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Abstract The adoptive transfer of tumor antigen-specific T
cells recently achieved clinical efficacy for a fraction of
melanoma patients refractory to other therapies. Unfortu-
nately, the application of this strategy to the remaining
melanoma and most other cancer patients is hampered by
the difficulty to generate high-affinity tumor-reactive T
cells. Two strategies are currently developed to extend the
feasibility of this therapeutic approach: clinical grade tool
production for MHC-peptide multimer-driven sorting of
antigen-specific T cells from the endogenous peripheral T
cell repertoire and de novo engineering of the missing
repertoire by genetic transfer of cloned specific T cell
receptor (TCR) into T cells. The expected multiplication
of adoptive transfer treatments, by these strategies, and
their careful evaluation should enable the cure of a
number of otherwise compromised cancer patients and
to gain insight into the characteristics of transferred T
cells best fitted to eradicate tumor cells, in terms of
antigen specificities, phenotype, and functions. In particular,
identification of tumor-rejection antigens by this approach
would improve the design and efficacy of all immuno-
therapeutic approaches.
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Introduction

CD8 T cells play a major role in preventing the development
of virus-associated human cancers. Indirect evidence, such
as correlations between the amount of tumor-infiltrating T
cells (TIL), and better prognosis also support their role in the
control of non-virally-induced tumors. Therefore, the goal
of most cancer immunotherapies has been to increase the
number of tumor-reactive CD8 T cells capable to traffic to
the tumor and mediate tumor cell lysis.

In the 1980s, it was shown that many tumors elicit the
development of a specific CD8 T cell response [1–4].
Nonetheless, in cancer patients, this response ultimately
fails to control the tumor. Many potential reasons for this
failure have been identified. One is the limited anti-tumor
strength of the TIL due to the condition of their priming
in the absence of appropriate danger signal or of proper
inflammation, and/or the lack of a high-affinity T-cell
repertoire for most tumor-associated antigens. Other is
the selection of tumor variants resistant to immune effectors
due to both immunoediting and genomic instability of tumor
cells and another, the progressive development in the tumor
bed of an immunosuppressive environment of multiple
origins, such as pro-oncogenic inflammation [5, 6], tumor
cell-associated/derived factors, and regulatory pathways of
the immune system, which are safeguards against the risk of
autoimmune attacks [7].

Tumor-specific CD8 TIL recognize, through their (T cell
receptor) TCR, peptides derived from intracellular tumor
cell proteins attached to MHC class-I molecules and
exposed on the tumor cell surface. Identification of these
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tumor antigens started in 1991 [8], raising the hope that
stimulation of specific T cell responses might become
feasible. Unfortunately, in humans, the induction or
boosting of T cell responses towards a tumor protein,
by a vaccine-like approach, resulted more challenging
than anticipated. Therefore, the alternative approach of
transferring tumor-reactive T cells, isolated from tumor
samples and expanded ex-vivo, was developed. This
approach, called adoptive cell therapy (ACT), has recently
been proven to be powerful, by inducing durable complete
responses in metastatic melanoma patients resistant to all
other treatments, which represents an important breakthrough
in cancer immunotherapy [9, 10]. Compelling evidence from
animal and human studies established two major conditions
for the efficacy of these treatments: the transfer of highly
tumor-reactive and long-lived T cells [11, 12] and previous
lympho depletion [13], to favor the survival and/or expansion
of the transferred T cells, their access to the tumor and/or the
neutralization of immunosuppressive immune cells at work
within tumors. Adequate selection and high expansion in
culture of T cells and heavy patient conditioning are the main
limiting factors for the development of ACT.

Here, following a review of ACT-based clinical studies
(Table 1), we will present the technological advances under
development to reproducibly obtain high-affinity T cells of
defined tumor antigen specificities (Fig. 1), that currently
make antigen-targeted ACT feasible for the treatment of
various tumors, along with the many prospects for improve-
ment and the potential future of ACT.

ACT using TIL in metastatic melanoma patients:
the NIH group experience

The first ACT treatments were done using TIL and IL-2 in
melanoma and renal cell carcinoma patients. Although
clinical responses to IL-2 had been reported in both
cancers [14, 15], the coadministration of TIL with IL-2
resulted more efficient only in melanoma patients [16].
This was attributed to the paucity of tumor-specific CD8
T cell among IL-2-expanded TIL from renal cell carcinomas
[17, 18], in sharp contrast with the frequent presence of such
cells among melanoma TIL [2]. Therefore, ACT using TIL
were essentially pursued in melanomas.

In the first generation of ACT, >108 TIL, obtained by
enzymatic digestion of cutaneous or lymph node metastases,
were expanded to 1011 by a bulk culture with high doses of
IL-2 before re-infusion [19, 20]. This method had two
important drawbacks: in many cases it did not yield the
TIL number expected (1011) and, reaching this number often
required long culture periods (up to 100 days), during
which many patients dramatically progressed and/or
many lymphocytes became exhausted or senescent.

Nonetheless, using this method, TIL could be obtained
and injected to 86 patients in two cycles, following, or not, a
cyclophosphamide injection (25 mg/kg) to induce lympho-
depletion. An objective response rate (OR) of 34% and
complete responses (CR) in 6% of the treated patients were
reported [16, 19].

From these pioneer studies, the NIH group established
the higher efficacy of TIL ACT together with IL-2 infusion
versus IL-2 administration alone. Unfortunately, the diffi-
culty of other clinical centers, with less T cell culture
experience to grow TIL and, likely for this reason, the
lack of clinical responses obtained by these groups generated
a great deal of skepticism about the feasibility and the efficacy
of this approach in the oncologist community [21, 22].

Thanks to the significant size of their first TIL ACT trial,
the NIH group could retrospectively compare the charac-
teristics of TIL infused to responder and non-responder
patients, so as to identify potential cues for ACT improve-
ment. This revealed that responder patients had been treated
with TIL that were more cytotoxic and obtained through
shorter culture periods than those infused to non-responder
patients. In addition, a tendency towards a higher OR rate was
observed in the group of patients pre-treated with cyclophos-
phamide [19]. Based on these data, a second generation of TIL
protocol was designed [9]. This protocol differed from the
previous one by three main modifications: the selection of
tumor-reactive TIL before amplification [23], an efficient T
cell expansion protocol using allogeneic feeder cells [24], and
systematic patient lymphodepletion [25], akin of conditions
shown to favor transferred T cell survival in the mouse. TIL
were administered intravenously in a single injection, fol-
lowed by high doses IL-2 administration. A recent update of
the results obtained following the treatment of 93 patients by
this general approach was just published [10]. The authors
report impressive objective response rates of 49%, 52% and
72%, and complete response rates of 12%, 20%, and 40%,
according to the type of lymphodepletion regimen: chemo-
therapy alone or in association with total body irradiation
[10]. Importantly, among the 20 patients who achieved a
complete tumor regression, 19 have ongoing complete
regressions beyond 3 years. Compared with the 34% and
31% response rates reported previously by the same group
with or without lymphodepletion respectively [19], these
results suggest a strong impact of selecting tumor-reactive
T cells and/or of a shorter TIL culture and/or of lymphode-
pletion on the clinical efficacy of TIL ACT.

