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Abstract

Significant outbreaks of prion disease linked to oral exposure of the prion agent have occurred in
animal and human populations. These disorders are associated with a conformational change of a
normal protein, PrPC, to a toxic and infectious form, PrPSC. None of the prionoses currently have an
effective treatment. Some forms of prion disease are thought to be spread by oral ingestion of
PrPS¢, such as chronic wasting disease and variant Creutzfeldt-Jakob disease. Attempts to obtain an
active immunization in wild-type animals have been hampered by auto-tolerance to PrP and potential
toxicity. Previously, we demonstrated that it is possible to overcome tolerance and obtain a specific
anti-PrP antibody response by oral inoculation of the PrP protein expressed in an attenuated
Salmonella vector. This past study showed that 30% of vaccinated animals were free of disease more
than 350 days post-challenge. In the current study we have both optimized the vaccination protocol
and divided the vaccinated mice into low and high immune responder groups prior to oral challenge
with PrPSC scrapie strain 139A. These methodological refinements lead to a significantly improved
therapeutic response. 100% of mice with a high mucosal anti-PrP titer IgA and a high systemic IgG
titer, prior to challenge, remained without symptoms of PrP infection at 400 days (long-rank test
p<0.0001 versus sham controls). The brains from these surviving clinically asymptomatic mice were
free of PrPSC infection by Western blot and histological examination. These promising findings
suggest that effective mucosal vaccination is a feasible and useful method for overcoming tolerance
to PrP and preventing prion infection via an oral route
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Introduction

Prion disease 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
PrPC (C for cellular) to a pathological and infectious conformer known as PrPSC (Sc for scrapie).
Currently all prion diseases are without effective treatment and are universally fatal. Interest
in prion disease has greatly increased since the emergence of bovine spongiform
encephalopathy (BSE) in England and the resulting appearance of variant CJD (vCJD) in
human populations. BSE arose from the feeding of cattle with prion contaminated meat and
bone meal products, while vCJD developed following entry of BSE into the human food chain
(Manson et al., 2006; Butler, 2006). Since the original report in 1995 a total of 201 probable
or confirmed cases of vCJD have been diagnosed, 165 in the Great Britain, 21 in France, 4
cases in Ireland, 3in USA, 2 in Netherlands and one each in Italy, Canada, Japan, Saudi Arabia,
Portugal and Spain (Sadowski et al., 2008). It has been difficult to predict the expected future
numbers of vCJD. Mathematical analysis has given a range from 1 thousand to about 136
thousand individuals who will eventually develop the disease (Sadowski et al., 2008; Smith et
al., 2004).

In North America a significant emerging prion infection is chronic wasting disease (CWD).
This disease is now endemic in Colorado, Wyoming and Nebraska and continues to spread to
other parts in the US, first in the Midwest but has now been detected as far East as New York
State (Williams, 2005; Aguzzi and Sigurdson, 2004). Transmission of CWD is thought to be
mainly via an oral route (Beekes and McBride, 2007). The occurrence of CJD among three
young deer hunters from this same region raised the speculation of transmission of the CWD
to humans (Belay et al., 2004). Autopsy of these three subjects did not show the extensive
amyloidosis characteristic of the vCJD and CWD (Liberski et al., 2001). However like BSE,
CWD is transmissible to non-human primates and transgenic mice expressing human PrP¢
(Marsh et al., 2005; Tamguney et al., 2006). Therefore the possibility of such transmission
needs to be closely monitored. CWD is similar to BSE in that the peripheral titers of the prion
agent are high. PrPSC has been detected in blood, muscle and saliva of CWD infected deer
(Angers et al., 2006; Mathiason et al., 2006).

The prion protein is a self-antigen; hence, prion infection is not known to elicit a classical
immune response. In fact the immune system is involved in the peripheral replication of the
prion agent and its ultimate access to the CNS (Aucouturier et al., 2000; Sigurdsson and
Wisniewski, 2005). This interval during which time the prion agent replicates peripherally,
without producing any symptoms, is quite long, lasting many months in experimental animals
and up to 56 yrs in documented human cases associated with cannibalistic exposure to the prion
agent (Collinge et al., 2006). Lymphatic organs such as the tonsils, lymph nodes or gut
associated lymphoid tissue (GALT) contain high concentrations of PrPSC long before PrPS¢
replication starts in the brain (Brown et al., 2000; Mabbott and MacPherson, 2006; Beekes and
McBride, 2007). An emerging therapeutic approach for prion infection is immunomodulation
(Sakaguchi and Arakawa, 2007; Sasson et al., 2005; Wisniewski et al., 2007).

Currently, there is no treatment that would arrest and/or reverse progression of prion disease

in non-experimental settings, although many approaches have been tried (Trevitt and Collinge,
2006). Earlier in vivo studies had shown that infection with a slow strain of PrPS¢ blocked
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expression of a more virulent fast strain of PrP, mimicking vaccination with a live attenuated
organism (Manuelidis, 1998). In tissue culture studies, anti-PrP antibodies and antigen binding
fragments directed against PrP have been shown to inhibit prion replication (Enari et al.,
2001; Peretz et al., 2001; Pankiewicz et al., 2006). While 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
(Sigurdsson et al., 2002). This limited therapeutic effect may be explained by the observation
that antibodies generated against prokaryotic PrP often do not have a high affinity towards
PrPC (Polymenidou et al., 2004), although in our studies the increase in the incubation period
correlated well with the antibodly titers against PrPC. Our follow-up passive anti-PrP
immunization study confirmed the importance of the humoral response, showing that anti-PrP
antibodies are able to prolong the incubation period (Sigurdsson et al., 2003b). Subsequently,
other investigators, using a much higher antibody dosage, were able to completely prevent
disease onset in mice exposed to PrPSC provided passive immunization was initiated within a
month of exposure (White et al., 2003). This type of approach could eventually be used
immediately following accidental exposure to prevent future infection. However, passive
immunization has not been found to be effective closer to the clinically symptomatic stages of
prion infection. Also passive immunization would be an approach that is too costly for animal
prion diseases.

