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One approach to enhancing the T cell response to tumors is vaccination with mimotopes, mimics of tumor
epitopes. While mimotopes can stimulate proliferation of T cells that recognize tumor-associated antigens
(TAAs), this expansion does not always correlate with control of tumor growth. We hypothesized that vac-
cination with mimotopes of optimal affinity in this interaction will improve antitumor immunity. Using a
combinatorial peptide library and a cytotoxic T lymphocyte clone that recognizes a TAA, we identified a panel
of mimotopes that, when complexed with MHC, bound the TAA-specific TCR with a range of affinities. As
expected, in vitro assays showed that the affinity of the TCR-peptide-MHC (TCR-pMHC) interaction corre-
lated with activity of the T cell clone. However, only vaccination with mimotopes in the intermediate-affin-
ity range elicited functional T cells and provided protection against tumor growth in vivo. Vaccination with
mimotopes with the highest-affinity TCR-pMHC interactions elicited TAA-specific T cells to the tumor, but
did not control tumor growth at any of the peptide concentrations tested. Further analysis of these T cells
showed functional defects in response to the TAA. Thus, stimulation of an antitumor response by mimotopes
may be optimal with peptides that increase but do not maximize the affinity of the TCR-pMHC interaction.

Introduction

A seminal goal of immunotherapy is the treatment of cancer with
vaccines that elicit potent antitumor immune responses. These
vaccines must shift the balance of innate and adaptive immunity
from evasion by the tumor to elimination of the tumor (1). Such
vaccines must overcome obstacles presented by tumors includ-
ing the immune suppressive milieu (2, 3), cellular heterogeneity
(4), and poor reactivity of T cells for tumor-associated antigens
(TAAs). Most identified TAAs are derived from nonmutated pro-
teins produced at high levels by tumor cells (5). As a result, the
TCRs of the T cell repertoire are often of low affinity for these
TAAs, due to deletion of T cells with high-affinity TCRs during
negative selection in the thymus. Thus, a combination of the weak
immunogenicity of TAAs and the tumor environment results in an
ineffective antitumor immune response.

These concerns have led to the search for mimotopes (mim-
ics of epitopes, also known as peptides analogs, agonists, het-
eroclitic peptides, altered peptide ligands, etc.) that enhance the
expansion and function of TAA-specific T cells upon vaccina-
tion. This strategy is achieved either by increasing the interaction
of the peptide with the restricting MHC through alterations in
the anchor residues (6-11) or by selecting peptides that enhance
the TCR-peptide-MHC (TCR-pMHC) interaction (12-14). These
mimotopes effectively activate TAA-specific T cells in vitro and
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increase TAA-specific T cell expansion in vivo. However, clinical
tumor regression does not always correlate with the magnitude of
the T cell responses (15-18).

Thus, effective antitumor immunity may not only depend on the
size of the TAA-specific T cell response but also on qualitative or func-
tional aspects of the responding T cells. Analyses from clinical trials
suggest that T cell priming with tumor cells or peptide vaccines may
stimulate T cells that cannot mount an effective antitumor response
(19-21). For example, tumor-specific circulating T cells from patients
with metastatic melanoma lack robust effector functions (22).

The strength of the initial signal received through the TCR — due
to antigen concentration (23, 24) or the affinity of the stimulating
antigen (25-29) — affects the T cell response. Although the affin-
ity must be of sufficient strength to stimulate activation through
the TCR, interactions with exceptionally long half-lives results in
impaired T cell activation (24, 25, 30-32). These observations imply
that the activation of effective TAA-specific T cells may occur only
with peptide mimotopes that are within a certain range of affinities.

The experiments described here were designed to determine the
optimal binding requirements of mimotopes for effective antitu-
mor immunity. We refer to affinity as the strength of binding of
the pMHC to a single TCR molecule and functional avidity as the
responsiveness of T cells to peptide antigen (33). The TCR used
in this study recognizes the immunodominant H-2Ld-restricted
antigen from the transplantable colon tumor, CT26, syngeneic to
BALB/c mice (34). This epitope is derived from the endogenous
retroviral protein gp70, amino acids 423-431, and is referred to as
the AH1 peptide (35). AH1 peptide binds with relatively high affin-
ity to the H-2LY molecule but provides weak protection against
CT26 challenge (12). The T cell used was one of 6 T cell clones
generated by limiting dilution in which the TCR sequences were
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Table 1
Identification of peptide mimotopes using a combinatorial
peptide library

Position

1 2 3 45 6 7 8
AH1 S P S YV Y HQ
Favored amino acid M P T Y T Y H L
from library E N K | A W

Y

Mimotope 51 E P T YA Y HML
Mimotope 15 M P K Y A Y HMIL
Mimotope 27 M N T Y A Y HML
Mimotope 39 M N K Y A Y HML
Mimotope 75 E N T YA Y HML
Mimotope 87 E N K YA Y HML

A combinatorial peptide library was screened with a T cell clone that
recognizes the AH1/H-2Ld complex. Those mixtures that consistently
induced 2-fold more IFN-y than background from the T cell clone in 3
assays are listed as favored amino acids from the library. Also shown
are sequences of 6 mimotope peptides that stimulate a range of
cytokine production and binding avidities.

all identical; they all expressed Vo4.11/Jo43 (AV4S11) and V38.3/
JB2.6 (BV8S3) gene segments (12). Other investigators have also
expanded VB8.3-expressing clones in response to the AH1 antigen
(36, 37). The clone lyses CT26 cells in vitro and, when transferred
in high concentrations into a mouse bearing a 3-day tumor, elimi-
nates the tumor (35). These results suggest that this clone is an
important representative of the repertoire elicited by CT26.

