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Abstract HLA multimers are now widely used to stain
and sort CD8 T lymphocytes speciWc for epitopes from
viral or tumoral antigens presented in an HLA class I con-
text. However, the transfer of this technology to a clinical
setting to obtain clinical grade CD8 T lymphocytes that
may be used in adoptive cell transfer (ACT) is hindered by
two main obstacles: the Wrst obstacle is the use of streptavi-
din or derived products that are not available in clinical
grade to multimerize HLA/peptide monomers and the sec-
ond is the reported high degree of apoptosis that eventually
occurs when T cell receptors are crosslinked by HLA multi-
mers. In the present report, we describe new HLA multi-
mers composed of immunomagnetic beads covalently
coupled to a mAb speciWc for the AviTag peptide and
coated with HLA/peptide monomers bearing the non bio-
tinylated AviTag at the COOH terminus of the HLA heavy
chain. Thus, all the components of this new reagent can be
obtained in clinical grade. We compared these new multi-
mers with the previously described multimers made with
streptavidin beads coated with biotinylated HLA/peptide
monomers, in terms of sorting eYciency, recovery of
functional T cells, apoptosis and activation. We provide

evidence that the new multimers could very eYciently sort
pure populations of T lymphocytes speciWc for three diVer-
ent melanoma antigens (Melan-A, gp100 and NA17-A)
after a single peptide stimulation of melanoma patients’
PBMC. The recovered speciWc T cells were cytotoxic
against the relevant melanoma cell-lines and, in most cases,
produced cytokines. In addition, in marked contrast with
streptavidin-based multimers, our new multimers induced
very little apoptosis or activation after binding speciWc T
lymphocytes. Altogether, these new multimers fulWll all the
necessary requirements to select clinical grade T lympho-
cytes and should facilitate the development of ACT proto-
cols in cancer patients.
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Abbreviations
ACT Adoptive cell therapy
AICD Activation induced cell death
CMV Cytomegalovirus
EBV Epstein–Barr virus
GMP Good manufacturing practice
CTL Cytotoxic T lymphocyte
DC Dendritic cell
HLA Human leucotyte antigen
PBMC Peripheral blood mononuclear cells
TCR T cell receptor
TIL Tumor inXitrating lymphocyte

Introduction

In immunotherapy, two main strategies are developed to
exploit the therapeutic potential of speciWc T cells: active
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immunotherapy aims at inducing speciWc responses (acute
and memory T cell responses) of the host immune system
by vaccination with antigens (viral or tumoral) and passive
immunotherapy relies on the adoptive transfer of reactive T
lymphocytes produced ex-vivo. An advantage of adoptive
cell therapy (ACT) over vaccination is that (1) it allows an
accurate control of quality, quantity and functionality of the
eVector cells to be re-injected and (2) it may bypass toler-
ance induction mechanisms that take place in vivo. In viral
immunity, a number of reports have already demonstrated
the eYciency of the infusion of T cell populations enriched
in speciWc T cells: for example, infusion of anti-EBV
(Epstein–Barr virus) T cells has been shown to prevent
EBV-associated lympho-proliferative diseases after hema-
topoietic stem cell and solid organ transplantation [1–3].

In cancer, the best argument in favor of ACT is the dem-
onstration that it can elicit clinical regressions of cancers
not curable by other treatments. Initially established for
hematopioietic tumors in an allogeneic setting [4], the ben-
eWcial eVect of ACT has also been documented in autolo-
gous situations such as the control of EBV-induced tumors
by virus-antigen speciWc T cells [1]. Later on, we and oth-
ers have demonstrated the clinical beneWt of ACT in mela-
noma treatment by showing a correlation between tumor
reactive TIL (Tumor InWltrating Lymphocytes) transfer and
high rate of tumor regressions or, in an adjuvant setting,
melanoma relapse prevention [5–7]. Our study suggested
that tumor-reactive TIL transfer may be an eYcient treat-
ment in melanoma when performed at an early stage of the
disease. We reckon that the eYcacy of ACT may be
improved by injecting pure tumor-reactive T cells instead
of non selected TIL and, for that purpose, we aim at devel-
oping a reliable procedure to sort and expand T lympho-
cytes speciWc for selected tumor antigens. One way of
obtaining such pure T lymphocyte populations is to select
speciWc T cells through their TCR using HLA multimers
loaded with dominant epitopes from tumor antigens
although there has been concerns about the induction of
apoptosis by such TCR crosslinking [8, 9]. Despite the pos-
sible apoptotic death of some speciWc T cells during or fol-
lowing the sort, multimer-selected T lymphocytes have
been proven eYcient to control CMV infection after stem
cell transplantation [10]. Such a strategy remains to be
evaluated in cancer. It should be underlined however that
the procedure used by Cobbold et al. (i.e. staining of lym-
phocytes with non GMP PE-conjugated tetramers followed
by a sort with anti-PE magnetic beads) did not meet the
usual standards and regulations for clinical grade reagents.
Likewise, the sorting procedure based on biotinylated
HLA/peptide monomers coated on streptavidin immuno-
magnetic beads that we initially used in viral immunity [11]
and recently applied to the selection of melanoma-reactive
T cells [12] cannot be approved for clinical use because of

its use of streptavidin. We have thus designed new HLA/
peptide multimers using M450 immunomagnetic beads
covalently coupled to a monoclonal antibody against the
AviTag™ peptide and coated with HLA/peptide complexes
so that all components can be made in clinical grade. In the
present report, we compared those new multimers with the
previous ones in terms of (1) sorting eYciency of speciWc T
cells using diVerent melanoma antigens (2) induction of
AICD (activation induced cell death) (3) induction of cyto-
kine production. We demonstrate that the new procedure is
at least as eYcient as the previous one but presents the
additional beneWt of inducing very little apoptosis and
activation, thus minimizing the risk of losing reactive
clonotypes or functionally altering the selected T cells.

Materials and methods

Cell lines

Melanoma cell lines (“M”) were established in our labora-
tory from metastatic tumor fragments as previously
described [13]. The TAP-deWcient human hybrid cell line
CEM £ 721 T2 (“T2”) used as presenting cell was a gift
from T. Boon (Ludwig Institute for Cancer Research, Brus-
sels, Belgium). The EBV-B-transformed cell line LAZ 338
(“LAZ”) was a gift from T. Hercend (Vertex Pharmaceuti-
cal, Abingdon, UK).

Melanoma TIL

Short-term cultured TIL (from the unit of cellular and gene
therapy, Pr Dreno, Nantes) were isolated by culturing cryo-
preserved fragments of stage III metastatic lymph nodes
into 12-well tissue culture plates with X-Vivo 15 serum-
free medium (Bio*Whittaker, Walkersville, MD, USA)
containing rIL2 (150 UI/ml) (Eurocetus, Reuil-Malmaison,
France) and L-glutamine (1 nM) for 10–14 days and then
expanded on feeder cells as previously described [14].