We were the first to demonstrate the effective use of active mucosal vaccination to prevent
prion infection (Goni et al., 2005). 30% of animals immunized with an attenuated Salmonella
strain expressing the whole PrP protein were free of disease after challenge with the prion
agent. Mucosal immunization has subsequently been confirmed to be partially protective
against prion infection by another group who used a recombinant PrP fragment and a cholera
toxin adjuvant as their vaccine(Bade et al., 2006). In the present study we have extended our
vaccination approach using the live attenuated strain of Salmonella typhimurium, LVRO01,
expressing the mouse PrP gene. Following a more extensive oral vaccination protocol, we
divided the mice into high and low responders, prior to challenge with PrPSC, We report that
100% of mice with a good mucosal IgA and systemic IgG response were protected from oral
prion infection.

Experimental Procedures

Construction of a recombinant Salmonella vaccine strain expressing tandem copies of PrP

The construction of the S.typhimurium aroC LVRO1 and PrP expression by this vector were
as previously described (Chabalgoity et al., 2000; Goni et al., 2005). The plasmid constructs
encoding two copies of PrP insert were introduced into Salmonella LVRO01 by electroporation.
The expression of recPrP by the Salmonella LVRO1 strain was assessed by SDS-PAGE and
Western blotting using monoclonal anti-PrP 6D11 (Spinner etal., 2007), as previously reported
(Goni et al., 2005).

Animal and Vaccination Protocols

Prior to inoculation into mice, the bacteria were cultured overnight on Luria broth at 37°C with
continuous shaking. The bacterial suspensions were centrifuged at 1,200g for 20 minutes at
15°C, washed once with sterile PBS, centrifuged again and diluted to 1 x 1011 CFU/m.

A group of 50 female CD-1 mice, 6 weeks of age, were orally immunized with S.typhimurium
LVRO1 expressing pTECH and a double copy of the mouse PrP (PrPx2). A control group of
10 mice were orally immunized with S.typhimurium LVRO01 carrying pTECH without the PrP
insert. The mice were subject to a 3 hr food fast and each exposed via gavage to 2 x 1010 viable
cells of the vaccine strain in 0.36M NaHCO3, pH 8.3 in a 0.5ml volume mixed in a 6:1 ratio
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with alum ([AI(OH)3], Alhydrogel, Superfos Biosector, Denmark), as previously described
(Goni et al., 2005). The oral vaccinations were repeated weekly for a further 3 inoculations,
followed by two further boosts with dead LVRO1 Salmonella expressing the PrP protein on
days 35 and 42 after the original vaccination (for a total of 6 inoculations, 4 with live Salmonella
and 2 with dead Salmonella). 45 days after the original mucosal vaccination the mice were
separated into groups based on their respective feces and plasma anti-PrP IgA and 1gG titers.
The four groups of vaccinated mice were animals with: high 1gG and high IgA; high 19gG and
low IgA,; high IgA and low 1gG; or low IgA and low 1gG. Seven weeks after the original
vaccination the mice were orally challenged via gavage with 200ul of a 1:10 dilution of a brain
homogenate of the mouse-adapted scrapie strain 139A. This time point for challenge was
chosen as a maximal humoral immune response is expected 6 to 8 weeks after the original
vaccination. An additional control group of 10, age-matched CD-1 mice received the oral
challenge of 139A scrapie strain, without first receiving either the vaccine or the Salmonella
vaccine strain. Mice were bled prior to the first vaccination (TO0), the week prior to oral
challenge with scrapie strain 139A (T1), and at the time of sacrifice (T Final). In addition to
being bled, at the same time points feces were collected from the mice in PBS pH 7.2, 0.25%
SDS/ImM PMSF in order to quantitate gut IgA titers, as we described previously (Goni et al.,
2005). Mice were sacrificed when they scored positive for clinical signs of prion for three
consecutive weeks using a test of motor co-ordination by observers blinded to the experimental
status of the animals, using an established protocol (Goni et al., 2005; Pankiewicz et al.,
2006). In addition, mice clinically healthy 400 days following challenge, were sacrificed to
assess for the presence of sub-clinical prion infection. Mice were clinically assessed once a
week starting 100 days following the 139A scrapie strain challenge. The analysis of clinical
symptoms consists of observing the activity level and competency of the mice on an apparatus
containing a series of parallel bars (3 mm in diameter) placed 7 mm apart. The initial clinical
findings are a reduction in activity and/or the ability of the mice to traverse the parallel bars.
This clinical endpoint correlates with the pathological development of CNS scrapie infection
(Kimberlin and Walker, 1989; Aucouturier et al., 2001; Carp et al., 1984; Goni et al., 2005;
Pankiewicz etal., 2006). The plasma samples were tested for specific antibodies against recPrP
by enzyme-linked immunosorbent assay (ELISA). The brains from ketamine/xylazine
anaesthetized mice were removed, and the right hemisphere was immersion-fixed overnight
in periodate-lysine-paraformaldehyde, whereas the left hemisphere was snap frozen for
Western blots. The fixed brain hemispheres were subsequently transferred to a solution
containing 20% glycerol and 2% dimethylsulfoxide in 0.1 M sodium phosphate buffer, and
stored at 4°C until sectioned. Serial coronal sections (40 pm) were cut and series of sections
at 0.2 mm intervals were obtained for histology. The diagnosis of prion disease was confirmed
by staining brain sections with cresyl violet, immunostaining with a monoclonal anti-PrP
antibody 6D11 (Spinner et al., 2007) and by the detection of proteinase K resistant PrP on
Western blots as previously described (Sigurdsson et al., 2003a; Pankiewicz et al., 2006).

