JOURNAL OF VIROLOGY, Oct. 2006, p. 9970-9976
0022-538X/06/$08.00+0 doi:10.1128/JV1.01210-06

LIMP PrP tolerance

Vol. 80, No. 20

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

DNA Vaccination Can Break Immunological Tolerance to PrP in
Wild-Type Mice and Attenuates Prion Disease after
Intracerebral Challenge

Natalia Fernandez-Borges," Alejandro Brun,” J. Lindsay Whitton,? Beatriz Parra,”
Fayna Diaz-San Segundo,® Francisco J. Salguero,” Juan M. Torres,”
and Fernando Rodriguez'*
Centre de Recerca en Sanitat Animal (CReSA), Campus de la UAB, Bellaterra, Barcelona 08193, Spain'; CISA-INIA,

Valdeolmos, Madrid 28130, Spain® and Department of Molecular and Integrative Neurosciences,
The Scripps Research Institute, La Jolla, California 92037°

Received 9 June 2006/Accepted 1 August 2006

Transmissible spongiform encephalopathies (TSEs) can be ameliorated by prion protein (PrP)-specific
antibodies, but active immunization is complicated by immune tolerance to the normal cellular host protein
(PrP€). Here, we show that DNA immunization of wild-type mice can break immune tolerance against the prion
protein, resulting in the induction of PrP-specific antibody and T-cell responses. PrP immunogenicity was
increased by fusion to the lysosomal targeting signal from LIMPII (lysosomal integral membrane protein type
II). Although mice immunized with a PrP-LIMPII DNA vaccine showed a dramatic delay in the onset of early
disease signs after intracerebral challenge, immunization against PrP also had some deleterious effects. These
results clearly confirm the feasibility of using active immunization to protect against TSEs and, in the absence
of effective treatments, indicate a suitable alternative for combating the spread of these diseases.

Prion diseases belong to a class of conformational disorders
including variant Creutzfeldt-Jacob disease, an increasing
threat to human health (16). Transformation of the ubiquitous
cellular prion protein (PrP€) into a pathological conformer
(PrP5%) seems to be the key event in pathogenesis (5, 11).
Emerging data indicate that this devastating group of diseases
may be amenable to immunotherapy and immunoprophylaxis,
raising the prospect that the spread of these diseases may be
countered by vaccination (23). Several reports have shown that
antibodies to the normal cellular protein, PrP<, when intro-
duced by injection (27) or by transgenic means (9, 25), can
arrest the accumulation of the pathological protein conformer
PrP5¢, thereby interfering with disease progression. However,
active immunization strategies against this infectious disease
are seriously compromised by host tolerance to PrP< (2); the
feasibility of inducing humoral (7, 14, 24) and T-cell (22) re-
sponses to prion protein in wild-type (WT) mice has previously
been demonstrated, but to our knowledge, no reports have
described the concomitant induction of PrP-specific B-cell,
CD4™" T-cell, and CD8" T-cell responses in healthy wild-type
mice after DNA immunization. Nucleic acid immunization has
previously been shown to break tolerance to host proteins (6,
12), and we have exploited this phenomenon to confer protec-
tion against a murine melanoma (29). Herein we show that a
DNA vaccine encoding PrP€ can break tolerance to this host
protein, inducing both humoral and PrP-specific T-cell re-
sponses and a degree of protection against PrPS¢ challenge.
Several different plasmid constructs were evaluated, each en-
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coding a different version of the mouse PrP. The first plasmid
(pCMV-PrP) expressed an unmodified protein; the second
(pCMV-UbPrP) encoded PrP fused to the cellular protein
ubiquitin to enhance antigen presentation via major histocom-
patibility complex (MHC) class I, thereby improving the induc-
tion of antigen-specific CD8" T cells (17, 21); and the third
(pCMV-PrPLII) encoded PrP fused to the lysosomal integral
membrane protein type II (LIMPII) lysosome-targeting signal,
which enhances MHC class II antigen presentation and the
induction of CD4" T-cell responses (18). We find that the
third construct was the most effective at breaking immune
tolerance and enhanced both humoral and cellular responses
in wild-type animals. Most importantly, this DNA vaccine con-
ferred significant protection against intracerebral prion chal-
lenge, dramatically delaying the onset of disease. However, this
benefit had an associated cost: once disease appeared, it was
rapidly progressive. The advantages and disadvantages of vac-
cinating against prion diseases and the possible explanations
for the clinical effects are discussed.