Initial experiments suggested that increasing the affinity of the
TCR-pMHC interaction augments tumor protection (12). However,
these experiments addressed neither the generality of the correlation
nor the range of affinities that produce this response. Using a com-
binatorial peptide library, we identified a panel of mimotopes with
arange of affinities for the AH1-specific TCR. Here we show that all
mimotopes with increased affinity for TCR elicited increased num-
bers of tumor-specific T cells. However, not all mimotopes protect
against tumor challenge. pMHC complexes that formed a relatively
high-affinity interaction with the TCR elicited T cells that were not
functional in vivo and failed to enhance antitumor immunity. The
differences we observed between the function of mimotopes in vitro
and in vivo have implications for immunotherapy.

Results
Identification and characterization of peptides using a combinatorial peptide
library in positional scanning format. To determine whether increased
binding affinity of the TCR-pMHC interaction in the priming
of TAA-specific T cells correlates with antitumor immunity, we
required a panel of peptides with a range of affinities. To identify
these peptides, we screened a combinatorial peptide library (38) with
a T cell clone that recognizes the AH1 peptide, the immunodomi-
nant antigen from the CT26 tumor (12, 35). The library included
180 mixtures of peptides of 9 amino acids in which 1 position of
the peptides within each mixture harbored a fixed amino acid and
19 different amino acids were possible in each of the remaining 8
positions. C was omitted from the randomized positions to avoid
disulfide bonds but was included in the fixed position. If the T cell
clone consistently produced 2-fold more IFN-y relative to back-
2544
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ground when incubated with a peptide mixture, then the constant
amino acid from that mixture was defined as a favored amino acid
for that position in the peptide (Table 1).

Results from screening the peptide mixtures were used for the
design of a panel of peptides that contained all 96 combinations
of the favored amino acids (see Table 1). These peptides were syn-
thesized and tested for antigenicity as measured by binding to and
activation of the T cell clone. We used 2 methods to determine the
relative binding of the mimotope. First, the peptides were incu-
bated with H-2Ld tetramer (L4-tet) and then used to stain the T cell
clone (Supplemental Figure 1A; supplemental material available
online with this article; doi:10.1172/JC126936DS1). Second, the
peptides were incubated with T2 cells expressing H-2L4 (39) and
then stained with TCR covalently linked to IgG; (CT-Ig; ref. 12;
Supplemental Figure 1B). These peptides were also cultured with
the T cell clone for 24 hours, and the concentration of IFN-y in
the supernatants was determined by ELISA (Supplemental Figure
1C). When complexed with H-2L4, 35 of the 96 peptides bound to
and induced IFN-y production from the T cell clone better than
the AH1 peptide. I in position 4, T and Y in position 5, and W
in position 7 did not improve binding or IFN-y production. Six
peptides were chosen for further analysis because they offered a
range of binding in the TCR-pMHC interaction and stimulated
varying amounts of IFN-y production from the T cell clone (Table
1). The amino acid sequences of mimotopes selected from the
library were significantly different from the natural AH1 sequence
but differed from each other only in the first 3 amino acids. These
changes in the 3 N-terminal amino acids were chosen to minimize
large structural differences among the mimotopes. However, even
single amino acid substitutions may result in structural changes
throughout the entire peptide (40, 41).

To further characterize the binding of these 6 peptides in the
TCR-pMHC interaction, they were incubated with Ld-tet, and the
complex was used to stain the T cell clone that recognizes AHI.
As shown in Figure 1A, all of the mimotopes showed increased
tetramer binding relative to the AH1 peptide. Mimotopes 15 and
51 bound strongest, followed by mimotopes 39 and 27. Mimo-
topes 75 and 87 had the weakest tetramer binding of the identi-
fied peptides, but still bound the T cell clone stronger than the
AH1 peptide. We observed a similar hierarchy of binding when we
used soluble multimerized TCRs to stain T2 cells expressing H-2Ld
bound to peptide (data not shown).

We also determined the affinity of the TCR-pMHC interac-
tion by surface plasma resonance (SPR), which eliminates the
potential contribution of binding by the CD8 molecule and acti-
vation-induced membrane changes (Figure 1B) (26, 42, 43). In
these experiments soluble TCR was immobilized and the pMHC
complexes were in the solution phase (Figure 1B), or soluble TCR
was exposed to immobilized H-2Ld and peptide (data not shown).
Monomer H-2Ld/mimotope complexes bound to the TCR in the
same rank order by SPR analysis as multimer Ld-tet/mimotope
complexes (tetramers) bound to T cells. Therefore, the Kq values
for TCR-pMHC interactions correlate with tetramer binding.

