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ABSTRACT

Background: Prion diseases belong to a group of neu-
rodegenerative disorders affecting humans and animals.
The human diseases include kuru, Creutzfeldt-Jakob dis-
ease (CJD), Gerstmann-Straussler-Scheinker syndrome
(GSS), and fatal familial insomnia (FFI). The pathogenic
mechanisms of the prion diseases are not yet under-
stood. Monoclonal antibodies provide valuable tools in
the diagnosis, as well as in the basic research, of several
diseases; however, monospecific antisera or monoclonal
antibodies (mAbs) against human prion proteins were,
until now, not available.
Materials and Methods: We have developed an im-
munization protocol based on nucleic acid injection into
nontolerant PrP°'° mice. DNA or RNA coding for differ-
ent human prion proteins including the mutated se-
quences associated with CJD, GSS, and FFI were injected
into muscle tissue. Mice were primarily inoculated with

DNA plasmids encoding the prion protein (PRNP) gene
and boosted either with DNA, RNA, or recombinant
Semliki Forest Virus particles expressing PRNP. Hybrid-
omas were then prepared.
Results: Different mAbs against human prion proteins
were obtained, and their binding behavior was analyzed
by peptide enzyme-linked immunosorbent assay, West-
ern blot, immunofluorescence, and immunoprecipita-
tion. Their cross-reactivity with prion protein from other
species was also determined. Our mAbs are directed
against four different linear epitopes and may also rec-
ognize discontinuous regions of the native prion protein.
Conclusions: These antibodies should allow us to ad-
dress questions concerning the nature of the prion pro-
tein as well as the initiation and progression of prion
diseases. Moreover, these mAbs can now be used for the
diagnosis of prion diseases of humans and animals.

INTRODUCTION
Prions are pathogens, distinct from viroids and
viruses, which cause diseases in animals and hu-
mans (1,2). Prion diseases arise not only after
transmission but also sporadically (3), and some

of these neurodegenerative diseases are inher-
ited (4). The most common animal diseases
caused by prions are scrapie in sheep and bovine
spongiform encephalopathy (BSE) in cattle. The
human prion diseases include kuru, Creutzfeldt-
Jakob disease (CJD), Gerstmann-Straussler-
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Scheinker syndrome (GSS) and fatal familial in-
somnia (FFI). GSS, FFI, and about 10% of CJD
cases represent dominantly inherited disorders
with defined mutations within the PRNP gene
located on chromosome 20p (5). In contrast,
about 90% of CJD cases occur sporadically. CJD
has been repeatedly transmitted iatrogenically
(6). The human prion diseases can be transmit-
ted experimentally to laboratory animals, with
induction of disease after long incubation periods
(7).

During the progression of prion disease, pro-
tein aggregates accumulate in the brain of the
affected organisms (8). These plaques are largely,
if not entirely, composed of an abnormal, pro-
tease-resistant isoform of the host-encoded prion
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protein (9). The central role of this disease-asso-
ciated prion protein isoform in transmission and
pathogenesis of prion diseases has been con-
firmed by independent experimental approaches
(10). Unexpectedly, prion protein- deficient mice
(PrP°'° mice) are viable and do not show obvious
changes in development, behavior, or reproduc-
tion (1 1). Thus, the normal function of the pro-
tein still remains to be elucidated. However, the
PrP°'° mice are resistant to transmission of prion
diseases (12).

Monoclonal antibodies (mAbs) against prion
proteins and their pathogenic isoforms could be
valuable tools to discriminate between individual
forms of the protein and to determine their to-
pology. Such antibodies could also help elucidate
the structure and function of the cellular prion
protein. To date, only a limited number of mono-
specific antisera and mAbs against prion proteins
are available (13-16). None of these is human
specific, and they do not differentiate between
the normal and the disease-associated isoforms.
This lack of appropriate reagents is partly due to
the immune tolerance of laboratory animals
against their own prion proteins and to the ge-
netically related human prion proteins. In addi-
tion, routine immunizations with well-defined
peptides or with prion protein preparations from
brain tissue may not mimic the intracellular
pathways necessary for correct and efficient pro-
cessing and presentation of immunogenic parts
of these proteins. Furthermore, the conforma-
tion of the protein isoforms may not have been
preserved during purification procedures. Thus,
the quality of the antibodies induced may have
been impaired.

