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The Journal of Immunology

Ca2+ Release from the Endoplasmic Reticulum of
NY-ESO-1–Specific T Cells Is Modulated by the Affinity
of TCR and by the Use of the CD8 Coreceptor

Ji-Li Chen,*,1 Anthony J. Morgan,†,1 Guillaume Stewart-Jones,‡ Dawn Shepherd,*

Giovanna Bossi,x Linda Wooldridge,{ Sarah L. Hutchinson,* Andrew K. Sewell,{

Gillian M. Griffiths,
||

P. Anton van der Merwe,# E. Yvonne Jones,‡ Antony Galione,† and

Vincenzo Cerundolo*

Although several cancer immunotherapy strategies are based on the use of analog peptides and on the modulation of the TCR

affinity of adoptively transferred T cells, it remains unclear whether tumor-specific T cell activation by strong andweak TCR stimuli

evoke different Ca2+ signatures from the Ca2+ intracellular stores and whether the amplitude of Ca2+ release from the endoplasmic

reticulum (ER) can be further modulated by coreceptor binding to peptide/MHC. In this study, we combined functional, struc-

tural, and kinetic measurements to correlate the intensity of Ca2+ signals triggered by the stimulation of the 1G4 T cell clone

specific to the tumor epitope NY-ESO-1157–165. Two analogs of the NY-ESO-1157–165 peptide, having similar affinity to HLA-A2

molecules, but a 6-fold difference in binding affinity for the 1G4 TCR, resulted in different Ca2+ signals and T cell activation. 1G4

stimulation by the stronger stimulus emptied the ER of stored Ca2+, even in the absence of CD8 binding, resulting in sustained Ca2+

influx. In contrast, the weaker stimulus induced only partial emptying of stored Ca2+, resulting in significantly diminished and

oscillatory Ca2+ signals, which were enhanced by CD8 binding. Our data define the range of TCR/peptide MHC affinities required

to induce depletion of Ca2+ from intracellular stores and provide insights into the ability of T cells to tailor the use of the CD8

coreceptor to enhance Ca2+ release from the ER. This, in turn, modulates Ca2+ influx from the extracellular environment,

ultimately controlling T cell activation. The Journal of Immunology, 2010, 184: 1829–1839.

A
n important question for the optimization of vaccination
strategies concerns the nature of the developmental
programs, and consequent functional profiles, invoked by

TCR triggering by agonists, superagonists, and weak peptide
agonists. Because natural tumor Ags elicit relatively weak T cell
responses, two approaches currently being investigated are the
optimization of the MHC class I anchor residues in tumor epitopes,
to enhance binding of the peptide to the MHC class I molecule (1–

3), and site-directed mutagenesis of TCRs to enhance T cell ef-
fector function of adoptively transferred T cells (4). Although
in vitro and in vivo data with peptide analogs and mutagenized
TCR showed larger Ag-specific CTL expansions than T cell
proliferation obtained with wild-type peptides (5, 6) or wild-type
TCRs (7), the use of peptide agonists and mutated TCRs in
clinical applications needs to be carefully monitored, because such
strategies may result in the loss of Ag specificity due to the en-
hanced T cell reactivity, as reviewed by Iero et al. (8). Recent
results have extended this notion by demonstrating Ag cross-re-
activity when CD8+ T cells were transfected with a higher-affinity
variant of the NY-ESO157–165 A2-restricted 1G4 TCR (7), whereas
the same soluble higher-affinity 1G4 TCR was capable of spe-
cifically recognizing NY-ESO157–165-pulsed target cells (9).
The manner in which the intensity of TCR triggering is translated

functionally is an active area of T cell research. In the last few
years, it has become known that elevation of intracellular calcium
(Ca2+), a crucial early step in T cell activation, occurs within
milliseconds of TCR engagement by peptide-MHC (pMHC) (10,
11). Binding of the TCR to the pMHC results in egress of Ca2+

from the endoplasmic reticulum (ER) into the cytosol (12), which,
in turn, initiates Ca2+ influx into the cytosol from the extracellular
environment, via the opening of calcium release-activated cal-
cium/Orai1 channels located at the cell surface (13, 14). The
amplitude and duration of the increase in Ca2+ influx modulates
the strength and fitness of the T cell response and must be sus-
tained for a prolonged period before gene expression and lym-
phokine production begin (15). It is known that the predominant
route of Ca2+ influx into T cells is the store-operated Ca2+ entry
(SOCE) pathway, which is regulated by the filling state of the ER
(16). The use of altered peptide ligands showed that agonistic
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peptides stimulate a cytosolic Ca2+ response composed of an
initial small sinusoidal peak followed by a high response, whereas
the signal evoked by weaker agonist peptides leads to an oscil-
latory response (17, 18). The strength of the TCR-pMHC also
affects the speed of the Ca2+ responses, contributing to the extent
of subsequent T cell proliferation (19). Although the SOCE model
predicts that the greater the store release (and hence, emptying),
the greater the Ca2+ influx, the relationship between the amount of
Ca2+ influx and the release of Ca2+ from intracellular stores has
not been addressed with Ag-specific T cell clones activated by
peptide ligands with different TCR affinities.
In addition to the affinity of the TCR–pMHC interaction, binding

of the CD4 and CD8 coreceptors to MHC class II or I molecules,
respectively (20–22), can influence the overall avidity of the
TCR–pMHC association (11, 22–25). Moreover, the CD4 and
CD8 coreceptors are important for signal initiation because they
associate to the tyrosine kinase Lck (26), which is required for
critical early events in TCR signaling (27). It was shown that
accumulation of the tyrosine kinase Lck at the immunological
synapse is modulated by the strength of TCR binding to pMHC
(28). Lck phosphorylates ITAMs, linking the Ag receptor to the
downstream signaling machinery of the TCR CD3 molecules (29)
and the tyrosine residues on the Syk family kinase ZAP70 (30,
31), thereby increasing the enzymatic activity of ZAP70 (32).
Thus the coreceptor plays an important role in coupling ligand
binding with the initiation of signal transduction.
Despite the large body of knowledge on Ca2+ influx in T cells, it

remains unknown whether the release of Ca2+ from the intracellular
stores, which are localized mainly in the ER (16), is modulated by
the avidity of the TCR–pMHC interaction. To address this issue, we
compared the release of Ca2+ from the ER and the subsequent influx
of Ca2+ into the cytosol from the extracellular milieu after stimu-
lation of a defined Ag-specific T cell clone (1G4 CTL) (33) by two
HLA-A2 (A2)-bound peptide analogs, derived from the tumor Ag
NY-ESO-1157–165 peptide (SLLMWITQC) (2). Our data indicate
that the strength of TCR binding to pMHC results in different de-
grees of Ca2+ release from the intracellular stores, which, in turn,
drives a proportional Ca2+ influx. This effect is modulated by the
binding of the CD8 coreceptor toMHC class I molecules, which can
significantly enhance the amount of Ca2+ release from the in-
tracellular stores triggered by both peptides and, in particular, by the
weaker NY-ESO-1157–165 peptide agonist.

