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Abstract The mucin MUC1 molecule is overexpressed
on a variety of adenocarcinomas and is thus, a potential
target for immunotherapy. Of the MUC1 peptides that
bind to HLA-A*0201(A2), M1.2 (LLLLTVLTV) from
the signal sequence appears to be the most immunogenic

in humans. Here we have shown that large numbers (109)
of tetramer-binding M1.2-speciWc cytotoxic T lymphocytes
(CTL) can be generated ex vivo from circulating precur-
sors, derived from healthy adults. However, there was
signiWcant interpersonal variation in the level of co-
stimulatory signal required. Tetramer-binding cells also
required maturation in culture to become proWcient killers
of the HLA-A2+ MUC1+ MCF7 cell line, known to
express a low number of endogenously processed M1.2.
The functional avidity of M1.2-speciWc CTL, however, was
low as compared to CTL speciWc for an HIV-1 epitope.
Despite the low avidity, M1.2-speciWc CTL were polyfunc-
tional, secreting multiple cytokines upon degranulation
with antigen recognition. To identify potential agonist
peptides that may be superior immunogens, an M1.2-spe-
ciWc CTL culture was used to scan a large nonameric com-
binatorial peptide library. Of 54 predicted peptides, 4 were
“consensus” agonists because they were recognized by
CTL from two other donors. Two agonists, p29 (LLP-
WTVLTV) and p15 (VLLWTVLTV), were equally stim-
ulatory when loaded onto C1R target cells transfected
with wild-type HLA-A2. Both agonists induced IL-2,
TNF-�, IFN-�, and degranulation with M1.2-speciWc CTL.
In contrast, production of these cytokines, which are
tightly regulated by speciWc activation through the T cell
receptor, was restricted when the CTL were stimulated
with peptides loaded onto C1R cells that were transfected
with an HLA-A2 molecule bearing a mutation that abro-
gates binding to the CD8 co-receptor. Thus, activation by
both M1.2 and its agonists was dependent upon CD8,
showing that compensation by the co-receptor was neces-
sary for the human T cell response to M1.2.
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Abbreviation
M1.2 MUC1 epitope LLLLTVLTV

Introduction

Active speciWc immunotherapy has a potential role
in one or more of the common adenocarcinomas. For
example, 25% of women with breast cancer die despite
advances in detection and conventional (surgical and
cytoreductive) treatments. When breast cancer is
detected early it is theoretically curable, but once it has
spread it is not. Nevertheless, many patients with meta-
static disease remain viable despite having exhausted
all forms of conventional hormonal or cytotoxic ther-
apy. SpeciWc immunotherapy with potent vaccines,
with their intrinsic lack of toxicity, would be desirable
in such patients, but especially in others with early,
minimal residual disease.

The ubiquitous cancer mucin, MUC1, may be a good
target for the development of speciWc immunotherapy,
and eventually a preventive vaccine. MUC1 is overex-
pressed on 90% of breast carcinomas [1], in contrast to
HER2/neu, for example, which is ampliWed in only
20–30% of breast cancers [2]. In addition, MUC1 is
overexpressed on adenocarcinomas including those of
the pancreas, ovary, and prostate, as well as on hemato-
logic malignancies [3, 4]. This highly glycosylated and
complex molecule is anchored within the cell surface by
a transmembrane domain. The bulk of the molecule is
an extensive extracellular domain with a variable num-
ber of 20 amino acid tandem repeats (TR) [5, 6]. Since
aberrant glycosylation of the TR results in exposure of
tumor-speciWc epitopes that are normally cryptic, much
attention has been given to this region of MUC1 as a
possible immunogen [1]. However, in clinical trials using
TR domain conjugated to adjuvants such as BCG [7–9],
the dominant response observed has been humoral with
minimal induction of cytotoxic T cells [8, 10].

Two HLA-A2-binding peptides, M1.1 (STTP-
PVHNV) and M1.2 (LLLLTVLTV) were identiWed
through computer analysis in the terminal TR and the
signal sequence of the MUC1 protein, respectively [11,
12]. With dendritic cells (DC) loaded with these pep-
tides as antigen-presenting cells (APC), cytotoxic T
lymphocytes (CTL) were generated that lysed tumors
endogenously expressing MUC1 in an antigen-speciWc
and HLA-A2-restricted fashion, showing that T cell
immune responses to MUC1 protein are not limited to
the TR domain [13]. More importantly, MUC1-speciWc
CTL were induced after vaccination of breast and ovar-
ian cancer patients with DC pulsed with these peptides,
with M1.2 eliciting a stronger CTL response than M1.1 [13].

A potential advantage of using an epitope such as M1.2
is its location in the signal sequence of MUC1. These
peptides could be presented in malignant cells without
functional TAP, utilizing an alternative pathway for the
generation of MHC class I-restricted peptides [14]. Of
several peptides that bind to HLA-A2 in the MUC1
molecule, only M1.2 was recognized by T cells in the
bone marrow [15] or the peripheral blood in a propor-
tion of patients with breast cancer [15, 16].

Selecting and expanding antigen-speciWc T cells
ex vivo can provide new insights into T cell antigen rec-
ognition, co-stimulation, and repertoire. CD8+ T cells
with speciWcities for cytomegalovirus or Epstein–Barr
virus appear to grow suYciently well in vitro to allow
for adoptive T cell therapy in immunocompromised
allogeneic bone marrow recipients [17]. We have also
generated stable HIV-1 epitope-speciWc CD8+ T cell
cultures from seronegative healthy donors which have
provided unique insights into the corresponding T cell
responses elicited by the natural infection [18, 19]. In
contrast, it has been signiWcantly more challenging to
obtain CD8+ T cell cultures to non-viral tumor antigens
from cancer patients, with rare exceptions being a few
epitopes in melanoma (Melan-A and gp100 epitopes)
[20] that appear to have unusual properties [21]. In
general, reports on CTL with speciWcity to tumor-asso-
ciated antigens, including MUC1 [13, 16, 22], have
been restricted to short-lived cultures with modest
reactivities that did not allow for detailed characteriza-
tion. The poor in vitro T cell responses to non-viral
tumor antigens suggest immunological tolerance in
that clonotypes with high avidity have been deleted or
made anergic by the autochthonous tumors.