Antibody Levels

IgG and IgA serum antibody levels to recPrP were determined by a 1:125 dilution of plasma
in duplicate, in which 50 pl/well of 1ug/ml mouse recPrP in 50 mM ammonium bicarbonate
pH 9.6 was coated overnight onto microtiter wells. Antibodies were detected by a goat anti-

mouse IgG or IgA linked to horseradish peroxidase (Bethyl Lab. Inc., Montgomery, TX ) and
3,3',5,5'-tetramethylbenzidine (Pierce Biotech. Inc., Rockford, IL) was the substrate.

In the feces supernatant extract, IgA levels to recPrP were determined in a 1:30 dilution of the
extract in PBST, using the above protocol. The titers of specific anti-PrP IgA were normalized,
correlated to the total IgA in each sample to account for the differing levels of collected feces
and extracted IgA from these feces homogenates. The total IgA levels in each feces extract
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(ng/ml) were determined using a mouse IgA quantitation kit and following the manufacturer's
instructions (Bethyl Lab. Inc., Montgomery, TX).

Data Analysis

Results

The Kaplan and Meier survival curve of the vaccinated and control animals was analyzed by
the logrank test (GraphPad Prism, version 4; GraphPad Inc., San Diego CA). The anti-PrP IgA
and IgG level results were analyzed by two-way repeated measures ANOVA followed by
Bonferroni post-hoc test (GraphPad Prism).

IgG and IgA anti-PrP Response to Vaccination

At T1 the vaccinated mice were divided into groups depending on the serum IgG and feces
IgA titer. A high serum IgG titer was defined as an ELISA OD reading at 450nm of >0.19 from
plasma diluted 1:125. A high IgA feces titer was defined as an ELISA OD reading of >0.2
from a 1:30 diluted sample. These cut off values for IgG and IgA were chosen based on a
retrospective analysis of data from our original mucosal vaccination study (data not shown),
which indicated that these values tended to separate out animals with a prolonged survival
versus those that did not (Goni et al., 2005). These cut off values were then applied
prospectively for the mouse population reported in this manuscript. Of the 50 mice vaccinated
with the LVRO1 PrPx2 expression vector 14 were in the high IgG, high 1gA group (28%); 10
in the low IgG, high IgA group (20%), 12 in the high IgG, low IgA group (24%) and 14 in the
low IgG, low IgA group (28%). The plasma IgG titers in the 5 groups (the 4 vaccinated animals
group plus controls) at TO, T1 and TF are shown in figure 1. Two-way ANOVA analysis
showed that the difference between the groups was significant (p<0.0001). Bonferroni post-
tests showed that the T1 values for the 4 vaccinated groups differed from their respective TO
values significantly (p<0.001). The plasma IgG values dropped at TF; however, they remained
significantly above the TO values (p<0.001). The gut IgA titers in the 5 groups (the 4 vaccinated
animals group plus controls) at TO, T1 and TF are shown in figure 2. . Two-way ANOVA
analysis showed that the difference between the groups was significant (p<0.0001). Bonferroni
post-tests showed that the T1 values for the 2 vaccinated groups with ahigh T1 IgA titer differed
from their respective TO values significantly (p<0.001). The group with a high 1gG and low
IgA at T1 also differed significantly from the TO IgA titer (p<0.05). At TF the two vaccinated
groups with a high IgA at T1 differed significantly from their prior TO value (p<0.001 for the
high IgA and high 1gG group; p<0.05 for the high IgA and low IgG group). The drop off of
specific anti-PrP IgA and 1gG titers at TF are consistent with the phenomena of
immunosenescence and is expected. With aging specific humoral immunity responses are
reduced while there is an increase in autoantibodies (LeMaoult et al., 1997; Gruver et al.,
2007); hence we observed a slight increase of anti-PrP titers in the old control non-vaccinated
animals at TF representing an autoimmune response, while the specific anti-PrP 1gG and IgA
titers in the vaccine responder groups with initial high titers dropped off.

Survival of Vaccinated Mice

Figure 3 shows the Kaplan and Meier survival curve of the different groups. At 400 days post-
inoculation 100% of the animals in the high IgG, high IgA group (n=14) were free from clinical
symptoms (p<0.0001 using the logrank test [GraphPad Prism, version 4; GraphPad Inc., San
Diego CA]). The two control groups that either received the S. typhimurium LVRO01 without
PrP expression or were not exposed to Salmonella were combined in a single control group,
as there was no difference in survival between these control groups. By 205 days post-oral
challenge with scrapie strain 139A all the animals in the control groups (n=20) and in the low
IgG, low IgA group (n=14) had shown clinical signs of prion infection which were confirmed
by Western blotting. The mice in the low IgG, high IgA group (n=10) had a slightly longer
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survival (median survival was 198 days versus 194 for the control group), but this difference
was not statistically significant. In the high IgG, low IgA group, 4 out of the 12 mice (33%)
were without clinical symptoms of infection at 400 days (p=0.02 versus control group).