Materials and Methods
Synthetic peptides

Peptides were synthesized by standard solid-phase chemistry on a mul-
tiple-peptide synthesizer (Sigma-Genosys, The Woodlands, TX) by using
F-moc for transient N-terminal protection. All peptides were 99% pure
as determined by analytical HPLC and mass spectrometry. Lyophilized
NY-ESO-1157–165 wild-type peptide (SLLMWITQC) and analog pep-
tides containing a substitution of cysteine at position 165 of the NY-
ESO-1157–165 to valine (ESO 9V) or leucine (ESO 9L) were diluted in
DMSO and stored at 220˚C.

Immunoprecipitation

Aliquots of 14 3 107 T2 cells were labeled with 74 MBq [35S] methionine
for 23 min, washed twice with cold PBS, and resuspended in lysis buffer
containing protease inhibitors (150 mM NaCl, 50 mM TrisHCl, pH 7.5,
5 mM EDTA, 1% Nonidet P-40, 2 mM PMSF, 5 mM iodoacetamide).
After a 30-min peptide pulse at 4˚C, the nuclei were removed, and the
supernatant was precleared overnight at 4˚C with 100 ml washed 10%
(w/v) Staphylococcus A. BB7.2 Ab (15 mg/tube) was added for 90 min on
ice, followed by 150 ml 5% (w/v) protein A-Sepharose (Sigma-Aldrich,
Poole, U.K.). The tubes were rotated for 45 min and then the beads were
washed four times with lysis buffer. The samples were eluted and analyzed
on 12% polyacrylamide gels.

Flow cytometry

T2 cells (33 104) were pulsed with different concentrations of peptides for
2 h at 37˚C. Cells were incubated with 40 mg/ml biotinylated F(ab9)2 Abs
for 30 min at 4˚C and visualized by streptavidin-conjugated R-PE (Sigma-
Aldrich) for 20 min at room temperature.

pMHC production

Residues 1–278 of the A2 H chain with the C terminus BirA tag were
expressed in Escherichia coli as inclusion bodies, refolded, and purified
with the NY-ESO-1 peptides SLLMWITQVor SLLMWITQL and b2M as
described previously (33).

Expression and purification of the 1G4 NY-ESO-1 TCR

The 1G4 TCR was refolded and purified from E. coli-derived inclusion
bodies as described previously (33).

Surface plasmon resonance

Surface plasmon resonance (SPR) experiments were performed using
a Biacore3000 (Biacore, Amersham, U.K.). Biotinylated soluble HLA (li-
gand) was immobilized on Streptavidin-coated CM5 chip (Biacore) at the
level of 1,000 RU per flow cell. Equilibrium binding was measured at the
flow rate of 5 ml/min, starting with the lowest analyte concentration.
Binding responses were determined by subtracting responses obtained in
reference flow cells with irrelevant pMHC immobilized. KD values were
calculated by fitting the 1:1 Langmuir binding isotherm to the data using
Origin. Kinetics of TCR–pMHC interactions were measured at 30 ml/min,
and the curves were fitted by global fitting of the standard 1:1 Langmuir
binding model to the data (BIAevaluation software; Biacore).

Crystallization and x-ray diffraction data collection

All crystallizations were performed by the sitting drop vapor diffusion
technique. Crystals of A2-ESO 9L complexes were grown to dimensions of
1303 803 70 mm at room temperature (21˚C) from 2 ml protein (at 10 mg/
ml) + 2 ml mother liquor (14% polyethylene glycol 8000, 50 mM MES,
pH 6.5) drops. Crystals were cryoprotected by sequential transfer into res-
ervoir solutions containing 10%and 20%glycerol andwere flash-cooled and
maintained at 100K, using a cryostream (OxfordCryosystems, Oxford, U.K.).
High-resolution data for the A2-ESO 9L complex were collected at station
ID14 EH2 of the European Synchrotron Radiation Facility (Grenoble, France)
with aQuantum4CCDdetector (AreaDetector SystemsCorporation, Porway,
CA). Datasets were auto-indexed and integrated with the program DENZO
(www.hkl-xray.com; HKL Research, Charlottesville, VA) (34), followed by
scaling with the program SCALEPACK (HKL Research) (34); the results are
summarized in Supplemental Table I.

Crystal structure determination, refinement, and analysis

The HLA-Ap0201-SLLMWITQL crystal structure (consisting of two A2-
ESO 9L complexes per crystallographic asymmetric unit) was determined
by molecular replacement using the CCP4 program Phaser (www.ccp4.ac.
uk; University of Cambridge, Cambridge, U.K.) with a search model
comprising a representative HLA-Ap0201 complex crystal structure
(Brookhaven Protein Data Bank [PDB] accession code 2V2X). Using the
refinement algorithms in REFMAC5 [www.ccp4.ac.uk, (35)], the two A2-
ESO 9L complexes were subjected to several rounds of rigid body refine-
ment of individual domains. Then using the restrained translation/libration/
screw vibrational motion refinement algorithms in REFMAC5, crystallo-
graphic conjugate gradient minimization refinement was performed, and
manual refitting of the models was carried out using the Crystallographic
Object-Oriented Toolkit [www.ccp4.ac.uk; York Structural Biology Lab-
oratory, University of York, U.K., (36)]. Water picking was carried out
with ARPw/ARP (European Bioinformatics Institute, Cambridge, U.K.) in
the final stages of refinement (37). All regions of the A2-ESO 9L complex
were visible as clear electron density and were included in the final
models.

1G4:target cell conjugate measurements

T2 target cells were pulsed with 1 mM or 100, 10, or 5 nM ESO 9V or
ESO 9L peptide for 1 h at 37˚C and washed twice in PBS. 1G4 CTL and
T2 cells were washed in PBS, and each cell pellet was resuspended to
a final concentration of 5 3 105 cells/ml in RPMI 1640. 1G4 CTLs and
target were mixed 1:1, left for 5 min in suspension, and then plated on
glass multiwell slides and incubated for 30 min at 37˚C. Cells were fixed
in 100% methanol, precooled to 220˚C, washed in PBS, and blocked in
PBS, 2% BSA. The slides were mounted in PBS containing 90% glycerol
and 2.5% 1,4-diazabicyclo[2.2.2]octane. Samples were examined using
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a Bio-Rad Radiance 2000 MP laser-scanning microscope, and the con-
jugation rate and granule polarization were quantified using an Axioplan
2 epifluorescent microscope (Zeiss, Welwyn Garden City, U.K.).