Here we characterized M1.2-speciWc CTL cultures
with high levels of tetramer-binding cells that were gen-
erated from circulating CD8+ precursor T cells of healthy
normal donors, using protocols established for HIV-1
peptide-speciWc CTL [18]. To identify agonists that may
be more eVective than the native epitope, we used one of
the M1.2-speciWc CTL cultures to probe a combinatorial
peptide library consisting of 340 billion nonapeptides in a
positional scanning format [19, 23]. “Consensus” pep-
tides—those recognized by several donors—have been
identiWed. These were used to further analyze the charac-
teristics of human CTL against M1.2.

Materials and methods

Donors and HLA typing

Healthy male and female donors were prescreened by
Xow cytometry with the monoclonal antibody (mAb)
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BB7.2 speciWc for the HLA-A2 supertype [24] and
subsequently conWrmed by sequence-speciWc primer
PCR by the Immunogenetics Laboratory at the
National Cancer Institute. Only HLA-A*0201+

(abbreviated hereafter as HLA-A2+) individuals were
studied. This study was approved by the Human
Investigation Committee of Wayne State University
School of Medicine and all subjects gave written
informed consent.

Preparation of monocyte-derived dendritic cells

Peripheral blood mononuclear cells (PBMC) were iso-
lated by Ficoll–Hypaque density gradients. Immature
DC were generated from plastic-adherent monocytes
by culturing in 500 U/ml of rIL4 and 1,000 U/ml of
GM-CSF for 7 days. Maturation of DC was achieved
by exposing day 6 immature DC to 1 �g/ml LPS (E. coli
serotype 026:B6, Sigma, St Louis, MO, USA) for 16 h
or to a cocktail of 1,000 U/ml IL-6, 10 ng/ml IL-1�, and
10 ng/ml TNF-� for 36 h [25]. Maturation was con-
Wrmed by enhanced expression of HLA-DR, CD40,
and CD86 in lineage-negative cells (CD3, CD14, and
CD19). Induction of CD83 was also used as an index
for maturation.

In vitro immunization of human CD8+ T cells with 
M1.2 peptide

The procedures for ex vivo generation of peptide-
speciWc CTL have been described previously [18]. In
brief, CD8+ T cells were positively selected from
PBMC with immunomagnetic beads (Dynal, Oslo,
Norway). DC were irradiated at 4,000 cGy and
pulsed with 20 �g/ml M1.2 peptide for 2 h at 37°C in
serum-free HEPES-buVered RPMI 1640 supple-
mented with penicillin and streptomycin, sodium
pyruvate, non-essential amino acids, and L-glutamine
(complete medium). After removing the medium,
DC were pulsed for an additional 1.5 h with 20 �g/ml
peptide, 3 �g/ml �2-microglobulin, and 1% human
serum albumin. PuriWed CD8+ T cells and irradiated,
peptide-pulsed DC at a 5:1 (T:DC) ratio were cul-
tured in complete medium supplemented with 10%
autologous serum and 10 ng/ml rIL-7 (Genzyme,
Cambridge, MA, USA). On days 1 and 4, IL-2 (Chiron,
HareWeld, Middlesex, UK) was added at 20 U/ml.
CTL were re-stimulated weekly with M1.2-pulsed
irradiated autologous monocytes [18]. The resulting
CTL cultures were tested at week 4 and subsequent
weeks for antigen-speciWcity. In a few experiments,
M1.2-speciWc CTL (2 £ 105) were expanded with the
anti-CD3 mAb (OKT3, Ortho Biotech, Raritan, NJ,

USA) at 30 ng/ml in the presence of IL-2 (20 U/ml
added day 1 and every 3 day thereafter), irradiated
PBMC (4,000 cGy, 25 £ 106) were used as feeder in
complete media supplemented with 10% autologous
serum.

Cytotoxicity assay

Cytotoxicity was determined by the ability of CTL to
lyse peptide-treated or known MUC1+ target cells. T2
cells (HLA-A2+, TAP deWcient) or tumor cells were
labeled with sodium [51Cr] chromate (NEN, Boston,
MA, USA) and incubated for 1 h at 37°C. After wash-
ing to remove soluble 51Cr, 1 £ 104 labeled peptide-
pulsed T2 cells or tumor cells were mixed with T cells
at diVerent E:T ratios in 96-round bottom plates.
Supernatants were harvested after 4 h and mixed with
scintillation Xuid (Optiphase SuperMix; PerkinElmer-
Wallac) for counting in a MicroBeta counter (Perkin-
Elmer-Wallac). T2 cells not pulsed with peptide were
used as negative controls. Percent lysis was calculated
as: 100 £ (experimental release ¡ spontaneous release)/
(total release ¡ spontaneous release).

Scanning of the nonamer library with M1.2-speciWc 
CTL

The combinatorial nonamer peptide library was
scanned with an M1.2-speciWc CTL culture from donor
CC, and cytolytic activity was determined by the 51Cr
release assay. The CTL were incubated with 51Cr-
labeled T2 cells in the presence of 100 �g/ml of each
peptide library mixture. This nonamer library consists
of 180 equimolar peptide mixtures in the OX8 format
where O represents one each of the 20 natural L-amino
acids in a deWned position and X represents all of the
natural amino acids, with the exception of cysteine (C)
in each of the remaining positions. For example, the
Wrst mixture has alanine (A) in position 1 (A1X8), while
mixture number 180 has tyrosine (Y) in position 9
(X8Y9). Each OX8 mixture consists of 1.9 £ 109 (198)
diVerent nonamer peptides in approximately equimo-
lar concentration, and the total X9 library consists of
3.8 £ 1010 (20 £ 198) diVerent peptides. Assuming an
average molecular weight of 1,080 for a nonamer
peptide mixture and a concentration of 100 �g/ml
(100 �M), the concentration of each individual library
nonapeptide is 5.3 £ 10¡14 M.

