High vaccination efficiency of low-affinity epitopes
in antitumor immunotherapy
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Most of the human tumor-associated antigens (TAAs) characterized thus far are derived from nonmutated “self”-proteins. Numerous strategies have been developed to break tolerance to TAAs, combining various forms of antigens with different vectors and adjuvants. However, no study has yet determined how to select epitopes within a given TAA to induce the highest antitumor effector response.
We addressed this question by evaluating in HLA-A*0201-transgenic HHD mice the antitumor vaccination efficacy of high- and low-affinity epitopes from the naturally expressed murine telomerase
reverse transcriptase (mTERT). Immunity against low-affinity epitopes was induced with heteroclitical variants. We show here that the CTL repertoire against high-affinity epitopes is partially tolerized,
while that against low-affinity epitopes is composed of frequent CTLs with high avidity. The highaffinity p797 and p545 mTERT epitopes are not able to protect mice from a lethal challenge with the
mTERT-expressing EL4-HHD tumor. In contrast, mice developing CTL responses against the p572
and p988 low-affinity epitopes exhibit potent antitumor immunity and no sign of autoimmune reactivity against TERT-expressing normal tissues. Our results strongly argue for new TAA epitope selection and modification strategies in antitumor immunotherapy applications in humans.
J. Clin. Invest. 113:425–433 (2004). doi:10.1172/JCI200419418.

Introduction
Since the majority of tumor-associated antigens (TAAs)
are nonmutated self-proteins expressed on normal tissues including the thymus (1, 2), self-tolerance is a
major barrier to the development of T cell responses
capable of tumor rejection. Self-tolerance shapes a TAA
repertoire that has been purged of high-avidity CTLs
and thus only weakly effective at eliciting in vivo antitumor immunity, as shown for the CTL response
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against p53 and tyrosinase epitopes (3, 4). Indeed the
efficacy of vaccination protocols depends on the avidity of the recruited CTLs (5, 6). In the B16 melanoma
model, differences in the avidity of CTLs that recognize
p15E and TRP2 self-antigens are critically important
for their in vitro and in vivo antitumor efficacy (7).
Several different powerful approaches have been pursued to recruit rare high-avidity CTLs and override tolerance. Vaccination has been combined with either
enhancers of the immune response such as cytokines
(8) and costimulatory molecules (9), or blockade of
negative regulators of T cell response such as CTLA-4
and regulatory T cells (10). Cellular or gene therapy
protocols based on dendritic cells (11), exosomes (12),
heat shock proteins (13), or recombinant virus (14)
have also been successful in the induction of protective
immunity in mice. Various forms of the antigen were
also compared, such as peptide, protein, plasmid DNA,
or RNA derived from the autologous sequence or a
xenogeneic one (11, 15). However, no study has yet
determined which epitopes within a given TAA are the
best target in antitumor vaccination.
Many influences contribute to the immunodominance process: the binding of peptides to class I molecules, the efficiency of antigen presentation including
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competition between determinants and alleles, and differential regulation of proteasome cleavages (16, 17).
Self-tolerance concerns mainly the T cell repertoire,
restricted by dominant self-epitopes and, rarely, by the
cryptic epitopes as already shown (18, 19). Since the
CTL repertoire specific for cryptic epitopes might
escape the negative selection process, high-avidity CTLs
against cryptic epitopes should be recruited with ease
and produce a potent antitumor immunity. It is difficult, however, to predict the variables that govern epitope crypticity and dominance within a given TAA.
Since dominant determinants are often good binders
while cryptic ones are poor binders, we decided here to
analyze the antitumor vaccination potential of CTLs
raised against high- and low-affinity epitopes.
Low-affinity epitopes are poorly immunogenic if
immunogenic at all, however. To circumvent this problem, we have created modified heteroclitical peptides to
enhance their affinity for class I molecules while preserving the amino acids that interact with the T cell
receptor (TCR) (20, 21). Vaccination with such variants
of low-affinity epitopes of the influenza nucleoprotein
induces a potent anti-influenza PR8 protective immunity in C57BL/6 mice (22). Furthermore, the majority
of low-affinity peptides restricted by HLA-A*0201
modified with a tyrosine in the first position (P1Y) have
enhanced capacity to bind this MHC molecule and
become highly immunogenic in HHD mice (23). This
approach allowed us to identify new epitopes of the
human Her-2/Neu proto-oncogene and telomerase
reverse transcriptase (TERT) antigens (24).