It has already been shown that PrP°'° mice
synthesize polyclonal antibodies against prion
proteins after immunization with purified pro-
tein (17). However, mAbs have not yet been
generated. Instead of immunizing mice with
prion proteins or peptides, we used a nucleic
acid-mediated immunization protocol with vec-
tor constructs comprising the open reading frame
(ORF) of different human prion genes. We
showed that immune sera of mice bind to prion
proteins in a peptide-specific enzyme-linked im-
munosorbent assay (ELISA), Western blot, radio-
immunoprecipitation and immunofluorescence
(18).

In the experiments described below, we
boosted the immune response of PrP°'° mice by
three different techniques. Hybridoma lines were
established with spleen cells of these mice and
screened for secretion of mAbs against prion pro-

tein. Using the technique described, PrP0'1 mice
were used successfully to generate mAbs against
human prion proteins. These mAbs are not only
directed against four distinct linear epitopes of
the protein. They also exhibit different binding
characteristics when analyzed in peptide ELISA,
Western blot, immunofluorescence, and radio-
immunoprecipitation. Therefore, these antibod-
ies may also recognize and bind to discontinuous
epitopes of the native prion protein.

MATERIALS AND METHODS
Materials

All chemicals were of the highest purity com-
mercially available.

Animals

Prion protein-deficient PrP°'° mice kindly pro-
vided by Charles Weissmann were used for
DNA-mediated immunization (11).

Vector Construction

Construction of vectors for DNA-mediated im-
munization has been described elsewhere (18).
In brief, the entire ORF of the PRNP gene of a
healthy person or of individual patients with
prion diseases was amplified by polymerase
chain reaction (PCR), cloned into the pCDNA3-
vector (Invitrogen, NV Leek, The Netherlands),
and confirmed by sequencing. Three different
genotypes were cloned by this method: the cel-
lular wild-type gene, a GSS-associated prion
gene with an P102L mutation, and a novel in-
sertion mutant comprising 14-octapeptide re-
peats within the repetitive region of the prion
gene (19). Five different disease-associated mu-
tations within the prion gene, which could not
be amplified from patient's DNA, were intro-
duced by in vitro mutagenesis into the cellular
ORF. These mutations are associated with GSS
(ala 1 17val; phe I 98ser), CJD (asp I 78asn in com-
bination with 129val; glu200lys), and FFI
(aspl78asn in combination with 129met).

Construction of rSFV Vectors
The ORF of different prion genes were subcloned
into the vectors pBK-CMV (Stratagene, La Jolla,
CA, U.S.A.) and thereafter into pBS+ (Strata-
gene) to provide compatible BamHI restriction
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sites for subsequent cloning into the vector
pSFVI, kindly provided by P. Liljestrom (20).

RNA Syntheses in Vitro

pSFV-PrP DNA plasmids for in vitro transcription
were linearized with SpeI. RNA was synthesized
at 370C for 1 hr in 50 ,lI containing 5 ,ug of
linearized DNA, 40 mM HEPES-KOH (pH 7.4), 6
mM MgCl2, 2 mM spermidine-HCl, 5 mM dithio-
threitol (DTT), 100 ,ug/ml of nuclease-free bo-
vine serum albumin (BSA), 1 mM each of ATP,
CTP, and UTP, 500 ,uM GTP, 1 mM
7G(5')ppp (5')G, 1 unit/,ul of RNAasin, and 500
units/ml of SP6 RNA polymerase. RNA was ei-
ther directly used for transfection by electropo-
ration of cells or purified with a commercially
available kit (Diagen, Dusseldorf, Germany) to
prepare highly concentrated RNA for RNA-me-
diated immunization of mice.

