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Borna disease virus (BDV)-induced immunopathology in mice is most prominent in strains carrying the
major histocompatibility complex H-2k allele and is mediated by CD8™ T cells that are directed against the
viral nucleoprotein p40. We now identified the highly conserved octamer peptide TELEISSI, located between
amino acid residues 129 and 136 of BDV p40, as a potent H-2K"*-restricted cytotoxic T-cell (CTL) epitope.
When added to the culture medium of L929 target cells, TELEISSI conferred sensitivity to lysis by CTLs
isolated from brains of BDV-infected MRL mice with acute neurological disease. Vaccinia virus-mediated
expression of a p40 variant with mutations in the two K*-specific anchor residues of the TELEISSI peptide
(P40 130k 11361) did not sensitize 1.929 target cells for lysis by BDV-specific CTLs, whereas expression of
wild-type p40 did. Furthermore, unlike vaccination with wild-type p40, vaccination of persistently infected
symptomless B10.BR mice with p40y,;9x 1136r did not result in central nervous system inflammation and
neurological disease. These results demonstrate that TELEISSI is the immunodominant CTL epitope of BDV

p40 in H-2k mice.

The highly neurotropic Borna disease virus (BDV) is the
causative agent of a nonpurulent meningoencephalitis pre-
dominantly observed in horses and sheep in central Europe
(23, 40, 45). BDV is an enveloped virus with a single-stranded
RNA genome of negative polarity that replicates and tran-
scribes its genome in the nuclei of infected cells (3, 6). A large
number of warm-blooded animal species is susceptible to ex-
perimental infection with BDV (40). BDV is noncytolytic in
vitro (18, 24) and in vivo (12, 42), and it can readily establish a
persistent infection of the central nervous system (CNS). In
naturally infected hosts and in experimentally infected rodents,
neurological disease and behavioral abnormalities seem to re-
sult mainly from immunopathological processes (2, 16, 29).
Strong perivascular and parenchymal infiltrations of CD4" and
CD8" T cells were observed, and their appearance in the brain
correlates with the onset of disease symptoms (29, 33, 47).
Studies in rodent model systems and in naturally infected
horses indicated that immunopathology is mediated by CD8"
T cells, which require help from the CD4™ T-cell subset (2, 16,
30, 44, 46).

The mouse strain MRL is highly susceptible to BDV-in-
duced neurological disease (16). Its high susceptibility is de-
termined by the H-2k haplotype and by additional, unidenti-
fied, genetic traits. BDV-infected mice of strain B10.BR, which
also carry the H-2k haplotype, are resistant to spontaneous
neurological disease due to immunological ignorance of BDV
antigens (17). However, these persistently infected mice
quickly develop neurological disease after vaccination with re-
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combinant vaccinia virus expressing BDV p40 (17). The nu-
cleoprotein p40 is encoded by the first gene of the BDV ge-
nome. It is present in large amounts in the brains of infected
animals (23). We and others have recently shown that BDV
p40 is the major viral target recognized by disease-inducing
cytotoxic T cells (CTLs) in the brains of diseased mice (17) and
rats (34). We report here that the highly conserved octameric
peptide TELEISSI is the immunodominant H-2K*-restricted
CTL epitope of BDV p40.

MATERIALS AND METHODS

Mice. MRL/MpJ and B10.BR mice were originally purchased from The Jack-
son Laboratory (Bar Harbor, Maine). Breeding colonies of both strains were
maintained in our local animal facility.

Viruses. A rat-adapted strain of BDV was adapted to the mouse by four
consecutive passages through brains of MRL mice. This virus, which was origi-
nally assumed to be derived from strain He/80 (16), has recently been identified
as strain RW 98 (9). For virus passage, mice were infected intracerebrally at 4
weeks of age. Brains of animals showing strong neurological disease were col-
lected and used to prepare new virus stocks. Stocks obtained from the fourth
mouse passage were amplified once in brains of 5-week-old rats. A 10% (wt/vol)
rat brain homogenate was prepared (stock no. 82) and used throughout this
study. The viral titer of stock no. 82 was approximately 100 focus-forming
units/ml when determined by a standard fluorescence focus assay on Vero cells.

Vaccinia virus expressing BDV p40 (VV-p40) or influenza virus A/FPV/
Rostock/34 neuraminidase (VV-NA) was described earlier (17). Recombinant
vaccinia viruses expressing FLAG-tagged wild-type and mutated versions of
BDYV p40 were produced by standard procedures (26) using vaccinia virus strain
WR and plasmid pSC11-derived constructs for recombination. Plain pSC11
plasmid (4) was used to produce a control vaccinia virus expressing -galactosi-
dase (VV-B-gal).