One difference between the peptides that mediate high and inter-
mediate levels of tetramer binding is a P in position 2. Since posi-
tion 2 is an anchor position for peptides bound to H-2L4 (44, 45),
the enhanced tetramer binding could be due to increased peptide
binding to the MHC molecules of the tetramer (i.e., better presenta-
tion). To test this possibility we compared the pMHC interaction in
an H-2Ld competition assay (Figure 1C) (46). The AH1 peptide with
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an alanine substitution at position 9 (A9) was shown previously to
bind with decreased affinity to H-2L4 (12), and, as expected, at least
10-fold more A9 peptide was required to compete for the H-2L¢
relative to the AH1 peptide. No competition was observed with the
H-2KP-restricted SIINFEKL peptide. All of the mimotopes com-
peted for soluble H-2Ld as well as the AH1 peptide, suggesting that
the amino acid substitutions did not significantly change binding
to MHC. Thus, the enhanced binding mediated by the mimotopes
relative to the AH1 peptide shown in Figure 1B is not a result of
increased binding to MHC. In addition, the superior binding seen
with H-2L4 bound to mimotopes 15 and 51 cannot be attributed to
improved MHC binding since mimotopes 39 and 27 bound MHC
with similar if not slightly increased affinity.

Tetramer binding directly correlates with functional activation of the T cell
clone. Tetramer staining does not always correlate with the function-
al avidity of the TCR-pMHC interaction (47). Therefore, we tested
whether the mimotopes stimulate the activation of the T cell clone
and whether the dose response correlates with the binding analyses
from Figure 1. We incubated the clone with increasing amounts of
peptides and determined production of IFN-y, T cell proliferation,
and 50% effective concentration (ECso) values, which represent the
molar concentration of the peptides that produce 50% of the maxi-
mum proliferation in culture. As shown in Figure 2A, the mimo-
topes all induced production of IFN-y from the T cell clone at lower
concentrations than the AH1 peptide. The low- and intermediate-
affinity mimotopes stimulated production of IFN-y with 10- and
100-fold less peptide, respectively. The highest-affinity mimotopes,
15 and 51, stimulated IFN-y production from the clone at the lowest
concentration of peptide tested (1 pM). We observed similar results
for proliferation of the clone in response to mimotope stimulation
and these results were used to calculate ECsq values. The ECsq values
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Figure 1

Affinity characterization of mimotope peptides. (A) Relative avidities of
the TCR-pMHC interactions were determined by staining a T cell clone
that recognizes the AH1 peptide with increasing concentrations of
Ld-tet incubated with the indicated peptides. The H-2L9-restricted p-gal
peptide (64) did not bind the TCR from the T cell clone. Data are pre-
sented as mean fluorescence intensity (MFI) and are representative of
3 independent experiments. (B) Affinity binding analysis of the pMHC
complexes for the TCR from the T cell clone were determined using
SPR. Increasing concentrations of soluble H-2L4 monomers incubated
with peptide were exposed to the immobilized TCR on a biosensor
surface. Equilibrium-binding measurements were used to construct
Scatchard plots. Kq values were calculated by nonlinear regression
analysis of the response units plotted against H-2Ld concentration
(Prism, version 4.0; GraphPad Software). (C) Relative affinities of the
peptides for H-2L9 were determined using competition assays. The
indicated peptide concentrations and 40 uM monomeric H-2L9 were
exposed to the immobilized pMCMV-C4 peptide on a biosensor sur-
face. The amount of H-2L? bound to pMCMV-C4 is reflected by the
change in RU after 1 minute. Data are presented as RU relative to
binding of empty H-2Ld to the MCMV-C4 peptide. Hi, high affinity; Int,
intermediate affinity; Lo, low affinity.

for the high-affinity mimotopes were 3 orders of magnitude higher,
the intermediate-affinity mimotopes were 2 orders of magnitude
higher, and the low-affinity mimotopes were 2- to 4-fold higher than
the ECs value for the AH1 peptide. Overall, these data show a cor-
relation between affinity and functional avidity in this system, and
major differences in functional avidity result from relatively small
changes in the affinity of the TCR-pMHC interaction.

Vaccination with intermediate-affinity peptides provides optimal tumor
protection. To determine the correlation between affinity and tumor
immunity, mice were primed and boosted with the adjuvant lipo-
some-antigen-nucleic acid complex (LANAC) (48) with 0.1, 1, 10,
or 100 ug of peptide followed by subcutaneous challenge with the
CT26 tumor. As shown in Figure 3, A-D, the AH1 peptide provided
no protection against tumor growth at any concentration relative
to priming with adjuvant alone (Figure 3A). In addition, minimal
tumor protection was observed following vaccination with the
high-affinity mimotope 15, which peaked at the 10-ug dose (Figure
3C). However, a significant number of mice treated with the inter-
mediate-affinity mimotope 39 remained tumor free for more than
60 days at both 10 ug and 100 ug (Figure 3, C and D). To determine
whether these results represent the other identified mimotopes, we
tested the entire panel in this tumor protection assay with 10 ug
of peptide (Figure 3C). Indeed, vaccination with the low-affinity
peptides, 78 and 87, and the other high-affinity peptide, 51, did not
protect against tumor formation. The other intermediate-affinity
peptide, 27, protected significant numbers of mice. Thus, unlike
what might be predicted from the in vitro experiments, the inter-
mediate-affinity peptides provide superior protection from tumor
formation relative to the low- or high-affinity peptides. In addition,
vaccination with a range of peptide concentrations demonstrates
that the observed differences between the intermediate- and high-
Volume 116 ~ Number 9
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Figure 2