TERT is considered a potential target for cancer
immunotherapy, since malignant cells preferentially
express this antigen, which is present in more than 80%
of human tumors. Its normal expression is limited to
specific normal cells and tissues, including germinalcenter B cells, activated B and T cells, the thymus, the
gut, and the bone marrow (25–27). Numerous epitopes
have been identified thus far that are restricted either
by MHC class I (A2.1, A3, and A24) or by class II molecules (DR7) (28–31). However, in vivo antitumor
immunity against TERT has been observed only using
TERT RNA-transfected dendritic cells (32), and the
TERT rejection epitopes are still unknown. We evaluate here in HLA-A*0201-transgenic HHD mice the
antitumor efficacy of high- and low-affinity epitopes of
the murine TERT (mTERT). The size and avidity of
their repertoire correlate with their antitumor efficacy.
In addition, successful tumor vaccination with lowaffinity mTERT epitopes does not induce autoreactive
responses against normal tissues expressing mTERT.

Methods
Animals. The HLA-A*0201-transgenic HHD mice have
been previously described (20).
Cells. Murine RMAS/HHD, RMA/HHD, EL4S3Rob/HHD (EL4/HHD), RMA, and EL4S3-Rob cells
have been previously described (20). Cells were grown
in RPMI 1640 medium supplemented with 10% FCS.
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Peptides. Peptides were synthesized by Synt:em
(Nîmes, France).
Measurement of peptide relative affinity (RA) for HLAA*0201. The protocol used to measure RA has been
described previously (23). Briefly, T2 cells were incubated with various concentrations of peptides (0.1–100
µM) for 16 hours and then stained with the mAb BB7.2
to quantify the surface expression of HLA-A*0201. For
each peptide concentration, the HLA-A*0201-specific
staining was calculated as the percentage of the staining obtained with 100 µM of the reference peptide
HIVpol589 (IVGAETFYV). The RA is determined as the
ratio between the concentration of each peptide and
the concentration of the reference peptide that induces
20% of HLA-A*0201 expression.
Assessment of peptide–HLA-A*0201 complex stability. As
previously described (23), T2 cells were incubated
overnight with 100 µM of each peptide at 37°C in
serum-free medium. Cells were then incubated with
Brefeldin A (Sigma-Aldrich, St. Louis, Missouri, USA)
at 10 µg/ml for 1 hour, washed, and incubated at 37°C
during 0, 2, 4, or 6 hours in the presence of Brefeldin A
at 0.5 µg/ml. Cells were stained with BB7.2 mAb. For
each time point, peptide-induced HLA-A*0201 expression was calculated as the mean fluorescence of peptide-preincubated T2 cells minus the mean fluorescence of T2 cells treated in similar conditions in the
absence of peptide. Dissociation complex 50 (DC50)
was defined as the time required for the loss of 50% of
the HLA-A*0201–peptide complexes stabilized at t = 0.
Generation of CTL in HHD mice. HHD mice were injected subcutaneously with 100 µg of peptide emulsified
in incomplete Freund’s adjuvant (IFA) in the presence
of 150 µg of the I-Ab-restricted HBVcore128 TH epitope.
After 11 days, spleen cells (5 × 107 cells in 10 ml) were
stimulated in vitro with peptide (10 µM) in RPMI 1640
plus 10% FCS. The CTL lines were established by weekly in vitro restimulation with irradiated spleen cells in
the presence of peptide (1 µM) and 50 U/ml IL-2 (Proleukin, Chiron Corp., Emeryville, California, USA).
Cytotoxic assay. We incubated 51Cr-labeled peptidepulsed (37°C for 60 minutes) or unpulsed targets
(2.5 × 103 cells) with different concentrations of effector cells in a total volume of 200 µl at 37°C for 4 hours.
After incubation, a 100-µl aliquot of supernatant was
collected, and radioactivity was measured in a γ-counter. The percentage of specific lysis was determined as
(experimental release – spontaneous release) / (maximal release – spontaneous release).