MATERIALS AND METHODS

Mice. The 129/ola strain was purchased from Harlan, and 129/ola PrP knock-
out (PrPKO) mice were generously provided by Jean Manson, IAH, Edinburgh,
United Kingdom.

Construction of recombinant plasmids expressing the mouse prion protein.
The mouse prion open reading frames with or without their termination codon
was obtained by PCR using the forward (5'-AGATCTATGGCGAACCTTGG
CTACTGGC-3') and the stop reverse (5'-AGATCTCATCCCACGATCAGGA
AGATG-3'") or the nonstop reverse (5'-AGATCTTCCCACGATCAGGAAGA
TGAGG) primers. The amplified fragments were cloned either in the pPCMV-LII
plasmid (18) or in the pCMV-F1/F2Ubiq plasmid (19) to obtain pCMV-PrP,
pCMV-PrPLII, and pCMV-UbPrP plasmids. All the products were expressed
under the control of the immediate early promoter of human cytomegalovirus
using the pCMV expression vector (Clontech).

Protocol for DNA immunization. DNA purification was carried out using
endotoxin-free columns (QIAGEN). DNA was dissolved at 1 mg/ml in 1 N
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FIG. 1. DNA immunization induces PrP antibody responses. (A) Serial dilutions of sera from PrPKO mice immunized three times with pCMV
(dashes), pCMV-PrP (circles), pPCMV-UbPrP (triangles), and pCMV-PrPLII (squares) were tested against ELISA plates coated with recombinant
prion protein. The standard deviation for each group is shown. (B) Western blot using serum from a representative mouse from each immunization
group (the data were identical for all mice in the same group). All sera were diluted 1:3,200 and were tested in a Western blot assay using as antigen
(i) recombinant prion protein (PrPrec; top panel), (ii) brain extracts from a WT 129/ola mouse (PrP<; middle panel), or (iii) brain extracts from
a PrP5-infected mouse after proteinase K treatment (bottom panel). As a positive control, a hyperimmune mouse serum, raised in PrP null mice
against E. coli recombinant PrP protein plus Freund’s adjuvant, was used at a 1:2,000 dilution (lane marked “+”). Molecular weight (Mw)

standards (in thousands [K]) were used as size markers.

saline, and mice were immunized into each anterior tibial muscle with 100 pg of
DNA per mouse and dose.

Inoculation of mice with prions. The prion inoculum used in these experi-
ments was derived by twofold serial passage of the BSE; inoculum (4) in mice.
Twenty microliters of a 10% brain homogenate was delivered by intracerebral
injection into the right parietal lobes of mice. Mice were monitored weekly until
the onset of terminal disease, at which time daily examination was performed.
Early clinical signs included a waddling gait, ruffled coat, and kyphosis for at least
three consecutive weeks. Severe clinical signs included tremors, a blank stare,
lethargy, and immobility. Mice were sacrificed at the terminal stage of disease,
with the exception of some mice, which were found dead.

Production of recombinant PrPmu. The mature form of the murine PrP
(PrPmu) gene was cloned into the vector pET11a under the control of the T7lac
promoter, and murine PrP protein expression was induced with IPTG (isopropyl-
B-p-thiogalactopyranoside). PrPmu from inclusion bodies was solubilized in 8 M
urea and fractionated by two rounds of cation-exchange chromatography using
increasing concentrations of NaCl (0 to 1 M). The elution peak for PrP was
achieved in the 0.5 to 1 M range. As a negative control for intracellular cytokine
staining (ICCS), unrelated proteins were used by following the same protocol of
semipurification.