The prior selection of TIL able to secrete IFN-γ in
response to autologous tumor cells allows both to minimize
the transfer of non-tumor-specific TIL and to enrich the
infused population with T cells reactive against tumor-
associated antigens. However, this selection significantly
limited the fraction of enrolled patients who could benefit
from the treatment, because of the threshold of detection of
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specific T cells, leading to withdraw TIL cultures containing
low fractions of tumor-specific T cells [26]. Therefore, al-
ternative means to select tumor-reactive T cells should be
developed. A correlation between short TIL culture du-
ration and overall response rate (OR) was reported both
in the first and second generations of TIL ACT [10, 27].
It has been attributed to T cell exhaustion or senescence
and telomere shortening, induced by high numbers of T
cell divisions.

In the second generation of TIL-based ACT, TIL expan-
sion was obtained by anti CD3 antibody stimulation, in the
presence of allogeneic irradiated “feeder cells”. This proce-
dure induced a more rapid division and/or reduced mortality
of TIL, which strongly shortened the culture period, com-
pared with the IL-2 driven expansion used before. Although
the exact mechanisms through which irradiated feeder cells
(allogeneic PBMC) boost T cell expansion are poorly
known, both soluble and membrane bound signals may be
involved and it has been suggested that these signals are
both pro-mitotic and anti-apoptotic. The latter signals in
particular might have contributed to the longer in vivo
survival of TIL in the second generation of TIL-based
ACT of the NIH group.

Patient lymphodepletion and myeloablation is the third
factor considered to be critical for the improved efficacy of
the second generation of TIL treatments. Nonetheless, the
impact of these conditionings has not been formally
addressed, i.e., independent of specific T cell selection and
of improved culture procedure. Mouse studies suggested
that this conditioning may improve ACT efficacy through
eliminating suppressor cells such as CD4+ CD25+ Foxp3+
regulatory T cells [28] and/or myeloid derived suppressor
cells, and by triggering homeostatic mechanisms, such as
IL-7 and IL-15 bioavailability [29]. Increased levels of

serum IL-15 were indeed reported in lymphodepleted
patients [13]. In addition, also resulting from endogenous
lymphocyte depletion, high frequencies of CD8 tumor-
reactive T cells could be achieved in the blood of most
treated patients, which favored the access of these cells
to the tumor tissues. The recent comparison of three
conditioning regimens suggests that lymphodepleting
chemotherapy plus myeloablation induced by high total
body irradiation (12GY) has the highest impact on the
overall and complete response rate [10]. However, the
72% overall response rate reported in 25 patients treated
with this conditioning remains not statistically different
so far from the 49% and 52% responses rates in the groups
treated with chemotherapy alone or chemotherapy and 2-Gy
TBI. In addition, this very heavy/drastic conditioning led
to a strong immunosuppression, which requires a rapid
hematopoietic reconstitution of the patient. Reconstitution
was done using autologous CD34 peripheral stem cells,
obtained by GM-CSF mobilization before treatment, but a
sufficient number of these cells cannot be obtained from
all the patients, increasing significantly the dropout of
patients initially included. In the first and second TIL ACT
generations, autoimmune manifestations were observed in a
low fraction of patients. These were essentially vitiligo and
uveitis, and for most patients, but one, these autoimmune
after-effects weremild and reversible with topical corticosteroid
therapy. Since similar autoimmune symptoms were also
observed following other melanoma treatments, such as
antibody-mediated blockade of CTLA-4 or successful surgical
tumor removal, it has been suggested that they might be
inherent consequences of melanoma therapies [30].

Overall, the second generation of TIL ACT is an effective
therapy for patients with metastatic melanoma. Nonetheless,
these treatments remain technically and logistically difficult

Strategies used to produce tumour specific T cells for ACT

Melanoma patient PBMC

TIL

Peptide stimulation
/TCR gene transfer

Cloning, sorting
and/or

amplification

Selection/enrichment

Pool/sterility tests
Tumor reactivityInfusion with/wo 

prior lymphodepletion

Fig. 1 The production of
autologous tumor-specific T cells
for a use in ACT trials can be
achieved either from TIL
(spontaneously enriched in
tumor-specific T cells) or
PBMC. PBMC are enriched in
antigen-specific T cells, either by
peptide stimulation or TCR gene
transfer. TIL populations can be
also enriched in antigen-specific
T cells by additional steps of
selection (based on tumor
reactivity or antigen specificity).
Thereafter, tumor specific T cells
can be sorted or cloned and/or in
vitro expanded. After the final
expansion step, T cells are pooled
and tested for sterility and tumor
reactivity, just before their transfer
to the autologous patients
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and suffer from a major drawback, the very high dropout
(about two third) of the enrolled patients, due to the TIL
selection and growing process requirements [23, 31, 32] and
to patient conditioning requiring a sustained and heavy
surveillance of toxic autoimmune and immune defects.
More easy and reproducible methods to obtain tumor-reactive
T cells and less heavy patient conditioning are therefore
desired. Two strategies currently under development should
allow reaching the first of these goals, the production of
genetically engineered autologous cells and the tetramer
driven sorting.