Animal infections. MRL/MpJ mice were infected intracerebrally under ether
anesthesia at an age of 10 to 17 days with 10-pl samples of mouse-adapted BDV
stock no. 82 (100 focus-forming units/ml). Injections into the thalamic region
were done by using a Hamilton syringe. For vaccination experiments with vac-
cinia viruses, B10.BR mice were infected as newborns by the intracerebral route
with 10-pl samples of mouse-adapted BDV and challenged 7 to 10 weeks later by
intravenous injection of 5 X 10° PFU of the indicated recombinant vaccinia
viruses.
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TABLE 1. Candidate H-2k-restricted T-cell epitopes in BDV p40
Peptide sequence Restriction Protein Position Seore
clement BIMAS® SYFPEITHI”
TELEISSI KX BDV p40 129-136 1,000 23
RDLTELEI K" BDV p40 126-133 50 22
IRHPDAIKL D BDV p40 286-294 — —°
IRONAVALL Dk BDV p40 53-61 — —€
LTELEISSI KX BDV p40 128-136 <10 11
DLTELEISSI K" BDV p40 127-136 10 —
TELEISSIF KX BDV p40 129-137 20 13
LTELEISSIF K* BDV p40 128-137 <10 —
Control peptides
TEMEKGEKI KX HIV-1 RT* 206-214 1,000 25
FEANGNLI K" FLU HA 259-266 3,000 24
KAVYNFATM D LCMV GP# 33-41 936 29

“ Scores of at least 1,000 (BIMAS) have good predictive value in this program.
b Scores of at least 20 have good predictive value in this program.

¢ —, no computer-based prediction was available for D*-restricted peptides.

@ a search for K¥ decamers is not possible in SYFPEITHI.

¢ HIV-1 RT, human immunodeficiency virus type 1 reverse transcriptase.
/FLUHA, HA of influenza virus strain A/PR/8/34 (HIN1).

£ LCMV GP, glycoprotein of LCMV.

Plasmid constructs and site-directed mutagenesis. PCR fragments reflecting
full-length and C-terminally truncated versions of p40 were generated with a
common 5’ primer introducing a BamHI restriction site, followed by a FLAG tag
and individual 3’ primers introducing a BamHI site. The 3’ primers were com-
plementary to nucleotide positions 642 to 665, 843 to 865, and 1090 to 1113 of the
p40 open reading frame. PCR products were cut with BamHI and ligated into
Bglll-digested plasmid pSC11.

Site-directed mutagenesis of p40 was done by the overlap extension method
using PCR (19). Mutations leading to amino acid changes E130K and I136T were
introduced by using oligonucleotides 5'-CAGCGTGATCTCACCAAGCTGGA
GATATCCTCTACATTCAGCCATTGTTGC-3" and 5'-GCAACAATGGCTG
AATGTAGAGGATATCTCCAGCTTGGTGAGATCACGCTG-3'. In addi-
tion, these primers introduced a silent mutation that resulted in a new EcoRV
restriction site which allowed convenient selection of a PCR product harboring
the mutation. The BamHI-digested PCR product was subsequently cloned into
the Bg/II site of plasmid pSC11.

Northern blot analysis. Total RNA from CV-1 or 1.929 cells infected for 4 h
with the various vaccinia virus recombinants was prepared by using 1 ml of
TRIZOL reagent for 10° infected cells. Samples (10 p.g) of RNA were subjected
to electrophoresis through a 1.2% agarose—formaldehyde gel, transferred to a
nylon membrane, and hybridized under standard conditions to a radiolabeled
cDNA fragment corresponding to nucleotides 1 to 264 of the BDV p40 coding
region. To control for possible variation in gel loading, the blots were stripped
and rehybridized with a radiolabeled rat glyceraldehyde-3-phosphate dehydro-
genase cDNA probe (42). After stringent washing, Kodak Biomax MR films
(Kodak, Rochester, N.Y.) were exposed to the membranes for 1 day to visualize
the radioactive signals.

Western blot analysis. 1.929 cells were infected with the various recombinant
vaccinia viruses at a multiplicity of infection of 0.5, and whole-cell lysates were
prepared 18 h postinfection by adding 200 .l of lysis buffer (20 mM Tris HCI [pH
8.0], 137 mM NaCl, 10% glycerol, 2 mM EDTA, 1% Triton X-100, 1 mM
phenylmethylsulfonyl fluoride, 1 pg of pepstatin per ml) to 5 x 10° cells. Samples
(35 pl) of the lysates were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to polyvinylidene difluoride mem-
branes, and probed with a monoclonal antibody to BDV p40 (Bo18) (15) or a
monoclonal antibody to the FLAG epitope (M2; Sigma, Deisenhofen, Germa-
ny). The blots were developed with horseradish peroxidase-conjugated goat
anti-mouse serum and subsequent incubation with 4-chloro-1-naphthol substrate
(Fluka, Buchs, Switzerland).

Peptides. Peptides were purchased from Neosystem (Strasbourg, France) at a
purity of >65% (immunograde). They were dissolved in dimethyl sulfoxide at a
concentration of 10 mM. For incubation with cells, peptides were diluted in
medium to the indicated concentrations. All of the peptides used in this study are
listed in Table 1.

Isolation of brain lymphocytes. Brain lymphocytes were isolated essentially as
previously described (20). Briefly, brains of diseased mice were gently pressed

through a metal grid (60 mesh) in 10 ml of Hanks balanced salt solution con-
taining 0.05% collagenase D (Roche, Mannheim, Germany), 0.1 pg of the
trypsin inhibitor No-p-tosyl-L-lysine chloromethyl ketone (TLCK; Sigma) per ml,
10 pg of DNase I (Roche) per ml, and 10 mM HEPES buffer, pH 7.3. This tissue
suspension was incubated on a roller shaker for 1 h at room temperature and
then allowed to stand for 30 min at room temperature without agitation. Cells in
the supernatant were pelleted and suspended in 5 ml of phosphate-buffered
saline. This suspension was layered on a 10-ml gradient composed of 75%
Ficoll-Paque (Amersham Pharmacia Biotech, Uppsala, Sweden) and 25% RPMI
1640 medium supplemented with 10% fetal calf serum (FCS). After centrifuga-
tion for 30 min at 500 X g, the cell pellet was suspended in Iscove’s modified
Dulbecco’s medium supplemented with 10 ug of gentamicin per ml, 2X 107> M
B-mercaptoethanol, and 10% FCS at a concentration of 2 X 10° cells per ml. This
suspension was used as the effector cell population for in vitro cytotoxicity assays.

