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Prion diseases are caused by the transconformation of the host cellular prion protein PrPc into an
infectious neurotoxic isoform called PrPSc. While vaccine-induced PrP-specific CD4+ T cells and antibodies
partially protect scrapie-infected mice from disease, the potential autoreactivity of CD8+ cytotoxic T lym-
phocytes (CTLs) received little attention. Beneficial or pathogenic influence of PrPc-specific CTL was eval-
uated by stimulating a CD8+ T-cell-only response against PrP in scrapie-infected C57BL/6 mice. To
circumvent immune tolerance to PrP, five PrP-derived nonamer peptides identified using prediction algo-
rithms were anchored-optimized to improve binding affinity for H-2Db and immunogenicity (NP-pep-
tides). All of the NP-peptides elicited a significant number of IFNc secreting CD8+ T cells that better
recognized the NP-peptides than the natives; three of them induced T cells that were lytic in vivo for
NP-peptide-loaded target cells. Peptides 168 and 192 were naturally processed and presented by the
1C11 neuronal cell line. Minigenes encoding immunogenic NP-peptides inserted into adenovirus (rAds)
vectors enhanced the specific CD8+ T-cell responses. Immunization with rAd encoding 168NP before scra-
pie inoculation significantly prolonged the survival of infected mice. This effect was attributable to a sig-
nificant lengthening of the symptomatic phase and was associated with enhanced CD3+ T cell
recruitment to the CNS. However, immunization with Ad168NP in scrapie-incubating mice induced
IFNc-secreting CD8+ T cells that were not cytolytic in vivo and did not influence disease progression
nor infiltrated the brain. In conclusion, the data suggest that vaccine-induced PrP-specific CD8+ T cells
interact with prions into the CNS during the clinical phase of the disease.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Prion diseases are fatal transmissible neurodegenerative dis-
eases in which a host-encoded protein, the cellular prion protein
(PrPc), is converted into an abnormally folded isoform called PrPSc.
PrPSc is the main or only component of the infectious agent
(Prusiner et al., 1998; Ma and Lindquist, 2002). These diseases
are characterized by a long and asymptomatic peripheral
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incubation period followed by rapidly progressive and severe neu-
rological dysfunctions and by specific pathological lesions of the
CNS. To date, no cure has been found for prion diseases. Recently,
immunotherapeutic approaches have been developed in experi-
mental model of neurodegenerative diseases with some success
(Peretz et al., 2001; White et al., 2003; Polymenidou et al., 2004;
Schenk et al., 1999; Rosset et al., 2009). PrP antibodies inhibit the
conversion of PrPc to PrPSc in vitro (Beringue et al., 2004;
Pankiewick et al., 2006) and confer some degree of protection
against murine scrapie in vivo (Peretz et al., 2001; White et al.,
2003; Polymenidou et al., 2004). Yet, they have been effective only
during the peripheral lymphoreticular phase of the disease, pre-
sumably as a result of their poor blood–brain barrier penetration.
Cell-mediated immunity against self-PrPc has been less intensively
explored as humoral immunity. Although PrPc is strongly
expressed within the immune system (Bendheim et al., 1992),
PrP-autoreactive CD4+ T cells that have escaped thymic deletion
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were found in the blood of healthy donors (Isaacs et al., 2006). A
variety of MHC-class II-restricted epitopes derived from human
and murine PrPc stimulated specific CD4+ T cell responses when
strong immunizing strategies were used (Gregoire et al., 2004;
Rosset et al., 2004; Souan et al., 2001). CD4+ T cell response against
two PrP peptides in complete Freund’s adjuvant led to a reduction
in PrPSc level in prion-infected N2a tumor grafts (Souan et al.,
2001). Adoptive transfer of CD4+ T cells specific for PrP156-170 pep-
tide was able to attenuate prion disease in scrapie-infected mice
(Gourdain et al., 2009). The efficiency of CD4+ T cells was recently
confirmed by the partial protection against the disease obtained
after the transfer of transgenic T cells bearing a T cell receptor spe-
cific for PrP in the complete absence of PrP-specific antibodies
(Iken et al., 2011). In these murine models, CD4+ T cells seemed
to contribute to prion-disease protection and not to cause harmful
reactions in the CNS that expresses high levels of PrPc and accumu-
lates PrPSc when infected. T cells were shown to provide neuropro-
tection in chronic neurodegenerative diseases such as
Amyotrophic Lateral Sclerosis (ALS) (Beers et al., 2011) and exper-
imental Alzheimer’s disease (AD) (Ethell et al., 2006). However,
CNS-specific autoreactive CD4+ T cells were described to be harm-
ful in other models of neurodegenerative processes such as Parkin-
son’s disease (Brochard et al., 2009), Experimental Autoimmune
Encephalitis (EAE), Multiple Sclerosis (MS) (Mc Farland and Martin,
2007) and AD (Gilman et al., 2005). Moreover, meningoencephali-
tis that developed in a small proportion of AD patients during anti-
Ab AN1792 vaccination trial was attributed to pro-inflammatory T
cell responses and associated with CD4+ and CD8+ T cells infiltrat-
ing the brain (Ferrer et al., 2004). Thus, in different neurodegener-
ative contexts, distinct T cell-type responses could positively or
negatively influence disease progression.

While neuroprotection appears to be associated with CNS-infil-
trating CD4+ cells, the influence of potentially stimulated autoreac-
tive CD8+ has received little attention presumably because they are
expected to be implicated in the direct killing of CNS cells and thus
may induce brain lesions (Neumann et al., 2002). A role for CD8+ T
cells in autoimmune CNS demyelinisation was demonstrated by
the development of EAE after transfer of MOG or MBP-specific
CD8+ T cells. In MS, the axonal damage intensity correlates with
the number of CD8+ T cells and macrophages in the lesions (Mars
et al., 2007). Myelin-specific CD8+ T cells closely interact with
demyelinated axons in acute MS lesions and induce lysis of
HLA-matched oligodendrocytes. With respect to prion diseases,
the repertoire of CD8+ T cells specific for PrP was poorly explored
(Fernandez-Borges et al., 2006; Kaiser-Schulz et al., 2007). In Chan-
dler-scrapie-infected non-immunized mice, CD8+ cells specific for
PrP-derived epitopes were detected in the spleen by tetramer
staining but were not functional; in those infected mice, both
CD8+ and CD4+ T cells infiltrated the brain without damaging
neurons (Lewicki et al., 2003). Eight weeks after intracerebral
injection with ME7, another murine scrapie strain, there was clear
evidence of microglial activation and T cell recruitment in the brain
and CD8+ outnumbered CD4+ cells. However, disrupting immune
tolerance against PrPc upon a vigorous stimulation can induce
self-reactive CD8+ T cells that can be deleterious in the CNS. In
the case of prion diseases, CTLs specific for self-PrP might be
unable to discriminate between healthy and infected cells as PrPc

and PrPSc share the same amino acid (AA) sequence. Conceivably,
Fig. 1. Structure of the genes encoding CD8 peptides: a KOZAK sequence, followed by th
(ERS) fused with the peptide sequence (168NP or 217NP), was inserted downstream of
the accumulation of PrPSc in prion-infected cells will result in
greater presentation of PrP-derived epitopes, enabling CTLs specific
for PrPc to preferentially target PrPSc-laden infected cells as
frequently observed for CTLs recognizing over expressed tumor
self-antigens (Gross et al., 2004).