ACT using TIL in an adjuvant setting

It is generally assumed that the limited success of immuno-
therapy results in great part from its use late after cancer
discovery, when all available conventional treatments failed
and when the cancer has become the most aggressive and
immune escape mechanisms maximal. Nonetheless, the
interest of performing ACTat earlier stages of the diseases has
been poorly addressed. Because of the limited efficacy of
approved treatments, such as dacarbazine, to induce complete
regression at the metastatic stage, we had performed a
randomized TIL ACT trial in stage III melanoma patients,
following metastatic lymph node resection. Eighty-eight
patients were randomly assigned to receive either TIL plus
IL-2 or IL-2 alone. To avoid toxicity, low doses of IL-2
were used and injected intradermally [33]. The rapid T cell
expansion protocol described before [24] was used, allowing
to achieve within 2 weeks a huge expansion of T cells by a
factor ranging from 1,200 to 18,000. Amounts of infused TIL
ranged from 0.22 to 3.34×1010 and clinical follow-up was
performed after the treatment, to detect an eventual relapse.
After a median follow-up of 60 months [33], and of 7 years
[34], we found no impact of TIL infusion on relapse-free or
overall survival. Nonetheless, a retrospective study of TIL
specificity and of patient’s characteristics revealed that two
variables, not used in intention to treat, had a significant
impact on these parameters. In the subgroup of patients with
only one invaded lymph node, the estimated relapse rate was
significantly lower (P(adjusted) 0 0.0219) and the overall
survival increased (P(adjusted) 0 0.0125) in the TIL + IL-2
compared with the IL-2 arm [34]. In addition, we measured
the tumor reactivity of infused TIL for patients whose tumor
cell line had been established. This showed that only two third
of the patients had received tumor-reactive TIL. Interestingly,
relapse-free survival evaluated in 2002 and in 2007 was
significantly correlated with the infusion of tumor-reactive
TIL [34, 35]. These results and the compatibility of this
ACT treatment with normal daily activity strongly support
the interest of addressing in a similar setting the efficacy of
ACT using T cells selected for a strong tumor reactivity. In

addition, analysis of the antigen specificity of the tumor-
reactive TIL infused in this trial revealed significant correla-
tions between the infusion of TIL specific for two melanoma-
associated antigens, and the prevention of relapse of HLA-A2
patients. One of these antigens is Melan-A/MART-1 [36–38];
the other was unknown before and could be identified by our
group using TIL infused to a relapse-free patient [39]. This
new melanoma-associated antigen is called MELOE-1 and
contains an epitope presented in the HLA-A*0201 context.
Importantly, among the 21 HLA-A2 patients treated by TIL,
the five who received TIL containing CD8 T cells specific for
this particular epitope experienced a prolonged relapse-free
survival whereas all the 21 who did not experienced relapse.
These results establish the strongest correlation between
antigen reactivity of infused T cells and relapse prevention
compared with other antigens recognized by TIL populations,
and thus strongly suggest the particular relevance of this new
melanoma epitope. This is further supported by our recent
results showing that a large and tumor-reactive repertoire
specific for this epitope is present in all HLA-A2 melanoma
patients tested [40].

Actually, all the patients who remained relapse-free,
following MELOE-1 specific TIL transfer, had also received
Melan-A specific TIL. It is therefore possible that T cells of
both specificities are important to avoid tumor recurrence,
following the ablation of all detectable metastasis. This
strongly supports the development of ACT using CD8 T cells
of these two specificities for the treatment of HLA-A2
melanoma patients.

ACT using the peripheral repertoire of tumor-reactive
T cells

Recently, a phase I/II study was conducted to test the
feasibility and safety of ACT with PBL enriched in
tumor-reactive T cells and daily injections of IFN-α in
metastatic melanoma patients with progressive disease
[41]. Tumor-reactive T cells, CD8 and CD4, were
obtained by repeated mixed lymphocyte-tumor stimulation
using autologous PBL and melanoma cell line. Ten patients
were treated by infusion of relatively low numbers of T cells
(about 109 in three infusions) along with low-dose IFN-α. All
the patients experienced an IFN-α induced transient toxicity
including a cellular neutropenia, according to RECIST
criteria. Five patients showed clinical benefit from the
treatment, including one complete response (above
51 months), one partial response (above to 22 months),
and three disease stabilizations (15 months and above
8 and 47 months). The other five patients progressed
and died rapidly. There was no correlation between clinical
outcomes and the number of tumor-reactive T cells infused
or their level of tumor cell lysis, nor with the frequency
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of CD4 CD25 FoxP3 regulatory T cells in infused T cells. In
contrast, a high expansion rate of T cells, a preferential Th1
profile, and a high level of neutrophil reduction tended to
correlate with clinical responses and survival. The main
interest of these data is to suggest that infusion of relatively
low doses of T cells and low dose of IFN-α, a cytokine much
less toxic than high doses IL-2, could be efficient ACT
treatments for metastatic melanoma patients without the
need of lymphodepletion and irradiation. Nonetheless, this
conclusion needs to be tested in the context of a phase
II study.

ACT using the endogenous peripheral repertoire
of defined antigen specificity

The search of proteins recognized on tumor cells by CD8
cytotoxic T cells from patients led to identify a number of
tumor-associated antigens (TAA) and epitopes presented by
several tumor types, in the context of frequent HLA alleles
(www.cancerimmunity.org/peptidedatabase). A number of
studies therefore addressed the capacity of T cells specific
for some shared tumor antigens to induce tumor regressions.
Strongly facilitating this approach and its evaluation, the
use of tetramers (biotinylated MHC-peptide complexes
linked to a fluorescent labeled streptavidin molecule)
allows the direct visualization and the quantification of spe-
cific T cells.

Compared with TIL, an advantage of antigen-specific T
cells for ACT is that these cells can be obtained from
patients blood, therefore not requiring the availability of a
tumor sample. However, on the other hand, the frequency of
tumor antigen-reactive cells is considerably lower among
PBL than among TIL. Therefore, in most cases, the isolation
of tumor antigen-specific blood T cells requires previous
antigen stimulation in vitro to reach detectable frequencies,
followed by cloning or selection procedures.

Only a limited number of ACT studies using tumor
antigen-specific PBL have been performed so far. Most
of these studies used CD8 T cells specific for HLA-A2
restricted epitopes of Melan-A (26–35, 27–35 or A27L)
or gp100 (152–164 or 209–217) melanocytic differentiation
proteins. Either T cell lines enriched in these specific
CD8 T cells or CD8 T cell clones were used. Recently,
the transfer of CD4 T cells specific for the NYESO-1
antigen was initiated in metastatic melanoma patients
[42]. So far, no serious toxicity was reported in these
trials.

Mackensen et al used CD8 T cell lines containing a
median fraction of 50% Melan-A/A2 specific CTL in a
phase I study including eight patients [43]. These HLA-A2
patients were infused three times with 0.2–11×108 Melan-A
specific CTL along with subcutaneous injection of low

doses IL-2 (106 IU daily). The fate of transferred antigen-
specific T cells was followed by tetramer labeling in the
peripheral blood. The frequency of these cells among CD8
PBL always below 0.1% before transfer rose after transfer to
up to 2%. In most cases, this increase disappeared during the
second week post transfer, becoming undetectable at day 14
in most patients. The infusion to three of these patients of
Indium-111-labeled T cells demonstrated their localization to
metastatic sites as early as 48 h after injection. This study
was then extended to 12 metastatic melanoma patients [44].
Out of 11 clinically evaluable patients, two responses,
according to the WHO classification, were reported: one
complete (24 months +) and one partial (11 months). In
addition, the expression of the target antigen Melan-A was
lost in several metastatic lymph nodes. Therefore, despite
the clear demonstration that transferred T cells could migrate
to metastatic lymph nodes, the rapid disappearance of these
cells and the limited clinical results were disappointing. It
may be that stimulation by the modified short peptide
primed short-lived CD8 specific T cells due to the epitope
presentation by non-professional antigen presenting cells.
In addition, this modified peptide might have induced the
expansion of regulatory CD4 T cells [45], therefore co-
infused with CD8 T cells. Unfortunately these two questions
were not addressed.