Individual peptides were synthesized by the simulta-
neous multiple peptide synthesis method [26]. The
identity and purity of each peptide were characterized
using an electrospray mass spectrometer interfaced
with a liquid chromatography system.
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Intracellular cytokine staining and degranulation 
assays

To assess the contribution of the CD8 co-receptor to
CTL functions, C1R stably transfected with wild-type
HLA-A2 (C1R-A2wt) or an HLA-A2 variant encoding
a mutation in the (3 domain that abrogate CD8 binding
without aVecting the integrity of TCR interaction
(C1R-A2CD8null) [27] were used as target cells. CTL
were stimulated with peptide-loaded (10 (g/ml) target
cells at 37°C in the presence of anti-CD107a/b mAb.
Monensin (GolgiStop, Pharmingen/BD, San Diego,
CA) was added from the beginning to prevent cytokine
secretion. After 4 h, cells were washed twice, Wxed,
permeabilized and stained with either PE-conjugated
anti-isotype, anti-IL-2, anti-TNF-�, anti-IFN-�, anti-
MIP-1�, or FITC-conjugated anti-CD8 according to
the manufacturer’s instructions (Pharmingen/BD, San
Diego, CA). Analysis was performed by gating on
CD8+ T cells and collecting 10,000 events.

T2 stabilization assay

For each peptide to be tested, 2 £ 105 T2 cells in tripli-
cates were washed and incubated overnight in 100 �l of
complete medium supplemented with 1% FBS, 4 �g/ml
�2-microglobulin, and 200 �M peptide (saturating level)
at 37°C. Peptide-loaded cells were washed with cold
PBS/0.05% bovine serum albumin/0.02% NaN3 and
stained with the HLA-A*0201-speciWc BB7.2 mAb
(Pharmingen/BD, San Diego, CA) followed with a
FITC-labeled goat anti-mouse IgG secondary antibody
at 4°C. Mean Xuorescence intensity (MFI) was deter-
mined by analysis with a FACSCalibur cytoXuorometer.

Results

Comparison of LPS-matured, TNF-�-matured, 
or immature DC for primary stimulation

Since CTL cultures speciWc for the HIV-1 Gag p17 epi-
tope SLYNTVATL (SL9) could be generated only by
priming with immature DC [18], we Wrst determined
whether there was a similar maturation restriction for
M1.2-speciWc CTL. As shown in Fig. 1a, M1.2-speciWc
cytotoxicity was elicited in parallel cultures from donor
MD by priming with autologous immature DC or with
LPS-matured DC (LPS DC) or cytokine-matured DC
(TNF-� DC). The level of cytotoxicity elicited with
LPS-matured DC was signiWcantly higher than that
achieved by immature or cytokine-treated DC, particu-
larly at the lower E/T ratio. Thus, all three types of DC

could prime M1.2-speciWc CTL. However, we did not
Wnd tetramer-positive T cells in these cultures, suggest-
ing that either the frequencies of antigen-speciWc cells
were below the level of detection (<1/10,000) or, more
likely, that their avidity was too low to bind stably with
tetramers. From a diVerent donor, GR, priming by
immature DC produced more cytotoxic T cells than
LPS-matured DC in parallel cultures (Fig. 1b, right
panel). Moreover, as many as 25% of the CD8+ T cells
in the former stained positively for tetramers (Fig. 1b,
left panel). These results indicate person-to-person
variability in the co-stimulatory requirements for the
priming of CD8+ T cells speciWc for M1.2 peptide.

Re-stimulation with adherence-puriWed monocytes 
versus DC

CD8+ T cells improve their responsiveness to antigen
after successive re-stimulations with APC [28, 29]. We
therefore compared re-stimulation by DC with that by
monocytes in producing highly cytotoxic, tetramer-posi-
tive M1.2-speciWc CTL. Parallel CD8+ T cell cultures
primed by LPS-matured DC from donor LD were re-
stimulated with autologous M1.2-pulsed matured DC or
monocytes. As shown in Fig. 2, both methods generated
the same percentage of tetramer-binding CTL, but the
CTL culture re-stimulated by DC displayed signiWcantly
greater cytotoxicity, which was also retained for a longer
period of time. By day 65, LP-1 cells re-stimulated by
monocytes had lost their ability to kill M1.2-pulsed
T2 cells in the microcytotoxicity assay. In contrast,
LP-2 remained functionally active when the cells were
assessed 14 days later (data not shown). Thus, it appears
that cytotoxicity, and perhaps other diVerentiated func-
tions as well, of the M1.2-speciWc CTL may be improved
through the modulation of co-stimulatory signals.

Acquisition of cytotoxicity to HLA-A2+MUC+ breast 
cancer cell line with maturation by tetramer-positive, 
M1.2-speciWc CTL

Tetramer-rich M1.2-speciWc CTL generated with
immature DC from donor JF were cytotoxic not only
to M1.2-pulsed T2 cells but also to the MUC1+/A2+

MCF-7 breast cancer cell line. In contrast, control
melanoma MSM-M7 (MUC1-/A2+) and T47D cells
(MUC1+/A2-) were not lysed. Interestingly, M1.2-
tetramer-binding T cells showed an increase in antigen
responsiveness of their cytotoxicity with maturation
(day 56 versus day 29). MCF7 cells were not lysed by
the day 34 cultures despite the presence of 40% tetra-
mer-binding T cells. In contrast, on day 56 JF-1 CTL
caused >40% lysis of MCF7 cells at an E/T ratio of 100/1
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and 25% lysis at a 25/1 ratio despite a lower percentage
of tetramer-binding cells (Fig. 3). These results suggest
a dissociation between proliferation and functional
maturation during the early stages of expansion by
antigen-speciWc human CD8+ T cells, a phenomenon
also observed for HIV-1-speciWc CTL [19].

Nonamer library scan and screening of subsequently 
synthesized peptides as potential agonistic peptide 
analogs

The peptide library was scanned with M1.2-speciWc
CTL from donor CC. This culture was highly speciWc
for M1.2 in the T2 microcytotoxicity assay (50% lysis at
E/T ratio of 20:1). CTL were incubated with 51Cr-
labeled T2 cells at this ratio as described in
Sect. “Materials and methods.” Each assay was per-
formed in triplicate; mean lysis and standard deviations
are shown in Fig. 4. It was striking that a high level of
cytotoxicity (as much as 12%) was observed with some
peptide mixtures, each of which comprised 1.7 £ 1010

(198) peptides, in which the concentration of a single
peptide was only 5.3 £ 10¡14 M. The standard devia-
tions were small even though the triplicate assays were
set in three separate microtiter plates for each mixture.
Three of the mixtures deWned with residues corre-
sponding to the native M1.2 sequence (dark bars) were
among the most stimulatory mixtures. They were posi-
tion 4-L, position 5-T, and position 9-V. Moreover, the
mixtures deWned at the anchor positions of this scan
conWrmed its predictive power and accuracy. L and M
are the preferred hydrophobic residues for the position
2 anchor position of HLA-A2. Accordingly, the L and
M mixtures at position 2 were equally stimulatory.
Similarly, V is preferred for the position 9-anchor of
HLA-A2, and the scan showed the V mixture to be
most active. For positions 1, 3, 4, 7, and 8, at least two
other mixtures were equal or more stimulatory than
the mixture containing the amino acid of the native
peptide. Thus, variability at these positions is well tol-
erated by the TCR, making them likely to be the most
“degenerate.”

