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Mice that express the viral oncoprotein simian virus 40 (SV40) large T antigen (T-Ag) as a transgene provide
useful models for the assessment of the state of the host immune response in the face of spontaneous tumor
progression. Line SV11 (H2b) mice develop rapidly progressing choroid plexus tumors due to expression of
full-length T-Ag from the SV40 promoter. In addition, T-Ag expression in the thymus of SV11 mice results in
the deletion of CD8� T cells specific for the three H2b-restricted immunodominant epitopes of T-Ag. Whether
CD8� T cells specific for the immunorecessive H2-Db-restricted epitope V of T-Ag survive negative selection in
SV11 mice has not been determined. Immunization of SV11 mice with rVV-ES-V, a recombinant vaccinia virus
expressing epitope V as a minigene, resulted in the induction of weak, but reproducible, epitope V-specific
cytotoxic T-lymphocyte (CTL) responses. This weak lytic response corresponded with a decreased frequency of
epitope V-specific CTL that could be recruited in SV11 mice. In addition, CTL lines derived from rVV-ES-V-
immunized SV11 mice had reduced avidities compared to that seen with CTL derived from healthy mice.
Despite this initial weak response, significant numbers of epitope V-specific CD8� T cells were detected in SV11
mice ex vivo following a priming-boosting approach and these cells demonstrated high avidity for epitope V.
The results suggest that low numbers of tumor-reactive CD8� T cells with high avidity for epitope V survive
negative selection in SV11 mice but can be expanded by specific boosting approaches in the tumor bearing host.

Active recruitment of the host’s immune system for protec-
tion against spontaneous tumors remains an area of intense
research for the development of new cancer therapies. In par-
ticular, studies targeting the recruitment of tumor-specific
CD8� cytotoxic T lymphocytes (CTL) have resulted in the
characterization of a large number of CTL-recognized epi-
topes derived from a variety of cellular antigens (6, 7). CTL
recognize peptide antigens bound to cell surface major histo-
compatibility complex (MHC) class I molecules (43). These
peptides are typically liberated by proteolysis in the cytosol and
then shuttled by the transporter associated with antigen pro-
cessing into the endoplasmic reticulum, where they bind to
newly formed MHC class I molecules that (upon proper fold-
ing) transit to the cell surface (58). Tumor-reactive T cells
isolated from cancer patients have been shown to recognize
epitopes derived from nonmutated regions of cellular proteins,
suggesting that the induction of self-reactive T cells might be
beneficial for the control of cancer (7, 44). Although many
self-reactive T cells are deleted from the thymus during T-cell
development (29, 31), some self-reactive T cells, including
CD8� T cells specific for tumor antigens (6, 17, 37, 67), survive
negative selection and are detected in peripheral tissues (8, 10,
34, 45, 46, 49, 64, 71, 75). These residual self-reactive T cells
typically have reduced levels of avidity for their antigen in the
periphery, most likely due to the deletion of T cells bearing
high-affinity T-cell receptors (TCRs) in the thymus (2, 27, 56).

In addition, T cells specific for ligands that are not expressed or
are present at low levels in the thymus are expected to survive
negative selection more readily than T cells specific for anti-
gens expressed at higher levels (1–3, 41, 56). Thus, immuno-
therapeutic strategies targeting tumor-associated self antigens
should consider the nature of the epitopes that allow the sur-
vival of potentially self-reactive T cells. Such epitopes may be
exemplified by some cryptic or subdominant T-cell epitopes
that are generated at low levels by antigen processing or that
form unstable complexes with MHC class I molecules (54),
resulting in reduced antigen levels at the cell surface for pre-
sentation during T-cell development.

Cellular immunity to the simian virus 40 (SV40) oncoprotein
large T antigen (T-Ag) in C57BL/6 mice is characterized by a
hierarchical response to multiple CD8� T-cell-recognized epi-
topes (38, 40). Four epitopes have been defined in T-Ag; these
include epitope I (residues 206 to 215), epitope II/III (residues
223 to 231), epitope IV (residues 404 to 411), and epitope V
(residues 489 to 497) (16, 33, 39, 61, 62). The CD8� T-cell
response to epitopes I, II/III, and V is H2-Db restricted, while
the response to epitope IV is H2-Kb restricted. Immunization
of C57BL/6 mice with wild-type (WT) T-Ag results in the
induction of CD8� T cells specific for the immunodominant
epitopes I, II/III, and IV, which can be directly detected ex vivo
by analysis with MHC tetramers (40). In contrast, epitope
V-specific CD8� T cells are not detected in WT T-Ag-immu-
nized mice even following in vivo boosting or in vitro restimu-
lation. Epitope V-specific CD8� T cells are detected, however,
following immunization of C57BL/6 mice with (a) a T-Ag vari-
ant in which epitopes I, II/III, and IV have been inactivated but
which retains epitope V (61) or (b) recombinant vaccinia vi-
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ruses (rVVs) expressing epitope V as a minigene or in the
context of an unrelated protein (20). Thus, epitope V is strin-
gently subdominant and has been designated immunoreces-
sive. The basis for the subdominance of epitope V remains
unknown but might be related to the relatively short half-life of
H2-Db/epitope V complexes at the cell surface. Alternatively
the subdominant phenotype might be due to the nature of the
TCR repertoire (74).

Mice that express the SV40 T-Ag as a transgene provide a
realistic model for the assessment of the recruitment of tumor-
associated self antigen-specific T cells in the presence of de-
veloping tumors. Line SV11 (H2b) mice express SV40 T-Ag as
a transgene from the virus early region promoter (42). T-Ag is
expressed in the kidney and thymus of SV11 mice at low levels
and in the choroid plexus tissues at higher levels, resulting in
the development of choroid plexus papillomas (68, 69). T-Ag
expression in the choroid plexus is initially detected at 14 days
of age and leads to the development of small neoplastic clus-
ters of cells by days 36 to 41 (69). Tumors reproducibly
progress to carcinomas until mice succumb to tumor burden at
a mean age of 104 days (68). Expression of T-Ag in the thymus
results in the deletion of CD8� T-cell precursors specific for
the immunodominant epitopes I, II/III, and IV, as determined
by the absence (even after in vitro restimulation) of detectable
CTL following immunization of SV11 mice with rVVs encod-
ing individual T-Ag epitopes (52). The previous investigation
of this model by Schell et al. demonstrated that the growth of
both early and advanced choroid plexus tumors was dramati-
cally inhibited following the adoptive transfer of lymphocytes
from naive C57BL/6 mice (52, 53). Control of tumor progres-
sion was associated with the priming of donor CD8� T cells
against the endogenous T-Ag that was specific for the immu-
nodominant H2-Kb-restricted T-Ag epitope IV.

Although our previous investigations using an adoptive im-
munotherapy approach demonstrated that T-Ag-specific im-
munity was readily induced in SV11 mice, the question remains
whether tumor antigen-specific CTL can be recruited from
within the host T-cell repertoire. Thus, in this report we de-
termined whether CTL specific for the immunorecessive epi-
tope V could survive negative selection in SV11 mice. The
results indicate that a residual population of epitope V-specific
CTL exists in the periphery of SV11 mice, whose CTL have
reduced avidity for epitope V compared to CTL derived from
healthy C57BL/6 mice. Importantly, both quantitative and
qualitative enhancement of the epitope V-specific CTL re-
sponse was observed in SV11 mice following sequential boost-
ing in vivo. These results suggest that by specific immunization,
higher-quality tumor-specific CTL can be expanded in vivo
from the residual host T-cell repertoire.