Three clinical studies had used CD8 CTL clones in
ACT trials. In a pioneer study from the Rosenberg group,
gp100 specific clones were obtained by repeated PBL
stimulation by an anchor-optimized analog of the
gp100/A2 209–217 epitope. Very rapid disappearance of
infused cells and lack of clinical response led the authors
to suggest that CD8 T cells were unable to persist and be
effective when infused in the absence of CD4 helper T
cells [46]. This has been contradicted by recent studies in
which CD8 clones or genetically modified CD8 T cells per-
sisted for a relatively long period post-infusion and were
followed by tumor regressions. In addition, the transfer of
CD8 T cells has been highly successful for prophylaxis
of CMV- and EBV-associated diseases in the post-
transplantation setting [47, 48]. The possible explanations
for the poor survival of gp100 T cell clones may be an
exhaustion or senescence due to their long-term culture
(in the absence of feeder cells) as suggested recently by
the Rosenberg group itself for TIL and/or a limited TCR
strength of the clones for the natural epitope, due to their
generation against an analog epitope. Indeed, analog
epitope design requires to extensively control that T cell
repertoires for the natural and the modified peptides
efficiently cross-react. Such a control has not been
reported for the gp100 epitope. It was performed to
select the Melan-A 26–35 A27L analog among a number
of other analog candidates, which had revealed more
limited cross-reactivities [49, 50].
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Therefore, we used this analog to generate Melan-A/A2
specific T cell clones that were used to treat 14 HLA-A2
patients at the metastatic stage in a phase II study. Each
patient received a T-cell clone suspension (0.14–2.109 cells),
followed by subcutaneous injections of interleukin 2 and
interferon alpha. CTL clone survival was followed by
quantitative clonotypic PCR and the frequency of
Melan-A/A2 specific T cells by tetramer labeling. Out
of 14 patients treated, six (43%) experienced an objective
response (CR + PR) with long-term complete remission
for two patients (1 CR for 5 years and 1 CR for 28 months).
All these clinical responses were significantly associated
with in vivo expansion of the Melan-A-specific T-cell
repertoire, independently of T cell clone persistence [51, 52].
These results suggest that infused CTL clones may have
initiated an anti-tumor response that may have induced the
expansion of Melan-A-specific CTL and contributed to the
clinical responses observed. Thus, over the course of an
adoptive cell transfer, monitoring this melanoma-specific
T-cell expansion in patient blood may be crucial for
predicting the clinical efficiency of such an immunological
approach.

In another ACT study [53], T cell clones specific for the
Melan-A 27-35 and gp100 154-162/A2 restricted epitopes
were used to treat ten metastatic melanoma patients. Those
patients received four infusions of 3.3 109 cells/m2, the first
one without Il-2 and the following with sc infusion of
increasing doses IL-2 twice daily for 14 days. Half patients
received Melan-A specific CTL and half gp100 specific
ones. The fate of infused T cells was followed by specific
tetramer labeling. IL-2 infusion significantly prolonged
median T cell survival in vivo from 6.68+/-0.9 to 16.92+/-
1.37 days. Nonetheless, the preferential use of tetramer to
measure this survival cannot exclude that infused CTL clone
survival had been overestimated if some repertoire spreading
had occurred. In addition, selective loss of the target antigen in
residual tumors was observed in three patients suggesting
a CTL effect. However, CTL clone infusions resulted
essentially in disease stabilization in five patients with
only minor or mixed responses in three others.

Overall, in these studies, the transfer of antigen-specific
CD8 T cells was safe and, in some cases, had induced a low
rate of clinical responses including CR. Several reasons may
explain the lower efficacy of these ACT compared with TIL
ACT: (1) the lack of patient conditioning and the use of
much lower IL-2 doses, (2) the lack of CD4 helper cells
potentially present among TIL, (3) the short life expectancy
of some antigen-specific populations due to extended
culture period in vitro, and finally, (4) the fact that
antigen-specific T cell transfer studies were performed
without prior patient’s selection, whereas TIL ACT were
performed in patients [31], selected in particular for the
capacity to grow tumor-reactive TIL which might be

associated with a less immunosuppressive tumor micro-
environment and potentially with a better response to
ACT treatments.

Importantly, ACT using antigen-specific T cell transfer
would permit to address the relative immunogenicity of
known tumor antigens. They could also permit to elucidate
other characteristics of T cells required for an effective
ACT, such as the effector/memory CD8 subsets, markers
associated with optimal function proliferation and survival
and the need and effector memory status of helper CD4
T cells. Importantly, this knowledge might secondarily
permit to identify potential obstacles to effective
antigen-specific therapeutic vaccinations and may be
used to establish requirements for antigen-specific
immunotherapy.

ACT using CD4 T cells

Helper CD4 T cells are crucial for both the initiation and
effector phases of tumor immunity. Through interactions
with DC, they help to the priming, survival, and function
of tumor-specific CD8 T cells. They may also play roles in
tumor cell destruction, either directly by killing MHC
class-II expressing tumor targets or indirectly by activating
innate effector cells such as macrophages. Nonetheless,
the presence and eventual role of CD4 T cells in human
ACT remains largely ignored. The difficulty to address
their roles comes from the large diversity of MHC class-II
molecules, from the limited number of known class-II
restricted tumor antigen epitopes and also from the diversity
of functional CD4 T cell subsets among which Th2 and
regulatory CD4 FoxP3 T cells are detrimental to tumor
immune responses.

In a few studies, the presence among infused TIL of
IFN-γ-secreting tumor-reactive CD4 T cells was documented
[35, 41]. However, neither their antigen specificity nor their
impact on the clinical response was analyzed. To address the
potential of tumor antigen-reactive CD4 T cells in ACT,
Hunder et al. recently derived Th1 CD4 T cell clones specific
for a NY-ESO-1 epitope and infused up to 1010 of these
cells/m2 together with IL-2 to nine metastatic melanoma
patients [42, 54]. Four patients experienced PR or disease
stabilization and one patient underwent durable CR of
more than 3 years. Infused CD4 T cell frequencies as
high as 3% were detected in patient blood up to 2 months
after treatment. Interestingly, in some patients, including
the patient having developed a CR, T cell responses to
non-targeted antigens were durably observed, a phenomenon
called antigen spreading previously described in the context
of vaccine treatments [55–57]. This phenomenon appears
crucial when targeting a single or a few antigens, not
expressed by all cells in the tumor since it broadens the

Targ Oncol (2012) 7:3–14 9



induced immune response to other tumor antigens including
even mutated and unknown ones, and thus may prevent tumor
escape by the selection of antigen loss variants.