Electroporation
Baby hamster kidney (BHK) cells were trypsinized,
washed once with cell culture medium and once
with phosphate-buffered saline (PBS) (without
MgCl2 and CaCl2), and finally resuspended in
PBS, to give 107 cells/ml. Cells in a volume of 0.8
ml were transferred to a 0.2-cm cuvette (Biorad,
Richmond, CA, U.S.A.), 50 ,ul of unpurified in
vitro transcribed RNA solution was added, and
electroporation was carried out at room temper-
ature by two consecutive pulses at 1.5 kV/25 ,uF
using a BioRad Gene Pulser apparatus with its
pulse controller unit set at maximum resistance.
Before the cells were transferred into tissue cul-
ture plates, they were diluted at least 1:20 in
complete BHK-cell medium (BHK2 1 [Glasgow
MEM], 5% fetal calf serum [FCS, v/v], 10%
tryptose-phosphate broth [v/v], 20 mM HEPES,
2 mM glutamin).

Preparation of Recombinant Semliki
Forest Virus Particles
RNA transcribed in vitro from pSFV-PrP DNA
was mixed with helper 2 RNA at a ratio of 1:1
and cotransfected by electroporation into BHK
cells as described above. Cells were grown for 24
hr before the culture medium (complete BHK-
medium) was collected. This supernatant con-
tains inactive virus. After activation of virus par-
ticles by adding chymotrypsin to a final
concentration of 0.5 mg/ml for 30 min, the re-
action was stopped with 0.5 volumes of aprotinin

concentrated to 2 mg/ml (21). The solution,
which contained approximately 105_106 infec-
tious particles per milliliter, was used immedi-
ately to inoculate animals.

Immunization Protocol

DNA or RNA was injected into a regenerating
muscle (22). Five days prior to nucleic acid im-
munization, mouse muscle tissue was pretreated
with cardiotoxin (10 ,uM in PBS) purified from
the venom of the Naja nigricollis snake (Latoxan,
Rosans, France). The effects of cardiotoxin have
been described in detail previously (23). PrP°'°
mice each received bilateral injections with 100
,lI of the cardiotoxin solution into the tibialis
anterior muscle with a 27-gauge needle. Five
days later, either 50 ,ug plasmid DNA or 5 jig
RNA coding for human PrP was injected into
each muscle. The DNA was dissolved in PBS at a
concentration of 1 ,ug/,l DNA in PBS. The RNA
concentration was 100 jig/ml in PBS. Spleno-
cytes of immunized mice were prepared and
fused 7 days after DNA or 3 days after RNA
injection. Recombinant SFV prion particles were
activated with chymotrypsin. Particles (10l-5 06)
were injected once intraperitoneally into PrP°'°
mice. Preparation of splenocytes and fusions
were performed 2 days after infection with virus
particles.

Fusion Protocol
The fusion of permanently growing P3X63
Ag8.653-mouse myeloma cells (ATCC CRL
1580) (24) with splenocytes from immunized
PrP°'° mice was performed as described by Peters
and Baumgarten (25).

ELISA

The ELISA protocol has been described else-
where (18). In brief, ELISA plates were coated
with 100 ng per well with 1 of 16 different over-
lapping peptides. These peptides were derived
from the sequence of the human prion protein
and comprised the entire protein. In addition, a
peptide containing the FFI-associated mutation
was also tested in the ELISA assay. The reaction
against the mutated amino acid sequence was
compared with that of the cellular protein. For
the ELISA assay, mouse sera were diluted 1:200
in PBS containing 3% FCS, whereas hybridoma
supernatant was diluted 1:10. Antibodies binding
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to the peptides were detected with a horseradish
peroxidase-OPD system.