Live cell video microscopy

1G4 CTLs (23 104) were incubated with 60 nM lysotracker green DND-26
(Invitrogen, Paisley, U.K.) for 1 h at 37˚C in RPMI 1640 without phenol red,
5% human serum, 1mM HEPES. T2 target cells were pulsed with 1 mM
ESO 9V peptide or ESO 9L peptide for 1 h at 37˚C and washed twice in
PBS. Target cells (2 3 104) were allowed to adhere on a glass coverslip
mounted in a temperature-controlled chamber for 10 min at 37˚C in RPMI
1640 without serum, without phenol red plus HEPES. Lysotracker green
DND-26–labeled 1G4 NY-ESO-1157–165 CTLs were added to the T2 cells in
the chamber. Sequential confocal images were acquired every 20 s. A Nikon
(Kingston on Thames, U.K.) TE300 microscope attached to a Radiance2000
MP laser-scanning microscope (Bio Rad, Hemel Hempstead, U.K.) was
used, with a 488-nm and a 543-nm laser for epifluorescence and Nomarski
differential interference contrast for the transmitted light. The images were
processed using MetaMorph (Sunnyvale, CA) version 4.5 software.

ELISA assays

1G4 CTLs and peptide-pulsed target cells (A2 C1R or A2 227/8KA C1R)
were incubated at 37˚C for 4 h at an E:T ratio of 1:1, and the supernatant
was harvested and assayed for MIP-1b and IFN-g by ELISA (R&D
Systems, Minneapolis, MN). Data shown are SD from the mean of two
duplicate assays. For the detection of folded HLA-A2 tetramers (Supple-
mental Fig. 4), HLA-A2 tetramers were immobilized by binding to
streptavidin-coated plates (Sigma M5432): 100 ml of serial 3-fold dilutions
of pMHC (concentration 100 mg/ml to 500 pg/ml in blocking buffer; 10%
FCS in PBS) were added/well, and plates were incubated for 1.5 h at 4˚C.
Plates were washed four times with PBS/0.5% Tween, incubated for 4 h at
37˚C, and washed four times with wash buffer. Ab BB7.2 (4˚C/well,
concentration 10 mg/ml in blocking buffer) was added, and the plates were
incubated overnight at 4˚C. Following four washes in cold wash buffer,
100 ml a 1:1000 dilution (in blocking buffer) of goat anti-mouse IgG
(DakoCytomation, Glostrup, Denmark) was added. Plates were incubated
for 1 h at 4˚C, washed six times, and 100 ml tetramethylbenzidine was
added per well. The reaction was stopped with 50 ml 0.5 M H2SO4, and
signals were quantitated using an ELISA plate reader.

51Cr release assay

ESO peptide recognitionwas assessed using target cells (A2 C1R or A2 227/
8KA C1R) labeled with 51Cr for 90 min at 37˚C and washed three times.
Labeled target cells (5000 cells/100ml) were added to U-bottommicrowells
in the presence or absence of peptides at different concentrations. 51Cr re-
lease was measured after incubation for 4 h at 37˚C. The percentage of
specific lysis was calculated as: 100 3 [(experimental 2 spontaneous re-
lease)/(total2 spontaneous release)].

Stimulation of 1G4 CTLs for subsequent immunoblotting

1G4 CTLs were washed twice in RPMI 1640 and incubated overnight in
RPMI 1640 containing 10% FCS. FCS was washed off by two changes of
RPMI 1640, and 1 3 106 1G4 CTLs were resuspended in 10 ml RPMI
1640. After 10 min at 37˚C and 5% CO2, 1G4 CTLs were stimulated by
incubation with 1 mg/ml HLA-A2 tetramer loaded with ESO 9V, ESO 9C,
or ESO 9L peptides for 3 min. The reaction was stopped by washing once
with 0.5 ml ice-cold PBS and resuspending the pellet in cold lysis buffer
(140 mm NaCl, 20 mm Tris, pH 8, 10 mM sodium fluoride, 2 mM EDTA,
20% glycerol, 1% IGEPAL, 1 mM Na3VO4, 10 mg/ml aprotinin, 10 mg/ml
leupeptin) at 5 3 107 cells/ml.

Antiphosphotyrosine immunoblotting

1G4 CTLs were lysed on ice for 30 min, and the nuclear fraction was
pelleted by centrifugation at 16,000 3 g for 15 min. The remaining lysate
was aspirated and added to an equal volume of SDS loading buffer (350
mm Tris, pH 6.8, 350 mm SDS, 30% glycerol, 600 mm DTT, 175 mm
bromophenol blue). After boiling for 6 min with agitation, the sample was
separated by electrophoresis (100 V for 16 h) on a 12% SDS-PAGE gel.
Proteins were transferred from the gel by electrophoresis at 25 V for 50
min. After transfer, protein bands on the nitrocellulose membrane were
visualized by staining [0.1% (w/v) Ponceau S (Sigma-Aldrich) in 5% (v/v)
glacial acetic acid (Sigma-Aldrich)] for 60 s with agitation, incubated with
double-distilled water for 60 s with agitation, and drained. The membrane
was incubated with sheep anti-mouse peroxidase-linked secondary Ab
(Amersham Biosciences, Little Chalfont, U.K.; 1:2000 in wash buffer, 2.5%

milk powder) for 1.5 h. After three additional washes, the blot was developed
using chemiluminescent substrate Supersignal Pico (Perbio, Cramlington, U.K.).
All washes and incubations with Abs were performed at 4˚C.

Intracellular Ca2+ concentration measurements in 1G4 CTL
clone

[Ca2+] was monitored in the 1G4 CTL clone by fluorescence microscopy.
1G4 cells adhering to poly-lysine–coated glass coverslips were loaded with
Ca2+-sensitive fluorescent dye by incubating cells with RPMI 1640 con-
taining 5 mM fluo-3/AM plus 0.03% (w/v) Pluronic F127 for 30 min at
room temperature and mounted on the stage of a Zeiss LSM510 Meta
confocal laser-scanning microscope (excitation 488 nm, emission . 505
nm) equipped with a 363 objective. Target cells (wild-type C1R-A2 or
mutant C1R-A2 227/8KA) were pulsed with 5 or 100 nM peptide (ESO 9V
or ESO 9L) for 90 min at 37˚C, washed twice with FCS-free RPMI 1640
medium (Sigma-Aldrich), and then added to the cell chamber. Experiments
were conducted at room temperature with an image collected every 5 s.

