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A Modified Tyrosinase-Related Protein 2 Epitope Generates
High-Affinity Tumor-Specific T Cells but Does Not Mediate
Therapeutic Efficacy in an Intradermal Tumor Model1
Jennifer A. McWilliams,‡ Sean M. McGurran,* Steven W. Dow,† Jill E. Slansky,‡ and
Ross M. Kedl2‡

I

t is now abundantly clear that T cell responses play a major
role in the immunologic rejection of cancer. In the past, experimental models designed to study tumor responses usually
used a “model tumor Ag,” a foreign Ag or epitope ectopically
expressed in an experimental tumor cell line that contained identified T cell epitopes (1– 8). However, there are now many true
tumor Ags and their respective class I binding epitopes are known
(9 –12), which, in most cases, are normal proteins expressed within
a peripheral tissue. Examples of these differentiation Ags are the
many melanocyte-specific Ags, such as gp100, tyrosinase related
protein-1 (TRP1),3 TRP2 (also known as DCT), tyrosinase and the
MAGE Ags (10). Many of these tumor-associated Ags serve as
tumor rejection Ags against melanoma despite that fact that they
appear to be neither mutated nor aberrantly expressed within the
tumor (13–26). T cell responses directed against these Ags are
therefore, by definition, self-Ag-specific T cells. As such, the repertoire of T cells specific for these self-Ags is likely to be different
than the repertoire of T cells directed against a foreign Ag. For
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example, T cells specific for a self-Ag may be of too low affinity,
in order to escape central and/or peripheral tolerance, to be functionally capable of tumor recognition and destruction (27–30).
In conjunction with the potential effects of central tolerance
on the T cell repertoire, tumor-specific T cells may also be
difficult to generate because many tumor-specific epitopes are
poorly immunogenic. In some cases, this is due to a low affinity
of the peptide epitope for binding to the class I MHC (17, 28,
31–34). In these cases, when the MHC binding residues of the
epitope are optimized, the resulting modified epitope can restore T cell responses specific for the original wild-type (wt)
epitope. In other cases, modification of the wt tumor epitope
does not result in enhanced MHC binding but rather in enhanced T cell recognition, presumably by altering the threedimensional structure of the peptide/MHC to facilitate a more
effective interaction with the TCR (35). In either case, immunization using substituted peptide epitopes often generates better antitumor immunity than immunization with the wt epitope.
As a result, the identification of new altered peptide epitopes for
tumor-specific Ags is a priority in the area of cancer vaccine
development.
Using the B16 melanoma cell line and class I MHC tetrameric
reagents, we have analyzed the CD8⫹ T cell response specific for
the melanocyte differentiation Ag TRP2. Surprisingly, a population of TRP2-specific T cells was readily detected in tumor-bearing mice. Whereas immunization with the TRP2 peptide only generated low-affinity TRP2-specific T cells, a peptide variant of the
TRP2 epitope, called deltaV, induced high-affinity TRP2-specific
T cell responses in both naive and tumor-bearing mice. Despite
this generation of high-affinity TRP2-specific T cells, deltaV-peptide immunization failed to significantly augment tumor immunity
above that observed with TRP2-peptide immunization, the implications of which are discussed below.
0022-1767/06/$02.00
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The generation of tumor-specific T cells is hampered by the presentation of poorly immunogenic tumor-specific epitopes by the
tumor. Here, we demonstrate that, although CD8ⴙ T cells specific for the self/tumor Ag tyrosinase-related protein 2 (TRP2) are
readily detected in tumor-bearing hosts, vaccination of either tumor-bearing or naive mice with an epitope derived from TRP2
fails to generate significant numbers of tetramer-staining TRP2-specific T cells or antitumor immunity. We identified an altered
peptide epitope, called deltaV, which elicits T cell responses that are cross-reactive to the wild-type TRP2 epitope. Immunization
with deltaV generates T cells with increased affinity for TRP2 compared with immunization with the wild-type TRP2 epitope,
although TRP2 immunization often generates a greater number of TRP2-specific T cells based on intracellular IFN-␥ analysis.
Despite generating higher affinity responses, deltaV immunization alone fails to provide any greater therapeutic efficacy against
tumor growth than TRP2 immunization. This lack of tumor protection is most likely a result of both the deletion of high affinity
and functional tolerance induction of lower affinity TRP2-specific T cells. Our data contribute to a growing literature demonstrating the ability of variant peptide epitopes to generate higher affinity T cell responses against tumor-specific Ags. However,
consistent with most clinical data, simple generation of higher affinity T cells is insufficient to mediate tumor immunity. The
Journal of Immunology, 2006, 177: 155–161.
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Materials and Methods
Tumor cell lines and mouse injections
C57BL/6J (B6) female mice from Charles River or The Jackson Laboratory were anesthetized with Avertin, their rear flanks were shaved, and they
were injected with 1 ⫻ 105 B16-F10 tumor cells intradermally (i.d.). Mice
were monitored for survival over the next 25–100 days.