Histological and Western Blot Evaluations

Histological and Western blot evaluations of all the brains of treated and control animals which
were clinically ill, did not reveal any apparent differences in the degree of spongiform change
or PrPS¢ [evels at the time of sacrifice. Figure 4A shows a representative section through the
dentate gyrus of the hippocampus showing the characteristic spongiform change of prion
infection in a control animal, while in a clinically asymptomatic animal (figure 4B) there is an
absence of pathology. In addition, there were no signs of organ inflammation or other toxicity
that could be associated with vaccination or autoimmunity evident by histological analysis
(data not shown). The lack of PrPSC in the brains of clinically asymptomatic animals was
confirmed by Western blotting as can be seen in Figure 5. There was no apparent difference
in the levels of PrPSC in the brains of vaccinated animals that had a longer survival versus
control animals. Hence, mucosal immunization with LVRO1 expressing PrP in animals which
ultimately showed clinical signs of infection reduced the dosage of PrPSC entry and/or PrPSC
propagation, but ultimately similar pathology and PrPSC levels were obtained.

Discussion

The creation of vaccines is one of the greatest successes of medical and veterinary science.
Currently, there is a great need for the development of a vaccine that is effective against
exogenous prion infection. A mucosal vaccination approach is particularly suitable for prion
infection, since the gut is the main route of entry of prion infection in many forms of prion
disease (Beekes and McBride, 2007; Wisniewski et al., 2007). In our prior studies of mucosal
vaccination for prion infection we used an attenuated Salmonella vector expressing one or two
copies of murine PrP. CD-1 mice were thrice immunized intragastrically followed by oral
challenge with 139A scrapie (Goni et al., 2005). We showed animals were able to mount an
appreciable antibody response to endogenous PrP and significantly 30% of the mice had
protection against infection. These results suggested that the type of antibody against PrP might
be important when neutralizing the infectious prion particle.

In the present study we have optimized the vaccination protocol to obtain a more consistent
immune response. This was done by increasing the number of immunizations (to six) prior to
challenge with the prion agent, which resulted in higher anti-PrP antibodies compared to our
previous study. Importantly, we also determining the specific anti-PrP systemic 1gG and gut
IgA response immediately prior to scrapie challenge. This information was used to separate
the animals into low and high responders. We show that in the animal group with the
comparatively high gut IgA and high serum IgG (figure 3) full protection against prion infection
via an oral route was possible. The fact that animals in the low gut IgA and high serum IgG
group had the same survival rate (33%) as in our previous study (Goni et al., 2005) suggests
that factors besides the absolute quantity of the antibody response may be important for efficacy
of the vaccination. Our results highlight the promise of an immunomodulatory approach to
prevent prion infection.

It has long been known that the immune system plays an important role in prion infection
(Aguzzi and Sigurdson, 2004; Aucouturier et al., 2000; Wisniewski and Sigurdsson, 2007;
Beekes and McBride, 2007). Since the prion protein is a self-antigen present on the membranes
of neurons and cells of immunological origin, the immune system typically is unresponsive to
the infectious agent, acting paradoxically to aid the spread of infection. Many forms of
immunosuppression have been shown to prolong the incubation period after peripheral
infection (Aguzzi and Sigurdson, 2004; Aucouturier et al., 2000; Wisniewski and Sigurdsson,
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2007; Beekes and McBride, 2007). However, in experimental settings components of the
immune system are capable of quenching infection. The effectiveness of anti-PrP antibodies
was first shown in vitro, where antibodies were able to clear neuroblastoma cells from prion
infectivity (Enari et al., 2001; Peretz et al., 2001; Pankiewicz et al., 2006). In an in vitro
experimental model system it was shown that transgenic mice expressing single-chain variable
fragments of a monoclonal anti-PrP antibody could protect animals against an intraperitoneal
infection with PrPSC (Heppner et al., 2001). The first study to show that active immunization
in a non-genetically altered mouse model could reduce the level of PrPSC was published by
Souan et al. (Souan et al., 2001), where PrP fragments with complete Freund’s adjuvant (CFA)
was used as an immunogen. It was shown in immunized mice, in which PrPSC infected
neuroblastoma cells were injected into the upper back area, that the level of PrPSC in the
neuroblastoma cells was reduced. In the first study more directly applicable to livestock or
humans, it was shown that use of the whole mouse PrP recombinant protein with CFA as an
immunogen was able to prolong the incubation period of disease; an effect that was dependent
on the anti-PrP IgG titer (Sigurdsson et al., 2002). A number of subsequent studies have shown
that tolerance to PrP can be broken in non-genetically modified mice resulting in modest anti-
PrP titers (Gilch et al., 2003; Nikles et al., 2005). These titers could be greatly increased by
using stronger immunogenic formulations, such as multiple antigen peptides using PrP peptide
fragments (Arbel et al., 2003), CpG oligodeoxynucleotides as an immune stimulant (Spinner
et al., 2007) and viral delivery systems (Handisurya et al., 2007). None of these immunization
approaches have been tested to show effectiveness against prion infection challenge. However,
two groups have shown that PrP fragments applied as immunogens in multiple booster
protocols in wild-type mice can lead to slight prolongations of the incubation period of prion
infection (Ishibashi et al., 2007; Arbel et al., 2003), consistent with the prior Sigurdsson et al.
study (Sigurdsson et al., 2002). Although these various studies clearly demonstrate that it is
possible to overcome self tolerance in mice to PrP and induce specific anti-PrP 1gG, none of
these approaches is capable of producing more than a modest prolongation of the incubation
period of prion infection.