PBMC, T cell-lines and clones

Blood from HLA-A2 melanoma patients donors (Unit of
Skin Cancer, Centre Hospitalier Régional Hotel Dieu, Nan-
tes) was collected following approval of the study by the
local Institutional Ethics Committee and written informed
consent from each patient. After blood collection (30 ml),
human peripheral blood mononuclear cells (PBMC) were
isolated by Ficoll-Hypaque gradient centrifugation and
washed with RPMI 1640 medium. PBMC were stimulated
for 14 days with 10 �M of the Melan-A26-35 A27L analogue
[15] or the gp100280–288 [16] or the NA17-A peptide [17], in
RPMI 1640 medium containing 8% human serum (culture
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medium) supplemented with 50 Uml IL-2 (Chiron, clinical
grade), L-glutamine (2 nM, Invitrogen Life Technologies),
penicillin (100 UI/ml) and streptomycin (100 �g/ml). Pep-
tides used were purchased from Eurogentech (Brussels,
Belgium) and their purity, controlled by reversed-phase
HPLC, was above 80%. Lyophilized peptides were dis-
solved in DMSO at 10 mg/ml and stored at ¡20°C before
use. The two Melan-A/A2 speciWc T cell-lines used in the
study of apoptosis were obtained by sorting of peptide-
stimulated PBMC with biotinylated HLA/peptide com-
plexes coated on streptavidin beads as described in a
previous publication [12]. The Melan-A speciWc T cell
clones obtained by cloning of peptide-stimulated PBMC
have been previously described [18].

Construction of HLA-A*0201/peptide tetramers

HLA-A*0201/peptide �3-mutated monomers were gener-
ated as previously described [11] except that the original
biotinylation sequence (LHHILDAQ KMVWNHR) was
replaced by the AviTag sequence (GLNDIFEAQKIEWHE)
(Avidity, Aurora, CO, USA). Recombinant proteins were
produced as inclusion bodies in Escherichia coli
XA90’Lacq1, dissoved in 8 M urea, and refolded with
50 �g/ml of Melan-A/MART1-A26–35 A27L peptide (ELA-
GIGILTV), gpP100280–288 peptide (YLEPGPVTA) or
NA17-A peptide (VLPDVFIRC) purchased from Eurogen-
tech (Brussels, Belgium). Tetramerisation was performed
as previously described. BrieXy, HLA monomers were bio-
tinylated for 4 h at 30°C with 6 �g/ml BirA (Immunotech),
puriWed on monoQ column (Pharmacia, St Quentin en
Yveline, France) and tetramerised with PE or APC-labeled
streptavidin (Beckton Dickinson, Grenoble, France) at a
molar ratio of 4:1.

Production of the anti-Avitag™ mAb, AvT-6A8

The aim was to select a high aYnity monoclonal antibody
that recognizes the peptide MSGLNDIFEAQKIEWHE,
named AviTag™ (Avidity). To this end, we added a cystein
residue at the NH2 end of the AviTag peptide to chemically
couple this peptide to KLH (Keyhole Limpet Hemocyanin)
with the MBS (Maleimido benzoyl N hydroxy succinidyl
ester) agent. This Avitag-KLH was used to immunize Balb/
c mice. Splenocytes were fused with murine myeloma cells
SP2/0-AG-14 and hybridomas were screened by ELISA
using the AviTag™ coupled to ovalbumine (OVA) with
SMCC (Succinimidyl 4-[N-maleimidomethyl] cyclohex-
ane-1-carboxylate). The hybridoma 6A8 was chosen
because of its highest reactivity towards the peptide AviTag
and sub-cloned. The monoclonal antibody named AvT-6A8
used in this study was puriWed from hybridoma supernatant
using a protein A column.

Surface plasmon resonance analysis

Binding experiments of the anti-AviTag AvT 6A8 antibody
to a HLA-A*0201/Melan-A A27L soluble complex were
performed with a BIAcore 2000 optical biosensor (BIA-
core, GE Healthcare, Orsay, France). The mAb AvT 6A8
was covalently coupled to a carboxymethyl dextran Xow
cell (CM5 BIAcore) as recommended by the manufacturer.
(The level of immobilization was set at 500 resonance
units.) Binding of HLA-A*0201/Melan-A A27L was mea-
sured at 25°C with concentrations ranging from 0.625 to
10 nM at a Xow rate of 40 �l/min in HBS-EP buVer
(0.01 M HEPES, pH 7.4, 0.15 M NaCl, 3 mM EDTA,
0.005% surfactant P20). Association was monitored for
5 min before initiating the dissociation phase for another
10 min with HBS-EP buVer. Flow cells were regenerated
by a 1-min pulse with 10 mM glycine–HCl at pH 1.8. The
resulting sensorgrams were analyzed using the BIA Evalua-
tion software 3.2.

Preparation of immunomagnetic beads and cell sorting

Optimal conditions for coating M450 beads (Dynabeads
M-450-epoxy, Dynal, Compiegne, France) were deter-
mined by incubating 5 £ 107 beads at room temperature
with increasing amounts of anti-AviTag 6A8 antibody (25–
150 �g) in borate buVer for various times. After two
washes with PBS/0,1% BSA, the quantity of mAb bound to
the beads was assessed by measuring the mean Xuores-
cence intensity after staining with a goat anti mouse PE-
conjugated F(ab�)2 (Beckman-Coulter, Marseille, France).
Maximal binding was achieved after a 1 h incubation with
50 �g of AvT-6A8 mAb. Similarly, coating of HLA-A2/
peptide complexes onto M280 streptavidin or M450-AvT-
6A8 was tested by incubating 5 £ 106 beads for 1 h at
room temperature with various range of biotinylated or
unbiotinylated HLA-A*0201/peptide complexes, respec-
tively. Quantity of HLA/peptide complexes coated onto the
two types of beads was assessed by the mean Xuorescence
intensity analysed by Xow cytometry after staining with a
FITC-conjugated antibody against HLA-ABC (Beckman-
Coulter, Marseille, France). For M450-AvT beads, maxi-
mal coating was achieved with a concentration of 10 �g/ml
of HLA/peptide complexes. For M280 streptavidin beads,
saturation was obtained with 2 �g/ml of HLA/peptide
monomers (noted M280s for saturated). Coating with
0.03 �g/ml gave us a quantity of complexes onto M280
beads (noted M280us1 for unsaturated 1) corresponding to
the amount of complexes on saturated M450-AvT while
coating with 0.0075 �g resulted in 2.5 times less com-
plexes then M450-AvT (M280us2) corresponding approxi-
matively to the density of complexes on M450-AvT.
PBMC or TIL were mixed with monomer-coated beads
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(M280us or M450-AvT) (ratio 1:1) and rotated for 4 h at
4°C in 1 ml of PBS/0.1% BSA. At the end of the incuba-
tion, beads were washed ten times as follows: beads were
magnetized with Dynal magnet for 1 min, supernatant was
removed and beads were re-suspended in PBS/0.1%. At the
end of washes, cells coated onto the beads were expanded
using polyclonal T cell stimulation. M450-AvT beads were
stable for two months at 4°C and were coated extempora-
neously with HLA/peptide monomers for each experiment.
The amounts of HLA complexes bound to M450-AvT was
very reproducible as assessed by Xow cytometry with a
mean Xuorescence beween 30 and 40 in more then 30 prep-
arations performed.