Peptide immunizations
Peptides for the wt TRP2 epitope (SVYDFFVWL), deltaD
(SVYIFFVWL), deltaY (SVIDFFVWL), deltaV (SIYDFFVWL), and
OVA (SIINFEKL) were synthesized by the Molecular Biology Core
facility at National Jewish Medical Research Center (Denver, CO).
Naive or tumor-bearing mice were immunized with 50 g of anti-CD40
Ab (FGK4.5 or 1C10), 100 g of the TLR3 agonist poly(I:C), or 150 g
of the TLR7 agonist S-27609 (36, 37), and 100 g of peptide as previously described (37). In some cases, mice were boosted 14 days after
primary immunization with the TRP2 peptide, anti-CD40 and poly(I:C).

Cell preparation, tetramers, and cell staining

absence of any other intervention, the growth of the B16 melanoma appears to stimulate the expansion of a small population of
short lived, hyporesponsive TRP2-specific T cells.
The altered TRP2 epitope, deltaV, elicits TRP2-specific T cells
Because TRP2-specific T cells spontaneously expanded in tumorbearing hosts, we reasoned that immunization of the tumor-bearing
host with the TRP2 peptide Ag might result in greater expansion,
function, and/or survival of these T cells. Using an immunization
strategy that we recently described (37), we immunized mice with
the TRP2 peptide Ag and determined the degree of TRP2-specific
T cell expansion by TRP2 tetramer and intracellular IFN-␥ staining. Whereas TRP2 tetramer-staining cells were rarely observed
(Fig. 2A), a significant population of TRP2-specific T cells (⬃10 –
20% of total CD8⫹ T cells) was identifiable by intracellular IFN-␥
staining (Fig. 2B). These data suggested that the T cell response
following TRP2 peptide immunization may be of too low affinity
to be identified by tetramer staining (28, 41– 43).

Class I MHC stabilization assay
Class I H-2Kb stabilization assays were performed as previously described
(17) using the TAP-deficient RMAS cell line. Briefly, RMAS cells were
incubated at room temperature with the indicated concentrations of peptide
for 4 – 6 h (39) and then returned to 37°C for 4 – 6 h. The cells were then
stained with anti-Kb-PE Ab (BD Pharmingen) and analyzed by FACS. For
analysis of the half-life of peptide MHC binding, RMAS cells were incubated with 50 g/ml peptide at room temperature for 4 h. The cells were
then washed extensively, resuspended in complete medium, and incubated
at 37°C. At various time points, representative cells were removed, stained
for Kb as described above, and fixed in paraformaldehyde. Cells from all
time points were then analyzed for cell surface expression of Kb.

