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The existence of two distinct antigenic sites at the surface of simian virus 40 (SV40)-transformed H-2° cells
has been previously demonstrated (A. E. Campbell, L. F. Foley, and S.S. Tevethia, J. Immunol.
130:490-492, 1983) by using two independently isolated SV40-specific cytotoxic T-lymphocyte (CTL) clones,
K11 and K19. We identified amino acids in the amino-terminal half of SV40 T antigen that are essential for the
recognition of antigenic sites by these CTL clones by using H-2° cells transformed by mutants that produce T
antigen truncated from the amino-terminal or carboxy-terminal end or carrying overlapping internal deletions
in the amino-terminal regions of SV40 T antigen. The results show that CTL clone K11 failed to recognize and
lyse target cells missing SV40 T-antigen amino acids 189 to 211, whereas CTL clone K19 lysed these cells. The
cell lines missing SV40 T-antigen amino acids 220 to 223 and 220 to 228 were not lysed by CTL clone K19 but
were susceptible to lysis by CTL clone K11. Two other cell lines missing amino acids 189 to 223 and 189 to 228
of SV40 T antigen were not lysed by either of the CTL clones but were lysed by SV40-specific bulk-culture CTL
if sufficient amounts of relevant restriction elements were expressed at the cell surface. The SV40 T-antigen
amino acids critical for the recognition of an antigenic site by CTL clone K11 were identified to be 193 to 211;
220 to 223 were identified as critical for recognition by CTL clone K19. The deletion of these amino acids from

the T antigen resulted in the loss of antigenic sites specific for CTL clones K11 and K19.

Simian virus 40 (SV40)-transformed and -infected cells
synthesize a tumor-specific transplantation antigen ex-
pressed on the cell surface that induces the host immune
response, resulting in tumor rejection (for reviews, see
references 56 and 57). Mice immunized with SV40 or with
syngeneic SV40-transformed cells develop cytotoxic T lym-
phocytes (CTL) that lyse SV40-transformed or -infected
syngeneic cells in an H-2-restricted manner (17, 35, 42-44)
and mediate tumor rejection in vivo (18). It is now firmly
established that the TSTA activity resides in a virus-encoded
multifunctional protein of 94 kilodaltons (kDa), the large T
antigen. T antigen purified to homogeneity immunizes mice
against SV40 tumor transplantation (9, 58) and induces a
cellular immune response in the immunized host (8, 58). In
addition, the T antigen provides a target recognized by
SV40-specific CTL (41, 61). Although the majority of T
antigen is localized in the nucleus of SV40-transformed or
-infected cells, a small amount can be demonstrated at the
cell surface by various serological means (7, 11, 12, 27, 28,
38, 39, 4648, 51, 52, 59). Presumably, it is this surface T
antigen that is recognized by CTL.

SV40-specific monoclonal antibodies have identified mul-
tiple antigenic sites on the T antigen (3, 23, 26, 37). How-
ever, at the cell surface, only selected portions of the T
antigen are accessible to these monoclonal antibodies (3, 12,
20, 46, 68). Similarly, antigenic sites recognized by CTL are
present in both the amino-terminal and the carboxy-terminal
halves of the T antigen. Mouse cells expressing either a
33-kDa amino-terminal T-antigen fragment (21, 61) or a
28-kDa carboxy-terminal fragment (21) are susceptible to
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lysis by CTL generated in bulk culture to syngeneic SV40-
transformed or -infected H-2* cells which synthesize full-
length T antigen. There are at least two distinct antigenic
sites in the amino-terminal half of the T antigen to which
clones of CTL have been generated (6). The CTL clones K11
and K19 lyse H-2° SV40-transformed cells; however, only
K19 lyses both SV40- and human papovavirus BK-trans-
formed H-2% cells. Both the CTL clones are H-2D? restricted
and map within the 48-kDa amino-terminal fragment of SV40
T antigen (60).

The present studies were undertaken to define precisely
the antigenic sites recognized by the CTL clones K11 and
K19. We used mutants that produce various truncated T
antigens. The H-2% cells expressing T antigen truncated from
the amino-terminal or carboxy-terminal end or carrying
overlapping internal deletions in the amino-terminal region
were used as target cells against CTL clones K19 and K11 in
addition to CTL generated in bulk cultures. The results show
that amino acids 189 to 211 and 220 to 223 are critical to the
recognition of antigenic sites by CTL clones K11 and K19,
respectively, as the deletion of these specific amino acids
abolished recognition of T antigen by these two CTL clones.

MATERIALS AND METHODS

Plasmids. The plasmids used in this study are shown in
Tables 1 and 2. Plasmids that produce T antigens missing
internal amino acids contain chimeric linker insertion and
deletion mutations and were generated as described previ-
ously (32). Mutants expected to produce specific amino-
terminal-truncated T antigens were constructed by joining an
EcoRlI linker added to the Tagl site of various mutant DNAs
to the EcoRI site in the mutant RL18. This RL mutant
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TABLE 1. Plasmids used in this study that produce
truncated T antigen

Maximum amino acids

Plasmid in truncated T antigen Reference
pVBETK-1 1-708 45
pVBt1TK-1 1-271 272) 45
pPVU-5-70K 109-708 This study
py2xmet128-70K 128-708 This study
py2xB9-70K 150-708 This study
p60K 176-708 This study
pRLS-S24 1-217; 251-708 This study
pRL75-RL12 1-188; 229-708 This study
pRL75-RL88 1-188; 212-708 This study
pRL75 1-188; 193-708 32
pRL75-RL115 1-188; 224-708 This study
pRL101-RL12 1-219; 229-708 This study
pRL11S 1-219; 224-708 32

contains an EcoRI linker between nucleotides 5194 and 5186
and includes the SV40 early-region promoter but not the
initiation codon for the large T antigen. The nucleotide
alterations in the mutants used in these constructions are
shown in Fig. 1.

The first initiation codon in the reading frame of large T
antigen within the Taql-BamHI fragment occurs at methio-
nine 109. The plasmid pPVU-5-70K contains the Tagl-
BamHI fragment derived from the mutant pPVU-5 (32),
which contains a 7-base-pair deletion (nucleotides 4527 to
4521) 5’ to the first initiation codon. Based on nucleotide
sequence, this plasmid is expected to produce a polypeptide
consisting of amino acids 109 to 708.