An ideal means of using immunomodulation to prevent prion infection is by mucosal
immunization (Goni et al., 2005; Sakaguchi and Arakawa, 2007; Wisniewski et al., 2007). One
important reason for this is that the gut is the major route of entry for prion diseases such as
CWD, BSE and vCJD (Beekes and McBride, 2007). Furthermore mucosal immunization can
be designed to induce primarily a humoral immune response, avoiding the cell mediated
toxicity that was seen in the human AD vaccine trial (Wisniewski and Sigurdsson, 2007). In
addition, mucosal vaccination has the advantage that it is unlikely to induce significantimmune
response within the brain. Although it has been shown that reduced levels or absence of CNS
PrPC by, for example, conditional ablation by genetic manipulation of neuronal PrP€ (Mallucci
et al., 2007) can prevent clinical prion infection, it is likely that the immunological targeting
of neuronal PrP would be associated with inflammatory toxicity. We first showed the successful
use of mucosal vaccination in prion infection using a Salmonella delivery system (Goni et al.,
2005). Live attenuated strains of Salmonella enterica have been used for many years as mucosal
vaccines against salmonellosis and as delivery systems for the construction of multivalent
vaccines with broad applications in human and veterinary medicine (Mastroeni et al., 2001).
A main advantage for this system is that the safety of human administration of live attenuated
Salmonella has been extensively confirmed in humans and animals (Tacket et al., 2000;
Kirkpatrick et al., 2006). These bacterial vectors are genetically altered by multiple deletions
and therefore are unable to revert to a pathological state. Ruminants and other veterinary species
can be effectively immunized by the oral route using attenuated Salmonella, to induce humoral
mucosal responses (Villarreal-Ramos et al., 1998; Chabalgoity et al., 2000). The potential
effectiveness of using a mucosal vaccination approach has been subsequently confirmed by
another group who used intranasal immunization in Balb/c mice with a recombinant PrP 90—
231 fragment and cholera toxin as an adjuvant; although this approach only prolonged the
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incubation period and did not protect animals following oral challenge of 139A scrapie(Bade
et al., 2006). In the present study we show that after using a multiple immunization protocol
and selecting mice with comparatively higher immune responses it is possible to attain
complete protection against prion infection. We found considerable variation in the levels of
the specific anti-PrP IgA and IgG among individual mice. This is likely to be in part related to
the greater technical difficulties of administering a mucosal vaccine (Neutra and Kozlowski,
2006). There is variation in the intra-gut survival of the Salmonella, their expression of PrP
and their ultimate penetration of the gut. Individual differences in the degree of immune
responsiveness, also contributes to the final variation of anti-PrP levels. This variability in the
response to our mucosal vaccine will need to be overcome prior to any widespread veterinary
use. In addition, our results show that it is important to generate not only a gut IgA anti-PrP
response butalso a systemic 1gG anti-PrP response. The comparatively high anti-PrP IgA might
prevent or significantly reduce prion entry through the gut; whereas the systemic anti-PrP 1gG
could subsequently inhibit the replication of a reduced inoculum of prion agent. The fact that
the presence of one of these components on its own was not sufficient to provide complete
protection against oral challenge with prions supports this assertion.

Development of vaccination approach for conformational disorders that target self-antigens is
a delicate balancing act between effective inhibition of the conversion process and lack of auto-
immune side effects. Our reported results show that complete abrogation of prion infection is
possible, at least in our model system, suggesting the promise of an active mucosal vaccination
approach to prevent prion infection from an oral source. Further refinements to increase the
degree of humoral immunity induced and to target the response more specifically against the
PrPS¢ conformation are underway.

Acknowledgements

This work was supported by NIH grants: NS47433, AG28187 and TW6848.

Reference List

Aguzzi A, Sigurdson CJ. Antiprion immunotherapy: to suppress or to stimulate? Nat. Rev. Immunol
2004;4:725-736. [PubMed: 15343371]

Angers RC, Browning SR, Seward TS, Sigurdson CJ, Miller MW, Hoover EA, Telling GC. Prions in
skeletal muscles of deer with chronic wasting disease. Science 2006;311:1117. [PubMed: 16439622]

Arbel M, Lavie V, Solomon B. Generation of antibodies against prion protein in wild-type mice via helix
1 peptide immunization. J. Neuroimmunol 2003;144:38-45. [PubMed: 14597096]

Aucouturier P, Carp RI, Carnaud C, Wisniewski T. Prion diseases and the immune system. Clin. Immunol
2000;96:79-85. [PubMed: 10900153]

Aucouturier P, Geissmann F, Damotte D, Saborio GP, Meeker HC, Kascsak R, Kascsak R, Carp Rl,
Wisniewski T. Infected dendritic cells are sufficient for prion transmission to the CNS in mouse
scrapie. J. Clin. Invest 2001;108:703-708. [PubMed: 11544275]

Bade S, Baier M, Boetel T, Frey A. Intranasal immunization of Balb/c mice against prion protein
attenuates orally acquired transmissible spongiform encephalopathy. Vaccine 2006;24:1242-1253.
[PubMed: 16455168]

Beekes M, McBride PA. The spread of prions through the body in naturally acquired transmissible
spongiform encephalopathies. FEBS J 2007;274:588-605. [PubMed: 17288548]

Belay ED, Maddox RA, Williams ES, Miller MW, Gambetti P, Schonberger LB. Chronic wasting disease
and potential transmission to humans. Emerg. Infect. Dis 2004;10:977-984. [PubMed: 15207045]

Brown KL, Ritchie DL, McBride PA, Bruce ME. Detection of PrP in extraneural tissues. Microscopy
Research and Technique 2000;50:40-45. [PubMed: 10871547]

Butler R. Prion diseases in humans: an update. Br. J. Psychiatry 2006;189:295-296. [PubMed: 17012651]

Carp RI, Callahan SM, Sersen EA, Moretz RC. Preclinical changes in weight of scrapie-infected mice

as a function of scrapie agent-mouse strain combination. Intervirology 1984;27:61-69.