Results
TRP2-specific T cells respond to B16-F10 but are tolerant
The TRP2 protein is an enzyme in the melanin synthesis pathway
and is expressed in the melanoma cell line B16-F10 (B16) (9, 15,
40). Mice were challenged with B16 i.d., and at various times
thereafter, cells were taken from lymphoid and tumor tissue and
stained with an MHC tetrameric reagent to detect Kb/TRP2-specific T cells. Interestingly, TRP2-specific T cells were detectable
within the tumor 15–18 days after tumor challenge (Fig. 1). Consistent with the growth of the tumor, these TRP2-specific T cells
did not demonstrate any lytic activity or ability to produce IFN-␥
in response to antigenic stimulation (data not shown). Thus, in the

FIGURE 2. Immunization of tumor-bearing mice with TRP2 peptide
generates TRP2-specific T cells detectable by intracellular cytokine staining, but not tetramer staining. B6 mice were challenged with B16-F10 and
7 days later were immunized i.p. with TRP2 peptide, the TLR7 agonist
S-27609, and anti-CD40 Ab (FGK45) as described in Materials and Methods. Seven days after immunization (14 days after tumor challenge), lymph
nodes, spleen, tumor, and peripheral blood were removed, and the cells
were stained with TRP2 tetramer or intracellular cytokine staining for
IFN-␥. The plots in A and B are from spleen cells and are representative of
cells from blood and tumor. A, Spleen cells from two separate animals were
stained with TRP2 tetramer as described in Fig. 1 with the addition of
CD44 staining as an activation marker (activated/memory T cells express
high levels of CD44). The dot plots are gated on live, B220⫺ events, and
the quadrants set based on staining with control tetramer (data not shown).
B, Spleen cells were incubated with brefeldin A only (⫺TRP2 peptide) or
with brefeldin A and 5 g/ml TRP2 peptide (⫹TRP2 peptide) for 4 h at
37°C. The cells were then stained for surface expression of CD8 and
washed, fixed, permeabilized, and stained for intracellular IFN-␥ as described in Materials and Methods. The dot plots shown are gated on CD8⫹
events. The data are representative of three separate experiments
performed.
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Five to 7 days after immunization, tissues were removed and processed for
tetramer staining and/or intracellular IFN-␥ production as previously described (37). Alternatively, peripheral blood was taken by tail vein bleed at
various times after immunization and/or tumor challenge. Cells isolated
from draining nodes (periaortic, inguinal, axillary, and brachial), spleen,
tumor, or peripheral blood were homogenized into single-cell suspensions.
In the case of spleen, tumor, and blood, the RBC were lysed by brief
treatment with ammonium chloride buffer followed by washing with balanced salt solution buffer. All cells were finally suspended in complete
MEM, and total cell numbers were counted using a Coulter Counter.
Anti-CD8-allophycocyanin, CD44-FITC, and B220-PerCP were all purchased from BD Pharmingen. Kb tetramer production was performed as
previously described (38). A 5–10 M excess of SIINFEKL peptide (OVA
residues 257–264, negative control peptide) or TRP2 peptide SVYDFFVWL (residues 180 –188) were added directly to newly constructed KbSA-PE tetramer for at least 30 min at 4°C. Tetramer staining was performed as previously described (37, 38).
For intracellular IFN-␥ staining, cells were treated with Golgiplug (BD
Pharmingen) (brefeldin A) in the presence or absence of peptide Ag for
4 – 6 h in complete medium at 37°C. For peptide dose responses (see Fig.
3), spleen cells were isolated from mice immunized with either TRP2 or
deltaV as described above and were incubated for 4 h in vitro in the presence of Golgiplug and decreasing amounts of TRP2 peptide. The cells were
then stained for CD8, washed, fixed, permeabilized, and stained for the
presence of intracellular and IFN-␥ according to the BD Biosciences protocol. Four-color FACS data were collected on a BD Biosciences
FACSCalibur flow cytometer and analyzed using CellQuest software.