Further validation of our [Ca2+] recordings was obtained by repeating
several experiments at 37˚C and with the ratiometric dye fura 2. 1G4 CTLs
were loaded with 5 mM fura 2-AM (plus 0.03% Pluronic F127) at room
temperature for 30min. Loaded1G4 cellswere thenwashedwithRPMI1640
prewarmed to 37˚C and mounted on the heated stage of an Olympus IX71
microscope equippedwith a340UApo/340 objective (1.35NA) and a 12-bit
Photometrics Coolsnap HQ2CCD camera. Cells were excited alternately by
340- and 380-nm light using a Cairn monochromator; emission data were
collected at 480–540 nm using a bandpass filter. Data are expressed as the
340/380 ratio, which is proportional to the intracellular [Ca2+]. By analogy
with the analysis of the fluo-3 traces, the maximum amplitude and mean
elevated ratio (340/380) were calculated on a single-cell basis.

Results
Kinetic analyses of the ESO 9V and ESO 9L binding to A2
molecules and the 1G4 TCR

The binding affinity of the ESO9VandESO 9L peptides, containing
a substitution of cysteine at position 165 of the NY-ESO-1157–165 to
valine (ESO 9V) or leucine (ESO 9L), to A2molecules was initially
assessed by measuring peptide binding to metabolically labeled A2
molecules in T2 cells. OD measurements of metabolically labeled
A2 eluted from SDS-containing polyacrylamide gels showed that
ESO 9V and ESO 9L peptides stabilized A2 molecules with
a comparable efficiency (Fig. 1A). To further validate these results,
experiments were performed using the 3M4E5 F(ab9)2 Ab specific
to NY-ESO-1157–165–A2 complexes (33). Initial Biacore measure-
ments showed that the 3M4E5 F(ab9)2 Ab recognized A2molecules
loaded with ESO 9Vor ESO 9L peptide with a similar affinity (KD)
∼60 nM (data not shown). FACS staining of T2 cells pulsed with
different concentrations of the ESO 9V and ESO 9L peptides with
the 3M4E5Ab confirmed that theESO9VandESO9Lpeptides bind
to A2 molecules equally well (Fig. 1B).
In contrast, binding of the 1G4 TCR to A2 molecules loaded with

the ESO 9V or the ESO 9L peptide demonstrated that the binding
affinity of the 1G4 TCR for the A2-ESO 9V complex was six times
higher than that for theA2-ESO9L complex (Fig. 2). The equilibrium
binding constants at 25˚C for the soluble 1G4 TCR binding to A2
loaded with the ESO 9Vor ESO 9L peptide were 5.5 and 31.1 mM,
respectively (Fig. 2C, 2D). Kinetic measurements demonstrated that
the 1G4 TCR-A2-ESO 9V complex has slower ligand dissociation
(t1/2 = 8.77 s–1) than the 1G4 TCR-A2-ESO 9L complex (t1/2 = 1.69
s21) (Fig. 2A, 2B). Analysis of the binding curves of conformation-
specific anti–A2-peptide and anti-b2M Abs confirmed that equiva-
lent amounts of correctly refolded A2-peptide complexes were im-
mobilized to the Biacore chips (Supplemental Fig. 1).

Crystal structure of A2-ESO 9L and A2-ESO 9V indicates
alterations in the surface presented for TCR recognition

To explore the molecular basis for the similar affinity of ESO 9L
and ESO 9V to A2 molecules and to gain insights into the
mechanisms controlling the different affinity of binding to the 1G4

The Journal of Immunology 1831
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TCR, we determined the crystal structure of the A2-ESO 9L
complex at 1.7 Å resolution. Comparison of this high-resolution
structure with those previously reported for A2-ESO 9C (38) and
the 1G4 TCR-A2-ESO 9V complex (33) revealed changes in the
surface presented for TCR recognition that were the indirect result
of the substitution of the P9 anchor side chain. These changes are
triggered by the larger size of the leucine side chain compared
with those of cysteine and valine. The F pocket in A2 can ac-
commodate valine or leucine; however, in previously reported
structures, the latter choice of anchor residue triggers a local re-
arrangement of the binding groove residues, expanding the vol-
ume of the F pocket to match the longer side chain (Fig. 3). This
rearrangement requires a concerted switch in side chain confor-
mation by A2 binding groove residue Y116, which directly abuts
the F pocket, and its neighboring residue R97. As first observed by
Madden et al. (39), the Y116–R97 conformational switch fine-

tunes the capacity of the F pocket to the size of the P9 side chain.
However, the overall capacity of the A2 binding groove remains
constant; thus, this rearrangement can occur only if there is spare
capacity in the central region of the binding groove. In the A2-
ESO 9C and 1G4 TCR-A2-ESO 9V complexes, peptide residue I6
acts as a secondary anchor, with its side chain bound in the center
of the A2 groove. Our crystallographic structure determination
revealed that the use of this secondary anchor is maintained in A2-
ESO 9L; consequently, the Y116–R97 conformational switch is
blocked, precluding any expansion of the F pocket. The longer
side chain of leucine cannot be accommodated fully within the F
pocket, necessitating an overall upward displacement of the P9
residue relative to its position in other A2-ESO complexes; the
change propagates through the peptide to give a distinct shift in
main chain position for the entire region between P4 and P9 and,
hence, to an altered surface presented for TCR recognition.

ESO 9V is more efficient in inducing conjugate formation and
lytic granule polarization than ESO 9L

Formation of conjugates between 1G4 CTL and A2 C1R target
cells pulsed with the ESO 9Vor the ESO 9L peptide was captured
by videomicroscopy. Conjugate formation was faster and more
frequent for ESO 9V-pulsed target cells (Supplemental Movie 1)
than for ESO 9L-pulsed target cells (Supplemental Movie 2).
To assess the rate of polarization of cytotoxic granules after

stimulation of NY-ESO-1157–165–specific 1G4 T cells with the
ESO 9V or ESO 9L peptide, 1G4 T cells were incubated for 30
min at 37˚C with T2 target cells pulsed with different concen-
trations of the two peptides and then fixed. Anticathepsin D Abs
were used to visualize the lytic granules, which were then quan-
tified according to whether the granules and Golgi were localized
at the synapse, distal to the synapse, or midway. T2 cells pulsed
with ESO 9V peptide were much more efficient in inducing po-
larization of granules to the synapse in conjugated 1G4 CTLs than
T2 cells pulsed with the weaker ESO 9L agonist (Fig. 4A, 4B). For
example, although 10 nM ESO 9V resulted in ∼25% of granules
being located at the synapse (Fig. 4A), 100 nM of the ESO 9L
peptide was required to achieve approximately the same effect
(Fig. 4B). The more efficient lytic granule polarization with the
stronger ESO 9V peptide is reflected in the higher percentage of
target cell killing seen with ESO 9V compared with ESO 9L
(Supplemental Fig. 2).
Examination of the tyrosine phosphorylation patterns induced in

the 1G4 CTL clone by stimulation with HLA-A2 tetramers or cell
surface presentation of the ESO 9L, ESO 9V, and ESO 9C peptides
showed that the main difference in the early membrane proximal
signaling induced by the three peptide agonists was associated with
the TCR z chain. As shown in Supplemental Fig. 3, ESO 9V is
very efficient in inducing phosphorylation of TCR z when loaded
onto HLA-A2 tetramers and when presented at the target cell
surface, and it was the only peptide agonist to induce appreciable
amounts of phosphorylated linker for activation of T cells (p36).
ESO 9L induced z phosphorylation only poorly. Supplemental
Fig. 4 confirms that HLA-A2 tetramers used in Supplemental Fig.
3B were equally folded, as defined by their ability to be recog-
nized by the HLA-A2 conformational specific Ab BB7.2