The plasmid py2xmetl128-70K contains the Tagl-BamHI
fragment of a mutant with an in-frame deletion (y2) of
nucleotides 4501 to 4481 and a base change of A to T at
nucleotide 4435. The y2 deletion removes the AUG codon
for amino acid 109. The point mutation converts the lysine
codon at position 128 to a methionine codon. The plasmid is
expected to produce a T antigen consisting of amino acids
128 to 708. The plasmid py2xB9-70K contains a Taql-BamHI
fragment bearing the y2 deletion and a G-to-A transition at
nucleotide 4370. The base change introduces an initiation
codon at position 150. The T antigen produced from this
plasmid should contain amino acids 150 to 708. The plasmid
p60K, named for the expected molecular weight of its
product, contains the Taql-BamHI fragment from the mu-
tant K2 (32). The G-to-A transition in this mutant converts
the methionine at 109 to isoleucine. The first available
in-frame methionine codon in this construct corresponds to
amino acid 176 in the T antigen.

The plasmids pH-2K® and pH-2D® containing the murine
major histocompatibility (MHC) class I genes K? and D? (1,
22, 50) were kindly provided by H. Allen. The plasmid
pSV2-neo contains the aminoglycosyl 2’ phosphotransferase
gene that confers on mammalian cells resistance to the
antibiotic G418 and that has been described previously (53).

Transfection and transformation of primary CS7BL/6
mouse embryo fibroblasts with plasmid DNA. Primary

TABLE 2. Other plasmids used in this study

Plasmid Relevant gene Reference
pSV2-neo Neomycin 53
pH-2K® MHC class I K? 1
pH-2D® MHC class I D* 1
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Enhancer-Promoter-Ori-CGCCTCGGCCTCTGAGCTATTCCAGAAGT
5194 Tagl

GAGGAGGCTI"]T'I‘!‘GGAGI ceAmcmmmmmcmc
GACTTGATCTTTGTGAAGGAACCTTACTTCTGTGGTGTGACATAATTGGA
CAAACTACCTACAGAGATTTAAAGCTCTAAGGTAAATATAAAATTTTTAA
GTGTATAATGTGTTAAACTACTGATTCTAATTGTTTGTGTATTTTAGATT
CCAACCTATGGAACTGATGAATGGGAGCAA%?GTGGAATG[Ccp'lq‘"l‘uiA]'l‘GA
GGAAAACCTGTTTTGCTCA(GAAGAA (A CCATCTAG'N}ATGIATGAGGCT
ACTGCTGACTCTCAACATTCTACTCCTC?AAM i AAGAGAAAGGTAGA
AGACCCCAAGGACTTTCCTTCAGAATTGCTAAGTTTTTTGAGTCATGCT
TTTAGTAATAGAACTCTTGCTTGCTTTGCTATTTACACCACAAAGGA
AAAAGCTGCACTGCTATACAAGAAAATT GAAAAA........

FIG. 1. Construction of plasmids encoding amino-terminal-trun-
cated large T antigens. Mutants expected to produce T antigens
missing specific amino-terminal segments were constructed by join-
ing an EcoRI linker added at the Tagl site of various mutant DNAs
to the EcoRI site of RL18 by exchanging the EcoRI-BamHI frag-
ments. The RL18 mutant contains SV40 sequences from nucleotide
270 through the enhancer-promoter origin (Ori) region to an EcoRI
linker at nucleotide 5194. The first box encloses the EcoRI linker.
Additional boxes enclose either natural initiation sites or codons
converted to ATG in the individual mutants. The nucleotides
appearing above the sequence are those altered in the mutants K2,
B9, and 128 which donated early-region sequences to the plasmid
constructs. The numbers below the sequence indicate the number of
the first amino acid expected in the truncated T antigens. The
brackets contain sequences missing in the deletions designated y2
and pPVU-S.

C57BL/6 mouse embryo fibroblast cultures (B6/MEF) were
prepared as described previously (55). Transfection of these
cultures with plasmids or SV40 DNA was accomplished by
the method of Graham and Van der Eb as modified by Wigler
et al. (69) and M. Tevethia (55). Briefly, 2 X 10° B6/MEF was
seeded into a 75-cm? plastic tissue culture flask containing
Dulbecco modified Eagle medium (DMEM) with 10% fetal
calf serum (FCS). After incubation at 37°C overnight, cells
were transfected with 1 pg of plasmid DNA and 10 pg of
carrier DNA from B6/MEF in the form of a calcium phos-
phate precipitate. The transfected cells containing the pre-
cipitate were incubated for 16 h at 37°C, at which time the
medium was replaced with fresh DMEM containing 10%
FCS. The cultures were fed every third day for a period of 3
to 4 weeks. The individual colonies of transformed cells
were picked and established as cell lines.

Cell lines. The cell lines used in this study, their origins,
and H-2 haplotypes are listed in Table 3. In addition to the
cell lines generated after transformation of B6/MEF by the
SV40 deletion mutants, B6/WT-19, an SV40-transformed
cell line of B6 origin (59), and a cell line (B6/PY) derived
from a tumor induced by the polyomavirus (25) were also
used. C3HSV-4 is an SV40-transformed cell line of C3H/HeJ
(H-2%) origin. The cell lines of H-2* origin, L/pVBETK-1 and
L/pVBt1TK-1, which synthesize a full-length T antigen and
a 33-kDa amino-terminal fragment of T antigen, respec-
tively, and LTK™ have been described previously (45, 61).

All the cell lines were maintained in DMEM containing
either 10 or 5% FCS.