The goals of this work were first to identify immunogenic PrP-
derived H-2Db-restricted peptides and to analyze the protective
or pathogenic effect of CD8+ CTLs targeting these epitopes on prion
disease progression, and particularly in the CNS of scrapie-infected
mice. For this purpose, we used immunization strategies eliciting
PrP-specific CD8+ T cells and avoiding concomitant development
of humoral and CD4+ T cells.
2. Materials and methods

2.1. Mice and ethics statement

C57BL/6 mice were purchased from Charles Rivers. PrP-
deficient (Prnp�/�) mice knock out for the murine Prnp gene were
kindly gifted by Dr. C. Weissmann (Institute of neurology, London,
UK) and they have been iteratively back-crossed in our animal
housing facility with C57BL/6 progenitors. They were maintained
under strict, specific pathogen-free conditions in accordance with
good animal practice as defined by the relevant national and/or
local animal welfare bodies, and all animal work was approved
by the local ethics committee of the Alfort School of Veterinary
Medicine.

2.2. Plasmids and peptides

A pcDNA3.1 vector containing the murine PrP sequence (mPrP)
encoding the 23–232 protein was used for DNA vaccination as
already described (Gregoire et al., 2004). Empty pcDNA3.1 plasmid
was used as control. Nonamer peptide sequence bearing H-2Db-
binding motifs were selected by applying the epitope prediction
algorithm BIMAS (www-bimas.cit.nih.gov/) to mPrP AA sequence.
AAs were substituted at 1, 2, 3, 5 and 9 H-2Db anchor positions
by AAs from a high binding-affinity peptide from the influenza
nucleoprotein (NP366). These modified peptides were mentioned
as NP-peptides. Native and modified peptides were synthesized
(purity >90%) by Genecust (Evry, France). Plasmids p168NP,
p217NP and pTA were introduced into adenovirus type 5 (Ad5)
as indicated in Fig. 1. Synthetic genes optimized for expression in
mice were constructed by Geneart (Regensburg, Germany), put un-
der the control of the hCMV promoter, and inserted into an Ad5
vector as described previously (Branger et al., 2001). For controls,
we used AdTA, an isogenic Ad5 expressing a non-relevant
polypeptide.

2.3. Immunization protocols and prion challenge

For immunization, Prnp�/� mice received two or three
intra-muscular (im) injections of 100 lg of PrP-pcDNA at weekly
interval. These mice were sensitized 5 days before with 50lgl car-
diotoxin. C57BL/6 mice were injected subcutaneously (sc) at the
base of the tail with 100 lg of peptide, 50 lM of oligo-CpG (No.
3678), and 100 lg of the I-Ab-binding HBV core peptide emulsified
e human adenovirus 2 E3/19K endoplasmic reticulum translocation signal sequence
the hCMV promoter and upstream of the polyA sequence.

http://www-bimas.cit.nih.gov/
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in an equal volume of incomplete Freund’s adjuvant. Immunization
was also performed by intramuscular (im) injection of rAds at a
dose of 108 TCID50. Three weeks later, each animal received a
booster im injection of 50 lg of the corresponding plasmid vector.
Control mice received AdTA or pTA. The mice were challenged
intraperitoneally (ip) with 100 lL of 0.5% brain homogenate from
terminally ill 139A-infected mice (104.33 LD50). Figures illustrate
the immunization protocol for each assay. Disease progression
was monitored by observing the mice twice a week from 20 weeks
post-infection (pi) onward. Activity levels and competence
were assessed on a set of parallel bars as described previously
(Levavasseur et al., 2007).

2.4. Measurement of relative affinity of peptides for H-2Db

RMAS lymphoma cells were incubated for 4 h at 27 �C with
various concentrations of peptides. Cells were then washed and
cultured for an additional 4 h period at 37 �C in complete culture
medium without peptides. For staining, 2 � 105 RMAS cells were
incubated for 20 min at 4 �C with biotin-conjugated H2-Db-specific
monoclonal antibody (mAb) (clone 28-14-8, BD Biosciences),
followed by phycoerythrin-conjugated streptavidin. Samples were
analyzed on a FACS Calibur flow cytometer using Cell Quest soft-
ware (Becton–Dickinson). Cell-surface fluorescence is expressed
as mean fluorescence intensity (MFI).

2.5. Indirect immunofluorescence on EL4 cells for anti-native PrPc

antibody testing

Antibody binding to cell-surface native PrPc was detected by
immunofluorescence staining using the EL4 T cell line as described
(Gregoire et al., 2004). Since EL4 cells express low level of PrPc,
they were stably transfected with the Prnp gene and activated with
anti-CD3mAb (clone 2C11) before each test to enhance PrP expres-
sion. The specificity of this assay for detecting anti-native PrPc anti-
bodies was previously validated on non-transfected EL4 cells. The
level mPrP expression on EL4 cells after activation was checked
using anti-PrP mAb (SAF83 mAb given by Dr. Grassi, CEA, France).
EL4 cells were incubated with control or immune sera diluted 1/10
for 20 min at 4 �C, washed and revealed by adding PE-labeled rat
anti-mouse IgK mAb for 20 min. Every assay included anti-mouse
IgK mAb alone as back-ground control and SAF83 mAb as the upper
limit. Samples were analyzed on a FACS Calibur flow cytometer
using Cell Quest software (Becton–Dickinson). Cell-surface fluores-
cence is expressed as mean fluorescence intensity (MFI).

2.6. ELISPOT assay

Nitrocellulose-based 96-well plates (Millipore) were coated
with anti-mouse IFN-c capture mAb (1/500) (BD Biosciences) and
saturated with complete culture medium. Responder splenocytes
from individual mice were seeded at a dose of 106 or 5 � 105

cells/wells and stimulated with medium or 10 lg/ml of peptide.
In some experiments, splenocytes were stimulated with mitomy-
cin-treated 1C11 cells (2 � 104/wells), a neuronal cell line. Purified
CD8+ splenocytes were isolated using Dynal mouse CD8 negative
isolation kit (Invitrogen Dynal). Bone marrow-derived dendritic
cells were used as APCs (2 � 104/wells) in the case of purified
CD8+ responder cells (105/wells). Plates were incubated at 37 �C
in 5% CO2 for 18 h, washed, and incubated with biotinylated anti-
mouse IFNc detection mAb (BD Biosciences). Then, alkaline phos-
phatase conjugated to streptavidin was added (Roche) (1/500
dilution, 100 lL/well). IFNc-secreting cells were visualized using
tetrazolium nitroblue/bromo chloro-indolylphosphate (TNB/BCIP)
substrate (Promega) and spots were counted using an automatic
ELISPOT plate reader (ICI). Test wells were assayed in triplicate
and the frequency of peptide-specific T cells was calculated after
subtracting the mean number of spots obtained in the absence of
peptide. Spot frequencies lower than 20 were considered non-
significant.