Chromium cytotoxicity assay

Cytotoxic activity was measured in a standard 4 h assay
against 51Cr-labeled cells. BrieXy, target cells (peptide
pulsed T2 or melanoma cells) were incubated with
100 �Ci Na2 

51CrO4 at 37°C during 1 h. For peptide avid-
ity assays, T2 cells were loaded with a range of peptide
concentrations for 1 h at 37°C and washed. EVector cells
were then added at various E:T ratio (10:1 for T2 cells and
2:1, 10:1 and 50:1 on melanoma cell-lines) in a Wnal vol-
ume of 100 �l culture medium. After a 4 h co-culture,
25 �l of supernatant were collected and mixed with 100 �l
of scintillation cocktail (Optiphase Supermix, Wallak,
UK) for measurement of radioactivity content using a
betaplate counter (Perkin Elmer, Lifescience Courtaboeuf,
France).

Cytokine production assay

SpeciWc lymphocytes (1 £ 105) were stimulated by pep-
tide-pulsed T2 cells (3 £ 105) for 6 h at 37°C in 200 �l of
culture medium in the presence of brefeldin A (10 �g/ml)
(Sigma, St Louis, MO, USA) in round-bottom 96-well
plates. For intracytoplasmic cytokine staining, cells were
Wxed for 10 min at room temperature in PBS 4% parafor-
maldehyde (SIGMA), washed and stored at 4°C until label-
ling. Fixed lymphocytes were stained for cytokine
production using anti-IL2, anti-TNF-� and anti-IFN-� spe-
ciWc antibodies (BD Biosciences, France) in PBS 0.1%
BSA, 0.1% saponin. After staining, cells were resuspended
in PBS and analyzed on a LSR Xow cytometer using Cell
Quest software (BD Biosciences).

TCR �-chain V region expression analysis

A panel of 24 PE or FITC coupled anti-V� Abs was used to
evaluate the T cell repertoire (BCI, Marseille, France).
Staining was performed in PBS, 0.1% BSA for 45 min at
4°C before analysis by Xow cytometry.

Apoptosis assays

To evaluate the apoptosis induced by the diVerent types of
multimers, speciWc T cell clones or cell lines were incu-
bated with an equal number of either M280s, M280us or
M450-AvT in 96-well plates at 37°C in culture medium.
The Wrst method that we used to detect T cells undergoing
apoptosis was a double staining with FITC annexin-V and
propidium iodide. At the end of a 6 h incubation, 1 £ 105

speciWc T cells were collected, washed twice with cold
buVer and incubated 15 min with propidium iodide and
annexin-V-FITC, according to the manufacturer’s protocol
(Beckton Dickinson, Grenoble, France). Flow cytometry
was performed on a FACS LSR using the Cell Quest soft-
ware (BD). The second method to evaluate apoptosis was
the Caspase-Glo assay. The caspase-Glo® 3/7 and 9 prepa-
ration (Promega, Charbonnières, France) lyophilized sub-
strates (respectively DEVD and LEHD-aminoluciferin
powder) were dissolved in caspase Glo lysis buVer as rec-
ommended by the manufacturer. Proteasome inhibitor
MG132 was added to caspase glo 9® assay to reduce non-
speciWc background. T cells were incubated with beads in
96-well plates for 4 h and then a sample of 1.8 £ 104 T
cells in 25 �l was mixed with an equal volume of Caspase
Glo® reagent, and placed in the dark for 45 min. Lumines-
cence was quantiWed with a betaplate counter (Perkin
Elmer, Lifescience Courtaboeuf, France).

Statistical analysis

Data are expressed as mean § SEM. Normal distribution
of value were analysed using Kolmogorov–Smirnov test.
Mean comparisons were performed by ANOVA with
Bonferoni post test.

Results

Preparation of the new HLA/peptide multimers

The initial purpose for designing a new HLA multimer-
based sorting procedure was to avoid the use of streptavi-
dine to coat HLA complexes onto magnetic beads because
clinical grade streptavidin is not available. We thus decided
to replace it by a monoclonal antibody, AvT-6A8 (patent
pending), directed against the AviTag™ peptide (Avidity).
The aYnity of AvT-6A8 mAb for HLA complexes bearing
the AviTag at the C terminal end of the HLA heavy chain
was measured by plasmon surface resonance. AvT-6A8
mAb was covalently coupled to CM5 chips and the analyte
was soluble HLA-A*0201 complexes loaded with the
Melan-A A27L epitope. The sensorgrams are shown on
Fig. 1a, the calculated Kd value of AvT-6A8 was
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6.1 £ 10¡9 M which denotes a good aYnity of the antibody
for the monomers bearing the AviTag. We then covalently
coupled mAb AvT-6A8 to M-450 epoxy magnetic beads
(Invitrogen) and evaluated the quantity of coupling by Xow
cytometry after staining with a PE-labeled goat anti-mouse
Fc F(ab)�2 mAb. As shown on Fig. 1b, left panel, AvT-6A8
was eYciently coupled to the beads. We then tested various
incubation conditions of AvT-6A8-beads with soluble
HLA-A2/Melan-A A27L to maximize binding of the HLA
complexes onto the beads. Binding of HLA complexes was
evaluated by staining with an FITC-conjugated anti-HLA-
ABC mouse mAb. The maximal quantity of HLA com-
plexes on the beads obtained after a 1 hour incubation at
room temperature was rather low (MFI = 30) (Fig. 1b, mid-
dle panel) when compared to that obtained with saturating
amounts of the same biotinylated HLA complexes coated
onto M280-streptavidine beads (MFI = 300) (Fig. 1b, right
panel). We concluded that only a small fraction of cova-
lently coupled AvT-6A8 was able to bind the tagged HLA-
A2/peptide complexes, probably due in part to steric
hindrance.