In vitro cytotoxicity assay. Ex vivo cytolytic activity of spleen cells and brain
lymphocytes from uninfected or BDV-infected animals was determined by two
types of >!Cr release assays. Unless stated otherwise, cytotoxicity assays were
performed as previously described (17). Briefly, 5 X 10° 1.929 (H-2¥) cells were
labeled in suspension with 200 wCi of >'Cr (NEN, Cologne, Germany) for 2 h at
37°C. After three washings, 10° 1929 cells labeled with >!Cr were infected with
the respective recombinant vaccinia viruses for 2 to 4 h at a multiplicity of
infection of 5. They were then diluted to a final concentration of 4 X 10* cells/ml,
dispensed into 96-well round-bottom microtiter plates at 4 X 103 cells per well
and coincubated with different numbers of effector cells in a total volume of 200
wl. For simultaneous testing of various peptides at one or more concentrations,
the second type of >'Cr release assay, termed mini-killer, was used (30a). Briefly,
0.3 X 10° to 1 X 10° labeled cells were loaded with the indicated peptides at final
concentrations ranging from 10~ to 107% M as described above and diluted to
a final concentration of 4 X 10* cells per ml. Aliquots (50 pl) of these cells were
then dispensed into V-bottom 96-well plates and coincubated with various ef-
fector cell numbers in a total volume of 100 wl (30a). Incubation of target cells
with effectors was done for 6 h at 37°C for both assays. The percentage of specific
SICr release was calculated according to the following formula: 100 X [(test
release — spontaneous release)/(total release — spontaneous release)].

Histology. Complete brain hemispheres from sacrificed animals were pre-
served in Zamboni’s fixative (4% paraformaldehyde and 15% picric acid in 0.25
M sodium phosphate, pH 7.5) and embedded in paraffin. Sagittal sections (4 pm)
were stained with hematoxylin-eosin and viewed and photographed under a Leitz
Dialux 20 EB microscope. The degree of encephalitis was scored on an arbitrary
scale of 0 to 3 (0, no infiltrates; 1, up to three perivascular infiltrates per brain
section with one or two layers of cells; 2, up to six perivascular infiltrates per
brain section with multilayer appearance and one or two parenchymal infiltrates;
3, more than six perivascular infiltrates per brain section with multiple layers of
cells and strong infiltration of the parenchyma at multiple sites).

H-2K" stabilization assay and peptide dissociation assay. T2-K cells (kindly
provided by J. Haurum, Copenhagen, Denmark) were maintained in RPMI 1640
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medium supplemented with 10% FCS at 37°C. Before loading with peptide, the
cells were incubated at 29°C in serum-free AIM-V medium (Life Technologies,
Karlsruhe, Germany) for 24 h. We incubated 10° cells per assay point overnight
at 29°C with the indicated peptide concentrations in 500 pl of AIM-V medium.
Cells were washed once with phosphate-buffered saline-2% FCS-0.1% NaNj,
and H-2K" surface expression was measured by flow cytometry using monoclonal
antibody 36-7-5, which is specific for murine H-2K¥ (BD Pharmingen, Heidel-
berg, Germany).

RESULTS

Mapping of CTL epitopes in BDV p40 by C-terminal dele-
tion analysis. To identify regions in BDV p40 that may carry
CTL epitopes, vaccinia virus recombinants were generated that
express C-terminal deletion mutant forms of p40. We success-
fully rescued recombinant vaccinia viruses expressing N-termi-
nally flagged, full-length p40 (VV-FLAGp40) and deletion
mutant forms lacking 82 (VV-FLAGp40,_,ss) and 148 (VV-
FLAGp40,_,,,) amino acids at the C terminus of p40, respec-
tively (Fig. 1A). For unknown reasons, it was not possible to
rescue recombinant vaccinia viruses expressing shorter ver-
sions of p40. When CV-1 or L929 cells infected with the var-
ious recombinant vaccinia viruses were analyzed for p40-spe-
cific transcripts by Northern blotting, RNAs of the expected
sizes were found to be abundantly present (Fig. 1B). However,
analysis of p40 expression by immunofluorescence (data not
shown) or immunoblotting (Fig. 1C) using monoclonal anti-
body Bol8 (which detects a linear epitope close to the N
terminus of p40) revealed that only infection with VV-
FLAGp40 yielded easily detectable levels of BDV antigen.
This protein migrated slightly slower on SDS-PAGE than au-
thentic p40 due to the presence of the FLAG tag at the N
terminus. Surprisingly, cells infected with VV-FLAGp40,_,gq
contained only low levels of p40 and no p40 antigen was de-
tectable in CV-1 or L929 cells infected with VV-FLAGp40, ,,,
(Fig. 1C and data not shown). Western blot analysis of such
cell extracts with a monoclonal antibody that detects the
FLAG epitope yielded comparable results: again, the trun-
cated versions of p40 were not or only barely detectable (data
not shown). Since truncated p40 mRNAs were abundantly
present in infected cells (Fig. 1B) and since sequencing recon-
firmed the integrity of the open reading frames in the recom-
binant vaccinia viruses, these findings strongly indicated that
the half-lives of C-terminally truncated versions of BDV p40
were short.