MATERIALS AND METHODS

Mice. C57BL/6 (H2b) mice were purchased from the Jackson Laboratory (Bar
Harbor, Maine) and maintained at the animal facility of the Milton S. Hershey
Medical Center. Mice between the ages of 6 to 12 weeks were routinely used.
SV11 mice were generated by Palmiter et al. (42); the kinetics of tumor pro-
gression have been described previously (69). SV11 (H2b) mice express the SV40
T-Ag transgene under the control of its own enhancer/promoter. The SV11 line
has been maintained in the animal facility of the Milton S. Hershey Medical
Center by backcrossing T-Ag transgene-positive males with C57BL/6 females.
SV11 transgene-positive mice (SV11�) were identified by PCR amplification of
the transgene as described previously (52). Line 459 TCR-V mice expressing the

TCR� and TCR� chains specific for T-Ag epitope V and on the C57BL/6
background were generously provided by Satvir S. Tevethia (The Pennsylvania
State University College of Medicine, Hershey, Pa.; unpublished data). All ex-
perimental protocols were approved by the institutional animal care and use
committee of the Pennsylvania State University College of Medicine and comply
with federal guidelines.

Cell lines and viruses. B6/WT-19 and B6/T5Aa are WT T-Ag-transformed cell
lines derived from C57BL/6 mouse embryo fibroblasts (38, 47). B6/T116A1 cells
express a T-Ag derivative from which epitopes I and II/III have been deleted and
in which epitope IV has been inactivated by alanine replacement of critical MHC
class I anchor residues (Y406A, F408A, and C411A) (40). B6/T11Bb cells ex-
press a T-Ag variant from which epitope V has been deleted (38). B6/T122B1
cells express a T-Ag derivative in which all four H2b-restricted CTL epitopes in
T-Ag (I, II/III, IV, and V) have been inactivated by alanine replacements of
critical MHC class I anchor residues (N210A, N227A, F408A, and N493A) (40).
B6/K-1,4,5 cells express a T-Ag variant lacking residues 134 to 263 (which
inactivate epitopes I and II/III) and the point mutations V405L and I491F (which
inactivate epitopes IV and V, respectively) (32, 63). All T-Ag-transformed cell
lines were maintained in Dulbecco’s modified eagle medium (DMEM) supple-
mented with 100 U of penicillin per ml, 100 �g of streptomycin per ml, 100 �g
of kanamycin per ml, 2 mM L-glutamine, 10 mM HEPES buffer, 0.075% (wt/vol)
NaHCO3, and 5 to 10% fetal bovine serum. RMA (H2b) cells (35) were main-
tained in suspension with RPMI 1640 medium supplemented with 10% fetal
bovine serum, 100 U of penicillin per ml, 100 �g of streptomycin per ml, 2 mM
L-glutamine, and 50 uM 2-mercaptoethanol. rVV-ES-V and rVV-ES-gB498-505,
which have been described previously (4, 20), encode T-Ag epitope V and herpes
simplex virus glycoprotein B (gB) epitope 498-505, respectively, as minigenes
preceded by an endoplasmic reticulum insertion sequence.

Synthetic peptides. All peptides used were synthesized (using FMoc chemistry
and an automated peptide synthesizer [9050 MilliGen PepSynthesizer]) at the
Macromolecular Core Facility of the Milton S. Hershey Medical Center. Pep-
tides were solubilized in dimethyl sulfoxide (Sigma, St. Louis, Mo.) and diluted
to the appropriate concentration with RPMI 1640 medium. Peptides used in
these experiments correspond to SV40 T-Ag epitopes IV/411L (VVYDFLKL)
and V (QGINNLDNL), the control H2-Db binding peptide DbN5 (SMIKNL
EYM), the H2-Db-restricted influenza virus nucleoprotein peptide 366-374 (AS
NENMETM) (12), and the H2-Kb-restricted herpes simplex virus gB peptide
498-505 (SSIEFARL) (5).

Immunizations. Mice were immunized by intravenous injection with 107 PFU
of rVV-ES-V or rVV-ES-gB498-505 in 0.2 ml of phosphate-buffered saline
containing 0.1% bovine serum albumin or by intraperitoneal injection of 3 � 107

to 5 � 107 live tumor cells in Hank’s balanced salt solution.
In vitro stimulation of bulk CTL and CTL lines. Lymphocytes isolated from

spleen were restimulated in vitro with gamma-irradiated B6/WT-19 cells as
described previously (52). Briefly, 107 red blood cell-depleted spleen cells were
mixed with 5 � 105 gamma-irradiated (10,000 rads) B6/WT-19 cells in 4 ml of
complete RPMI 1640 medium (supplemented with 10% fetal bovine serum) per
well of a 12-well tissue culture plate. To establish CTL lines, approximately 106

responding lymphocytes were restimulated every 7 days with 5 � 105 gamma-
irradiated B6/WT-19 cells and 5 U of recombinant interleukin-2 (generously
provided by Amgen Inc., Thousand Oaks, Calif.)/ml.

Preparation of MHC class I tetramers, staining of epitope-specific T cells, and
flow cytometry. The production and characterization of MHC tetramers was
achieved as described previously (40). For staining of lymphocyte populations,
red blood cell-depleted lymphocytes were incubated with rat anti-mouse CD16/
CD32 (BD-Pharmingen, San Diego, Calif.) and 50 �g of streptavidin (Molecular
Probes)/ml for 30 min on ice to block Fc receptors and nonspecific binding of
streptavidin-conjugated tetramers, respectively. After a single wash, spleen cells
were incubated with phycoerythrin-labeled tetramers at a 1:200 dilution or as
indicated in the figure legend (see Fig. 2 legend) and fluorescein isothiocyanate-
labeled rat anti-mouse CD8a (clone 53-6.7; Pharmingen) for 1 h on ice. Cells
were fixed with 2% paraformaldehyde and analyzed using a FACScan flow
cytometer (Becton Dickinson, San Jose, Calif.), and the data were analyzed and
prepared using FlowJo software (Tree Star, Inc.). The percentage of CD8� cells
that stained with epitope-specific MHC tetramers was determined by subtracting
the percentage of CD8� cells that stained with an irrelevant MHC tetramer in
the same cell population. For MHC tetramer stability assays, CTL lines were
incubated with a 1:25 dilution of the indicated tetramers and fluorescein isothio-
cyanate-labeled anti-CD8a for 1 h on ice. Cells were then washed three times
with phosphate-buffered saline containing 2% fetal bovine serum and 0.1%
sodium azide. Cells were placed at room temperature for the indicated times,
after which aliquots of cells were collected, fixed immediately with 2% parafor-
maldehyde, and kept at 4°C prior to flow cytometric analysis. Determination of
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TCR variable � chain (TCRV�) usage by CTL lines was accomplished by stain-
ing with a panel of V�-specific antibodies (BD-Pharmingen). Intracellular cyto-
kine staining was performed as described previously (53).