2.7. In vivo cytotoxicity assay

CTLs were detected based on the in vivo clearance of CFSE-
stained target cells (Vybrant CFDA SE Cell Tracer Kit; Molecular
Probes). Splenocytes from C57BL/6 and Prnp�/� mice were used
as targets expressing or not PrPc, respectively, to evaluate the CTLs
induction following immunization of Prnp�/� mice with PrPpcDNA.
Splenocytes from Prnp�/� mice were loaded with NP-peptides and
stained with 5.0 lM CFSE (CFSEhigh). Control splenocytes from
Prnp�/� mice were loaded with a control peptide (366NP) and
stained with 0.5 lM CFSE (CFSElow). CFSE-labeled control and
experimental splenocytes (107 each, mixed 1:1) were injected iv
into immunized or naive mice. Splenocytes were collected 18 h la-
ter and analyzed by flow cytometry. The percentage of specific
cytotoxicity was calculated using the formula:

1�
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where CFSEhigh was the number of PrPc or peptide-specific targets
and CFSElow the number of control (either Prnp�/� or control pep-
tide loaded) targets recovered from either naive (ctl) or immunized
(exp) mice.

2.8. In vitro 51Cr release cytotoxic assay

Spleen cells from immunized mice were cultured at 37 �C with
the corresponding NP-peptide in complete medium. RMAS or
1C11 target cells were labeled with 51Cr for 1 h at 37 �C and incu-
bated (104 cells/wells) with 10 lg/mL of native or NP-peptides for
2 h in 96-well round-bottom plates. Various concentrations of effec-
tors were added in triplicate, and culture supernatants were col-
lected 4 h later. 51Cr release (cpm) was measured in a c counter
(LKB). The percentage of cytotoxicity was estimated as follows:
[1 � (experimental release �minimum release/maximum
release �minimum release) � 100], where minimum was the
amount of 51Cr released by peptide/RMAS-labeled cells without
effectors and maximum the total amount of 51Cr obtained after lysis
of 104 RMAS or 1C11 cells.

2.9. Monitoring the percentage of peptide-specific CD8+ T cells in
immunized mice

Blood was collected at different time points after vaccination as
indicated in the text and red blood cells were lysed. The frequency
of 217NP- and 192NP-specific CD8+T cells was estimated by label-
ing with biotin-conjugated NP-peptide/H-2Db pentamers (Proim-
mune). The frequency of peptide-specific CD8+ cells was also
assessed by intracellular IFN-c staining of CD8+ cells after 4 h of
incubation with the native and NP-peptides (Cytofix/Cytoperm
Plus Golgi Plug Kit, BD Biosciences). The percentage of IFN-
c+CD8+ was evaluated by FACS.

2.10. Histological and immunohistochemical procedures

CD3+ immunolabeling: brains collected at the terminal stage of
the disease were fixed in PBS containing 10% paraformaldehyde
(Merck) and embedded in paraffin. Sections of 5 lm performed
on a Leica RM2145 microtome were mounted on Superfrost glass
slides (Unimark, Marienfeld), deparaffinised and hydrated. As
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antigen retrieval procedure, the samples were submitted during
20 min to 120 W microwaves immersed in citrate buffer contain-
ing 0,05% Tween-20 at pH 6.6 and then cooled at room tempera-
ture for 30 min. Immunolabeling was performed using anti-CD3
mAb (diluted 1/200, clone SP7, Spring Bioscience) revealed with
an Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody
(Invitrogen). CD3/CD4/CD8 immunolabeling: brains were frozen in
OCT compound (Tissue-Tek Sakura) and 5 lm-cryosections were
labeled with rabbit anti-mouse CD3+ mAb (revealed with an Alexa
Fluor 488-conjugated goat anti-rabbit) in combination with rat
anti-mouse CD4+ or CD8+ mAbs (Relia Tech Gmb) revealed with
Alexa Fluor 594-conjugated goat anti-rat mAb. At least three non-
adjacent sections in the forebrains, midbrains and hindbrains were
analyzed and Dapi-stained positive cells were counted. Numbers
were normalized for the tissue section surface area calculated by
the Image J software. Three mice per treatment were examined
and the numbers of CD3+-, CD4+-, and CD8+-positive cells per
mm2 were compared using Student’s t test.
2.11. Statistical analyses

Analyses were performed with GraphPad software and values
were considered as significantly different for P < 0.05. Clinical
phase duration was presented using Kaplan Meier survival curves.
The Logrank Test was used for comparison between survival
curves. Mean precursor frequencies were compared using
Student’s t test.
Fig. 2. Effect of DNA vaccination on the development of immune responses in
Prnp�/� mice. pcDNA3.1 vector encoding or not PrPc was injected im two or three
times at weekly interval at a dose of 100 lg/mouse. (A) In vivo PrP-specific lytic
activity was evaluated 10 days after the last immunization by inoculating a mixture
of CFSElow Prnp�/� and CFSEhigh C57BL/6 splenocytes into empty pcDNA- or PrP-
pcDNA-immunized Prnp�/� mice. Splenocytes from recipient mice were collected
18 h after injection and analyzed by flow cytometry. A typical overlay showing the
number of CFSElow Prnp�/� and CFSEhigh C57BL/6 cells remaining in the spleens of
one empty pcDNA (gray histogram) and one PrP-pcDNA (empty histogram)-
immunized Prnp�/� mice is presented. (B) Sera were collected 10 days after the last
immunization and antibody response was measured by incubating the sera from
empty pcDNA- or from PrP-pcDNA-immunized Prnp�/� mice with PrPc-transfected
EL4 cells using indirect immunofluorescence. Their binding was revealed by adding
PE-labeled anti-mouse IgK. Typical overlay of EL4 cells incubated with the
secondary antibody alone and with an empty pcDNA- or a PrP-pcDNA-immunized
serum. Secondary antibody alone served as negative control and anti-PrP mAb (SAF
83) served as upper limit. (C) Quantitative results of cytotoxicity and antibody level
after DNA immunization: the percentage of in vivo specific lysis of CFSE-labeled
cells was calculated as described in Materials and Methods. Anti-PrP antibody level
is expressed as mean fluorescence intensity (MFI) of EL4 cells incubated with a 1/
10-diluted serum. Each value represents one individual mice.
3. Results