Recombinant vaccinia viruses expressing the various p40
variants were used to infect 1929 cells, which then served as
targets in a >'Cr release assay. As effector cells, lymphocyte
preparations from brains of BDV-infected MRL mice in the
acute phase of neurological disease were used throughout this
study without further restimulation in vitro. Animals were in-
oculated intracerebrally at an age of 2 weeks with 10-pl ali-
quots of mouse-adapted stock no. 82 corresponding to an in-
fectious dose of 1 FFU per mouse. This inoculum size always
resulted in persistent CNS infection, indicating an underesti-
mation of the viral titer by the standard focus-forming assay.
Animals were euthanatized when they showed significant
weight loss, severe ataxia, paraparesis, and apathy. Brain lym-
phocyte preparations from such animals are subsequently re-
ferred to as BDV-specific CTLs. On average, one brain yielded
about 3 X 10° lymphocytes. We found that full-length p40 and
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truncation mutant forms FLAGp40, ,ss and FLAGp40, 55,
sensitized 1929 target cells equally well for lysis by BDV-
specific CTLs (Fig. 1D). L929 cells infected with a control virus
(VV-NA) were not lysed noticeably at low effector-to-target
ratios, and lysis remained low at the highest effector-to-target
ratio. Weak nonspecific background activity of brain-derived
lymphocytes toward vaccinia virus-infected target cells has pre-
viously been observed (17). Collectively, these results indicated
that at least one prominent CTL epitope was contained within
the N-terminal 222 amino acids of p40. They further indicated
that truncated p40 antigen was indeed synthesized and effi-
ciently presented on major histocompatibility complex (MHC)
class I molecules by cells infected with VV-FLAGp40,_,gs, or
VV-FLAGP40;_55).

Evaluation of computer-predicted CTL epitopes. As we
failed to rescue recombinant vaccinia viruses expressing short
N-terminal fragments of BDV p40, we analyzed the p40 se-
quence for H-2k-restricted T-cell epitopes by using two differ-
ent computer programs, namely, the HLA peptide binding pre-
diction program of BIMAS (http://bimas.dcrt.nih.gov/molbio
/hla_bind/index.html) (31) and the SYFPEITHI epitope pre-
diction program (http://www.uni-tuebingen.de/uni/kxi/) (35). Two
overlapping octamers, TELEISSI and RDLTELEI, located in
the N-terminal moiety of p40 emerged as candidate epitopes
(Table 1). They both conform to the minimal consensus se-
quence of K* binding, which is XD/EXs (I/V (36). Peptide
TELEISSI got top scores in both prediction programs, whereas
peptide RDLTELEI scored well in only one of them (Table 1).

We chemically synthesized these two candidate peptides and
tested them for the ability to sensitize 1929 cells for cytotoxic
activity of BDV-specific effector cells in a standard *'Cr release
assay. TELEISSI reproducibly sensitized target cells for lysis
by lymphocytes from brains of BDV-infected mice with acute
neurological disease (Fig. 2), whereas RDLTELEI did not
(Fig. 2B). Similarly, 1929 cells pulsed with the peptides
IRQNAVALL and IRHPDAIKL, which conform to sequence
motifs determined for D*-binding peptides (Table 1) (7, 25),
were not lysed by BDV-specific brain lymphocytes. To verify
that lysis of peptide-loaded target cells was H-2k restricted, we
pulsed 1929 cells (H-2k), EL-4 cells (H-2b), and P815 cells
(H-2d) with TELEISSI and determined target cell sensitiza-
tion by using BDV-specific brain lymphocytes as effectors.
TELEISSI sensitized 1.929 cells but not EL-4 or P815 cells
(Fig. 2C).

N- and C-terminally elongated versions of TELEISSI are
recognized less efficiently by BDV-specific CTLs. The concen-
tration of peptide TELEISSI required to sensitize 1.929 target
cells for half-maximal lysis by BDV-specific CTLs was approx-
imately 10~ ¢ M (Fig. 3). We determined if C- or N-terminal
extensions of TELEISSI (Table 1) would result in more effi-
cient target cell sensitization. Figure 3B shows that this was not
the case. The nonamer peptide LTELEISSI was slightly less
efficient than TELEISSI, whereas the performance of the
decamer DLTELEISSI was reduced by more than 1 order of
magnitude. The C-terminally elongated nonamer TELEISSIF
had to be used at 10~* M to reach half-maximal sensitization
of target cells for lysis by BDV-specific CTLs (Fig. 3B). A
decamer peptide carrying one extra amino acid at each termi-
nus (LTELEISSIF) was virtually inactive in the CTL assay, as
was the negative control peptide FEANGNLI (Fig. 3B).
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To directly determine the binding affinity of TELEISSI for
the H-2K¥ molecule, we used an MHC class I surface stabili-
zation assay which is based on the T2 cell line. T2 cells have a
defect in peptide transport into the endoplasmic reticulum and
display greatly reduced surface expression of MHC class I
molecules which can be reversed by addition of exogenous
peptide (41). The T2 cell clone used here was stably trans-
fected with a construct expressing the murine K* molecule.
When these cells were incubated with 10~ * M TELEISSI, their
surface staining by a KX-specific monoclonal antibody in-
creased strongly (Fig. 4). K* surface expression of TELEISSI-
treated cells was actually more pronounced than that of cells
treated with 10~ * M influenza A/PR8/34 virus hemagglutinin
(HA)-derived peptide FEANGNLI, which strongly binds K*
(13). A well-characterized D -restricted CD8" T-cell epitope
with the sequence KAVYNFATM from the lymphocytic cho-
riomeningitis virus (LCMV) glycoprotein (32) was not able to
induce upregulation of K* cell surface expression, demonstrat-
ing the specificity of the assay (Fig. 4). Titration showed that
the concentration of TELEISSI required for half-maximal sur-
face expression of K* was about 3 X 107> M, while that for
FEANGNLI was about 5 X 10~* M (Fig. 4). These data
suggested that TELEISSI binds K* with an affinity comparable
to or higher than that of a well-known K* interaction partner.