Fig. 1 Cytotoxicity of parallel cultures of M1.2-speciWc CTL
from donors MD (a) and GR (b) primed by immature and ma-
tured DC generated as described in Sect. ”Materials and meth-
ods.” Percent lysis was measured by a standard 4-h 51Cr release

assay using as targets T2 cells pulsed with 1 �g/ml of M1.2 peptide
at various E/T ratios. M1.2-tetramer-binding CD8+ T cells were
detected only in cultures from GR (b, scatter plots)
123
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Fig. 2 Cytotoxicity and percent tetramer-binding cells in parallel
M1.2-speciWc CTL cultures generated from donor LP over time
(day 43 and day 65) using either monocytes or DC for re-stimula-
tion. Panels on the left show cytotoxicity, which was measured in
a standard 51Cr release assay with T2 cells, pulsed either with

1 �g/ml of M1.2, no peptide, or an irrelevant HIV-1 peptide, TV9
(TLNAWVKVV) on day 43 and day 65. Panels on the right show
the percent CD8+ T cells that stained with an APC-conjugated
tetramer and FITC-conjugated anti-CD8 mAb on those days

Fig. 3 Dissociation between 
proliferation of M1.2-tetra-
mer-binding T cells and 
acquisition of functional 
maturation during the early 
stages of expansion in M1.2-
speciWc CTL from donor JF. 
The number of tetramer-bind-
ing T cells over the course of 
this study was shown for days 
20, 29, and 56 (top). Human 
breast cancer cell lines MCF-7 
(MUC1+, HLA-A2+) and 
T47D (MUC1+, HLA-A2¡), 
and melanoma MSM-M7 
(MUC1¡, HLA-A2+) were 
used as targets in a standard 
4-h 51Cr release assay 
(bottom)
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Based upon these data, a panel of 54 candidate pep-
tides was designed and synthesized (Table 1) with sin-
gle, double, or triple amino acid substitutions. There
were no substitutions at positions 2, 5, 7, or 9. The pep-
tides were screened with LP-2 and JF-1, which were 0.8
and 41% tetramer-positive, respectively (Figs. 2, 3).
Nonetheless, both cultures were highly cytotoxic to T2
cells pulsed with M1.2 over a range of E/T ratios rang-
ing from 6.25/1 to 20/1. Maximum % lysis was achieved
at 10/1 (65 and 80%, respectively), with <3% back-
ground lysis of T2 cells alone or T2 pulsed with irrele-
vant HIV peptide. Table 2 summarizes the reactivities
of these CTL against the predicted peptides at four
diVerent concentrations. Thirty percent (16 of 54) of
the peptides predicted from the reactivity of M1.2-spe-
ciWc CTL from one donor were recognized by CTL
from the two other donors. LP-2 recognized 6 of the 54
(11%), while JF-2 recognized an additional 10 peptides
(19%).

From the screening results in Table 2, peptides were
selected and grouped based upon their level of recogni-
tion and whether they were recognized by only one or
both donors (Table 3). Peptides recognized by both
donors were deWned as “consensus peptides” in this
study. Group I comprises consensus peptides, Group
II, peptides recognized only by LP-2, and Group III,
peptides recognized only by JF-1. Group I contained
4 of the 54 peptides (7%), and contained only single or
double substitutions. Peptides with triple substitutions
or more were not recognized. Only one of the ten
monosubstituted peptides was a consensus epitope,
which contained an L!A substitution at position 3
(p2, LLALTVLTV). Interestingly, antigenicity that
was abrogated by an L!W substitution at position 4
(p6, LLLWTVLTV) was almost completely restored
by a compensatory replacement at position 1 (p15,
VLLWTVLTV) or position 3 (p29, LLPWTVLTV)
(Table 2).

The most promising peptide analogs appear to be
the latter two: p29 and p15, each of which was recog-
nized by both donors even at low peptide concentra-
tions. The T2 stabilization assay was performed to
measure binding to the HLA-A2 molecule. This assay
aYrmed that M1.2, p29, and p15 at 200 �g/ml all bound
equally well and, surprisingly, as well as did our stan-
dard Flu virus peptide. MFI were: M1.2, 138.3 (1.73
S.D.), p29, 184.6 (3.11 S.D.), p15, 165 (0.70 S.D., and
Flu, 184.6 (4.16 S.D.).

Fig. 4 Scanning of the nonapeptide combinatorial peptide li-
brary. Cytotoxicity of the index M1.2-speciWc CTL culture (donor
CC) to the 180 mixtures of the library is presented. Each graph,
designated P1 to P9, represents a set of 20 mixtures having the
deWned amino acid listed on the X-axis at a given position. The

horizontal line in each graph shows the average cytotoxicity for
the 20 mixtures of that position. Percent lysis is plotted on the
Y-axis. The dark bar in each graph is the lysis generated by the
amino acid of the M1.2 peptide at that position
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Table 1 Library predictions from the scans with CC-CTL

Panel to be tested: 9 single substituted, 39 double substituted, 6
triple substituted, 54 in total

Position 1 2 3 4 5 6 7 8 9

M1.2 L L L L T V L T V
Library predictions V A F P S

P T N E
W
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Table 2 Screening of predicted peptides by cytotoxicity (% speciWc lysis) with M1.2-speciWc LP-2 and JF-1

Two thousand 51Cr-labeled T2 cells were co¡cultured with T cells at the E/T ratio of 10/1 for 4 h at 37°C in the presence of 1,000, 100,
10, or 1 ng/ml of 1 of the 54 predicted peptides. The data are representative of two separate experiments. Background cytotoxicity was
<5% at all E/T ratios and was subtracted from the corresponding value

Peptide sequences Number of 
substitutions

LP-2 JF-1

Percent lysis at peptide concentrations (ng/ml)