Cytotoxicity assays and limiting dilution analysis. Assays for CTL lysis were
performed on day 6 after in vitro restimulation as previously described (20). For
peptide titration experiments, B6/K-1,4,5 target cells were pulsed with the indi-
cated concentrations of peptides followed by three washes and then plated in
96-well V-bottom plates followed by the addition of CTL at the indicated effec-
tor-to-target T-cell ratios. Cultures were incubated at 37°C in 5% CO2 for 5 h,
after which the supernatants were collected and counted on a Packard Instru-
ments Cobra II �-counter. Limiting dilution analysis was performed essentially as
described previously (28). Briefly, splenocytes were obtained from groups of
three to four naïve C57BL/6 mice or three to four SV11 or C57BL/6 mice that
had been immunized 9 days earlier with rVV-ES-V. Pooled splenocytes from
each group were serially diluted twofold and added (per dilution; range, 250,000
to 31,250 cells per well) to 48 wells of a 96-well microtiter plate in a total of 200
�l of complete RPMI medium including 2 � 103 �-irradiated (10,000 rads)
B6/WT-19 cells, 1 � 105 �-irradiated (3,000 rads) naïve C57BL/6 splenocytes, 5%
(vol/vol) T-STIM culture supplement (Becton Dickinson Biosciences), 0.1 M
methyl-�-D-mannopyranoside (Sigma), and 0.25 U of recombinant interleukin-2.
Control wells lacked addition of immune splenocytes. Cultures were incubated at
37°C in 5% CO2 for 7 days, after which equal proportions of each microculture
were transferred to duplicate sets of V-bottom 96-well microtiter plates to test
for lytic activity. B6/K-1,4,5 target cells grown in complete DMEM were labeled
as a monolayer with 750 �Ci of sodium 51chromate in T-75 flasks. Labeled cells
were harvested by trypsinization, and 3 � 106 cells were pulsed with 1 �M T-Ag
epitope V peptide or the control influenza virus nucleoprotein (Flu NP) 366-374
peptide in 6 ml of complete DMEM for 1.5 h at 37°C on a rocking platform.
Target cells were washed three times to remove excess peptide, resuspended in
complete RPMI medium, and added at 3 � 103 cells per well to wells containing
lymphocytes aliquoted from the limiting dilution cultures to achieve a total
volume of 200 �l. Cultures were incubated at 37°C in 5% CO2 for 5 h, after which
cells were pelleted by centrifugation and 100 �l of supernatant was harvested and
counted on a gamma counter. For calculation of positive responses, nonspecific
lysis was first deducted from each culture by subtracting the counts obtained
using Flu NP 366-374-pulsed target cells from the counts obtained using epitope
V peptide-pulsed target cells. Samples were considered positive when the cor-
rected counts were higher than the mean counts per minute (� 3 standard
deviations of the mean) obtained using naïve C57BL/6 spleen cells. Frequencies
were estimated using the minimal �2 method (65) as described previously (28).

RESULTS

A residual population of epitope V-specific CTL is detected
in SV11 mice. To determine whether SV11 mice are responsive
to the immunorecessive epitope V of T-Ag, groups of 50-day-
old SV11 mice or of their transgene-negative littermates were
immunized with rVV-ES-V; after 4 weeks, spleen cells were
isolated and restimulated in vitro with �-irradiated B6/WT-19
T-Ag-transformed cells. After 6 days of growth, responder cells
were tested for their ability to lyse 51Cr-labeled syngeneic
RMA target cells that were pulsed with epitope V peptide or
the unrelated H2-Db binding peptide DbN5 (Fig. 1A). Weak
epitope V-specific CTL responses were consistently detected
in cultures derived from SV11 mice, while much stronger CTL
responses were detected in cultures derived from transgene-
negative mice. Epitope V-specific CTL responses with an in-
termediate level of activity in SV11 mice were occasionally
observed (SV11-1269; Fig. 1A). In total, 15 of 15 SV11 mice
immunized with rVV-ES-V developed detectable epitope V-
specific CTL responses (Fig. 1A and data not shown). CTL
derived from transgene-negative mice, but not from SV11
mice, efficiently lysed the WT T-Ag-transformed cell line B6/
T5Aa. In contrast, SV11-derived CTL lysed B6/T116A1 target
cells (expressing a T-Ag variant in which the immunodominant
epitopes I, II/III, and IV are inactivated) as efficiently as pep-
tide V-pulsed RMA cells. Although the basis for this difference

FIG. 1. Weak epitope V-specific CTL responses were detected in
SV11 mice following immunization with rVV-ES-V. SV11 transgene-
positive mice (SV11�) or their transgene-negative littermates (SV11�)
were immunized at 50 days of age with 107 PFU of rVV-ES-V (A) or
rVV-ES-gB498-505 (B). (A) After 3 weeks, spleen cells from individ-
ual mice were grown in vitro with gamma-irradiated B6/WT-19 cells
for 5 days and then tested for their ability to lyse RMA (T-Ag-nega-
tive) target cells pulsed with 1 �M T-Ag 489-497 or the control peptide
DbN5. In addition, lysis of transformed cell lines expressing WT T-Ag
(B6/T5Aa) or T-Ag variants in which epitopes I, II/III, and IV were
inactivated (B6/T116A1) or from which epitope V was deleted (B6/
T11Bb) was determined in a standard 51Cr release assay. (B) Spleen
cells were isolated on day 10 postimmunization and incubated in vitro
with 1 �M peptide corresponding to the herpes simplex virus gB
498-505 epitope or T-Ag epitope IV in the presence of 1 �g of brefel-
din A/ml for 6 h. Cells were then stained for detection of CD8� T cells
that had accumulated intracellular gamma interferon and analyzed by
flow cytometry. neg, negative; V, epitope V.
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is not known, B6/T116A1 may present epitope V more effi-
ciently than the WT T-Ag-transformed cells. Alternatively, the
B5/T5Aa cell line may be less susceptible to CTL lysis than
B6/T116A1 cells, as even CTL derived from transgene-nega-
tive mice lysed B6/T5Aa cells less efficiently than those from
B6/T116A1 cells. Regardless of the explanation, these results
indicate that the epitope V-specific CTL derived from SV11
mice are less efficient killers than CTL derived from transgene-
negative mice. B6/T11Bb cells that express a T-Ag variant
lacking only epitope V were not lysed.

To ensure that SV11 mice were not generally immunosup-
pressed, SV11 mice and their transgene-negative littermates
were immunized with an rVV encoding the immunodominant
H2-Kb-restricted epitope of herpes simplex virus gB (residues
498 to 505) as a minigene (rVV-ES-gB498-505). Spleen cells
from immunized mice were subjected to a brief period of in
vitro stimulation with either the gB498-505 peptide or the
H2-Kb-restricted T-Ag epitope IV peptide prior to staining for
the accumulation of intracellular gamma interferon. The re-
sults demonstrate that similar frequencies of gB498-505-
specific CD8� T cells were induced in SV11 mice and trans-
gene-negative littermates (Fig. 1B). Thus, tolerance within
the CD8� T-cell compartment in SV11 mice is restricted to
the T-Ag epitopes.

