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Abstract A CD4" T cell epitope of the influenza virus
matrix protein corresponding to the C terminus (QAY -
QKRMGVQMQRFK) was inserted into the VP7 gene of
bluetongue virus (BTV). The chimeric protein was ex-
pressed by a dual recombinant Autographa californica
polyhedrosisvirus (AcNPV), which encodes the two inner
capsid proteins VP3 and VP7 of BTV. When Spodoptera
frugiperda cells (Sf9 cells) were infected with this recom-
binant BTV, core-like particles (CLPs) were formed as
demonstrated by electron microscopy. To study the immu-
nogenicity of a foreign epitope deprived of its natural
flanking sequences in vitro, purified CLPs expressing the
T cell epitope were used to stimulate two different MHC
classl-restricted CD4" human T cell clones. One of these
T cell clones, ALF 3.7 was specific for the inserted epi-
tope, whereas the other T cell clone ALF 4.4 recognized
shorter derivates of the given epitope. CLPs with the in-
serted epitope were presented as efficiently as purified in-
fluenzavirus matrix proteintotheclone ALF 3.7, whereas
clone ALF 4.4 showed no proliferative response.
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Introduction

T cells recognize antigen only in the form of processed
peptides bound to either MHC class| or class || molecules
[1, 2]. Class|I-bound peptides occur as nested setsderived
from an epitope with variabletruncations at both the N and
C termini, and range from 9 to 30 amino acids in length.
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Thisantigen processing requiresinternalization of theanti-
gen into an acidic compartment where the antigen is de-
graded and the resulting peptides are loaded onto MHC
class || molecules. Subsequently, these complexes are dis-
played on the surface of the antigen-presenting cell (APC).
MultiplefactorsinfluenceaT cell responseto an antigenic
determinant, such as the affinity for the binding groove of
the MHC molecule[3], competition between different pep-
tides generated from the same antigen [4], and its avail-
ability after processing by APC [5]. The mechanisms of
antigen processing remain unclear, butitiswell established
that the flanking sequences of a minimal antigenic deter-
minant can influence its presentation to T cells [6-12].
Therefore, the immunogenicity of a given T cell epitope
depends not only on its own sequence.

Over the last few years much effort has been focused
on the development of synthetic peptide vaccines against
various pathogens. One problem of peptide vaccines is
their short lifetime. Another isthe genetic restriction to the
antigen which resultsin the failure to generate T cell help
for antibody production. Thus, the identification of T cell
determinants which are associated with protective immu-
nity and can interact with awide range of major histocom-
patibility complex (MHC) molecules is important in the
design of synthetic vaccines. Therefore, it is first neces-
sary to map T cell epitopes and second to look for a suit-
able delivery system of antigenic epitopes. Different types
of vehicles have been used to present foreign B or T cell
eptitopes, such as particles formed from hepatitis B virus
(HBV) surfaceor coreantigens, polioviruses, yeast Ty-par-
ticles or bacterial fusion proteins [13-17]. However, the
processing and the presentation of such chimeric proteins
is poorly documented.

In the present study, we have analyzed the immunoge-
nicity in vitro of aCD4" T cell epitope of the matrix pro-
tein of influenza A virus which was genetically inserted
into bluetongue virus (BTV, Orbivirus genus, Reoviridae)
derived core-like particles (CLPs). Expression of both in-
ner capsid proteins (VP3 and VP7) of BTV ininsect cells
viaadual recombinant baculovirusled to the formation of
viral CLPs[18]. These particles can be easily purified by
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a one-step sucrose gradient centrifugation and it has al-
ready been shown that they work as an antigen delivery
system for B cell epitopes[19]. Trimers of VP7 clothe an
inner scaffold constructed of VP3 [20]. We have used an
insertion site at amino acid (aa) position M 145, which is
exposed onthetop of theVP7 molecule. Theinserted CD4*
T cell epitope is 15 aalong and corresponds to the C ter-
minus of influenzavirus matrix protein. The insertion had
no influence on expression of the VP7 molecule, trimer
formation or the generation of CLPs. The immunogenic-
ity of CLPs carrying this viral epitopein vitro was inves-
tigated using two CD4" T cell cloneswhich are matrix pro-
tein specific. One of these clones (ALF 3.7) was specific
for the inserted epitope, whereas the other (ALF 4.4) rec-
ognized shorter derivates of the epitope. The expressed
VP7 chimera showed a strong immunogenicity, compar-
able to that of purified influenza virus matrix protein, but
interestingly no shorter derivates of this peptide were gen-
erated by APCs.