ESO 9L elicits a lower cytokine response than ESO 9V in 1G4
T cells, which is significantly enhanced by CD8 binding

To examine whether a 6-fold difference in the affinity of 1G4 TCR
binding to NY-ESO-1157–165 analogs could affect activation of the
1G4 T cell clone, we measured secretion of IFN-g and MIP-1b by
the 1G4 CTL clone stimulated with different concentrations of the

FIGURE 1. Binding measurements of peptide to A2 molecules. A, T2

cells were pulsed with ESO 9V or ESO 9L peptide at the concentrations

indicated, and the HLA-A2-peptide complexes were precipitated. HLA-A2

molecules from T2 cells pulsed with 3 mM influenza virus matrix 58–66

peptide or in the absence of peptide were used as positive and negative

controls, respectively. B, T2 cells were stained with the A2-ESO 9C-

specific F(ab9)2 Ab 3M4E5. T2 cells were pulsed with ESO 9V (left

panels) or ESO 9L (right panels) peptide at the concentrations indicated

and then stained with the A2-ESO 9C-specific F(ab9)2. Negative control

cells were pulsed with the influenza virus matrix peptide. Data are mean

channel fluorescence.
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ESO 9L and ESO 9V peptides, which were loaded onto wild-type
A2 C1R target cells (Fig. 5, left panels). Consistent with the
differences in 1G4 TCR affinities measured by SPR, the level of
cytokines secreted by the 1G4 CTL clone sensitized with the ESO
9V peptide was ∼50-fold higher than the levels secreted after
stimulation with the ESO 9L peptide.
To assess the requirement of CD8 binding in the activation of the

1G4 CTL clone by the ESO 9Vand ESO 9L peptides, we compared
1G4 activation by C1R cells expressing the wild-type or CD8-null
A2 molecules (i.e., A2 227/228 KAC1R cells) (Fig. 5, right panels).
Recognition of the ESO 9V peptide is much less dependent on CD8
than recognition of the ESO 9L peptide, because 1G4 T cell acti-
vation by the ESO 9L peptide was much more efficient in the

presence of A2 molecules bearing a CD8 binding site than the
activation of the 1G4 T cells by the ESO 9V peptide. FACS staining
of A2 C1R and A2 227/228 KA C1R cells pulsed with different
concentrations of the ESO 9V and ESO 9L peptides with the
3M4E5 Ab confirmed that the ESO 9V and ESO 9L peptides bind
to A2 and A2 227/228 KAmolecules equally well (data not shown).
These results confirm the SPR measurements and indicate that,

in the presence of equal A2 loading by the ESO 9L and ESO 9V
peptides, the 6-fold difference in binding affinity of the 1G4 TCR to
the A2/ESO 9Vand A2/ESO 9L complexes results in an ~100-fold
difference in the activation of the 1G4 T cell clone.

FIGURE 2. Binding of TCR to the pMHC. For

kinetic measurements (A, B), TCR was injected at

five concentrations (75 mM, 37.5 mM, 18.8 mM,

9.4 mM, and 4.7 mM as indicated by the different

colored traces) over the indicated immobilized

peptide-A2 complex. The binding responses for all

TCR concentrations are overlaid. The indicated rate

constants were determined by global fitting of the

1:1 Langmuir binding model to these data. For

affinity measurements (C, D), TCR was injected

over immobilized peptide-A2 complex, and the

response was allowed to reach equilibrium. The

binding response at equilibrium is plotted against

concentration. The 1:1 Langmuir binding model

was fitted to the data (solid line) to determine the

indicated KD (mean 6 SD of fit).

FIGURE 3. Crystal structure of A2-ESO 9L reveals changes in peptide

position on substitution of the P9 anchor. The binding groove of A2 is shown

schematically as amain chain ribbon (gray),with selected side chains in stick

forma. The a2 helix is omitted for clarity, and only the structures containing

the peptide residues I-T-Q-C (P6–P9) are shown. The ESO 9L peptide is

shown in yellow, and the ESO 9V peptide from the 1G4 TCR-A2-ESO9V

complex (PDB code 2BNQ) is shown in cyan. The P9 anchor residue and

selected A2 side chains from the A2-SLFNTVATL complex (PDB code

2V2X, a representative P9 leucine anchor peptide-A2 structure) are shown in

red and are shown positioned on the A2-ESO 9L structure, in accordance

with structural superpositions of the A2 binding grooves.

A

B

FIGURE 4. Quantitative analysis of granule polarization in the 1G4

CTL clone recognizing targets pulsed with ESO 9V (A) or ESO 9L pep-

tides (B). Cell conjugates with granules and Golgi localized at the synapse,

distal to the synapse, or midway to the synapse were quantified using

a fluorescent microscope.
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Different Ca2+ influx signatures induced by the ESO 9V and
ESO 9L peptides

Having defined the threshold of 1G4 T cell activation, we assessed
Ca2+ responses at the single-cell level by confocal microscopy
upon stimulation by C1R-A2 cells pulsed with different concen-
trations of the ESO 9V or ESO 9L peptides. C1R-A2 cells pulsed
with the influenza matrix58–66 peptide served as a negative control.
Using 5 or 100 nM ESO 9V peptide resulted in a robust and
sustained Ca2+ increase (Fig. 6A, upper trace and data not shown),
whereas recognition of the ESO 9L peptide resulted in a less
sustained and more oscillatory response (Fig. 6A, lower trace).
The height of the maximum peak of the Ca2+ response (F/F0) was
not significantly different between the two peptides, irrespective
of the peptide concentration (p . 0.05, Fig. 6B). However, the
change in the mean fluorescence (Δ mean elevated ratio [MER];
an indicator of how sustained the Ca2+ influx remains throughout
the postengagement period) was consistently higher with ESO 9V
than with ESO 9L at peptide concentrations of 5 and 100 nM (Fig.
6C). These findings can be accounted for by the nonsustained,
oscillatory nature of the ESO 9L-dependent response, which re-
sults in a lower mean Ca2+ concentration. In terms of population
distribution, a large proportion of the 1G4 CTLs responded
weakly to 5 nM of the ESO 9L peptide, whereas a larger pro-
portion of the 1G4 CTLs responded more strongly to the same
concentration of the ESO 9V peptide (Fig. 6D). These differences
are preserved with 100-nM peptide, although they are less marked
(Fig. 6E). No significant Ca2+ response was observed with in-
fluenza matrix58–66 peptide-loaded target cells (data not shown).
To address the contribution of CD8 binding to the overall Ca2+

signatures, we then tested the CD8-null C1R A2 227/8KA cells
pulsed with ESO 9V or ESO 9L peptide. Recognition of ESO 9V
elicited large and sustained Ca2+ responses, similar to the re-
sponses observed with C1R-A2 cells (Fig. 6F, upper trace).