3.1. Generation of anti-PrP cytotoxic T lymphocytes (CTLs)

We previous reported that immunization of Prnp�/� mice with
mPrP encoding plasmid (PrP-pcDNA) elicits the generation of
CD4+ T cells specific for class II-restricted PrP peptides and the
production of antibodies directed against native PrPc (Gregoire
et al., 2004). The same approach was used here to identify immu-
nogenic epitopes able to stimulate CTLs against PrP. Five Prnp�/�

mice were immunized with 100 lg of PrP-pcDNA and four re-
ceived the empty plasmid as control at weekly interval. PrP-spe-
cific lytic activity was evaluated 10 days after the second or the
third immunization set by injecting mice with a mixture of
Prnp�/� and of CFSEhigh C57BL/6 splenocytes. Their spleens were
analyzed by flow cytometry 18 h after in vivo cell injection.
Fig. 2A represents a typical overlay showing the number of
CFSElow Prnp�/� and CFSEhigh C57BL/6 cells remaining in the
spleen. No difference in the number of C57BL/6 was detected in
PrP-immune mice versus control mice indicating a lack of cyto-
toxicity. Sera were collected after the second and third immuniza-
tions and the presence of antibodies specific for native PrPc was
measured through their capacity to bind to the surface of PrP-
transfected EL4 cells previously activated by anti-CD3 mAb.
Fig. 2B illustrates one example of serum antibody binding to
EL4 cells, the PrPc expression level is measured by the fluores-
cence intensity obtained after binding of SAF83 mAb-specific for
PrPc. The percentage of in vivo lysis of CFSEhigh-labeled targets,
calculated as described in Materials and Methods, and the level
of antibodies expressed as mean intensity fluorescence (MFI)
are shown in Fig. 2C. Three mice were killed after two PrP-pcDNA
injections and two mice after three injections. Two empty plas-
mid treated-mice served as controls. The results indicated that
no PrP-specific cytotoxicity occurred in PrP-immune mice
whether they received two or three PrP-pcDNA immunizations
(Fig. 2C). In contrast, the detection of anti-PrPc antibodies in all
PrP-cDNA immune sera which levels increased after the third
immunization step, signed the efficacy of the immunization pro-
cedure. Hence, while this immunizing regimen was able to induce
humoral response, it did not stimulate PrP-specific CTLs.

We thus analyzed mPrP for nonamer peptide sequences bearing
H-2Db binding motifs by using the epitope prediction algorithm BI-
MAS (Fig. 3A, left panel). The affinity of five synthetic candidate
peptides was measured through their capacity to bind and stabilize
the H-2Db molecules at the surface of RMAS cells. These cells are
deficient for TAP molecules in charge of endogenous peptide trans-
port, and thus express empty and unstable class I molecules. The
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expression level of class I was detected by a PE-conjugated H-2Db

specific mAb (MFI) at the surface of RMAS cells. Incubation with
10 lg/mL of five candidate peptides induced only low class I
expression when compared to incubation with a high affinity pep-
tide (NP366) (Fig. 3B, left panel).

Wt mice were immunized with these peptides in combination
with an I-Ab-restricted CD4+ helper epitope (HBV core) and CpG/
IFA. No immune response specific for the class I-restricted PrP-de-
rived peptides were detected in the spleen of immunized mice
while a significant number of splenocytes secreted IFNc in re-
sponse to HBV (Fig. 3C, left panel). The same immunizing regimen
applied to Prnp�/� mice also induced weak T cell responses (Sup-
plemental 1), indicating that the lack of immune responses in wt
mice relates to the low binding affinity of native peptides. AA sub-
stitutions were introduced at MHC class-I anchor positions of the
different peptides (Fig. 3A, right panel). Binding affinities for H-
2Db were largely improved for all NP-modified peptides (Fig. 3B,
right panel) and four of them elicited a significant number of
IFNc-secreting splenocytes. Of note, the recruited repertoires
consistently responded to NP-peptides better than to the corre-
sponding native peptides (Fig. 3C, right panel).
Fig. 3. Sequence, binding affinity and immunogenicity of PrP peptides. (A) AA sequence
panel). PrP peptides were modified by replacing AAs at the H-2Db anchor sites by AAs
produce NP-peptides (right panel). (B) RMAS cells were incubated for 4 h with 10 lg/ml o
anti-H-2Db mAb. Binding affinity is reported as mean MFI ± SD of several experiments (n)
n = 2) or NP-peptide (right panel: 103NP, n = 6; 166NP, n = 5; 168NP, n = 5; 192NP, n
Frequency of IFN-c-secreting splenocytes in peptide-immunized wt mice, as assessed by
NP-peptides (right panel) in CpG/HBV/IFA or with PBS/CpG/HBV/IFA alone were stimulate
10 lg/ml. The results are reported as the mean numbers of peptide-specific IFN-c-secret
mean number of spots obtained in the absence of peptide. n = number of immunized mice
n = 3, 217, n = 3) or NP-peptide (right panel: CpG, n = 7; 103NP, n = 2; 166NP, n = 2; 168
Cytotoxicity was evaluated in NP-peptide-immunized wt mice
based on the in vivo clearance of CFSE-labeled target cells. No
traces of specific lysis could be evidenced against target cells
loaded with native peptides, likely due to the rapid in vivo dissoci-
ation of peptide/H-2Db complexes (Table 1). In contrast, we found
substantial specific lysis of NP-peptide-loaded target cells in vivo in
mice immunized with 168NP, 192NP, or 217NP. The in vitro 51Cr
release assay showed that only 217NP-induced T cells were cyto-
toxic toward RMAS cells loaded with either native or NP-peptides
(Table 1). These results indicate that the immunizing peptides
must be modified to ensure CTL recruitment. To determine if these
peptides are naturally processed by cells expressing PrP, we used
the mPrP-expressing 1C11 neuronal cell line (Buc-Caron et al.,
1990; Mouillet-Richard et al., 2000), which express H-2Db class I
but not I-Ab class II molecules at the cell surface (data not shown).
Wt mice were immunized with 168NP, 192NP, and 217NP mixed
in HBV/CpG/IFA as described above. Fig. 4 indicates that the three
peptides induced a sizeable CD8+ T cell population secreting IFNc
in response to the corresponding NP peptides. Total splenocytes
and CD8+-purified T cells from mice immunized with 168NP and
192NP but not with 217NP secreted IFNc in response to exposure
of nonamer peptides derived from PrP using the BIMAS prediction algorithm (left
from a high binding-affinity peptide, the influenza virus nucleoprotein (NP366) to
f peptides and cell surface MHC class I expression was evaluated after staining with
for each native peptide (left panel: 103, n = 2; 166, n = 3; 168, n = 3; 192; n = 5, 217,
= 5; 217NP, n = 4). NP366 served as a high-affinity reference peptide (n = 5). (C)
ELISPOT. Spleen cells (106/wells) from mice immunized with native (left panel) or

d in triplicate for 18 h at 37 �C with the corresponding peptide in a concentration of
ing T cells ± SD per 106 spleen cells from 2 to 4 mice calculated after subtracting the

for each native peptide (left panel: CpG, n = 4; 103, n = 2; 166, n = 2; 168, n = 4; 192;
NP, n = 4; 192NP, n = 7; 217NP, n = 7).



Table 1
Capacity of wt mice immunized with NP-peptides to lyse in vivo and in vitro target cells loaded with native or NP-peptides.