Histology and immunohistology staining. For histological
studies, subcutaneous immunization was performed
with mTERT or control peptide (100 µg), the HBVcore128 TH peptide (150 µg), and IFA, and repeated once
after 14 days. At different time points after vaccination,
necropsy was performed; 4-µm-thick paraffin sections
were then made from the sampled tissues and stained
with H&E–safranin (Merck KGaA, Darmstadt, Germany). For immunohistology, 5-µm-thick acetonefixed frozen sections were incubated with rat anti-CD4,
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anti-CD8, or anti-CD19 Ab (Pharmingen, San Diego,
California, USA). After washing, a rabbit anti-rat Ig Ab
and then APAAP complex specific for rat (DAKO Corp.,
Trappes, France) were added. Alkaline phosphatase
activity was revealed with Red Alkaline Phosphatase
Substrate Kit I (Vector Laboratories Inc., Burlingame,
California, USA).
Flow cytometry. Cells were incubated with the 2.4G2
mAb for 15 minutes to block Fc receptor and then
stained with anti-B220–APCs, anti-IgD–FITC, antiIgM–phycoerythrin (anti-IgM–PE) (Pharmingen, Becton Dickinson Biosciences, Le Pont de Claix, France)
for 30 minutes. For tetramer staining, cells from
peripheral blood were stained with 15 µg/ml of PE-coupled HLA-A*0201–p797 (SVFDFFHFL) or HLAA*0201–p572Y (YLFFYRKSV) tetramer in the presence
of anti–Fc receptor Ab (clone 2.4G2) in 20 µl PBS, 2%
FCS for 1 hour at room temperature. Cells were washed
once in PBS with 2% FCS and then stained with antiCD44–FITC (clone 1M.178), anti-TCRβ–CyChrome
(clone H57), and anti-CD8α–APC (clone 53.6.7)
(Pharmingen, Becton Dickinson Biosciences) in 50 µl
of PBS with 2% FCS for 30 minutes at 4°C and then
immediately analyzed in a FACSCalibur (Pharmingen,
Becton Dickinson Biosciences).
Telomerase activity assays. Telomerase activity was measured by conventional TRAP assay after CHAPS protein
extraction using the TRAPeze kit (Intergen Co., Oxford,
United Kingdom). CHAPS extraction was performed
using 103 primary HHD cells or tumor cells. Real-time
quantitative TRAP PCR was performed using ABI
PRISM 7700 Detection System (Perkin-Elmer Applied
Biosystems, Foster City, California, USA) and SYBRGreen (Applied Biosystems, Foster City, California,
USA) as previously described (33) in a total reaction
volume of 25 µl containing 0.4 µg of CHAPS extract.
The standard curve was established using serial dilutions of HL60 cell CHAPS extracts (from 1 to 105 cells).
ELISA. IgM and IgG concentrations in sera were
measured by ELISA and determined by comparing the
displacement of the dilution curves in the linear interval between standard IgM and IgG at a concentration
of 1–10 µg/ml and the serum samples.
ELISPOT assay. Peptide-specific T cells from vaccinated mice were counted by IFN-γ ELISPOT as previously
described (21). Anti-mouse IFN-γ mAb’s (5 µg/ml)
(Pharmingen, Becton Dickinson Biosciences) were
coated onto 96-well nitrocellulose microplates (Multiscreen; Millipore Corp., Molsheim, France). After red
cell lysis, freshly isolated splenocytes (3 × 106 cells/well
and serial dilutions) were directly cultured with or
without 10 µM of native peptide. For each cell suspension, concanavalin A (ConA) was added (5 µg/ml) as a
positive control. After 18 hours, plates were washed
three times with PBS-Tween and PBS, incubated 2
hours with biotinylated anti-mouse IFN-γ (Pharmingen, Becton Dickinson Biosciences) and 1.5 hours with
alkaline phosphatase–conjugated streptavidin (Roche
Molecular Biochemicals, Mannheim, Germany). Spots
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were developed by adding peroxidase substrates,
5-bromo-4,3-indolyl phosphate, and nitroblue tetrazolium (Promega Corp., Madison, Wisconsin, USA)
and counted using the automated image analysis system ELISPOT Reader (Autoimmun Diagnostika
GmbH, Strassberg, Germany).
In vivo tumor protection assay. HHD mice were vaccinated with 100 µg of peptide emulsified in IFA in the
presence of 150 µg of the I-Ab-restricted HBVcore128
epitope, once and then again 2 weeks later. One week
after the second vaccination, they were challenged subcutaneously with 2 × 104 EL4/HHD cells. Tumor volumes were measured with calipers.