However, in contrast with the Ca2+ responses seen with C1R cells
expressing wild-type A2 molecules, C1R A2 227/8KA cells
pulsed with ESO 9L peptide evoked only small, oscillatory signals
(Fig. 6F, lower trace), even at the higher peptide concentration
(Fig. 6G, 6H). Indeed, the majority of 1G4 CTLs responded
weakly to the ESO 9L peptide, in contrast with the stronger re-
sponse triggered by the ESO 9V peptide stimulation (Fig. 6I, 6J
and Supplemental Movies 3–6). These functional data demonstrate
the importance of the coreceptor CD8 in amplifying the Ca2+

signal driven by the weaker ESO 9L peptide, enabling compen-
sation for the lower TCR-pMHC affinity (Fig. 6B, 6C). In con-
clusion, these results highlight the ability of individual 1G4 T cells
to integrate the affinity of TCR binding and tailor the use of the
CD8 coreceptor to the avidity of TCR binding.
We further confirmed the differences in [Ca2+] response to stim-

ulation by the ESO 9Vand ESO 9L peptides and by the unmodified
ESO 9C peptide by using the ratiometric dye fura 2 at 37˚C on a
widefield inverted microscope. As shown in Supplemental Fig. 5, the
robust and sustained Ca2+ release invoked by ESO 9V was apparent
in A2 C1R and the CD8-null A2 227/228 KAC1R cells, whereas the
response to the ESO 9L peptide was confirmed to be dependent on
CD8 expression. Furthermore, the use of this protocol allowed us to
rule out the possibility that Ca2+ oscillations seen in individual cells
when stimulated with the weaker ESO 9L agonist were due to cell
movement and were not methodological artifacts, but rather were
variations in the Ca2+ concentration (Supplemental Fig. 6).

Differences in Ca2+ release from the ER evoked by the ESO 9V
and ESO 9L peptides

There are two sources of Ca2+ that can be used by T cells: in-
tracellular Ca2+ stores (Ca2+ release) and the extracellular reservoir
(Ca2+ influx) (16). To dissect their relative contributions to the Ag-
induced T cell responses, we performed experiments in Ca2+-free
medium (Fig. 7A–D), which abolishes Ca2+ influx and isolates the
intracellular Ca2+ release phase (16). In control (Ca2+-containing)
medium, Ca2+ increased in two phases: an immediate smaller
spike, which was followed by a slower, sustained increase (or Ca2+

oscillations) (Fig. 7A–D). As expected, removing extracellular
Ca2+ with EGTA confirmed that the first transient peak represents
Ca2+ release from intracellular stores (Fig. 7A–D); clearly, the sub-
sequent responsewas predominantly Ca2+ influx, because Ca2+-free
medium abolished this phase in all cases (Fig. 7A–D). Therefore,
the major difference between stimuli lies in their ability to pro-
mote this Ca2+ influx (Fig. 7F).
The predominant route of Ca2+ influx into T cells is the SOCE

pathway, which is regulated by the filling state of the intracellular
Ca2+ stores via a process involving the recently discovered stromal
interaction molecule 1 (STIM1) and Orai1 (40, 41). Our data might
be explained by the differential emptying of the internal stores,
which, in turn, drives a proportional Ca2+ influx. Several lines of
evidence support such a hypothesis. First, Ca2+ release (Fig. 7E) and
Ca2+ influx (Fig. 7F) seem tomirror each other, e.g., they are greater
for the stronger ESO 9V compared with the weaker ESO 9L stim-
ulus; this difference is more pronounced in the absence of CD8.
Moreover, these pooled mean data are a reflection of the underlying
single-cell Ca2+ signals, which show a significant correlation (p ,
0.001) between the magnitude of the Ca2+ release from stores and
the subsequent Ca2+ influx for all conditions (Fig. 7G). This pro-
portionality of Ca2+ store release andCa2+ influx is a hallmark of the
SOCE model. Taken together, it emerges that each stimulus evokes
a Ca2+ release from the ER proportional to the stimulus intensity,
which, in turn, drives a proportional Ca2+ influx.
To further strengthen the interpretation of our results indicating

differential Ca2+ release from stores uponT cell stimulationwith the

FIGURE 5. Role of CD8 in the recognition of the ESO 9V and ESO 9L

peptides. C1R B cells transfected with A2 (wild-type, having a normal

interaction with CD8) or A2 227/8 KA (mutant, showing no interaction

with CD8) cells were pulsed with the ESO 9V or ESO 9L peptide for 90

min at 37˚C. A total of 5 3 104 CTLs were incubated with 5 3 104 pulsed

target cells in a total volume of 200 ml in a 96-well plate. Supernatants

were harvested and used for ELISA for MIP-1b or IFN-g.

1834 CALCIUM SIGNALS DURING TUMOR-SPECIFIC T CELL ACTIVATION

 on Septem
ber 20, 2010 

w
w

w
.jim

m
unol.org

D
ow

nloaded from
 

http://www.jimmunol.org


different peptides, we used a complementary approach to probe the
filling state of the ER by emptying the ER pharmacologically using
cyclopiazonic acid (CPA), which inhibits the ER Ca2+ pump, re-
sulting in Ca2+ leakage from the ER (42). Diagnostic for SOCE,
CPA alone empties the ER and activates Ca2+ entry (43). To confirm
that the ER was fully emptied by CPA, the Ca2+ ionophore, ion-
omycin, was subsequently applied, demonstrating little further ef-
fect, as shown in (Fig. 8G).We thenwent on to test the ERCa2+ store
size using CPA after stimulating the 1G4 T cell clone with the ESO
9Vor ESO 9L peptide, in the presence or absence of CD8 binding
(the mean Ca2+ responses were quantified as depicted in Fig. 8H).
We observed that 1G4 T cells stimulated by the stronger ESO 9V
peptide agonist emptied the intracellular stores almost completely,
because CPA and ionomycin had little further effect on Ca2+ release
(Fig. 8C, 8E). In contrast, theweaker ESO 9L peptide agonist failed
to empty the stores completely, as shown by the greater increase in
Ca2+ release after the addition of CPA and ionomycin (Fig. 8A, 8E).
Consistent with the results shown in Fig. 6, the absence of CD8
binding to the A2 227/8KA cells compromised the Ca2+ release
from stores after stimulation with the weaker ESO 9L, and a large
residual Ca2+ content was revealed by CPA (Fig. 8B, 8F). In con-
trast, Ca2+ store depletion was still large with the ESO 9V peptide,

even in the absence of CD8 coreceptors, as evidenced by the small
response to CPA and ionomycin (Fig. 8D, 8F). The reciprocal re-
lationship between the responses toAg and toCPA is consistentwith
a common pathway and further reinforces our SOCE hypothesis.
Taken together, these results further support the conclusion that

the strength of TCR affinity stimulates differential egress of Ca2+

release from intracellular stores, which, in turn, drives a pro-
portional Ca2+ influx.