ACT using genetically modified lymphocytes

One of the main limitations of ACT strategy is the difficulty
to produce high amounts of antigen-specific T cells for each
patient, from blood or tumor samples. Retroviral TCR gene
transfer is an attractive strategy by which large numbers of
autologous, antigen-specific T cells can be generated. A
recent clinical trial has demonstrated the feasibility of this
technique in melanoma patients [58]. Retroviral gene
transfer was used to transduce peripheral blood lymphocytes
from melanoma patients, with the genes encoding the α
and β chains of a TCR specific for the Melan-A26–35/
HLA-A*0201 epitope. Seventeen patients were lympho-
depleted before the transfer of transduced autologous T
cells. The engineered T cells persisted in 15 patients, but
only two of these (with the highest levels of circulating
anti-melanoma T cells) showed objective regression of
metastatic lesions and remained in remission 18 months
after treatment. Several factors could explain these rather
disappointing clinical results. One could be the expres-
sion level of the introduced TCR. Indeed, the specificity
of transferred alpha and beta chains can be altered due to
their unwanted pairing with endogenous αβ TCR chains
of the recipient cells. Any mispairing may reduce the
expression density and, hence, the efficacy of the desired
TCR, since the density of TCR expression on the cell
surface has been shown to correlate with avidity. Furthermore,
such mispairing could also lead to TCRs with unpredictable
specificities [59].

In recent years, several groups have explored the means
to optimize TCR gene transfer. In particular, efforts have
been directed towards increasing the preferential pairing of
exogenous α and β chains. A number of strategies have
been employed to address this issue. TCRs have been
engineered to include an additional cysteine residue in
the constant regions of the α and β chains, resulting in
the formation of a second disulphide bond between them.
T cells transduced with cysteine-modified receptors
showed increased tetramer binding and increased reactivity
against specific tumor cell lines, compared with T cells
expressing wild type TCR [60]. Hybrid TCRs have also
been designed to incorporate murine constant regions and
human variable regions. These hybrid TCRs show reduced
mispairing with endogenous TCR chains when introduced
into human T cells, combined with superior cell surface
expression, and biological activity [61]. However, there
is a possibility that a human host will mount an immune
response against the murine component of such a TCR.

These approaches also improve the safety of TCR gene
transfer by preventing the infusion of potentially self-reactive
T cells.

Furthermore, it has been recently shown that some
transduced TCR turned to be weakly expressed because
they poorly compete with the endogeneous TCR chains
for CD3molecules [59]. Thus, another strategy to enhance the
expression of the transduced TCR is to co-transduce with
TCR chains the genes coding for CD3 complex. This would
increase the availability of CD3 molecules for the transduced
TCR, and thus its expression at the cell surface [62].

In conclusion, although TCR gene transfer holds promise,
there are still obstacles to overcome with respect to either the
safety or the efficacy of this strategy. In this respect, many
efforts are made to address the safety issues and to improve
the expression of retrovirally introduced TCRs.

Technical strategies for the production of high-affinity
T cells

In recent years, an important development of the tetramer
technology has been to allow not only specific T cell
quantification but also their sorting by flow cytometry or
with magnetic beads. Cobbold et al. used this technology
to select ex-vivo CMV-specific CD8+ T cells from sero-
positive stem cell donors. These T cells expanded in vivo
after their transfer and cleared CMV infection in the
majority of recipients [63]. Until now, this approach has
not been tested in cancer immunotherapy. We developed
a sorting procedure based on the use of multimer-coated
magnetic beads that will allow the development of clinical
grade reproducible ACT assays with tumor antigen-specific T
cells in melanoma patients. Initially, we described a sorting
procedure that relied on biotinylated HLA/peptide-coated
onto streptavidin-coupled magnetic beads to isolate
epitope-specific T lymphocytes. Several technical
improvements could then be made to enhance the sorting
efficiency of this procedure and to meet clinical requirements.
First, we documented that a mutation in the α3 domain of the
heavy chain of HLA-A201 (A245V) reduced the non-specific
binding of the HLA-A2/peptide complexes to the co-receptor
CD8 and critically improved the efficiency and specificity of
sorts of T lymphocytes specific for viral epitopes [64]. This
demonstration was then extended to melanoma epitopes.
However, many variables remained to be explored, including
antigen-specific T cell sources. We compared TIL and PBMC
as sources of antigen-specific T cells. As stated above, the
strong advantage of PBMC is that blood sample is available
for all the patients, at variance with tumor samples required to
derive TIL. However, the frequency of tumor antigen-reactive
cells is considerably lower among PBL than among melano-
ma TIL. Therefore, in most cases, the isolation of tumor
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antigen-specific T cells requires previous antigen stimu-
lation in culture to reach detectable frequencies. Using
multimer-coated beads, we demonstrated that antigen-
specific T cells can be sorted from TIL or enriched
PBMC with the same efficiency. Moreover, specific T
cells sorted under these conditions (more than 95% puri-
ty) were able to proliferate in vitro, were polyclonal and
possessed longer telomers (Mean 12 kb) than T cell clones
obtained by limiting dilution of bulk cultures (Mean 6 kb)
([65] and unpublished data). We also showed that a
preliminary step of PBMC peptide stimulation did not
significantly alter the antigen-specific T cell repertoire.

Finally, in order to produce antigen-specific T cells that
can be used in a clinical setting, we modified the sorting
procedure by replacing the biotin-streptavidin interaction on
magnetic beads by an antibody specific for a Tag peptide
located at the end of the HLA heavy chain. We documented
the high efficiency of antibody-coated beads loaded with
HLA-A2/peptide complexes to sort antigen-specific T cells
from polyclonal PBMC [66]. Furthermore, an additional
advantage of this procedure is that it induces less apoptosis
of sorted T cells than streptavidin coated beads because of a
different distribution of HLA-peptide multimers at the
surface of magnetic beads [67]. These tools are currently
under GMP production by a biotechnology company, and
a clinical trial using the transfer of sorted-antigen specific
T cells will be performed in 2012 on metastatic melano-
ma patients.