Western Blot

For Western blot analyses, prion proteins iso-
lated from brain tissues of different species were
used. Proteins were extracted from tissues ac-
cording to Pan et al. (26). Proteins were sepa-
rated on a 13% polyacrylamide gel. For immu-
noblotting, proteins were electrophoretically
transferred onto nylon membrane (Boehringer,
Mannheim, Germany). The detection of prion
proteins by the antibodies were carried out ac-
cording to Pan et al. (26). Recombinant human
prion proteins were obtained from lysed BHK
cells after electroporation with in vitro tran-
scribed SFV-RNA containing different PrP ORFs.
Twenty-four hours later, BHK cells were har-
vested with a cell scraper, washed twice in PBS,
and resuspended in an appropriate volume of
bidistilled water. Cells were repeatedly frozen
and thawed. Thereafter, one volume of reducing
sample buffer was added. Proteins were sepa-
rated electrophoretically on a 12.5% polyacryl-
amide gel, transferred onto membranes and de-
tected as described above (26).

Immunofluorescence

BHK cells were electroporated with in vitro tran-
scribed SFV-PrP RNA. They were subsequently
grown for 20 hr and washed once with PBS
before fixation with methanol and acetone (3:1
v/v) at room temperature for 2 min. Cells were
washed twice with PBS supplemented with 3%
FCS and incubated with serum of immunized
mice or hybridoma supernatant for at least 1 hr
at 37°C. Sera were prediluted 1:200 and hybrid-
oma supernatants 1:4 with 3% FCS in PBS. Sub-
sequently, cells were washed three times and a
FITC-coupled sheep anti-mouse antibody was
added at a dilution of 1:200 in 3% FCS in PBS.
Cells were incubated for 30 min at 370C, washed
three times and analyzed with a ultraviolet light
immunofluorescence microscope.

RESULTS
Using PrP°'° mice, we induced both polyclonal
antisera and a panel of mAbs against human
prion proteins. To circumvent the preparation of
potentially pathogenic prion proteins from hu-
man brain tissues, we conducted immunizations

with nucleic acids. Distinct genotypes of the hu-
man prion ORFs were cloned into an appropriate
vector under the control of the cytomegalovirus
(CMV) promoter. The PRNP genotypes consisted
either of the normal wild-type sequence or con-
tained distinct mutations associated with the
human prion diseases Creutzfeldt-Jakob dis-
ease (CJD), Gerstmann- Straussler- Scheinker
syndrome (GSS), and fatal familial insomnia
(FFI).

Immunization of Nontolerant PrP°'° Mice

PrP°'° mice were immunized once with 100 ,ug
purified DNA of the vector constructs into the
regenerating muscle tissue pretreated with car-
diotoxin. As a control, muscle tissue of the
PrP+'+ BALB/c mice was also treated with car-
diotoxin and received the same amount of puri-
fied DNA as the PrP°'° mice. Nine weeks after the
first DNA injection, immune sera of mice were
tested for prion-specific antibodies. In the pep-
tide ELISA, antibodies against human PrP were
not detected in sera from immunized PrP+'+
BALB/c mice. Sera from these mice also failed to
bind to human prion protein in an immunoflu-
orescence assay. In striking contrast, all immu-
nized PrP°'° mice developed a polyclonal anti-
body response against prion proteins. The most
efficient immune response against prion proteins
could be repeatedly induced by DNA-mediated
immunization of PrP°'° mice with an ORF se-
quence containing the FFI-associated mutation
at amino acid 178. Therefore, the mice immu-
nized with this construct were chosen for further
experiments. To enhance the induction of poly-
clonal antibodies in these mice and the number
of blastocytes in the spleen, booster immuniza-
tions were performed by three different strate-
gies 10 weeks after the first DNA injection. Mice
were boosted by injecting 100 jig of plasmid
DNA into the regenerating muscle. Alternatively,
mice received 5 lag RNA injected into the regen-
erating muscle tissue. RNA was synthesized in
vitro from a Semliki Forest Virus (SFV) replicon-
based DNA plasmid containing the correspond-
ing human FFI-associated PrP ORF. In a third
approach, PrP°'° mice were boosted intraperito-
neally with approximately 105-106 infectious re-
combinant SFV particles encoding the human
FFI-associated prion protein.
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Splenocyte Fusion