1,000 100 10 1 1,000 100 10 1

Muc1.2 L L L L T V L T V 0 82 77 40 7 70 72 54 3

1 V – – – – – – – 1 82 42 8 1 40 11 1 ¡1
2 – – A – – – – – – 78 38 7 4 73 66 53 0
3 – – P – – – – – – 30 15 6 5 68 72 62 12
4 – – – F – – – – – 4 0 3 3 0 ¡1 1 0
5 – – – T – – – – – 6 5 6 ¡1 20 ¡1 1 ¡1
6 – – – W – – – – – 5 2 2 2 12 ¡1 0 ¡1
7 – – – – – P – – – 20 4 2 2 0 0 ¡1 ¡1
8 – – – – – N – – – 40 22 4 2 0 0 0 ¡1
9 – – – – – – – S – 32 9 3 3 61 26 ¡1 ¡1

10 – – – – – – – E – 20 12 3 0 63 38 ¡1 –2
11 V – A – – – – – – 2 64 28 7 1 65 29 ¡1 –1
12 V – P – – – – – – 3 2 1 1 1 ¡1 –1 –1
13 V – – F – – – – – 65 24 5 1 24 2 ¡1 –1
14 V – – T – – – – – 5 2 ¡1 1 0 ¡2 –1 –2
15 V – – W – – – – – 83 63 28 3 47 24 0 1
16 V – – – – P – – – 17 ¡1 –1 2 ¡2 –1 1 ¡2
17 V – – – – N – – – 10 2 0 1 34 4 1 0
18 V – – – – – – S – 65 18 3 1 48 4 0 ¡1
19 V – – – – – – E – 36 14 2 1 24 1 ¡1 –2
20 – – A F – – – – – 6 3 6 2 ¡1 –2 –1 –2
21 – – A T – – – – – –1 0 6 2 53 31 ¡1 –1
22 – – A W – – – – – 6 2 2 4 1 ¡2 –2 –2
23 – – A – – P – – – 1 ¡1 3 2 2 ¡1 –1 –2
24 – – A – – N – – – 1 ¡1 1 2 50 25 1 ¡1
25 – – A – – – – S – 29 8 4 ¡2 52 15 ¡1 –3
26 – – A – – – – E – 3 5 2 ¡1 7 0 ¡1 ¡3
27 – – P F – – – – – 2 5 4 4 0 ¡1 ¡1 ¡2
28 – – P T – – – – – 6 5 0 0 59 52 10 ¡1
29 – – P W – – – – – 84 78 55 9 64 59 15 ¡1
30 – – P – – N – – – 2 1 0 0 46 19 ¡1 ¡2
31 – – P – – – – S – 3 1 1 1 58 43 4 ¡2
32 – – P – – – E – 7 1 0 ¡1 60 37 3 ¡1
33 – – – F – N – – – 2 0 4 1 3 0 1 ¡1
34 – – – F – P – – – 1 4 5 1 ¡1 1 ¡2 0
35 – – – F – – – S – 5 5 6 4 8 0 0 ¡1
36 – – – F – – – E – 5 3 3 0 ¡1 ¡1 ¡1 0
37 – – – T – N – – – 7 1 2 1 ¡1 0 ¡1 ¡2
38 – – – T – P – – – 0 2 2 1 2 0 ¡1 1
39 – – – T – – – S – 2 1 3 2 0 ¡1 ¡1 ¡2
40 – – – T – – – E – 3 2 2 1 0 1 0 0
41 – – – W – N – – – 11 2 1 1 0 ¡1 ¡1 ¡1
42 – – –– W – P – – – 59 17 4 2 39 5 0 ¡2
43 – – –– W – – –– S – 2 2 3 1 0 0 0 ¡2
44 – – – W – – – E – 7 5 2 3 1 ¡2 1 ¡2
45 – – – – – P – S – 8 5 3 3 0 ¡1 0 ¡1
46 – – – – – P – E – 40 15 5 4 ¡1 ¡1 1 ¡2
47 – – – – – N – S – 5 3 2 1 1 0 0 ¡2
48 – – – – – N – E – 2 0 ¡3 1 0 0 1 ¡2
49 V – – F – – – S – 3 1 1 1 0 0 ¡1 0 ¡2
50 V – A F – – – – – 3 4 2 2 0 0 0 ¡1
51 V – A – – – – S – 17 7 5 0 4 ¡1 0 ¡3
52 V – – F – P – – – 1 3 2 3 ¡1 ¡1 0 ¡1
53 V – – – – P – S – 9 6 0 1 2 ¡3 1 ¡2
54 V – – F – – E – 0 2 4 3 ¡2 ¡2 1 1
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Table 4 shows a comparison of the structure of the
two analogs with that of the native M1.2 molecule.

Avidity of CTL elicited by M1.2 against the peptide 
analogs

The avidity of antigen-speciWc CTL is a critical deter-
minant for clearing viral infection and eliminating
tumor. Here, the functional avidities of M1.2-speciWc
MD-1 CTL were determined operationally as the nega-
tive logarithm of the peptide concentration that
resulted in 50% maximal cytotoxicity with T2 cells
(EC50), to approximate the capacity and eYciency of a
CTL to recognize and lyse target cells in an antigen-
speciWc fashion [30, 31]. The EC50 values of MD-1 for
p15 and p29 were essentially identical to that of M1.2,
indicating that these three peptides are equally anti-
genic. A comparison of the functional avidity of MD-1
CTL with that of CTL against SL9 [18] showed, not
surprisingly, that the MD-1 CTL (EC50 8.8 £ 10¡8 M)
were 100-fold less avid than CTL to SL9 (EC50

7.8 £ 10¡10 M) (Fig. 5). This re-aYrms the concept that
the T cell repertoire for MUC1, a self-antigen, does not
contain high avidity clonotypes.