TELEISSI is the immunodominant CTL epitope in BDV
p40. To determine whether TELEISSI indeed represents the
immunodominant epitope, we introduced two point mutations
into BDV p40. The two anchor residues, glutamate at posi-
tion 130 and isoleucine at position 136, were changed to lysine
and threonine, respectively, in order to destroy the H-2k-
binding capacity of TELEISSI, and the resulting cDNA was
used to construct recombinant vaccinia virus VV-FLAG
P40g 130k 11367 Expression studies with infected CV-1 (Fig.
5A) and L1929 (data not shown) cells demonstrated that
FLAGP40g 30k 11367 Was expressed equally as well as its
flagged wild-type counterpart. When VV-FLAGP40g 30k 11361
was used to infect 1.929 target cells, CTL activity was at back-
ground levels and did not exceed that observed with control
cells infected with VV-NA (Fig. 5B). In contrast, 1.929 cells
infected with VV-FLAGp40, which directs the synthesis of

FIG. 1. At least one CTL epitope is contained in the N-terminal
222 amino acid residues of BDV p40. (A) Schematic drawing showing
the structures of C-terminally truncated versions of BDV p40 ex-
pressed by the indicated recombinant vaccinia viruses. (B) Northern
blot analysis of RNA from CV-1 cells (lanes 3, 6, 9, and 12) or L.929
cells (lanes 1, 2,4, 5,7, 8, 10, and 11) infected for 4 h with the indicated
vaccinia virus recombinants at a multiplicity of infection of 5 (lanes 1,
3,4,6,7,9, 10, and 12) or a multiplicity of infection of 10 (lanes 2, 5,
8, and 11). VV-B-gal served as a negative control. A radiolabeled
probe specific for BDV p40 was used for hybridization. (C) Western
blot analysis of lysates from L1929 cells infected with the indicated
recombinant vaccinia viruses. BDV p40-specific monoclonal antibody
Bo18 was used for detection. Note the weak staining of p40 mutants,
presumably resulting from the poor in vivo stability of these truncated
proteins. (D) Lysis of target cells infected with the various vaccinia
virus recombinants by lymphocytes from brains of BDV-infected MRL
mice with acute neurological disease. Lysis observed with 1929 cells
infected with a control vaccinia virus recombinant (VV-NA) at the
highest effector-to-target (E:T) ratio represents the background lytic
activity of brain lymphocyte preparations toward vaccinia virus-in-
fected target cells.
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FIG. 2. The peptide TELEISSI represents the major K*-restricted
CTL epitope of BDV p40. (A) L929 target cells (H-2k) were loaded
with TELEISSI or TEMEKGEKI (representing a K*-restricted CTL
epitope of human immunodeficiency virus type 1 reverse transcriptase)
at a concentration of 10™* M. Peptide-loaded target cells were incu-
bated with lymphocytes from brains of BDV-infected MRL mice with
acute neurological disease. Results shown represent the means of four
independent experiments. (B) Peptides representing candidate K*-
and D¥-restricted CTL epitopes with lower scores than TELEISSI
were tested for the ability to sensitize 1929 target cells at a concen-
tration of 10”* M in a standard °!Cr release assay using lymphocytes

H-2K*-RESTRICTED CTL EPITOPE IN BDV NUCLEOPROTEIN 8583

wild-type p40, were good CTL targets (Fig. 5B). Thus, BDV-
specific CTLs mainly recognized TELEISSI, which identified
this peptide as the immunodominant epitope of p40.

To answer the question of whether TELEISSI also repre-
sents the major determinant for recognition by disease-induc-
ing CD8" T cells in vivo, we took advantage of the fact that
vaccinia virus-mediated immunization with wild-type p40 can
drive symptomless persistently BDV-infected B10.BR mice
into fatal neurological disease (17). Although they harbor a
high number of virus-infected neurons in the CNS, as deter-
mined by immunohistochemical analysis (data not shown),
these mice remain healthy in the absence of immunization as a
result of immunological ignorance. The disease-inducing effect
of p40 immunization in these mice presumably results from the
induction of a vigorous CTL response to BDV antigen (17). If
TELEISSI were the immunodominant epitope in p40, we
would expect immunization with p40g;30k 1136r t0 have no
deleterious effect. This was indeed the case. When persistently
infected B10.BR mice were immunized by infection with wild-
type p40-expressing vaccinia virus, four of the five challenged
animals developed severe neurological disease within 7 to 10
days (Table 2). Histological analysis of the CNS revealed the
abundant presence of lymphocytes and prominent perivascular
cuffs in the hippocampus and midbrain of diseased animals
(Fig. 6), as well as in the cortex and thalamus (data not shown).
By contrast, when five persistently infected B10.BR mice were
immunized by infection with the vaccinia virus recombinant
expressing p40g 30k 11361, NO disease was observed (Table 2).
Histological examination of the brains of these animals showed
no detectable infiltrates of inflammatory cells (Table 2 and Fig.
6), demonstrating that the absence of the TELEISSI motif
rendered the p40 immunization ineffective.