FIGURE 1. TRP2-specific T cells are detectable within the tumor of
B16-F10-bearing mice. B6 mice were shaved and challenged in the flank
with 1 ⫻ 105 B16-F10 cells i.d. At the time points indicated after tumor
challenge, the mice were sacrificed, and the tumors were removed and
assessed for the presence of tetramer-staining cells as described in Materials and Methods. The dot plots shown were gated on all live, B220⫺
events. The quadrants were set by staining the sample with control tetramer
containing an irrelevant peptide (data not shown). These data are representative of four separate experiments performed.
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deltaV immunization elicits high-affinity TRP2-specific T cells
Using either Kb- or Db-expressing 3T3 cell lines, we observed that
the CD8⫹ T cells from TRP2-immunized mice did not recognize
TRP2 peptide in the context of H-2Db (data not shown), ruling out
the possibility that the lack of TRP2/Kb tetramer staining was due
to their specificity for TRP2/Db. Therefore, our observations were
consistent with the prediction that deltaV immunization generated
T cells with higher affinity for TRP2/Kb than did immunization
with TRP2. We therefore tested the relative affinity of the TRP2specific T cells responding to TRP2 or deltaV immunization. Cells
from mice immunized with either peptide were incubated with
decreasing amounts of TRP2 peptide in the presence of brefeldin
A and stained for their production of intracellular IFN-␥. Although
the majority of the dose-response curve was essentially the same
between cells derived from mice immunized with either peptide
(Fig. 4A), the response of cells derived from the TRP2-immunized
mice fell to essentially zero at the lower end of the peptide titration, whereas at least 20% of the cells derived from deltaV-immunized mice continued to produce IFN-␥ (Fig. 4B). Our interpretation from this representative experiment is that the polyclonal
response to deltaV immunization contains a small subset of highaffinity TRP2-specific T cells compared with the polyclonal response generated by TRP2 immunization. We have repeated these
experiments with bulk T cell cultures, derived from immunization
with either TRP2 or deltaV, and obtained similar results (Fig. 4C).
This further suggests that the difference in response at the low end
of the dose-response curve (between cells derived from TRP2 and
deltaV immunization) is real, because it can be propagated in vitro.
Interestingly, the response of the cells from the deltaV-immunized
mice was slightly lower throughout most of the curve, suggesting
that TRP2 immunization generates a greater number of intermediate-affinity TRP2-specific T cells than deltaV immunization.
Thus, the data demonstrate that TRP2 immunization generates a
Table I. Modified peptide epitope key
Epitope

