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Abstract
Objective To break immune tolerance to prion (PrP) proteins using DNA vaccines.

Methods Four different human prion DNA vaccine candidates were constructed based on the
pcDNA3.1 vector: PrP-WT expressing wild-type PrP, Ubig-PrP expressing PrP fused to ubiquitin, PrP-LII
expressing PrP fused to the lysosomal integral membrane protein type Il lysosome-targeting signal, and
PrP-ER expressing PrP locating the ER. Using a prime-boost strategy, three-doses of DNA vaccine were
injected intramuscularly into Balb/c mice, followed by two doses of PrP protein. Two weeks after the
last immunization, sera and spleens were collected and PrP-specific humoral and cellular immune
responses evaluated by ELISA and ELISPOT tests.

Results Higher levels of serum PrP antibodies were detected in mice vaccinated using the strategy of
DNA priming followed by protein boosting. Of these, WT-PrP, Ubig-PrP, and PrP-LIl induced significantly
higher humoral responses. ELISPOT tests showed markedly increased numbers of IFN-y-secreting T cells
in mice vaccinated using the strategy of DNA priming followed by protein boosting after stimulation
with recombinant PrP23-90 and PrP23-231. PrP-ER induced the strongest T-cell response.

Conclusion Prion vaccines can break tolerance to PrP proteins and induce PrP-specific humoral and
cellular immune responses.
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INTRODUCTION through the bovine food chain and the transmission

of bovine prions to humans has given rise to variant

rion diseases are a group of fatal, transmissible, CID (vCJD). Although the incidence of BSE and vCID

P neurodegenerative  disorders,  which may be stabilizing, or even declining, the steep rise
include Creutzfeldt-Jakob disease (CJD) in in the incidence of chronic wasting disease (CWD)

humans, and scrapie and bovine spongiform underlines the fact that prion diseases of farm and

encephalopathy (BSE) in animals. BSE spreads wild animals still represent a major threat. Thus,
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there is an urgent and growing need for efficient
prophylactic and therapeutic measures against prion
diseases .

Although prions are thought to gain access to
the brain via immunocytes and lymphoreticular
cells®,  several reports indicate that humoral
immune responses to PrP can antagonize prion
infections'. Such phenomena can occur even when
the immune response is directed primarily against
PrPS, and does not selectively target Prp*,
Monoclonal antibodies (mAbs) and their F(ab)
fragments that recognize PrP prevent scrapie
infection, and prevent infection by PrP* and prions
in chronic scrapie-infected neuroblastoma cells®?).
Furthermore, transgenic expression of anti-PrP
antibodies in mice arrests the pathogenesis of
peripheral scrapiels]. Injection of several types of anti
PrP antibody into wild-type (WT) mice prevents the
development of prion disease upon peripheral
challenge[S'G]

The efficacy of PrP antibodies against prion
infection seems to be largely extraneural”’. However,
passive transfer of PrP-specific IgG is often inefficient
when performed after the onset of clinical signs,
possibly due to the limited influx of immunoglobulin
into the CNS and the high prion load of clinically
symptomatic animals. Therefore, stable, sustained
PrP-specific antibody levels induced by active
immunization may be prophylactic for prion
diseases.

Unlike other conventional infectious agents, a
major obstacle to active immunization is host
tolerance to endogenous PrP". DNA vaccines have
some advantages over conventional vaccines and
induce both humoral and cellular immune responses.
In fact, nucleic acid immunization has been shown to
break tolerance to host proteins[4'8]. In the present
study, specific immune responses to several PrP DNA
vaccine candidates were evaluated in mice. These
vaccines included a DNA vaccine, pcNDA3.1-Ubig-PrP,
encoding a human PrP fused to the cellular protein
ubiquitin to enhance antigen presentation via major
histocompatibility complex (MHC) class |;
pcNDA3.1-PrP-LIl encoding human PrP fused to the
lysosome-targeting signal from the lysosomal
integral membrane protein type Il (LIMPII); and
pcDAN3.1-PrP-ER encoding human PrP fused to the
ER location signal KEDL to enhance MHC class Il
antigen presentation. pcNDA3.1-PrP, expressing an
unmodified human PrP protein was used as control.
Vaccinations were performed using a DNA
priming/protein boosting regime. The results
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showed that prion vaccines could break immune
tolerance to PrP proteins and induce PrP-specific
humoral or T-cell responses.