Expression of H-2K® and H-2D® genes in L/pVBETK-1,
L/pVBt1TK-1, and LTK™ cells. Since L/pVBt1TK-1 cells,
which synthesize an amino-terminal 33-kDa fragment of
SV40 T antigen, are of H-2* origin and the CTL clones (K11
and K19) used to map the antigenic sites on T antigen are of
H-2° origin, the L/pVBETK-1, L/pVBt1TK-1, and LTK"
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TABLE 3. Cell lines used in this study

Virus or DNA

T-antigen amino

Cell line H-2 haplotype introduced acids missing Reference
B6/WT-19 b SV40 None 59
B6/pSV3T3 20 GV b pSV3T3 20 GV 369-708 60
B6/BKVD-1 b BK virus DNA None 6
C3HSV-4 k SV40 None This study
B6/PY b Polyomavirus None 25
L/pVBETK-1 k pVBETK-1 None 45
L/pVBETK-1/K® kIK? pVBETK-1 None This study
L/pVBETK-1/D® k/D® pVBETK-1 None This study
L/pVBt1TK-1 k pVBt1TK-1 272-708 45
L/pVBt1TK-1/K" kIK® pVBtITK-1 272-708 This study
L/pVBtITK-1/D® kID® pVBtITK-1 272-708 This study
LTK"™ k None 69
LTK /neo k pSV2-neo This study
LTK /K" kIK® pH-2K® This study
LTK~/D® kID? pH-2D® This study
B6/pPVU-5-70K b pPVU-5-70K 1-108 This study
B6/y2xmet128-70K b py2xmet128-70K 1-127 This study
B6/y2xB9-70K b py2xB9-70K 1-149 This study
B6/60K b 1-175 This study
B6/RLS-S24 b pRLS5-S24 218-250 This study
B6/RL75-RL12 b pRL75-RL12 189-228 This study
B6/RL75 b pRL75 189-192 This study
B6/RL75-RL88 b pRL75-RL88 189-211 This study
B6/RL75-RL115 b pRL75-RL115 189-223 This study
B6/RL101-RL12 b pRL101-RL12 220-228 This study
B6/RL115 b pRL115 220-223 This study

cell lines were transfected with plasmids which carry either
the H-2K® gene or the H-2D” gene (1) along with the
pSV2-neo plasmid as a selectable marker. Cells resistant to
G418 (500 pg/ml) were developed into cell lines. The cells
were shown to express the H-2K® or H-2D? glycoproteins as
determined by flow cytometry.

Generation of SV40-sensitized lymphocytes. SV40-sensi-
tized lymphocytes were generated as previously described
(15, 59). C57BL/6 mice were immunized intraperitoneally
with 1 X 107 to 2 X 107 syngeneic SV40-transformed cells.
After 9 or more days, the spleens were excised, and a
single-cell suspension was prepared by pressing the spleens
through a 60-gauge stainless steel screen. The splenic eryth-
rocytes were removed by hypotonic lysis with Tris-ammo-
nium chloride. Lymphocytes (1.5 X 107) were cocultured
with 2 X 10° y-irradiated (10,000 rads), syngeneic SV40-
transformed stimulator cells in RPMI 1640 supplemented
with 5 x 107° M B-mercaptoethanol-25 ug of pyruvate per
ml-10 mM HEPES (N-2-hydroxyethylpiperazine-N’-2-eth-
anesulfonic acid)}-0.225% NaHCO,-100 U of penicillin per
ml-100 pg of streptomycin per ml-0.03% glutamine-10%
FCS heat inactivated at 56°C for 30 min. The cultures were
maintained at 37°C in 5% CO, for 5 days. The phenotype of
the effector cells generated by this method is Thyl™ Lytl™
Lyt2* (15).

SV40-specific CTL clones. CTL clones K11 and K19 are
specific for the SV40 large T antigen and are H-2D® re-
stricted (6). Both of these CTL clones recognize antigenic
determinants present on a truncated large T antigen of amino
acid residues 1 to 368 (60). CTL clone K19 cross-reacts with
a large T antigen encoded by the human papovavirus BK,
whereas the determinant recognized by K11 is found only on
the SV40 large T antigen (6).

Cytotoxicity assay. The >1Cr release assay was performed
as previously described (15, 59). Target cells were labeled
overnight in 75-cm? flasks with 250 wCi of 3!Cr in 10 ml of

DMEM containing 15% heat-inactivated FCS. The target
cells were harvested by washing the monolayer with 5 ml of
2% EDTA and adding 1 ml of 0.1% trypsin. The single-cell
suspension was diluted with 9 ml of complete RPMI 1640
containing 10% FCS. The labeled target cells were washed
three times with fresh RPMI 1640 containing 10% FCS. A
0.1-ml sample containing 10* target cells was dispensed into
glass culture tubes (10 by 75 mm) and mixed with the in
vitro-stimulated bulk-cuiture lymphocytes or with CTL
clones at various lymphocyte-to-target-cell ratios. The spon-
taneous release of >!Cr from the target cells was determined
by incubating the labeled target cells in 0.2 ml of complete
RPMI 1640 containing 10% FCS. The maximum amount of
SI1Cr that could be released from the target cells was deter-
mined by lysing them with 5% sodium dodecyl sulfate. The
lymphocyte-target cell suspension was centrifuged at 60 X g
for 5 min at 4°C and then incubated at 37°C in 5% CO, for §
h. After the 5-h incubation, 0.8 ml of complete RPMI 1640
containing 10% FCS was added to each sample. All the
samples were centrifuged at 250 x g for 10 min at 4°C, and
0.5 ml of supernatant was aspirated and placed in a counting
vial. The radioactivity in the supernatant was counted along
with the remaining radioactivity in the cell pellet and super-
natant in a Gamma 8500 Counter (Beckman Instruments,
Inc., Palo Alto, Calif.). The percent specific lysis was
determined by using the following formula: % specific lysis
= [(% immune lysis — % normal lysis)/(% maximum lysis —
% spontaneous lysis)] x 100.

Enhanced expression of the class I gene products in target
cells by treatment with gamma interferon. Gamma interferon
has been shown to induce high levels of expression of the
MHC antigens (14, 67). To increase the expression of surface
H-2° on cells used as targets in the >!Cr release assay, these
cells were incubated with gamma interferon as described by
Flyer et al. (16). The medium from subconfluent monolayers
of cell cultures in 75-cm? flasks was removed and replaced
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with 20 ml of DMEM containing 10% FCS and 2,000 U of
crude gamma interferon (kindly provided by D. Murasko) for
48 h at 37°C, after which time the medium was removed and
replaced with fresh medium without gamma interferon. The
cells were assayed after 12 h for the expression of the class
I antigens by a fluorescence-activated cell sorter (FACS)
analysis and used as targets in a >'Cr release assay.