Other issues

The development of ACT for cancer patients that do not
benefit already from this treatment relies on the identifica-
tion of TAA presented by a significant fraction of these
tumors and fulfilling all the requirements to induce high-
affinity CD8 T cell responses. Cancer testis antigens most
identified as T cell targets expressed by melanoma tumors
are among the most shared TAA. Nonetheless, antigens of
more restricted expression might be better expressed in
individual tumor types in relation with specific oncogenic
mechanisms. Systematic studies to identify such antigens
are therefore required. It might be done by stimulating
patients PBL by autologous tumor cells in vitro as initiated
by the group of T Boon or by cloning tumor-reactive TIL.
However, in some tumor types, despite the high infiltration
of tumor tissue by T cells and strong correlations between
the amount of these cells and patient prognostic, the
identification of conventional CD8 tumor-reactive TIL
has been unsuccessful [68]. Once tumor-associated antigens
recognized by CD8 T cells have been identified, their
immunogenicity in an ACT context has to be addressed.
For pathogen-derived antigens, it has been shown that

their immunogenicity is related to the frequency of naïve
specific T cell precursors [69]. For many tumor antigens,
this frequency appears highly variable but in most cases
very low [70]. The recent development of clinically
approved procedures allowing to create de novo a miss-
ing repertoire, by transducing foreign TCR into PBL,
will permit to overcome this potential limit. Another
critical factor for tumor antigen immunogenicity is the
avidity of the T cell repertoire for antigen presenting cells.
Genetic TCR engineering should also allow generating a
high-affinity repertoire, by appropriately modifying trans-
duced TCR. However, CD8 T cell avidity also depends
on the density of MHC-peptide expression by tumor
cells, which cannot be controlled.

In melanoma tumors, the antigens expressed at the
highest levels are melanocytic differentiation antigens,
also shared by skin melanocytes, as well as retinal pigmentary
cells. Targeting these antigens by ACT has been shown to be
clinically effective but may induce in a few cases important
ocular and cutaneous autoimmune reactions [30]. For
most other tumors, the use of differentiation antigens is
excluded, as far as normal cells sharing these antigens
are critical for survival. The antigen choice therefore
remains a major issue for the development of ACT for
non-melanoma cancers. This question has been well
reviewed recently [71].

Perspectives

The important clinical results obtained recently in metastatic
melanoma patients treated by TIL-based ACT [10] have
finally convinced the oncologist community of the interest
of this clinical approach. Importantly, several obstacles to
ACT that have been limiting its development were overcome.
On one hand, methods to reproducibly select or engineer
T cells of desired avidity and specificities will be soon
available. On another hand, the T cell expansion process
might become significantly alleviated if, as suggested
recently [41], the number of T cell required to achieve
clinical efficacy is much lower than initially thought, and
thanks to the availability of clinical grade fast expansion
procedures.

In addition, several other improvements of ACT efficacy
are awaited from (1) the identification of qualitative
attributes of T cells best fitted to induce clinical responses,
such as expression of CD27, CD28, CD62L, high levels
of cytotoxic molecules, or long-life expectancy; (2) the
development of procedures, sorting or culture protocols,
favoring the production of such T cell subsets; (3) the in
vivo development of treatments able to bring the benefits
attributed to lympho- and myeloablation with less toxic
effects, such as homeostatic cytokine administration to
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favor the survival of transferred T cells, or neutralization
of suppressive cells at work inside tumors. In this context, the
replacement of r-IL-2, that favors Treg growth by other
cytokines, such as IL-15, IL-7, IL-21, or IFN-α, could be
in itself a major advance. Other major improvements of
ACT efficiency will likely come from combining these
treatments with either conventional treatments such as
immunogenic chemo- or radio-therapy, or with vaccina-
tion by the target antigen of adoptively transferred T
cells. In support of this, a study recently showed that
mouse vaccination with a long peptide from the melanocytic
antigen gp100 following the transfer of gp100-specific
CD8 T cells, strongly increased the number of circulating
transferred cells, suggesting that such an approach might
boost ACT efficiency [72].

Genetic modifications of transferred T cells distinct from
TCR transduction also represent interesting means to im-
prove ACT efficacy, although may be within a longer delay.
Genetic modifications proposed in this context are for ex-
ample the constitutive expression of IL-2 by activated specific
T cells and the expression of anti-apoptotic molecules.

Due to this extremely favorable context, it may be hoped
that ACT will be developed for the treatment of diverse
tumors.
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References

1. Heo DS, Whiteside TL, Johnson JT, Chen KN, Barnes EL,
Herberman RB (1987) Long-term interleukin 2-dependent
growth and cytotoxic activity of tumor-infiltrating lymphocytes
from human squamous cell carcinomas of the head and neck.
Cancer Res 47(23):6353–6362

2. Itoh K, Platsoucas CD, Balch CM (1988) Autologous tumor-
specific cytotoxic T lymphocytes in the infiltrate of human meta-
static melanomas. Activation by interleukin 2 and autologous
tumor cells, and involvement of the T cell receptor. J Exp Med
168(4):1419–1441

3. Miescher S, Whiteside TL, de Tribolet N, von Fliedner V (1988) In
situ characterization, clonogenic potential, and antitumor cytolytic
activity of T lymphocytes infiltrating human brain cancers. J
Neurosurg 68(3):438–448

4. Wang YL, Si LS, Kanbour A, Herberman RB, Whiteside TL
(1989) Lymphocytes infiltrating human ovarian tumors: synergy
between tumor necrosis factor alpha and interleukin 2 in the
generation of CD8+ effectors from tumor-infiltrating lymphocytes.
Cancer Res 49(21):5979–5985

5. Soudja SM, Wehbe M, Mas A, Chasson L, de Tenbossche CP,
Huijbers I, Van den Eynde B, Schmitt-Verhulst AM (2010) Tumor-
initiated inflammation overrides protective adaptive immunity in an
induced melanoma model in mice. Cancer Res 70(9):3515–3525

6. Yu H, Pardoll D, Jove R (2009) STATs in cancer inflammation
and immunity: a leading role for STAT3. Nat Rev Cancer 9
(11):798–809

7. Vesely MD, Kershaw MH, Schreiber RD, Smyth MJ (2011)
Natural innate and adaptive immunity to cancer. Annu Rev
Immunol 29:235–271

8. van der Bruggen P, Traversari C, Chomez P, Lurquin C, De Plaen E,
Van den Eynde B, Knuth A, Boon T (1991) A gene encoding
an antigen recognized by cytolytic T lymphocytes on a human
melanoma. Science 254(5038):1643–1647

