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The aim of T cell vaccines is the expansion of antigen-specific T cells able to confer
immune protection against pathogens or tumors. Although increase in absolute cell
numbers, effector functions and TCR repertoire of vaccine-induced T cells are often
evaluated, their reactivity for the cognate antigen versus their cross-reactive potential is
rarely considered. In fact, little information is available regarding the influence of
vaccines on T cell fine specificity of antigen recognition despite the impact that this
feature may have in protective immunity. To shed light on the cross-reactive potential of
vaccine-induced cells, we analyzed the reactivity of CD8+ T cells following vaccination
of HLA-A2+ melanoma patients with Melan-A peptide, incomplete Freund's adjuvant
and CpG-oligodeoxynucleotide adjuvant, which was shown to induce strong expansion
of Melan-A-reactive CD8+ T cells in vivo. A collection of predicted Melan-A
cross-reactive peptides, identified from a combinatorial peptide library, was used to
probe functional antigen recognition of PBMC ex vivo andMelan-A-reactive CD8+ T cell
clones. While Melan-A-reactive CD8+ T cells prior to vaccination are usually constituted
of widely cross-reactive naive cells, we show that peptide vaccination resulted in
expansion of memory T cells displaying a reactivity predominantly restricted to the
antigen of interest. Importantly, these cells are tumor-reactive.

Supporting information for this article is available at
http://www.wiley-vch.de/contents/jc_2040/2006/35805_s.pdf

Introduction

Specific recognition of antigen-derived peptides is
crucial in cellular immunity, as it dictates the activation
and expansion of mature T cells and their role in
mounting precise and adapted immune responses. This
recognition occurs through a highly specific interaction
between the TCR and self MHCmolecules presenting the
antigen, so that immunodominant CD8+ T cell re-
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sponses to natural viral antigens present usually a
narrow epitope specificity [1–5]. Mature T cell recogni-
tion is so specific that minute structural changes of the
epitope or the TCR can often profoundly affect it [6].

Nonetheless, some reports have shown that antigen-
specific T cells can also be broadly cross-reactive [7–11]
(i.e. have the capacity to recognize antigens that differ
from their fine specificity or HLA restriction). Consider-
ing the relatively limited number of distinct specificities
in the TCR repertoire (about 1012), T cell cross-reactiv-
ity confers a selective advantage by virtue of further
expanding the capacity to recognize the infinite variety
of antigens [12]. In addition, cross-reactivity is central to
the development of vaccines. For instance, in the case of
HIV infection, a vaccine that would induce broadly
cross-reactive T cells able to recognize multiple viral
variants would certainly be advantageous [13]. How-
ever, on the other hand, vaccine-driven T cells with
highly restricted specificity may be favored in order to
avoid degeneracy of antigen recognition and undesir-
able hyper-responsiveness (e.g. auto- and/or alloreac-
tivity) [14]. In any case, there is surprisingly little
information available on this matter in humans. In
particular, whether a T cell-based vaccine leads to the
generation of highly specific or rather cross-reactive
cells has remained barely studied.

To address this issue, we have used a selection of
Melan-A-related peptides to probe the fine specificity
repertoire of antigen recognition by CD8+ T cells
induced through vaccination with CpG/incomplete
Freund's adjuvant (IFA) and optimized Melan-A peptide
in humans. This constitutes a particularly informative
system since a vaccine using Melan-A peptide in
combination with CpG-oligodeoxynucleotide (CpG--
ODN) 7909 and IFA as adjuvants induces strong in vivo
expansions of Melan-A-specific CD8+ T cells in mela-
noma patients [15]. This enables direct ex vivo studies of
vaccine-boosted T cells in humans, including the
assessment of their fine specificity repertoire. In
addition, non-vaccinated melanoma patients are known
to carry a heterogeneous population of circulating
Melan-A-reactive CD8+ T cell precursors that are largely
cross-reactive (i.e. display multiple specificities)
[16–18]. In this setting, vaccination acts directly on a
generally cross-reactive population, which enhances the
interest in studying the issuing T cell reactivity. Lastly,
the study of cross-reactivity following vaccination with
an optimized Melan-A peptide (i.e. ELAGIGILTV instead
of native EAAGIGILTV), predicted to be more immuno-
genic [19], is of particular concern, since it has recently
been hypothesized that such vaccine may induce cells
that are not targeted to the peptide of interest, i.e.
natural Melan-A, and therefore may display a limited
tumor reactivity [20].