The weak CTL activity observed in cultures derived from
SV11 mice immunized with rVV-ES-V could be explained by
reduced numbers of epitope V-specific CTL, by compromised
reactivity of these CTL, or by a combination of these mecha-
nisms. Previous quantitation of the epitope V-specific CD8�

T-cell response in C57BL/6 mice following immunization with
rVV-ES-V revealed that approximately 1% of splenic CD8� T
cells were specific for epitope V at 9 days postimmunization
(40). A similar analysis of SV11 mice revealed that the fre-
quency of epitope V-specific CD8� T cells following immuni-
zation with rVV-ES-V was below the limit of detection by ex
vivo analysis of splenocytes with MHC tetramers (data not
shown). This finding is consistent with the low level of cyto-
toxicity detected after 6 days of in vitro restimulation (Fig. 1A).
To estimate the frequency of epitope V-specific CTL in SV11
mice, limiting dilution analysis using SV11 and transgene-neg-
ative mice that were immunized with rVV-ES-V was per-
formed. The data in Table 1 indicate that the levels of epitope
V-specific CTL in rVV-ES-V-immunized SV11 mice were re-
duced approximately sevenfold compared to the levels seen
with C57BL/6 mice. This result is consistent with the inability

to detect epitope V-specific CTL from rVV-ES-V-immunized
SV11 mice ex vivo.

Epitope V-specific CTL lines derived from SV11 mice have a
low avidity. Although limiting dilution analysis indicated that
epitope V-specific CTL are less abundant in SV11 mice than in
C57BL/6 mice following specific immunization, reduced fre-
quencies of epitope V-specific CTL might not completely ex-
plain the low level of epitope V-specific lytic activity observed
following in vitro restimulation (Fig. 1A). Since reduced avid-
ity of responding T cells might also contribute to the low level
of CTL activity, we tested the sensitivity of CTL lines derived
from rVV-ES-V-immunized SV11 mice for B6/K-1,4,5 target
cells (lacking epitopes I, II/III, IV, and V) pulsed with decreas-
ing concentrations of epitope V peptide (Fig. 2A). This anal-
ysis revealed that the CTL lines derived from SV11 mice had
reduced lytic activity against epitope V-pulsed target cells and
recognized epitope V peptide approximately 100-fold less ef-
ficiently than CTL lines derived from transgene-negative lit-
termates. This result suggested that the weak immune response
to epitope V observed in SV11 mice might additionally be due
to the presence of CTL with a reduced avidity for epitope V.

To further characterize the avidity of the epitope V-specific
CTL, we determined the efficiency of Db/epitope V tetramer
binding to CTL lines derived from either SV11 mice or trans-
gene-negative littermates. CTL lines were incubated with de-
creasing amounts of the Db/epitope V or control Db/Flu NP
366-374 epitope tetramers. All cells from CTL line 1252 (de-
rived from a nontransgenic mouse) stained positively with the
Db/epitope V tetramer at all dilutions (Fig. 2B). In contrast,
only 50% of the cells from the SV11-derived CTL line 1250
stained positive with the Db/V tetramer at the lowest dilution
of 1/25, suggesting that the majority of cells within line 1250
are weakly reactive with epitope V. In addition, the intensity of
staining with the Db/epitope V tetramer was significantly re-
duced among CD8�, Db/epitope V tetramer� cells from line
1250 compared to those from CTL line 1252 (Fig. 2C). Staining
of CTL line 1250 at higher concentrations of Db/epitope V
tetramer was not due to nonspecific binding of the tetramer, as
evidenced by the lack of binding by the unrelated Db/Flu NP
366-374 tetramer at the highest concentration and the lack of
nonspecific binding of the Db/epitope V tetramer to the H2-
Db-restricted CTL clone K-19 (specific for T-Ag epitope II/III)
(Fig. 2B and C). Inefficient staining of CTL line 1250 with the
Db/epitope V tetramer was not due to decreased TCR expres-
sion, as staining with antibody to the TCR� chain revealed
high levels of surface expression on both epitope V-specific
CTL lines (Fig. 2C). Expression levels of CD8 on the cell
surface for the two CTL lines were also similar (data not
shown). The intensity of T lymphocyte staining by MHC tet-
ramers has been shown to correlate with the affinity of T-cell
recognition in several antigen systems (9, 14). A recent report,
however, suggested that the T-cell avidity correlates more pre-
cisely with the rate of tetramer dissociation than with binding
of MHC tetramers under equilibrium conditions (19). Thus,
we also performed experiments in which the CTL lines initially
were stained with a high concentration of Db/epitope V tet-
ramer followed by removal of excess tetramer and incubation
at room temperature for increasing times to determine the
relative stability of Db/epitope V tetramer binding to these
CTL lines (Fig. 2D). The results reveal that while all cells from

TABLE 1. Frequency analysis of epitope V-specific CTL in
SV11 mice immunized with rVV-ES-Va

Mouse
strain

Reciprocal
frequencyb

95% confidence
limit

Change from
SV11� (fold) �2

SV11� 20,527 16,342–27,592 2.21
SV11� 140,451 115,689–178,699 6.8 3.20

a SV11 transgene positive (SV11�) or transgene-negative (SV11�) mice were
immunized with rVV-ES-V; after 9 days, splenocytes from groups of 3 to 4 mice
were pooled, plated in serial dilutions, and stimulated with B6/WT-19 cells for
limiting dilution analysis as described in Materials and Methods. After 7 days,
cultures were tested for the ability to lyse 51Cr-labeled B6/K-1,4,5 target cells that
had been pulsed with T-Ag epitope V.

b Frequencies were estimated using the minimum chi-square test as described
in Materials and Methods.
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CTL line 1252 remained associated with Db/epitope V tet-
ramer for the entire 3-h period, only 40% of cells from CTL
line 1250 were associated with the Db/epitope V tetramer after
1 h and this number was reduced to 13% by the end of the 3-h
incubation. Thus, taken together, these results indicate that the
epitope V-specific CD8� T cells derived from SV11 mice have
a reduced avidity for epitope V compared to T cells derived
from nontransgenic mice.

Variable TCR usage among epitope V-specific CTL lines.
T-Ag expression in the thymus leads to the deletion of all
detectable CTL precursors specific for the immunodominant
T-Ag epitopes I, II/III, and IV in SV11 mice (52). Since neg-
ative selection might also alter the repertoire of epitope V-
specific CD8� T cells by the deletion of T cells expressing
particular TCRs with high avidity for epitope V, we analyzed
TCRV� usage by CTL lines derived from rVV-ES-V-immu-
nized SV11 mice or transgene-negative littermates. CTL lines
derived from transgene-negative littermates preferentially uti-
lized TCRV� chains 2, 7, and 10 (Fig. 3). This result is similar
to the results of previous analysis which demonstrated the use
of TCRV� chains 2, 7, and 9 among epitope V-specific CTL
clones (40). In contrast, CTL lines derived from SV11 mice

utilized V� chains 2, 4, 5, 7, and 8 (Fig. 3). Only CTL derived
from SV11-1269 mice predominantly utilized a TCRV� chain
common to one of the transgene-negative CTL lines (V�2).
Among the SV11-derived CTL, interestingly, CTL from this
mouse initially had the strongest reactivity with epitope V (Fig.
1A). Whether all of the identified TCRV� chains expressed by
the T-cell population within a particular CTL line were specific
for T-Ag epitope V was not determined. The differences ob-
served between SV11 and transgene-negative mice in TCRV�
chain usage, however, suggest that the epitope V-specific
CD8� T-cell repertoire is altered by negative selection in SV11
mice such that T cells bearing certain TCRs either are not
available or are present at reduced levels.