Results
Identification of high- and low-affinity HLA-A*0201-restricted mTERT epitopes. To identify high-affinity mTERT epitopes, we evaluated five peptides (p530, p534, p545,
p797, and p876) that had the highest predictive score
for HLA-A*0201 binding, based on a peptide-motif
scoring system (Table 1) (34). These peptides exhibited
a high affinity (RA < 2) and formed stable peptide–
HLA-A*0201 complexes (DC50 > 6 hours). Upon immunization the strong binders p530 and p534 were nonimmunogenic, while the intermediate binders p545,
p797, and p876 triggered specific cytotoxic T cell
responses in HHD mice (Figure 1a). For p530 and
p534, three to five mice per group in three independent
experiments have been immunized; this led us to
hypothesize that the lack of response may be due to
complete tolerance of their CTL repertoire. Next, we
generated CTL lines specific for p545, p797, and p876
(CTL545, CTL797, and CTL876, respectively) and tested
their capacity to recognize endogenously processed
mTERT. CTL545 and CTL797 killed the TERT+ HLAA*0201+ EL4/HHD but killed neither the TERT+ HLAA*0201– EL4S3-Rob cells nor the HLA-A*0201+ TERT+
RMAS/HHD control cells, which are deficient for the
transporter associated with antigen processing (TAP)
transporter deficient. None of the CTL lines against
p876 killed any of these targets (Figure 1b). We further
checked the capacity of CTL797 to recognize endogenous mTERT in another tumor cell line using
RMA/HHD cells (Figure 1c). As with EL4/HHD cells,
we found that CTL797 killed TERT+ HLA-A*0201+
RMA/HHD but not TERT+ HLA-A*0201– RMA cells.
Next, to identify the low-affinity binding peptides,
which may behave as cryptic epitopes, we relied on our
previous characterization of two human TERT epitopes
(p572 and p988) exhibiting a very low affinity for HLAA*0201, and also present in the mTERT sequence (24).
Here we show that these two peptides are nonimmunogenic in their native form but can trigger immune
responses when used as P1Y heteroclitical variants with
high affinity for HLA-A*0201 (23). Here, too, the corresponding CTL572 and CTL988, generated in HLAA*0201-transgenic mice, recognized naturally expressed
endogenous mTERT (Figure 1b). As with the dominant
peptides, CTL generated in HHD mice vaccinated with
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Table 1
Affinity for HLA-A*0201 of mTERT-derived peptides
Peptides
p530
p534
p545
p797
p876
p572
p572Y1
p988
p988Y1

Sequence
ILATFLFWL
FLFWLMDTYV
QLLRSFFLHFL
SLFDFFHFL
FLSTLVHGV
RLFFYRKSV
YLFFYRKSV
DLQVNSLQTV
YLQVNSLQTV

RAA
0.8
0.2
1.8
1.5
1.2
25.3
2.2
28.6
2.1

DC50 (hours)B
>6
>6
>6
>6
>6
<2
5
<2
>6

ARelative affinity (RA): concentration of each peptide/concentration of the reference peptide that induce 20% of HLA-A*0201 expression obtained by 100 µM
of the reference peptide. BDC50: half-life of the peptide/HLA-A*0201 complex.

p572Y and p988Y peptides killed the EL4/HHD but
killed neither the EL4S3-Rob cells nor the RMAS/HHD
cells. The HLA-A*0201-restricted recognition of
endogenous mTERT by CTL572 was also confirmed here
using RMA/HHD cells as targets (Figure 1c).
Together, these results demonstrate that the high-affinity p545 and p797 and the low-affinity p572 and p988 are
HLA-A*0201–restricted epitopes of the mTERT.
Quality of the CTL repertoire specific for high- and low-affinity mTERT epitopes. To analyze the quality of the antitumor CTL repertoire for each peptide, we monitored
CTL avidity and frequency, both of which are crucial
for the efficacy of tumor immunotherapy (5–7). Since
TERT is highly expressed in the thymus, we expected
differences in the quality and quantity of the CTL spe-

cific for either the high-affinity TERT (p545 and p797)
peptides or the low-affinity (p572 and p988) peptides.