To control for the possibility that immunization by infection
with VV-FLAGp40g 30k 11361 failed to induce disease simply
because it did not replicate well in the infected mice, we ex-
amined the spleens of VV-p40g 30k 1136r-infected mice for the
presence of vaccinia virus-specific CTLs. The experiment
shown in Fig. 7 demonstrated that high numbers of vaccinia
virus-specific CTLs were present in this organ, regardless of
whether p40 wild-type- or p40 mutant-expressing vaccinia vi-
ruses were used for the challenge. Taken together, these re-
sults showed that the integrity of the TELEISSI epitope in
BDV p40 was indispensable for induction of neurological dis-
ease in persistently infected B10.BR mice. Moreover, these
data made it extremely unlikely that other hypothetical
epitopes in BDV p40 played an important role in disease
induction. We therefore concluded that TELEISSI is indeed

from brains of BDV-infected MRL mice with acute neurological dis-
ease. For a description of the various BDV p40-derived peptides, see
Table 1. The octamer peptide FEANGNLI (corresponding to a well-
characterized K*-restricted epitope of influenza virus HA) was used as
a negative control. (C) L929 (H-2k), EL-4 (H-2b), and P815 (H-2d)
cells were loaded with TELEISSI or control peptide TEMEKGEKI at
a concentration of 10~* M before they were used as target cells in a
standard >'Cr release assay with lymphocytes from brains of BDV-
infected MRL mice with acute neurological disease. Results shown
represent the means of three independent experiments. E:T ratio,
effector-to-target ratio.
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FIG. 3. N- and C-terminally elongated versions of TELEISSI are
recognized less efficiently by BDV-specific CTLs. (A) Titration of the
TELEISSI concentration necessary to sensitize 1929 cells for BDV-
specific lysis. 1.929 cells pulsed with the indicated peptide concentra-
tions were incubated with lymphocytes from brains of BDV-infected
MRL mice with acute neurological disease. Results shown are the
averages of two independent titration experiments. (B) Mutant ver-
sions of TELEISSI were used at the indicated concentrations to sen-
sitize 1929 target cells for lysis by BDV-specific CTLs in a mini-killer
SICr release assay. The K-restricted peptide FEANGNLI from the
influenza virus HA served as a negative control. For a detailed de-
scription of the peptides used, see Table 1. Values are expressed as
percentages of the maximal activity observed with the highest concen-
tration of TELEISSI.

the immunodominant CTL epitope against which the disease-
inducing CTLs in BDV-infected H-2k mice are directed.

DISCUSSION

In the present study, we identified the H-2k-restricted CTL
epitope in the p40 protein of BDV. It is an octamer peptide
located at positions 129 to 136 of BDV p40 with the sequence
TELEISSI that conforms to the consensus sequence motif for
KX -restricted CTL epitopes. By using the anchorless mutant
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FIG. 4. TELEISSI shows a K*-binding affinity comparable to that
of a well-characterized K*-restricted peptide. T2-K* cells were incu-
bated for 20 h in AIM-V medium at 29°C and then loaded with the
indicated concentrations of peptide TELEISSI, the K*-restricted in-
fluenza virus HA peptide FEANGNLI, the H-2DP-restricted peptide
KAVYNFATM derived from the LCMV glycoprotein (32), or no
peptide for a further 16 h in AIM-V medium at 29°C. MHC class I cell
surface expression was then measured by using monoclonal antibody
36-7-5 (BD PharMingen), which is directed against K*. Relative pep-
tide affinity is expressed as a fluorescence index (mean fluorescence
with peptide/mean fluorescence without peptide). The results shown
represent the mean values of three independent experiments.

FLAGP40g30k 11361» We showed that TELEISSI represents
the immunodominant epitope in p40 and that this peptide is of
crucial importance for induction of the disease-determining
T-cell response in BDV-infected mice.