FACS analysis. To determine the surface expression of the
host-encoded H-2 antigens, FACS analysis using monoclo-
nal antibodies reactive with the H-2K® and H-2D? antigens
was performed on viable cells (31). Cells for analysis were
removed from the culture flasks by using EDTA and 0.1%
trypsin and suspended with FACS buffer (phosphate-
buffered saline [0.68% NaCl, 0.17% Na,HPO,, 0.02%
KH,PO,, pH 7.4] with 2% FCS and 0.1% NaN,). The cells
were diluted to 10%ml, and 1 ml was dispensed to glass
culture tubes (12 by 75 mm). The cells were centrifuged at
250 x g for S min at 4°C, and the buffer was decanted off.
Monoclonal antibodies EH-144 (H-2K? reactive) and 28-14-8
(H-2D? reactive) (100 nl) were dispensed to the appropriate
tubes. (EH-144 and 28-14-8 were kindly provided by T. V.
Rajan.) The monoclonal antibodies were allowed to incubate
with the cells for 45 min at 4°C. The samples were diluted by
the addition of 3.0 ml of FACS buffer and centrifuged, and
the diluted antibody was decanted off. The cells were
suspended with 100 pl of goat anti-mouse fluorescein iso-
thiocyanate (FITC)-conjugated antibody (Becton Dickinson
and Co., Mountainview, Calif.) and incubated for 45 min at
4°C. The samples were diluted with 2.0 ml of FACS buffer,
centrifuged, washed twice more with 3.0 ml of buffer, and
suspended, after centrifugation, in 400 ul of FACS buffer.
Propidium iodide (50 pg of propidium iodide per ml, 1 mg of
RNase B per ml) was added to the samples to electronically
gate out dead cells from the analysis. The samples were run
on an Epics V sorter/cytometer (Coulter Electronics, Inc.,
Hialeah, Fla.) set at an excitation wavelength of 488 nm and
500 mW of power. The instrument was calibrated with
10-mm fluorespheres (grade II; Coulter), and the coefficients
of variation were <2.5. Ninety-degree light scatter was
collected with a 488-nm dichroic mirror and a neutral-density
filter. Green fluorescence was collected with a 515-nm long
pass filter, a 560-nm short pass filter, and a 515-nm interfer-
ence filter. For each sample, 10,000 cells were analyzed at
500 cells per s by collecting the logarithm of integrated green
fluorescence gated on 90° light scatter and forward-angle
light scatter. The data were analyzed with the Immuno
Program (Coulter).

J. VIROL.

RESULTS

Specificity of CTL clones K11 and K19. The CTL clones
K11 and K19 were established by Campbell et al. (6) in this
laboratory and were shown to be H-2D’ restricted and
specific for SV40. The results in Table 4 show that the H-2
restriction and antigen specificity of these two clones were
maintained during in vitro passage and that both CTL clones
lysed SV40-transformed H-2° cells but not SV40-trans-
formed H-2* cells or polyomavirus-transformed H-2° cells.
The results also show that as reported previously (6), the
CTL clone K19 possesses specificity for SV40 T antigen as
well as for the cross-reactive T antigen present in human BK
virus-transformed H-2° cells, whereas K11 is specific for
SV40 only, thus showing that CTL clones K11 and K19
recognize distinct sites on the SV40 T antigen. In addition,
both clones were able to lyse B6/pSV3T3 20 GV cells (60),
which synthesize a truncated T antigen of 1 to 368 amino
acids, indicating that the antigenic determinants recognized
by these two CTL clones lie in the amino-terminal half of
SV40 T antigen. These results also suggest that the amino
acid residues in the carboxy-terminal half of the T antigen do
not affect the antigenic sites recognized by these CTL
clones.

Localization of K11 and K19 antigenic sites between 176 and
368 amino acids of the SV40 T antigen. To resolve the
epitopes recognized by CTL clones K11 and K19 which map
between residues 1 and 368, B6 cell lines expressing trun-
cated T antigens missing various lengths of the amino
terminus of T antigen (Fig. 2A) were used as target cells in
the 5!Cr release assay. The cell lines B6/PVU-5-70K,
B6/y2xmet128-70K, B6/y2xB9-70K, and B6/60K synthesize
T antigens which are missing amino acids 1 to 108, 1 to 127,
1 to 149, and 1 to 175, respectively, of the T antigen, and
these cell lines were all lysed to a significant degree by CTL
clones K11 and K19 in the cytotoxicity assay (Fig. 2B). A
cell line carrying wild-type T antigen (B6/WT-19) was also
positive in the assay; however, B6/PY cells, transformed by
the polyomavirus, did not react with either of the CTL
clones as expected (Fig. 2B). The synthesis of T antigens by
cell lines B6/pVU-5-70K, B6/y2xmet128-70K, B6/y2xB9-
70K, and B6/60K was confirmed by immunoprecipitation
and polyacrylamide gel electrophoresis. These truncated T
antigens did not react with monoclonal antibody PAb902,
which recognizes a determinant mapping in the first 30 amino
acids of the T antigen, but reacted with the monoclonal
antibody PAb901, which recognizes a determinant in the

TABLE 4. Specificity and H-2 restriction of CTL clones K11 and K19

H-2 haplotype

% Specific lysis by CTL clone“:

Expt Target cells Transforming agent

K D K11 K19

1 B6/WT-19 b b SV40 82.6 65.7
B6/pSV3T3 20 GV* b b pSV3T3 20 GV 494 32.6

B6/PY b b Polyomavirus 1.0 -1.0

2 B6/WT-19 b b SV40 71.3 51.0
B6/pSV3T3 20 GV*® b b pSV3T3 20 GV 50.7 34.8
B6/BKVD-1 b b BK virus DNA 5.2 44.1

3 B6/WT-19 b b SV40 52.1 55.5
B6/pSV3T3 20 GV? b b pSV3T3 20 GV 58.3 59.7

C3HSV-4 k k SV40 0.1 4.2

¢ Determined at an effector-to-target-cell ratio of 10:1.
b This cell line synthesizes amino acids 1 to 368 of T antigen.
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A
CELL LINES LARGE T ANTIGEN AMINO ACID RESIDUES
B6/WT-19 1 —708
B6/pPVU-5-70K 109, 708
B6/y2xmet 128-70K 128 708
B6/y2xB9-70K 150, 708
B6/60K 176 708
B
TARGET CELLS
p77777777777 77777 77777777777 EFFECTOR
B6/y2xB9-70K 4 FECTC
B6/v2xmet 128-70K V/ B
BepPVU-5-70K el 77 72 K19
w19 CLLLLLLL 77777777777
0 10 20 30 4 50 60
PERCENT SPECIFIC LYSIS

FIG. 2. Susceptibility of cell lines expressing amino-terminal-truncated T antigens by CTL clones K11 and K19. (A) Cell lines and the T
antigens that they express. (B) CTL clones K11 and K19 were reacted with the *'Cr-labeled cell lines shown in Fig. 1A and with B6/PY cells
for 5 h at 37°C, and the percent specific lysis was calculated as described in Materials and Methods.

carboxy-terminal end of the T antigen (M. Tevethia, unpub-
lished data). These studies indicate that the epitopes recog-
nized by the CTL clones K11 and K19 lie between amino
acids 176 and 368 of the T antigen.