Materials and methods
Cells and viruses

The Spodoptera frugiperda clone Sf9 of IPLB-Sf21-AE cells [21]
was maintained either as monolayer culture or as a suspension cul-
turein TC 100 insect cell medium containing 10% FCS (Gibco BRL,
Paisley, UK) as described previously [22].

Epstein Barr virus-transformed human B cells were maintained
as asuspension culturein RPMI 1640 medium containing 10% FCS
(Gibco) as described [23]. The HLA of these cells was typed as fol -
lows: A2 Aw26 Bw58 Bw49 DR6 DQ1.

Peripheral blood lymphocytes were stimulated with various di-
lutions of influenza virus matrix protein [strain A/FPV/Rostock/34
(H7/N1)]. The specificity of the resulting CD4" T cell clones was
examined with overlapping petides synthesized by the SPOT meth-
od [24]. They were maintained as monolayer culturesin RPMI 1640
medium containing 5% human AB serum (Sigma-Aldrich, Deisen-
hofen, Germany) supplemented with 100 U/ml human recombinant
IL-2 as previously described [25].

DNA manipulation and construction
of adual transfer vector carrying a T cell epitope

DNA modifications and subcloning of DNA were performed accord-
ing to standard molecular procedures [26]. The dual baculovirus
transfer vector pAcUW51-17.3-10.7 (M 145), which expresses BTV
protein VP3 under the control of the p10 promoter and BTV VP7
under the control of the polyhedrin promoter carriesan insertion site
for foreign epitopes in the context of VP7 with the restriction en-
zymesites Spel at the5' end and Smal at the 3' end. The protein cod-
ing sequence of the chosen epitope QAY QKRM GV QMQRFK of in-
fluenza virus matrix protein was amplified by the polymerase chain
reaction (PCR) using the oligonucleotide CTTCTTTCTAGAATG-
CAGGCCTACCAG as a5'-forward primer and the oligonucleotide
ATAATGAGACCCGGGCTTGAATCGTTG as 3'-reverse primer.
Theforward primer contained a Xbal -restriction site, and thereverse
primer contained a Smal-restriction site. Amplification was per-
formed using acommercially available kit from Perkin ElImer Cetus
Instruments (Weiterstadt, Germany). Theamplified PCR product was
digested with Xbal and Smal and subsequently ligated into the Spel
and Smal site of the baculo transfer vector pAcUW51-17.3-10.7
(M 145) resulting in the plasmid pAcUW51/M-COOH. The orienta-
tion of the chimeric genein the transfer vector was confirmed by se-
guence analysis [26].

Monolayers of S. frugiperda cells were co-transfected with
pAcUWS51/M-COOH and AcRP23.l1acZ baculovirus DNA (Diano-
va, Hamburg, Germany) using thelipofectinreagent (BRL Life Tech-
nologies, Gaithersburg, Md.) [28, 29]. Recombinant baculoviruses
generated by homologous recombination were selected by plague
formation on X-Gal plates. By plaque purification of progeny virus
with a lacZ-negative phenotype the recombinant AcBTV17.3—
10.7/M-COOH virus was isolated and high-titered virus stock was
prepared.

Metabolic radiolabeling and immunoprecipitation
of BTV VP3 and VP7

S frugiperda cellswereinfected at amultiplicity of infection (m.o.i.)
of 4 PFU/cell with either recombinant baculoviruses or were mock
infected. At 2 days after inocul ation the cellswere washed once with
methionine- and tryptose-free medium and preincubated with this
medium for 1 h. Subsequently, the cells were labeled for 1 h with
[35S]methionine (Amersham/Buchler, Braunschweig, Germany)
(10 pCi/ml) in TC 100 medium lacking the respective cold amino
acid. After washing the cellstwicein cold phosphate-buffered saline
(PBS), they were solubilized in radioimmunoprecipitation buffer
(RIPA; 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1% deoxycho-
late, 10 mM EDTA, 1 mM PMSF, 10 mM iodoacetamide, 500 U
aprotinin, 20 mM TRIShydrochloridepH 7.6). Thelysateswerecen-
trifuged to remove insoluble debris, and the proteins were precipi-
tated with anti-BTV hyperimmune rabbit serum and preswollen pro-
tein A-conjugated Sepharose 4B (Sigma). The precipitates were
washed extensively with RIPA buffer. Protein dissociation buffer
(10% mercaptoethanol, 10% sodium dodecy! sulfate, 25% glycerol,
10 mM TRIS hydrochloride pH 6.8, 0.02% bromophenol blue) was
added to each sample, and heated to 100°C for 5 min. Proteins were
analyzed by SDS polacrylamide gel electrophoresis (PAGE) on 12%
polyacrylamide gels [30].