Spleen cells of each immunization group were

fused to permanently growing mouse myeloma
cells. The number of blastocytes in the spleen of
these mice differed extensively depending on the
immunization protocol. The numbers ranged from
0.9 to 1.8 x 107 after immunization with nucleic
acid, regardless of whether DNA or RNA was used
for the booster immunization. Blastocyte numbers
were significantly higher, up to 5.1 and 6.7 X 107,
after boosting with recombinant SFV particles.

To evaluate whether hybridomas were capa-

ble of synthesizing mAbs against linear and pu-

tative conformational epitopes of the prion pro-

tein, supernatants were screened by peptide
ELISA, Western blot, immunofluorescence, and
radioimmunoprecipitation.

Epitope-Specific Binding of mAbs in a

Peptide ELISA

To determine the specificity of the mAbs, peptide
ELISAs were performed with a panel of overlap-
ping 1 6-mer peptides, representing the complete
sequence of the human prion protein (Fig. 1).
Two mAbs, 14D3 and 4F2, bound to peptides 4
and 5, respectively, which represent a region
upstream of or within the repetitive domain.
Two additional mAbs were obtained against lin-
ear epitopes. mAb 8G8 is directed against a re-

gion upstream of the proposed first helix region
(HI). The other monoclonal antibody, 12F10,
binds to a region downstream of the neurotoxic
domain adjacent to the helix region 2 (Fig. 1).
None of the mAbs showed reactivity against the
peptide containing the FFI-associated mutation
or the corresponding wild-type peptide.

Binding of mAbs by Western Blot Analysis
The results of the peptide ELISA were confirmed
by Western blot analyses. Each of the four mAbs

FIG. 1. Mapping human prion pro-
tein epitopes with monoclonal anti-
bodies in a peptide ELISA assay
The ELISA assays were performed using
16 partially overlapping peptides derived

s from the sequence of the human prion
1 protein. The entire prion protein (amino

acids 1-253), its repetitive region (rep.
region), and the four putative helix re-
gions (H1-H4) are shown. The monoclo-
nal antibodies used, the epitope-carrying
peptides, their intramolecular localiza-
tion, and primary sequences are given in
the lower part of the figure.

was capable of detecting prion proteins purified
from human brain homogenates. mAb 4F2, di-
rected against the repetitive region, gave the
strongest signal. Faint signals were obtained with
mAbs 14D3, 8G8, and 12F10. These antibodies
also detected the normal human prion proteins
synthesized in BHK cells after electroporation
with recombinant SFV RNA containing different
PrP ORFs.

In Western blots containing PrPc prion pro-
tein preparations from different species, two of
these antibodies, 14D3 and 4F2, showed a broad
and strong reactivity against most species tested,
including the ovine, bovine, mouse, hamster, and
human prion protein (Fig. 2a). These antibodies,
recognizing peptide 4 or 5 only, failed to detect the
prion protein of guinea pigs. mAb 12F10, which
reacts with peptide 10, showed only faint signals in
these analyses. In contrast, the monoclonal anti-
body 8G8, directed against peptide 7, reacted
strongly with the bovine prion protein (Fig. 2b). It
also detected the ovine and the human proteins
but failed to bind to any other mammalian cellular
prion proteins tested so far (Fig. 2b).

We demonstrated that four mAbs bound to
linear epitopes of the prion protein in a peptide
ELISA. These mAbs also reacted against the de-
natured cellular prion proteins on Western blots.
To evaluate whether our mAbs could recognize
discontinuous epitopes on the native prion pro-
tein, we performed immunofluorescence and ra-
dio immunoprecipitation analyses.