Mimotopes potently activate the T cell clone. The T cell clone was cultured

with increasing concentrations of the AH1 peptide, mimotopes, or the

tive control 3-gal peptide. (A) Production of IFN-y, as determined by ELISA,
from the T cell clone in response to incubation for 24 hours with the indicated
peptide. (B) After 24 hours, 3H-thymidine was added to the cultures, and
3H-thymidine incorporation was measured at 48 hours. Data are represen-
tative of 2 experiments per peptide, and each data point was performed in
triplicate and averaged. ND, no data (ECso was too low to be determined).

affinity peptides are not due to the immunization dose but to an
intrinsic response by the responding T cells.

Priming with intermediate-affinity peptides results in optimal AHI-specific
T cell expansion. Although the high-affinity peptides stimulated the T
cell clone better than the intermediate-affinity peptides in vitro, they
did not protect mice from tumor challenge. To determine whether
vaccination with the high-affinity mimotopes, 15 and 51, stimulate
the clonal expansion of tumor-specific T cells, mice were injected
with CT26 tumor cells, palpable tumors were established, and then
mice were vaccinated with the peptides and adjuvant. To ensure that
the tumor was not cured by the vaccine (so that tumor-infiltrating
lymphocytes [TILs| could be obtained), 2-fold more tumor cells
were transplanted relative to the protection assay in Figure 3. TILs
were isolated and stained with Ld-tet/AH1 on day 14 (Figure 4A).
All tumors from mice vaccinated with the mimotopes harbored an
increased frequency of AH1-specific T cells relative to unvaccinated
tumor-bearing mice or mice vaccinated with the AH1 peptide (Fig-
ure 4B). These data suggest that the lack of tumor protection pro-

against the {3 chain of the TCR (Figure 4C). Tetramer-posi-
tive T cells from mice primed with mimotope 39 (intermedi-
ate affinity) and mimotope 15 (high affinity) were similarly
positive for the early activation marker CD69 and the T cell
memory marker CD122 (IL-2Rp) relative to cells primed with
the AH1 peptide. Expression of CD44, an adhesion molecule
and marker for effector T cells, was increased on TILs from the
mimotope-primed mice relative to TILs from the mice primed
with the AH1 peptide. However, there was no consistent dif-
ference in CD44 expression on TILs from mice primed with
the 39 and 15 mimotopes, although in some experiments T
cells from mice vaccinated with mimotope 39 had higher levels than
those vaccinated with mimotope 51 (data not shown). Finally, there
was no difference in cell surface expression of TCR on the T cells
elicited by AH1 or mimotopes. This analysis demonstrates that the
T cells responding to both the high- and intermediate-affinity vac-
cines are similarly antigen experienced, as measured by activation
marker expression. Interestingly, the TILs from AH1-vaccinated mice
appeared to be less activated, despite being recruited to tumor.

T cells elicited by high-affinity peptides bave defects in effector function.
A number of studies investigating T cells that respond to tumors
show defects in one or more effector functions (e.g., cytotoxicity
and cytokine production; refs. 1,22, 49). Rubio et al. showed that in
human cancer patients most cytotoxic TAA-specific T cells express
the protein LAMP-1 (CD107a), a marker for lysosomal granule
exocytosis (19). In addition, CD107a expression correlates with
cytotoxicity in a viral antigen model in mice (50). Thus, we exam-
ined the expression CD107a on mimotope- or AH1-primed T cells
in response to the AH1 peptide. We harvested TILs from mimo-

nega-
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tope- or AH1-primed mice and compared their CD107a expression
following a 5-hour incubation with the AH1 peptide ex vivo. There
was no significant difference in CD107a expression on T cells from
mice vaccinated with the AH1 peptide or mimotopes, indicating
that the defects following vaccination with high-affinity mimotop-
es are not in this part of the cytolytic pathway (Figure SA).