Detection of epitope-specific T-cell responses by ICCS. For the ICCS assay,
splenocytes were incubated together with 1 pg/ml of the semipurified protein
stimulus, as indicated in the figure legends. After a 36-h incubation at 37°C,
brefeldin A was added at 5 pg/ml for the last 3 h to increase the accumulation of
gamma interferon (IFN-y) in the responding cells. Spleen cells were surface
labeled with cytochrome-conjugated anti-CD8 antibody and with phycoerythrin-
conjugated anti-CD4 antibody and intracellularly stained with a fluorescein-
conjugated anti-IFN-y antibody. Finally, the cells were fixed and analyzed by flow
cytometry. Reagents were purchased from Pharmingen.

ELISA assay. Enzyme-linked immunosorbent assay (ELISA) plates were
coated overnight with 300 ng per well of semipurified PrP protein. Mice sera
were applied, followed by peroxidase-conjugated goat anti-mouse polyvalent
immunoglobulins (Sigma). Colorimetric detection was achieved by adding ABTS
(2,2"-azino-di-[3-ethylbenzthiazoline sulfonate]-diammonium salt) substrate (Roche).
Optical densities at 405 nm were calculated.

Western blot assay. Brain proteins in phosphate-buffered saline homogenates
were detergent extracted (5% Sarkosyl). Samples were precleared by centrifu-
gation (2 min, 10,000 X g), and equivalent protein loads were adjusted by a
bicinchoninic assay (Pierce) prior to treatment with 100 wg/ml of proteinase K

(PK; Roche) for 45 min at 37°C when required. The reaction was stopped by the
addition of 10 mM phenylmethylsulfonyl fluoride. Insoluble proteins were pre-
cipitated by centrifugation (25,000 X g, 45 min). Samples were finally loaded into
12% sodium dodecyl sulfate (SDS)-polyacrylamide gels or subjected to deglyco-
sylation. For the latter, pellets were washed with 20 mM sodium phosphate, pH
7.8, and resuspended in deglycosylation buffer (1% SDS, 0.5% NP-40, dithio-
threitol). Finally, samples were denatured by boiling them for 10 min and treated
or mock treated with 250 units of peptide-N-glycosidase F (PNGase F) (NEB) in
sodium phosphate buffer, pH 7.8. After overnight incubation, samples were kept
for 2 h at —80°C after 4 volumes of ice-cold methanol were added. Proteins were
finally precipitated by centrifugation (25,000 X g, 30 min), and pellets were
resuspended in Laemmli’s buffer before being loaded into SDS-polyacrylamide
gels. Proteins were transferred to polyvinylidene difluoride (Millipore), and
PK-resistant PrP (PrP™®) proteins were detected by the specific monoclonal
antibody 2A11, followed by incubation with peroxidase-labeled goat anti-mouse
immunoglobulins (Sigma).

RESULTS

Targeting prion protein to the lysosomes improves the an-
tibody responses induced after DNA immunization. PrPKO
mice lack PrP€ and are, therefore, not tolerant of this normal
host protein; these mice serve as a useful in vivo model with
which to evaluate the potential immunogenicities of various
PrP-encoding plasmid DNAs. Thus, we first immunized 129/
ola PrPKO mice (13) with either pCMV-PrP (expressing the
unmodified mouse prion protein), pCMV-UbPrP (encoding
PrP fused to ubiquitin), pPCMV-PrPLII (encoding PrP fused to
the LIMPII lysosome-targeting signal), or pCMV (as a nega-
tive control). Each group contained four mice, and each mouse
received three DNA injections at 14-day intervals. Mice were
bled 6 weeks after the last immunization, and the presence of
prion-specific antibodies in their sera was evaluated by ELISA
(Fig. 1A), using semipurified recombinant murine PrP as the
immobilized target. As shown previously (10), PrPKO mice
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FIG. 2. DNA immunization induces PrP T-cell responses. PrPKO mice were immunized three times (A) or once (B) either with pCMV or with
pCMV-PrPLIL Six weeks after the final immunization, splenocytes were harvested, incubated together with the indicated semipurified protein
stimulus at 1 wg/ml for 36 h, and subjected to ICCS. Circles and percentages shown (values given after subtraction of the control value) indicate
the PrP-specific CD4" T-cells (A and upper panel in B) or the PrP-specific CD8" T-cells (B, lower panel). PrPrec, recombinant PrP.

immunized with a plasmid encoding an unmodified prion pro-
tein showed detectable PrP-specific antibody responses (Fig.
1A). In clear contrast, ubiquitin-tagged PrP induced substan-
tially lower antibody responses (Fig. 1A), presumably because
the protein was rapidly hydrolyzed by the proteasome, in
agreement with what has been previously described for other
antigens (21, 28). Most importantly, mice immunized with
pCMV-PrPLII developed significantly higher titers of prion-
specific antibodies (Fig. 1A); even at a dilution of 1:12,800, it
was possible to detect specific responses above the background
levels.