The frequency of CTLs was evaluated 11 days after vaccination directly ex vivo by ELISPOT assay against target loaded with native peptides. Indeed, we found a
greater number of CTLs recognizing the low-affinity epitopes p572 and p988 (0.65% ± 0.06% and 0.75% ± 0.08%
of CD8+ cells, respectively) than recognizing the highaffinity p545 and p797 (0.1% ± 0.01% and 0.3% ± 0.06%)
(Figure 2a). Second, we estimated the CTL avidity from
the concentration of peptide that gives the half-maximal lysis (KC50) of RMAS/HHD using peptide primed
spleen cells stimulated once in vitro with the cognate
TERT peptide. To account for the difference in the
affinity of the peptides, the measured KC50 was normalized by the RA of individual peptide to HLAA*0201, allowing comparison of TCR avidity for equivalent numbers of HLA–peptide complexes on target
cells. Here too, CTLs specific for the low-affinity p572
and p988 epitopes exhibited a higher avidity (10.5 ± 6
nM and 7.8 ± 1.3 nM) than CTLs specific for the highaffinity p545 and p797 epitopes (83 ± 35.8 nM and
108.9 ± 40.6 nM) (Figure 2b). It is noteworthy that avidity and frequency of CTLs against the low-affinity epitopes were comparable to those of CTLs recognizing
the nonprocessed p876 peptide as well as the influenza virus M58 epitope.
We found qualitative and quantitative differences
between CTL repertoires directed against high- and lowaffinity epitopes of the mTERT; these differences could
result from deletion mechanisms operating in the thymus or anergy induction due to TAA recognition on

Figure 1
Recognition of murine tumor cells by CTLs raised against mTERT peptides with high and low affinity for HLA-A*0201. (a) HHD mice were
vaccinated with mTERT high-affinity peptides, and their spleen cells were restimulated in vitro 11 days later with the cognate peptide. CTLs
were tested against RMAS/HHD cells loaded with an irrelevant (white bars) or the cognate peptide (light gray bars) at a 40:1 lymphocyte/target ratio. Results from one representative mouse per group are shown. (b) CTL545, CTL797, CTL876 CTL572, and CTL988 lines were tested against RMAS/HHD loaded with an irrelevant or the cognate peptide, EL4S3-Rob, and EL4/HHD as indicated at a 20:1 lymphocyte/target ratio. (c) CTL797 and CTL572 lines were tested against RMAS/HHD loaded with an irrelevant or the cognate peptide, RMA, and RMA/HHD
cells at a 20:1 lymphocyte/target ratio.
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Figure 2
Quality of the mTERT epitope–specific CTL repertoire. From 5 to 10 mice were vaccinated with the high-affinity p545 and p797, the heteroclitical p572Y and p988Y, or the nonself controls p876 and fluM58 peptides. Results represent the mean per group and are expressed as
mean ± SEM. (a) CTL frequency was evaluated ex vivo 11 days after vaccination by a standard 24-hour IFN-γ ELISPOT assay with cognate
native peptides. Spot-forming units (SFUs) for 106 CD8+ splenocytes are represented. (b) Avidity of CTLs after 1 week of in vitro restimulation was defined by measuring the normalized concentration of native peptide that gives 50% of maximal lysis (KC 50). The normalized concentration was the ratio of peptide concentration to the RA. CTL frequency and KC 50 were compared using the nonparametric Mann-Whitney U test; asterisks in a and b indicate values that were considered significant (P < 0.05). (c) Peripheral blood mononuclear cells from naive
or immunized mice 11 days earlier were stained with specific PE-coupled HLA-A*0201/p797 or (d) HLA-A*0201/p572Y tetramer together
with anti-CD8–APC, anti-TCRβ–CyChrome, and anti-CD44–FITC. Representatives staining gated in TCRβ+ CD44+ are shown.

peripheral tissues. To discriminate between these two
phenomena, we used tetramers to detect antigen-specific peripheral blood T lymphocytes. Tetramers specific for p797 and p572Y were first validated on specific
CTL lines (data not shown). Significant responses were
defined as those with a frequency of tetramer-positive
cells above that found in naive mice plus three times the
SD. With this criterion, none of the 9 mice immunized
with the p797 peptide presented a significant response
(Figure 2c), whereas 8 out of 11 mice immunized with
the p572Y peptide presented a significant response (Figure 2d). The low avidity of the p797 repertoire combined with the absence of recognition of human
tetramer by mouse CD8 may account for the lack of
tetramer staining. In the case of the p572 epitope, we
found similar amounts of CD8-specific cells by tetramer
staining (0.52% ± 0.67% of CD8+ cells) and by IFN-γ
ELISPOT assay (0.65% ± 0.06% of CD8+ cells), suggesting that p572-specific cells are not anergic. As expected,
nearly all tetramer-positive cells displayed an activated
phenotype, as shown by the upregulation of the CD44
activation marker at their surface (data not shown).