In order to perform such analysis, we have used a
collection of 100 peptides retrieved from proteins of self
or pathogen origin by means of biometric score matrix
analysis of a positional scanning synthetic combinatorial
peptide library (PS-SCL) screening [18, 21]. The PS-SCL
approach has previously led to the successful study of
T cell specificity with the identification of biologically
active peptides [22–26]. The PS-SCL at the origin of
these studies was composed of trillions of decapeptides
systematically arranged in mixtures with defined
natural amino acids at each position. A total of
180 mixtures were used to screen for their ability to
stimulate a cytolytic response from a high-avidity
Melan-A-specific CTL clone in a functional assay. Such
analysis led to the prediction of peptide sequences from
public protein databases, with ranked reactivity for
Melan-A-specific TCR [27]. We have already provided
evidence that some of the selected peptides were highly
recognized by a series of Melan-A-reactive CTL clones
and CTL lines [17, 18, 21].

To assess the in vivo impact of vaccination on T cell
cross-reactivity in the Melan-A setting, we have
performed ex vivo as well as in vitro analysis of the
functional diversity of antigen recognition using this
(PS-SCL-derived) Melan-A cross-reactive peptide collec-
tion on PBMC and on T cell clones from vaccinated
donors. We report that from a heterogeneous and
generally cross-reactive precursor population, Melan-A
vaccination results mostly in CD8+ T cells targeted to
selective recognition of both optimized and natural
Melan-A peptides.

Results

Ex vivo assessment of Melan-A T cell
cross-reactivity in vaccinated patients

The 100-decapeptide sequences predicted as potential
Melan-A-cross-reactive peptides included 22, 24 and
54 peptides from self, viral and bacterial proteins,
respectively (Supplementary data Table 1). Due to the
limited number of cells available (from vaccinated
patients), this peptide collection was pooled in a matrix
(of 20 pools of ten peptides; Supplementary data
Table 2) in order to perform a screening directly on
PBMC. For internal controls, the optimized peptide
(ELA) was included in pools 5 and 13, and the native
peptide (EAA) in pools 7 and 15, as well as in pools 2
and 13 (but at lower concentration; 100 times less
concentrated). To assess the extent of T cell reactivity
towards this peptide collection, the response to short-
term exposure to them was measured by IFN-c ELISPOT
assays. As a relative measure of cross-reactivity,
we counted the number of pools inducing a significant
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IFN-c response (i.e. at least 20% of the response
obtained with ELA), but excluding those containing
Melan-A peptides EAA or ELA (i.e. pools 2, 5, 7, 13
and 15).

We first analyzed the reactivity of precursor Melan-A-
specific populations. Peripheral blood lymphocytes from
non-vaccinated HLA-A2 donors, including a high
proportion of melanoma patients, generally display a
small but detectable population (about 0.08% of CD8+

T cells) of A2/Melan-A tetramer+ CD8+ T cells. These
cells are phenotypically and functionally naive, poly-
clonal and expected to be cross-reactive when probed
with large collections of decapeptides from a combina-
torial peptide library. However, it was not possible to
assess their reactivity to Melan-A (or the peptide
collection) in ELISPOT assays using PBMC from HLA-A2
healthy or non-vaccinated melanoma donors, since
these donors' naive populations are small and do not
produce IFN-c in short-term assays (data not shown).

To overcome this limitation, we analyzed instead the
reactivity of in vitro established T cell clones isolated
from A2/Melan-A tetramer+ CD8+ T cells with the naive
phenotype [CD45RA/CCR7-double-positive (DP)] ob-
tained by flow cytometry-based cell sorting directly from
blood lymphocytes of both healthy and melanoma
donors (Fig. 1a). Our results confirmed the generally
multi-reactive pattern and strong heterogeneity of these
Melan-A-reactive naive populations [16–18]: on aver-
age, the clones had a relative cross-reactive score of 5
[i.e. responded to five cross-reactive peptide pools with a
normalized spot-forming unit (NSFU) above 20% of the
ELA value] (max: 13; min: 0). Of note, the reactivity of
the clones with the native EAA peptide was relatively
poor: half of these clones showed a reactivity to EAA
below 20% of the ELA value.