Localization of epitopes recognized by CTL clones K11 and
K19 between amino acids 176 and 271 of the T antigen. To
further narrow the region encompassing epitopes recognized
by CTL clones K11 and K19, cell line L/pVBt1TK-1, which
synthesizes a truncated T antigen of 1 to 271 residues was
used (Fig. 3). However, this cell line (45, 61) is of H-2* origin
and was of an inappropriate haplotype for mapping CTL
clones K11 and K19, which are of H-2° origin. We and
others have previously shown that the L/pVBt1TK-1 cells
possess epitopes that are recognized by the CTL generated
in H-2* mice (21, 61). Attempts to generate a transformed
cell line of H-2° origin that synthesizes a stable truncated T
antigen of 33 kDa had failed. Therefore, an alternate ap-
proach was undertaken in which the H-2° class I restricting
elements, the cloned H-2K? and H-2D® genes (1), were
expressed in L/pVBt1TK-1 cells, so that they could provide
the correct restriction element and allow these cells to be
tested for reactivity against CTL clones K11 and K19. The
H-2K? and H-2D? genes were transfected into L/pVBt1TK-1
cells. In addition, L/pVBETK-1 cells, which produce a
94-kDa T antigen, and the parental LTK™ cells were trans-

fected with the H-2K? and H-2D? genes to serve as positive
and negative controls, respectively. Both of these cell lines
are of H-2* origin (Fig. 3).

The expression of the transfected H-2° genes was deter-
mined by reacting the cells with monoclonal antibodies
EH-144 (anti-H-2K?) and 28-14-8 (anti-H-2D?) and analyzing
these by FACS. The number of positive cells indicated on
the vertical axis was plotted against the log fluorescence
intensity on the horizontal axis (Fig. 4). The histograms
show the background staining of the cells with the goat
anti-mouse FITC-conjugated antibody and staining of the
cells with either the anti-H-2K? or the anti-H-2D® monoclo-
nal antibody. B6/WT-19, which was derived from cells of
H-2° origin, was the positive control in this experiment.
Binding of the anti-H-2K?® or anti-H-2D” monoclonal anti-
body shifted the peak of fluorescence intensity to the right,
indicating the cell surface expression of both the H-2K* and
the H-2D? class I molecules. L/pVBt1TK-1 cells transfected
with the pSV2-neo plasmid containing the G418 resistance
gene alone did not stain with either the anti-H-2K? or the
anti-H-2D? monoclonal antibody, ruling out any cross-reac-
tivity with the class I molecules expressed in cells of H-2*
origin. The H-2K? gene-transfected L/pVBETK-1 cell line
L/pVBETK-1/K® was stained by the anti-H-2K” monoclonal
antibody but not by the anti-H-2D? monoclonal antibody.
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CELL LINES LARGE T ANTIGEN AMIN ID RESIDUES

I/pVBETK-1 ] 708
B6/WT-19
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FIG. 3. Susceptibility of L/pVBETK-1 and L/pVBt1TK-1 cell lines expressing H-2K? and H-2D” antigens to lysis by CTL clones K11 and

K19. CTL clones K11 and K19 were reacted with >'Cr-labeled target cells at an effector-to-target-cell ratio of 10:1 for 5 h, and the percent
specific lysis was calculated as described in Materials and Methods.
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FIG. 4. H-2° antigen expression of H-2K?- and H-2D?-transtected L/pVBETK-1 and L/pVBt1TK-1 cell lines. The expression of the H-2K?
molecule was determined with the monoclonal antibody EH-144. H-2D” expression was determined with the monoclonal antibody 28-14-8.

The presence of both monoclonal antibodies on the surface of the cell was revealed with goat anti-mouse antibody conjugated with FITC. The
analysis was performed on a Coulter Epics V sorter/cytometer at a 488-nm excitation wavelength.
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This was true also for the cell lines L/pVBtITK-1/K®
and LTK/K®. L/pVBETK-1/D°, L/pVBt1TK-1/D°, and
LTK~/DP all stained with the anti-H-2D” monoclonal anti-
body but not with the anti-H-2K® antibody. The cell lines
L/pVBETK-1/D® and L/pVBt1TK-1/D® now expressed the
class I restricting element necessary for epitope mapping by
SV40-specific CTL of H-2° origin.

To determine whether the CTL clones K11 and K19
recognized a determinant present within the sequence of
amino acids 176 to 271, the cell lines indicated in Fig. 3 were
reacted with CTL clones K11 and K19 at an effector-to-
target-cell ratio of 10:1. The results are shown in Fig. 3. The
cell line B6/WT-19 (H-2%), which served as a positive con-
trol, was lysed by both K11 and K19, while the negative
control, B6/PY (H-2°), was not lysed by either of the CTL
clones. L/pVBETK-1/D®, which expresses a full-length T
antigen and the H-2D? class I antigen, was also lysed, while
the L/pVBETK-1/K®, which synthesizes a full-length T
antigen and expresses the transfected H-2K? class I antigen,
was not lysed. This is consistent with data reported by
Campbell et al. (6), showing that both CTL clones are H-2D?
restricted. The results also show that the CTL clones K11
and K19 did not cross-react with the H-2* alloantigens. The
cell line L/pVBt1TK-1/DP, which expresses the truncated T
antigen of amino acids 1 to 271 and the appropriate restric-
tion element H-2D?, was lysed by both K11 and K19, while
L/pVBtITK-1/K®, which does not express the appropriate
restriction element, was not lysed. The cell lines LTK ~/K®
and LTK /D" do not express any SV40 large T antigen and
were not lysed by the CTL clones K11 and K19. Since it has
been shown previously that the CTL clones lyse target cells
missing T-antigen residues 1 to 175, it was concluded that
these clones recognize determinants found within amino acid
residues 176 to 271.

