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An immunological hierarchy among three H-2Db-restricted cytotoxic T lymphocyte (CTL) determinants in
simian virus 40 (SV40) large T antigen (Tag) was described previously: determinants I and II/III are immu-
nodominant, whereas determinant V is immunorecessive. To assess the immunogenicity of each determinant
individually and define mechanisms that contribute to the immunorecessive nature of determinant V, we
constructed a panel of recombinant vaccinia viruses (rVVs) expressing minigenes encoding these determinants
in various polypeptide contexts. We found the following. (i) Immunization of mice with an rVV encoding
full-length SV40 Tag resulted in priming for CTL responses to determinants I and II/III but not determinant
V. (ii) rVVs encoding peptide I or II/III in the cytosol or targeted to the endoplasmic reticulum (ER) were highly
antigenic and immunogenic. (iii) rVVs encoding peptide V minigenes were antigenic and immunogenic if the
peptide was targeted to the ER, expressed in the cytosol with short flanking sequences, or expressed from
within a self-protein, murine dihydrofolate reductase. (iv) Presentation of the nonflanked peptide V (preceded
by a Met codon only) could be enhanced by using a potent inhibitor of the proteasome. (v) H-2Db–epitope V
peptide complexes decayed more rapidly than complexes containing epitope I or II/III peptides. In brefeldin A
blocking experiments, functional epitope V complexes were detected longer on targets expressing ER-targeted
epitope V than on targets expressing forms of epitope V dependent on the transporter associated with antigen
processing. Therefore, limited formation of relatively unstable cell surface H-2Db complexes most likely
contributes to the immunorecessive nature of epitope V within SV40 Tag. Increasing the delivery of epitope V
peptide to the major histocompatibility complex class I presentation pathway by ER targeting dramatically
enhanced the immunogenicity of epitope V.

Cells infected with viruses or undergoing oncogenic trans-
formation express new or altered self-proteins that may trigger
host immune responses. CD81 cytotoxic T lymphocytes (CTL)
recognize such proteins in the form of small antigenic peptide
fragments complexed with cell surface major histocompatibil-
ity complex (MHC) class I molecules (32, 86). Peptides pre-
sented by MHC class I complexes are generated largely from
endogenously synthesized proteins through proteolysis in the
cytosol, often by the action of proteasomes (22, 47, 63, 80), and
are delivered to the endoplasmic reticulum (ER) by the trans-
porter associated with antigen processing (TAP) (49, 83, 87),
where they are assembled with nascent class I molecules. The
resulting complex is then transported via the secretory pathway
to the cell surface (17, 55, 81, 85). Multiple factors contribute
to the ability of a given determinant in a protein to elicit a CTL
response. These include the efficiency of production of the
peptide and transport to the ER (7, 8, 20, 26, 54, 57), peptide
affinity for class I molecules (15, 82), and the frequency of
potentially reactive T cells in the repertoire (12, 18, 52, 56).

We have used simian virus 40 (SV40) large tumor, or T,
antigen (SV40 Tag) to understand factors which govern the
immunogenicity of CTL determinants within a tumor antigen.
SV40 Tag is a multifunctional 94-kDa nuclear oncoprotein
which can initiate and maintain transformation of a wide va-
riety of cell types in vitro (28). In vivo, the Tag can induce
neoplasia with a metastatic potential when expressed as a
transgene under control of a tissue-specific promoter or when
expressed from the viral promoter (10, 34, 37, 59). In the
immunocompetent host, the Tag often induces a vigorous cel-
lular immune response which leads to the rejection of trans-
planted Tag-induced tumors (reviewed in references 76 and
77). Although SV40 Tag has long served as a model tumor
inducer and immunogen in experimental systems, more recent
detection of SV40 virus in isolates derived from human tumors
has prompted renewed interest in the potential role of the
immune system in controlling tumor induction by SV40 (9, 13,
41, 46).

SV40 Tag contains four H-2b-restricted CTL determinants,
of which three are H-2Db restricted (19, 43, 51, 77). These
include CTL determinants I (residues 206 to 215), II/III (res-
idues 223 to 231), and determinant V (residues 489 to 497).
Determinant V was previously characterized as immunoreces-
sive within the context of the full-length Tag (50, 69). That is,
determinant V-specific CTL responses were detected only
(and then with some difficulty) following immunization of mice
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with transformed cells expressing a mutated Tag in which the
three immunodominant determinants (determinants I, II/III,
and IV) were deleted or rendered nonantigenic (50, 69).

To further characterize the immunological potential of the
H-2b-restricted SV40 Tag CTL epitopes, including the immu-
norecessive determinant V, we have extended these findings by
examining the antigenicity and immunogenicity of SV40 Tag
CTL determinants expressed in various polypeptide contexts
from recombinant vaccinia viruses (rVVs). Our results show
that the immunogenicity of the immunorecessive epitope V is
significantly enhanced by targeting it to the ER.

MATERIALS AND METHODS

Plasmid construction and manipulation. Plasmid DNA used for sequencing
and transfection was routinely prepared by the QIAwell-8 procedure (QIAGEN
Inc., Chatsworth, Calif.).

The shuttle vector plasmid pSC11 (14) was kindly provided by B. Moss (Na-
tional Institutes of Health, Bethesda, Md.). The plasmid was modified (gener-
ating pSC-SKNN) by insertion of synthetic oligonucleotides to convert the
unique SmaI site into a multiple cloning site containing recognition sites for the
restriction enzymes SalI, KpnI, NcoI, and NotI so that these cloning sites are
located downstream of the viral P7.5 promoter.

Minigenes encoding CTL determinants were generated by ligation of comple-
mentary synthetic oligonucleotide pairs into plasmid pSC-SKNN which had been
digested with SalI and NcoI. The CTL determinant sequences were preceded by
an ATG initiation codon and followed by two termination codons to ensure
efficient translation termination (6, 26). The sequence CCACC was included
upstream of the initiating ATG codon to promote efficient translation (38).
Minigenes representing CTL determinants fused to the adenovirus type 5 E3/
19K signal sequence were constructed by insertion of annealed oligonucleotide
pairs into a modified pSC11 plasmid so that an additional Ala codon was inserted
between the 16-residue ES sequence and the N terminus of the CTL determinant
(67).

To construct pSC-I-V-II/III, a group of overlapping complementary oligonu-
cleotides was phosphorylated with T4 polynucleotide kinase, annealed to form a
longer double-stranded DNA fragment with SalI and NcoI complementary over-
hanging 59 termini, and ligated into pSC-SKNN vector which had been digested
with SalI and NcoI. The pSC-I-Db-II/III plasmid was constructed similarly, but
oligonucleotides which encoded an H-2Db-binding motif–determinant sequence
(31, 50) were used in place of the determinant V-encoding oligonucleotides. The
sequence and orientation of all determinant-encoding inserts within the pSC-
derivative plasmids were confirmed by DNA sequencing.

pSC-941T was constructed by cloning a modified SV40 Tag-encoding cDNA as
a SalI fragment into the pSC-SKNN vector. The SV40 Tag cDNA was obtained
as a BamHI fragment from plasmid p941T (39) and ligated into the BamHI site
of a modified pUC19 (84) polylinker region in which the SmaI site had been
converted to a SalI site. The 941T fragment was recovered by SalI digestion and
ligated into plasmid pAlter for site-directed mutagenesis. Two sequences (nu-
cleotides 4231 to 4225 and 3134 to 3128 [79]) which might serve as cryptic
transcription termination signal sequences for the vaccinia virus transcriptase
(TTTTTNT [23]) were mutated by the Altered Sites mutagenesis procedure
(Promega Corp., Madison, Wis.) without altering the amino acid sequence of the
Tag. The mutagenized 941T fragment was transferred into SalI-gapped pSC-
SKNN (producing pSC-941T) for vaccinia virus construction (see below).