To confirm the results described above, sera (1/3,200 dilu-
tion) from the same animals were tested in a Western blot
assay (Fig. 1B). Antibodies induced after DNA immunization
with pCMV-PrP (Fig. 1B) recognized the recombinant PrP
protein expressed in Escherichia coli (which was also used in
the ELISA). In correspondence with the ELISA results, anti-
bodies from pCMV-PrPLII-immunized mice strongly recog-
nized the recombinant PrP protein expressed in E. coli (Fig.
1B, upper panel). Furthermore, these antibodies recognized
very strongly all PrP-specific bands from PrP< and PrP** (mid-
dle and lower panels). Sera from pCMV-UbPrP-immunized
mice also reacted strongly with PrP in a Western blot assay
(Fig. 1B). This was somewhat surprising because, at the dilu-
tion used in the Western blot (1/3,200), these sera were indis-
tinguishable from control sera in the ELISA (Fig. 1A). We
speculate that antibodies induced by pCMV-UbPrP might be
generated against PrP degradation products and therefore will

recognize linear sequences on a Western blot better than con-
formation-dependent native folding in an ELISA.

Targeting prion protein to the lysosomes improves both the
T-helper and the CD8* T-cell responses induced after DNA
immunization. We have previously shown that lysosomal tar-
geting can improve T-helper (CD4* T-cell) responses after
DNA immunization (18, 20). The enhancement in the antibody
response observed by ELISA when prion protein is targeted
for rapid hydrolysis in the lysosome (Fig. 1) might be due at
least in part to its improved entry into the MHC class II
processing pathway and the induction of a strong T-helper
response. To evaluate the T-helper responses induced against
the prion protein, PrPKO mice were immunized three times
and sacrificed 6 weeks after the last immunization, and the
purified splenocytes were incubated with, or without, recom-
binant PrP protein. Mice immunized with pCMV-PrPLII
mounted a robust CD4™ T-cell response against PrP, as mea-
sured by the percentage of cells that expressed IFN-y (indica-
tor of T-cell activation), following incubation with recombinant
PrP (Fig. 2A). Surprisingly, despite the clear antibody response
induced by vaccination with pCMV-PrP, no specific IFN-y
response was detectable after stimulation with prion protein
(data not shown).

In order to study in more detail the immunogenicity of
pCMV-PrPLII, 129/ola PrPKO mice were inoculated with a
single dose of the DNA vaccine and, 6 weeks later, were sac-
rificed. Sera from these animals were used both in an ELISA
and in a Western blot assay to determine the prion-specific
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FIG. 3. Breaking tolerance against PrP by DNA immunization. (A) Serial dilutions of sera from WT 129/ola mice immunized three times with
pCMV (dashes), pPCMV-PrP (circles), pPCMV-UbPrP (triangles), and pCMV-PrPLII (squares) were tested against ELISA plates coated with
recombinant prion protein. The standard deviation for each group is shown. Serum from a WT 129/ola mouse immunized with pCMV-PrPLII was
diluted 1:200 and tested in a Western blot assay (inset) using as the antigen (lane 1) brain extracts from a WT 129/ola mouse (PrP€), (lane 2)
recombinant prion protein, or (lane 3) brain extracts from a PrPS¢-infected mouse after proteinase K treatment. The data were identical for all
mice in the same group. Molecular weight standards in thousands (K) were used as size markers. (B) Splenocytes from mice immunized with
pCMV-PrPLII were harvested, incubated together with the indicated semipurified protein stimulus at 1 pg/ml for 36 h, and subjected to ICCS.
Circles and percentages shown (values given after subtraction of the control value) indicate the PrP-specific CD4* T cells (B, left panel) and CD8*
T cells (B, right panel) induced after DNA immunization with pCMV-PrPLII.