Reactivity of mAbs with Transfected BHK
Cells in the Immunofluorescence
Immunofluorescence assays were performed
with BHK target cells expressing human prion
proteins. In vitro synthesized SFV-RNA, contain-
ing either the normal prion ORF or the mutated
form associated with human FFI, were trans-
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FIG. 2. Recognition of species-specific prion
proteins by monoclonal antibodies in Western
blots
The binding of the three monoclonal antibodies 4F2
(a), 8G8 (b), and 7B4 (c) to cellular prion proteins
from sheep (Lane 1), cattle (2), pig (3), man (4), dog
(5), rabbit (6), rat (7), guinea pig (8), hamster (9)
and mouse (10) was tested. Signals obtained after
staining represent naturally occurring, processed
prion protein molecules of apparent molecular sizes
ranging from 27.5 to 35 kD. Left lane contains mo-

lecular weight markers.

mAb 8G8 stained the prion protein expressing
cells with a brilliant cytoplasmic fluorescence.
However, the number of positive cells was small
when compared with the number of stained cells
detected with the other three mAbs or with poly-
clonal antisera. The transfection efficiencies were
comparable in these assays, since one transfec-
tion was plated in several wells and prion protein
expression was determined with different mAbs
in parallel.

Moreover, we were able to establish three
hybridoma lines, 7B4, 1 IC6, and 12E8, that se-
creted antibodies reacting with the prion protein
as determined by immunofluorescence but did
not bind to any peptide in the ELISA. mAb 7B4
was also tested in RIPA with 35S-labeled recom-
binant prion protein and precipitated the target
prion protein specifically (data not shown). In
contrast, it failed to react in the Western blot
with cellular PrPc from human brain tissue and
recombinant cellular PrP. mAb 7B4 was also
tested in Western blot with prion protein prepa-
rations from different species. However, very
faint prion protein-specific signals could be ob-
tained in this blot for all species tested. Surpris-
ingly, only the human and the guinea pig prion
proteins were not recognized in this assay, but
the mouse PrPC was recognized quite well
(Fig. 2c).

Our results have clearly shown that PrP°'°
mice can elicit mAbs against human prion pro-
teins. These mAbs are directed against four dif-
ferent linear epitopes, as well as discontinuous
epitopes, on the native prion protein. All mAbs
described contain heavy chains from the IgG2a
or 2b subtype. Table 1 summarizes the binding
specificities of some relevant mAbs.

ferred into these cells by electroporation. All
mAbs that were positive in the peptide ELISA
recognized the target protein in cells expressing
the cellular as well as the FFI-associated human
prion protein (Fig. 3b). As expected, there was

no immunofluorescence with normal nonelec-
troporated BHK cells or with BHK cells trans-
fected with RNA from the pSFV1 cloning plasmid
only. Preimmune sera of immunized mice, as

well as cell culture supernatant from Ag8 mouse

myeloma cells, also failed to bind to the human
prion protein expressed in BHK cells (Fig. 3a).

DISCUSSION
To prepare mAbs against human prion proteins
(PrP), we inoculated PrP-deficient mice with
DNA comprising the open reading frame (ORF)
of human prion protein genes (PRNP). These
mice produced polyclonal antibodies and hybrid-
omas secreting mAbs were established. This re-

sult may be attributed primarily to the immuno-
logical responsiveness of PrP°'° mice against any

prion protein. Although the tolerance of these
null mice has been known for quite some time,
we are not aware of any report of their use to
generate mAbs raised specifically against human
prion proteins. Perhaps our immunization strat-

k.D 1 .:::2 458.....
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FIG. 3. Detection of human prion proteins by immunofluorescence with mAb 4F2

BHK cells were transfected with chimeric SFV RNA containing the open reading frame (ORF) sequence of the cel-
lular prion protein. At 24 hr after electroporation, cells were fixed with methanol-acetone and stained with the
monoclonal antibody. Culture supernatant from Ag8-myeloma cells did not react with BHK cells electroporated
with recombinant SFV-RNA containing the cellular prion ORF sequence (a). In contrast, brilliant staining of BHK-
cells expressing recombinant prion proteins could be detected after incubation with mAb 4F2 (b).

egy contributed considerably to our success in
obtaining mAbs.