CTL determinants were inserted into the coding sequence for murine dihy-
drofolate reductase (DHFR) by ligation of synthetic oligonucleotide pairs into a
unique SstI site. The DHFR derivative used had been previously altered to
include the pAb 901 monoclonal antibody recognition determinant derived from
SV40 Tag (29).

Animals. Four- to six-week-old male C57BL/6 (B6/) mice were purchased from
Jackson Laboratory, Bar Harbor, Maine, and routinely used between the ages of
5 and 12 weeks. All mice were maintained in the animal facility at Pennsylvania
State University College of Medicine, Hershey.

Cell lines and viruses. B6/WT-19 cells have been described previously (50, 78).
B6/K-1,4,5 (H-2b) cells, which were generated by sequential cocultivation of
B6/K-0 cells (B6/K-0 cells express wild-type SV40 Tag) with SV40 Tag-specific
CTL clones, have been described elsewhere (71, 72). B6/K-1,4,5 cells are resis-
tant to lysis by SV40 Tag-specific CTL clones due to a deletion which removes
sequences encoding determinants I and II/III and to point mutations which alter
determinants IV and V (42, 51).

B6/T117A1 cells were derived by isolation of a Tag-expressing, immortalized
focus following calcium phosphate-mediated transfection of mouse embryo fi-
broblasts with the plasmid pSLM361-13 as described elsewhere (50, 73). Plasmid
pSLM361-13 was generated from plasmid pLM247 (50) by site-directed mu-
tagenesis using the Altered Sites procedure. B6/T117A1 cells express a Tag
derivative in which only determinants I (D207-215) and II/III (D223-231) are
deleted and in which three residues within determinant IV (residues 406, 408,
and 411) have been replaced by Ala residues.

Tag-transformed cell lines were routinely maintained in closed vessels in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10 or 5%
(vol/vol) heat-inactivated fetal bovine serum (FBS) (HyClone, Logan, Utah), 2
mM L-glutamine, 100 U of penicillin per ml, 100 mg of streptomycin per ml, 25
mg of kanamycin per ml, 20 mM HEPES, and 0.0225% sodium bicarbonate.

HuTK2143 cells were derived from human osteosarcoma cells (ATCC CRL-
8303) (62). The CV-1 cell line is a continuous cell line derived from African
green monkey kidney cells (ATCC CCl-70) (45). Ltk/Db cells have been de-
scribed previously (3); these cells were generated by transfecting Ltk2 cells
(H-2k) with the H-2Db gene, along with the pSV2-neo plasmid as a selectable
marker.

T2/Db cells (2) were generously provided by P. Cresswell (Yale University,
New Haven, Conn.). The cells were maintained in Iscove’s modified Dulbecco’s
medium (IMDM) supplemented with 10% FBS, 0.0225% sodium bicarbonate,
25 mM HEPES, 2 mM L-glutamine, 100 U of penicillin per ml, and 100 mg of
streptomycin per ml, as well as 5 3 1025 M b-mercaptoethanol and 100 mg of
G418 per ml to maintain selection for the transfected H-2Db gene. The RMA cell
line and the antigen presentation-defective, TAP2-deficient RMA/s cell line have
been described elsewhere (36, 44).

SV40 strain VA45-54 (74) was prepared as described previously (75). The
wild-type vaccinia virus strain (Western Reserve isolate [WR]) was propagated in
HuTK2143 cells. The vaccinia virus recombinant TM-1 (referred to in this study
as rVV-Dhfr/) has been described elsewhere (29).

SV40-specific CTL clones. SV40-specific CTL clones Y-1 or K-11, Y-2 or K-19,
and Y-5 or H-1 recognize, respectively, SV40 Tag CTL determinants I (Tag
amino acid residues 206 to 215), II/III (residues 223 to 231), and V (residues 489
to 497) (11, 19, 43, 50, 69, 70). The CTL clones were maintained in vitro as
described previously (19, 50).

Generation of rVVs. The procedure for generating rVVs was modified from a
protocol described elsewhere (24). CV-1 cells in 25-cm2 cell culture flasks were
infected with wild-type vaccinia virus (WR strain; multiplicity of infection [MOI]
of 0.1) in 1 ml of PBS/BSA (phosphate-buffered saline [PBS] [pH 7.4] supple-
mented with 0.1% [wt/vol] bovine serum albumin [BSA]). After 2 h, the virus
solution was aspirated and replaced with 5 ml of complete DMEM and calcium
phosphate-DNA precipitates, which contained 10 ml of pSC-derivative recombi-
nant plasmid DNA (20 mg) and were prepared by using a CellPhect transfection
kit (Pharmacia LKB Biotechnology Inc., Uppsala, Sweden). The cultures were
incubated at 37°C in 5% CO2 for 2 to 3 days, a time at which cytopathic effects
were evident. The cells were harvested by trypsinization, lysed in 1 ml of PBS/
BSA by three cycles of freeze-thawing, and sonicated for 1 min. The cell lysate
was diluted and used to infect HuTK-143 cells in a six-well plate in the presence
of 25 mg of 5-bromodeoxyuridine (to select thymidine kinase-negative [TK2]
progeny viruses) per ml in plaquing medium (equal-volume mixture of 1.8%
Noble agar and 23 Eagle’s medium supplemented with 10% FBS) at 37°C in 5%
CO2. Potential recombinants were further screened for b-galactosidase expres-
sion. After 48 to 72 h, the wells were overlaid with 2 ml of plaquing medium
supplemented with 0.025% 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside
(X-Gal) and incubated until blue plaques appeared (usually overnight). Blue
plaques were picked and subjected to three rounds of plaque purification. Viral
stocks were prepared by reinfection of HuTK2143 cells.

Cytotoxicity assay. Cytotoxicity assays were performed as described previously
(19, 50, 70). Vaccinia virus-infected targets were prepared by one of two proce-
dures for use in CTL assays. Fibroblasts were harvested by trypsinization and
washed with media and PBS/BSA, and 5 3 105 cells were infected in 15-ml
conical tubes at an MOI of 10 in a final volume of 0.5 ml of PBS/BSA for 1 h at
37°C. Infection suspensions were then diluted with 5 ml of complete DMEM and
rocked at 37°C for 3 h. The infected cells were then labeled with Na51CrO4 for
an additional 30 min, washed three times, and combined with effectors. Alter-
natively, fibroblast monolayers were labeled overnight in culture with Na51CrO4,
harvested by trypsinization, and infected as described above. For some experi-
ments, infections were performed in T/B, which is PBS/BSA supplemented with
an equal volume of incomplete DMEM prepared as described previously (50)
but without FBS and sodium bicarbonate.

Targets were also prepared for CTL assays by incubation of fibroblasts (B6/
K-1,4,5) or nonadherent cells (RMA) in media containing synthetic peptides
corresponding to CTL determinants. Either the targets were incubated in sus-
pension with both peptide and Na51CrO4, or peptide was added after the cells
had been labeled and washed free of unincorporated 51Cr. Unbound peptides
and unincorporated Na51CrO4 were subsequently removed by a minimum of two
washes.

In experiments involving proteasome inhibitors, 51Cr-labeled targets were
incubated in T/B containing inhibitor for at least 30 min prior to addition of virus.
Targets were maintained in the presence of inhibitor throughout the infection
period but were washed free of inhibitor before being combined with effectors in
the cytotoxicity assay.