antibody titers, which, as expected, were much lower after only
one immunization with the pCMV-PrPLII vector than after
two boosts (data not shown). In addition, splenocytes were
analyzed by intracellular IFN-y staining to identify PrP-specific
T cells. Despite the low antibody response observed, a very
robust CD4 " T-cell response was detectable after stimulation
with PrP protein (Fig. 2B, upper panel). Strikingly, targeting
prion protein to the lysosomes (pCMV-PrPLII-vaccinated
mice) enhanced not only the specific T-helper responses but
also the specific CD8™ T-cell responses; after ex vivo stimula-
tion with PrP protein, specific CD8" T cells expressed IFN-y
(Fig. 2B, lower panel). Other authors have previously demon-
strated an improvement in CTL responses by targeting anti-
gens to the lysosomes by using the lysosome-associated mem-
brane protein 1 targeting signal (3). In clear contrast, and
contrary to our expectations, CD8" T-cell responses were not
enhanced by fusion of ubiquitin to prion protein (data not

shown). This result cannot be ascribed to the lack of degrada-
tion in the proteasomal complex, because ubiquitinated PrP
was rapidly degraded after the transfection of BHK cells, and
this degradation was reduced in the presence of proteasome
inhibitors (not shown). Taken together, our results indicate that
lysosomal targeting increases both humoral (Fig. 1) and cellular
(Fig. 2) PrP-specific immune responses in PrPKO mice.
Breaking immune tolerance against PrP by DNA immuni-
zation. Next, we evaluated the capacity of our DNA vaccines to
break tolerance in wild-type mice. Two WT 129/ola mice were
immunized with each plasmid by following the protocol of
immunization described above. Three doses of plasmid were
administered, and mice were bled and sacrificed to evaluate
their immune status 6 weeks after the last immunization.
Prion-specific antibodies were detected in sera from mice im-
munized with pCMV-PrPLII by both ELISA (Fig. 3A) and
Western blotting (Fig. 3A, inset), indicating that the DNA
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FIG. 4. Vaccination confers protection against intracerebral prion challenge. (A) WT 129/ola mice were immunized three times with either
pCMV, pCMV-PrP, pCMV-UbPrP, or pCMV-LII and 6 weeks later were intracerebrally challenged with PrPS¢, Mice were examined weekly, and
early signs of disease for each of the immunized groups were recorded and are shown. For each immunization group, all mice first developed the
early symptoms within a few days of each other. (B) Mice immunized with pCMV-PrPLII or pCMV-UbPrP succumbed almost at the same time
during week 22 (~150 days) after PrPS challenge. Equivalent amounts of brain protein extract from each dead mouse within these two vaccination
groups were subjected to PK treatment (upper panel), followed by PNGase F digestion to eliminate N-linked glycans (lower panel). All four mice
immunized with pCMV-PrPLII accumulated much smaller amounts of PrP™* in their brains than the amounts observed in mice vaccinated with
pCMV-UbPrP. (C) Twenty microliters of heat-inactivated serum from a PrPKO mouse previously immunized three times with pCMV-PrPLII
(highly positive for prion-specific antibodies) was injected intracerebrally into three WT 129/ola mice or three PrPKO 129/ola mice. Twenty-four
hours after intracerebral injection, mice were euthanized and brain tissues from WT mice (left panel) and PrPKO mice (right panel) were formalin
fixed, cut in 5-pm-thick slices, and Nissl counterstained. Arrows indicate pyknotic neurons in the dentate gyrus (DG) and in cornu ammonis regions
2 and 3 (CA2 and CA3, respectively) of the hippocampus. Clear pyknosis can be observed in the hippocampi of WT mice (left panel), indicating
neuronal death. In clear contrast, no significant neuronal damage was observed in PrPKO mice subjected to the same treatment (right panel).

vaccine successfully broke tolerance to this host protein. As
expected, the level of antibodies induced in wild-type mice was
markedly lower than in PrPKO mice (compare Fig. 1 and 3A),
presumably due to the tolerogenic effects of the endogenous
host PrP€. Despite this constraint, the two WT mice immu-
nized with pCMV-PrPLII also showed PrP-specific T-cell re-
sponses (Fig. 3B); both CD8" and CD4" (helper) T cells
expressed IFN-y in response to stimulation with recombinant
PrP. Mice immunized with pCMV-PrP or with pCMV-UbPrP
did not show PrP-specific T-cell responses distinguishable from
those of the controls, and they had no detectable prion-specific
antibodies in their sera, showing OD values even lower than
those of the control sera (Fig. 3A).