We then analyzed the T cell reactivity of post-
vaccination specific T cell populations directly ex vivo
using PBMC from Melan-A-vaccinated patients. Seven
out of nine individuals vaccinated with IFA + CpG +
Melan-Awere selected based on the availability of PBMC
with both high percentages of A2/Melan-A tetramer+

CD8+ T cells and significant IFN-c ELISPOT responses to
ELA (sufficient to detect responses to potentially less
reactive peptides) (Fig. 1b). The majority of vaccinated
patients (six out of seven) showed a rather narrow
specificity, responding mostly to pools 5, 7, 13 and 15,
that is to say the pools containing the Melan-A peptides
ELA or EAA (Fig. 1c). On average, these donors
presented a cross-reactivity score of 1 (i.e. the response
to only one pool was above 20% of the response to the
ELA peptide). One exception was patient LAU 944, who
showed a broader specificity (four cross-reactive pools)
and responded less efficiently to the native EAA peptide
(Fig. 1c).

To provide a direct ex vivo comparison of the degree
of cross-reactivity between vaccinated donors' memory
populations and a cross-reactive population, we ana-
lyzed the PBMC from one distinct healthy donor (BC26)
who displayed an exceptional population of memory
A2/Melan-A tetramer+ CD8+ T cells (Fig. 1b). These
cells are considered to be Melan-A-reactive, but to
exhibit a highly cross-reactive nature (the fine specificity
of this population is currently being investigated).
Indeed, BC260s PBMC displayed a broad reactivity in
IFN-c ELISPOTS (Fig. 1c), with a score of 9. Altogether,
these data indicate that vaccination with Melan-A
peptide resulted in CD8+ T cell populations with
reactivity targeted towards the EAA and ELA peptides,
in contrast to the original naive precursor populations.

Effect of vaccination and in vitro assessment of
cross-reactivity on Melan-A-reactive T cell clones

We next explored the potential relationship between
vaccination and the evolution of cross-reactivity. As we
have already reported [15], vaccination results in the in
vivo expansion of Melan-A-reactive CD8+ T cells, which
is accompanied by a shift from a predominantly naive
phenotype (CD45RA+/CCR7+) to amemory phenotype,
as well as further differentiation (e.g. loss of CD28
expression) (Fig. 2a). Interestingly, vaccine-induced
T cell expansion (or the size of tetramer+ population)
correlated with further differentiation of the cells
(Fig. 2b), which is in keeping with observations done
on natural CD8+ T cell responses to viruses (HIV, CMV,
EBV and Flu) [28, 29], and confirms the relationship
between strong activation levels and further T cell
differentiation.