Comparison of sorting/ampliWcation eYciencies using 
HLA multimers made with AvT-6A8-M450 beads 
vs streptavidin M280 beads

Despite the fact that M450 beads are bigger than M280
(diameter of 2.8 �m for M280 and 4.5 �m for M450), satu-
ration of AvT-6A8-M450 beads (M450-AvT) led to a lower
quantity of HLA complexes at their surface than the quan-
tity achieved by saturation of previously validated M280
streptavidin beads (M280s) [11]. It was therefore important
to compare the sorting eYciencies of the two types of
beads. This was performed by sorting 4 populations from 3
diVerent melanoma patients (3 Melan-A A27L-stimulated
PBMC populations and 1 unstimulated TIL population)
containing various percentages of HLA-A2/Melan-A spe-
ciWc T cells with the two types of multimers. PBMC stimu-
lation was performed by simply adding the Melan-A A27L
peptide at 10 �M to the cells and keeping them in culture
for 15 days with 50 UI of IL2 (see Materials and methods).

Figure 2a shows the percentage of CD8/tetramer posi-
tive lymphocytes before and after the sort with the two
types of beads. It can be observed that, regardless of the
percentage of speciWc cells (ranging from 0.24 to 44%)
within the starting populations, multimers made with AvT-
6A8-beads were at least as eYcient, if not slightly more, as
those made with streptavidin beads to select Melan-A spe-
ciWc T cell populations. Table 1 summarizes the data con-
cerning these sorts: in all cases, a single sort of 4–5 £ 106

PBMC performed with M450-AvT led to the obtention of
almost pure Melan-A speciWc CD8 + T cells (above 95%)
that greatly expanded during the 15 days of non speciWc
post-sort restimulation (enrichment factor ranging from 422
to 4,563). Thus, in terms of eYciency and subsequent in
vitro ampliWcation, the data obtained with multimers made
with M450-AvT did not signiWcantly diVer from those
obtained with multimers made with M280s.

We then asked whether multimers made with M450-
AvT selected the same T cell repertoire against HLA-A2/
Melan-A than multimers made with M280s and thus com-
pared V� usage within populations sorted with the two
types of beads (Fig. 2b). In each of the three patients ana-
lyzed, our panel of antibodies allowed the detection of
more than 95% of the reactive repertoire. We observed no
signiWcant diVerence between the two sorted populations in
terms of V� usage i.e. the major V� subpopulations were
present in both populations in all cases even if quantitative
diVerences could be observed within V� sub-families. In
the case of patient 1, from whom two diVerent culture wells
were tested (Pt 1 #1 and Pt 1 #2), it can be noted that the
degree of polyclonality of the sorted population increased
with the percentage of speciWc cells within the starting pop-
ulation and this was seen with both types of beads. Thus
M450-AvT multimers, although presenting a lower density

Fig. 1 a The mAb AvT-6A8 directed against the AviTag peptide was
covalently coupled to a CM5 BIAcore chip and soluble HLA-A*0201/
Melan-A-27L monomers (concentrations ranging from 0.625 to 10 �g/
ml) were assayed for binding at 25°C. Shown are sensorgrams and cal-
culated kinetic constants (average value from two independent experi-
ments). b The mAb AvT 6A8 was covalently coupled to M450-epoxy
beads and amounts of bound antibody was assessed by staining with a
PE-conjugated goat anti-mouse-Fc F(ab�)2 (grey peak, left panel). Un-
biotinylated and biotinylated HLA-A*0201/Melan-A-27L were coated
on M450-AvT-6A8 and M280-streptavidin respectively. Amounts of
HLA/peptide complexes coated on the beads were assessed by staining
with a FITC-conjugated mouse anti-human HLA-ABC antibody (grey
peak, middle and right panels). White histograms correspond to stain-
ing of uncoated beads
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of HLA complexes, did not sort a more restricted T cell
repertoire against Melan-A/A2 than the M280s multimers.

Functional analyses of T lymphocytes sorted 
with the two types of beads

We next compared MelanA/A2 speciWc T lymphocytes
sorted with M450-AvT or M280s multimers in terms of

avidity, cytoxicity and cytokine production. Avidity was
evaluated by a cytotoxic assay against T2 cells loaded with
increasing concentrations of the A27L Melan-A epitope. As
shown in Fig. 3a, avidities of the sorted populations for the
modiWed Melan-A epitope varied signiWcantly from one
patient to another (range of EC50 from 0.007 to 400 nM)
but in a given patient, the two populations selected with
M450-AvT or M280s multimers gave very similar results.

Fig. 2 M450-AvT and M280s 
sort of Melan-A speciWc T cell 
and analysis of repertoire diver-
sity. a PBMC or TIL from three 
melanoma patients were stimu-
lated with the Melan-A26–35 
A27L peptide for 14 days, sorted 
with HLA-A*0201/Melan-A-
27L multimers made with either 
M450-AvT or M280s beads and 
restimulated non speciWcally for 
14 days. Percentages of speciWc 
T cells was assessed by double 
staining with PE-conjugated 
tetramer and FITC-conjugated 
anti-CD8 antibody. As indi-
cated, patient 1 was tested in two 
independent experiments. 
b Repertoire diversity of M450 
(black bar) and M280 (grey bar) 
sorted populations was assessed 
by labeling with 24 anti-
V� antibodies

Table 1 Enrichment and ampliWcation yields in Melan-A, GP100 and NA17-A speciWc T cells after MHC/peptide multimer sorting

a Percentage of T cells speciWc for HLA*A201/peptide complexes is determined by CD8/tetramer double labeling
b Number of speciWc cells (percentage of tetramer labeled cells multiplied by the total number of cells)
c Enrichment factor is the ratio between the number of speciWc cells after and before one sort/ampliWcation cycle

Melan-A GP-100 NA17-A

Pt 1 #1 (PBMC) Pt 1 #2 (PBMC) Pt 2 (PBMC) Pt 3 (TIL) Pt 5 
(PBMC)

Pt 6 
(PBMC)

Starting population

Total cell number (£106) 4 4 5 4 10 2.8

CD8 speciWc cells (%)a 2 44 0.24 6.8 0.23 0.1

CD8 speciWc cells nbb 8 £ 104 1.76 £ 106 1.2 £ 103 2.72 £ 105 2.3 £ 104 2.8 £ 103

D14 after sort/ampliWcation

Cell sorting condition M450-AvT M280s M450-AvT M280s M450-AvT M280s M450-AvT M280s M450-AvT M450-AvT