MATERIALS AND METHODS

Plasmid Construction

To construct a expressing full-length human PrP
(aa 1-253) vector localized to the ER, a four
amino-acid tag (Lys-Asp-Glu-Leu) as a signal
peptidelg] was fused to PrP at the C-terminus
(PrP-KDEL) by PCR wusing the forward primer
(5’-ggatccatggcgaaccttggetgetg-3'; BamH | site
underlined) and the reverse primer (5’-gcggccgcctag-
agctcatccttctecgacttgtacagetegetcat-3’; Not | site
underlined) with the recombinant plasmid pcDNA
3.1-huPrP1-253" as the template, then cloned into
pcDNA3.1 (zeo+). The human ubiquitin gene was
obtained from peripheral blood monocytes by PCR
with the forward primer (5’-CGCAAGCTTCCACCA-
TGCAGATCTTCGTGAAAACCC-3’; containing a Hind IlI
site and a Kozak sequence) and the reverse primer
(3’-cccGGATCCgccACCACGAAGTCTCAACACAAG-5,
containing a BamHI site) and inserted into pcDNA
3.1-huPrP1-253. A sequence encoding the lysosome
targeting signal peptide (KGQGSMDEGTADERAPLIRT)
was obtained by synthesizing two complementary
oligonucleotides: an LIMP-Il sense-strand (ccgGAA-
TTCAAAGGA CAGGGATCCATGGATGAG GGAACAGCG-
GATGAAAGAGCACCCCTCATTCGAACCTAACTCGAGcgg)
and an antisense-strand (ccgCTCGAGTTAG GTTCG-
AATGAGGGGTGCTCTTTCATCCGCTGTTCCCTCATCCAT
GGATCCCTGTCCTTTGAATTCcgg), containing an EcoR
| site at the 5’ terminus and an Xho | site at 3’
terminus. The two oligonucleotides were annealed
and inserted into pcDNA3.1 to generate pcDNA3.1-
LIMP. Human PRNP was then released from
pcDNA3.1-huPrP1-253 and inserted into pcDNA3.1-
LIMP to generate pcDNA3.1-PrP-LII.

Preparation of the DNA and Protein Vaccines

Various PrP DNA vaccines were prepared and
purified using an Endofree Plasmid Giga Kit (QIAGEN,
Germany), according to the manufacturer’s
instructions. Recombinant human PrP protein
(PrP23-231) was expressed and purified from E. coli
as previously described™ to yield the PrP protein
vaccine.

Cell Transfection and Preparation of Cell Extracts

Hela, COS7, and CHO cells were maintained in
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Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS).
Cells were transiently transfected with the different
recombinant plasmids using Lipofectamine 2 000
Reagent (Invitrogen, USA) according to the
manufacture’s protocol. Cells were harvested 24, 36
or 48 h after transfection, pelleted by centrifugation
and suspended in lysis buffer (10 mmol/L Tris-HClI,
pH 7.8, 0.5% sodiumdeodycholate, 0.5% Nonidet
P-40, 100 mmol/L NaCl, 10 mmol/L EDTA),
supplemented with a complete proteasomal
inhibitor cocktail. After centrifugation at 20 000 xg
for 30 min to remove insoluble material, the
supernatants were collected and the quantity of the
whole protein was determined at OD 405 nm.

Western Blotting

Aliquots of the cell lysates and 1 pg of
recombinant PrP were separated on 15% SDS-PAGE
gels and subsequently transferred onto a
nitrocellulose membrane by semi-dry blotting. For
the immunoblotting experiments, the membranes
were incubated with mAb 3F4 (1:5 000) overnight at
4 °C in TBS-T (10 mmol/L Tris-HCl, pH 7.8, 100
mmol/L NaCl, 0.05% Tween 20) containing 5 g/100 mL
nonfat milk and subsequently incubated with
horseradish peroxidase-conjugated goat anti-mouse
IgG (1:5 000) for 1 h at 37 °C. PrP specific signals
were visualized using the ECL method (Amersham
Life Sciences, UK).

Deglycosylation Assay

After mixing with an equal volume of
glycoprotein denaturing buffer (New England Biolabs,
Hitchin UK, the various cell lysates were heated at
100 °C for 10 min. Subsequently, 50 mmol/L sodium
phosphate, pH 7.5, containing 1% NP-40 and 2 pL of
N-glycosidase F (1 800 000 U/mg, New England
Biolabs, USA) were added to the samples and the
mixtures incubated at 37 °C for 2 h. The PrP signals
in each preparation were detected by western
blotting as described above.