Discussion
Our results demonstrate that the amount of Ca2+ released from
intracellular stores is dependent on the strength of TCR stimula-
tion and can be modulated by CD8 binding to pMHCs. Although
strong agonist peptides are capable of depleting the ER of Ca2+,
even in the absence of CD8 binding to pMHC, T cell activation by
weaker peptide agonists requires CD8 binding to pMHC to en-
hance the amount of Ca2+ released from the ER, resulting in
greater Ca2+ influx from the extracellular environment and sig-
nificantly more efficient T cell activation.
By applying a combination of structural, kinetic, and functional

analyses, we characterized two peptide analogs of the wild-type
NY-ESO-1157–165 tumor Ag peptide—the ESO 9V and ESO 9L

FIGURE 6. Ca2+ signals in 1G4 CTLs upon engagement with C1R cells loaded with ESO 9V and ESO 9L peptides. [Ca2+]i changes were monitored in

fluo-3–loaded 1G4 CTLs using a confocal microscope. A2 (A–E) or CD8-null 227/8 KA A2 (F–J) C1R cells were loaded with ESO 9Vor ESO 9L peptide

(5 or 100 nM) and added to the chamber (“cell addition”). A and F, Uncalibrated [Ca2+]i traces are from representative single cells normalized to initial

fluorescence (F/F0) using 100 nM of the indicated peptide and have been aligned to the time of engagement (TCR–pMHC interaction). Time on the x-axis is

represented by the scale shown. Basal (initial) and stimulated (final) images of fluo-3 fluorescence of a field of cells depict basal and stimulated [Ca2+]i and

are aligned with the appropriate trace. B and G, Maximal peak fluorescence changes were determined as the difference between the basal and the maximum

fluorescence, DF/F0 (calculated as shown in the inset). C and H, MER is the mean value of fluorescence throughout the postengagement period, as nor-

malized to F0. D, E, I, and J, Percentage of total 1G4 T cells stimulated with the ESO 9Vor ESO 9L peptide with the shown MER value. The MER range is

incremented, with the maximum value for each range indicated on the x-axis. Data are plotted as the mean 6 SEM of 59–104 cells (A2 C1R cells) or 54–

260 cells (A2 227/8 AK C1R cells).
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peptides—which have a very similar affinity for A2 molecules and
differ by only 6-fold in their affinity to the 1G4 TCR. This model
provided us with the opportunity to study the activation of the 1G4
T cell clone by the strong (ESO 9V) or weak (ESO 9L) peptide
and interpret its differential activation as a direct effect of the two
peptides’ affinity of binding to the 1G4 TCR, which is being used
by several groups to study the relationship between TCR muta-
genesis, affinity to pMHC, and T cell activation (7, 9, 33, 44, 45).
A high-resolution structure (1.65 Å) of unliganded A2 mole-

cules loaded with the ESO 9L peptide demonstrated that the
overall structure of the ESO 9L epitope in A2 is similar to the
structure of the 1G4 liganded A2-ESO 9V (33) and unliganded
A2-ESO 9C complexes (38). The analysis of the A2-ESO 9L
crystal structure revealed an overall upward displacement of the
P9 residue relative to its position in the ESO 9V peptide due to the
blocked Y116–R97 conformational switch, which precludes any
expansion of the F pocket. It is likely that such subtle, indirectly

triggered changes in the pMHC surface may account for the 6-fold
variation in binding affinity between the 1G4 TCR and the ESO
9V and ESO 9L peptides, because similar changes in the pMHC
surface were shown to alter TCR binding properties in a number
of pMHC-TCR systems (46).
Analysis of cytokine secretion released by the 1G4 T clone

stimulated by the ESO 9V or ESO 9L peptide in the presence or
absence of CD8 binding allowed us to define the threshold of
activation of the 1G4 T cell clone by strong or weak stimuli, as well
as to confirm that T cell stimulation by strong stimuli is less de-
pendent on the use of the coreceptor CD8.
After characterizing the threshold of 1G4 activation by strong and

weak stimuli, we analyzed the pattern of Ca2+ signals evoked by two
concentrations (5 and 100 nM) of ESO 9L and ESO 9V peptides in
the presence or absence of CD8 binding. The results of these ex-
periments confirmed that the pattern of the Ca2+ signals can be
modulated by the strength of TCR stimulation and by the binding of

FIGURE 7. The relative contribution of intracellular Ca2+ release and Ca2+ influx to the 1G4 CTL response. 1G4 CTL [Ca2+]i responses were monitored

with fluo-3, as described previously. Before cell addition (not shown), C1R cells and 1G4 CTLs were washed in Ca2+-free medium supplemented with 1

mM EGTA to remove all traces of extracellular Ca2+, and experiments were conducted in the same medium where indicated (EGTA). In parallel, control

cells were maintained throughout in Ca2+-containing medium (0.5 mM, as for RPMI 1640, Ca2+). A–D, Traces from representative single cells normalized

to initial fluorescence (F/F0) using 100 nM of the indicated peptide under either condition (Ca2+ or EGTA) and manually aligned to the time of engagement

(TCR–pMHC interaction). Time on the x-axis is represented by the scale shown. E and F, Summary of the responses in EGTA-containing medium. E,

Amplitude of the initial Ca2+ release from intracellular stores. F, Subsequent Ca2+ influx quantified as the total postengagement ΔMER. Data are mean

intracellular Ca2+ signal in the presence of EGTA expressed as a percentage of the parallel control in the presence of extracellular Ca2+. Data in E and F are

expressed as the mean6 SEM of n single cells (n = 102 [A2, ESO9L]; n = 113 [A2, ESO9V]; n = 68 [A2 227/8, ESO9L]; and n = 63 [A2 227/8, ESO9V]).