AmpliWed cell nb (£106) 380 210 751 1,000 15.4 23.4 150 120 26 1.2

CD8 speciWc cells (%)a 96 88 99 96 95 89 98 96 90 95

CD8 speciWc cells nbb 3.65 £ 108 1.85 £ 108 7.43 £ 108 1.1 £ 109 1.42 £ 107 1.78 £ 107 1.47 £ 108 1.15 £ 108 2.34 £ 107 1.08 £ 106

Enrichment factorc 4,563 2,313 422 625 1,183 1,483 529 415 1,017 386
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Likewise, in the three patients tested, cytotoxic activity of
the lymphocyte populations selected with the two types of
beads against 2 HLA-A0201 + Melan-A + melanoma cell-
lines, M44 and M113, and the negative control M6 HLA-
A0201-melanoma cell line were remarquably similar
(Fig. 3b). Thus, T lymphocytes selected with either M450-
AvT or M280s multimers (both made with the mutant A27L
Melan-A epitope) could recognize the natural processed
Melan-A epitopes expressed on melanoma cells equally
well and eYciently kill tumor cells. Finally, in two patients,
we compared the capacities of the selected T cells to pro-
duce cytokines in response to melanoma cell-lines (Fig. 3c)
and again found that speciWc lymphocytes sorted with
M450-AvT produced comparable amounts of INF�, TNF�
or IL2 to that produced by M280s sorted lymphocytes.

In conclusion, Melan-A/A2 speciWc T lymphocytes
sorted with M450-AvT multimers did not functionally

diVer from their counterparts sorted with M280s multi-
mers.

Application of the M450-AvT procedure to other 
melanoma antigens

It is now well established that the T lymphocyte repertoire
against the Melan-A26–35 epitope presented in HLA-A2 is
well represented in the periphery of melanoma patients and
it is thus relatively easy to select and expand T lymphocytes
against this epitope from patients’ TIL or PBMC, as we
[12, 19] and others [20, 21] have documented. It is an
entirely diVerent matter when other melanoma antigens
such as gp100 or NA17-A and their related epitopes are
considered because speciWc T cells in patients’ PBMC are
often very scarce. In these latter cases, our previous experi-
ence indicated that multiple restimulations with peptide

Fig. 3 Functional analysis of Melan-A speciWc T cell populations
sorted with M450-AvT or M280s multimers. a Avidities of M450-AvT
(Wlled circle) and M280s (open circle) sorted T cells for MelanA/A2
complexes was evaluated by measuring lytic activity againt the TAP-
deWcient cell line T2 loaded with Melan-A26–35 A27L peptide at an E:T
ratio of 10:1 in a 4 h 51Cr release assay (n = 2 except for middle panel).
b Lysis of melanoma cell lines by M450-AvT (black symbols) and
M280s (open symbols) Melan-A sorted populations. Lysis of the HLA-
A2 + Melan-A + M44 (Wlled triangle, open triangle), M113 (Wlled

circle, open circle) and the HLA-A2- M6 (Wlled square, open square)
melanoma cell lines was measured at three diVerent E:T ratio (2:1, 10:1
and 50:1) in a 4 h 51Cr release assay. c Cytokine production of M450-
AvT (black bars) and M280s (grey bars) sorted Melan-A speciWc pop-
ulations in response to melanoma cell lines. T lymphocytes and tumor
cells were mixed at a 1:2 ratio and incubated for 6 h at 37°C in the pres-
ence of Brefeldin A and stained by intracellular staining with PE-con-
jugated mAb against INF�, TNF� or IL2. Percentages of cells positive
for each cytokine were determined by Xow cytometry
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pulsed DC were necessary to expand a small fraction of
speciWc T cells [22, 23]. We were thus prompted to test
whether our procedure which relies on a single peptide
stimulation before the sort would be applicable to gp100 or
NA17-A epitopes. EYciency of coating of the two mono-
mers on M450-AvT assessed by Xow cytometry was simi-
lar to that obtained with HLA-A2/Melan-A A27L (data not
shown). In Fig. 4, we present two examples of sort of
PBMC with M450-AvT beads coated with HLA-A2/
gp100280–288 (left column) or HLA-A2/NA17-A peptide
(right column). The sort of gp100-stimulated PBMC was
very eYcient since 90% of the population positively stained
with a HLA-A2/gp100 tetramer following sort and poly-
clonal ampliWcation (Fig.  4a). The small fraction of CD8¡/
tetramer¡ cells seen on the plot corresponded to remaining
feeder cells that disappeared in long-term culture. Analysis
of V� usage revealed the predominance of a single V�14
suggesting that the sorted population was almost monoclo-
nal. The sorted population had a high avidity for the gp100
peptide loaded on T2 cells with an EC50 around 0.1 nM.
Moreover, the selected population eYciently killed the two
HLA-A2 + gp100 + melanoma cell-lines M113 and M88
but not the HLA-A2¡ M6 cell-line. Finally, a high fraction
of the sorted lymphocytes produced TNF�, INF� and IL2 in
response to the relevant melanoma cell-lines (Fig. 4e).

Comparable results were obtained when we sorted
NA17-A speciWc T cells from PBMC with M450-AvT
beads coated with HLA-A2/NA17-A (Fig. 4, right column).
Although NA17-A speciWc cells were very scarce after the
14 day stimulation with peptide (0.1%), a highly enriched
population (95%) could be obtained after a single sort/
ampliWcation cycle. This population was composed of a
major fraction of V�13.1 lymphocytes but other V� were
also present (V�21.3, V�23). The avidity of the population
for NA17-A loaded onto T2 cells was rather low (EC50
around 100nM) but nevertheless these lymphocytes could
kill NA17-A-expressing melanoma cell-lines (DAGI and
M17) but not M113 that does not express NA17-A
(Fig. 4d). A signiWcant fraction of the population produced
INF� in response to the relevant cell-lines but only few
cells produced IL2, likely due to the relatively low avidity
of the population for NA17-A. The absolute numbers of
speciWc cells recovered and the enrichment factors for the
two sorts are indicated in Table 1.

These experiments conWrmed that the procedure could
be used to sort and expand cytotoxic T cells directed
against melanoma antigens other than Melan-A.