Role of the CD8 co-receptor in cytotoxicity eVected by 
CTL against MUC1 epitopes

CD8 acts as a co-receptor for the peptide-MHC
(pMHC) molecule in concert with the antigen-speciWc

Table 3 Grouping of peptides based upon recognition by LP¡2 and JF¡1 M1.2-speciWc CTL

Group I represents consensus analog recognized by both donors. Groups II and III consist of peptides recognized only by donor LP or
donor JF, respectively

Group Peptide sequences Number of 
substitutions

LP¡2 JF-1

Percent lysis at peptide concentrations (ng/ml)

1,000 100 10 1 1,000 100 10 1

Muc1.2 L L L L T V L T V 0 82 77 40 7 70 72 54 3

I 2 – – A – – – – – – 1 78 38 7 4 73 66 53 0
11 V – A – – – – – – 2 64 28 7 1 65 29 – ¡1
15 V – – W – – – – – 2 83 63 28 3 47 24 1 1
29 – – P W – – – – – 2 84 78 55 9 64 59 15 ¡1

II 1 V – – – – – – – – 1 82 42 8 1 40 11 1 ¡1
13 V – – F – – – – – 2 65 24 5 1 24 2 – ¡1

III 3 – – P – – – – – – 1 30 15 6 5 68 72 62 12
9 – – – – – – – S – 1 32 9 3 3 61 26 – ¡1

10 – – – – – – – E – 1 20 12 3 0 63 38 ¡1 ¡2
21 – – A T – – – – – 2 ¡1 0 6 2 53 3 ¡1 ¡1
24 – – A – – N – – – 2 1 ¡1 1 2 50 1 1 ¡1
28 – – P T – – – – – 2 6 5 0 0 59 5 10 ¡1
30 – – P – – N – – – 2 2 1 0 0 46 2 ¡1 ¡2
31 – – P – – – – S – 2 3 1 1 1 58 9 4 ¡2
32 – – P – – – E – 2 7 1 0 ¡1 60 3 3 ¡1

Table 4 Comparison of agonists p29 and p15 with native M1.2

Boldface indicates the diVerences from native M1.2 shown above

M1.2 L-L-L-L-T-V-L-T-V

Agonist peptides

p29 L-L-P-W-T-V-L-T-V
p15 V-L-L-W-T-V-L-T-V

Fig. 5 Functional avidities of M1.2-speciWc MD-1 CTL assessed
against M1.2 and the agonists, p29 and p15. For comparison, the
functional avidity of an HIV-1-speciWc CTL culture targeting the
SL9 epitope is also shown. The EC50 values for M1.2 cells are:
M1.2, 8.8 £ 10¡8 M, p29 and p15, 1.6 £ 10¡7 M, and for the SL9-
CTL, SL9, 7.8 £ 10¡10 M
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TCR during the process of T cell recognition and acti-
vation. Recent publications suggest that CD8 contrib-
utes signiWcantly to the maintenance of clonal diversity
[32] and responsiveness [33]. To examine whether CD8
is important for eVector functions of M1.2-speciWc
CTL, MD-1 cells were stimulated with peptide-pulsed
C1R target cells stably transfected with either the wild-
type HLA-A2 or one bearing a mutation that abro-
gates CD8 binding [34]. Figure 6a shows scatter plots
correlating CD107a/b mobilization (as a measurement
of degranulation) with the production of IL-2, TNF-�,
IFN-�, and MIP-1� in MD-1 cells after stimulation with
C1R-A2wt cells pulsed with an irrelevant peptide
(YV9), M1.2, p29, or p15. The percentages of the cells
that were cytotoxic, as deWned by CD107a/b mobiliza-
tion, were just under 50%, showing a large fraction of
peptide-speciWc cells. Moreover, degranulation was
relatively consistent for the M1.2 native peptide or its
agonists, p29 and p15 (Wrst column, second to fourth
row), showing that M1.2-speciWc cells recognized the
peptides equally. Nearly all MD-1 cells (99%) pro-
duced MIP-1� after co-culture with C1R-A2wt cells
pulsed with the irrelevant peptide (fourth column, Wrst
row). Thus, MIP-1� production is constitutive, that is,
not regulated by TCR activation [35]. In contrast,
TNF-�, IL-2, or IFN-� were induced only after speciWc
activation with M1.2, p29, or p15. After stimulation
with these peptides, IL-2 was detected in 5–8% of
CTL, while signiWcantly higher proportions of MD-1
cells produced TNF-� (23–27%) and IFN-� (38–46%).
Since only three-color Xow analysis was performed, we
were unable to ascertain the number of cells that pro-
duced two or more cytokines upon degranulation.
Nonetheless, these data show that MD-1 comprised
several populations of functionally distinct M1.2-spe-
ciWc CTL.

Figure 6b shows scatter plots of MD-1 cells after
stimulation with the C1R-A2CD8null cells. In the
absence of binding by the CD8 co-receptor to pMHC,
MD-1 cells were neither cytotoxic nor able to secrete
IL-2, TNF-�, and IFN-� after speciWc activation (col-
umns 1–4, rows 2–4). Thus, the CD8 enables low avid-
ity M1.2-speciWc T cells to produce these inducible
cytokines, which are tightly regulated by TCR activa-
tion [35]. We do not understand why some CD8+ T
cells are more dependent on CD8 than others. How-
ever, those that are dependent are likely to have lower
avidity, which had been our experience with HIV-
1-speciWc CTL (unpublished data). Notably, all of the T
cells produced MIP-1� constitutively when co-cultured
with C1R-A2CD8null cells loaded with the various pep-
tides, further conWrming that MIP-1� secretion is inde-
pendent of TCR activation (Fig. 6a).

Table 5 summarizes the Xow cytometric data for
MD-1 in Fig. 6a, b as well as those for two other CTL
cultures, JF-2 and GR-1. All three CTL cultures
exhibited modest non-TCR-mediated (spontaneous)
degranulation (6–10% CD107a/b+ cells) when co-cul-
tured with either C1R target cells loaded with the
irrelevant peptide YV9. SigniWcantly higher numbers
of CTL stained positively for CD107a/b after speciWc
stimulation with M1.2-pulsed C1R-A2wt (47, 31, and
43% for MD-1, JF-2, and GR-1, respectively), show-
ing that all cultures contained substantial proportions
of antigen-speciWc cells. Incidentally, the percent of
tetramer-binding cells at the time of this assay was 4,
1, and 6% for MD-1, JF-2, and GR-1, respectively
(data not shown). Two (GR-1 and MD-1) of the three
CTL recognized the agonist p29 and p15 almost as
eYciently as M1.2. In contrast, JF-2 contained fewer
CD107a/b+ cells after stimulation with p29 and p15
(37 and 18%, respectively) than with the native M1.2
(43%), showing that JF-2 CTL were less cross-reac-
tive to the agonists. Antigen-speciWc degranulation
for all three CTL was dependent upon compensation
by CD8 co-stimulation, but to varying degrees, as evi-
denced by reductions in the percentages of CD107a/
b+ cells after stimulation with cognate peptide-loaded
C1R-A2CD8null target cells, as compared with C1R-
A2wt. By this criterion, JF-2 and GR-1 would be con-
sidered more avid than MD-1, which showed 7, 13,
and 8% CD107a/b+ cells after stimulation with C1R-
A2CD8null target cells pulsed with M1.2, p29, and p15,
respectively, essentially identical to spontaneous
degranulation with YV9 (8%).