Fine mapping of antigenic sites recognized by CTL clones
K11 and K19. Further mapping of the antigenic sites recog-
nized by the CTL clones K11 and K19 required SV40
mutants that encoded T antigens with very small deletions
within residues 176 to 271 of the large T antigen. A series of
overlapping deletion mutants missing nucleotides corre-
sponding to this region of large T antigen were used to finely
map the epitopes recognized by the CTL clones K11 and
K19. The deletion mutant plasmid DNAs (Fig. SA) were
transfected into syngeneic B6/MEF, and individual trans-
formed cell lines were established and assayed for sensitivity
to lysis by the CTL clones in a 3!Cr release assay at an
effector-to-target-cell ratio of 10:1. CTL clones K11 and K19
were first tested against the cell lines B6/RL5-S24 and
B6/RL75-RL12, which produce T-antigen molecules missing
residues 218 to 250 and residues 189 to 228, respectively
(Fig. 5A). The results are shown in Fig. 5B. Both CTL
clones lysed B6/WT-19, the positive control, but not B6/PY,
the negative control. The CTL clone K19 did not kill the cell
line B6/RL5-S24 (missing residues 218 to 250), while K11 did
(Fig. 5B). Neither CTL clone lysed the cell line B6/RL75-
RL12, which is missing amino acids 189 to 228 (Fig. SB).
These data indicate that residues 189 to 228 are critical for
recognition of antigenic sites by CTL clones K11 and K19,
while residues 218 to 250 are essential for recognition of an
antigenic site by CTL clone K19.

To identify the smallest possible deletion that could de-
stroy CTL recognition, several additional deletion mutants
missing amino acids ranging from residues 189 to 228 were
chosen. Transformed cell lines were established and assayed
for sensitivity to lysis by K11 and K19 in a >Cr release assay
at an effector-to-target-cell ratio of 10:1 (Fig. 5C). Both K11
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and K19 lysed the positive control B6/WT-19, whereas
neither clone lysed B6/PY, the negative control. Both CTL
clones lysed B6/RL7S, which synthesizes a T antigen miss-
ing residues 189 to 192. CTL clone K11 did not lyse
B6/RL75-RL88 (missing residues 189 to 211), while CTL
clone K19 lysed these cells, indicating that amino acids 189
to 211 are critical for the recognition of the antigenic site by
CTL K11 but not by K19. B6/RL101-RL12 (missing amino
acids 220 to 228) and B6/RL115 (missing amino acids 220 to
223) were not lysed by CTL clone K19 but were killed by
CTL clone K11, indicating that amino acids 220 to 223 are
critical for the recognition of the antigenic site by K19. The
cell lines B6/RL75-RL12 and B6/RL75-RL115, which syn-
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FIG. 5. Susceptibility of B6 cells expressing T antigen carrying
internal deletions of various lengths to lysis by CTL clones K11 and

K19. (A) Deletion mutants used in this experiment. (B and C)
Susceptibility of deletion-mutant-transformed H-2% cells to lysis by
CTL clones K11 (mmm) and K19 (zz1). Transformed cells were
labeled with 5!Cr and reacted with CTL clones at an effector-to-
target-cell ratio of 10:1. The percent specific lysis was calculated as
described in Materials and Methods.
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thesize T antigens missing amino acids 189 to 228 and 189 to
223, respectively, were not lysed by either of the CTL
clones. This result was expected, since amino acids 189 to
223 include amino acids critical for the recognition of anti-
genic sites by CTL clone K11 (189 to 211) and by K19 (220
to 223).

Effect of deletion of amino acids 189 to 228 and 189 to 223 on
antigenic sites recognized by CTL clones K11 and K19. The
results of the preceding experiments showed that amino
acids 189 to 211 are critical for the recognition of an antigenic
site by CTL clone K11, whereas amino acids 220 to 223 are
critical for the recognition of an antigenic site by CTL clone
K19. When cell lines expressing SV40 T antigen carrying a
deletion of amino acids 189 to 228 (B6/RL75-RL12) or 189 to
223 (B6/RL75-RL115) were tested against CTL clones K11
and K19, they were found to be nonreactive in the >!Cr
release assay in repeated experiments. Results obtained so
far support the conclusion that deletions of amino acids 189
to 223 and 189 to 228 affect antigenic sites recognized by
both the CTL clones (K11 and K19). For the mapping
studies to be valid, it must be demonstrated that the mutant
SV40 T antigen is expressed at the cell surface and is able to
associate with class I antigens. Preliminary results indicate
that the two cell lines B6/RL75-RL12 and B6/RL75-RL115
were not sensitive to lysis by a heterogeneous bulk culture of
SV40-specific CTL generated in B6 mice by using syngeneic
SV40-transformed cells carrying wild-type T antigen.