wt TRP2
deltaD
deltaV
deltaY

SVYDFFVWL
SVYIFFVWL
SIYDFFVWL
SVIDFFVWL

high number of lower affinity T cells, whereas deltaV immunization generates a smaller number of higher-affinity TRP2-specific
cells.
deltaV and TRP2 have similar affinities for class I Kb
We concluded from these studies that the deltaV epitope generated
higher affinity TRP2 T cells from the host either because the
deltaV peptide bound H-2Kb better or because it facilitated a stronger TCR/peptide/MHC interaction than did the wt TRP2 peptide.
We therefore performed assays to determine the relative affinity of
either peptide for binding to H-2Kb (Fig. 5A) and the relative halflife of peptide MHC binding (Fig. 5B). The deltaV epitope had, at
best, a 2- to 3-fold higher affinity for H-2Kb (Fig. 5A), but still had
at least a log lower affinity for class I than the dominant H-2Kb
binding epitope from OVA, SIINFEKL. Surprisingly, the TRP2
peptide, once bound to Kb, demonstrated a similar half-life of
binding than the deltaV or ova peptide (Fig. 5B). It is possible to
rule out the possibility that the small increase in MHC binding
favorably contributes to the response to deltaV. However, it is
unlikely that differences in MHC binding, especially when one
considers the results on the half-life of peptide/MHC interaction,
contributes significantly to the ability of the deltaV peptide to generate a higher affinity TRP2-specific T cell response than the TRP2
peptide. This observation actually fits well with the prediction of
Chen et al. (44) that changes at the no. 2 position influence T cell
recognition without influencing MHC binding, and is consistent
with observations made of altered peptide tumor epitopes in other
model systems (35).
deltaV immunization alone does not enhance tumor immunity
We next tested whether deltaV immunization augmented the therapeutic efficacy relative to TRP2 immunization in tumor-bearing
mice. Mice were immunized with either TRP2 or deltaV 7 days
after tumor challenge and boosted with the TRP2 epitope at 21
days after tumor challenge (14 days after primary immunization).
The magnitude of the TRP2-specific T cell response, determined
by tetramer or IFN-␥ staining of cells isolated from peripheral
blood at various time points, and the survival of the mice were
monitored. Consistent with previous results, TRP2-specific T cells
were detectable by tetramer staining only in mice immunized with
deltaV but not in mice immunized with TRP2 (Fig. 6A). Surprisingly, despite this difference in TRP2 tetramer-staining T cells,
deltaV-immunized mice did not demonstrate any increase in survival over TRP2-immunized mice (Fig. 6B). Further assessment of
the TRP2-specific T cells from the immunized mice revealed that
the T cells from deltaV-immunized mice were able to directly
recognize the tumor, whereas T cells from TRP2-immunized mice
did not (Fig. 6C) (45– 47). This further supports the conclusion that
deltaV immunization promotes higher affinity TRP2-specific T
cells, but does not explain why immunization with deltaV peptide
does not promote greater antitumor immunity.
We next investigated whether the TRP2-specific T cells retained
their ability to make IFN-␥ over time. Consistent with previous
results, TRP2-specific IFN-␥ production was observable in a significant population of CD8⫹ T cells 7 days after primary immunization with either the TRP2 or deltaV epitopes, although, again,
more so with TRP2 immunization (Fig. 6D, primary). However,
after boosting the mice with the TRP2 epitope, little TRP2-specific
tetramer staining or IFN-␥ production was observed in mice previously immunized with either epitope (Fig. 6, A and D, secondary). Therefore, both peripheral deletion of the high-affinity cells
(based on the loss of tetramer staining; Fig. 6A) as well as peripheral tolerance of the low-affinity cells (based on loss of detectable
intracellular IFN-␥ production; Fig. 6C) are actively subduing the
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We speculated that the inability of TRP2 immunization to generate T cells detectable by tetramer staining might be because the
TRP2 epitope was suboptimal with respect to its ability to bind
MHC, its ability to facilitate TCR interaction with the peptide/
MHC complex, or both. Previous data from Chen et al. (44) demonstrated the importance of the no. 2 position of the epitope, in the
context of Kb, in facilitating T cell recognition of the complex. We
therefore created a number of peptide variants of the TRP2 epitope
at or around the no. 2 position (Table I). Using these peptides, we
immunized naive B6 mice and stained the resulting spleen cells
with the TRP2 tetramer to determine which peptide generated T
cells that were cross-reactive with the original wt peptide. The
deltaD and deltaY peptides were found to be poor at generating
TRP2-specific T cells (Fig. 3A). However, the deltaV peptide elicited a T cell response cross-reactive with the wt TRP2 epitope as
demonstrated by binding to the respective tetramers (Fig. 3A).
These cells produced IFN-␥ and TNF-␣ upon Ag stimulation with
the TRP2 epitope (Fig. 3B), demonstrating that they were functionally responsive to the TRP2 epitope as well. Interestingly,
based on the intracellular IFN-␥ staining, deltaV immunization
actually generated fewer TRP2-specific T cells (Fig. 3B).
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FIGURE 3. Immunization with the deltaV variant peptide elicits TRP2-specific T cells. A, Mice
were immunized with the TRP2, deltaY, deltaD, or
deltaV peptide in the context of anti-CD40 and
poly(I:C) as described in Materials and Methods.
Seven days later, spleen cells were removed and analyzed for either TRP2 (top row) or deltaV (bottom
row) tetramer staining. The cells were stained and
analyzed as in Fig. 2. B, Mice were immunized as in
A with either TRP2 or deltaV peptide. Seven days
later, spleen cells were removed and analyzed for
either TRP2 tetramer (top row) or deltaV-loaded
tetramer staining (bottom row).