51Cr-labeled targets infected with vaccinia virus recombinants were incubated
in the presence of 4 mg of brefeldin A (BFA) per ml for various times to monitor
the relative rates of H-2Db-peptide complex decay (50, 85). Briefly, Ltk/Db cells
were labeled in culture overnight with 51Cr, harvested by trypsinization, washed
in media and T/B, combined with virus at an MOI of 10 in 1 ml of T/B, and
incubated at 37°C. After 4 h, infected cells were diluted with T/B containing BFA
for a final concentration of 4 mg/ml, and incubation was continued at 37°C.
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Targets were washed in T/B containing 2 mg of BFA per ml, resuspended in
RPMI containing 2 mg of BFA per ml, combined with equal volumes of effector
suspension in 96-well plates, centrifuged, and incubated for 4 h at 37°C in 5%
CO2.

Generation of bulk culture vaccinia virus-specific CTL for in vitro cytotoxicity
assays. Bulk culture vaccinia virus-specific secondary in vitro-stimulated CTL
(Vac-CTL) were generated by a procedure modified from that described by
Eisenlohr and coworkers (25). Briefly, a single-cell suspension was prepared
from the spleens of two mice which had been immunized intravenously (i.v.) with
wild-type vaccinia virus (rVV-WR; 2 3 106 PFU/mouse) for at least 2 weeks
prior to sacrifice. One-third of the splenocytes were infected with 108 PFU of
rVV-WR for 1 h at 37°C in 1 ml of PBS/BSA. After three washes with complete
IMDM, the infected splenocytes were mixed with the remaining splenocytes and
seeded into 12-well plates in complete IMDM. The cultures were maintained at
37°C in 5% CO2 for 5 to 7 days before being used in cytotoxicity assays.

Generation of bulk culture SV40 Tag-specific CTL from mice immunized with
vaccinia virus recombinants. Bulk culture SV40 Tag-specific CTL were gener-
ated from splenic lymphocytes isolated at least 3 weeks following immunization
of groups of four C57BL/6 mice with 0.5 3 107 to 1 3 107 PFU of rVV (i.v.).
Splenic lymphocytes were prepared and restimulated in vitro with gamma-irra-
diated B6/WT-19 cells as described elsewhere (50). To verify vaccinia virus
infection, 2 3 107 splenocytes from the same groups were restimulated for 6 days
in loosely capped, upright T25 flasks containing 12 ml of RPMI medium sup-
plemented with 1 3 106 naive C57BL/6 splenocytes which had been infected for
4 h with rVV-WR (MOI, 10), washed free of virus, and gamma irradiated on ice
(60,000 rads).

Peptide transport assays utilizing SLO-permeabilized Ltk/Db cells. The ca-
pacity of TAP to transport peptides was determined as described by Androlewicz
et al. (4). Briefly, TYNRTRALV synthetic peptide (20 mg) was iodinated with 1
mCi of Na125I by using chloramine T to a specific activity of 6 3 104 to 9 3 104

cpm/pmol (125I-TYN). Ltk/Db cells were washed once in serum-free medium and
incubated for 10 min on ice with streptolysin O (SLO) (Murex, Norcross, Ga.) at
1 U/ml. The cells were then washed three times in serum free-medium and
resuspended in intracellular transport buffer (ICT) (50 mM HEPES [pH 7.0], 78
mM KCl, 4 mM MgCl2, 8.37 mM CaCl2, 10 mM EGTA, 1 mM dithiothreitol, 10
mM ATP) containing BSA (4 mg/ml). SLO-permeabilized cells (106/sample)
were incubated with 125I-TYN (125 ng) mixed with different amounts of unla-
beled peptides at 37°C for 30 min. The cells were then lysed with 2% Triton
X-100–0.15 M NaCl–10 mM Tris (pH 7.4)–5 mM phenylmethylsulfonyl fluoride,
and the lysate was incubated with 50 ml of packed concanavalin A (ConA)-
Sepharose to recover glycosylated 125I-TYN. The amount of bound peptide was
quantitated by gamma counting.

Relative decay rates of H-2Db complexes stabilized on RMA/s cells by syn-
thetic peptides corresponding to SV40 Tag CTL epitopes. Relative rates of
H-2Db-peptide complex decay were monitored by flow cytometric analysis of
H-2Db complexes remaining on the surface of RMA/s cells following incubation
at 37°C. Briefly, RMA/s cells were incubated overnight at 29°C (5% CO2) in the
presence of synthetic peptides corresponding to SV40 Tag CTL epitopes as
described previously (43, 50). The cells were washed free of peptide and resus-
pended in complete RPMI medium lacking peptide, and incubation was contin-
ued at 37°C for up to 6 h. Aliquots were removed at appropriate intervals and
stored on ice to stabilize the remaining complexes. Samples were prepared for
flow cytometric analysis of H-2Db molecules using the monoclonal antibody
28-14-8 (60) as described elsewhere (43, 50).

RESULTS

CTL recognition of SV40 Tag determinants expressed from
rVVs. To study the immunogenicity and antigenicity of three
H-2Db-restricted SV40 Tag determinants, rVVs (Fig. 1A) that
express each determinant as a cytosolic peptide with an NH2-
terminal Met to enable efficient translation initiation (25) or
with an NH2-terminal 16-amino-acid ER insertion sequence
from the adenovirus type 5 E3/19K glycoprotein (plus an ad-
ditional Ala) to allow for TAP-independent presentation were
constructed (1, 26, 67). We also constructed rVVs expressing
full-length Tag or a polydeterminant minigene consisting of
determinants I, V, and II/III fused without intervening resi-
dues (again with an initiating NH2-terminal Met) to examine
CTL recognition and immunogenicity for these epitopes when
processed and presented from within more complex substrates.

The antigenicity of the Tag determinants produced by the
various rVVs was analyzed by infecting B6/K-1,4,5 cells and
testing for lysis by CTL clones with a standard 51Cr release
assay. The effectors used for the initial assays were CTL clones
Y-1, Y-2, and Y-5, which recognize SV40 Tag determinant I,

II/III, or V, respectively. Vac-CTL were used to verify infec-
tion of target cells.

As shown in Fig. 2, B6/K-1,4,5 cells pulsed with the synthetic
determinant peptides were specifically recognized by the re-
spective Tag-specific CTL clones Y-1, Y-2, and Y-5 but not by
the Vac-CTL, confirming the specificity of the clones. Cells
infected with rVV-941T or rVV-I-V-II/III were lysed by each
of the Tag-specific CTL clones, as well as by the Vac-CTL.
Comparison of CTL lysis suggested that determinants I, II/III,
and V were presented from rVV-I-V-II/III at least as efficiently
as from rVV-941T. Target cells infected with rVV-I and rVV-
ES-I were specifically recognized by clone Y-1, whereas the
cells infected with rVV-II/III and rVV-ES-II/III were lysed by
clone Y-2. Target cells infected with rVV-ES-V were recog-
nized by clone Y-5, but, surprisingly, cells expressing the cyto-
solic determinant V peptide were lysed at very low levels. This
is unlikely to be due to poor infection, since all the rVVs
sensitized cells for comparable lysis by the Vac CTL.

The TAP dependence of presentation of the rVV-encoded
peptides was determined by using T2 cells expressing a Db

transgene (T2/Db cells). T2 cells are defective in presentation
of MHC class I-restricted antigens due to a deletion of the
region of the MHC which encodes TAP (2). T2/Db cells were
specifically lysed by the appropriate Tag-specific CTL clones
when infected with rVVs expressing ER-targeted peptides but
not with any of the rVVs expressing cytosolic peptides or
proteins (Fig. 3). Thus, as with other antigenic peptides (6, 67),
Tag determinants expressed from rVVs are presented in a
TAP-dependent manner unless they are specifically targeted to
the ER by an NH2-terminal leader sequence.