To determine whether a decreased level of H-2 expression
is responsible for the inability of SV40-specific CTL to lyse
B6/RL75-RL12 and B6/RL75-RL11S cells, and to finally
confirm the CTL mapping studies described earlier, it was
necessary to enhance the level of expression of the class I
molecules. Treatment of cells with gamma interferon has
been shown to enhance the expression of the MHC antigens
(14, 16, 67). In these experiments, the cells were treated with
gamma interferon and first analyzed for the expression of the
H-2° molecules and then for sensitivity to lysis by the CTL
clones K11 and K19. B6/WT-19, B6/RL75-RL12 (missing
residues 189 to 228), B6/RL75-RL115 (missing residues 189
to 223), and B6/PY were treated with 100 U of gamma
interferon per ml of DMEM containing 10% FCS for 48 h,
after which the medium was removed and fresh medium
without gamma interferon was added for 12 h. Treated and
untreated cells were analyzed for the expression of the
H-2K® and H-2D’® molecules by flow cytometry (Fig. 6).
Untreated B6/RL75-RL12 and B6/RL75-RL115 cells showed
a very low level of H-2K® and H-2D® expression, while
B6/WT-19 expressed a normal level. Treatment of these
same cell lines with gamma interferon raised the percentage
of cells expressing both of the H-2 molecules H-2K® and
H-2D® to over 90 in each case. With the high level of
expression of the H-2K? and H-2D® antigens, these cell lines
should be sensitive to lysis by heterogeneous cultures of
CTL if the truncated T antigen is expressed on the cell
surfaces. The same cell lines were treated with gamma
interferon and assayed for sensitivity to lysis by CTL clones
K11 and K19 and by B6/WT-19 immune lymphocytes, pre-
pared as described above, in a !Cr release assay (Table 5).
Gamma interferon-treated and untreated B6/WT-19 cells
were sensitive to lysis by all the effectors, while B6/PY cells
were not susceptible to lysis. The cell lines B6/RL75-RL12
and B6/RL75-RL115 were sensitive to lysis by bulk-culture
anti-SV40 immune lymphocytes only after treatment with
gamma interferon. Gamma interferon-treated and untreated
B6/RL75-RL12 and B6/RL75-RL115 cells were not sensitive
to lysis by the CTL clones K11 and K19. These results show
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that the T antigens that carry deletions are expressed on the
surfaces of B6/RL75-RL12 and B6/RL75-RL115 cells and are
not recognized by CTL clones K11 and K19. Therefore,
residues 189 to 223 are essential for recognition of the large
T antigen by CTL clones K11 and K19.

The fine mapping data shown earlier indicate that residues
193 to 211 are essential for recognition by the CTL clone K11
and residues 220 to 223 are important for recognition by the
CTL clone K19. The amino acid sequence of T antigens
which includes amino acids critical to the recognition of
antigenic sites by CTL clones K11 and K19 is shown in Fig.
7.

DISCUSSION

The SV40 tumor-specific transplantation antigen, although
described in 1963 (10, 24, 33, 36), remained an elusive
antigenicity present at the surface of SV40-transformed
cells. It was not until 1977 that Anderson et al. (2) success-
fully used crude preparations of SV40 T antigen to specifi-
cally immunize BALB/c mice against a challenge by synge-
neic SV40 tumor cells, thereby associating tumor-specific
transplantation antigen with SV40 early-gene products.
Later studies using T antigen purified to homogeneity led to
the conclusion that the antigenicity for tumor-specific trans-
plantation antigen resides in T antigen (9, 58). A similar
conclusion was also reached by using SV40 T antigen
fragments produced by the adenovirus type 2-SV40 hybrid
viruses (30). Several additional lines of evidence indicated
that T antigen is the target protein for the CTL that recognize
SV40 tumor-specific transplantation antigen in association
with MHC class I antigens. Purified T antigen could prime
mice for the generation of SV40-specific CTL (8, 58). In
addition, immunogenetic evidence demonstrated that T an-
tigen is reprocessed in vivo by antigen-presenting cells.
SV40-transformed allogeneic and xenogeneic cells induce
the generation of pre-CTL, which can be stimulated in vitro
only with SV40-transformed cells which share H-2 class I
antigens with the pre-CTL (19). Finally, the reactivity of a
single SV40-specific H-2K®-restricted CTL clone can be
abrogated by a monoclonal antibody directed to the T
antigen (41). However, the precise region of SV40 T antigen
to which either the CTL clone or the monoclonal antibody is
directed was not determined.

We have previously demonstrated that CTL-reactive sites
are located in the amino-terminal region of the T antigen,
since a cell line synthesizing SV40 T antigen of 1 to 271
amino acids is susceptible to CTL generated in response to
transformed cells synthesizing wild-type T antigen (61).
These studies were later confirmed and extended, demon-
strating that the CTL-reactive sites also were located in the
carboxy-terminal region of the molecule (21). Campbell et al.
(6) were the first to provide evidence that there are two
distinct antigenic sites on T antigen with which CTL react by
establishing two CTL clones designated as K11 and K19.
The reactivity of these clones was later localized to the
amino-terminal region of the T antigen between amino acids
1 and 368 (60).

We have now more precisely defined amino acids critical
to the recognition of antigenic sites by CTL clones K11 and
K19 to a small stretch of amino acids extending from
positions 193 to 228. By using deletion mutants, we have
shown that amino acids 193 to 211 are critical for mainte-
nance of the K11 antigenic site, whereas amino acids 220 to
223 are critical for maintenance of the K19 antigenic site.
Although there is no direct evidence as yet that amino acids



VoL. 62, 1988

SV40-SPECIFIC CTL RECOGNITION SITES 293

ANTI-H-2Db

B6/WT-19

CELL NUMBER

A

LOG FLUORESCENCE INTENSITY

FIG. 6. H-2* antigen expression on B6/RL75-RL12 and B6/RL75-RL115 after gamma interferon treatment. B6/WT-19, B6/RL75-RL12,
and B6/RL75-RL115 were treated with gamma interferon as described in Materials and Methods. The FITC-conjugated control (peak 1) was
compared with the untreated (peak 2) and gamma interferon-treated (peak 3) cells. The expression of the H-2K® molecule was monitored with
the monoclonal antibody EH-144. H-2D" expression was monitored with the monoclonal antibody 28-14-8. The presence of monoclonal
antibodies on the surface of the cell was detected with goat anti-mouse antibody conjugated with FITC. The analysis was performed on a

Coulter Epics V sorter at a 488-nm excitation wavelength.

193 to 211 and 220 to 223 directly contribute to the antigenic
sites recognized by K11 and K19, respectively, indirect
evidence suggests this possibility. Deletion of amino acids
193 to 211 abolished only the site for K11 and not for K19.
Similarly, a deletion of residues 220 to 223 abolished the site
for K19 but not for K11. Thus, these sites appear to be
independent of each other. Finally, a deletion of amino acids
common to both the sites, 189 to 223, prevented Killing by
both CTL clones. Although we know the boundaries of the
region required for recognition of an antigenic site by K11
(189 and 217) and one boundary for the K19 site (amino acid
212), we do not know the carboxy boundary of the antigenic
site recognized by K19. A boundary is taken to be the
position at which the antigenic site is regained. The results

show that T antigen amino acids 1 to 192 do not contribute to
the K11 and K19 sites, as these amino acids can be deleted
without affecting recognition of these sites. Similarly, amino
acids beyond 271 also do not contribute toward these anti-
genic sites, since the cell line L/pVBt1TK-1/DP was lysed by
CTL clones K11 and K19.