To consider this relationship in the context of vaccine
and cross-reactivity, we studied the reactivity of a series
of T cell clones generated from ex vivo sorted A2/
Melan-A tetramer+ CD8+ T cells at different stages of
differentiation: naive-like (as defined with a DP
phenotype), and antigen-experienced [selected on a
CD45RA/CCR7-double-negative (DN) phenotype]
either early differentiated CD28+ (DN28+) or more
differentiated CD28– (DN28–) (Fig. 2a). This analysis
was performed on cells from one of the six patients who
showed a restriction of its reactivity to the ELA and EAA
peptides, from whom several stable CTL clones per
subset were generated (Fig. 3a). As performed above,
each clone was tested with the Melan-A cross-reactive
peptide matrix in IFN-c ELISPOTS (left-hand panel of
the figure), in order to determine a relative score of
cross-reactivity and assess reactivity to the native EAA
peptide (right-hand panel of the figure). Interestingly,
with increasing differentiation of derived clones, we
found a decrease in cross-reactivity (mean cross-reactive
scores of 5, 2 and 1 for DP (naive), DN28+ and DN28–
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Figure 1. Analysis of T cell reactivity in Melan-A-vaccinated melanoma patients in comparison to healthy or non-vaccinated
melanoma donors. (A) Reactivity of T cell clones generated from both healthy donor (eight clones) or melanoma patient
(12 clones) A2/Melan-A tetramer+ CD8+ T cells with a naive phenotype. IFN-c ELISPOT assays were performed to examine the
reactivity of each clone to the ELA and EAA peptides as well as to the pools of Melan-A cross-reactive peptides obtained from a
combinatorial peptide library analysis. Results are expressed in SFU normalized to ELA values (background subtracted) for each
clone. Each bar represents one clone (mean of duplicates). Absolute SFU numbers ranged from 34 to 215 (mean at 118) for
ELA-specific responses, and from 5 to 330 (mean at 81) for the peptide pools; no peptide background values ranged from 0 to 30
(mean at 10). (B) Ex vivo identification of A2/Melan-A tetramer+ CD8+ T cells in Melan-A peptide-vaccinated melanoma patients
andhealthy donors. Tetramer andCD8 stainings on PBMCare shown for the seven selectedMelan-A-vaccinated patients aswell as
one representative healthy donor and one particular healthy donor (BC26) with a known A2/Melan-A tetramer+ CD8+ T cell
cross-reactive population. Percentages of CD8+ tetramer+ T cells are shown. (C) Ex vivo analysis of T cell reactivity in Melan-A-
vaccinatedmelanoma patients and BC26. PBMCwere tested in IFN-c ELISPOTassayswith ELA and EAA peptides aswell as pools of
Melan-A-cross-reactive peptides obtained from a combinatorial peptide library analysis. Results are expressed in SFU normalized
to ELA peptide values (background subtracted) for each donor. Each bar represents one donor (mean of duplicates); healthy donor
BC26: white bars; vaccinated patient LAU 944: crossed bars; other vaccinated patients (n=6): black bars. Absolute SFU numbers
ranged from 20 to 67 (mean at 35) for ELA responses, and from 5 to 82 (mean at 20) for the peptide pools; no peptide background
ranged from 0 to 13 (mean at 5).
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(effector-memory) derived clones, respectively), asso-
ciated with an increased reactivity to the native EAA
peptide (Fig. 3a). This is in line with the observations
made ex vivo, indicating that vaccination resulted in the
activation and expansion of cells with targeted Melan-A
reactivity.

To provide a comparative analysis, we also generated
clones from LAU 944, the patient who displayed broader
post-vaccine reactivity, and performed a similar analy-
sis. In this case, we found no relationship between
differentiation and targeted cross-reactivity (Fig. 3b),
also in line with the ex vivo observations of cross-
reactivity and lesser native EAA peptide reactivity for
LAU 944. Of note, the four cross-reactive pools that
came forward with LAU 944 PBMC, were also strongly

recognized by the DN28– derived T cell clones, illustrat-
ing the weight of the CD28– Melan-A-reactive T cells in
the ex vivo assay.

In addition, we tested the capacity of these clones to
recognize the tumor. DP, DN28+ and DN28– derived
clones that exhibited cytolytic capacities (i.e. were able
to kill Melan-A peptide-pulsed cell lines) were selected
and assessed for their ability to lyse HLA-A2+melanoma
cell lines that express naturally Melan-A (Fig. 4). Similar
to the observations on cross-reactivity, the naive DP
derived clones exhibited a heterogeneous pattern, with
at least half of the clones failing to recognize the
Melan-A-expressing tumor cell line. In contrast, the
majority of antigen-experienced (DN28+ and DN28–)
derived clones could recognize this cell line. No major
difference was observed between the clones generated
from the two patients, which suggests that breadth of
reactivity and tumor recognition are independent.
Nonetheless, these data confirmed that vaccination
could lead to the expansion of cells with Melan-A
reactivity and tumor recognition capacities.

Identification of commonly recognized peptides

The results obtained with the different peptide pools
were used to identify individual peptides commonly
recognized by Melan-A-cross-reactive CD8+ T cell
clones. The different peptide pools were ranked
according to their mean NSFU responses and numbers
of responding clones (out of 40 clones tested); pools 1,
2, 5, 7, 9, 10, 11, 13, 15, 18, 19, 20 were selected for
having the highest values (i.e. recognized by at least 25%
of the clones and with an NSFU>50%) (Supplementary
data Table 3).