Induction of apoptosis by multimers made 
with M450-AvT versus M280 beads

Previous publications have reported that crosslinking of
TCR with HLA/peptide tetramers induced a signiWcant

level of activation induced cell death (AICD) [8, 24]. We
therefore measured the level of apoptosis induced by
M450-AvT versus M280 beads coated with HLA-A2/
Melan-A26–35 A27L on Melan-A speciWc T cell clones. To
evaluate the inXuence of the quantity of HLA complexes,
we chose to coat M280 beads at three concentrations: M280
were either saturated with HLA complexes (M280s)
(Fig. 1b) or coated with an amount (0.3 �M) that corre-
sponded to the same quantity of complexes obtained with
saturated M450-AvT (M280us1) or coated with an amount
that corresponded to 2.5 times less Xuorescence (M280us2)
to match the density of complexes on saturated M450-AvT
(Fig. 5a). We used either M280 and M450 saturated with
irrelevant NA17-A/A2 monomers as negative controls in
addition to a control without beads. T cell clones were incu-
bated with an equal number of beads for 6 h at 37°C and
then double stained with FITC-annexinV and propidium
iodide. Typically, live cells remain negative for both mark-
ers whereas dying cells Wrst express annexinV in the begin-
ning of the apoptosis process and later become permeable
to propidium iodide. A representative example on Fig. 5b
shows that massive apoptosis of a Melan-A speciWc clone
was induced by incubation with HLA-A2/Melan-A coated
M280s (69 + 8 = 77% dying cells) as compared to the irrel-
evant NA17-A multimers (2.7 + 0.3 = 3%) that induced no
more apoptosis than the control without beads (3.5%). In
marked contrast, multimers made with M450-AvT-ELA
induced little apoptosis (14 + 2 = 16% apoptotic cells),
lower than the level of apoptosis induced by M280 coated
with similar amounts of HLA complexes (M280us1)
(56 + 13 = 69% dying cells) or with 2.5 less complexes
(M280us2) (37 + 9 = 46% dying cells). We reproduced these
results on a panel of Melan-A speciWc clones (Fig. 5c). The
mean percentage of apoptosis induced by M450-AvT-ELA
assessed by annexin V staining was signiWcantly lower than
that induced by M280s (16.8 § 1.9% vs. 63.7 § 7.0%,
respectively, n = 8, P < 0.001) and also lower than that
induced by M280us1 (49.9 § 6.6%, n = 8, P < 0.01) but not
signiWcantly increased when compared to control without
beads (5.3 § 1.7%, n = 6, P > 0.05) or M280-NA17-A
(2.9 § 0.3%, n = 6 P > 0.05). M280us2 induced less apopto-
sis that M280us1 (26.9 § 5.7%, n = 6, vs. 49.9 § 6.6%,
n = 8, P < 0.05) but above that induced with M450-AvT-
ELA (16.8 § 1.9%) although the diVerence did not reach
signiWcance.

We next analyzed the activation of the caspase pathways
induced by the diVerent multimers in a Melan-A T cell
clone and in two polyclonal Melan-A speciWc T cell-lines
using staurosporin as a positive control. As shown in Fig. 6,
M280s induced a major increase in caspase 9 and caspase 3/
7 activities in the clone (Fig. 6a) and both speciWc cell-lines
(Fig. 6b, c) while M280us1 induced a smaller but yet detect-
able increase in caspase activities. In contrast, M450-AvT
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induced very little caspase activation when compared to the
negative control in each case (Fig. 6). These results further
documented that M450-AvT multimers induced very little
apoptosis as compared to M280 multimers, even when
M280 were coated with a comparable quantity of HLA
complexes.

We Wnally tested whether the various V� families within
the two Melan-A-speciWc T cell populations would respond
diVerently to multimer stimulation in terms of proliferation/
apoptosis. To this end, we compared the absolute numbers
of cells within each V� subfamily following a 40 h incuba-
tion of the whole Melan-A speciWc population with M280s

Fig. 4 Selection of GP-100 (left 
panel) and NA17-A (right 
panel) speciWc T cells with 
M450-AvT multimers. a HLA-
A*0201/GP100 or NA17-A 
monomers coated on M450-AvT 
were used to sort speciWc T cells 
from peptide stimulated PBMC 
from a melanoma patient. After 
in vitro ployclonal ampliWcation, 
percentages of speciWc T cells 
were assessed by double staining 
with PE-conjugated tetramer and 
FITC-conjugated anti-CD8 anti-
body. b Repertoire diversity of 
sorted populations was assessed 
by labeling with 24 anti-Vb anti-
bodies. c Avidities of M450-
AvT sorted T cells for GP100 or 
NA17-A peptide were evaluated 
on peptide-loaded T2 cells as in 
Fig. 3. d Lysis of melanoma cell 
lines expressing both HLA-A2 
and the relevant antigen [M113 
(Wlled triangle) and M88 (open 
square) for gp100 sort and M17 
(open circle) and DAGI (black 
square) for NA17-A] along with 
negative controls [M6 (open tri-
angle) for HLA-A2 and M113 
(Wlled triangle) for NA17-A] 
was measured at three diVerents 
E:T ratio (2:1, 10:1 and 50:1) by 
a 4 h 51Cr release assay. e Cyto-
kine production of sorted cells in 
response to melanoma cell-lines 
was evaluated as in Fig. 3 [INF� 
(grey square), IL2 (open 
square), TNF� (black square)]
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or M450-AvT versus “no bead”. The overall ampliWcation
factor for the two populations studied was superior to 1 fol-
lowing incubation with M450-AvT (1.46 for the Wrst popu-
lation in Fig. 7a and 1.60 for the second in Fig. 7b) while it
was markedly inferior to 1 after incubation with M280s (0.6
and 0.36 for populations 1 and 2, respectively). The stimu-
lation index thus reXected the balance between apoptosis
and proliferation within each V� family. As shown in

Fig. 7, M450-AvT induced the expansion of all V� families
although the stimulation index diVered from one family to
the other. In contrast, following stimulation with M280s,
apoptosis dominated proliferation in most V� subfamilies
with again some variability among the diVerent V� fami-
lies. For example, the V�14 family in panel A was the most
sensitive to M280-induced apoptosis and proliferated less
in response to M450-AvT as compared to the V�17 or

Fig. 5 a M280us1 were coated with a concentration of HLA-A*0201/
Melan-A-27L monomers (grey histogram) adjusted to correspond to
the amount of complexes obtained after saturation of M450-AvT beads
(black histogram) whereas M280us2 (open histogram) were adjusted to
give 2.5-fold less Xuorescence intensity as assessed by staining with an
FITC-anti-HLA/ABC mAb. MFI are indicated on the peaks. b A rep-
resentative experiment in which a Melan-A speciWc CTL clone was

incubated for 6 h at 37°C either alone (no bead) or with M450-AvT,
M280s or M280us multimers at a cell:bead ratio of 1:1. Apoptosis was
evaluated by double staining with propidium iodide and FITC-annex-
inV. c Summary of annexin-V stainings obtained with Melan-A-spe-
ciWc CTL clones incubated as in (b). ***P < 0.001, *P < 0.05 by
Anova and Bonferroni post-test