Purification of CLPs expressed in insect cells

For the purification of expressed particles, 3x10°8 Sf9 cells (spinner
cultures) were infected at a m.o.i. of 4 PFU/cell with either the re-
combinant baculovirusAcBTV17.3-10.7/M-COOH or AcBTV17.3-
10.7. At 48 h post infection the cells were harvested, washed with
PBS, and lysed for 4 h at 4°C in 50 mM TRIS hydrochloride pH 8.0,
150 mM NaCl, 0.5% Nonidet P-40. Thecell lysateswere centrifuged
toremoveinsolubledebris, and theresulting supernatantswere band-
ed on a discontinuous sucrose gradient [30%:50% (wt/vol) in 0.2 M
TRIS hydrochloride pH 8.0] after centrifugation at 85 000 g for 3 h.
The resulting purified CL Ps were analyzed by electron microscopy.

Electron microscopy

Purified particles were absorbed onto copper 400-mesh Formvar car-
bon-coated grids by floating the grids on droplets of the material for
2 min. After beingwashedtwicein0.2 M TRIShydrochloridepH 8.0,
the particles were stained for 20 s on droplets of 2% uranyl acetate.
All grids were examined in a Zeiss EM 109 electron microscope.

Proliferation assay

T cells (2x10*-3x10* cells) and mitomycin C-treated autologous
transformed B cells (2x10* cells) in RPM1 1640 medium containing
10% FCS were plated in flat-bottom microtiter plates and incubated
with various concentrations (1-100 pg/ml) of influenzavirus matrix
protein or CLPs. Matrix protein was purified from concentrated vi-
rus suspensions by lysiswith 2% SDSfollowed by gel filtration [24].
After 48 h of incubation at 37°C 1 uCi [*H]thymidine (Amers-
ham/Buchler) was added to each well, and the cultures were pulsed
for 18 h. Cells were harvested on fiberglass filters, and [*H]thymi-
dine incorporation was measured by liquid scintillation counting.
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Fig. 1 Identification of BTV VP3, VP7 and VP7 with an inserted
T cell epitope by metabolic labeling. Sf9 cells were infected with
AcBTV17.3-10.7(M 145) (lane 1), mock-infected cells (lane 2), and
withAcBTV17.3-10.7/M-COOH (lane 3) for 48 h. Theinfected cells
were |abelled by a 2-h pulse with [3®S]methionine, and the proteins
immunoprecipitated using an anti-BTV immune serum and analyzed
by SDS-PAGE. Protein bands were visualized by fluorography (BTV
bluetongue virus)

Results

Expression of the BTV proteins VP3 and VP7
and the VP7-M 1 chimera

Complementary DNA coding for the C-terminal peptide
QAYQKRMGVQMQRFK of influenza virus matrix pro-
tein was cloned into the VP7 gene of BTV in the dual ba-
culovirus transfer vector pACUW51-17.3-10.7 (M145),
which encodes both BTV inner core proteins (VP3 and
VP7) (for details see Material's and methods). Monolayers
of S. frugiperda cellswereinfected with either the dual re-
combinant baculovirus AcBTV17.3-10.7 or AcBTV17.3-
10.7/M-COOH at am.o.i. of 4 PFU. Two days after inoc-
ulation the Sf9 cellswere label ed with [**S]methionine for
1 h. Antigens from the cell lysates were immunoprecipi-
tated with an anti-BTV hyperimmune rabbit serum. La-
beled proteins were separated by SDS-PAGE and visual-
ized by fluorography. Both the modified and unmodified
VP7 proteins reacted with the anti-BTV serum (Fig. 1).
The VP7 chimera had an increased molecular weight re-
flecting the insertion of the 1.5-kDa epitope. No degrada-
tion products were detectable and the expression levels of
the precipitated proteins were identical.