The importance of IFN-y in an effective antitumor T cell response
has been shown previously (1, 51). Thus, we tested TILs from vac-
cinated mice for the production of IFN-y in response to the AH1
peptide. TILs from mice vaccinated with low- and intermediate-affin-
ity mimotopes produced IFN-y in response to the AH1 peptide (Fig-
ure 5B). In contrast, TILs from mice vaccinated with the high-affinity
mimotopes produced significantly less IFN-y following stimulation
with the AH1 peptide (Figure 5SB). The absence of IFN-y production
following ex vivo peptide stimulation was observed over a range of
peptide concentrations (Figure SC). Furthermore, ex vivo stimulation
with the high-affinity mimotope peptides used in the vaccination did
not induce cytokine production (Figure SD). This lack of cytokine
production was not due to downregulation of the TCR since cell sur-
face staining for the TCRf} was the same for TILs from mimotope
39-and mimotope 15-vaccinated mice. Furthermore, T cells elicited
by the high-affinity peptides are not completely unresponsive, since
ex vivo stimulation with PMA and ionomycin induced IFN-y pro-
duction at levels similar to those primed with intermediate-affinity
mimotopes (data not shown). Taken together, these data suggest
that vaccination with peptides of high affinity leads to the expansion
of TAA-specific T cells that lack the ability to produce IFN-y, likely
contributing to their inferior tumor protection.

Discussion

The notion that TCRs are often of low affinity for TAA and not
sufficiently activated by TAA has led to the hypothesis that anti-
tumor immunity can be generated by activating TAA-specific T
cells using mimotopes of higher affinity. Using a combinatorial
peptide library we identified a panel of peptide mimotopes for the
T cell epitope AH1 from the transplantable CT26 tumor (Table 1).
We studied 6 mimotopes that, when complexed with H-2Ld, have
increasing affinities for a TCR that recognizes the H-2L4/AH1 com-
plex. These mimotopes all showed similar binding to H-2Ld, sug-
gesting that the increase in affinity of the TCR-pMHC interaction
is a result of enhanced binding of the MHC-mimotope to the TCR.
Using these mimotopes, we found that to induce an optimal anti-
tumor response, the affinity of the TCR-pMHC interaction must be
higher than the TAA, but cannot be too high. Thus, the intermedi-
ate-affinity peptides elicited optimal antitumor responses.

The sequence of these mimotopes differs in the first 3 of 9 amino
acids. The second amino acid is an anchor residue for binding the
H-2L4 molecule (44, 45). The high-affinity mimotopes and the AH1
peptide have the consensus P at this position. Typically mimotop-
es are designed with consensus anchor residues to ensure optimal
presentation. Although the intermediate-affinity mimotopes, 39
and 27, have N at this position, N has been identified in other
H-2Ld-restricted peptides (Tum QNHRALDL; ref. 52). Using the
SPR competition assay in Figure 1C, we did not detect differences
in binding H-2L4 molecules whether position 2 is a P or an N, but
itis interesting to note that the peptides that were most protective
did not have the consensus anchor residue at position 2.
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Increasing evidence suggests that the
quality, not quantity, of the respond-
ing T cells determines the efficacy of the
response. The mimotopes in the lower-
affinity range expanded fewer AH1-spe-
cific T cells, potentially contributing to
their inability to protect against tumor
challenge (Figure 4A). Vaccination with the
intermediate-affinity mimotopes results
in more AH1-specific T cells relative to the
highest-affinity mimotopes. TILs from
mice vaccinated with both intermediate-
and high-affinity mimotopes were anti-
gen experienced and displayed CD107a in
response to AH1 peptide (Figure 5).

A more striking difference between T
cells expanded by the intermediate- and
high-affinity mimotopes was the observed

0.01 011
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0.01 0.1 1 10
Peptide (nM)

Figure 5

TILs elicited by high-affinity mimotopes produce cytotoxic granules, but have impaired production
of IFN-y in response to antigen. BALB/c mice with day 4 established CT26 tumors were primed
with LANAC alone or LANAC with the indicated peptide on days 4 and 6. (A and B) CD8* TILs
were isolated on day 14 and stimulated with 1 uM AH1 peptide for 5 hours at 37°C. Cells were
stained with CD8 antibody and Ld-tet/AH1 as well as (A) CD107a, a marker of cytotoxic granules,
or (B) IFN-y antibody. The mean + SEM was calculated for 4 mice per peptide. *P = 0.0125.
Functional analysis of TILs from mice vaccinated with LANAC alone was not possible due to low
numbers of AH1-specific T cells. (C and D) CD8+ TILs isolated from mice vaccinated with AH1,
mimotope 39, or mimotope 15 were stimulated with graded concentrations of (C) the AH1 peptide
or (D) the mimotope used for vaccination and stained for intracellular IFN-y after 5 hours at 37°C.

Increasing the affinity of the TCR-pMHC interaction correlat-
ed with increased proliferation and IFN-y production from the T
cell clone in vitro (Figure 2). However, the increased binding did
not correlate with antitumor immunity in vivo; vaccination with
mimotopes whose ECso was 3 orders of magnitude higher than
the TAA resulted in no increase in antitumor immunity (Figure
3). Mimotopes that promote antitumor immunity had a mid-
range affinity that correlated with an ECso 2 orders of magni-
tude higher than the wild-type TAA. Interestingly, a previously
characterized mimotope for the AH1 peptide, AS (12), which
protects mice from tumor challenge, also falls within the range
of the effective intermediate-affinity peptides (data not shown).
It should be noted that none of the mimotopes chosen from the
library exist in the mouse genome so the lack of antitumor activ-
ity seen by the high-affinity mimotopes cannot be attributed
directly to central tolerance.