In addition, Table 5 compares the ability of the
three CTL cultures to produce the inducible cytokines
IL-2, TNF-�, and IFN-� upon speciWc activation.
CD107a/b+ MD-1 and GR-1 cells also stained posi-
tively for all three cytokines, although the percentage
of cells making each cytokine was diVerent. JF-2 cells
produced only IFN-� after speciWc stimulation. IL-2
was produced by the smallest proportion of cytotoxic
cells in all three CTL cultures. It is diYcult to conclude
whether this reXects little synthesis, a shorter half-life,
or poor sensitivity of the intracellular staining tech-
nique for this cytokine. The pattern of constitutive
secretion of MIP-1� was essentially identical for all
three CTL and has been discussed in the context of
MD-1. Since polyfunctional human CTL may be more
protective [36], the T cell repertoires of donors GR and
MD may be more capable of responding to M1.2 than
that of JF.

To show more clearly how degranulation was
aVected by the CD8 co-receptor, the data in Table 5
were re-analyzed to show only the percentages of cells
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that had been speciWcally activated to express CD107a/b
(Table 6). In other words, background degranulation
with YV9 was subtracted from these values. Table 6
shows all three M1.2-speciWc cultures to depend to a
large extent on CD8 for degranulation. However, only
MD-1 was completely dependent, suggesting that these
cultures had diVerent TCR aYnities for M1.2. The ago-
nist peptides, however, were more poorly recognized
and thus, activation was more dependent on CD8 than
with the native epitope.

Discussion

In murine TCR transgenic models, it has been shown
that clonal expansion and acquisition of diVerentiation
functions are imprinted upon naïve high aYnity CD8+

T cells after a single optimized encounter with APC
[28, 37, 38]. Important variables in this interaction
include the level of co-stimulation aVorded by DC, the
cytokine milieu, and the intrinsic immunogenicity of
the epitope [39, 40]. Less is known about the priming of

Fig. 6 Analysis of the functionality of individual CD8+ T cells of
the MD-1 culture after speciWc stimulation with C1R-A2wt (a) or
C1R-A2CD8null (b), loaded with M1.2, p29, or p15. CD8+ T cells
were activated for 4 h and stained with a panel of mAb to exam-
ine degranulation (CD107a/b), cytokine production (IL-2, TNF-�,

IFN-�), and chemokine production (MIP-1�). The frequency of
CD8+ T cells displaying production of each cytokine or chemoki-
ne is shown on the Y-axis. The frequency of CD8+ T cells that
have undergone degranulation is shown on the X-axis
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human T cells. Thus, ex vivo priming aVords an oppor-
tunity to compare signal strengths for priming and acti-
vation of human CTL to diVerent epitopes [18, 41]. In
this study, we studied in greater detail CTL directed to
a self-antigen, the M1.2 epitope, that is capable of elic-
iting immunological responses from patients with
advanced malignancies [13] as well as from healthy
donors [12]. In particular, the M1.2-speciWc CTL

cultures that we have expanded from several donors
contained percentages of tetramer-binding cells (as
much as 41%) that were signiWcantly higher than that
previously reported for this speciWcity [22]. This
suggests that the CD8+ repertoires of healthy people
contain fairly high frequencies of M1.2-reactive cells,
and from this perspective, M1.2 can be considered
moderately immunogenic. However, in contrast to our
experience with HIV-1 epitopes, there was great
donor-to-donor variability in terms of the requirement
by M1.2 CTL precursors for co-stimulation aVorded by
DC used as APC in these cultures. This may explain
why these CTL cultures are generally diYcult to main-
tain, which may have implications in terms of using
M1.2 as a target of active speciWc immunotherapy.

The strength of the signals delivered to T cells mod-
ulate their capacity to develop into fully functional
eVector and memory cells [42]. M1.2-speciWc cells pro-
liferated less robustly and were more short-lived than
those speciWc for HIV-1 under identical conditions of
co-stimulation. M1.2-speciWc CTL also lost their ability
to kill after several weeks of continuous culture, which
was not observed for HIV-1-speciWc CTL [18, 19]. The

Table 5 Production of cytokines after stimulation with an irrelevant peptide (YV9), M1.2, p29, or p15 loaded onto C1R-A2wt or C1R-
A2CD8null cells in three M1.2-speciWc CTL cultures

CTL Peptide for 
re-stimulation

Target cell % T cells expressing

CD107a/b CD107a/b IL¡2 CD107a/b TNF-� CD107a/b IFN-� CD107a/b MIP-1�

MD-1 YV9 (irrelevant 
peptide)

C1R-A2wt 6 1 4 1 7

M1.2 47 8 27 46 52
P29 40 8 24 38 42
P15 49 5 23 40 46
YV9 C1R-A2CD8null 8 0 2 0 7
M1.2 7 0 2 2 9
P29 13 0 4 3 12
p15 8 0 3 1 9

GR-1 YV9 C1R-A2wt 13 3 4 2 13
M1.2 31 18 22 24 33
p29 30 12 22 24 34
p15 31 14 22 26 32
YV9 C1R-A2CD8null 11 3 4 3 15
M1.2 17 4 8 7 N.D.
p29 13 2 5 2 N.D.
p15 20 2 9 7 N.D.

