive rescue. Recent autopsy and imag-
ing data from clinical trials also suggest that this approach 
can reduce AD pathology. The prion diseases are much less 
common than AD; however, the past outbreak of new vCJD 
originating from BSE and the current epidemic of CWD, with 
the potential of human transmission, highlight the importance 
of developing therapies for this group of disorders. Extensive 
in vitro data and studies using genetically manipulated animal 
models have suggested the importance of immune intervention 
and, more recently, a specific immunomodulatory approach 
was shown to be effective in prion disease, at least for pro-
phylaxis against disease. Since many prion diseases have the 
mucosa of the alimentary tract as a point of entry, mucosal 
immunization may be particularly suitable for these forms of 
prion infection, with recent studies indicating that oral prion 
infection can be prevented by appropriate mucosal vaccination. 
Another approach with encouraging preliminary results is to 
induce active immunization that more specifically targets PrPSc 
or the specific shared b-sheet conformation of the pathological 
conformers found in prionoses and other neurodegenerative 
diseases [99]. 

Five-year view
Current developments in immunotherapies for prion infection 
suggest that development of mucosal immunomodulation, 
which can prevent or inhibit prion infection in at-risk animal 
or human populations, is a feasible short-term goal. Passive 
immunization for the prophylaxis of infection following acci-
dental exposure is also a possible short-term goal. However, in 
the most common human prion disease, sporadic CJD, it is 
currently not possible to identify patients prior to symptomatic 
disease. For immunotherapy to be effective at a stage closer 
to symptomatic disease, and to be amenable for use in these 
more common cases, methods will need to be developed to 
more specifically target PrPSc and to obtain better CNS pen-
etration  [8,97,160,161]. A non-mutually exclusive possibility is to 
develop immunomodulation, which produces specific neutraliz-
ing antibodies that target the shared pathological conformation 

common to numerous proteins that accumulate in neurode-
generative disorders, but not to the normal precursor proteins, 
which could be associated with autoimmune toxicity [99]. This 
would have significant therapeutic implications for a wide range 
of common age-associated dementias. 
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Key issues

•	 Many neurodegenerative diseases, such as Alzheimer’s disease (AD) and prion diseases are characterized by accumulation of normal 
proteins that undergo a conformational change to a pathological conformer. Currently, none of these conformational disorders have 
a highly effective therapy.

•	 In AD models, immunotherapies have been shown to be effective at reducing the amyloid- and tau-related pathology with 
associated cognitive rescue. Emerging autopsy and imaging data from clinical trials have shown that immune approaches can 
reduce AD pathology.

•	 Many lines of evidence suggest that immunomodulation can be effective in prion diseases for prevention and/or prophylaxis of disease; 
however, this approach has to be refined in order to work closer to symptomatic disease.

Figure 2. Some possible mechanisms of action of mucosal 
immunomodulation against PrP. (1) A secretory IgA response 
in the gut may prevent entry of the infectious agent across the 
gut barrier. (2) Antibody binding to PrPC at critical sites may 
prevent an interaction with PrPSc by blocking the binding sites, 
steric hindrance, interference with host factors involved in the 
PrPC/PrPSc conversion and/or stabilization of the PrPC structure. 
(3) Binding to PrPSc can lead to increased clearance by the 
immune system, destabilization of the b-pleated sheet structure 
and/or interference with stabilizing host factors. 
PrPC: Cellular prion protein; PrPSc: Scrapie prion protein.
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