9. Dudley ME, Wunderlich JR, Robbins PF, Yang JC, Hwu P,
Schwartzentruber DJ, Topalian SL, Sherry R, Restifo NP, Hubicki
AM, Robinson MR, Raffeld M, Duray P, Seipp CA, Rogers-Freezer
L, Morton KE, Mavroukakis SA, White DE, Rosenberg SA (2002)
Cancer regression and autoimmunity in patients after clonal repopu-
lation with antitumor lymphocytes. Science 298(5594):850–854

10. Rosenberg SA, Yang JC, Sherry RM, Kammula US, Hughes MS,
Phan GQ, Citrin DE, Restifo NP, Robbins PF, Wunderlich JR,
Morton KE, Laurencot CM, Steinberg SM, White DE, Dudley ME
(2011) Durable complete responses in heavily pretreated patients
with metastatic melanoma using T-cell transfer immunotherapy.
Clin Cancer Res 17(13):4550–4557

11. Aebersold P, Hyatt C, Johnson S, Hines K, Korcak L, Sanders M,
Lotze M, Topalian S, Yang J, Rosenberg SA (1991) Lysis of autolo-
gous melanoma cells by tumor-infiltrating lymphocytes: association
with clinical response. J Natl Cancer Inst 83(13):932–937

12. Robbins PF, Dudley ME, Wunderlich J, El-Gamil M, Li YF, Zhou
J, Huang J, Powell DJ Jr, Rosenberg SA (2004) Cutting edge:
persistence of transferred lymphocyte clonotypes correlates with
cancer regression in patients receiving cell transfer therapy. J
Immunol 173(12):7125–7130

13. Dudley ME, Yang JC, Sherry R, Hughes MS, Royal R, Kammula
U, Robbins PF, Huang J, Citrin DE, Leitman SF, Wunderlich J,
Restifo NP, Thomasian A, Downey SG, Smith FO, Klapper J,
Morton K, Laurencot C, White DE, Rosenberg SA (2008)
Adoptive cell therapy for patients with metastatic melanoma:
evaluation of intensive myeloablative chemoradiation preparative
regimens. J Clin Oncol 26(32):5233–5239

14. Chang AE, Rosenberg SA (1989) Overview of interleukin-2 as an
immunotherapeutic agent. Semin Surg Oncol 5(6):385–390

15. Rosenberg SA, Yang JC, Topalian SL, Schwartzentruber DJ,
Weber JS, Parkinson DR, Seipp CA, Einhorn JH, White DE
(1994) Treatment of 283 consecutive patients with metastatic
melanoma or renal cell cancer using high-dose bolus interleukin 2.
JAMA 271(12):907–913

16. Rosenberg SA, Packard BS, Aebersold PM, Solomon D, Topalian
SL, Toy ST, Simon P, Lotze MT, Yang JC, Seipp CA et al (1988)
Use of tumor-infiltrating lymphocytes and interleukin-2 in the
immunotherapy of patients with metastatic melanoma. A preliminary
report. N Engl J Med 319(25):1676–1680

17. Belldegrun A, Muul LM, Rosenberg SA (1988) Interleukin 2
expanded tumor-infiltrating lymphocytes in human renal cell
cancer: isolation, characterization, and antitumor activity. Cancer
Res 48(1):206–214

18. Nishimura T, Terashima Y, Hattori T, Satoh M, Kondo Y, Kimura
G, Yoshida K, Akimoto M (1991) Recombinant interleukin-2-
expanded tumor infiltrating lymphocytes from human renal cell
cancer do not exhibit autologous tumor cell-specific cytotoxicity.
Urol Int 47(Suppl 1):83–85

19. Rosenberg SA, Yannelli JR, Yang JC, Topalian SL, Schwartzentruber
DJ, Weber JS, Parkinson DR, Seipp CA, Einhorn JH, White DE
(1994) Treatment of patients with metastatic melanoma with
autologous tumor-infiltrating lymphocytes and interleukin 2. J
Natl Cancer Inst 86(15):1159–1166

20. Topalian SL, Muul LM, Solomon D, Rosenberg SA (1987)
Expansion of human tumor infiltrating lymphocytes for use in
immunotherapy trials. J Immunol Methods 102(1):127–141

21. Dillman RO, Oldham RK, Barth NM, Cohen RJ, Minor DR, Birch
R, Yannelli JR, Maleckar JR, Sferruzza A, Arnold J et al (1991)

12 Targ Oncol (2012) 7:3–14



Continuous interleukin-2 and tumor-infiltrating lymphocytes as
treatment of advanced melanoma. A national biotherapy study
group trial. Cancer 68(1):1–8

22. Goedegebuure PS, Douville LM, Li H, Richmond GC, Schoof DD,
Scavone M, Eberlein TJ (1995) Adoptive immunotherapy with
tumor-infiltrating lymphocytes and interleukin-2 in patients with
metastatic malignant melanoma and renal cell carcinoma: a pilot
study. J Clin Oncol 13(8):1939–1949

23. Dudley ME, Wunderlich JR, Shelton TE, Even J, Rosenberg SA
(2003) Generation of tumor-infiltrating lymphocyte cultures for
use in adoptive transfer therapy for melanoma patients. J
Immunother 26(4):332–342

24. Jotereau F, Pandolfino MC, Boudart D, Diez E, Dreno B, Douillard
JY, Muller JY (1991) LeMevel B (1991) High-fold expansion of
human cytotoxic T-lymphocytes specific for autologous melanoma
cells for use in immunotherapy. J Immunother 10(6):405–411

25. Muranski P, Boni A, Wrzesinski C, Citrin DE, Rosenberg SA,
Childs R, Restifo NP (2006) Increased intensity lymphodepletion
and adoptive immunotherapy—how far can we go? Nat Clin Pract
Oncol 3(12):668–681

26. Prieto PA, Durflinger KH, Wunderlich JR, Rosenberg SA, Dudley
ME (2010) Enrichment of CD8+ cells from melanoma tumor-
infiltrating lymphocyte cultures reveals tumor reactivity for use
in adoptive cell therapy. J Immunother 33(5):547–556

27. Schwartzentruber DJ, Hom SS, Dadmarz R, White DE, Yannelli
JR, Steinberg SM, Rosenberg SA, Topalian SL (1994) In vitro
predictors of therapeutic response in melanoma patients receiving
tumor-infiltrating lymphocytes and interleukin-2. J Clin Oncol 12
(7):1475–1483

28. Turk MJ, Guevara-Patino JA, Rizzuto GA, Engelhorn ME,
Sakaguchi S, Houghton AN (2004) Concomitant tumor immunity
to a poorly immunogenic melanoma is prevented by regulatory
T cells. J Exp Med 200(6):771–782