CTL recognition of determinant V is influenced by short
flanking sequences. A trivial explanation for the failure of
rVV-V to sensitize target cells for lysis by determinant V-
specific CTL was that this recombinant failed to produce the
proper peptide. Since the only means of identifying such mini-
gene products is by CTL recognition, it was not possible to
completely eliminate this possibility. Three additional rVVs
independently produced from the original shuttle plasmid sim-
ilarly failed to sensitize infected targets for lysis by determinant
V-specific CTL clones (data not shown).

Studies conducted with Saccharomyces cerevisiae suggested
that the initiating Met was likely to be retained by the deter-
minant V peptide expressed from rVV-V (48). It was unclear
whether the Met extension would interfere with presentation
of the determinant V peptide. To explore this possibility, we
synthesized peptide derivatives of determinant V extended at
the amino terminus with a single Met and/or Ala residue and
examined these peptides for Db binding and recognition by
determinant V-specific CTL clones. Our results indicated that
single Met or Ala NH2-terminal extensions reduced the ability
of determinant V synthetic peptides to sensitize target cells for
lysis by Y-5 by at least 10- to 100-fold (in assays performed in
the presence or absence of FBS, respectively). We also com-
pared H-2Db binding of the Met- or Ala-extended 10-mer
peptides and the determinant V 9-mer. Consistent with results
obtained from the CTL lysis assays, the ability of the NH2-
extended peptides to stabilize H-2Db molecules on tap2-defi-
cient RMA/s cells was also reduced greater than 10-fold (data
not shown). These results implied that extension of the deter-
minant V peptide by a single residue (Ala or Met) might
significantly reduce peptide presentation in vivo.

To determine whether an NH2-terminal Met would always
interfere with presentation of determinant V, derivatives of
mouse DHFR into which the sequence MQGINNLDNL
(rVV-Dhfr/M-V) or AQGINNLDNL (rVV-Dhfr/A-V) was in-
serted were generated (Fig. 1B). The DHFR derivative utilized
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serves as an efficient carrier for heterologous CTL determi-
nants in vitro and in vivo (29). Ltk/Db cells infected with
rVV-Dhfr/M-V or rVV-Dhfr/A-V were recognized by the de-
terminant V-specific CTL clone H-1 (Table 1); in fact, the
Met-flanked determinant V peptide appeared to be presented
better than the Ala-flanked peptide. These results demonstrate
that processing and presentation of determinant V are not
prevented by the presence of a Met residue immediately ad-
jacent to the NH2 terminus of determinant V when the deter-
minant is located in the context of a larger polypeptide.

We next examined whether addition of only short extensions
[(Ala)2] to the NH2 and/or COOH terminus of determinant V
sequence (Fig. 1C) might allow for presentation of determi-
nant V from an rVV-encoded minigene. Results presented in
Fig. 4 reveal that addition of (Ala)2 to the COOH terminus
had the greatest enhancing effect on presentation, but addition
to the NH2 terminus also allowed for recognition of the deter-
minant V minigene by CTL clone Y-5. Addition of (Ala)2 to
both termini resulted in presentation at levels similar to that
observed for the NH2-terminally extended derivative. Similar

results were obtained with H-1, the other determinant V-spe-
cific CTL clone (data not shown). These results suggest that
short (Ala)2 extensions overcome a defect which prevents ef-
ficient presentation of the cytosolic determinant V from
rVV-V. Since the amino termini of the determinant V deriv-
atives encoded by rVV-V and rVV-V-A2 recombinants are
identical, it was of interest to determine how the COOH (Ala)2
extension might enhance presentation of the determinant V
peptide.

Synthetic peptides corresponding to the determinant V se-
quence and extended at the amino and/or carboxy terminus
with two alanine residues were synthesized and assayed for
CTL recognition and Db binding (stabilization). The results of
these assays were consistent with results obtained from the
analysis of the Met-extended 10-mer determinant V derivative
(see above) and revealed that (Ala)2 extensions at the amino
and/or carboxy terminus reduced both CTL recognition and
Db binding (stabilization) relative to those of the 9-mer deter-
minant peptide (.100-fold reduction; data not shown). These
results implied that rescued presentation of the cytosolic de-

FIG. 1. rVVs which express SV40 Tag CTL determinants. Amino acid sequences are shown as single letters. Initiating Met codons were included in the construction
of all minigene constructs but are not indicated in the diagrams. (A) Full-length SV40 Tag cDNA (941T) and CTL determinant minigenes constructed with or without
an ES sequence. (B) Determinant V derivatives inserted into a murine DHFR derivative bearing the SV40 Tag 901 monoclonal antibody determinant. (C)
(Ala)2-flanked determinant V minigenes. Initiating Met residues are included in the predicted translation products.
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terminant V peptide from (Ala)2-appended rVV-V-like re-
combinants most likely did not result from recognition of an
extended determinant V peptide by the determinant V-specific
CTL clones. Clearly, however, addition of flanking sequences
did overcome a presentation defect apparently unique to the
Met-extended determinant V peptide.

Neisig and coworkers have previously reported that syn-
thetic peptides corresponding to SV40 Tag minimal determi-
nants V and I are efficiently transported by TAP in permeabil-
ized RMA cells (53). We examined the capacity of TAP to
transport the minimal and extended determinant V peptides
into the ER. Ltk/Db cells were permeabilized with SLO and
incubated with an iodinated peptide from influenza virus nu-
cleoprotein (NP) containing an N-linked glycosylation site
(T125IYNRTALV [4]). The transport of the T125IYNRTALV
peptide into the ER is monitored by its binding to ConA-
Sepharose, which is dependent on the addition of an N-linked
oligosaccharide. The capacity of TAP to transport Tag pep-
tides was inferred by their abilities to block glycosylation of the
indicator peptide. In preliminary experiments using T2 cells
and an rVV expressing both TAP subunits, we confirmed that
glycosylation of the radioiodinated peptide under the same
experimental conditions is strictly dependent upon TAP ex-
pression (data not shown). As seen in Fig. 5, in Ltk/Db cells the
determinant V synthetic peptide competed with an efficiency
similar to that of the unlabeled nucleoprotein peptide, dem-
onstrating that it is efficiently transported by mouse TAP. Ex-
tension of the amino terminus by a single Met or Ala or two
Ala residues had no significant effect on TAP-mediated trans-
port. By contrast, extension of the carboxy terminus with two

Ala residues reduced TAP-mediated transport. This is consis-
tent with reports that mouse TAP prefers peptides which
terminate with a hydrophobic residue (66). These findings
indicate that TAP should not be a limiting factor in the pre-
sentation of the determinant V peptide encoded by rVV-V.

A proteasome inhibitor allows limited recognition of rVV-V
by a determinant V-specific CTL clone. Our results indicate
that a COOH (Ala)2 extension apparently overcomes a defect
which blocks presentation of the cytosolic rVV-V determinant
V peptide. Since the NH2 coding sequences of the two mini-
genes (rVV-V and rVV-V-A2) are identical (Fig. 1A and C), it
is unclear how the COOH extension could increase the effi-
ciency with which the initiating Met residue is removed. TAP
does not appear to represent a pertinent limitation, as the
(Ala)2-extended determinant V synthetic peptides are trans-
ported with 100-fold-decreased efficiency (Fig. 5). Alternately,
addition of two COOH-terminal Ala residues may simply sta-
bilize the Met-extended determinant V peptide against rapid
destruction by cytosolic proteases.