Preparation of BTV CLPs carryingaT cell epitope

To assessthe ability of the dual recombinant bacul oviruses
to produce CLPs, suspension cultures of Sf9 cells were
infected with either AcBTV17.3-10.3 or AcBTV17.3-
10.7/M-COOH at am.o.i. of 4 PFU. At 48 h post infection
cellswere lysed with the nonionic detergent Nonidet P-40,
and the released particles were purified by centrifugation
on discontinuous sucrose gradients. When the material ob-
tained from the gradient was examined by electron micros-
copy, single-shelled CLPs were observed (Fig. 2). Poly-
acrylamide gel electrophoresis revealed that they were
composed of VP3 and VP7. Comparison between wild-
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Fig. 2 Electron microscopy of purified CLPs obtained from Sf9
cellsinfected with AcBTV17.3-10.7/M-COOH (CLP core-like par-
ticle) x30 000

type CLPs and CLPs carrying the T cell epitope showed
no differences (data not shown). Thisindicatesthat thein-
sertion of the T cell epitope QAY QKRMGVQMQRFK
within the context of BTV VP7 did not alter the folding or
transport of this molecule, because otherwise VP7 trimer
formation and CLP assembly would not have occurred
[20].

Induction of proliferative T cell response
by the M1 epitope expressed in BVT CLPs

Theimmunogenicity of the M 1 sequence presentin CL Ps
wasexaminedinaT cell proliferation assay. The experi-
mentswere conducted using two M 1-specific MHC class
II-restricted T cell clones from one donor. These T cell
clones had been generated by stimulation in vitro with
purified matrix protein, and their recognized epitopes
have been mapped with a series of overlapping synthetic
peptides[24]. The epitope presented in the VP7 chimera
isimmunodominant for the T cell clone ALF 3.7, but not
for the T cell clone ALF 4.4, which recognizes only
shorter derivates of this peptide (Fig. 3). The T cell
clones and autologous mitomycin C-treated transformed
B cells were plated in 96-well flat-bottom plates and in-
cubated with purified matrix protein, wild-type CLPs,
and CLPs with the inserted T cell epitope. The prolife-
rative T cell responses were measured by [*H]thymidine
incorporation 48 h after stimulation with the exogenous
antigens. The experimentswere carried out intriplicates.
The proliferative responses of both T cell clones are
shown in Fig. 4. Both clones reacted with their original
antigen, the matrix protein, whereas no significant re-
sponse was observed with wild-type CLPs. Interestingly,
the inserted epitope was presented as efficiently as the
purified matrix proteintotheT cell clone ALF 3.7. How-
ever, clone ALF 4.4. showed no proliferative response
to the chimeric CLPs. These results showed that the in-
serted epitope QAY QKRMGVQMQRFK is presented
very efficiently tothe specific T cell clone ALF 3.7. Thus
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Fig. 4 Presentation of BTV derived CLPs by a EBV-transformed
human B cell line. Mitomycin C-treated EBV cells were incubated
with 10 pg purified matrix protein (+), without antigen (-), with
100 pg wild-type CLPs (WT) and with 100 pg CLPs expressing a
chimeric VP7 molecule carrying the described T cell epitope (rek).
Matrix protein-specific T cells were added for 48 h and pulsed with
[®H]thymidine for additional 18 h

+ rek

processing of this epitope out of the context of the BTV
VP7 was possible. However, as indicated by the unre-
sponsiveness of ALF 4.4, further processing of the epi-
tope did not occur.
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Discussion

In the present study we have investigated the delivery of a
peptide from exogenous sources to MHC class Il mole-
cules. The peptide derivesfromtheinfluenzavirusM 1 pro-
tein, corresponds to the C-terminus of the molecule
(QAY QKRMGVQMQRFK) and activatestwo CD4" T cell
clones (ALF 3.7 and ALF 4.4). This epitope was geneti-
cally inserted at position 145 of BTV VP7 protein. Using
a described genetic procedure to express foreign peptides
in the context of VP7 [19], we have achieved the forma-
tion of CL Pswith achimeric VP7 molecule. Inafunctional
assay of antigen presentation, this epitopeis delivered ef-
fectively to the T cell clone ALF 3.7 either in the context
of M1 protein or chimeric VP7. In contrast, clone ALF 4.4,
which was assigned to recognize shorter derivates of the
epitope (see Fig. 3), showed no proliferative response to
CLPsbut to M1 protein. Theseresultsindicate that the in-
serted epitope was efficiently presented to aspecific T cell
clone (ALF 3.7) but further processing, to achieve shorter
antigenic peptides, did not occur. How can the present re-
sult be interpreted?