Skewed development of high-avidity TCR-transgenic epi-
tope V-specific T cells in SV11 mice. To monitor the fate of
self-reactive epitope V-specific T cells during T-cell develop-
ment, SV11 mice were bred with an epitope V-specific TCR-
transgenic mouse line (designated TCR-V). TCR-V mice ex-
press the � and � TCR chains from the epitope V-specific CTL
clone Y-5 (61) and will be described in greater detail elsewhere
(S. S. Tevethia, personal communication). Staining of thymo-
cytes from a representative TCR-V mouse revealed skewing

FIG. 2. Epitope V-specific CTL derived from SV11 mice have low levels of avidity for the target epitope. (A) CTL lines derived from the
cultures described for Fig. 1 by five in vitro passages were tested for lytic activity against B6/K-1,4,5 (lacking expression of T-Ag epitopes I, II/III,
IV, and V) target cells pulsed with the indicated concentrations of epitope V or control DbN5 peptide in a 5-h 51Cr release assay. Effector-to-target
cell ratio (E:T), 5:1. M, molar. (B and C) The epitope V-specific CTL lines SV11-1250 (T-Ag�) and SV11-1252 (T-Ag�) and the T-Ag epitope
II/III-specific CTL clone K-19 were incubated with various dilutions of the Db/epitope V tetramer (V), the Db/Flu NP 366-374 epitope tetramer
(Flu), or anti-TCR� chain antibody in combination with anti-CD8a monoclonal antibody for 1 h on ice. Cells were washed and analyzed by flow
cytometry. Data are presented as the percentage of tetramer or TCR� chain-positive cells detected at each dilution (B) or the mean fluorescence
intensity of tetramer or TCR� chain staining among CD8� T cells (C). (D) CTL lines 1250 and 1252 were incubated with a 1:25 dilution of
Db/epitope V tetramer and a 1:50 dilution of anit-CD8a antibody for 1 h on ice followed by three washes to remove excess tetramer. Cells were
then incubated at room temperature for the indicated times, after which aliquots of cells were removed and fixed prior to flow cytometric analysis.
The data are plotted as percentages of the maximum numbers of tetramer-stained CD8� T cells detected at time 0. The Db/V tetramer-positive
gate was established using cells stained with the control Db/Flu tetramer. T-Ag�, SV11 mice; T-Ag�, transgene-negative littermates.
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toward CD4�CD8� T cells compared to the results seen with
thymocytes derived from a singly transgenic SV11 mouse (Fig.
4A). In addition, approximately 97% (67.9% CD8� cells and
28.6% CD8� cells) of thymocytes from TCR-V mice expressed
the transgenic TCRV�7 receptor, revealing high penetrance of
the transgene. Indicative of expression of both transgenic TCR
� and � chains, approximately 97% of thymocytes from
TCR-V mice also stained positive with Db/epitope V tetramer
(data not shown). High levels of epitope V-specific CD8� T
cells were found in the peripheral lymphoid organs of TCR-V
mice, as 17.6% of total spleen cells were CD8� TCRV�7�

(Fig. 4B [dot plot]). Approximately 98% of these CD8�

TCRV�7� T cells also stained positive with the Db/V tetramer
(Fig. 4B [histogram]). Thus, approximately 81% of splenic CD8�

T cells in the TCR-V mice were epitope V specific.
Analysis of thymocytes from double-transgenic TCR-VxSV11

mice revealed a twofold decrease in the frequency of CD4�

CD8� double-positive cells (Fig. 4A, left panels) compared to
the results seen with TCR-VxSV11 mice, with a corresponding
twofold increase in the percentage of CD4� CD8� double-
negative cells. Thymus cellularity in TCR-VxSV11 mice was
also decreased to 1.5 � 107 	 0.3 � 107 cells compared to 2.9
� 107 	 0.7 � 107 cells in TCR-V mice (data not shown).
Consistent with the decreased level of thymus cellularity, the
percentage of CD8� thymocytes that expressed the transgenic
TCRV�7 chain decreased from 67.9% (1.5 � 107 total cells) in
TCR-V mice to 31.6% (3.8 � 106 total cells) in TCR-VxSV11
mice (Fig. 4A, right panels). Staining with Db/epitope V tet-
ramer revealed that only 64% of TCR-VxSV11 thymocytes
were specific for epitope V compared to 97% in TCR-V singly
transgenic mice (data not shown). These results indicate that
fewer TCR-V T cells survive negative selection in SV11 mice
than in singly transgenic TCR-V mice.

Consistent with observations of the thymus, TCR-VxSV11
mice had fewer epitope V-specific T cells in the peripheral

lymphoid organs than TCR-V mice. Although there were no
significant differences in spleen cellularity (data not shown),
TCR-VxSV11 mice showed a fivefold decrease in the percent-
age of splenic CD8� T cells that expressed the transgenic
TCRV�7 chain (3.34 versus 17.6% in TCR-V mice) (Fig. 4B,
left panels). To insure that this difference was significant, three
mice from each line were analyzed and the total number of
CD8� TCRV�7� T cells per spleen was calculated. This anal-
ysis revealed an even larger discrepancy, as the CD8�

TCRV�7� fraction represented only 2.1 � 106 	 0.5 � 106

total cells in TCR-VxSV11 mice compared to 14.7� 106 	
1.9 � 106 total cells in TCR-V mice (a sevenfold reduction in
total cell numbers) (Fig. 4C, left panel). Additionally, triple
staining of the CD8� TCRV�7� T cells revealed that only
30.9% of these cells (0.6 � 106 	 0.2 � 106 total cells) bind to
the Db/epitope V tetramer in TCR-VxSV11 mice versus 98.1%
(14.5 � 106 	 1.9 � 106) in TCR-V mice (Fig. 4B [histograms]
and 4C [right panel]). Thus, a large proportion of the CD8�

TCRV�7� T cells detected in TCR-VxSV11 mice either are
not specific for epitope V, perhaps due to pairing with non-
transgenic TCR� chains, or have significantly reduced levels of
avidity for binding the Db/epitope V tetramer.

A twofold increase in the percentage of CD8� TCRV�7� T
cells was observed in TCR-VxSV11 splenocytes versus TCR-V
mice (Fig. 4B, left panels; Fig. 4C, left panel). Staining of this
cell population with Db/epitope V tetramer revealed that ap-
proximately 68% of the cells (3.7 � 106 	 1.2 � 106 total cells)
in TCR-VxSV11 mice are specific for epitope V compared to
42% (1 	 0.02 � 106 total cells) in TCR-V mice, indicating a
fourfold increase in this population of splenocytes in TCR-
VxSV11 mice (Fig. 4B [histogram]; Fig. 4C [right panel]).
None of the CD8� cells that stained with Db/epitope V tet-
ramer expressed CD4 (data not shown). Thus, development of
epitope V TCR-transgenic T cells in SV11 mice results in a
20-fold reduction in the total number of epitope V-specific
CD8� T cells in the spleen (consistent with increased negative
selection of high-avidity epitope V-specific T cells). There was
a corresponding fourfold increase, however, in the total num-
ber of CD8�, epitope V-specific T cells that were detected in
the spleens of TCR-VxSV11 mice, perhaps due to down reg-
ulation of CD8 expression in the thymus or periphery. Down
regulation of CD8 on TCR-transgenic T cells has been ob-
served previously on T cells which develop in the presence of
self antigen and might represent a mechanism to reduce the
avidity of self-reactive T cells during T-cell development (3,
66).