Targeting prion protein to the lysosomes delays prion dis-
ease after intracerebral challenge. Finally, we evaluated the
protective capacity of the three PrP DNA vaccines. WT 129/ola
mice (four mice per group and one group per DNA vaccine)
were immunized three times, as described above, and 6 weeks

after the last boost were challenged by intracerebral inocula-
tion of a lethal dose of an infectious mouse-adapted bovine
spongiform encephalopathy PrP protein (4). A fourth group of
mice received pCMV. Mice were evaluated weekly for clinical
signs by observers blind to the vaccine groupings. The times at
which signs of disease were first observed are shown in Fig. 4A.
Negative-control mice (pCMV inoculated) first developed
signs at ~65 days (week 10) postchallenge, while mice immu-
nized with pCMV-PrP had a time of disease onset similar to
that of the control mice, developing signs at ~57 days (week 9)
postchallenge. All mice included in these two groups suc-
cumbed during week 20 after challenge. Mice immunized with
pCMV-UbPrP had a statistically significant (P < 0.001, one-
way analysis of variance) delay in disease onset, showing clear
symptoms of the disease at ~82 days (week 12) postchallenge.
All mice within this group suffered a 2-week period of severe
clinical symptoms of the disease before dying during week 22
after PrPS° challenge. Most strikingly, mice immunized with
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pCMV-PrPLII remained clear of clinical disease for almost
twice as long as pCMYV recipients, with an average of ~138
days (week 20) before early clinical signs first appeared. How-
ever, these mice suddenly succumbed without clear signs of
disease, very soon after the onset of early clinical signs and
almost at the same time as pCMV-UbPrP-immunized mice
(during week 22 after challenge). Postmortem Western blot
and immunoblot analyses revealed no differences before PK
treatment (data not shown) but did show much lower levels of
PrP™* accumulation in brains from all mice immunized with
pCMV-PrPLII than was observed in pCMV-UbPrP-immu-
nized animals (Fig. 4B), even though the mice in these groups
died at almost exactly the same times postinoculation. This
effect was very apparent not only after PK treatment (upper
panel) but overall after PNGase digestion, which eliminates
sugars from PrP™*®, permitting the reduction of all glycosylated
forms to a sharper band of lower molecular weight easier to
visualize (lower panel). pCMV-PrPLII-vaccinated mice showed
less postmortem PrP™* accumulation in their brains (data not
shown), and they also succumbed 2 weeks later than pCMV- and
pCMV-PrP-immunized mice and took longer to develop clinical
disease. Thus, the accumulation of PrP™* in the brain and severe
clinical signs of prion disease seemed to correlate.

Thus, we are faced with an apparent contradiction: mice
immunized with pCMV-PrPLII show a dramatic prolongation
of good health and a reduction in the accumulation of PrP™*
but then die suddenly. How might this paradox be resolved? It
has recently been shown that PrP-specific antibodies can cross-
link cellular PrP, leading to neuronal apoptosis in vivo (26).
Therefore, we hypothesized that the repertoire of antibodies
induced by pCMV-PrPLII might have pathogenic, as well as
beneficial, effects. To investigate this issue, WT 129/ola mice
were inoculated intracerebrally with 20 wl of inactivated serum
highly enriched with PrP-specific antibodies (obtained from
PrP null mice immunized with pCMV-PrPLII) and 24 h later
were sacrificed. Histological analyses revealed neuronal death
(Fig. 4C, left panel). Neuronal damage was not observed in
PrPKO 129/ola mice that received the same sera (Fig. 4C, right
panel), suggesting that this effect was dependent upon the
expression of cellular PrP on the surfaces of the affected neu-
rons.