In contrast to MHC class I-bound peptides, which are
predominantly nonamers [31-33], class |1-bound peptides
occur as nested sets derived from asingle epitope with var-
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must be an evolutionary advantage for the class |1 antigen-
processing machinery to generate such nested sets of pep-
tides. Viruses, for example, have been shown to escapeim-
mune elimination by the mutation of key T cell receptor
contact residues [37]. The generation of multiple determi-
nants from combining large nested sets of peptides with a
single MHC class || molecule [38, 39] could, thus, signif-
icantly reduce viral escape. This reflects a dependence of
the processing and presentation machinerie to flanking se-
guences of an immunodominant epitope to generate and
select optimal fitting peptides from the large amount of
peptides that are made by proteolysis of a protein. For the
inserted M 1 epitope an inhibitory effect of the flanking re-
gions of VP7 can be supposed. The unresponsiveness of
clone ALF 4.4 demonstrates that the processing of the M 1
epitopeinserted within the context of VP7 undergoesadif-
ferent route of processing than the M1 protein. Further, it
demonstrates that peptides generated from different forms
of an external antigen (purified M1 protein, CLPs carry-
ing achimeric VP7 molecule) do not seem to have identi-
cal structures when associated with MHC class || mole-
cules.

Different carrierslikeauthentic M1 protein or CLPsalso
play amajor rolein the efficacy with which antigenic pep-
tides are internalized, processed and subsequently routed
by APCs. The normal way of antigen uptake by APCsis
phagocytosis followed by processing of the antigen into
short peptide fragments within the processing machinery
of the cell. An alternative is receptor-mediated endocyto-
sis. As reported by Grimes et al. [20], a conserved aa se-
quence Arg-Gly-Asp (168-170) is located within the VP7
molecule in an exposed position on the core. Such tripep-
tides are involved in many integrin-dependent cell adhe-
sion processess. Thus, it can be hypothesized that this se-
guenceis recognized by integrins on the cell surface of the
APC which would act as a receptor for BTV CLPs. This
complex is subsequently internalized via receptor-medi-
ated endocytosis, the antigen is processed and the gener-
ated peptides are displayed on the surface of the APC. Pro-
vided the two described ways represent the mode of entry
of CLPsinto the processing machinery of APCs, it would
be reasonabl e to expect degradation of theinserted epitope
asit takes place within the M 1 protein where series of pep-
tides are generated with scattered ends. The unresponsive-
nessof cloneALF 4.4 challenged with chimeric CLPsdem-
onstrated that an alternative way of antigen uptake or anti-
gen processing exists.

The insertion site of the epitope within the VP7 mole-
culeislocated in an exposed |oop and sticks out of the pro-
tein. Thus, it can be hypothesized that CLPs with an in-
serted epitope can directly bind to empty MHC class 1l
molecules on the surface of APCs. This implies that the
MHC molecule acts asreceptor for CLPsif the epitope has
an high affinity to the MHC binding groove. After inter-
nalization the MHC-CL P complex follows the pathway of
MHC class |l recycling but the epitope may be protected
against further degradation by cellular proteases and sub-
sequently no shorter derivates of the inserted epitope,
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which are determinants for the clone ALF 4.4, are gener-
ated. This possibility is supported by the finding that a
34-aa hen eggwhite lysozyme peptide, once bound to the
I-AP molecule, becomesinaccessible to proteolytic degra-
dation [40].

The introduced CLPs are interesting candidates for
antigen delivery. The particles are composed of 780 cop-
ies of VP7 within antigenic determinants (B cell epitopes
aswell asT cell epitopes) which can be expressed, so that
large amounts of immunogenic epitopes are presented to
the immune system. They can be easily purified in large
amounts, induce T cell proliferation and are highly immu-
nogenic, as shown by Belyaev and Roy [19]. For future
work it would be interesting to ook for the immunogenic-
ity of longer epitopes than the minmal epitope or to ex-
press several copies of a given antigenic determinant
within CLPs. Using single expression vectors it will be
possible to express different combination of B and T cell
epitopes within one CLP.

These dataindicate that BTV CLPs represent effective
carriersfor delivery of peptidesto MHC class || molecules,
applicable for vaccination or tolerization protocols. They
have the potential to belong-lived and to be devoid of side
effects.
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