In addition to the finding of a decrease in the number of
epitope V-specific CD8� T cells detected in TCR-VxSV11
mice, CD8� TCRV�7� spleen cells from TCR-VxSV11 mice
stained less intensely (mean fluorescence, 398) with Db/epi-
tope V tetramer than CD8� TCRV�7� cells from TCR-V mice
(mean fluorescence, 577) (Fig. 4B [histograms]). This repre-
sents a 31% decrease in staining intensity. Since decreased
tetramer staining could be explained by a decrease in the TCR
expression levels, the intensity of anti-TCRV�7 staining was
calculated for the data presented in Fig. 4B. This analysis
revealed a 20% decrease in the expression level of TCRV�7 on
CD8� T cells from TCR-VxSV11 mice versus that seen with
TCR-V mice (mean fluorescence, 79 versus 93, respectively;
data not shown). Thus, decreased tetramer staining is associ-

FIG. 3. TCRV� chain usage by epitope V-specific CTL lines. CTL
lines derived from rVV-ES-V immunized SV11 (SV11�) and trans-
gene-negative (SV11�) littermates were costained with anti-CD8
monoclonal antibody and a panel of anti-TCRV� chain-specific anti-
bodies. The percentage of CD8� T cells expressing a particular
TCRV� chain was quantitated by flow cytometric analysis.
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ated with a decrease in TCR expression by epitope V-specific
CD8� T cells from TCR-VxSV11 mice. Decreased TCR ex-
pression also has been associated with the survival of self-
reactive TCR-transgenic T cells (48, 55). Interestingly, Db/epi-
tope V tetramer staining levels were comparable on CD8�

TCRV�7� spleen cells from TCR-V and TCR-VxSV11 mice
(Fig. 4B, histograms); this corresponded to the finding of sim-
ilar levels of TCRV�7 expression (mean fluorescence, 79 and
73, respectively). This finding might be explained by studies
that revealed that the binding of MHC tetramers to specific
TCRs is reduced in the absence of CD8 expression (15).

The remaining epitope V-specific T cells detected in TCR-

VxSV11 mice were capable of differentiating into effector
CTL, as evidenced by the lytic activity of splenocyte cultures
following 4 days of in vitro stimulation with T-Ag-transformed
C57BL/6 cells. TCR-VxSV11-derived CTL lysed both epitope
V peptide-pulsed target cells (Fig. 4D) and target cells express-
ing WT T-Ag or a T-Ag variant in which the dominant epitopes
I, II/III, and IV were inactivated (V only). Target cells express-
ing a T-Ag variant that lacks epitope V (V loss) were not lysed.
The efficiency of lysis by TCR-VxSV11 CTL was reduced on
peptide V-pulsed and WT T-Ag-transformed target cells com-
pared to that seen with CTL derived from TCR-V mice (con-
sistent with reduced numbers of epitope V-specific T cells in

FIG. 4. Development of TCR-V-transgenic T cells is skewed in SV11 mice. The surface phenotype of lymphocytes isolated from thymus
(A) and spleen (B) of singly transgenic SV11 and TCR-V or double-transgenic TCR-VxSV11 mice was analyzed by flow cytometry using the
indicated reagents. In panel A, the percentage of total cells within each quadrant of the dot plot is indicated. In panel B, the percentage of cells
within each gated region of the dot plot is indicated; histograms show Db/V tetramer staining of cells within each gate. Numbers on the histogram
plots below the marker indicate the percentages of gated cells that stain positive with Db/V tetramer; numbers above the marker indicate the mean
fluorescent intensity of staining with Db/V tetramer. (C) Summary of the data obtained using three naïve mice each for strains TCR-V and
TCR-VxSV11 in experiments in which splenocytes were triple stained with anti-TCRV�7, anti-CD8, and Db/epitope V tetramer. The data are
presented as total cells per spleen (left panel) and total Db/epitope V tetramer� cells per spleen (right panel). Error bars indicate standard errors
from the means. (D) Lytic response of bulk splenocyte cultures following 4 days of in vitro stimulation with �-irradiated B6/T116A1 cells. The
responding cells were tested in a 5-h 51Cr release assay at an E:T of 50:1 for lytic activity against peptide-pulsed B6/K-1,4,5 cells, which lack
expression of epitopes I, II/III, IV, and V, or the indicated T-Ag-transformed cell lines. V, epitope V; pep, peptide.
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the double-transgenic mice) (Fig. 4B and C). These results
suggested that relatively few high-avidity TCR-transgenic T
cells survived negative selection in SV11 mice. Those epitope
V-specific T cells that survived apparently did so by down
regulation of the TCR or CD8 molecule. These results ob-
tained using TCR-V-transgenic mice support our findings that
higher-avidity epitope V-specific T cells either are absent from
the T-cell repertoire of SV11 mice or are present at greatly
reduced levels.

In vivo expansion levels of residual epitope V-specific CD8�

T cells determined using a heterologous priming and boosting
protocol. Mylin et al. have shown previously that epitope V-
specific memory CD8� T-cell frequency can be dramatically
expanded in C57BL/6 mice by secondary immunization with
B6/T116A1 cells, which express a T-Ag variant that lacks ex-
pression of the three dominant CTL epitopes I, II/III, and IV
(40). Thus, we determined whether booster injections might
expand the limited epitope V-specific CD8� T-cell response
detected in SV11 mice following primary immunization with
rVV-ES-V. Groups of SV11 mice and their nontransgenic lit-
termates at 50 days of age were immunized with rVV-ES-V
followed by booster injections with live B6/T116A1 cells at 4
and 6 weeks postimmunization. Spleen cells were analyzed by
ex vivo staining with MHC tetramers 7 days following the last
injection (Fig. 5A). Epitope V-specific T cells were detected in
SV11 mice at frequencies of between 5 and 13% of CD8� T
cells. This expansion was significant compared to that seen
with mice which received only rVV-ES-V immunization 10
days prior to analysis; for these mice, Db/epitope V tetramer�

cells could not be detected above background levels (Fig. 5A,
upper right panel). By contrast, epitope V-specific T cells rep-
resented 48% of CD8� T cells in transgene-negative litter-
mates (Fig. 5A, middle right column), confirming that recruit-
ment of epitope V-specific CD8� T cells in SV11 mice was
compromised. CTL derived from SV11 mice administered
booster injections, however, displayed significant lytic activity
against both epitope V peptide-pulsed and T-Ag-transformed
target cells, including WT T-Ag-transformed cells (compare
Fig. 5B and Fig. 1). CTL activity detected in transgene-nega-
tive littermates was more efficient (Fig. 5B), in consistency with
the increased numbers of epitope V-specific CD8� T cells
detected ex vivo (Fig. 5A, middle right column). These results
suggest that increased numbers of epitope V-specific CD8� T
cells can be recruited in SV11 mice following a priming and
boosting regimen.