One important question that arises from these experiments is
how representative results from one T cell clone are relative to a
responding population of T cells. As discussed in the Introduction,
the TCR used was identified multiple times, and the clone it was
derived from had low functional avidity for its cognate ligand, as
expected for T cells specific for self antigens (Figure 2). Thus, both
the precursor frequency and functional avidity likely represent the
responding population. However, future experiments to identify
mimotopes using nonclonal T cell populations that respond to the
TAA will address whether a clone will predict optimal mimotopes
for a polyclonal T cell population.
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functional differences. TILs from mice vac-
cinated with the high-affinity mimotopes
produced significantly less IFN-y. A similar
loss of antigen-specific IFN-y production
by TILs was recently reported in melanoma
patients (49). IFN-y is a potent activator of
macrophages and increases the expression
of MHC class I on tumor cells, making it
crucial for an effective response against
solid tumors (1, 51, 53). The inability of
the TAA-specific T cells to produce IFN-y
in response to vaccination with high-affin-
ity mimotopes may explain why large
numbers of T cells do not protect against
tumor growth. It is important to note that
although IFN-y production was impaired following stimulation
with the AH1 or mimotope peptide, treatment with PMA and
ionomycin induced cytokine production, arguing against a global
defect in these cells. High-affinity TCR-pMHC interactions have
been shown to induce T cell deletion in the periphery (30, 54).
High-affinity mimotopes may lead to deletion of the highest-avid-
ity T cells and/or an expansion of a lower-avidity population of T
cells. These low-avidity T cells have a low sensitivity for peptide
and require high concentrations of cognate peptide for both cyto-
toxic activity and cytokine production (20, 21). This rationale
predicts that vaccination with mimotopes of different affinities
results in the expansion of T cells of varying avidity for the AH1
peptide. Therefore, the intermediate-affinity mimotopes may elicit
a different repertoire of T cells relative to those expanded by the
high-affinity mimotopes, resulting in improved antitumor activ-
ity. Although preliminary analysis of the responding repertoires of
T cells elicited by both intermediate- and high-affinity mimotopes
revealed no obvious differences in TCR Vp chain expression (data
not shown), critical differences in the CDR3 sequence may exist.
Alternatively, strong stimulation through the TCR by the high-
affinity peptides may lead to the expansion of functionally anergic
T cells that do not respond to further stimulation through the
TCR. This response prevents autoimmunity following activation
of self-reactive T cells in the periphery and occurs in mice har-
boring large numbers of transgenic T cells reactive against self
antigens (55-57). Similar to what we observed, these autoantigen-
specific T cells proliferate and upregulate CD44 and CD69, but
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fail to develop effector functions. Functional impairment of CD8
T cells is also observed following lymphocytic choriomeningitis
virus infection, where chronic viral loads lead to an exhausted
population of T cells that lose the ability to produce IFN-y (58,
59). In addition, administration of high-affinity peptide analogs
of a myelin basic protein peptide prevent the onset of experimen-
tal autoimmune encephalomyelitis, suggesting that vaccination
with mimotopes above an optimal affinity may be detrimental
in inducing an optimal T cell response (54). Further analysis of
these functionally unresponsive cells is necessary to understand
the mechanisms of functional impairment.

There is an affinity threshold for peptide vaccines below which
T cells will not proliferate, and this threshold can be overcome by
vaccination with peptides that increase TCR-pMHC affinity (6-10,
12-14). We propose here that there is also an upper boundary for
the affinity of peptide vaccines above which the expansion of func-
tionally unresponsive T cells occurs. MHC-mimotope complexes
with intermediate affinity for the TCR induced the expansion of
TAA-specific T cells that produce IFN-y, demonstrating that this
state of unresponsiveness was not evoked with lower-affinity anti-
gen stimulation. These data have important implications for the
design of peptide vaccines, since much of the previous work with
mimotopes has used functional stimulation of a T cell clone as a
readout for vaccine effectiveness.

In summary, we show here that while peptide stimulation of the
T cell clone in culture correlates well with physical binding param-
eters involving the TCR-pMHC complex, it does not correlate well
with immunogenicity of the same peptide against the tumor. The
peptides of highest affinity may not be appropriate in the design
of effective antitumor vaccines; as immunogens, these high-affin-
ity mimotopes may functionally inactivate the relevant responding
T cells by expanding cells with defective cytokine profiles.

Methods

Peptides. All large-scale peptide syntheses were purified to greater than 95%
by the manufacturers. The sequences of the peptide mimotopes are shown
in Table 1. The sequences of the other peptides used are TPHPARIGL
(B-gal), SPSYVYHQA (A9), SIINFEKL (OVA,s7264) and YPHCMPTNL
(pPMCMV-C4); the A and C substitutions for which the A9 and pMCMV-
C4 peptides, respectively, are named are shown in bold.