Fig. 6 Activation of caspase 3/7 and caspase 9 by M450-AvT, M280s
and M280us1 multimers or staurosporine (STS) was evaluated after a
4 h incubation at 37°C at a cell:bead ratio of 1:1. After cell lysis,
expression of active caspase-3/7 (black bars) and 9 (grey bars) was
evaluated with the Caspase-Glo 3/7 and 9 assay. Luminescence inten-

sity expressed as relative luminescence units (RLU) was measured with
a betaplate counter. Caspase activity was tested in a Melan-A speciWc
T cell clone in three independent experiments (a) and in two Melan-A
speciWc T cell lines (b, c)
123



Cancer Immunol Immunother (2009) 58:553–566 563
V�21.3 families. Similar observations could be made with
the second Melan-A speciWc population with some V�
showing particular sensitivity to apoptosis (V�3 and V�8,
Fig. 7b). However, sensivity to AICD did not seem to be
dictated by V� usage since V�3 speciWc T lymphocytes
from patient 1 (Fig.  7a) were fairly resistant to apoptosis
induced by M280 multimers whereas V�3 from the second
patient were very sensitive to AICD. These results thus
suggested that within the repertoire of Melan-A/A2 speciWc
T cells in a given patient, some V� subfamilies ar more
sensitive to multimer-induced AICD than others but we
could not relate this higher sensitivity with the intensity of
tetramer staining, the avidity for peptide loaded T2 cells
or the reactivity towards melanoma cell-lines (data not
shown).

Activation of cytokine production by multimers 
made with M450-AvT versus M280 beads

Following the observation of a low apoptosis induced by
M450-AvT multimers, we wondered whether this phenom-

enon was restricted to apoptosis or could be extended to
other activation processes triggered by TCR crosslinking
such as cytokine production. We thus tested the production
of TNF� and INF� by three diVerent Melan-A speciWc cell
lines incubated with the three types of HLA-A2/Melan-A
multimers (M280s, M280us1 and M450-AvT). A representa-
tive experiment is presented in Fig. 8a. It can be seen that
M280s induced TNF� production in 97% of the cells among
which 52% also produced INF� while M450-AvT induced
TNF� production in only 17% of the cells with 6% also
producing INF�.

Again, quantity of HLA complexes on the beads could
not solely explain this diVerence since M280us1 induced
TNF� production in 81% of speciWc lymphocytes with 33%
also producing INF�. A summary of experiments per-
formed on the three diVerent cell-lines conWrmed these
diVerences: M450-AvT induced signiWcantly less cells to
produce TNF� (26.3 § 6.8 vs. 76.7 § 7.6, P < 0.001) or
INF� (13.3 § 5.4 vs. 54.8 § 4.3, P < 0.001) than M280s

and also signiWcantly less than M280us1 (26.3 § 6.8 vs.
66.7 § 4.1, P < 0.001 for TNF� and 13.3 § 5.4 vs.

Fig. 7 Two diVerent Melan-A speciWc T cell lines (a) and (b), were
incubated for 40 h at 37°C in medium alone or with M450-AvT or
M280s multimers at a cell:bead ratio of 1:1. Percentages of the main
V� subfamilies were measured by Xow cytometry and absolute num-
bers of each V� were calculated in each experimental condition.

Results are expressed as stimulation indexes (SI), dividing numbers of
cells expressing a given V� after M450-AvT or M280s stimulations by
those obtained in medium alone. Grey bars indicate SI following incu-
bation with M450-AvT and black bars incubation with M280s

Fig. 8 Activation of Melan-A 
speciWc cell-lines by M450-
AvT, M280s or M280us1 multi-
mers was assessed by evaluating 
INF� and TNF� production by 
intracellular staining following a 
6 h incubation at a 1:1 ratio in 
the presence of brefeldin A. 
a A representative experiment 
showing double staining in the 
four conditions. Percentages of 
cells in each quadrant are indi-
cated. b Summary of the results 
obtained with three distinct 
Melan-A speciWc cell lines in 
terms of percentages of cells 
producing TNF� (b) and INF� 
(c). ***P < 0.001, **P < 0.01, 
*P < 0.05 by ANOVA and 
Bonferroni post-test
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39.8 § 4.8, P < 0.01 for INF�) (Fig. 8b). When compared
to the negative control without beads, M450-AvT induced a
detectable increase in TNF�-producing cells and to a lesser
extent of INF�-producing cells (Fig. 8b) although the diVer-
ence was not statistically signiWcant due to the small sam-
ple size. We thus concluded that cytokine production was
not totally absent following incubation with M450-AvT but
yet signiWcantly reduced as compared to M280s or M280us1.

Discussion

In the present study, we evaluated the eYciency of a new
sorting procedure that aims at selecting T lymphocytes spe-
ciWc for a given HLA/peptide complex using only reagents
that can be approved for clinical use. We thus modiWed our
previously described procedure [11, 12] that relied on
M280 streptavidin beads that are not available in clinical
grade (Dynal) coated with biotinylated HLA/peptide com-
plexes and we used instead M450-epoxy beads (clinical
grade) covalently coupled to a monoclonal antibody gener-
ated against the AviTag™ peptide and then coated with non
biotinylated HLA/peptide complexes. In addition to the fact
that all the components of the new procedure can be
obtained in clinical grade, it also allows to bypass the bio-
tinylation of HLA complexes which is expensive, time-con-
suming and decreases the yield of recovery of properly
loaded HLA complexes.

The major consequence of using a mAb in place of strep-
tavidin was that we could bind a much smaller amount of
HLA/peptide complexes onto the beads as assessed by
staining with an anti-HLA ABC antibody (Fig. 1b). Two
factors may have accounted for this decreased binding: the
Wrst factor is likely the lower aYnity of the mAb AvT-6A8
for the AviTag (Kd = 6 £ 10¡9 M) as compared to the
aYnity of streptavidin for biotin (Kd = 10¡13 M) [25].
The second factor, suggested by the discrepancy between
the high level of antibody coupling and the small amount of
bound HLA complexes, is that only a small fraction of the
antibody was accessible to HLA complexes due to random
coupling of the antibody to the bead by any primary amine
residue. We were thus prompted to ask the critical question:
Will this low amount of HLA/peptide on the beads be suY-
cient to bind speciWc T cells and will this binding be stable
enough to allow eYcient magnetic sorting? We provide
evidence that multimers made with M450-AvT were as
eYcient as M280 multimers to obtain pure Melan-A spe-
ciWc T cell populations after a single sort/ampliWcation
cycle. Moreover, when we applied M450-AvT multimers to
the sort of very rare T cell populations such as gp100 or
NA17-A speciWc T cells (Fig. 4), we succeeded in obtain-
ing pure speciWc T cell-lines after a single sort/ampliWca-
tion cycle whereas our previous experience using M280

multimers to sort NA17-A speciWc T cells showed that two
sorts were usually required to achieve purity [22]. The main
advantage of this great sorting eYciency is that with most
melanoma antigens, a single in vitro stimulation of the
patient’s whole PBMC with peptide should be enough to
obtain sortable speciWc T cells. In terms of culture time and
biological safety, a single peptide stimulation thus repre-
sents a major improvment over the procedure used by most
research teams which is based on multiple restimulations
with peptide loaded presenting cells (autologous irradiated
PBMC or DC) [23, 26]. Moreover, we have previously
shown that multiple stimulations with peptide could lead to
a loss of some reactive clonotypes in culture [12]. Alto-
gether, our data on sorting eYciencies thus suggest that
M450-AvT multimers are at least as eYcient as M280s

multimers and possibly even better when dealing with very
rare T lymphocytes in the starting population because of the
minimal apoptosis induction, as discussed below.