CTL derived from SV11 mice by immunization and boosting
against epitope V have a high avidity for epitope V. To deter-
mine whether the quantitative enhancement of the epitope
V-specific CD8� T-cell response in SV11 mice was also ac-
companied by increased quality, CTL lines were derived from
both SV11 and transgene-negative mice by in vitro stimulation.
The sensitivity of each CTL line was determined by lysis of
B6/K-1,4,5 (T-Ag epitope-negative) target cells that had been
pulsed with titrated amounts of the epitope V peptide (Fig.
6A). CTL lines derived from both SV11 and transgene-nega-
tive mice were highly sensitive to epitope V peptide, with no
apparent difference in the levels of activity. This result is in
contrast to the more than 100-fold difference in recognition
levels observed for CTL lines derived from mice immunized
with rVV-ES-V alone (Fig. 2A). Less-efficient lysis was ob-

served using T-Ag-transformed target cells, with which 10-fold
more SV11-derived CTL were required to lyse WT T-Ag-
transformed B6/WT-19 cells compared to the required number
of CTL derived from transgene-negative littermates (B6/WT-
19) (Fig. 6B). This difference cannot be explained by a lower
percentage of epitope V-specific T cells in the cultures, as all
cells within each culture stained positively with anti-CD8 and
Db/epitope V tetramer (data not shown).

Epitope V-specific CD8� T cells derived from SV11 and
transgene-negative mice that received a priming and boosting
regimen use similar TCR� chains. Since the priming and
boosting approach resulted in both a quantitative and a qual-
itative increase in the responding epitope V-specific CD8� T
cells, we examined the TCR repertoire of epitope V-specific T
cells which accumulate following booster injections. CTL lines
from rVV-ES-V-immunized and B6/T116A1-boosted mice
were stained with a panel of TCRV�-specific antibodies. All
cells were determined to be positive for CD8 and Db/epitope

FIG. 5. The residual epitope V-specific CD8� T cells in SV11 mice
are expanded by a priming-boosting regimen of specific immunization.
(A) SV11 mice (SV11�) or their transgene-negative littermates
(SV11�) were immunized with 1 � 107 PFU rVV-ES-V at 50 days of
age and then boosted at weeks 4 and 6 with 3 � 107 B6/T116A1 cells.
Splenocytes were harvested 7 days following the last booster injection,
stained ex vivo with anti-CD8 and Db/V tetramer, and analyzed by flow
cytometry. Some mice received only primary immunization with rVV-
ES-V 10 days prior to analysis (fourth column). The gated regions
indicate the locations of CD8� Db/V tetramer� cells; the percentages
of CD8� T cells which stained positive with the Db/V tetramer are
indicated. Each plot represents the results for an individual mouse.
Background staining with the control Db/Flu NP 366-374 tetramer was
0.5% of CD8� T cells. (B) The lytic response of splenocyte cultures
(derived from the mice described for panel A) following 6 days of in
vitro stimulation with �-irradiated B6/WT-19 cells was determined in a
5-h 51Cr release assay using RMA target cells pulsed with 1 �M
epitope V peptide (pep V) or control NP 366-374 peptide (NP366) or
the indicated T-Ag-transformed cell lines. Each plotted line represents
CTL derived from an individual SV11 (T-Ag�) or transgene-negative
(T-Ag-) mouse.
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V tetramer staining (data not shown). Analysis of CTL derived
from two different transgene-negative littermates revealed a
polyclonal population predominantly expressing TCRV�7,
with lower numbers of T cells staining for TCRV�3,
TCRV�9, and TCRV�11 (Fig. 7, left panels). These results
are similar to those of a previous study by Mylin et al. in
which epitope V-specific CD8� T cells derived from
C57BL/6 mice immunized and boosted one time with B6/
T116A1 (V only) cells predominantly expressed TCRV� chains
2, 7, and 9 (40). In addition, two of three CTL lines derived
from transgene-negative littermates following a single immu-
nization with rVV-ES-V had predominantly TCRV�7-express-
ing CD8� T cells (Fig. 3). Analysis of CTL lines derived from
SV11 mice given the priming and boosting regimen revealed
prominent usage of TCRV�7 by both lines tested (Fig. 7, right
panels). Although CTL line 2400 predominantly (45%) utilized
TCRV�4, a significant proportion (28%) of the epitope V-
specific T cells expressed TCRV�7. Less-utilized receptors in-
cluded TCRV�5, TCRV�8, TCRV�9, and TCRV�10. By con-
trast, only one of three CTL lines derived from SV11 mice that
received just the initial immunization with rVV-ES-V con-
tained TCRV�7-expressing cells (Fig. 3, right panels). Thus,
epitope V-specific CTL derived from both SV11 and trans-
gene-negative mice following a specific priming and boosting
regimen are polyclonal in nature, with prominent usage of
TCRV�7.

DISCUSSION

This study demonstrates that using an epitope-specific prim-
ing and boosting regimen for SV11 mice, a residual population

of high-avidity, self-reactive, tumor antigen-specific CD8� T
cells can be significantly expanded. A limited population of
CD8� T-cell precursors specific for the immunorecessive epi-
tope V of T-Ag survive negative selection in SV11 mice despite
the fact that the CD8� T cells specific for three immunodom-
inant epitopes are undetectable (52). The epitope V-specific
CD8� T-cell repertoire of SV11 mice is limited by negative
selection, as evidenced by the low numbers and activity of
epitope V-specific CD8� T cells in the primary immune re-
sponse. These results suggest that while the majority of surviv-
ing epitope V-specific CD8� T cells have a reduced avidity for
epitope V, a residual population of higher-avidity epitope V-
specific T cells can be expanded in vivo following specific
boosting of the primary response.

We have shown previously that despite the loss of CTL
specific for the immunodominant epitopes I, II/III, and IV, the
CTL response to T-Ag epitope V persists in tumor-bearing line
501 T-Ag-transgenic mice (51). In contrast to the results pre-
sented in the present report, line 501 mice represent a model
of peripheral tolerance, since T-Ag expression is not detected
in 501 mice until they are approximately 3 months of age (36).
However, this finding did provide a precedent, namely, that
epitope V-specific CD8� T cells are less susceptible to tolera-
genic mechanisms than T cells directed to the immunodomi-
nant T-Ag epitopes. Similar observations were made with
TRAMP mice, which develop prostatic adenocarcinomas due
to the expression of T-Ag as a transgene from the prostate-
specific rat probasin promoter (22–24). Granziero et al. dem-
onstrated that TRAMP mice were tolerant to the immuno-
dominant CTL epitopes of T-Ag but retained responsiveness
to a previously undefined subdominant epitope, T-391. The
basis for the observed tolerance was unclear, since the original
characterization of TRAMP mice indicated that T-Ag is not
expressed in the thymus (22). A more recent study using an
enhanced RT-PCR method, however, revealed low levels of
T-Ag expression in the thymus of TRAMP mice (77). Gross-
man et al. (24) demonstrated that TRAMP mice develop T-Ag
epitope V-specific, but not immunodominant epitope IV-spe-

FIG. 6. CTL lines derived from SV11 mice given a priming-boost-
ing regimen have increased avidity for epitope V. CTL lines (derived
from the cultures described for Fig. 4 by 8 in vitro passages) were
tested in a 5-h 51Cr release assay for their ability to lyse B6/K-1,4,5
(T-Ag epitope-negative) target cells that had been pulsed with titrated
amounts of epitope V peptide (V) or the control peptide NP 366-374
(A) or T-Ag-transformed C57BL/6 cells (B). (A) CTL lines were used
at an E:T of 10:1. M, molar. All CTL lines were derived from individ-
ual SV11 (T-Ag�) or transgene-negative (T-Ag�) mice.