Collectively, these results indicate that the CTL repertoire directed against low-affinity epitopes is poorly
affected by central deletion.
The Journal of Clinical Investigation
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In vivo tumor immunity induced by high- and low-affinity
mTERT epitopes. To compare the vaccine efficacy of
high- and low-affinity mTERT epitopes, we immunized
HHD mice with p545, p797, p572Y, and p988Y once
and then again after 2 weeks. HHD mice immunized
with the irrelevant gp100154 peptide were used as negative controls. At 7–10 days after the second immunization, we challenged mice with 2 × 104 EL4/HHD cells
and monitored tumor growth and survival. The results
(Figure 3a) show that at day 40 after challenge there
was no difference in tumor size between mice vaccinated with high-affinity mTERT epitopes and the control
gp100154 peptide, suggesting that vaccination with the
high-affinity p545 and p797 TERT epitopes does not
induce a protective tumor immunity. In contrast,
tumor size in tumor-bearing p572Y- and p988Y-vaccinated mice was significantly lower than in control mice
(P < 0.0001). Furthermore, 33% and 25% of mice vaccinated with the p572Y and p988Y peptides, respectively, were tumor free at this time point. Since slow tumor
growth or metastases appearance cannot be monitored
by tumor size only, survival was checked during the
course of 3 months (Figure 3b). In fact, whereas all
high-affinity mTERT epitope- or control-vaccinated
mice died before day 55, 25% of mice vaccinated with
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Figure 3
In vivo antitumor immunity induced in HHD mice vaccinated against mTERT high- and low-affinity epitopes. HHD mice were vaccinated
with high-affinity or heteroclitical P1Y peptides once and then again 2 weeks later. Mice were challenged 7–10 days after the second vaccination with 2 × 104 EL4/HHD cells. The antitumor immunity was evaluated by measuring the tumor size 35–40 days after challenge (a) and
survival (b). Cumulative results from three independent experiments are shown. Tumor sizes in HHD mice vaccinated with p988Y and p572Y
were statistically different from the tumor sizes in control HHD mice (P < 0.0001), as assessed by nonparametric Mann-Whitney U test analysis (*). Survival statistically different from that of control gp100154-vaccinated HHD mice is indicated; **P < 0.03 by Tarone and Ware test.

p572Y and p988Y were still alive at day 80 (P < 0.02).
Since our results obtained in vitro argued against
These results demonstrate that heteroclitical low-affin- potential self-reactivity of p572-specific CTLs, we furity TERT epitopes induce an antitumor protective ther checked in vivo the presence of autoimmune reacimmunity while high-affinity epitopes do not.
tions. HHD mice vaccinated with p572Y and the conVaccination with the heteroclitical low-affinity p572Y epitope trol gp100154 peptides were examined histologically
does not induce autoimmune phenomena. In mice, TERT is (Figure 5a) and immunohistologically (data not
found in germ cells, hematopoietic progenitors, thy- shown) at different time points (from 6 weeks to 1 year)
mocytes, germinal-center B cells, activated lympho- after vaccination. At 6 months after vaccination,
cytes, as well as in some vital solid organs including the splenic B-cell follicles retained their normal architecliver, kidneys, and brain (25–27). To evaluate the poten- ture and cellular compartmentalization. The lymph
tial autoreactivity against low-affinity TERT peptides nodes, Peyer’s patches, and thymus were normal. The
as induced by heteroclitical peptides, we first tested liver was also normal, without any lymphoid infiltrawhether CTLs generated by the heteroclitical p572Y tion. Similar results were obtained 1 year after vaccinapeptide recognize such mTERT-expressing normal cells tion. Moreover, phenotypic analysis of spleen cells did
as activated B cells. Results presented in Figure 4a show not show any marked diminution of IgMhighIgDlow-actithat the CTL572 line does not kill activated
B cells from HHD mice, confirming our
previous data suggesting that human
CTLs against p572 do not kill activated
HLA-A*0201+ B cells (unpublished data).
The absence of reactivity against normal
cells, such as activated B cells, could be
attributed to low expression of TERT in
normal cells compared with tumor cells.
However, mTERT-specific mAb’s are not
available to test this hypothesis directly.