Immunofluorescence Assay

Cells transfected with various PrP plasmids for
48 h were fixed for 15 min with ice-cold methanol
and treated for 5 min with 0.2% TritonX-100. Cells
were blocked with 10% FBS in PBS and incubated
with mAb 3F4 (1:500) overnight at 4 °C and
subsequently mixed with FITC-labeled goat
anti-mouse 1gG (1:500; Santa Cruz, USA) for 1 h at
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room temperature. Cells were visualized under an
Olympus fluorescence microscope.

Animal Immunizations

Female Balb/c mice (4-6 weeks old) were
assigned to groups (n=7) and injected with the
different vaccines. A prime-boost strategy was used
with the various DNA vaccines (pcDNA3.1-PrP,
pcDNA3.1-Ubig-PrP, pcDNA3.1- PrP-LII, or pcDNA3.1-
PrP-ER) and then boosted with recombinant
PrP23-231 protein. DNA vaccines (100 pg) were
administered by intramuscular injection into the
sural muscle on Days 0, 14, and 28; each leg
receiving 50 pg of DNA vaccine. The protein vaccines
(100 pg) were administered by hypodermic injection
into the abdomen 42 and 56 days after the first
injection. One control group was injected three
times with vector pcDNA3.1 and twice with the
protein vaccine, and the orther control group (vector
control) was injected with vector pcDNA3.1 and
twice with PBS replace the prion protein. Prior to
immunization, all DNA vaccines were diluted with
PBS to a final concentration of 1 pug/uL. Two weeks
after the final immunization, the sera and spleens of
mice were collected.

ELISA

Serum anti-PrP antibodies were measured by
direct ELISA. PrP23-231 was diluted to a final
concentration of 200 ng/mL and coated onto 96-well
ELISA plates. After blocking with 200 pL 1% BSA in
PBST (phosphate buffered saline, pH 7.6, containing
0.05% Tween-20), 100 pL of mouse sera (serially
diluted in blocking buffer) were added and incubated
for 2 h at 37 °C. The plates were then washed three
times with PBST and 100 pL of HRP-conjugated
secondary antibody (1:15 000) were added into each
well for 2 h at 37 °C. Bound antibody was detected
using 3, 3’, 5, 5’-tetramethylbenzidine (TMB) (Sigma).
The absorbance was measured at 450 nm after
terminating the reaction with 2 mol/L H,SOj,.

ELISPOT Tests

Mouse spleen cells were prepared as previously
described™ and the cell concentration adjusted to
10’ cells/mL after counting the number of live cells
by incubation with 0.4% Trypan Blue (Sigma, USA).
The frequency of IFN-y-producing cells within the
primed T lymphocyte population was determined
using an ELISPOT assay (Mabtech, Sweden).
Nitrocellulose-bottomed 96-well plates were coated
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with anti-mouse IFN-y mAb for 2 h at 37 °C followed
by a further incubation at 4 °C overnight. The wells
were washed, blocked with RPMI 1640 supplemented
with 10% FBS for 2 h at 37 °C, and plated with 1x10°
spleen cells in the presence or absence of a recall
protein (10 pg/mL). Twenty-four hours later, the
plates were washed and IFN-y release measured
using a biotinylated anti-IFN-y mAb, followed by
addition of alkaline phosphatase- conjugated
streptavidin.  Spots  were  visualized  using
tetrachloroindolylphosphate/tetrazolium  nitroblue
as the substrate and counted in an automated
ELISPOT plate counter. Each test was set up in
triplicate and the results were presented as the
number of spot forming units (SFUs) per million cells.

Statistical Analysis

Differences in anti-PrP antibody levels or IFN-y
release between the groups were analyzed using the
SPSS statistical package (v 17; SPSS Inc., Chicago, IL,
USA). After checking equal variance, mean
comparison between the groups was conducted
using two-way ANOVA. The least significant
difference (LSD)-t test was used for pairwise
comparisons. A P value of less than 0.05 was
considered significant.

RESULTS

Transfection of PrP DNA Vaccines into Cultured Cells
induces Efficient Expression of PrP
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transiently transfected into Hela cells lacking
expression of endogenous PrP, PrP-specific IFA
identified clear signals (green) 24 h post-transfection
(Figure 1). Most of the signal was located on the cell
membrane receiving pcDNA3.1-PrP (panel A). In
contrast, the green signal was mainly detected in the
cytoplasm receiving pcDNA3.1-Ubig-PrP, pcDNA3.1-
PrP-LIL and  pcDNA3.1-PrP-ER  (panels  B-D).
PrP-specific bands of 27-35 kD were revealed by
Western blotting in cells transfected with the PrP
vaccines (Figure 2A). The PrP glycosylation of cells
with pcDNA3.1-PrP (PrP-WT), pcDNA3.1-Ubig-PrP
(Ubig-PrP) and pcDNA3.1-PrP-LII (PrP-LII) was quite