Neuroscience. Author manuscript.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Goifii et al.

Page 9

Chabalgoity JA, Moreno M, Carol H, Dougan G, Hormaeche CE. A dog-adapted Salmonella
Typhimurium strain as a basis for a live oral Echinococcus granulosus vaccine. Vaccine
2000;19:460-469. [PubMed: 11027809]

Collinge J, Whitfield J, McKintosh E, Beck J, Mead S, Thomas DJ, Alpers MP. Kuru in the 21st century--
an acquired human prion disease with very long incubation periods. Lancet 2006;367:2068—2074.
[PubMed: 16798390]

Enari M, Flechsig E, Weissmann C. Scrapie prion protein accumulation by scrapie-infected
neuroblastoma cells abrogated by exposure to a prion protein antibody. Proc. Natl. Acad. Sci. U. S.
A 2001;98:9295-9299. [PubMed: 11470893]

Gilch S, Wopfner F, Renner-Muller 1, Kremmer E, Bauer C, Wolf E, Brem G, Groschup MH, Schatzl
HM. Polyclonal anti-PrP auto-antibodies induced with dimeric PrP interfere efficiently with PrPSc
propagation in prion-infected cells. J. Biol. Chem 2003;278:18524-18531. [PubMed: 12637572]

Goni F, Knudsen EL, Schreiber F, Scholtzova H, Pankiewicz J, Carp RI, Meeker HC, Brown DR,
Chabalgoity JA, Sigurdsson EM, Wisniewski T. Mucosal vaccination delays or prevents prion
infection via an oral route. Neurosci 2005;133:413-421.

Gruver AL, Hudson LL, Sempowski GD. Immunosenescence of ageing. J. Pathol 2007;211:144-156.
[PubMed: 17200946]

Handisurya A, Gilch S, Winter D, Shafti-Keramat S, Maurer D, Schatzl HM, Kirnbauer R. Vaccination
with prion peptide-displaying papillomavirus-like particles induces autoantibodies to normal prion
protein that interfere with pathologic prion protein production in infected cells. FEBS J
2007;274:1747-1758. [PubMed: 17313482]

Heppner FL, Musahl C, Arrighi I, Klein MA, Rulicke T, Oesch B, Zinkernagel RM, Kalinke U, Aguzzi
A. Prevention of scrapie pathogenesis by transgenic expression of anti-prion protein antibodies.
Science 2001;294:178-182. [PubMed: 11546838]

Ishibashi D, Yamanaka H, Yamaguchi N, Yoshikawa D, Nakamura R, Okimura N, Yamaguchi Y,
Shigematsu K, Katamine S, Sakaguchi S. Immunization with recombinant bovine but not mouse
prion protein delays the onset of disease in mice inoculated with a mouse-adapted prion. Vaccine
2007;25:985-992. [PubMed: 17055125]

Kimberlin RH, Walker CA. The role of the spleen in the neuroinvasion of scrapie in mice. Virus Res
1989;12:201-212. [PubMed: 2499134]

Kirkpatrick BD, McKenzie R, O'Neill JP, Larsson CJ, Bourgeois AL, Shimko J, Bentley M, Makin J,
Chatfield S, Hindle Z, Fidler C, Robinson BE, Ventrone CH, Bansal N, Carpenter CM, Kutzko D,
Hamlet S, Lapointe C, Taylor DN. Evaluation of Salmonella enterica serovar Typhi (Ty2 aroC-ssaV-)
MO01ZH09, with a defined mutation in the Salmonella pathogenicity island 2, as a live, oral typhoid
vaccine in human volunteers. Vaccine 2006;24:116-123. [PubMed: 16140433]

LeMaoult J, Szabo P, Weksler ME. Effect of age on humoral immunity, selection of the B-cell repertoire
and B-cell development. Immunol. Rev 1997;160:115-126. [PubMed: 9476670]

Liberski PP, Guiroy DC, Williams ES, Walis A, Budka H. Deposition patterns of disease-associated prion
protein in captive mule deer brains with chronic wasting disease. Acta Neuropathol 2001;102:496—
500. [PubMed: 11699564]

Mabbott NA, MacPherson GG. Prions and their lethal journey to the brain. Nat. Rev. Microbiol
2006;4:201-211. [PubMed: 16462753]

Mallucci GR, White MD, Farmer M, Dickinson A, Khatun H, Powell AD, Brandner S, Jefferys JG,
Collinge J. Targeting cellular prion protein reverses early cognitive deficits and neurophysiological
dysfunction in prion-infected mice. Neuron 2007;53:325-335. [PubMed: 17270731]

Manson JC, Cancellotti E, Hart P, Bishop MT, Barron RM. The transmissible spongiform
encephalopathies: emerging and declining epidemics. Biochem. Soc. Trans 2006;34:1155-1158.
[PubMed: 17073774]

Manuelidis L. Vaccination with an attenuated Creutzfeldt-Jakob disease strain prevents expression of a
virulent agent. Proc. Natl. Acad. Sci. USA 1998;95:2520-2525. [PubMed: 9482918]

Marsh RF, Kincaid AE, Bessen RA, Bartz JC. Interspecies transmission of chronic wasting disease prions
to squirrel monkeys (Saimiri sciureus). J. Virol 2005;79:13794-13796. [PubMed: 16227298]

Mastroeni P, Chabalgoity JA, Dunstan SJ, Maskell DJ, Dougan G. Salmonella: immune responses and
vaccines. Veterinary Journal 2001;161:132-164.