We mapped the CTL epitope in BDV p40 by two comple-
mentary experimental approaches. In a first approach, we gen-
erated C-terminally truncated versions of p40 that were sub-
sequently introduced into recombinant vaccinia viruses in
order to express them in L1929 cells. These cells were then used
as target cells in cytotoxicity assays with lymphocytes from
brains of BDV-infected mice with acute neurological disease.
In a second approach, we screened the amino acid sequence of
p40 for motifs that conform to the known consensus sequence
for H-2k-restricted T-cell epitopes. Chemically synthesized
peptides corresponding to candidate p40 epitopes were then
added to the culture medium of L929 target cells to achieve
their loading onto surface MHC class I complexes. An unex-
pected difficulty of the first approach was that vaccinia viruses
carrying p40 variants that lacked 206 or more C-terminal
amino acid residues could not be rescued. A second difficulty
was that those C-terminally truncated p40 versions that could
be rescued did not accumulate to high levels in infected cells,
although the corresponding mRNAs were abundantly present.
Since 1929 cells infected with these recombinant vaccinia vi-
ruses were excellent targets for BDV-specific CTLs, it appears
that the observed decreased stability of the mutants actually
promoted efficient surface presentation of p40-derived pep-
tides. Similar observations were reported with C-terminal trun-
cation mutant forms of the nucleoprotein of influenza virus
A/NT/60/68 (H3N2) (48) and the large T antigen of simian
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FIG. 5. Lysis by BDV-specific CTLs of target cells expressing p40
but not the anchorless mutant FLAGp40g 30k 11361 (A) The second
and last residues of TELEISSI, predicted to represent critical amino
acids for binding to K¥, were changed to K and T, respectively, and the
resulting cDNA, encoding mutant protein p40g; 3ok 11361 Was inserted
into a recombinant vaccinia virus (VV-FLAGp40g, 30k 11361)- Lysates
of CV-1 cells infected with vaccinia viruses expressing either the wild-
type or the mutant form of BDV p40 were analyzed by SDS-PAGE
and Western blotting using monoclonal antibody Bo18. A recombinant
vaccinia virus expressing influenza virus neuraminidase (VV-NA)
served as a negative control. (B) Vaccinia virus-infected target cells
expressing p40g;30x 11361 Wild-type p40, or influenza virus NA were
incubated with lymphocytes from brains of BDV-infected MRL mice
with acute neurological disease, and specific cell lysis was monitored in
a standard >'Cr release assay. Results shown represent the mean values
of three independent experiments. E:T ratio, effector-to-target ratio.

virus 40 (11, 37). It has recently been shown that expression of
unstable fragments of influenza virus nucleoprotein resulted in
higher intracellular levels of antigenic peptides than expression
of the full-length nucleoprotein (1). Enhanced CTL responses
were also observed when the nucleoprotein of LCMV was
expressed in the form of a ubiquitin fusion protein that is
quickly degraded by proteasomes (39), supporting the view
that proteins with a reduced half-life are presented most effi-
ciently on MHC class I molecules.

Two different computer programs predicted that TELEISSI
is an H-2k-restricted epitope in BDV p40. By contrast, the

H-2K*-RESTRICTED CTL EPITOPE IN BDV NUCLEOPROTEIN 8585

TABLE 2. Vaccinia virus-mediated expression of BDV
P40g 130k 11361 does not induce CNS inflammation and
disease in persistently infected B10.BR mice

Protein No. of diseased animals/ Degree of

ote total no. of animals meningoencephalitis®
FLAGp40 4/5 3/3/0/3/3
FLAGP40g;30k 11361 0/5 0/0/0/0/0

¢ Ratings of inflammation ranged from 0 (no detectable lymphocytic infiltra-
tion) to 3 (very severe lymphocytic infiltration) See Materials and Methods for
details.

overlapping peptide RDLTELEI, which also conforms to the
consensus sequence, scored well in one program only. Both
peptides were initially considered to be reasonable candidates
because they reside in the N-terminal moiety of p40, which,
according to our results with recombinant vaccinia viruses,
carries the critical epitope. Experiments with chemically syn-
thesized peptides loaded onto target cells proved that
TELEISSI had the predicted activity, whereas RDLTELEI did
not. Due to overlapping of these peptides in the p40 protein,
mutation of the anchor residue E, 5, of TELEISSI also con-
verted the putative epitope RDLTELEI into RDLTKLEI.
Therefore, RDLTELEI might have lost its potential to substi-
tute for TELEISSI as the immunodominant epitope in mutant
protein FLAGP40g, 30k 11367 However, since the mutation did
not affect a putative anchor residue in RDLTELEI and, more
importantly, since RDLTELEI was incapable of sensitizing
target cells for lysis by ex vivo BDV-specific CTLs (Fig. 2B), it
is highly unlikely that RDLTELEI represents a CTL epitope or
could replace TELEISSI in the disease-inducing CD8" T-cell
response.

Since relatively high concentrations of the TELEISSI pep-
tide were needed to sensitize 1929 target cells for lysis by
BDV-specific CTLs, the question was raised of whether this
peptide has a low affinity for MHC class I K* molecules or
whether some intrinsic properties of our assay system might
simply limit the sensitivity of the readout. Studies in other
systems had previously shown that N-terminal elongation oc-
casionally increases the affinity of peptides for the respective
MHC class I molecules (5, 22), although peptide elongation at
the N or C terminus usually has a negative effect, as shown for
epitopes in the nucleoproteins of human respiratory syncytial
virus (14), influenza virus A/PR/8/34 (13), and hepatitis C virus
(21). We found here that N-terminal elongation of TELEISSI
by one or two amino acids led to a moderate decrease in target
cell sensitization and that C-terminal elongation of TELEISSI
had an even more pronounced negative effect. This suggested
that of all possible BDV p40-derived peptides, TELEISSI
functions best as an H-2k epitope.