Based on the assessment of these pools and
corresponding values positioned in the matrix (Supple-
mentary data Table 2), as well as matching reactivity for
individual clones, five peptides emerged as commonly
recognized peptides (Fig. 5a). It is important to
appreciate that this is not an exhaustive list, as other
peptides may also be recognized by certain clones,
although less frequently. Responses to the single
peptides were then tested in IFN-c ELISPOT assays on
some cross-reactive clones to check that they were
indeed recognized, as exemplified in Fig. 4b. In addition,
peptide titrations were performed in chromium-release
assays with the same clones to determine the relative
recognition efficiency (Fig. 5b). The recognition effi-
ciency for some of these peptides (in particular 10, 90
and 91) could match that of the Melan-A peptide,
showing that cross-reactive recognition obtained with
these peptides was significant.

Figure 2. Relationship between vaccination-driven expansion
and differentiation of Melan-A-reactive CD8+ T cells. (A)
Representative staining for the expression of CD45RA/CCR7
and CD28/CD57 on A2/Melan-A tetramer+ CD8+ T cells in one
non-vaccinated and one vaccinated melanoma patient. The
rectangles DP, DN28+ and DN28– are fictive gates to illustrate
the populations that were sorted on a flow cytometer for the
generation of CD8+ T cell clones from distinct differentiation
subsets. (B) Positive correlation between size (percentage of
tetramer+ CD8+ T cells) and differentiation (percentages of
CD28– tetramer+ cells) of Melan-A-reactive CD8+ T cells from
non-vaccinated (diamonds) and vaccinated (circles)melanoma
patients. The p value was obtained using the non-parametric
Spearman rank correlation test.
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Discussion

The primary aim of T cell vaccines is to trigger the
expansion of antigen-specific memory T cells in order to
confer protection against pathogens or tumors. In this
context, it is important to consider the specificity of
antigen reactivity of these cells, as for instance, a broad

cross-reactivity of vaccine-boosted T cells may be
regarded as being either advantageous or disadvanta-
geous according to the situation. Whether vaccination
modulates such reactivity and how it may affect it
remain open questions.

This issue is particularly relevant when the immuno-
gen incorporates amino acid substitutions: while these

Figure 3. Reactivity analysis of CD8+ T cell clones generated from twoMelan-A-vaccinatedmelanoma patients. Melan-A-reactive
CD8+ T cell clones were derived from distinct differentiation subsets [naive-like DP cells, antigen-experienced DN CD28+ (DN28+)
or CD28– (DN28–) cells] and tested in IFN-c ELISPOT assays using the pools of Melan-A-cross-reactive peptides (left-hand panels).
Clones fromone vaccinated patient (LAU 371) who showed ex vivoMelan-A-targeted reactivity (A) and from the vaccinated patient
(LAU 944) who showed ex vivo Melan-A broad cross-reactivity (B) were analyzed; each bar represents one clone (mean of
duplicates). On the right-hand panels, cross-reactive scores as well as responsiveness to the natural Melan-A peptide EAA (NSFU)
are plotted for each clone (black circles), grouped in differentiated subset category (hyphens showmeans). p valueswere obtained
using a simple regression. The number of clones analyzed is indicated (n).
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changes may help overcome tolerance, they may also
induce partially cross-reactive T cells. To shed light on
such issue, we have investigated for the first time the
effect of vaccination onT cell cross-reactivity in humans.
The strong in vivoT cell expansion induced by a Melan-A
peptide analog + IFA + CpG-ODN vaccine in melanoma

patients has enabled us to perform direct ex vivo
analysis. This represents an advantage over the sole
analysis of in vitro stimulated T cell lines, which can
introduce bias difficult to control. In addition, the
specificity of antigen recognition of vaccine-induced
cells was probed with a battery of highly selected
peptides, predicted to cross-react with Melan-A-specific
T cells.

Using this peptide collection in IFN-c ELISPOT
assays, we were able to confirm the Melan-A cross-
reactive nature of one healthy donor CD8+ T cell
memory population, as well as the heterogeneous
reactivity of Melan-A-reactive naive cells (CTL clones)
in healthy donors and melanoma patients. In contrast,
we observed that in vivo stimulation of this hetero-
geneous and broadly cross-reactive precursor CD8+

T cell population with a peptide-based vaccine resulted
in T cells with a reactivity predominantly restricted to
the antigen of interest. This seems to be due to the
selective activation, from the pool of precursors, of
T cells with restricted reactivity that expand and further
differentiate, as indicated by the loss of CD28 expres-
sion.