Neuroscience. Author manuscript.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Goifii et al.

Page 10

Mathiason CK, Powers JG, Dahmes SJ, Osborn DA, Miller KV, Warren RJ, Mason GL, Hays SA, Hayes-
Klug J, Seelig DM, Wild MA, Wolfe LL, Spraker TR, Miller MW, Sigurdson CJ, Telling GC, Hoover
EA. Infectious prions in the saliva and blood of deer with chronic wasting disease. Science
2006;314:133-136. [PubMed: 17023660]

Neutra MR, Kozlowski PA. Mucosal vaccines: the promise and the challenge. Nat. Rev. Immunol
2006;6:148-158. [PubMed: 16491139]

Nikles D, Bach P, Boller K, Merten CA, Montrasio F, Heppner FL, Aguzzi A, Cichutek K, Kalinke U,
Buchholz CJ. Circumventing tolerance to the prion protein (PrP): vaccination with PrP-displaying
retrovirus particles induces humoral immune responses against the native form of cellular PrP. J Virol
2005;79:4033-4042. [PubMed: 15767405]

Pankiewicz J, Prelli F, Sy MS, Kascsak RJ, Kascsak RB, Spinner DS, Carp RI, Meeker HC, Sadowski
M, Wisniewski T. Clearance and prevention of prion infection in cell culture by anti-PrP antibodies.
Eur. J Neurosci 2006;24:2635-2647.

Peretz D, Williamson RA, Kaneko K, Vergara J, Leclerc E, Schmitt-Ulms G, Mehlhorn IR, Legname G,
Wormald MR, Rudd PM, Dwek RA, Burton DR, Prusiner SB. Antibodies inhibit prion propagation
and clear cell cultures of prion infectivity. Nature 2001;412:739-743. [PubMed: 11507642]

Polymenidou M, Heppner FL, Pellicioli EC, Urich E, Miele G, Braun N, Wopfner F, Schatzl HM, Becher
B, Aguzzi A. Humoral immune response to native eukaryotic prion protein correlates with anti-prion
protection. Proceedings of the National Academy of Sciences 2004;101:14670-14676.

Sadowski, M.; Verma, A.; Wisniewski, T. Infectious Disease of the Nervous System: Prion Diseases. In:
Bradley, WG.; Daroff, RB.; Fenichel, GM.; Jankovic, J., editors. Neurology in Clinical Practice.
Philadelphia: Elsevier; 2008. p. 1567-1581.

Sakaguchi S, Arakawa T. Recent developments in mucosal vaccines against prion diseases. Expert. Rev.
Vaccines 2007;6:75-85. [PubMed: 17280480]

Sasson J, Sadowski M, Wisniewski T, Brown DR. Therapeutics and prion disease: can immunization or
drugs be effective? Mini-Reviews in Medicinal Chemistry 2005;5:361-366.

Sigurdsson EM, Brown DR, Alim MA, Scholtzova H, Carp RI, Meeker HC, Prelli F, Frangione B,
Wisniewski T. Copper chelation delays the onset of prion disease. J. Biol. Chem 2003a;278:46199-
46202.

Sigurdsson EM, Brown DR, Daniels M, Kascsak RJ, Kascsak R, Carp RI, Meeker HC, Frangione B,
Wisniewski T. Vaccination delays the onset of prion disease in mice. Am. J. Pathol 2002;161:13—
17. [PubMed: 12107084]

Sigurdsson EM, Sy MS, Li R, Scholtzova H, Kascsak RJ, Kascsak R, Carp RI, Meeker HC, Frangione
B, Wisniewski T. Anti-PrP antibodies for prophylaxis following prion exposure in mice. Neurosci.
Lett 2003h;336:185-187.

Sigurdsson EM, Wisniewski T. Promising developments in prion immunotherapy. Exp. Review Vaccines
2005;4:607-610.

Smith PG, Cousens SN, d' Huillard Aignaux JN, Ward HJ, Will RG. The epidemiology of variant
Creutzfeldt-Jakob disease. Curr. Top. Microbiol. Immunol 2004;284:161-191.

Souan L, Tal Y, Felling Y, Cohen IR, Taraboulos A, Mor F. Modulation of proteinase-K resistant prion
protein by prion peptide immunization. Eur. J Immunol 2001;31:2338-2346. [PubMed: 11477546]

Spinner DS, Kascsak RB, LaFauci G, Meeker HC, Ye X, Flory MJ, Kim JI, Schuller-Levis GB, Levis
WR, Wisniewski T, Carp RI, Kascsak RJ. CpG oligodeoxynucleotide-enhanced humoral immune
response and production of antibodies to prion protein PrPSc in mice immunized with 139A scrapie-
associated fibrils. J Leukoc. Biol 2007;14:36-43.