DISCUSSION

Transmissible spongiform encephalopathies (TSEs) form a
group of neurodegenerative disorders whose frequency is in-
creasing and for which no effective prophylactic or preventive
strategies exist, other than attempting to control exposure to
the infectious agent. However, there is an increasing amount of
evidence that points toward the effective role of the immune
system in combating these diseases (8, 3). Recent reports
clearly demonstrate that antibodies specific to prion protein
can delay the onset of the disease (15). However, the relevance
of T-cell responses to protection has not been fully addressed.
In order to enhance the CD8" T-cell responses induced after
DNA immunization of wild-type mice, ubiquitin was fused to
the PrP protein, driving it for rapid degradation in the protea-
some. Although sera from PrPKO mice immunized with
pCMV-UbPrP recognized PrP on a Western blot (Fig. 1B), no
specific T-cell responses were detected, perhaps due to the low
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sensitivity of our assay. Our results suggest the possibility that
immune responses induced by immunization of wild-type mice
with pCMV-UbPrP, even below the in vitro detection thresh-
old, might have been sufficient to cause the slight, but statisti-
cally significant, in vivo delay in the onset of prion disease
following intracerebral challenge (Fig. 4A). However, the ef-
fects of linking PrP€ to the LIMPII tail were more striking and
enhanced not only PrP-specific CD4" T-cell responses but also
PrP-specific antibody and CD8* T-cell responses. Interest-
ingly, while strong T-cell responses were obtained in PrPKO
mice with only one dose of the vaccine (Fig. 2B), at least two
doses of pCMV-PrPLII were required to induce PrP-specific
antibodies. This may have implications for vaccine protocol if,
for example, one wishes to induce strong cellular responses but
weaker antibody responses. We are currently studying all these
processes in more detail. To our knowledge, this is the first
report showing the induction of PrP-specific CD8" T-cell re-
sponses upon vaccination. We are currently studying the role
that these cells might play in protection against prion diseases.

Following PrP5¢ challenge, mice immunized with pCMV-
PrP died at the same time as control mice immunized with the
empty pCMV plasmid (during week 20 after challenge). In
correspondence with the significant delay observed in the dis-
ease onset, mice immunized with pCMV-UbPrP succumbed
during week 22 after challenge, 9 weeks after the onset of early
clinical signs and before suffering severe clinical signs for al-
most 2 weeks. Intriguingly, pCMV-PrPLII-immunized mice
remained clinically healthy for almost twice as long as any
other group (Fig. 4A). However, these mice suddenly suc-
cumbed at ~148 days postchallenge (during week 22 after
challenge), very soon after the onset of early clinical signs and
almost at the same time as pCMV-UbPrP-immunized mice,
perhaps as a result of immunopathology mediated by PrP-
specific antibodies induced by pCMV-PrPLII (Fig. 4C). We
hypothesized that PrPS¢ inoculation might somehow affect the
blood-brain barrier, facilitating the transfer of antibodies from
the bloodstream to the central nervous system.

These results open new ethical concerns for TSE immuni-
zation, similar to those that have been voiced regarding vacci-
nation against Alzheimer’s disease (1). The cost-to-benefit ra-
tio of immunizing against TSEs also might be different
depending on the route of challenge. Here, the pathogen was
delivered by intracranial injection, and it is possible that the
deleterious effects might have been fewer if the PrPS® had been
administered by more physiologically relevant routes of infec-
tion (oral or parenteral). We are currently performing exper-
iments not only to follow PK-resistant PrP accumulation dur-
ing the infection period but also to study histologically and
immunohistochemically the kinetics of the neuropathological
changes taking place in the brains of immunized mice. We are
also evaluating the efficacy of new plasmid constructs and al-
ternative routes of DNA administration that might avoid the
adverse effects of vaccination, without reducing the protective
efficacy.

In conclusion, these data show that DNA immunization with
pCMV-PrPLII breaks tolerance to PrP in wild-type mice, lead-
ing to the induction of PrP-specific antibodies and T-cell re-
sponses and to a substantial degree of protection. These find-
ings demonstrate clearly the feasibility of prophylactic
immunization against prion-related diseases and provide
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strong validation for continuing the search for vaccines against
these and other neurological diseases, such as Alzheimer’s
disease.
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