% in vivo lysis of CFSE-labeled target loaded with peptide
(mean ± SD)

% in vitro cytotoxicity for 51Cr labeled RMAS loaded with peptide (mean ± SD)

Immunizing peptide Native peptide NP-peptide Immunizing peptide Native peptide NP-peptide

E:T ratio: 50/1 25/1 12/1 50/1 25/1 12/1

CpG (n = 2) 0.6 ± 0.2 0.5 ± 0.5 (n = 3)a CpG (n = 7)a 11.5 ± 7.7 8.9 ± 5.3 3.3 ± 1.7 10.1 ± 8.1 6.6 ± 5.0 2.7 ± 2.6
168NP 1.3 ± 0.2 (n = 2) 41 ± 7 (n = 2) 168NP (n = 4) 8.9 ± 5.1 5.3 ± 2.6 2 ± 1.3 10.9 ± 4.1 6 ± 2.3 3.1 ± 1.6
192NP NT 48 ± 10 (n = 6) 192NP (n = 4) 9.4 ± 6.6 7.4 ± 4.7 4.4 ± 4.2 10.9 ± 8.9 6.3 ± 5.0 3.1 ± 1.6
217NP 1.7 ± 0.4 (n = 2) 94 ± 2 (n = 4) 217NP (n = 4) 40.5* ± 12.3 31.8* ± 12.8 19.7* ± 9.2 39.7* ± 17.3 33* ± 18 13.8 ± 13

a Number of mice per group.
* Significantly different compare to CpG control value (p < 0.05) by Student’s t test.
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to mitomycin-treated 1C11 cells (Fig. 4). This suggests that 168 and
192 but not 217 are naturally processed epitopes of PrP. The spec-
ificity of the immune splenocytes for the NP-peptides was shown
by the absence or the low reactivity toward 366NP which is spe-
cific for the nucleoprotein of influenza virus but possesses AA at
H-2Db anchor position identical to all NP-modified peptides. How-
ever, immunized splenocytes failed to lyse 1C11 cells in an in vitro
51Cr release assay (data not shown).
3.2. Effect of NP-peptide immunization in scrapie-infected mice

Wt mice were immunized twice with any of the three NP-pep-
tides in the presence of HBV/CpG/IFA, and then inoculated 10 days
later with 0.5% 139A brain homogenate from terminally ill scrapie
mice. Ten weeks post-infection (pi), IFN c-secreting T cells specific
for the immunizing NP-peptides were observed in the spleen as
determined by ELISPOT. Disease progression was monitored by
assessing activity levels and competence from 20 weeks post-
infection onward (Levavasseur et al., 2007). In these experimental
conditions, no significant modification in the disease progression
Fig. 4. Frequency of peptide-specific CD8+ T cells in PrP-peptide immunized wt
mice. Mice were immunized with 168NP, 192NP, or 217NP in CpG/HBV/IFA or with
PBS in CpG/HBV/IFA alone. Spleen cells (5 105/well) were stimulated for 18 h at
37 �C with 10 lg/ml of NP-peptides, 366NP control peptide or with mitomycin-
treated 1C11 cells (2 � 104/wells). 1C11 cells express H-2Db class I but not Iab class
II molecules. Results are presented as the mean numbers of peptide-specific IFN-c
secreting cells ± SD per 5 � 105 spleen cells from 2 to 4 mice (left panel). CD8+ cells
were purified from pooled immunized splenocytes using a negative selection kit
(Dynal). CD8+ cells (105 cells/wells) were stimulated either by DC-loaded NP
peptides or with mitomycin-treated 1C11 cells (2 � 104/wells). Results are reported
as numbers of peptide-specific IFN-c-secreting CD8+ T cells per 105 cells calculated
after subtracting the number of spots obtained in the absence of peptide or cells.
was observed between peptide-treated and untreated 139A-in-
fected mice (Supplemental 2).

To increase the size of the specific CD8+ repertoire, minigenes
encoding immunogenic NP-peptides were inserted into adenovirus
(rAds) and used as immunogens. These vectors improve antigenic
presentation and bring strong helper signals. Two peptides were
selected: 168NP which stimulates a cytolytic repertoire reacting
with a naturally processed epitope and 217NP for which the corre-
sponding CD8+ specific repertoire only recognized peptide-loaded
targets but not PrP-expressing cells. A control rAd (AdTA) was used
to evaluate the contribution of Ad antigens alone. Wt mice were
immunized with rAds followed three weeks later by a booster
immunization with the corresponding plasmids (p168NP,
p217NP, and pTA) (Fig. 5A, Exp. 1). The day before 139A-infection,
CD8+ T-cell responses were quantified in the blood of rAd-immu-
nized mice by peptide-specific pentamer-binding or intracellular
IFNc production. The percentage of 217NP/H-2Db pentamer-bind-
ing CD8+ cells was 1.87 ± 0.49% (n = 8; p = 0.05 compared to AdTA;
Fig. 5B, left panel). The percentage of CD8+ cells producing intracel-
lular IFNc in response to 168NP was 0.96 ± 0.24% (n = 7; p = 0.044
compared to AdTA; Fig. 5B, right panel). Nine weeks pi, the pep-
tide-specific CD8+ T cell population was either expanded or un-
changed. Two mice per group were then sacrificed and the
frequency of IFNc-secreting splenocytes was quantified by ELISPOT
in response to NP-modified peptides and their native counterparts.
Specific T cells better recognized 217NP than native 217 peptide
while in Ad168NP immunized mice, responses to native and mod-
ified peptide were nearly similar (Fig. 5C). In addition, the cytotoxic
capacity of two immunized mice per group was evaluated by the
in vivo clearance of CFSE-labeled NP-peptide-loaded targets (Table
2). Percentage of in vivo lysis was higher in mice given Ad168NP
(92%) than in mice given Ad217NP (72%) and contrasted with re-
sults obtained after peptide immunization (41% for 168NP versus
94% for 217NP; Table 1) indicating the potency of Ad constructs
to stimulate CTLs. The prion disease natural history includes a long
and asymptomatic incubation period (time from 139A inoculation
to symptoms onset) and a clinical phase (time from symptoms on-
set to death). The survival times were not modified whatever the
treatment received by scrapie-infected mice (Table 3, Exp. 1).
Yet, the clinical phases but not the incubation periods were slightly
(p = 0.028) prolonged after Ad168NP immunization when com-
pared to untreated infected but not to AdTA-treated mice (Fig. 5C).
3.3. Expansion of the 168-specific CD8+ T cell repertoire improved
protection against murine scrapie

To further amplify and sustain the pool of specific CD8+ T cells,
mice primed/boosted with Ad168NP/plasmid received two addi-
tional injections of the native 168/CpG/IFA 4 weeks apart (Fig. 6A,
Exp. 2). The mean percentage (±SD) of intracellular IFNc-producing



Fig. 5. Effect of prophylactic immunizations with Ad168NP, Ad217NP or AdTA on specific CD8+ T-cell responses and murine scrapie. (A) Time-sequence of immunization,
plasmid boost and scrapie injection in C57Bl/6 mice. Wt mice were immunized with AdTA (n = 16), Ad217NP (n = 10), or Ad168NP (n = 10) then received a plasmid boost and
two weeks later an injection of 139A scrapie. (B) Frequency in the blood of rAd-immunized mice of CD8+ cells binding to 217NP/H-2Db pentamers or producing intracellular
IFN-c after 4 h activation with 168NP peptide at different time points pi (upper panel). Significance: ⁄p 6 0.05; ⁄⁄p < 0.01. (C) Frequency by ELISPOT of IFN-c-secreting
splenocytes from two Ad-immunized mice nine weeks pi (lower panel). Spleen cells (5 � 105/wells) from immunized mice were stimulated in triplicate for 18 h at 37 �C with
the native or NP-peptide at 10 lg/ml. The results are presented as the mean number of peptide-specific IFNc-secreting cells per 5 � 105 spleen cells ± SD from two mice
calculated after subtracting the mean number of spots obtained in absence of peptide. (D) Mice were weekly examined for early signs of disease beginning at 5 months pi in
each of the immunized groups. Mortality was recorded and Kaplan Meir survival curves was used to show the clinical stage duration which represents the time (days)
elapsing from the beginning of the clinical symptoms to the death.