Tacket CO, Sztein MB, Wasserman SS, Losonsky G, Kotloff KL, Wyant TL, Nataro JP, Edelman R,
Perry J, Bedford P, Brown D, Chatfield S, Dougan G, Levine MM. Phase 2 clinical trial of attenuated
Salmonella enterica serovar typhi oral live vector vaccine CVD 908-htrA in U.S. volunteers. Infect.
Immun 2000;68:1196-1201. [PubMed: 10678926]

Tamguney G, Giles K, Bouzamondo-Bernstein E, Bosque PJ, Miller MW, Safar J, DeArmond SJ,
Prusiner SB. Transmission of elk and deer prions to transgenic mice. J Virol 2006;80:9104-9114.
[PubMed: 16940522]

Trevitt CR, Collinge J. A systematic review of prion therapeutics in experimental models. Brain
2006;129:2241-2265. [PubMed: 16816391]

Neuroscience. Author manuscript.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gofii et al. Page 11

Villarreal-Ramos B, Manser J, Collins RA, Dougan G, Chatfield SN, Howard CJ. Immune responses in
calves immunised orally or subcutaneously with a live Salmonella typhimurium aro vaccine. Vaccine
1998;16:45-54. [PubMed: 9607008]

White AR, Enever P, Tayebl M, Mushens R, Linehan J, Brandner S, Anstee D, Collinge J, Hawke S.
Monoclonal antibodies inhibit prion replication and delay the development of prion disease. Nature
2003;422:80-83.

Williams ES. Chronic wasting disease. Vet. Pathol 2005;42:530-549. [PubMed: 16145200]

Wisniewski T, Chabalgoity JA, Goni F. Is vaccination against transmissible spongiform encephalopathies
feasible? OIE Sci. Tech. Rev 2007;26:243-251.

Wisniewski T, Sigurdsson EM. Therapeutic approaches for prion and Alzheimer's diseases. FEBS J
2007;274:3784-3798. [PubMed: 17617224]

List of Abbreviations

PrPC, prion protein cellular

PrPSC, prion protein scrapie

Ig, immunoglobulin

BSE, bovine spongiform encephalopathy
vCJD, variant Creutzfeldt-Jakob disease
CWD, chronic wasting disease

recPrP, recombinant prion protein

CFU, colony forming units

Gl, gastro-intestinal

PBST, phosphate buffered saline, 0.1% Tween-20
Gl, gastrointestinal

Neuroscience. Author manuscript.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Goifii et al.

Page 12

* %

Plasma IgG Levels
(1:125 dilution) 450 nm

0.00 0.05 0.10 0.15 0.20 0.25

Control TO

Vaccine CIgA tlgG TO
Vaccine plgA tlgG TO
Vaccine ZIgA NgG TO
Vaccine AlgA NgG TO

Control T1
Vaccine CIgA tlgG T1
Vaccine plgA tigG T1
Vaccine UIgA pNgG T1

Vaccine AplgA NgG T1
Control F
Vaccine CIgA CIgG F
Vaccine AplgA UigG F
Vaccine CIgA NgG F
Vaccine plgA NgG F

Figure 1.

Shows the plasma IgG titers in the 5 groups (the 4 vaccinated animals group plus controls) at
TO, T1 and TF. Two-way ANOVA analysis showed that the difference between the groups
was significant (p<0.0001). Bonferroni post-tests showed that the T1 values for the 4
vaccinated groups differed from their respective T0 values significantly (p<0.001). The plasma
1gG values dropped at TF; however, they remained significantly above the TO values (p<0.001).
(* p<0.001; ns: not significant)
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Figure 2.

Shows the gut IgA titers in the 5 groups (the 4 vaccinated animals group plus controls) at TO,
T1 and TF. Two-way ANOVA analysis showed that the difference between the groups was
significant (p<0.0001). Bonferroni post-tests showed that the T1 values for the 2 vaccinated
groups with a high T1 IgA titer differed from their respective TO values significantly (p<0.001).
The group with a high 1gG and low IgA at T1 also differed significantly from the TO IgA titer
(p<0.05). ). At TF the two vaccinated groups with a high IgA at T1 differed significantly from
their prior TO value. (* p<0.001; + p<0.05; ns: not significant)
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Figure 3.

Shows the Kaplan and Meier survival curve of the different groups. At 400 days post-
inoculation 100% of the animals in the high 1gG, high IgA group (n=14) were free from clinical
symptoms (solid red line in graph, p<0.0001 using the logrank test [GraphPad Prism, version
4; GraphPad Inc., San Diego CA]). By 205 days post-oral challenge with scrapie strain 139A
all the animals in the control groups (n=20, solid blue line in graph) and in the low IgG, low
IgA group (n=14, solid black line in graph) had shown clinical signs of prion infection which
were confirmed by Western blotting. The mice in the low 1gG, high IgA group (n=10, yellow
short, long dashed line in graph) had a slightly longer survival (median survival was 198 days
versus 194 for the control group), but this difference was not statistically significant. In the
high 1gG, low IgA group 4 out of the 12 mice (33%) were without clinical symptoms of
infection at 400 days (green, short dashed line in graph, p=0.02 versus control group).
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Figure 4.
A shows a representative section through the dentate gyrus of the hippocampus showing the

characteristic spongiform change of prion infection in a control animal (see arrows). In a
clinically asymptomatic animal (figure 4B) there is an absence of pathology. Scale bar = 100
microns.
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Figure 5.

Shows a Western blot of proteinase K treated brain homogenates developed using anti-PrP
6D11 (Spinner etal., 2007). Each sample consisted of exactly 20 pg of brain homogenate which
was incubated with 1 pg of proteinase K for 1 hr at 37°C, prior to loading onto gels. In lanes
1 and 2 brains from representative control mice were used. In lanes 3 and 4 brains from
representative animals which were clinically sick and showed spongiform change on
histological examination from the high IgA, low IgG group were used. There is no apparent
difference in the level of the PrPSC bands in lanes 1 and 2 versus 3 and 4. In lanes 5 through 8
representative brains from mice sacrificed 400 days post 139A challenge from the high IgG,
high IgA group were used. These animals had no clinical signs of prion infection and no
PrPSC was detectable in their brains. The position of molecular weight markers is shown on
the left side of the figure.
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