G, Correlation analysis in which data are fitted by linear regression. A significant correlation was observed for all data sets (p , 0.001) with r2 values of

+0.40 (A2, ESO9L), +0.41 (A2, ESO9V), +0.22 (A2 227/8, ESO9L), and +0.20 (A2 227/8, ESO9V).
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the coreceptor CD8 to MHC class I molecules. Our data un-
equivocally demonstrate that the Ca2+ signals elicited by the ESO
9V peptide are more robust and sustained than those evoked with
ESO 9L. The increase in TCR-dependent cytosolic Ca2+ in T cells
serves a number of functions in the short- and long-term (47–49):
Ca2+ signals are associated with motility, T cell proliferation, and
changes in T cell gene expression and secretion of cytokines; the
pattern of these signals determines T cell polarization, fitness, and
life span. For example, more sustained Ca2+ responses favor acti-
vation of NF-AT, JNK, and IL-2 expression, whereas lower Ca2+

signals promote NF-kB activation (15, 50, 51).
By investigating what underlies these Ca2+ signatures, we pro-

pose a model whereby the strength of the pMHC–TCR interaction
dictates the degree of ER Ca2+ store depletion, which, in turn,
drives a proportional activation of SOCE. Such a model is sup-
ported by various aspects of our data: the abolition of Ca2+ influx
(by using Ca2+-free medium) confirmed that the initial Ca2+ phase
was derived from intracellular stores; this Ca2+ release represented
only a minor (but crucial) contributor to the Ca2+ signature, which
was otherwise dominated by Ca2+ influx; and this Ca2+ influx was
proportional to the degree of store emptying (as assessed by two
independent means). Overall, the stronger stimuli evoked a sub-
stantial depletion of stores and a marked Ca2+ influx, whereas both
phases were proportionally smaller for the weaker stimuli.
In terms of the underlying cell signaling, it has been suggested

that TCR stimulation leads to the production of various Ca2+

-mobilizing second messengers: inositol 1,4,5-trisphosphate (IP3),
cyclic ADP-ribose, and nicotinic acid adenine dinucleotide

phosphate (NAADP) (52). Each messenger can evoke Ca2+ release
from internal stores by activating its own unique cognate receptor:
IP3 receptors, ryanodine receptors, and two-pore channels
(NAADP receptors), respectively (53). Although the role of IP3
receptors in TCR-mediated responses was reported (16, 54), it
remains unclear whether the other second messengers (cyclic
ADP-ribose and NAADP) are involved in the response of T cell
clones by cognate peptide agonists, because only Jurkat T cells
activated by anti-CD3 Ab treatment have been tested (55–57).
Following this first phase, Ca2+ influx ensues as a result of the

recruitment of the SOCE pathway, operated via the opening of
calcium release-activated channels/Orai1 located at the T cell
surface (13, 14), which are linked to ER Ca2+ store emptying
through the ER-resident Ca2+ sensor STIM1 (14, 47, 48). We
contend that the Orai/STIM1 complex is differentially activated by
the different peptides we used, but this requires experimental
confirmation. Although we acknowledge that other factors can
influence the Ca2+ influx phase, such as plasma membrane Ca2+

pumps (58) or changes in membrane potential (47, 59), the fact
that CPA responses reach a similar plateau after any Ag tends to
discount them as the major influence. Therefore, we conclude that
different Ags evoke different Ca2+ influx signals as a consequence
of different Ca2+ release from internal stores.
We also showed that the CD8 coreceptor influences the release of

Ca2+ from the ER and the overall pattern of Ca2+ influx. Although
for strong stimuli, the presence or absence of CD8 binding did not
significantly alter the release of Ca2+ from the stores, the amount
of Ca2+ released from the stores in response to weaker stimuli was

FIGURE 8. Probing the Ca2+ store-filling status with the Ca2+ pump inhibitor CPA. 1G4 CTLs were stimulated with C1R A2 and C1R A2 227/8 KA cells

pulsed with 100 nM ESO 9V or ESO 9L peptide as described previously; subsequently, they were treated with 30 mM CPA and 5 mM ionomycin as

indicated (A–D). Control cells were treated with CPA and ionomycin only (G). H, Schematic diagram illustrating how the traces were measured, with the

dotted line showing the MER compared with F/F0 immediately prior to the additions. Data were quantified by measuring the change in the mean Ca2+

response, as shown in E and F, and expressed as the mean6 SEM of n single cells (n = 71 [A2, ESO9L]; n = 105 [A2, ESO9V]; n = 79 [A2 227/8, ESO9L];

and n = 88 [A2 227/8, ESO9V]). Time on the x-axis is represented by the scale shown.
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enhanced by CD8 binding to MHC class I molecules. It is known
that CD8 binding to MHC class I molecules is important for
stabilizing the interaction between low-affinity TCRs and MHC
class I molecules (60, 61) and for controlling the dynamics of CTL
activation and immunological synapse formation (62). In addition,
it was shown that lymphokines can regulate the level of CD8
coreceptor expression (63). We showed that binding of the CD8
coreceptor to MHC class I molecules influences the release of Ca2+

influx. These results provide further evidence that T cells are able to
integrate the strength of TCR signals and tailor the use of cor-
eceptors to increase the avidity of the TCR–pMHC interaction for
a weaker ligand so that the T cell activation threshold is exceeded.
This latter finding is consistent with the results of a recently pub-
lished report indicating that T cells can “sense” the affinity of
cognate peptide by fine-tuning the duration of T cell interaction
with target cells, depending on the dose of peptides presented on the
surface of target cells (64), and of integrating TCR-dependent sig-
nals by tailoring the use of the coreceptor CD8 to reach a set
threshold of activation.
In conclusion, our data highlight the correlation between TCR

affinity and the release of Ca2+ from intracellular stores. This effect
is further enhanced by the binding of the coreceptor CD8 to MHC
class I molecules, indicating that T cells are capable of “sensing”
the affinity of peptide agonists and determining their requirement
for a coreceptor, such as CD8, in the context of weak peptide
agonists, to ensure T cell activation. Together, these data provide
important insights into the mechanisms controlling the activation
of melanoma-specific CD8+ T cells, underscoring the ability of
T cells to recruit the CD8 coreceptor to enhance Ca2+ release from
the ER in the context of weak peptide agonists, thus ensuring an
appropriate T cell response. This ability to modulate the strength
of T cell interaction by the recruitment of coreceptors ensures that
individual T cells can recognize a broader pool of self and nonself
peptides. This has implications for the use of altered peptide li-
gands and mutagenized TCRs in adoptively transferred tumor-
specific CD4+ and CD8+ T cells, and it may be important for
modulation of the immune response to self-Ags in autoimmune
disorders and for cross-reactivity between virus serotypes, such as
in the recognition of rapidly mutating HIV-1 escape variants.
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