To examine the stability of the rVV-V-encoded product, we
utilized the peptide aldehyde proteasome inhibitor cbz-LLL-
CHO (MG132), which has been shown to reduce protein deg-
radation within intact cells and to interfere with the generation
of antigenic peptides from proteins (33, 58, 88). Incubation
with cbz-LLL-CHO did indeed enhance presentation of the
determinant V minigene product to CTL clone H-1 (Fig. 6).
This effect was specific, as H-1 recognition of targets infected
with an irrelevant vaccinia virus recombinant (rVV-ES-I) was
not induced; inappropriate recognition of rVV-V by a deter-

FIG. 2. CTL recognition of rVVs. B6/K-1,4,5 cells were pulsed with synthetic peptides corresponding to determinant I (LT206-215), determinant II/III (LT223-231),
or determinant V (LT489-497) or infected with rVVs expressing the full-length SV40 Tag (rVV-941T), minigenes corresponding to Tag CTL determinants (rVV2),
or bearing no Tag insert (rVV-SC). ES, the 16-residue E3/19K signal sequence derived from adenovirus (Fig. 1). Targets were combined with SV40 Tag-specific CTL
clone Y-1, Y-2, or Y-5 at effector-to-target cell (E/T) ratios of 10:1 or with Vac-CTL) at an E/T ratio of 40:1 for 4 h.
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minant I-specific CTL clone was not induced under the same
conditions (data not shown).

These results are consistent with the idea that the poor
antigenicity of the determinant V minigene product (expressed
from rVV-V) results from rapid cytosolic proteolysis. Ineffi-
cient removal of the NH2-terminal Met extension may contrib-
ute indirectly by interfering with H-2Db binding and thereby

reduce the amount of determinant V complexes available for
CTL recognition.

Immunogenicity of rVVs expressing Tag determinants. To
correlate the findings from these in vitro assays to antigen
presentation in vivo, we determined the capacity of the rVVs
to prime splenocytes for secondary in vitro restimulation by
Tag-expressing tissue culture cells. The lytic activity of restim-
ulated splenocyte cultures was determined by using target cells
pulsed with appropriate synthetic peptides (Fig. 7).

Immunization of C57BL/6 mice with SV40 (Fig. 7b) or a
vaccinia virus recombinant expressing full-length SV40 Tag
(rVV-941T [Fig. 7d]) led to induction of CTL specific for
determinants I and II/III but not determinant V. rVVs express-
ing minigenes encoding cytosolic or ER-targeted determinants
I (Fig. 7f and g) or II/III (Fig. 7h and i) were effective in
inducing CTL specific for the corresponding peptides. In the
case of determinant I, responses were at least as vigorous as
those induced by rVV-941T (full-length Tag). The rVV encod-
ing the I-V-II/III polydeterminant minigene was the most ef-
ficient primer of a site II/III response, which was similar in
magnitude to that induced by rVV-I. CTL generated under
similar conditions specifically recognized determinants pro-
cessed and presented on SV40 Tag-transformed cell lines (data
not shown). Splenocytes obtained from mice which received no
virus or mice immunized with a vaccinia virus recombinant
lacking a Tag-derived insert (rVV-SC) did not show specific
cytolytic activity towards targets pulsed with SV40 CTL deter-
minant peptides (Fig. 7a and c).

Immunization with SV40 or rVV-941T failed to induce CTL
specific for determinant V (Fig. 7b and d). Similarly, rVV-I-
V-II/III failed to induce detectable levels of determinant V-
specific CTL in these experiments. As expected from its poor
antigenicity, rVV-V failed to induce determinant V-specific
CTL in vivo (Fig. 7j). Most importantly, rVV-ES-V induced

FIG. 3. The ES leader sequence allows presentation of Tag CTL epitopes in TAP1/2-deficient T2/Db cells. T2/Db cells were either pulsed with synthetic peptides
corresponding to epitope I, II/III, or V (designated by LT) or infected with rVVs expressing the Tag CTL epitope minigenes and incubated with the CTL clone Y-1,
Y-2, or Y-5 at the indicated E/T ratios for 4 h. (a) Mock infection; (b) LT206-215; (c) LT223-231; (d) LT489-497; (e) rVV-SC; (f) rVV-941T; (g) rVV-I; (h) rVV-ES-I;
(i) rVV-II/III; (j) rVV-ES-II/III; (k) rVV-V; (l) rVV-ES-V. See Fig. 1 for further details.

TABLE 1. Lysis by SV40-specific CTL clones of targets infected
with rVVs expressing murine DHFR derivatives bearing

epitope V inserts

rVV or peptidea

% Specific target cell lysis by
CTL cloneb:

K-19 H-1

rVV-I-V-II/III 74 38
rVV-V(cl2) 2 9
rVV-ES-V 4 62
rVV-ES-I 1 0

rVV-Dhfr/A-V
c11 2 23
c12 1 19

rVV-Dhfr/M-V
cl1 2 49
cl2 2 39

LT489-497 1 53

None 1 0

a 51Cr-labeled Ltk/Db cells were incubated with 1 mM LT489-497 or infected
with the indicated vaccinia virus recombinant (MOI 5 10) (Fig. 1) for 5 h.

b SV40 Tag-specific CTL clones K-19 (epitope II/III specific) and H-1 (epitope
V specific) were used at E/T ratios of 12:1 and 15:1, respectively.
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determinant V-specific CTL (Fig. 7k), and indeed the lytic
activity of the cultures was similar to that induced by rVVs
expressing cytosolic determinant I or II/III. These results
clearly indicate that CTLs specific for determinant V can be

expanded upon appropriate immunization, in this case with
rVV-ES-V.

During the course of this study, we found that the sensitivity
of CTL assays utilizing bulk-cultured CTL as effectors could be

FIG. 4. CTL recognition of rVVs expressing (Ala)2-extended determinant V derivatives. Ltk/Db cells were mock infected (a), pulsed with a synthetic peptide
corresponding to determinant V (LT489-497 [b]), or infected with rVVs expressing the full-length SV40 Tag (rVV-941T [d]), a minigene corresponding to fused
determinants I, V, and II/III (rVV-I-V-II/III [e]), or various determinant V derivatives (rVV-V, -ES-V, -A2-V, -V-A2, and -A2-V-A2 [f to j, respectively]) or an rVV
bearing no Tag insert (rVV-SC [c]). See Fig. 1 for descriptions. Targets were combined with SV40 Tag-specific CTL clone Y-5 or Vac-CTL at the indicated E/T ratios for 4 h.

FIG. 5. Relative transport efficiencies of determinant V peptide derivatives. SLO-permeabilized Ltk/Db cells were used to assay inhibition of transport of a
radiolabeled peptide (125I-TYN) corresponding to the NP determinant TYNRTRALV. The permeabilized cells were supplemented with 125I-TYN in the presence of
synthetic peptides corresponding to determinant V derivatives. Inhibition of transport is indicated by reduction in percentage of 125I-TYN peptide recovered by lectin
affinity chromatography.
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increased by using RMA cells in place of B6/K-1,4,5 cells as
peptide-pulsed targets. This enabled detection of determinant
V-specific CTL following immunization with rVV-I-V-II/III
(Table 2 and data not shown). CTL precursor frequency mea-

surements (35, 50, 51) performed under similar conditions
revealed that rVV-ES-V was at least fourfold more efficient in
inducing determinant V-specific CTL than was rVV-I-V-II/III
(data not shown). In numerous experiments, determinant V-
specific CTL were not detected following immunization with
SV40 Tag-transformed cells (wild-type T), rVV-941T, or
rVV-V, regardless of the target cell type used for the subse-
quent cytolysis assay (data not shown).