Figure 1. IFA assays for the expression of
various PrP DNA vaccines in Hela cells. The
green signal was located mainly on the
membrane of cells receiving pcDNA3.1-PrP
(Panel A), but in the cytoplasm of cells receiving
pcDNA3.1-Ubig-PrP, pcDNA3.1-PrP-LIl, and

After The four PrP DNA vaccines were pcDNA3.1-PrP-ER (Panel B to D).
A PrP-WT Ubig-PrP PrP-LII Hamster? PrP-ER
brain
kD kD kD
—31 —31
-..- 0 a

—20 .-_20 ‘-'_20

PNase F — + — + + _ + _ +

B PrP-WT  PrP-LII Ubig-PrP PrP-ER
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—31
BhNsie==:

36h 48h 36h 48h 36h 48h 36h 48h

Figure 2. Expression of various PrP DNA vaccines assessed by western blotting. (A) The PrP glycosylation
of four vaccines, and treatment with PNase F is indicated at the bottom. (B)PrP expression levels of PrP

vaccines in Hela cells 36 and 48 h after transfection.
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similar to that of native PrP in human brain, suggesting
that tagging with ubiquitin or the lysosomal signal
peptide did not affect PrP glycosylation. A large amount
of non-glycosylated PrP was observed in cells
expressing  PrP-ER,  possibly indicating  that
accumulation of PrP in the ER disturbs the PrP
maturation process. After treatment with PNase F, only
one PrP band was detected in the PrP preparations
(Figure 2A). Taken together, these results indicate that
the PrP DNA vaccines can induce the expression of PrP
protein. The expression level of the PrP proteins was
the similar after transfection for 36 h and 48 h (Figure
2B). To ascertain the PrP-expressing ability of the
constructed PrP DNA vaccines in other cell lines, the
four PrP expressing plasmids were introduced into CHO
and COS-7 cells. PrP-specific signals from both cells
treated with the PrP DNA vaccines were identified,
whereas no PrP band was observed in cells transfected
pcDNA3.1 alone (data not shown).

Vaccination with PrP DNA Vaccines Followed by
Protein Boosting Induces PrP-specific Antibody

Responses

The PrP protein vaccine used was a recombinant

A
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0.8. —<—PrP-LII
g —%— Vec+PrP
=
= ] —— Vec-Cont
n 06
o
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0

1:200  1:400  1:800 1:1600 1:3200 1:6400

Serum Dilution
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human PrP segment (PrP23-231) without the signal
peptide and the GPl anchor sequence. The PrP
protein of anticipated weight showed about 95%
purity by SDS-PAGE and western blotting (Figure 3).
Serum from each mouse were collected and serially
diluted from 1:200 and measured using an
established ELISA after the fifth immunization. A
clear PrP-specific antibody response (1:1600) was
elicited with the PrP DNA vaccines followed protein
boosting (Figure 4A). However, the protein-alone
control groups (except the PrP-ER DNA vector group)
showed a weaker PrP-specific antibody response,

A kb B kD
— -31 =31

—_— ST e
20 -20
- _ 4

Figure 3. Purification and identification of
recombinant human PrP (PrP23-231) from
E.coli. (A) 12% SDS-PAGE gels. (B) western
blotting with mAb 3F4. The two left lanes
contain preparations of purified PrP23-231.

Figure 4. Measurement of PrP-specific antibodies after vaccination. (A) sera PrP antibodies were
detected by ELISA. (B) sera PrP antibodies iedentfied by Western Blotting.

with significantly lower levels (<1:1600) than those
seen after immunization with DNA prime - protein
boost (P<0.05; Figure 4A). Using the rule of P/N
value =2.1, the titers of PrP antibody in the groups
of PrP-WT, Ubig-PrP, PrP-LIl, and PrP-ER were 1:3 200,
>1:6 400, >1:6 400, and 1:3 200, respectively, while
that of Vector+PrP was 1:200 (Figure 4B). To
examine the specificity of the anti-serum from

immunized mice, aliquots of serum from each mouse
were pooled the same groups. A specific signal in the
sera of all the vaccination groups was detected by
western  blotting with recombinant human
PrP23-231, but not in the control (pcDNA3.1) (Figure
4C). This suggests that immunization with the PrP
DNA plus protein vaccines elicited PrP-specific
antibody responses in these mice.
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Vaccination with PrP DNA Followed by Protein
Boosting Induces PrP-specific T-cell Mediated
Responses