JF-2 YV9 C1R-A2wt 10 0 2 0 13
M1.2 43 3 3 33 41
p29 37 0 3 24 34
p15 18 1 2 5 19
YV9 C1R-A2CD8null 13 0 1 0 15
M1.2 25 0 0 10 22
p29 13 0 1 0 13
p15 12 0 1 1 11

Table 6 Absolute percentage increase in CD107a/b+ CD8+ T
cells over non-speciWc activation: M1.2-speciWc CTL stimulated
by M1.2, p29, or p15 loaded onto C1R-A2wt or C1R-A2CD8null

cells

CTL Target cell % CD107a/b+ T cells above
non-speciWc (YV9)-stimulated
controls

M1.2 p29 p15

MD-1 C1R-A2wt 41 34 43
C1R-A2CD8null ¡1 5 0

JF-2 C1R-A2wt 33 27 8
C1R-A2CD8null 12 0 ¡1

GR-1 C1R-A2wt 18 17 18
C1R-A2CD8null 6 2 9
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loss of this diVerentiated function can be deferred by
amplifying TCR signaling through compensatory co-
stimulation with matured DC. Alternatively, the cyto-
lytic function of tetramer-binding cells was also
extended by stimulating tetramer-sorted cells through
their TCR with an anti-CD3 mAb and expanding them
in the presence of IL-2 and irradiated feeder cells. In
general, poor in vitro proliferation and loss of diVeren-
tiated functions of M1.2-speciWc CTL, even for cultures
with high percentages of tetramer-stained cells, suggest
that the TCR signal delivered by the pMHC molecule
may be suboptimal. This is consistent with the premise
that humans are tolerized to this self-antigen. None-
theless, as many as 109 peptide-speciWc T cells were
expanded from precursors isolated from 100 ml of hep-
arinized blood from most of our donors. These CTL
were also amenable to cryopreservation under stan-
dard conditions and could be further expanded with
re-stimulation after thawing, albeit with a fairly precip-
itous loss of speciWcity.

M1.2-speciWc CTL were highly cytotoxic to peptide-
pulsed T2 cells and were also able to lyse the HLA-
A2+, MUC1+ MCF7 breast carcinoma cells, consistent
with a previous report [12]. Flow analysis revealed sig-
niWcant discordance at the single cell level between the
proportions of speciWc T cells determined by tetramer
staining (less than 6%) versus functional assessment
(»50% CD107a/b+), which other investigators have
also observed [43, 44]. A possible explanation for this
Wnding was suggested by the measured functional avid-
ities, which showed M1.2-speciWc CTL to be 100-fold
less avid than SL9-speciWc CTL. Interestingly, the func-
tional avidities of our ex vivo primed SL9-speciWc CTL
were consistent with those of CTL isolated from
patients with HIV-1 infection [18].

Comparative analysis of the binding of 16 diVerent
soluble recombinant TCRs to their corresponding
ligands by surface plasmon resonance has revealed that
anti-pathogen TCRs bind with a signiWcantly stronger
aYnity than those raised against tumor epitopes (Cole,
A.K. Sewell et al., unpublished data, 2006). Anti-tumor
CTL clones were also found to exhibit greater depen-
dence on the pMHCI/CD8 interaction than anti-viral
CTL clones. This Wnding is consistent with the notion
that the oV-rate, and hence half-life, of TCR/pMHC
interactions is the critical parameter for TCR trigger-
ing and with the observation that CD8 acts to extend
this half-life [53].

Because we do not know which ex vivo CTL func-
tion deWnes a clinically relevant T cell response, the abil-
ity of M1.2 CTL to secrete many diVerent factors upon
degranulation after antigen recognition is encouraging.
Cytokine secretion may be equally important as target

lysis in terms of clinical eYcacy help to amplify or
prolong the cytotoxic response. Polyfunctional T cells
may be the most protective, extrapolating from studies
of T cell immune responses to viral infections [36].

The combinatorial peptide library screening with
an M1.2-speciWc CTL culture predicted acceptable
substitutions at positions 1, 3, 4, 6, and 8 that were
then veriWed by M1.2-speciWc CTL from other donors.
This approach does not make any assumptions regard-
ing TCR or MHC contact positions and has identiWed
even highly substituted peptide analogs with little
homology to the native peptide [45, 46]. Recognition
of the peptide analogs by M1.2-speciWc CTL appeared
to be limited to the least substituted peptides (1–2
positions), since peptides with three substitutions
were not recognized. It appears that the TCR of M1.2-
speciWc T cells may be more discerning that those we
have previously studied with this approach [19, 47, 48].
This may also imply that the human T cell repertoire
to M1.2 peptide has very limited diversity [49], consis-
tent with the likelihood that high aYnity clonotypes to
the MUC1 self-antigen may have been deleted during
thymic development, leaving only those recognizing
low aYnity complexes [50]. Thus the formidable
challenge in developing cancer vaccines is to create a
qualitatively and quantitatively superior CTL
response to weak protein antigens, while avoiding
autoimmunity.

The importance of the CD8 molecule in CTL func-
tion has been known for some time. The binding of
CD8 to the alpha 3 chain of the MHC1 molecule per se
augments TCR binding to the same molecule, and the
eVect of CD8 on CTL function does not require signal
transduction [51]. Blocking CD8 with antibody during
the interaction of CD8+ T cells with target cells can
inhibit lysis [52, 53]. The heterogeneous peptide-spe-
ciWc memory CTL repertoire in vivo can accommodate
a range of TCR aYnities and T cell avidities [52, 53],
through variable compensation by the CD8 co-recep-
tor [27, 32, 34, 52–55]. Here we showed that the three
M1.2-speciWc CTL cultures required participation by
CD8 for activation of degranulation and inducible cyto-
kine production, albeit to diVerent degrees (Table 6).
Both CD8-dependent and -independent T cell clono-
types were identiWed in JF-2 and GR-1 cultures. Thus,
clones primed ex vivo with lower “intrinsic avidity”
may compete with those of higher avidity through the
elicitation of CD8 compensation [32]. These results
showed indirectly that the aYnity of M1.2-speciWc CTL
for the p15-MHC and p29-MHC molecules may be less
than that for the cognate pMHC complex, since spe-
ciWc activation by the agonists was more sensitive to
the loss of CD8 participation.
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We have attempted to identify agonists of MUC1
epitope M1.2 that are recognized better than the native
epitope. However, the pattern of recognition of p15
and p29 and the avidity (EC50 measured by cytotoxic-
ity) were very similar to the native epitope, which sug-
gest a similar TCR aYnity for the agonist peptides that
we have focused on. Our study shows that the human
CD8+ repertoire may contain signiWcant numbers of
potentially polyfunctional M1.2-speciWc T cells. Given
the limited avidity, it may be worthwhile to continue
seeking “superagonists” for the M1.2 epitope using this
or other approaches. In addition, our results suggest
that enhancing co-stimulation perhaps through the use
of matured DC may be helpful in generating robust
CTL responses to this epitope. Our study attests to the
diYculty of generating potent CTL responses to non-
viral tumor antigens.
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