Since rVV-V failed to induce determinant V-specific CTL in
vivo, the rVVs expressing (Ala)2-flanked determinant V pep-
tides were examined as an alternate means of determining the
immunogenicity of a cytosolic form of determinant V ex-
pressed from a minigene. As shown in Table 2, determinant
V-specific CTL were induced by immunization with rVV-
A2-V, rVV-A2-V-A2, or rVV-V-A2. Determinant V-specific
CTL induced by each recombinant recognized both RMA tar-
gets pulsed with the synthetic determinant V peptide LT489-
497 and B6/T117A1 cells which present determinant V peptide
derived from an endogenously processed SV40 Tag derivative
lacking determinants I, II/III, and IV. We note that, on the
basis of comparison of the efficiency of target cell lysis in
several experiments, CTL induction by the (Ala)2-flanked de-
terminant V minigene constructs was consistently weaker than
CTL responses induced by rVV-ES-V (Table 2).

Finally, we examined the immunogenicity of rVVs which
expressed murine DHFR derivatives bearing a determinant V
insert (Table 3). Both the Met- and the Ala-flanked determi-
nant V inserts were able to induce determinant V-specific
responses when located within the DHFR polypeptide context.
The composite results of several experiments revealed that the

FIG. 6. CTL clone H-1 recognition of Ltk/Db targets infected with rVV-V is
rescued by incubation in the presence of the proteasome inhibitor cbz-LLL-
CHO. 51Cr-labeled Ltk/Db cells were infected with vaccinia virus recombinants
or pulsed with the peptide LT489-497 in the presence (1Z.LLL) or absence
(Control) of 60 mM cbz-LLL-CHO for 5 h. The targets were washed and com-
bined with the CTL clone H-1 at the E/T ratios indicated. Lysis of the rVV-V-
infected targets is indicated (arrows). Vaccinia virus recombinants are described
in Fig. 1. ■, rVV-ES-V; F, rVV-V; Œ, rVV-ES-I; }, no rVV; h, LT489-497.

FIG. 7. Induction of CTL responses in vivo by vaccinia virus recombinants expressing SV40 Tag or Tag CTL determinant minigenes. Splenocytes from naive or
immunized mice were restimulated in vitro with B6/WT-19 cells and were combined at the indicated E/T ratios with 51Cr-labeled B6/K-1,4,5 cells which had been
incubated in media only (None) or media supplemented with synthetic peptides corresponding to determinant I (LT206-215), II/III (LT223-231), or V (LT489-497).
The following viruses were used for immunizations: none (a), SV40 (b), rVV-SC (c), rVV-941T (d), rVV-I-V-II/III (e), rVV-I (f), rVV-ES-I (g), rVV-II/III (h),
rVV-ES-II/III (i), rVV-V (j), and rVV-ES-V (k).
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levels of lysis of determinant V-pulsed targets by CTL induced
by the rVV-Dhfr/X-V derivatives (where X is A or M) were
weak in comparison to lysis of targets by CTL induced by the
rVV-ES-V minigene construct. A weak but detectable immu-
nogenicity of determinant V from within the context of the
rVV-Dhfr/X-V derivatives is reminiscent of previous results
obtained with Tag-transformed cell lines; epitope V is weakly
immunogenic from within nearly full-length Tag derivatives
which bear mutations that inactivate epitopes I, II/III, and IV
(50, 51a, 69).

H-2Db complexes containing epitope V peptides are rela-
tively unstable. A simple explanation for the increased potency
of rVV-ES-V may be related to increased production of the
determinant V peptide by this recombinant (5). It has previ-
ously been reported that incubation of SV40 Tag-transformed
cells in the presence of BFA leads to a rapid reduction in the
susceptibility of targets to lysis by epitope V-specific CTL
clones (50). These results were taken to indicate that the abun-
dance of epitope V complexes was low and/or that functional
cell surface H-2Db–epitope V complexes were relatively unsta-
ble. Both intrinsic instability of H-2Db–epitope V complexes
and low abundance of available epitope V peptide could con-
tribute to low cell surface densities of H-2Db–epitope V com-
plexes on Tag-transformed cells in vitro or on professional
antigen-presenting cells in vivo. Limited production of the
determinant V peptide in vivo and/or instability of H-2Db–
epitope V complexes could influence the immunogenicity of
epitope V.

To determine whether H-2Db–epitope V complexes are in-
trinsically unstable, peptide-pulsed RMA/s cells were used to
examine the relative stability of H-2Db complexes containing
the SV40 Tag epitopes I, II/III, and V. Incubation of RMA/s
cells overnight in the presence of each of these peptides (10
mM each) induced stabilization of similar levels of H-2Db

complexes on the cell surface as determined by flow cytometry
(Fig. 8) (50). To evaluate the stability of such complexes,
RMA/s cells incubated overnight in the presence of epitope
peptides were washed free of peptide, and the decay of cell
surface H-2Db expression was analyzed by flow cytometry (60).
The results presented in Fig. 8 reveal that complexes formed
with the synthetic epitope V peptide (LT489-497) decayed
more rapidly at 37°C than complexes formed with peptides
corresponding to epitope I (LT206-215) or II/III (LT223-231).
These results suggest that H-2Db–epitope V complexes formed

FIG. 8. Relative decay of H-2Db complexes from the surface of RMA/s cells
preincubated in the presence of synthetic peptides corresponding to H-2Db-
restricted SV40 Tag CTL epitopes. RMA/s cells were incubated overnight at
28°C in RPMI medium supplemented with no peptide (h) or 10 mM synthetic
peptides corresponding to SV40 Tag CTL epitopes I (LT206-215) (E), II/III
(LT223-231) (■), or V (LT489-497) (F). The cells were washed free of peptide,
and incubation was continued at 37°C. Samples were withdrawn at the times
indicated and held on ice, and the relative abundance of cell surface H-2Db

complexes was determined by flow cytometry using the conformation-sensitive,
H-2Db-specific monoclonal antibody 28-14-8.

TABLE 2. Induction of SV40-specific CTL by immunization of
C57BL/6 mice with vaccinia virus recombinants expressing epitope V

minigene derivatives

Expt and rVV used
for immunizationa

% Specific target cell lysisb

RMA 1
LT206-215

RMA 1
LT489-497

RMA 1
DbN5 B6/T117A1

1
rVV-V (cl4) 3 3 3 2
rVV-ES-V 6 76 5 42
rVV-A2-V 4 35 5 18
rVV-A2-V-A2 4 13 5 5
rVV-V-A2 4 46 3 17
rVV-I-V-II/III 87 54 7 42
rVV-I-Db-II/III 82 4 3 2

2
rVV-V (cl2) 3 2 2 NDc

rVV-ES-V 8 50 4 ND
rVV-A2-V 8 47 6 ND
rVV-A2-V-A2 11 47 6 ND
rVV-V-A2 7 29 3 ND
rVV-I-V-II/III 100 44 9 ND
rVV-I-Db-II/III 100 14 13 ND

a Groups of two or four C57BL/6 mice were immunized i.v. with 107 PFU of
vaccinia virus recombinants. Splenocytes were restimulated in vitro with B6/
WT-19 cells for 6 days and used in a 51Cr release assay at an E/T ratio of 50:1.

b 51Cr-labeled RMA cells were incubated in RPMI medium containing peptide
at a final concentration of 1 mM. B6/T117A1 cells express a derivative of Tag
lacking epitopes I, II/III, and IV and were induced with gamma interferon prior
to the assay. LT206-215, epitope I; LT489-497, epitope V; DbN5, SMIKN
LEYM.

c ND, not done.