Since we showed that TELEISSI can up-regulate cell surface
expression of K* on T2 cells with an efficacy equal to that of the
well-characterized CTL epitope FEANGNLI, which was re-
ported to sensitize target cells at concentrations of less than 1
nM (13), we assume that the MHC class I-binding affinity of
TELEISSI is probably higher than that estimated by our >'Cr
release assays. Possibly, the requirement for high peptide con-
centrations in our assays resulted from inefficient expression of
the MHC class I K* molecule on the surface of our subline of
1929 cells. It is also possible that the origin of the effector T
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FIG. 6. Vaccinia virus expressing p40, but not mutant FLAGp40g 30k 11361, induces encephalitis in BDV-infected B10.BR mice. Mice were
infected with a mouse-adapted variant of BDV as newborns in order to establish a symptomless persistent infection of the CNS. At the age of 8
to 10 weeks, the animals were infected with recombinant vaccinia virus expressing wild-type p40 or mutant protein p40g 30k 11367~ The animals were
sacrificed when severe neurological symptoms occurred (7 to 10 days after challenge) or at day 10 post vaccinia virus infection if no disease
symptoms were observed. Brain hemispheres were removed and processed for paraffin embedding. Thin sections were stained with hematoxylin
and eosin to visualize infiltrating lymphocytes in the midbrain (upper panels) and hippocampus (lower panels) of mice infected with VV-FLAGp40

(left panels) or VV-FLAGP40g 30k 1136t (right panels).

cells could play a decisive role in the observed phenomenon.
CTL assays with peptide-sensitized target cells are usually per-
formed with permanent T-cell lines or with primary T cells that
are restimulated in vitro before use. These procedures may
enrich the effector cell population for CTLs with enhanced
affinity for the cognate peptide. It should be noted that the
CTLs of the present study originated from inflamed mouse
brains and were used directly for >'Cr release assays without in
vitro restimulation. Alternatively, the requirement for a high
peptide concentration could be explained by assuming that T
cells recognizing the TELEISSI-MHC class I complex carry
low-affinity receptors. It is reasonable to assume that low-
avidity CTLs might dominate in persistent virus infections be-
cause activation-induced cell death resulting from prolonged
exposure to antigen presented by nonprofessional antigen-pre-
senting cells may primarily affect high-avidity CTLs (27, 43).
To find out whether TELEISSI is the immunodominant
epitope, we replaced the anchor residues E, 5, and 1,5 in p40
with K and T, respectively, in order to destroy the TELEISSI
epitope. We found that effector T cells from MRL mice did not
recognize any alternative epitopes on cells expressing the mu-
tant form FLAGp40g, sk 136> Which demonstrated that
TELEISSI is indeed the immunodominant epitope in p40. In
addition, this mutant p40 was not able to induce meningoen-
cephalitis and disease after vaccination of persistently infected
B10.BR mice. This showed that no subdominant epitope(s)

existed which could replace TELEISSI in inducing disease-
mediating CD8" T cells. These results indicate that the T-cell
repertoire for K*-restricted p40 epitopes is very limited. They
further suggest that the immunodominance of TELEISSI is
not based on suppression of T-cell responses to other peptides
by the dominant peptide, as seems to be the case for immu-
nodominant epitopes of simian virus 40 T antigen and influ-
enza virus HA (8, 28).

Experiments in the rat model system showed that it is pos-
sible to protect against BDV infection by adoptive transfer of
BDV-specific CD4" T cells (38), which are thought to act by
inducing an antiviral CD8" T-cell response (30). Our recent
experiments indicated that p40-specific vaccination with the
help of recombinant vaccinia viruses can suppress viral spread
in the CNSs of MRL mice (K. Schamel and J. Hausmann,
unpublished data). These results suggest that protective immu-
nity might be achieved by immunizing mice with the TELEISSI
peptide alone. In the LCMV system, it was shown that the
hierarchy of the CTL response against different viral proteins
does not strictly correlate with protective immunity (10). Thus,
the possibility should be taken into account that antigenic
peptides derived from other BDV proteins may also mediate
protective immunity. We have previously observed a weak CTL
response to the viral phosphoprotein p24 in infected MRL
mice (17), suggesting that BDV harbors additional H-2k-re-
stricted CTL epitopes. Computer-assisted inspection revealed
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FIG. 7. VV-FLAGpP40g;30x 1136t and VV-FLAGp40 induce com-
parable vaccinia virus-specific CTL responses in infected mice. Single-
cell suspensions from spleens of B10.BR mice infected with 5 X 10°
PFU of VV-FLAGpP40g 30k 11367 and VV-FLAGp40 or from spleens
of mock-infected mice were used as effectors in a standard *'Cr release
assay on vaccinia virus-infected 1.929 target cells. E:T ratio, effector-
to-target ratio.

several candidate peptides for K* binding in p24, gp18, and the
L polymerase of BDV (J. Hausmann, unpublished data). Ad-
ditional experiments are required to determine whether they
represent targets of the antiviral immune response in H-2k
mice and could have protective potential as peptide vaccines.

With the knowledge that TELEISSI is the immunodominant
peptide of BDV that determines the disease-inducing CTL
response in persistently infected H-2k mice, new experimental
approaches are becoming available which may eventually lead
to a more complete understanding of the disease mechanisms.
For example, it should now be possible to generate permanent
T-cell lines with disease-inducing potential in infected mice.
The new information should further allow the generation of
tetramers of peptide-loaded MHC class I complexes for in situ
detection of TELEISSI-specific CD8* T cells, which would
help in the identification of the site of T-cell priming and
would allow monitoring of the fate of antigen-specific T cells in
the brain.
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