Table 2
Lytic capacity of Ad-immunized mice infected with 139A.

Immunization of 139A
infected mice

% in vivo specific lysis of CFSE-labeled Prnp�/�

splenocytes loaded with NP-peptides

AdTA 1 ± 1
Ad168NP 92.5 ± 7.8
Ad217NP 72 ± 5.6

Each value corresponds to the mean of two mice ± SD.
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CD8+ cells in the blood 5 weeks pi was low in response to the native
168 peptide (0.05 ± 0.01%; n = 8; Fig. 6B) but significantly increased
in response to 168NP (0.85 ± 0.06%; p < 0.0001) as compared to
AdTA-treated mice (0.16 ± 0.05%; n = 6; Fig. 6C). Interestingly, the
boost with 168 induced a significant reactivity of CD8+ T cells for
native peptide (0.29 ± 0.08%; p < 0.03). These CD8+ T cells were spe-
cific for the 168 peptide since stimulation with 366NP control pep-
tide failed to induce any IFNc production (data not shown). Survival
time was significantly increased in AdTA (p = 0.0005) and in
Ad168NP-treated mice (p = 0.0002) when compared to untreated
139A-infected mice (Table 3, Exp. 2). This effect was not due to a
prolongation in the asymptomatic incubation phase but to a signif-
icant lengthening in the clinical phase duration observed in AdTA
(p = 0.0044) and in Ad168NP-treated mice (p = 0.0003) when com-
pared to untreated 139A-infected mice (Fig. 6E). In this experiment,
Ad168NP treatment further enhanced (p = 0.052) the clinical phase
duration compared to AdTA-treated mice (Table 3, Exp. 2) suggest-
ing a peptide-specific effect.

T cell infiltration was quantified in three nonadjacent sections of
paraffin-embedded brains of three terminally ill mice for each treat-
ment, using indirect immunofluorescent staining with anti-CD3
mAb. Data depicted in Fig. 6D indicated that T cells were nearly
undetectable in the midbrain region of CNS of non-infected wt mice
(m = 0.014 ± 0.006/mm2), and their number increased eight fold fol-
lowing 139A infection (m = 0.112 ± 0.024/mm2; p < 0.001). CD3+

cells further accumulated after AdTA (m = 0.384 ± 0.07/mm2;
p = 0.054) and Ad168NP treatment (m = 0.582 ± 0.07/mm2;
p = 0.006) when compared to untreated 139A-infected mice.
Although the difference between Ad168NP and AdTA-treated did
not reach statistical significance, a trend (p = 0.07) is observed to-
ward an increased number of CD3+ T cells in the brain of Ad168NP-
treated mice. Similar results were observed after rAd treatments in
the forebrains and hindbrains regions (data not shown). CD4+ and
CD8+ characterization of the CD3+ population failed because of the
absence of mAbs working with paraffin-embedded sections. T cells
infiltrated the parenchyma in the striatum, thalamus, hypothalamus
and hippocampus, and were found in abundance in the cerebral
cortex surrounding zones of typical spongiosis.

3.4. Therapeutic immunization with 168NP-encoding rAd/plasmid
failed to protect scrapie-infected mice

As Ad168NP immunization extended the symptomatic phase
when performed before scrapie inoculation, we evaluated its effect
in scrapie-incubating mice (10 weeks pi) when secondary lym-
phoid organs are fully invaded by prions (Fig. 7A; Exp. 3). The mean
percentage (±SD) of intracellular IFNc-producing CD8+ T cells in
the blood was significantly increased in response to 168NP
(0.45 ± 0.08%; n = 10; p < 0.0001; Fig. 7B) following Ad/plasmid
prime/boost (15 weeks pi) and remained constant through the per-
iod of observation (0.42 ± 0.08%; n = 10; p < 0.0001 at 17 weeks pi
and 0.47% ± 0.08; p < 0.0001 at 19 weeks pi). Yet, CD8+ T cell



Table 3
Effects of the various immunization regimens on incubation time, clinical phase and survival time in WT mice inoculated with 139A scrapie.

Incubation Phase Clinical Phase Survival Time

Nb of mice Mean days ± SD pa Mean days ± SD pa Mean days ± SD pa

Exp. 1: rAd/Plasmid immunization Untreated 12 169 ± 3 42 ± 9 212 ± 9
AdTA 12 175 ± 10 ns 49 ± 7 ns 221 ± 13 ns
Ad168NP 6 168 ± 6 ns 55 ± 7 0.014b 222 ± 11 ns
Ad217NP 6 175 ± 5 ns 48 ± 12 ns 223 ± 12 0.035b

Exp. 2: rAd/plasmid prophylactic immunization Untreated 17 168 ± 3 43 ± 8 212 ± 8
AdTA 9 170 ± 2 ns 54 ± 4 0.013b 227 ± 3.3 0.02b

Ad168NP 8 171 ± 3 ns 61 ± 10 0.0009b 231 ± 11 0.0009b

Exp. 3: rAd/plasmid therapeutic immunization Untreated 9 178 ± 1.5 60 ± 5 236 ± 6.6
AdTA 8 176 ± 2.2 ns 61 ± 7 ns 236 ± 8.3 ns
Ad168NP 8 178 ± 1.5 ns 62 ± 6 ns 237 ± 10 ns

Analysis of Kaplan Meier survival curves.
a p: statistics using LogRank Test.
b Compared to untreated mice; ns: non-significant compared to untreated mice; Incubation phase: time from 139A inoculation to symptom onset; clinical phase: time

from symptom onset to death.