FIG. 7. Epitope V-specific CTL lines derived from SV11 mice
given a priming-boosting regimen are phenotypically similar to CTL
lines derived from transgene-negative mice. CTL lines derived from
the SV11 (SV11�) and transgene-negative (SV11�) mice described
for Fig. 4 were stained with a panel of TCRV� chain-specific antibod-
ies; the percentages of cells that stained positive with each antibody are
presented. All cells were Db/epitope V tetramer positive.
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cific, CTL following peptide immunization, although the quan-
titative and qualitative aspects of the CD8� T-cell response to
epitope V were not addressed. In the results obtained using
several models of T-Ag-transgenic mice, therefore, epitope
V-specific CD8� T cells have been found to be less susceptible
to tolerance than the CD8� T cells specific for the immuno-
dominant T-Ag epitopes. The present report indicates that
only a subset of epitope V-specific T cells survive negative
selection in the T-Ag-expressing thymus.

The survival of epitope V-specific CD8� T cells in SV11
mice might be explained in part by the fact that epitope V
forms relatively unstable complexes with H2-Db compared to
the immunodominant T-Ag epitopes (20, 38). Thus, even if the
T-Ag epitopes were generated at equivalent rates, fewer epi-
tope V complexes would be expected to accumulate at the cell
surface for presentation to developing T cells. This level may
be below the critical threshold required for the deletion of all
epitope V-specific precursor T cells in the thymus (2, 56).
Low-affinity binding to MHC is often associated with subdomi-
nant epitopes (74) and may contribute to the immunorecessive
phenotype of epitope V (20). This same property may allow
the survival of some self-reactive T cells. In support of this
idea, Sherman and colleagues demonstrated that T cells spe-
cific for the dominant p53 CD8� T-cell epitope recognized in
p53 knockout mice are deleted from WT mice (67). Conse-
quently, the T-cell response to p53 in WT mice is focused on an
epitope classified as subdominant in p53 knockout mice. Sim-
ilar results have been shown for other self-tumor antigens (13,
26, 50) and for self-reactive CD4� T cells (25). These results
are consistent with the idea that in cases in which the antigen
is expressed in the thymus, T cells specific for subdominant or
cryptic epitopes are more likely to survive negative selection
than T cells specific for dominant epitopes (57).

The endogenous repertoire of epitope V-specific CD8� T
cells in SV11 mice is limited in both quantity and quality.
Previous studies which examined the characteristics of specific
T cells derived from mice expressing transgenic antigens have
shown that these T cells had reduced avidity compared to T
cells derived from mice that lacked expression of the same
antigens (10, 17, 34, 37, 45, 46, 56, 59, 71, 75). In addition, a
number of recent studies have characterized T cells specific for
tissue antigens that have low avidity for their target epitopes (8,
26, 49, 64, 67). In several cases, these peripheral T cells were
unable to recognize the level of antigen presented in the pe-
ripheral tissues, maintaining a state of ignorance (8, 26, 49, 64).
We also failed to detect spontaneous priming of epitope V-
specific CD8� T cells with the endogenous T-Ag in SV11 mice
(data not shown), suggesting that epitope V-specific T cells
maintain a state of ignorance of epitope V unless primed by
exogenous immunization. These residual epitope V-specific T
cells appear to be resistant to the effects of peripheral toler-
ance, as preliminary evidence indicates that SV11 mice remain
responsive to immunization with rVV-ES-V even at 3 months
of age, when significant tumor mass has accumulated (data not
shown).

CD8� T cells specific for the immunodominant T-Ag epi-
topes I, II/III, and IV are undetectable in SV11 mice (52),
suggesting that the dominant T-Ag epitopes are expressed at
significant levels in the thymus compared to epitope V. Of
note, a similar priming and boosting approach was unable to

recruit any residual CD8� T cells specific for the immunodom-
inant epitopes (data not shown). Alternatively, the thymic pre-
cursor T-cell repertoire might be devoid of lower-avidity TCRs
specific for the immunodominant T-Ag epitopes, precluding
the survival of epitope I-, II/III-, and IV-specific CD8� T cells
in SV11 mice. The finding that some TCR-V-transgenic CD8�

T cells survived negative selection in SV11xTCR-V mice sup-
ports the suggestion that negative selection of epitope V-spe-
cific T cells is inefficient or incomplete in SV11 mice. Survival
of TCR-V T cells in SV11 mice, however, was associated with
the loss of CD8 expression and the down regulation of the
transgenic TCR. In contrast, Zheng et al. (77) demonstrated
that TCR-transgenic T cells specific for the immunodominant
H2-Kk-restricted T-Ag epitope are completely deleted from
the thymus of TRAMP mice during T-cell development. Al-
though results using these two T-Ag-transgenic mouse lines
cannot be directly compared, it is tempting to speculate that
similar mechanisms are involved in selection of their T-cell
repertoires. Future studies will address the extent to which
negative selection in SV11 mice can affect the development of
TCR-transgenic T cells specific for the H2b-restricted immu-
nodominant T-Ag epitopes.

Although several TCRV� chains were shown to be utilized
by epitope V-specific CTL lines, TCRV�7-expressing cells rep-
resented a prominent population among epitope V-specific
CTL derived from both singly primed or primed-boosted
C57BL/6 mice (reference 40 and this study). TCRV�7-express-
ing cells also were prominent among CTL lines derived from
SV11 mice given the priming-boosting regimen specific for
epitope V. In the absence of boosting the epitope V-specific
T-cell response in vivo, only one of three CTL lines derived
from SV11 mice contained TCRV�7-expressing T cells. Thus,
in healthy mice the TCRV�7� population might represent
high-avidity epitope V-specific CD8� T cells that predominate
over lower avidity clones in vivo. In SV11 mice, however, a lack
of significant numbers of epitope V-specific T cells bearing
high-avidity TCRs might allow the initial expansion of lower-
avidity clones. Previous studies which characterized the T-cell
repertoire that expands from the memory T-cell pool following
antigenic challenge revealed preferential expansion of higher-
avidity CTL that resulted in avidity maturation of the T-cell
population (9, 30, 60). This might explain the finding that
subsequent boosting of SV11 mice resulted in the expansion of
TCRV�7-expressing epitope V-specific CD8� T cells. Al-
though the avidity of the TCRV�7� epitope V-specific T cells
was not directly determined in the present study, their appear-
ance in SV11 mice was associated with the detection of higher-
avidity epitope V-specific CTL.

The quality of epitope V-specific CTL obtained in SV11
mice after a single immunization with rVV-ES-V is reminis-
cent of that of some CTL derived from human cancer patients.
In these studies, CTL derived from peripheral blood lympho-
cytes or tumor-infiltrating lymphocytes by in vitro stimulation
with autologous tumor cells or specific peptides had a relatively
low avidity for their target epitopes compared to the results
seen with high-avidity CTL specific for foreign antigens (11, 21,
72). Higher-avidity CD8� T cells specific for tumor-associated
antigens have recently been identified after in vitro growth in
the presence of low concentrations of peptide or peptide-
pulsed dendritic cells or by sorting MHC tetramer-stained T

1760 SCHELL J. VIROL.



cells (18, 70, 73, 76), indicating that low numbers of higher-
avidity T cells that are present in cancer patients can be ex-
panded under the appropriate conditions. Defining ap-
proaches for the in vivo expansion of these residual high-
avidity T cells will represent a major advance for tumor
immunotherapy. The similarities observed between the results
of studies of human cancer patients and the results presented
here suggest that SV11 mice provide a realistic model for the
assessment of approaches for the recruitment of residual high-
avidity tumor-specific T cells in the tumor-bearing host.
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