These results were supported by the analysis of
Melan-A-reactive CD8+ T cell clones derived from one
patient. Patients vaccinated with the optimized Melan-A
peptide generally displayed a stronger reactivity for ELA
peptide analog than for native EAA peptide. This is in
keeping with a superior recognition efficiency for ELA
compared to EAA (1 log difference on average), as
usually observed with Melan-A-reactive T cell clones
[19]. Nonetheless, the reactivity of the vaccine-induced
CD8+ T cell populations was mostly focused on the
Melan-A antigen (both ELA and EAA peptides), and
these cells were able to recognize melanoma cell lines
(as assessed using antigen-experienced cell-derived
clones). This is in contrast with the hypothesis proposed
by Lee and colleagues [20] that vaccination with an
optimized Melan-A peptide would result in the induc-
tion of T cells with a non-focused reactivity associated
with a weak tumor activity. Here, our data suggest that
an optimized peptide-based vaccine can result in the
expansion of T cells that are not only Melan-A antigenic
peptide-targeted, but also tumor-reactive.

One vaccinated patient (LAU 944) though showed a
contrasting profile from the ex vivo and in vitro results
obtained with the other donors. Vaccine-induced cells
from this donor displayed a broad reactivity, including to
peptides with a recognition efficacy equivalent to those
obtained with Melan-A antigens. Interestingly, all the
DN28– derived T cell clones analyzed from this patient
exhibited the same TCR, reflecting therefore the
expansion of a single clonotype (N.R., manuscript in
preparation). This clonotype was also dominant ex vivo,
i.e.within the circulating CD28– Melan-A-reactive CD8+

Figure 4. Tumor recognition by Melan-A-reactive CD8+ T cell
clones generated from two Melan-A-vaccinated melanoma
patients. Tumor reactivity of Melan-A-specific CD8+ T cell
clones generated from vaccinated patients LAU 371 (A) and
LAU 944 (B) was tested in chromium-release assays on HLA-A2
melanoma cell lines. Top panels show representative examples
of tumor recognition by one clone derived from the distinct
differentiation subsets [naive-like DP cells, antigen--
experienced DN CD28+ (DN28+) or CD28– (DN28–) cells] at
different effector-to-target cell ratios. In the lower panels,
results are shown for several clones at 10:1 effector-to-target
cell ratio. The different melanoma cell lines tested are:
non-pulsedA2+/Melan-A+ (white squares/white bars), Melan-A
peptide (ELA)-pulsed A2+/Melan-A+ for positive control (black
squares/black bars), and non-pulsedA2+/Melan-A– for negative
control (white circles/gray bars).
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T cell population of the patient. This indicates that the
cross-reactive profile observed ex vivo in this patient (as
well as with the DN28– derived clones) is due to the
preferential expansion of a single, highly cross-reactive
T cell clone in vivo, that is particularly influential on the
whole response.

We had also the opportunity to analyze the TCR
repertoire of Melan-A-reactive CD8+ response from five
other vaccinated patients, and observed similar expan-
sions of dominant clones in four of them (N.R. and V.A.,

manuscript in preparation). However, the difference
between LAU 944 and the others seems to reside in the
highly cross-reactive character of LAU 9440s expanded
clone. Overall, this shows that while there may be
selection and expansion of CD8+ T cells with a reactivity
restricted to the vaccine antigen, with respect to
Melan-A peptide vaccination, this is not a general rule,
and single clones with broad reactivity can eventually
become dominant following vaccination. Further work
is needed to understand the mechanisms involved in the
selection of particular clones following vaccination and
the shaping of vaccine-induced T cell antigen repertoire.
In our studies, we did not find any correlation between
the recognition efficacy of the different clones to ELA or
EAA peptides (assessed through peptide titration
experiments using chromium release as readout) and
their degree of cross-reactivity (i.e. cross-reactive score)
(data not shown).