Cell culture. The CT26 colon carcinoma cell line was cultured as
described previously (12). The T cell clone that recognizes the AH1 peptide
was generated from the spleen of a BALB/c mouse primed with irradi-
ated CT26-GM and was cultured as described previously (12). Briefly,
2 x 106 T cells were cultured in complete medium and stimulated every 7
days with 1 x 10° splenocytes, 10 U/ml IL-2, and 10 ug/ml peptide.

Peptide library in positional scanning format. An N-terminal nonacety-
lated C-terminal amide L-amino acid nonapeptide library (PCL97-3)
was prepared in a positional scanning format at Multiple Peptide Sys-
tems as described previously (38). Assays to determine which peptide
mixtures stimulate cytokine production from the T cell clone were per-
formed in 96-well round-bottomed plates. Clonal T cells (2 x 10%), irra-
diated BALB/c spleen cells (2 x 104), human f,m (2.5 ug/ml), IL-2 (12.5
U/ml), and peptide library mixtures (100 ug/ml) were cultured in com-
plete medium. Supernatants from the cultures were analyzed in 3 sepa-
rate assays by ELISA for IFN-y after 24 hours per the manufacturer’s
instructions (Pierce Biotechnology; Endogen). Small-scale synthesis of
96 individual peptides was done on an automated synthesizer by the
simultaneous multiple peptide synthesis method (Spyder Instruments
Inc.) and not further purified.
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Antibodies and tetramers. CD8-cychrome, TCRB-FITC, CD44-allophyco-
cyanin (CD44-APC), CD69-FITC, and CD122-FITC antibodies were pur-
chased from BD Biosciences — Pharmingen. IFN-y—APC and CD107a-FITC
antibodies were purchased from eBioscience. H-2L4 multimers (L4-tet) were
produced in a baculovirus expression system as previously described (60).
Briefly, high 5 (Hi5) insect cell cultures were infected with baculovirus
expressing an H-2L4-BirA fusion protein from the polyhedron promoter
and a f,m protein from the P10 promoter. Soluble protein was enriched
on a 28.14.8 antibody (anti-H-2L9) column. The BirA sequence was bioti-
nylated per the manufacturer’s instructions (Avidity), and H-2Ld-biotin
was then combined at a 1:8 ratio with streptavidin-PE (BioSource Interna-
tional). The resulting complexes were purified on a Sephadex 200 column.
Purified Ld-tet was incubated with approximately 200-fold excess peptide
for 24 hours prior to staining. Background tetramer staining was deter-
mined with Ld-tet incubated with the H-2Ld-restricted p-gal peptide.

Proteins. The soluble double-chain TCR was subcloned into a baculovi-
rus expression system and purified as previously described (61). Briefly,
the VB8.3/JB2.6 chain was amplified from the CT-Ig expression plasmid
(12) with primers 5'-ATGGAGGCTGCAGTCACCCAAAGC-3" and 5'-CTG-
GTACACAGCAGGTTCCGGATTCTGGATGT-3' to introduce Pstl and
BglII sites. The fragment was inserted into a modified baculovirus trans-
fer vector downstream of the polyhedron promoter and the V38.2 leader
sequence. The Va4.11/Ja43 chain was amplified using primers 5'-CTAA-
CAGGGAACGTCTGAGCT-3" and 5'-TGCTGGGTCCGCGGTGACTCAG-
TAACCCAGAT-3', then with the same forward primer and 5-GGATTCT-
GTGGGTGCAGATTTGCTGGGTCCGCGGT-3' to introduce the Avrll
and Sacl sites. The fragment was inserted into the baculovirus transfer vec-
tor downstream of the P10 promoter and the Va1 leader sequence. The
sequence was confirmed, and the transfer vector was cotransfected with
BaculoGold viral DNA (BD Biosciences — Pharmingen) into Sf9 insect
cells. Protein conformation was confirmed by ELISA and large-scale pro-
tein production was carried out in Hi5 insect cells. Protein was enriched
from supernatants by affinity chromatography using a HAM-597 anti-
body (anti-TCR CP) column followed by a Sephadex 200 column. Soluble
monomeric H-2Ld was similarly produced, but the BirA sequence from the
Ld-tet construct was replaced with a fragment encoding a stop codon.

Divalent forms of the TCR (CT-Ig) and H-2L4 (L4-Ig) multimerized with
IgG, were purified as described previously (12).

Biosensor analysis. We performed real-time SPR experiments using a Biacore
2000 instrument (Biacore). All immobilization and binding experiments
were performed at 25°C at a flow rate of 5 ul/min. Solution phase ligands
were diluted in HBST (10 mM HEPES, pH 7.5; 3.4 mM EDTA; 15 mM
sodium chloride; 0.1% Tween 20). The H-2Ld peptide competition assays
were performed as previously described (12, 46). Briefly, between 100 and
200 resonance units (RU) of the H-2Ld-restricted pMCMV-C4 peptide were
coupled to a Sensor Chip CMS5 (Biacore). Monomeric H-2L4 and decreasing
amounts of competing peptide (1,0.25,0.125, and 0.0625 uM) were exposed
to the pMCMV-C4 peptide at 5 ul/min for 1 minute. After each binding
reaction, the surface was regenerated with 50 mM phosphoric acid.