Instead, we performed a real-time PCR
TRAP-modified assay to quantify telom- Figure 4
erase activity, since the TERT subunit is Susceptibility to cell lysis by CTL572 correlates with telomerase activity in vitro. (a)
the limiting factor for this activity (35). We CTL572 line was tested against LPS-activated B cells from HHD (filled circles) and
found that RMA/HHD and EL4/HHD C57BL6 (open circles) mice. E/T ratio, effector/target ratio. (b) Quantification of
cells exhibit 10- to 20-fold higher levels of telomerase activity in normal cells and in tumor cell lines. Telomerase activity was
measured by real-time quantitative TRAP assay. Results are calculated from the
telomerase activity than LPS-activated B
HL60 cell standard curve and expressed in arbitrary units (a.u.) of telomerase activcells or ConA-activated T cells, and 100- ity defined as the activity of 103 HL60 cells. Experiments were done in duplicate, and
fold higher levels than bone marrow cells results are expressed as mean ± SD. SDs are always less than 1% of the mean.
(Figure 4b), in correspondence with dif- Mononuclear cells were obtained from HHD bone marrow and LPS or ConA blasts
from HHD-activated splenocytes.
ferential sensibility to CTL lysis.
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Figure 5
Absence of autoimmune reactivity against TERT-expressing normal cells and tissues in HHD mice vaccinated with p572Y. (a) Histological
analysis of TERT-expressing normal tissues in HHD mice vaccinated with the control gp100154 or the p572Y peptide. TERT-expressing spleen
(SP), lymph nodes (LN), gut (PP), thymus (TH), and liver (LI) were histologically examined 6 months later. H&E staining. (b) Spleen cells from
naive HHD mice vaccinated with gp100154 (control) or with the p572Y peptide 6 months earlier were stained with anti-B220–APC, antiIgD–FITC, anti-IgM–PE. The double anti-IgD and anti-IgM analysis was evaluated for the B220+ cell population. (c) IgM and IgG were measured by ELISA in the serum of control HHD mice (white bars) or HHD mice vaccinated with the p572Y peptide 6 months earlier (black bars).

vated B cells (Figure 5b), and serum IgM and IgG levels
were normal (Figure 5c). Finally, cell counts of peripheral blood granulocytes, lymphocytes, red cells, and
platelets were normal up to 4 months after vaccination
with the p572Y peptide (data not shown).
These results, taken together, demonstrate that vaccination with the heteroclitical p572Y cryptic mTERT
epitope does not induce autoreactivity targeting normal tissues expressing low amounts of mTERT.

Discussion
We have explored here the antitumor vaccination efficiency of TAA epitopes of high and low affinity for the
MHC class I molecule, as a rationale to target a nontolerized T cell repertoire against naturally expressed
tumor antigens. As a model, we analyzed the HLAA*0201 response to the widely expressed TERT tumor
antigen in a fully homologous mouse system. We
found that the CTL repertoire against the high-affinity mTERT epitopes is either completely (p530 and
p534) or partially (p545 and p797) tolerized, whereas
CTLs specific for low-affinity epitopes (p572 and p988)
are weakly if at all affected by tolerogenic mechanisms.
The large size and high avidity of their repertoire correlate with their antitumor efficacy. These results
extend to a tumor response setting, previous reports
showing that self-tolerance operates mainly on the T
cell repertoire directed against dominant self-epitopes
and not to that against cryptic determinants (18, 19).
Even if it is hazardous to predict crypticity or domiThe Journal of Clinical Investigation
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nance for self-antigen and TAAs, we found that HLA
affinity/stability is a highly discriminating parameter
that is instrumental in identifying efficient tumor
rejection epitopes within the TERT sequence.
Previous reports indicated that high-affinity tumor
epitopes derived from autologous tumor antigens do
not necessarily induce efficient tumor rejection using
peptide-based vaccination protocols (36, 37). In the
case of TAAs normally expressed in healthy tissues, selftolerance shapes the TAA repertoire and purges the
high-avidity CTLs. The remaining T cell specificities of
weak avidity are insufficient to elicit antitumor immunity, as shown for CTL responses to p53 and tyrosinase
induced after peptide vaccination (3, 4). These results
led us to revisit the antitumor vaccination potential of
the nontolerized repertoire directed against low-affinity epitopes of TAAs. Although these epitopes are nonimmunogenic and then disregarded for antitumor
approaches, we showed previously that HLA-A*0201restricted peptides become highly immunogenic when
modified with a tyrosine in first position (P1Y) (23).