Discussion
In the studies presented here, we have described the identification
of a novel modified peptide epitope for the TRP2 tumor Ag that is
capable of inducing high-affinity TRP2-specific T cell responses.
Analysis of peptides containing amino acid substitutions in the
TRP2 epitope identified a single variant, termed deltaV, which is
capable of eliciting high-affinity T cell responses in both naive and

FIGURE 4. TRP2-specific T cells from deltaV-immunized mice have higher affinity than cells from TRP2-immunized mice. Mice were immunized with
either TRP2 or deltaV peptide as described in Fig. 3. Seven days later, spleen cells were removed and incubated with the indicated concentrations of TRP2
peptide in the presence of brefeldin A for 4 h at 37°C. The cells were then stained for CD8 and intracellular IFN-␥ as described in Fig. 2 and Materials
and Methods. The percentage of CD8⫹ T cells expressing IFN-␥ was calculated by FACS analysis. These percentages were normalized against the
percentage expressing IFN-␥ at the highest peptide dose from each immunized mouse; the data are presented as the percent maximal IFN-␥ production at
a given peptide dose. Two mice per peptide immunization are shown (⽧ and f for deltaV, F and Œ for TRP2-immunized mice) and are representative
of three experiments performed. The data shown in B are the same as in A but focused in on the lower end of the curve to more easily observe the differences
between the cells derived from the two immunizations. In C, the cells were first expanded in vitro with TRP2 peptide for 1 wk followed by a TRP2 peptide
dose response, as described above for A and B, on the bulk TRP2-specific T cell culture.

Downloaded from http://www.jimmunol.org/ by guest on September 19, 2021

TRP2-specific T cell response elicited from either deltaV or TRP2
immunization. It is currently unclear what is responsible for this
peripheral deletion/tolerance. We have also observed the same
phenomenon in non-tumor-bearing mice (data not shown), suggesting that self-tissue (skin or eye) expression of the Ag likely
plays a significant role in enforcing peripheral tolerance on the
TRP2-specific T cell response.

The Journal of Immunology

tumor-bearing hosts. Importantly, deltaV-initiated responses are
cross-reactive with the wt TRP2 epitope and are even of comparable affinity to T cells generated against the completely foreign
OVA epitope SIINFEKL (data not shown).
Our data suggest that immunization with the deltaV peptide elicits a T cell response independent of its properties of MHC binding.
Peptides with poor affinity for MHC are poor at stimulating T cell
responses (17, 28, 31–33, 48, 49). In these cases, the ability of the
epitope to elicit a T cell response, and therefore mediate antitumor
effects, can be elevated by optimizing the MHC binding residues
of the peptide (17, 28, 33). However, work by Chen et al. (44)
suggested that certain epitope modifications could result in enhanced TCR recognition without affecting peptide/MHC binding.
They noted that, for H-2Kb binding epitopes, the residue in the P2
position could effect TCR recognition but have little effect on overall binding to MHC. In a tumor model system using H-2Ld rather
than -Kb, Slansky et al. (35) similarly demonstrated that tumor
epitopes can be modified to induce T cell responses without affecting the peptide’s overall affinity for the class I. They showed
that the peptide/MHC complex containing a variant epitope had an
increased affinity for binding to the TCR compared with the wt
peptide/MHC complex, but that both wt and variant epitopes had
equivalent MHC binding affinities. The data we have presented for
the deltaV peptide suggest that it is another example of a peptide
modification that facilitates TCR/MHC/peptide interactions rather
than significantly affecting the peptide’s binding to the MHC. We