We identified peptides that were commonly recog-
nized by Melan-A-reactive clones: one peptide from a
human protein (peptide 10 – prostaglandin receptor)
and four peptides from bacterial proteins (peptides 77,
90, 91 and 99 – Thermotoga maritima, Shewanella
violacea, Mycobacterium tuberculosis and Cyanobacter-
ium synechocystis, respectively). There was a strong
sequence homology between Melan-A and these pep-
tides, in particular among residues that are localized in
the central part of the peptides and likely to interact with
the TCR. Of note, these peptides were not those with the
highest score of predicted reactivity from the PS-SCL
analysis. This is particularly obvious in the case of
peptide 91, which was highly recognized by Melan-A-
reactive clones (about 60%) but stands in 32nd position
in the ranking of predicted peptides of bacterial origin.
This may simply be due to the statistical nature of such
analysis, but also to the fact that this analysis was
originally based on the functional assessment of a single
Melan-A-reactive CTL clone (with good recognition
efficiency and tumor cell reactivity). Performing PS-SCL
analysis using a large numbers of clones for comparison
may provide more accurate predictive ranking and
values.

To conclude, it is interesting to observe that, in the
case of our Melan-A peptide vaccine, the stimulation of
broadly cross-reactive T cells can result in vaccine-
induced cell populations with a rather targeted
reactivity towards the antigen of interest and the tumor.
It is tempting to speculate that a similar outcome could
arise with other vaccines, for instance HIV vaccines.
However, no conclusions can be reached on this point
since the Melan-A epitope may be atypical among many
antigens, and different vaccines (i.e. formulations,
antigens, but also precursors) may lead to different
outcomes in terms of T cell reactivity. Our work
represents only a first step in the study of post-

Figure 5.Melan-A-homologous peptides frequently recognized
by Melan-A-reactive CD8+ T cells. (A) Sequence alignment of
Melan-A peptides and five frequently recognized homologues.
Amino acids common to the natural Melan-A peptide are in
gray. Amino acids of reported or conservative anchor residues
are highlighted/framed. (B) Examples of peptide titration
chromium-release assays on three cross-reactive clones (two
DP and one DN28– from top to bottom) from LAU 944 and
corresponding NSFU results from IFN-c ELISPOT assays (with
1 lM peptide).
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vaccination cross-reactivity, which requires strong
attention if one aims at developing effective and safe
vaccines.

Materials and methods

Samples and T cell clones

PBMC samples were separated from patients' heparinized
blood and cryopreserved for subsequent studies. The patients
were HLA-A2+ individuals with histologically proven meta-
static melanoma of the skin expressing Melan-A/MART-1
(RT-PCR or immuno-;histochemistry) enrolled in a phase I
trial of the Ludwig Institute for Cancer Research [15] to receive
monthly vaccinations s.c. composed of 500 lg of CpG--
ODN 7909, 100 lg of Melan-A-optimized peptide ELAGIGILTV
(“ELA”) and 300 lL Montanide ISA-51. VaxImmune CpG--
ODN 7909 (TCGTCGTTTTGTC-GTTTTGTCGTT) was pro-
duced by Coley Pharmaceutical Group (Wellesley, MA).
Patients presenting a strong Melan-A-reactive CD8+ T cell
population post-vaccination were selected for this study.
Samples from HLA-A2+ healthy donors and non-vaccinated
melanoma patients were obtained from volunteers attending
the clinic. The relevant local Institutional Review Boards and
Ethics Committees approved this study LUD 00-018 sponsored
by the LICR.

Melan-A-reactive CD8+ T cell clones were derived from
PBMC of patients LAU 371 and LAU 944 as well as
unvaccinated healthy HLA-A2 donors. Single A2/Melan-A
(ELA) tetramer+ CD8+ T cells were sorted using a FACSVan-
tage according to their phenotype (i.e. expression of CD45RA,
CCR7, CD28) and expanded in the presence of irradiated
allogeneic PBMC,1 lg/mL PHA and human rIL-2 (150 IU/mL).
Cells were subsequently expanded by periodic (3- to 4-wk)
restimulation in microtiter plates together with irradiated
feeder cells in the presence of PHA and human rIL-2 (no
peptide was added to the culture). The HLA-A2+ human
mutant cell line T2, used as APC in cytolytic and IFN-c ELISPOT
assays, was cultured in RPMI 1640 medium containing 10%
FCS.