Many peptide variants have been used in the past to
improve MHC class I affinity, but these peptides were
mostly derived from intermediate or good HLA binders
(gp100209, MART-126) modified at the anchor positions
P2 and/or P9/10 (38, 39). These peptide variants can
trigger strong CTL responses in vitro (38) and in mice
(40), and they induced efficient antitumor immunity
in cancer patients when associated with IL-2 (41). Here
we used P1Y variants to explore the CTL repertoire
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directed against low-affinity epitopes. A recent report
has demonstrated the feasibility of this approach using
xenogeneic vaccination with human gp100 DNA to
induce tumor growth protection in mice (42). Indeed,
these authors found that the high-affinity and dominant epitope of human gp100, corresponds to a lowaffinity and cryptic epitope of mouse gp100, and
recruits a nontolerized CTL repertoire.
The question raised by our observations is whether
one should avoid peptide vaccination with high-affinity tumor epitopes in tumor immunotherapy. Highavidity CTLs specific for high-affinity dominant tumor
epitopes have been recruited in some circumstances.
For instance, high-avidity CTLs against a high-affinity
tyrosinase epitope were obtained from splenocytes of
vaccinated mice once they were restimulated with low
doses of peptide in vitro (4). Here, the CTL797.3 clone
established in similar conditions, despite partial tolerization against the high-affinity p797 epitope, exhibits
a higher avidity (10 nM) than the bulk CTL population
(data not shown). Thus, vaccination protocols that can
recruit these rare high-avidity CTLs are primordial for
the use of high-affinity epitopes in tumor immunotherapy. With this respect, dendritic cells loaded with
peptides or whole antigens are certainly essential to
recruit the rare high-avidity naive T cells. Indeed, it was
recently reported that mice immunized with the Dbrestricted WT1 or Kb-restricted TRP2 high-affinity epitopes loaded on dendritic cells are protected against
challenge with tumor cells expressing the corresponding antigen, whereas immunization with high-affinity peptides in IFA does not confer protection (36, 37).
Another important report indicates that antitumor
immunity against TERT can be implemented in vivo
using TERT RNA-transfected dendritic cells (32). A
strong effect on tumor size was observed, but the percentage of tumor-free animals amounted to 1/15 at day
28. In our experiments, low-affinity epitope vaccination
also provided decreased tumor size, and 4/15 animals
were tumor-free for each epitope at 5–6 weeks. Since
many approaches are superior to IFA adjuvant to override tolerance to self, we propose that combining them
with heteroclitical peptides will induce higher levels of
tumor protection.
Finally, the hallmark of efficient antitumor immune
reactions is often autoimmunity. Limited vitiligo reactions have been reported after melanoma-associated
antigen vaccination (4, 43), even in humans (44). In
contrast, adoptive transfer of high-avidity p53-specific
CTLs into p53 WT mice prevents p53-overexpressingtumor outgrowth in the absence of any demonstrable
damage to normal tissues (45). A notable feature of our
study is that mice vaccinated with the heteroclitical
cryptic p572Y peptide showed no sign of autoimmune
reactions. Although vaccination with p572Y peptide
led to the generation of high-avidity specific CTLs in
vivo that are protective against tumor growth, TERTexpressing B cells and other normal tissues were not
markedly affected in vivo. These results are consistent
432
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with those observed after vaccination with TERT RNAtransfected dendritic cells (32). A possible explanation
is that TERT expression is insufficient in normal cells
to allow presentation of peptide with low affinity (e.g.,
p572), while its expression is sufficient in tumor cells.
From telomerase activity measurements, our murine
tumor cells probably express higher amounts of TERT
than normal hematopoietic cells, indicating that the
susceptibility to CTL lysis is correlated with TERT
expression. Moreover, after the first wave of CTL
response driven by low-affinity epitopes, partial tumor
destruction may lead to epitope spreading, which targets tumor-specific antigens (46, 47).
Our results demonstrate that low-affinity epitopes
from universal self tumor antigens, such as TERT, are
more efficient at inducing tumor immunity than highaffinity epitopes and do not induce autoimmune reactions. It has recently been shown that the tumor itself
may have an impact since in chronic myelogenous
leukemia patients, the avidity of the CTLs directed
against the high-affinity PR1 epitope is lower than in
healthy individuals (48). Low-affinity epitopes of universal tumor antigens are therefore promising targets
for tumor immunotherapy applications in humans.
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