The second concern was whether M450-AvT multimers
would select only a fraction of the reactive repertoire due to
their lower number of HLA/peptide complexes as com-
pared to T cells sorted with M280 multimers. The compari-
son of V� usage among Melan-A speciWc T lymphocytes
sorted with the two types of beads did not support this
hypothesis since it did not reveal any major diVerence in
TCR diversity between the two sorted populations. Analy-
sis of avidities, tumor reactivity and cytokine production
did not reveal any major diVerence either between M450-
AvT and M280s sorted T cells. In addition, the sort of
gp100 speciWc T lymphocytes produced a V�14 population
with very high avidity for the peptide on T2 cells while the
NA17-A sorted population displayed a low avidity for
HLA2/NA17-A complexes (Fig. 4). Thus, sorts with
M450-AvT multimers selected speciWc T cells with a wide
range of avidities with no obvious bias in terms of avidity/
reactivity.

Another major concern that has been raised about the use
of HLA/peptide complexes in tetrameric or multimeric
forms to label and sort speciWc T cells is the induction of
activation induced cell death due to excessive TCR cross-
linking [8, 9]. In the present report, we document that
M280s multimers induced massive apoptosis of 6 Melan-A
speciWc T cell clones after only 4 h of contact in culture
(Fig. 5) that increased up to 80% after 24 h for some clones
(not shown) whereas M450-AvT induced a much lower
level of apoptosis that did not signiWcantly diVer from the
spontaneous apoptosis observed without beads. We con-
Wrmed those marked diVerences in apoptosis induction by
showing strong caspase 3/7 and caspase 9 activations on a
Melan-A speciWc clone and two Melan-A speciWc T cell-
lines by M280s multimers while M450-AvT induced very
little caspase activation. The involvment of caspase activa-
tion in HLA multimer-induced cell death is still a matter of
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debate and conXicting reports have been published on this
matter with a Wrst report implicating Fas in the apoptotic
process induced by HLA/peptide octamers [8] and a second
report describing a caspase independent necrotic process
[9]. Our present data support the involment of caspase 9 in
the apoptotic process induced by HLA/peptide multimers
i.e. the mitochondrial dependent formation of the apopto-
some that will eventually lead to caspase 3/7 activation [27]
but we could not determine whether the main pro-apoptotic
event following TCR engagement was death receptor
engagement [28] or production of reactive oxygen species
by the mitochondria [29]. In fact, our attempts to detect
death receptor-dependent caspase 8 activation using the
Promega detection kit were unsuccessful even when we
stimulated the cells with recombinant TRAIL (data not
shown). Regardless of the detailed mechanisms involved in
apoptosis triggering after TCR crosslinking, we observed
that the signiWcant diVerences between the three types of
multimers in terms of AICD induction were associated with
similar diVerences in terms of T cell activation as assessed
by cytokine production. In fact, M450-AvT induced very
little TNF� or INF� in three Melan-A speciWc T cell-lines
as compared to the production triggered both by M280s and
M280us. This obervation is in agreement with the report of
Cebecauer et al showing that the level of T cell apoptosis
induced by HLA multimers correlated with T cell activa-
tion [9].

Our present data suggest that two main parameters con-
cerning HLA/peptide multimers conditioned the level of
induced AICD and activation i.e. the number of HLA/pep-
tide complexes coated on the beads and/or the surface den-
sity of these complexes. When we adjusted the amount of
HLA/peptide loaded on M280us1 to correspond to the
amount on saturated M450-AvT beads, we observed a sig-
niWcant decrease in apoptosis induction as compared to that
obtained with saturated M280s suggesting that the degree of
apoptosis/activation was in part dependent on the total
number of available HLA/peptide complexes on the beads.
Considering the diVerence in diameter of the two types of
beads (2.8 �m for M280 and 4.5 �m for M450) and thus in
their surfaces (98.5 �m2 for M280 and 254.5 �m2 for
M450) the same amount of HLA/peptide complexes coated
on both beads will result in a density of complexes on
M450 that will be roughly 2.5 times less than on M280
beads. This is the reason why we also tested the degree of
apoptosis induced by M280 coated with 2.5 times less
HLA/peptide complexes to match the density of M450-
AvT (M280us2). We observed that these M280us2 still had a
tendency to trigger more apoptosis than M450-AvT in
some clones although the diVerence did not reach signiW-
cance. Since activation will only occur if at least two cross-
linked TCRs are close enough as elegantly demonstrated
with dimeric HLA complexes of diVerent lengths [24], we

propose that the main reason for the little induction of
apoptosis and/or activation by M450-AvT multimers is that
they crosslinked TCRs that were too far apart on the T cell
membrane (possibly in distinct lipid rafts) to trigger any
downstream signalling. Indeed, because of steric hindrance,
it is highly unlikely that both valences of a covalently
bound AvT-6A8 molecule would be available for binding a
HLA/ peptide monomer and thus form a stimulating dimer.
In contrast, with M280 beads, even coated at very low den-
sity like M280us2, binding of two monomers on the same
streptavidin is more likely to occur and form small patches
of activating complexes.

Other technical solutions have been proposed to prevent
activation and apoptosis by HLA multimers such as for
example reversible multimers (Streptamers) that could be
detached from speciWc T cells after Xuorescence cell-sort-
ing by competition with biotin [30, 31] but this technology
will be very diYcult to validate in a clinical setting.

In contrast, the new sort/ampliWcation procedure that we
present in this report will allow the fast and eYcient isola-
tion of speciWc T lymphocytes with little induction of TCR
signalling and can be easily adapted to a clinical settings.
We hope that this technology will help to boost the evalua-
tion of passive immunotherapy by speciWc T cell infusion
in cancer.
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