Peptide collection

Decapeptides predicted to be stimulatory to Melan-A-specific
CD8+ T cells were ranked using a scoring matrix generated
from data previously obtained by screening an amidated
C terminus decapeptide PS-SCL with one high-avidity Melan-
A-specific CTL clone (expanded in vitro from melanoma
patient PBMC) in a functional chromium-release assay [21].
Briefly, a Z-scoring matrix was generated using the average
and SD of the percentage of specific-lysis values of multiple
experimental data obtained for each mixture defined with one
of 18 natural L-amino acids in each of the ten positions of the
decamer library [27]. Based on the assumption of independent
and additive contribution of the individual amino acids at each
position of a peptide to the peptide's activity, the score of each
individual peptide was calculated by adding individual
stimulatory values of the composing amino acids. A program

was designed to use the matrix to score all overlapping
decapeptides contained in the GenPept protein database
(ftp://ftp.ncicfr.gov/pub/genpept) and thus identify se-
quences with the highest predicted stimulatory scores [27].
Individual peptides were synthesized at Mixture Science Inc.
(San Diego, CA) by the simultaneous multiple peptide
synthesis method. Purity and identity of each peptide were
characterized using an electrospray mass spectrometer inter-
faced with a liquid chromatography system.

ELISPOT assays

Single or pooled synthetic peptides were used at a concentra-
tion of 10 lM in IFN-c ELISPOTassays on PBMC (1.5�105 cells
per well) or CD8+-enriched T cells (5�104 cells per well) to
define CD8+ T cell responses directly ex vivo, as previously
described [30]. IFN-c ELISPOT kits were purchased from
Diaclone Biotest. PHA was always included as a positive
control. Spots were counted with an automatic reader
(Bioreader 2000; BioSys GmbH). Assays were performed in
duplicates that showed good similarity. Spot-forming unit
(SFU) values were normalized to the SFU values obtained with
the optimized ELA peptide analog (with background sub-
tracted). Responses were considered as positive when we
counted five clean spots (and three times above background),
which corresponded to normalized values beyond 20% of ELA
SFU response values. For assessing CD8+ T cell clone
reactivity, 500 cells were stimulated with 1 lM peptide and
in the presence of 3�104 T2 cells (tests on several clones
showed that 1 lM yielded to equivalent results as 10 lM).

Chromium-release assays

Chromium-release experiments were performed as follows:
target cells were labeled with 51Cr for 1 h at 37�C and washed
three times. Target cells (1000 cells/well) were T2 cells (A2+/
Melan-A–) for peptide titration assays, and the melanoma cell
lines Me 275 (A2+/Melan-A+) and NA8-MEL (A2+/Melan-A–)
for tumor cell recognition assays [19]. Labeled T2 cells were
incubated in the presence of titrated amounts of peptides for
15 min at room temperature before the addition of effector
cells at a lymphocyte-to-target cell ratio of 10:1. Peptide-pulsed
(1 lM) melanoma Me 275 cells were used as positive control.
Chromium release was measured in supernatants harvested
after 4-h incubation at 37�C. Data are expressed as percentage
of lysis [100 � (experimental – spontaneous release)/(total –
spontaneous release)] and represent the mean value from
three technical repeats (with occasional outlier single values
being discarded) in single experiments.

Flow cytometry – cell sorting

HLA-A2/Melan-A-ELAGIGILTV tetramers were synthesized as
described previously [31]. Anti-CD8-peridinin chlorophyll
protein, anti-CD28-allophycocyanin, anti-CD45RA-fluorescein
isothiocyanate (FITC), anti-CCR7-Alexa and anti-CD57-FITC
antibodies were purchased from Becton Dickinson Pharmin-
gen (San Diego, CA). Briefly, titrated tetramers (PE-con-
jugated) were added to PBMC, followed by addition of a panel
of titrated antibodies. Cells were thenwashed before single cell
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sorting on a Becton Dickinson FACSVantage or stored in Cell
FixTM buffer (Becton Dickinson) at 4�C until analysis on a
Becton Dickinson FACSCANTO, after compensation was
checked using freshly stained PBMC.
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