Fig. 6. Effect of additional peptide boosts to mice immunized with Ad168NP or control AdTA on specific CD8+ T-cell responses and murine scrapie. (A) Time-sequence of
immunization, plasmid/peptide boost and scrapie infection in C57Bl/6 mice. Wt mice were immunized with AdTA (n = 9) or Ad168NP/plasmids (n = 8) and inoculated 2 weeks
later with 139A scrapie. They further received two additional injections of the native 168 peptide in CpG/IFA. Frequency in the blood of Ad168NP- or AdTA-immunized mice
of CD8+ T-cells producing intracellular IFN-c after a 4 h activation with 168 (B) or 168NP (C) Significance: ⁄p < 0.05; ⁄⁄p < 0.01. (D) Immunohistochemical analysis of T cells
infiltrating the midbrain area at the terminal stage of 139A-infection in three mice per treatment. Paraffin brain sections were stained with anti-CD3mAb and revealed with
an Alexa Fluor 488-conjugated goat anti-rabbit mAb. For each part of the brain, the total number of CD3+ cells in three nonadjacent sections was determined and divided by
the brain surface area in the section. The number of CD3+ positive cells per mm2 in AdTA- and Ad168NP-treated infected mice is shown comparatively to untreated infected
and to normal C57BL/6 mice. Significance: ⁄p < 0.05; ⁄⁄p < 0.01. (E) Mice were weekly examined for early signs of disease beginning at 5 months pi in each of the immunized
groups. Mortality was recorded and Kaplan Meir survival curves was used to show the clinical stage duration which represents the time (days) elapsing from the beginning of
the clinical symptoms to the death.
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Fig. 7. Effect of therapeutic immunization with Ad168NP and 168 native peptide boosts on CD8+-specific cell responses and murine scrapie. (A) Time-sequence of
immunization, plasmid/peptide boost and scrapie infection in C57Bl/6 mice. Wt mice were first inoculated with 139A scrapie and immunized 10 weeks later with AdTA
(n = 10) or Ad168NP (n = 10). They received two additional injections of the native 168 peptide in CpG/IFA. Frequency in the blood of Ad168NP- or AdTA-immunized mice of
CD8+ cells producing intracellular IFN-c after brief activation with 168 (B) or 168NP (C) Significance: ⁄p < 0.05; ⁄⁄p < 0.01. (D) Mice were weekly examined for early signs of
disease beginning at 5 months pi in each of the immunized groups. Mortality was recorded and Kaplan Meir survival curves was used to show the clinical stage duration
which represents the time (days) elapsing from the beginning of the clinical symptoms to the death. (E and F) Immunohistochemical analysis of T cells infiltrating the
midbrain at the terminal stage of 139A infection. Frozen brain sections were stained with anti-CD3/CD4 or anti-CD3/CD8 mAbs and revealed with Alexa Fluor 488-conjugated
goat anti-rabbit mAb and Alexa Fluor 594-conjugated goat anti-rat mAb. The number of positive cells per mm2 was quantified as described above and compared to those in
untreated infected mice and in normal C57BL/6 mice. Significance: ⁄⁄p < 0.01.
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responses specific for 168 were detectable only after the first na-
tive peptide injection (0.60 ± 0.11%; n = 10; p < 0.0001) and per-
sisted after the second boost (0.41 ± 0.07%; n = 10; p < 0.0001;
Fig. 7C). Importantly, the intensity of the response to the peptide
168 was similar or exceeded that of 168NP, indicating that injec-
tions of the native peptide elicited the expansion of specific CD8+

T cells. However, in vivo lytic activity against 168NP-loaded
CFSE-labeled targets was low in the two tested mice (16 ± 12%)
(data not shown). In contrast to the results obtained when Ad
immunization preceded 139A infection, vaccination in scrapie-
incubating mice did not change the course of scrapie disease (Table
3; Exp. 3; Fig. 7D). Western Blot performed on the brains collected
at 19 weeks pi indicated no difference in the amount of PrPSc
between the groups (data not shown).

In this experiment, CD3+CD8+ and CD3+CD8� T cell infiltration in
the brain of terminally ill animals was quantified by immunofluores-
cence staining on frozen tissue sections. The number of CD3+/mm2 is
higher than that measured in the previous experiment probably
because of the partial antigenic retrieval in paraffin-embedded sec-
tions. However, the ratio of CD3+/mm2 between normal C57BL/6 and
139A-infected brain was identical (eight fold increase) when using
the two different procedures. Compared to 139A-infected mice
(m = 2.35 ± 0.18/mm2), CD3+ cells further accumulated after immu-
nization with AdTA (m = 3.96 ± 0.31/mm2; p = 0.004) but not with
Ad168NP (m = 2.70 ± 0.43/mm2; ns) (Fig. 7E). Among infiltrating
CD3+ T cells in 139A-infected mice, CD8+ significantly (p = 0.019) ex-
ceeded CD4+ cells while in normal wt brain, the CD4+ population was
overrepresented (60%) indicating a CD8+ cell migration in prion-in-
fected mice (Fig. 7F). Following Ad treatments, the number of CD8+

cells nearly doubled in AdTA-treated mice (m = 3.04 ± 0.38/mm2)
as compared to untreated 139A-infected mice (m = 1.54 ± 0.14/
mm2; p = 0.0004) but not in Ad168NP-treated mice
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(m = 1.87 ± 0.36/mm2; ns). The CD4+ cell population increased four-
fold in the brains of 139A-infected mice but remained unchanged
under rAd treatments. In most cases, CD8+ infiltrates were observed
in the striatum and lateral and dorsal ventricles and, to a lesser ex-
tent, in the hypothalamus. Distribution of CD4+ cells was patchy in
the cerebral cortex, corpus callosum, and hypothalamus. No differ-
ence in the location of infiltrating T cells was observed between
the AdTA and Ad168NP groups.
4. Discussion

These studies examined the possible influence of CD8+ CTLs
stimulated following PrPc vaccination and the possible conse-
quences in prion-inoculated mice. Our results suggest that in vivo
stimulation of autoreactive CD8+ CTLs specific for a natural PrP epi-
tope triggers a protective rather than a detrimental effect on prion
disease. The significant increase in the survival time of scrapie
mice is attributable to an extension of the symptomatic phase
and is associated with T cell infiltration in the parenchyma sug-
gesting that PrP-specific CD8+ T cells locally act with prions into
the CNS.

Immunization of Prnp�/� mice with a plasmid containing the
cDNA sequence of mPrP failed to raise CTLs against PrP while it
efficiently elicited PrP-specific antibodies and CD4+ T cells (Grego-
ire et al., 2004). Since immune tolerance could not be incriminated,
we adopted another strategy to recruit a specific CD8+ CTL reper-
toire without raising antibodies/CD4+ cells against mPrP. CD8+ T
cells recognize short peptides anchored in the peptide groove of
MHC class I molecules. The binding capacity of a given peptide
and thus its immunogenicity are determined by the type of anchor-
ing positions, which themselves depend on the presenting MHC
molecule (Van der Burg et al., 1996). To identify epitopes poten-
tially targeted by CD8+ T cells, five candidate PrP nonamer peptides
were selected using prediction algorithms and found to bind H-2Db