TABLE 3. Induction of epitope V-specific CTL by murine DHFR
derivatives bearing an epitope V insert flanked at the amino

terminus by an alanine or methionine residue

rVV used for
immunizationa

% Specific target cell lysis

RMA cells
pulsed withb: SV40 Tag-expressing cells

LT489-497 DbN5 B6/T117A1 B6/K-1,4,5

rVV-ES-V 62 3 44 3
rVV-Dhfr/A-V

cl1 20 9 20 5
cl2 46 13 24 8

rVV-Dhfr/M-V
cl1 44 12 36 4
cl2 29 5 24 3

rVV-Dhfr/ 9 9 10 5

a Groups of four C57BL/6 mice were immunized i.v. with 107 PFU of vaccinia
virus recombinant. Splenocytes were restimulated in vitro for 6 days with g-
irradiated B6/WT-19 cells and used as effectors in a 51Cr release assay at a 50:1
E/T ratio.

b 51Cr-labeled RMA cells were incubated in the presence of 1 mM peptide in
RPMI medium. LT489-497, epitope V, QGINNLDNL; DbN5, SMIKNLEYM.
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by exogenously added synthetic peptide with cell surface H-
2Db molecules are relatively unstable.

Since the immunogenicity of epitope V appears to be en-
hanced by fusion to the ES leader sequence (see above), we
wanted to determine whether delivery of epitope V directly
into the ER of rVV-ES-V-infected targets might increase the
abundance or stability of cell surface H-2Db–epitope V com-
plexes. For this purpose, BFA treatment was used to investi-
gate whether lysis of target cells infected with rVV-ES-V and
other epitope V-containing vaccinia virus recombinants by the
CTL clone H-1 would diminish at similar rates. 51Cr-labeled
Ltk/Db targets were infected for 4 h prior to the addition of
BFA to allow for optimal expression of H-2Db–epitope com-
plexes at the cell surface. SV40 Tag-transformed cells (B6/
T5Aa) were included as a control (data not shown).

As expected, BFA-treated B6/T5Aa (wild-type Tag-trans-
formed) cells became resistant to lysis by the epitope V-specific
CTL clone H-1 within 2 h, whereas little reduction in lysis by
CTL clones K-11 and K-19 (specific for epitopes I and II/III,
respectively) was seen (data not shown) (50). Similar results
were obtained when Ltk/Db cells infected with vaccinia virus
recombinants were used (Fig. 9). Like the Tag-transformed
B6/T5Aa cells, Ltk/Db cells infected with the vaccinia virus
recombinants rVV-I-V-II/III and rVV-Dhfr/M-V became re-
sistant to lysis by the epitope V-specific CTL clone H-1 within
2 h in the presence of BFA (Fig. 9c and d); Ltk/Db cells
infected with rVV-I-V-II/III were efficiently lysed by CTL
clones K-11 and K-19 after 6 h of BFA treatment (Fig. 9c). By
contrast, CTL clone H-1 recognition of cells infected with
rVV-ES-V persisted longer, even though it did diminish dra-
matically over the course of the experiment (Fig. 9b). Since
epitope V complexes appear to be inherently unstable (Fig. 8),
these results imply that fusion of epitope V to the ES leader
sequence results in an increase in the number of H-2Db–
epitope V complexes at the cell surface. Taken together, our
results correlate increased cell surface occupancy by H-2Db–
epitope V complexes with improved immunogenicity of the
rVV-ES-V recombinant. These experiments support the no-
tion that fusion to the ES sequence enhances the immunoge-
nicity of the immunorecessive epitope V by increasing the
abundance of H-2Db–epitope V complexes in vivo.

DISCUSSION

A principal factor which regulates CTL responses is the
quantity of peptide-MHC complexes displayed on the cell sur-
face (16, 86). This could be limited at any of the steps in the
antigen processing pathway. Recent findings with rVVs ex-
pressing cytosolic or ER-targeted peptides suggest that prote-
olysis is commonly the major limiting factor in peptide pro-
duction. Expression of CTL determinants as rVV-encoded
cytosolic or ER-targeted peptides results in the expression of
enormous amounts of peptide class I complexes at the cell
surface, with more than 50,000 complexes being expressed
within the first 6 h of infection. In general, this represents a 10-
to 100-fold increase in the amount of peptide relative to that
recovered from cells expressing the corresponding full-length
proteins (5).

This improvement in generating functional peptide-class I
complexes makes the use of peptide-encoding vaccinia virus
vectors an appealing strategy for enhancing the immunogenic-
ity of weak CTL determinants. We tested this vaccine strategy
by using three H-2Db-restricted CTL determinants from SV40
Tag, among which an immunological hierarchy has been dem-
onstrated (50, 77). Our results demonstrate that rVVs express-
ing the immunodominant CTL determinants I and II/III as
minigenes (rVV-I and rVV-II/III) were recognized by the re-
spective determinant-specific CTL clones in vitro and were
effective immunogens.

The most important finding of this study is that the immu-
nogenicity of determinant V was dramatically improved by
fusion to the ES sequence. Targeting determinant I and II/III
peptides to the ER provided little, if any, enhancement of
immunogenicity or antigenicity, suggesting that peptide trans-
location into the ER for these immunodominant determinants
is not a rate-limiting step in antigen presentation. Similar re-
sults have been obtained by others using immunologically po-
tent CTL epitopes (6, 40, 61). On the other hand, the rVV-
ES-V recombinant consistently induced more-potent epitope
V-specific CTL responses than any of the other epitope V-
containing derivatives tested in this study. While other deter-
minant V-containing vaccinia virus recombinants were immu-
nogenic, the responses induced were weaker, and reliable
detection of those responses required the use of peptide-
pulsed targets which allowed for increased sensitivity in the
cytotoxicity assay.

ER targeting contributed to enhanced antigenicity and im-
munogenicity of determinant V in TAP-expressing cells. It is
unlikely that the ES sequence improved the immunogenicity of
epitope V by functioning simply as an amino-terminal flanking
sequence, for the following reasons: (i) the ES sequence did
allow presentation of epitope V from within TAP-deficient
T2/Db cells, while, as expected, none of the other epitope
V-containing vaccinia virus recombinants were recognized un-
der similar conditions (data not shown); and (ii) the ES se-
quence did increase the quantity of functional H-2Db–epitope
V complexes on the surface of TAP1/21 cells, as indicated in
BFA blocking experiments (Fig. 9). These results demonstrate
that the ES sequence can enhance the immunogenicity of a
weak CTL epitope, such as epitope V, most likely because
increasing the delivery of the appropriately preprocessed pep-
tide directly into the ER enhances MHC class I-restricted
antigen presentation. However, other factors, such as T-cell
repertoire, will determine whether enhanced delivery of weak
epitopes in general will induce an efficient CTL response.