With our immunization protocol, we ob-
tained a total of 274 hybridomas. When tested in
peptide ELISA and immunofluorescence assays,
we found 46 hybridomas secreting mAbs

against human prion proteins. This frequency
of prion protein-specific hybridomas is signifi-
cantly higher than that reported by Kascsak
and colleagues (13). They screened more than
400 hybridomas and found only three secret-
ing mAbs. Only one of these three had been

TABLE 1. Binding characteristics of mAbs directed against human prion proteins

WB

mAb Peptide ELISA PrPc recPrPc IF RIPA

14D3 p4 +/- +/- + + nd
4F2 p5 +++ +++ +++ ++
13F10 p5 ++ ++ +++ nd
8G8 p7 + + +a + +
llB9 plO ++ + ++ nd
12F10 p1O ++ + ++ nd
7B4 + + +
11C6 ++ nd
12E8 ++ nd

The binding specificity of some of the mAbs described in this paper are summarized. The entire cellular human prion protein or
parts thereof were used as a target for antibody binding. Overlapping peptides were taken to characterize the epitopes relevant
for mAb recognition in a peptide ELISA. mAbs were directed against peptides 4, 5, 7, and 10 (p4, p5, p7, and pIO). Western
blots (WB) were performed using PrPc from human brain tissue (PrPc) or recombinant human prion protein from overexpressing
BHK cells (recPrPc). These prion protein-expressing cells also served as a target for immunofluorescence assays (IF) or as source
of metabolically labeled prion protein for radioimmunoprecipitation (RIPA). nd, not done.
amAb 8G8 showed a distinct binding pattern by exclusively staining a subset of prion protein expressing cells, as described in
Results.
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characterized. This monoclonal antibody, 3F4,
recognizes both human and hamster prion pro-
tein. It is directed against a region within the
first putative helix, spanning the four amino
acids 109-112 (met, lys, his, met). In contrast,
our mAbs recognized epitopes distributed over
the entire prion protein molecule. Eleven were
directed against peptide 4, 21 against peptide 5,
only 1 against peptide 7, and 7 against peptide 10
in the peptide ELISA assay. Six out of the 46
mAbs scored positive in immunofluorescence as-
says but not in peptide ELISA or Western blot
analyses with human cellular PrP. Perhaps, these
mAbs reacted with discontinuous epitopes which
are still preserved after treatment with methanol
and acetone. As a result, these mAbs may detect
discontinuous, conformational epitopes rather
than fully denatured, linear epitopes. Such mAbs
would be most appropriate to investigate in vitro
induced conformational changes of PrP. To ex-
amine if our mAbs recognize these discontinuous
epitopes, we have performed radioimmunopre-
cipitation assays. The mAb 7B4 specifically pre-
cipitates recombinant prion protein encoded by
the FFI-genotype sequence. Using immunofluo-
rescence and radioimmunoprecipitation assays,
one might detect mAbs discriminating between
conformational changes within one prion pro-
tein molecule or between the nonpathogenic
and pathogenic prion isoforms.

In our previous study, DNA-mediated vacci-
nation by itself resulted in a strong polyclonal B
cell response. However, to enhance the number
of blastocytes for fusion with myeloma cells, we
had to infect DNA-immunized animals with re-
combinant live-attenuated Semliki-Forest virus
(SFV). Recombinant SFV helper 2 particles were
prepared, each carrying chimeric RNA coding for
nonstructural proteins of SFV and single differ-
ent ORFs of the human PRNP. The systemic in-
fection with SFV in combination with the initial
local deposition of ORF sequences may have ac-
counted for the larger number of blastocytes ob-
tained. In contrast, boosting the immune re-
sponse by a second inoculation of either DNA or
RNA into muscle tissue was inefficient compared
with the SFV infection. No hybridomas were ob-
tained after the booster immunization with only
DNA or RNA. We learned that DNA-mediated
vaccination is not sufficiently efficient for gener-
ating blastocytes for hybridomas secreting mAbs.
This may be due to a low level expression of
exogenous plasmid DNA delivered into muscle
tissue. To circumvent this problem, mice were
infected with rSFV. The SFV-infected mouse cells

may have synthesized the heterologous protein
abundantly. In addition, the systemic infection
with rSFV may involve, in particular, spleen cells
and thereby induce a strong B cell response.