with low affinity. When injected in combination with a CD4+ help-
er PrP-unrelated epitope and CpG, none of the peptides elicited a
specific IFNc response in PrP-expressing wt mice as well as in
Prnp�/� mice incriminating the low binding affinity and stability
of the peptides rather than tolerance in the unresponsiveness. Nev-
ertheless, we selected these low affinity epitopes because their CTL
repertoire would likely escape thymic deletion in wt mice (Gross
et al., 2004) and optimized the binding affinity of the PrP peptides.
Indeed, substitutions at main anchor residues without affecting
TCR contact residues constitute a common procedure to improve
binding capacity and immunogenicity of antigenic peptides
(Tourdot et al., 1997). Indeed, AA substitutions at anchor positions
increased the binding affinity for H-2Db molecule for four of five
modified peptides (NP-peptides). Vaccination with the NP-pep-
tides induced significant frequencies of IFNc-secreting T cells in re-
sponse to the immunizing NP-peptides which were nevertheless
lower in response to their native counterparts. Actually, predicting
epitopes on the sole basis of their binding motif has a success rate
of approximately 30% to reveal naturally processed peptides
(Yewdell and Bennink, 1999). In this work, only 168 and 192 pep-
tides were naturally processed and presented to the immune sys-
tem by 1C11 cells, a neuronal cell line (Buc-Caron et al., 1990;
Mouillet-Richard et al., 2000). Among the five tested NP-peptides,
168NP, 192NP and 217NP but not 103NP and 166NP induced T
cells that were lytic in vivo for NP- but not native peptide-loaded
target cells. Only CTLs specific for 217NP were cytotoxic in vitro
for NP and native peptide-loaded targets but not for 1C11 cells
likely related to 217 peptide processing deficit. The lytic capacity
of anti-217NP CD8+ T cells is potentially associated with their un-
ique capacity to secrete TNFa (data not shown). Altogether, these
data indicate that the CD8+ T cell repertoire specific for low-affinity
PrP-derived epitopes are peripherally present in wt mice but re-
quires strong immunizing procedures to be stimulated.

Immunization with any of the three NP-peptides mixed with
I-Ab epitope/CpG/IFA of wt mice that were later infected with
139A-scrapie strain elicited peptide-specific IFNc secreting CD8+

T cells. However, these responses failed to delay disease progres-
sion. Specific immune responses enhancement was achieved by
introducing minigenes encoding CD8+ epitopes into Ad vectors
which bring strong helper signals (Tatsis and Ertl, 2004). Minigenes
were reported to be more efficient than full-length protein con-
structs for eliciting CTL responses (Tine et al., 2005), likely because
proteasomal processing is not required before association with
MHC class I molecules, thus optimizing antigen delivery (Leifert
et al., 2004). 168NP was selected for minigenes construction based
on its capacity stimulates a CD8+ cytolytic repertoire which recog-
nized a natural peptide nearly as well as the NP-modified one.
217NP stimulates a large CD8+ cytolytic repertoire which recog-
nized the NP-modified peptide but not a PrP-expressing cell. Pro-
phylactic immunization with Ad168NP did not delay symptom
onset but, unexpectedly, significantly extended the scrapie-associ-
ated symptomatic phase. Additional boosts with 168 amplified the
CD8+ T cell pool specific for the 168 native peptide and further pro-
longed clinical phase. The partial positive effect obtained with
AdTA can be viewed as a classical adjuvant effect associated with
non-specific immune stimulation and significant therapeutic ben-
efits, as reported in two earlier studies (Tal et al., 2003; Pilon
et al., 2007). However, the lack of protection following Ad217NP
immunization, likely originating from peptide processing deficit,
suggest that the prolongation of the clinical phase can be in part
attributed to a peptide-related specific effect. Our data favor a role
for PrP-specific CD8+ T cells in this effect, since, in this model anti-
PrP CD4+ T cells and/or antibodies can be excluded. The same
Ad168NP immunization procedure performed with 139A-incubat-
ing mice is not associated with an extended clinical phase. We
showed previously that PrP158-197-specific CD4+ T cell responses
were blunted when immunization was performed in 139A-incu-
bating mice (Sacquin et al., 2008). In vivo and in vitro depletion
of CD4+CD25+ T cells completely restores the in vitro T-cell re-
sponse to PrP158-197, suggesting the development of an immune
regulatory mechanism during prion accumulation.

Many vaccination regimens in experimental mouse models of
scrapie resulted in prolonged incubation periods, which were most
often ascribed to anti-PrP antibodies (Pankiewicz et al., 2006;
White et al., 2003; Peretz et al., 2001; Polymenidou et al., 2004;
Bachy et al., 2010; Rosset et al., 2009). To our knowledge, our study
constitutes the prime evidence that an immune manipulation can
interfere with prion progression during the symptomatic period.
We propose a role for peripherally-induced PrP-specific T cells
since prolongation of the symptomatic phase correlates with
CD3+ T cell recruitment into the CNS. Within the few naïve CD3+

T cells found in the normal CNS, the CD4+ population was overrep-
resented (60%). However, a T cell recruitment that is dominated by
CD8+ cells (66%) is triggered by the accumulation of PrPSc in the
brain of 139A-infected mice, confirming the earlier observations
(Betmouni et al., 1996; Lewicki et al., 2003). In addition, as only
activated T cells can enter the brain, peripheral CD8+ cytolytic T
cells stimulated by 168 might be able to migrate and to be entrap
into the brain when locally activated by antigen encounter. CD8+ T
cells invading in the brains of AdTA-treated mice may be composed
of bystander T cells activated by Ad antigens that migrate from the
periphery, patrol into the CNS and recirculate in the absence of
their specific antigens. Immunization with Ad168NP in scrapie-
incubating mice induced IFNc-secreting CD8+ T cells that did not
influence disease progression nor infiltrated the brain. In this as-
say, the number of CD4+ cells remained constant in the brain of
139A-infected mice whatever the treatment. The absence of
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in vivo lytic capacity of peripheral CD8+ T cells specific for
Ad168NP, suggests that cytotoxic function is important for the
extension of the symptomatic phase associated to prion diseases.

Strikingly, the infiltration of the brain by self reactive CD8+ T
cells was not associated with CNS tissue damage. The weak MHC
class I molecule expression on neurons (Joly and Oldstone, 1992)
or/and their resistance to perforin-mediated lysis by CTLs (our
observation and Medana et al., 2000), support the hypothesis that
neurons are not the main target of anti-168 CD8+ T cells. Another
possibility is that these CD8+ T cells might eliminate PrP-present-
ing cells such as microglial cells or astrocytes, which are recruited
and activated in the vicinity of PrPSc aggregates and expressed high
level of class I molecules (Marella and Chabry, 2004; Eikelenboom
et al., 2002). Moreover, astrocytes are involved as neurons in the
PrPc to PrPSc conversion. Beyond the capacity of CTLs to damage
CNS cells (Mars et al., 2011), CD8+ T cells might exert regulatory
functions (Chess and Jiang, 2004; Zozuyla and Wiendl, 2008; Mars
et al., 2011).Treatment of MS patients with glatiramer acetate, a
synthetic copolymer of four AAs, increases the capacity of CD8+ T
cells to kill CD4+ T cells of any specificity in a MHC-I-dependent
manner (Tennakoon et al., 2006) or myelin-specific CD4+ T cells
in a HLA-E-restricted manner (Correale and Villa, 2008). Further
experiments will be required to decipher the mechanism and the
exact target underlying CD8+ T-cell actions.

To conclude, in vivo stimulation of a CTL repertoire specific for a
natural PrP-derived epitope triggers a time extension of prion dis-
ease-associated symptomatic phase, which correlates with T-cell
infiltration into the CNS. However, the development of a safe
vaccine for prion diseases requires the understanding of the mech-
anism underlying the effect of PrP-specific CD8+ T cells.
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