Consistent with our previous results obtained from the anal-
ysis of the immunogenicity of SV40 Tag-transformed cells,
expression of the full-length SV40 Tag from a vaccinia virus

FIG. 9. Lysis of BFA-treated targets by SV40 Tag-specific CTL clones. 51Cr-
labeled Ltk/Db cells infected with vaccinia virus recombinants expressing epitope
V-containing minigenes (rVV-ES-I [a], rVV-ES-V [b], and rVV-I-V-II/III [c]) or
a DHFR derivative bearing a Met-extended epitope V insert (rVV-Dhfr/M-V
[d]) were treated with BFA for various times and combined with the SV40-
specific CTL clone K-11 (Œ), K-19 (F), or H-1 (h) at E/T ratios of 1:1, 15:1, and
15:1, respectively, in a 4-h cytotoxicity assay.
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recombinant produced targets which could be recognized by
determinant V-specific CTL clones in vitro but did not induce
detectable levels of determinant V-specific CTL in vivo, even
when cytotoxicity assays with improved sensitivity were used.
The poor immunogenicity of rVV-941 Tag may result from
relatively low levels of determinant V produced from the Tag
protein. It is also likely that T cells responding to determinants
I, II/III, and IV suppress determinant V-specific CTLs. Such
immunodomination has been observed repeatedly in immuni-
zation experiments which utilize cells expressing full-length
Tag or SV40 virus (50). Such a domination model is consistent
with our demonstration that immunization with vaccinia virus
recombinants which express derivatives of a self-protein (mu-
rine DHFR) bearing an epitope V insert do induce epitope
V-specific CTL. Similar results have been obtained with influ-
enza virus NP expressed by rVV (21) or from plasmid DNA
(30); CTL specific for weak determinants in NP were induced
only when the immunodominant determinant was destroyed by
mutation of a crucial class I binding residue(s). If so, results
presented here, namely, the induction of determinant V-spe-
cific CTL by rVV-I-V-II/III, imply that efficient suppression
may require that the immunorecessive determinant be ex-
pressed in limiting amounts. Perhaps differences in the amount
of epitope V peptide generated by differing immunization pro-
cedures account for the ability of others to detect epitope
V-specific CTL in immunization experiments involving puri-
fied, full-length SV40 Tag protein or SV40 Tag expressed fol-
lowing immunization with plasmid DNA (65). Immunization
with SV40 Tag-transformed cells consistently fails to result in
induction of detectable levels of epitope V-specific CTL (50).

A second important finding resulting from this study is that
the antigenicity and immunogenicity of determinant V, when
expressed as a minigene product, are dramatically influenced
by the presence of short flanking sequences. The rVV-V re-
combinant (encoding MQGINNLDNL) failed to produce suf-
ficient amounts of the appropriate determinant V peptide to
sensitize infected targets for lysis by two independently derived
determinant V-specific CTL clones. This failure could imply
that the minimal determinant V peptide is unstable in cells or
that a property intrinsic to the determinant V peptide may
prevent efficient presentation of the Met-extended form of the
determinant V peptide expressed by rVV-V. Although our
observations imply that the determinant V peptide is intrinsi-
cally unstable in cells, the defect in rVV-V recognition may
also result from an artifact imposed by the construction of the
epitope V-encoding minigene.

Findings for yeast have shown that an N-terminal Met is
efficiently removed by Met aminopeptidase only if the radius of
gyration of the penultimate residue is less than 1.29 Å (48). If
similar constraints apply to murine cells, the initiating Met
preceding determinant V is likely to be retained since the
penultimate residue in the rVV-V-encoded minigene peptide
is a Gln (1.75 Å). As addition of an NH2-terminal Met to the
corresponding nonamer determinant synthetic peptide reduces
its antigenicity by 100-fold, the inability to remove Met may
contribute to this poor antigenicity. Insertion of an (Ala)2
spacer between the initiating Met and determinant V
(MAAQGINNLDNL as in rVV-A2-V) would be expected to,
and did, overcome such a defect. It is clear that amino acid
sequences predicted to result in inefficient removal of an NH2
Met extension do not necessarily prevent efficient recognition
of minigene products. It was previously found that an H-2Kb-
binding peptide from vesicular stomatitis virus nucleocapsid is
efficiently presented as a cytosolic minigene, despite possessing
Arg (the residue with the largest radius of gyration) as the
penultimate NH2-terminal residue (67). These apparently con-

tradictory results may suggest that the yeast and mammalian
cells differ in their ability to remove initiating Met, that small
peptides are processed by different proteases than proteins
(proteins were used to establish the rules for yeast), or that
factors intrinsic to the specific determinant peptide determine
the extent to which a residual NH2 Met residue will interfere
with accumulation of determinant-MHC class I molecules at
the cell surface.

The antigenicity of the determinant V peptide expressed
from rVV-V was enhanced by treating cells with the protease
inhibitor cbz-LLL-CHO, a potent inhibitor of proteasomes
that also inhibits other cellular proteases. The simplest expla-
nation for the cbz-LLL-CHO-mediated rescue of determinant
V is that cbz-LLL-CHO prevents its destruction by cellular
proteases. For example, cbz-LLL-CHO-mediated inhibition of
cellular proteolysis may allow extra time for removal of the
NH2 Met extension. Alternatively, it is possible that the en-
hanced presentation of determinant V mediated by cbz-LLL-
CHO is an indirect effect of reducing the amount of competing
peptides and/or prolonging TAP interactions with peptide-
receptive H-2Db molecules (68). Finally, if the relevant form of
the protected determinant V peptide is the nonamer, our re-
sults could imply that the nonamer is not a cytosolic interme-
diate in the presentation of determinant V from T antigen (or
the other constructs). This raises the specter of TAP-mediated
transport of longer determinant V-containing peptides that are
subsequently trimmed in the ER (27, 64, 67).

An intriguing finding is that the antigenicity and immuno-
genicity of the rVV-V construct were restored by addition of
two Ala residues to the carboxy terminus of the determinant V
sequence (rVV-V-A2 [Fig. 4 and Table 2]) to encode a primary
translation product corresponding to MQGINNLDNLAA.
The amino terminus of this (Ala)2-extended peptide is identi-
cal to the determinant V peptide encoded by the rVV-V mini-
gene (MQGINNLDNL) which was only poorly antigenic and
not immunogenic. Recognition of the Ala-extended peptide
most likely does not result from enhanced import into the ER
by TAP1/2 (Fig. 5) or improved MHC class I molecule binding
(data not shown). Instead, these results suggest that longer
peptides containing determinant V may be more resistant to
cytosolic proteases which destroy a shorter determinant V pep-
tide. This would be consistent with the enhancing effect of
cbz-LLL-CHO on the presentation of MQGINNLDNL.

On the basis of the data at hand, we propose a simple model
to unify the results of our analyses involving the recombinants
which express cytosolic forms of determinant V. Inefficient
removal of the amino-terminal initiating Met residue could
limit the pool of determinant V peptide nonamer to levels
insufficient to trigger CTL lysis. Since H-2Db complexes con-
taining determinant V peptide are relatively unstable, the few
which could be loaded from a limited pool of epitope V 9-mer
may dissociate too rapidly for sufficient numbers to accumulate
at the cell surface to trigger CTL lysis; alternately, if loaded,
the Met-extended 10-mer determinant V peptide would be
expected to form 10- to 100-fold-fewer complexes, and this
level might also be below the threshold required to trigger CTL
clone lysis. We hypothesize that stabilization of the core de-
terminant V peptide (by treatment of rVV-V-infected targets
with the protease inhibitor cbz-LLL-CHO or by extension of
the minimal peptide) favors increasing the pool of available
nonamer determinant V peptide.

In summary, we have shown the following. (i) The immuno-
genicity of an immunorecessive (or weak) CTL determinant
was dramatically enhanced by ER targeting. Similar improve-
ment was not observed for the dominant Tag CTL epitope I or
II/III. (ii) The immunorecessive determinant V peptide was
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immunogenic without ER targeting, but only if short flanking
residues were provided. (iii) Determinant V was antigenic and
immunogenic when located within the context of an immuno-
logically neutral (self-protein) context, namely, murine DHFR.
(iv) The determinant V peptide forms relatively unstable com-
plexes with H-2Db. These findings illustrate that appropriate
immunization strategies can be used to effectively induce CTL
specific for an immunorecessive epitope. We are currently
using SV40 Tag transgenic mice to investigate the therapeutic
potential of individual dominant or recessive Tag CTL
epitopes in the rejection of SV40 Tag-induced tumors in vivo.
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