After delivery of nucleic acids expressing
prion sequences or of the prion ORF by rSFV
particles in the cells of mice, protein molecules
are presumably synthesized in an authentic con-
formation. Thus, processing and presentation of
the in vivo expressed foreign prion proteins to
the immune system should be followed by a
specific immune response. This may support a
correct processing and presentation of all puta-
tive immunogenic regions by antigen-presenting
cells. Several groups have demonstrated that im-
munization of mice with DNA encoding viral
antigens leads to protective immunity against a
subsequent virus challenge (27,28). These data
strongly recommended the use of this immuni-
zation strategy, since the immune response in-
duced is equal if not superior to immunizations
with protein or peptide preparations. Using this
technique, we have avoided the prion protein
preparation that could disturb the native confor-
mation. Since mice naturally synthesize endoge-
nous prion proteins, PrP°'° mice should also pos-
sess the mechanisms to transcribe, translate, and
process our exogenously introduced prion genes.

The mAbs obtained were also analyzed for
interspecies cross-reaction. The cellular prion
proteins were prepared from brain tissue of dif-
ferent species and analyzed in Western blot as-
says. A broad, positive reactivity with all species
tested, except guinea pig, was obtained with all
mAbs directed against peptide 5. Since this pep-
tide region is degraded by protease digestion in
the disease-associated prion rods, we expect that
these mAbs against peptide 5 do not recognize
the N-terminal truncated prion rods. The mAbs
against peptide 10 showed only faint signals on
Western blots. Interestingly, mAb 8G8 directed
against peptide 7 reacted with three species only:
cattle, sheep, and humans. A closer look at the
corresponding peptide sequences does not ex-
plain this restricted interspecies binding specific-
ity, since the bovine peptide sequence does not
differ from that of mouse and hamster within the
corresponding region. Of course, we cannot ex-
clude that there may be amino acid polymor-
phisms between the published sequences and the
PrP protein sequences we used for the Western
blot analyses. Moreover, mAb 8G8 behaved
quite differently in the immunofluorescence as-
says. In contrast to all other mAbs, mAb 8G8
reacted only with a subpopulation of prion pro-
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tein-expressing cells, although the transfection
efficiencies were the same for all mAbs tested.
One may speculate that some of the cells express
PrP in a distinct conformation; this, of course,
needs to be proven. Another reason for the un-
expected binding patterns in Western blot and
immunofluorescence assays could involve the
cell-specific glycosylation of the respective target
PrP proteins, especially if BHK cells express the
target proteins for immunofluorescence assays.

Although mAb 7B4 does not react with lin-
ear epitopes in the peptide ELISA and Western
blot assays with human prion protein, faint sig-
nals against the prion proteins of all species ex-
cept humans and guinea pig could be observed.

After DNA-mediated immunization, PrP-de-
ficient mice mount a strong humoral immune
response against normal human prion protein
and, although there is no conclusive evidence, to
its respective pathogenic isoform. A combination
of DNA-mediated immunization and boosting
with rSFV-expressing individual ORFs of PRNP
results in a large number of blastocytes, a pre-
requisite to establishing hybridomas. A panel of
mAbs was obtained. Most of them reacted with
linear epitopes, but some of them seem to rec-
ognize discontinuous epitopes, according to im-
munofluorescence and RIPA analyses. We ex-
pect these mAbs to become valuable tools for
diagnostics and for basic research into the mo-
lecular properties of prion proteins.
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