To evaluate the possible T-cell mediated immune
responses, spleen cells from each mouse were
separately prepared in the 2nd weeks after the final
immunization. The harvested spleen cells were
stimulated with the recombinant proteins PrP23-231,
PrP23-90, or PrP91-231, and the y-IFN-secreting cells
counted (Figure 5A). The average number of the
positive cells in the PrP-WT, Ubig-PrP, PrP-LIl, PrP-ER,
Vec+PrP and vector control groups (Vec-Cont)
stimulated with PrP23-231 were 87, 261, 274, 483,
121, and 16 SFUs/10° cells, respectively. The average
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400
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number of the positive cells induced by Ubig-PrP,
PrP-LIl, PrP-ER was significantly higher than that
induced by the Vec+PrP group (P<0.05) after
stimulation with PrP23-231. However, there were
537, 482, 336, 720, 274, and 43 SFUs/10° cellsin the
preparations stimulated with PrP23-90 (Figure 5B).
Compared with the protein control groups, the
PrP-WT, PrP-LIl, PrP-ER DNA groups showed higher
numbers of y-IFN-positive cells after stimulation with
PrP23-90 (P<0.05). Stimulation with PrP91-231 failed
to induce y-IFN-positive cells in any of the vaccination
groups [average number of positive cells <50 SFUs/10°
cells (Figure 5B)]. This indicates that the T-cells
epitopes on PrP might be located at the N-terminus.

B PrpP23-90
O PrP91-231
0 Prp23-231

R

&
&

Figure 5. PrP-specific T-cell responses after vaccination. (A) ELISPOT assays with recombinant PrP23-231.
Panel a: PrP-WT; panel b: Ubig-PrP; panel c: PrP-LIl; panel d: PrP-ER; panel e: Vec + PrP; panel f: Vec
control; panels g and h: positive controls; panel i: negative control. (B) The average number of
IFN-y-secreting cells (SFUs/106 cells) in each vaccinated group.

DISCUSSION

There is increasing evidence that points toward
an effective role for the immune system in
combating Prion diseases®. Recent studies report
that humoral responses to PrP can be induced not
only in PrP knockout (Prnp0/0) mice or xenogeneic
systems, but also in wild-type mice, using strong
immunization procedures. These reports clearly
demonstrate that specific antibodies can delay the
onset of disease®”. In this study, four different DNA
vaccines broke PrP immune tolerance and,
subsequently, inducing specific humeral and/or
cellular responses using a prime-boost immunization
regime.

As a conservative host-encoded protein, the
immune system appears not to respond to prion

infections in a classical way because no production
of anti-PrP Abs™. Indeed, the two doses of prion
protein vaccine induced only extremely weak
PrP-specific humoral and cellular responses in the
experimental mice. Recently, DNA vaccines have
been widely used against many infectious diseases,
including TSE. Previous studies show that prion DNA
vaccines can induce specific immune responses[4].
Thus, four prion DNA vaccine constructs were
prepared and tested for immunogenicity. Of these,
immunizations with Ubig-PrP and PrP-LIl induced
relatively high levels of PrP-specific antibodies. A
previous study shows that expression of ubiquitin
and targeting proteins as fusion proteins enhances
antigen uptake and presentation via MHC class-|
molecules™!. The COOH-terminus of the lysosomal
membrane protein facilitates the presentation of
MHC class Il antigens via lysosomal targetingm].
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Strong cellular responses were observed in mice
immunized with PrP-ER. The ER is considered to play
an essential role both in the presentation of both
exogenous and endogenous antigenslls]. These,
taken together with the results of the present study,
demonstrate that a more active T-cell immune
response is highly correlated with the localization of
PrP within the ER.

Under our experimental conditions, 10 synthetic
peptides spanning aal40-189 failed to stimulate the
formation of IFN-y-producing cells in ELISPOT assays
(data not shown). Coincidentally, stimulation with
recombinant PrP91-231, which covers the same
regions as the above 10 peptides, did not induce
enough IFN-y-producing cells (<50 SFUs/10° cells) in
any of the all vaccination groups. In contrast, the
NH,-terminal fragment (PrP23-90) induced a
significant number of IFN-y-producing cells in the
spleens of the mice using our prime-boost
vaccinating strategy. Our data strongly suggest that
the potential PrP T-cell epitopes are located at the
NH,-terminus. The exact molecular basis for T-cell
immunity induced by the NH,-terminal region of PrP
remains unknown. One possibility might be its
flexible structure, which may more easily provide
linear epitopes for T-cell immunity. More precise
understanding of the role of the PrP NH,-terminal
region during antigen presentation is required.
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