have begun investigating the possibility that modifications of residues at the P2 position could be a general way of enhancing tumor
epitope immunization, at least for H-2Kb binding epitopes, but as
yet the results are inconclusive.
T cells responding to a self-Ag can have lower affinity for the
Ag than those responding to foreign Ags (28, 29, 31, 32). This is
at least partly due to the deletion of high-affinity, self-reactive cells
by central tolerance. Our data indicate that high-affinity TRP2specific T cells must escape central tolerance. However, their activation and expansion in the periphery seem to require stimulation
with the deltaV epitope. In contrast, stimulation with the wt TRP2
epitope appears to only induce the expansion of lower affinity
TRP2-specific T cells. This observation is somewhat paradoxical
given that challenge with the B16 tumor readily generates TRP2
tetramer-staining cells during the natural process of tumor growth
with no intervention whatsoever (see Fig. 1). Indeed, immunization of a tumor-bearing host with the TRP2 peptide usually results
in the loss of TRP2 tetramer-staining T cells from within the tumor, even at the time points that nonimmunized, tumor-bearing
mice demonstrate TRP2 tetramer staining T cells (data not shown).
This suggests that TRP2 immunization of tumor-bearing mice may
lead to the deletion or inhibition of the high-affinity TRP2 cells that
are normally in the tumor. The reason immunization with the
deltaV epitope is able to generate tetramer staining cells is unclear
but suggests that this modified epitope either delivers a qualitatively different signal to TRP2-specific T cells, thereby avoiding
their deletion, or raises a different population of tetramer-staining
T cells from that seen responding to tumor challenge alone.
Of greatest interest in these studies is the observation that immunization with the deltaV epitope, despite generating higher affinity TRP2-specific T cells, fails to significantly augment tumor
immunity in this i.d. tumor model relative to immunization with
the TRP2 epitope. As mentioned above, productive tumor immunity suffers from a paucity of high-affinity tumor-specific T cells
able to recognize weakly presented Ags by the tumor (11, 50). The
corollary to this prediction is that the generation of higher and
higher affinity T cells should have an increasingly positive effect
on promoting tumor immunity; i.e., the efficacy of a tumor vaccine
to enhance tumor immunity increases in direct proportion to the
affinity of T cells it generates. Our data demonstrate that this corollary may not always hold true and predicts that increasing affinity
may become a liability for the tumor-specific T cells, possibly due
to the T cells’ increased recognition of Ag within normal peripheral tissues. If true, then some tumor vaccines may fail because
they generate T cells of either too low or too high affinity. A
successful vaccine may follow a “Goldilocks principle”; much like
the porridge, the affinity of tumor-specific T cells must be just
right. The accuracy of this prediction for clinical application is
necessary to confirm or deny before we assume that the success of
a tumor vaccine depends on the production of the T cells with the
highest affinity possible.
The identification of modified tumor-associated antigenic
epitopes is an important, if not crucial, aspect of generating therapeutic antitumor T cell responses. Our data contribute to a growing list of modified tumor Ag epitopes able to augment the production of tumor-specific T cells. However, our results
demonstrate that the initiation of a high-affinity tumor-specific T
cell response is alone ineffective at mediating therapeutic efficacy
against tumor growth. Identifying the mechanisms of peripheral
tolerance and deletion that limit tumor-specific responses becomes
more important as our capability of generating higher affinity T
cell responses increases. It is interesting to note that the TRP2
epitope we have used in these studies is the same for HLA-A2
binding as it is for Kb binding (51). The possibility that the deltaV
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FIGURE 5. deltaV and TRP2 have relatively similar affinities, and halflives, for binding to class I Kb. A, RMAS cells (TAP deficient) were incubated with the indicated concentrations of TRP2, deltaV, or OVA peptide (SIINFEKL) at room temperature for 4 h. The cells were then placed
at 37°C for 2 h and stained for the surface expression of H-2Kb. The
presence of Kb on the cell surface at the given peptide concentration is an
indication of the degree to which the peptide is able to bind to the MHC
and therefore maintain its retention on the cell surface. The data shown are
representative of eight separate experiments performed. B, RMAS cells
were incubated with the indicated peptides (50 g/ml) at room temperature
for 4 h. The cells were then washed and incubated in complete medium at
37°C. At the times indicated in the x-axis, cells were removed, stained for
Kb as in A, and analyzed by FACS for the degree of Kb on the cell surface.
The data are expressed as the percentage of maximum Kb mean fluorescence intensity (as determined at the 0 time point) for the cells at the given
time point.
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modification may be also beneficial as a modified tumor epitope
for human T cell responses is an intriguing possibility and is currently under investigation.
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