The close proximity of the antigenic sites for K11 and K19
was surprising. The data indicate that these antigenic sites
are distinct, as the removal of one by deleting relevant amino
acids did not affect the site for the other. As we have
previously shown (6), K11 and K19 can be distinguished on
the basis of their cross-reactivities to human BK virus-
transformed H-2° cells. Human BK virus encodes a serolog-
ically cross-reactive T antigen (54). While CTL clone K19
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reacts with BK and SV40 T antigens, K11 is specific only for
SV40 T antigen. The cross-reactivity of K19 with SV40 and
BK virus T antigens can be explained on the basis that amino
acids 220 to 223 in SV40 T antigen, which are critical for
recognition of an antigenic site by K19, are identical to the
amino acids in BK virus T antigen. However, amino acids
Tyr-211 to Ala-212 in SV40 large T antigen, which is recog-
nized by CTL clone K11, are replaced in the BK virus large
T antigen, which is not recognized by the CTL clone K11, by
Phe-211 to Cys-212. In addition, leucine at position 195 in
SV40 T antigen is replaced by isoleucine in BK virus T
antigen (62). It is possible that these amino acids may
directly confer specificity to the antigenic site recognized by
CTL clone K11.

Recognition of the antigenic site by CTL requires self-
recognition of MHC class I antigen. Both K11 and K19 CTL
clones are H-2D? restricted (6). For mapping studies, the
restriction elements, either H-2K? or H-2D?, must be ex-
pressed in sufficient quantities to provide self-recognition.
This requirement was evident from our results with cell lines
missing amino acid residues 189 to 223 or 189 to 228. These
cell lines did not express sufficient amounts of H-2D? to be
lysed by SV40 CTL clones K11 and K19 or by SV40 CTL
generated in bulk culture. Treatment of the cell lines with
gamma interferon restored H-2 expression, and the cells
became susceptible to SV40 CTL generated in bulk culture
but not to clones K11 and K19. The requirement for corec-
ognition of the MHC class I antigens and the antigenic site
by antigen-specific CTL may be partly responsible for the
limited number of antigenic sites recognized by CTL. Since
the T-cell receptor must recognize class I antigens in asso-
ciation with an antigen site on the T antigen, the residues
which become accessible to the T-cell receptor may be
limited. The site on SV40 T antigen that associates with
MHC class I antigen is not yet known.

Since there are no known stretches of hydrophobic resi-
dues in the SV40 T antigen to explain its presence in the cell
membranes, Sharma et al. (49) have proposed that T antigen
is not transported to the cell membranes by an exocytotic
pathway. Regardless of the mechanism, SV40 T antigen is
present in the intact form in the plasma membranes. Both
carboxy- and amino-terminal ends of cell surface T antigen
are accessible to binding by SV40-specific monoclonal anti-
bodies (3, 13, 20, 48, 68), and the T antigen can be immuno-
precipitated intact from the plasma membrane (46, 48, 51,

TABLE 5. Susceptibility of B6/RL75-RL12 and B6/RL75-RL115
to lysis by CTL clones K11 and K19 and bulk cultures of

SV40-specific CTL after treatment with gamma interferon?®

% Specific lysis by:

T-antigen amino Gamma

Target cells acids missing interferon "p17 K19  Anti-SV40
B6/WT-19 None - 72.0 53.1 75.3
B6/WT-19 None + 59.8 423 69.8
B6/RL75-RL12 189-228 - -1.8 -1.2 13.3
B6/RL75-RL12 189-228 + -1.2 04 70.5
B6/RL75-RL115 189-223 - -0.8 -0.3 9.6
B6/RL75-RL115 189-223 + —-4.0 -04 67.3
B6/PY - -2.1 -0.6 3.7
B6/PY + -2.0 =25 12.6

@ The cell lines were treated with gamma interferon as described in
Materials and Methods. SV40-specific bulk-culture CTL were generated in
CS57BL/6 mice by secondary stimulation of in vivo-primed splenocytes. The
percent lysis was determined at an effector-to-target-cell ratio of 10:1 for the
CTL clones and 30:1 for the bulk cultures of SV40-specific CTL by incubating
SICr-ldbeled targets with the CTL clones for 5 h.
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180
ser val thr phe ile ser arg his asn ser
190
tyr asn his asn ile leu phe phe leu thr
200
pro his arg his arg val ser ala ile asn
210
asn tyr ala gin lys leu cys thr phe ser
220
phe leu ile cys lys gly val asn lys glu
230
try

FIG. 7. T-antigen amino acid sequence showing residues (under-
lined) critical to recognition of antigenic sites by CTL clones K11
(mmm) and K19 ().

52, 59). There is evidence that cell surface T antigen is
acylated (34) and glycosylated (29). T antigen is not the only
nuclear protein that is recognized by CTL in the plasma
membrane. The nucleoprotein (NP) of influenza virus is also
recognized by antiviral MHC class II-restricted CTL (63, 64,
66, 70). In addition, influenza virus polymerases and a
nonstructural protein have been shown to provide a target
for CTL (4, 5). Townsend et al. (65) have suggested that the
influenza virus NP is proteolytically processed and ex-
pressed on the infected-cell surface, much as an antigen-
presenting cell would process and express antigen. In sup-
port of this notion, short stretches of synthetic peptides
corresponding to regions of influenza virus NP, when ad-
sorbed to cells provide a target for NP-specific CTL (63).
However, these investigators were not able to detect any
effect of chloroquine, an agent that raises lysosomal pH and
inhibits the lysosomal degradation of protein, on the suscep-
tibility of virus-infected or NP-gene-transfected cells to lysis
by NP-specific CTL. Therefore, proteolytic processing of
the target antigen must occur in a nonlysosomal compart-
ment of the target cell. Morrison et al. (40) have suggested
that CTL restricted by MHC class I molecules recognize
viral antigen in their native conformation, while class II-
restricted CTL may recognize an antigenic determinant on
processed protein. For SV40 T antigen, the question as to
whether CTL recognize the intact T antigen or processed T
antigen at the cell surface remains open.
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