For the TCR-pMHC affinity measurements approximately 5,000 RU of
the ADO-304 anti-TCR antibody (gift from J. Kappler, National Jewish
Medical and Research Center, Denver, Colorado, USA) in 25 mM sodium
acetate (pH 5.1) was coupled to the Sensor Chip CMS5 with amine chemistry
(NHS/EDC) as determined by the BIAevaluation 3.0 Application Wizard
(Biacore). Soluble TCR (10 ug/ml) was then bound to the immobilized anti-
body at a flow rate of 5 ul/min for 1 minute. The chip surface was cleared of
excess protein with a S-minute wash with HBST and monomeric H-2L4 and
peptide (1.25, 2.5, 5, or 10 uM) was exposed to the chip at S ul/min. Back-
ground refractive index shift was subtracted as determined by a signal from
a flow cell prepared by the same method without TCR protein.
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IFN-y ELISA and proliferation assays. Stimulation of the T cell clone was
performed by incubating 2 x 10* T cell clones with peptide, 1 x 10° sple-
nocytes and 0.5 U/ml IL-2 for 24 hours at 37°C in a 96-well plate. Super-
natants were harvested, and detection of IFN-y production from the T cell
clone was assayed by ELISA per the manufacturer’s instructions (Pierce
Biotechnology; Endogen). For proliferation assays 1 uCi of *H-thymidine
was added to the wells at 24 hours. Cells were harvested at 48 hours, and
thymidine incorporation was measured using a beta scintillation counter.
Results shown are representative of 2 experiments per peptide, and each
data point was performed in triplicate and averaged. ECso values were cal-
culated using Prism software (version 4.0; GraphPad Software).

Mice and immunizations. Six- to eight-week-old female BALB/cAnNCr
mice were purchased from the National Cancer Institute/Charles River
Laboratories. All experimental protocols were reviewed and approved by
the Institutional Animal Care and Use Committee of National Jewish Med-
ical and Research Center (Denver, Colorado, USA). For tumor protection
assays, mice were primed (day -17) and boosted (day -10) intraperitoneally
with LANAC alone or LANAC and peptide. On day 0, mice were injected
subcutaneously in the left back flank with 5 x 10* CT26 tumor cells (34).
Tumor-free survival was assessed by palpation at the site of injection.
Tumors developed in most untreated mice within 12-14 days. The statis-
tics were analyzed using Prism 4.0 software (GraphPad Software).

For analysis of TILs, mice were injected subcutaneously with 1 x 105 CT26
cells. On days 4 and 6, mice were injected with LANAC alone or LANAC
and peptide and tumors were harvested on day 14. Tumors were disrupted
into a single-cell suspension through a metal screen and stained.

Preparation of LANAC vaccines. LANACs are composed of cationic lipo-
somes, plasmid DNA, and peptide antigens. Briefly, equimolor concentra-
tions of DOTIM (octadecenolyoxy{ethyl-2-heptadecenyl-3 hydroxyethyl}
imidazolinium chloride; Sigma-Aldrich) and cholesterol (Avanti Polar
Lipids Inc.) were dissolved in chloroform in glass tubes to a final concen-
tration of 2 mM. The solution was dried to a film in a vacuum desiccator.
The lipids were rehydrated in 5% dextrose in water at 50°C for 50 minutes
and incubated for 2 hours at room temperature. The solution was pro-
cessed and mixed with plasmid DNA as previously described (62, 63). The
peptides were gently mixed with the liposome-DNA complexes at the con-
centrations indicated in Results and the figure legends prior to injection.

Flow cytometric analysis. To examine specific ligand binding, 5 x 105 T cell
clones were incubated on ice for 1 hour with Ld-tet that was preincubated with

—_

1 mM peptide. For staining with CT-Ig, 3 x 105 T2-L¢ cells were incubated over-
night at 25°C in serum-free medium and then incubated with 10 uM peptide
for 2 hours at 37°C. CT-Ig was added, and the cells were incubated on ice
for 2 hours. CT-Ig binding was visualized with IgG;-Biotin (BD Biosciences)
and avidin-PE (BioSource International). TILs were stained with the Fc anti-
body 2.4G2, Ld-tet, and antibodies to cell surface markers. Intracellular IFN-y
staining was performed with BD Cytofix/Cytoperm kit (BD Biosciences)
per the manufacturer’s instructions. Briefly, 5 x 10 cells were incubated for 5
hours at 37°C with AH1, mimotope, or the negative control f-gal peptide in
the presence of Brefeldin A. Positive control wells were activated with 100 nM
PMA and 500 nM ionomyocin for 4 hours. For CD107a staining, cells were
stimulated by a similar method in the presence of 0.5 ug CD107a antibody.

Statistics. Data are presented as mean + SEM. Statistical differences between
2 groups were analyzed using an unpaired 2-tailed Student’s ¢ test. Survival
data were analyzed by Kaplan-Meier survival curves and log-rank statistics. A
Pvalue less than 0.05 was considered to be statistically significant.
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