29. Gattinoni L, Finkelstein SE, Klebanoff CA, Antony PA, Palmer
DC, Spiess PJ, Hwang LN, Yu Z, Wrzesinski C, Heimann DM,
Surh CD, Rosenberg SA, Restifo NP (2005) Removal of homeo-
static cytokine sinks by lymphodepletion enhances the efficacy of
adoptively transferred tumor-specific CD8+ T cells. J Exp Med
202(7):907–912

30. Yeh S, Karne NK, Kerkar SP, Heller CK, Palmer DC, Johnson LA,
Li Z, Bishop RJ, Wong WT, Sherry RM, Yang JC, Dudley ME,
Restifo NP, Rosenberg SA, Nussenblatt RB (2009) Ocular
and systemic autoimmunity after successful tumor-infiltrating
lymphocyte immunotherapy for recurrent, metastatic melanoma.
Ophthalmology 116(5):981–989, e981

31. Besser MJ, Shapira-Frommer R, Treves AJ, Zippel D, Itzhaki O,
Schallmach E, Kubi A, Shalmon B, Hardan I, Catane R, Segal E,
Markel G, Apter S, Nun AB, Kuchuk I, Shimoni A, Nagler A,
Schachter J (2009) Minimally cultured or selected autologous
tumor-infiltrating lymphocytes after a lympho-depleting chemo-
therapy regimen in metastatic melanoma patients. J Immunother
32(4):415–423

32. Goff SL, Smith FO, Klapper JA, Sherry R, Wunderlich JR,
Steinberg SM, White D, Rosenberg SA, Dudley ME, Yang JC
(2010) Tumor infiltrating lymphocyte therapy for metastatic
melanoma: analysis of tumors resected for TIL. J Immunother
33(8):840–847

33. Dreno B, Nguyen JM, Khammari A, Pandolfino MC, Tessier MH,
Bercegeay S, Cassidanius A, Lemarre P, Billaudel S, Labarriere N,
Jotereau F (2002) Randomized trial of adoptive transfer of
melanoma tumor-infiltrating lymphocytes as adjuvant therapy for
stage III melanoma. Cancer Immunol Immunother 51(10):539–546

34. Khammari A, Nguyen JM, Pandolfino MC, Quereux G, Brocard
A, Bercegeay S, Cassidanius A, Lemarre P, Volteau C, Labarriere
N, Jotereau F, Dreno B (2007) Long-term follow-up of patients
treated by adoptive transfer of melanoma tumor-infiltrating

lymphocytes as adjuvant therapy for stage III melanoma. Cancer
Immunol Immunother 56(11):1853–1860

35. Labarriere N, Pandolfino MC, Gervois N, Khammari A, Tessier
MH, Dreno B, Jotereau F (2002) Therapeutic efficacy of
melanoma-reactive TIL injected in stage III melanoma patients.
Cancer Immunol Immunother 51(10):532–538

36. Benlalam H, Vignard V, Khammari A, Bonnin A, Godet Y,
Pandolfino MC, Jotereau F, Dreno B, Labarriere N (2007)
Infusion of Melan-A/Mart-1 specific tumor-infiltrating lymphocytes
enhanced relapse-free survival of melanoma patients. Cancer
Immunol Immunother 56(4):515–526

37. Coulie PG, Brichard V, Van Pel A, Wolfel T, Schneider J, Traversari
C, Mattei S, De Plaen E, Lurquin C, Szikora JP, Renauld JC, Boon T
(1994) A new gene coding for a differentiation antigen recognized by
autologous cytolytic T lymphocytes on HLA-A2 melanomas. J Exp
Med 180(1):35–42

38. Kawakami Y, Eliyahu S, Delgado CH, Robbins PF, Rivoltini L,
Topalian SL, Miki T, Rosenberg SA (1994) Cloning of the gene
coding for a shared human melanoma antigen recognized by
autologous T cells infiltrating into tumor. Proc Natl Acad Sci U S A
91(9):3515–3519

39. Godet Y, Moreau-Aubry A, Guilloux Y, Vignard V, Khammari A,
Dreno B, Jotereau F, Labarriere N (2008) MELOE-1 is a new
antigen overexpressed in melanomas and involved in adoptive T
cell transfer efficiency. J Exp Med 205(11):2673–2682

40. Godet Y, Desfrancois J, Vignard V, Schadendorf D, Khammari A,
Dreno B, Jotereau F, Labarriere N (2010) Frequent occurrence of
high affinity T cells against MELOE-1 makes this antigen an
attractive target for melanoma immunotherapy. Eur J Immunol
40(6):1786–1794

41. Verdegaal EM, Visser M, Ramwadhdoebe TH, van der Minne CE,
van Steijn JA, Kapiteijn E, Haanen JB, van der Burg SH,
Nortier JW, Osanto S (2011) Successful treatment of metastatic
melanoma by adoptive transfer of blood-derived polyclonal
tumor-specific CD4+ and CD8+ T cells in combination with
low-dose interferon-alpha. Cancer Immunol Immunother 60
(7):953–963

42. Hunder NN, Wallen H, Cao J, Hendricks DW, Reilly JZ, Rodmyre
R, Jungbluth A, Gnjatic S, Thompson JA, Yee C (2008) Treatment
of metastatic melanoma with autologous CD4+ T cells against
NY-ESO-1. N Engl J Med 358(25):2698–2703

43. Meidenbauer N, Marienhagen J, Laumer M, Vogl S, Heymann J,
Andreesen R, Mackensen A (2003) Survival and tumor localization
of adoptively transferred Melan-A-specific T cells in melanoma
patients. J Immunol 170(4):2161–2169

44. Mackensen A, Meidenbauer N, Vogl S, Laumer M, Berger J,
Andreesen R (2006) Phase I study of adoptive T-cell therapy
using antigen-specific CD8+ T cells for the treatment of
patients with metastatic melanoma. J Clin Oncol 24(31):5060–
5069

45. Jandus C, Bioley G, Dojcinovic D, Derre L, Baitsch L,
Wieckowski S, Rufer N, Kwok WW, Tiercy JM, Luescher IF,
Speiser DE, Romero P (2009) Tumor antigen-specific FOXP3+
CD4 T cells identified in human metastatic melanoma: peptide
vaccination results in selective expansion of Th1-like counterparts.
Cancer Res 69(20):8085–8093

46. Dudley ME, Wunderlich J, Nishimura MI, Yu D, Yang JC,
Topalian SL, Schwartzentruber DJ, Hwu P, Marincola FM, Sherry
R, Leitman SF, Rosenberg SA (2001) Adoptive transfer of cloned
melanoma-reactive T lymphocytes for the treatment of patients
with metastatic melanoma. J Immunother 24(4):363–373

47. Rooney CM, Smith CA, Ng CY, Loftin SK, Sixbey JW, Gan Y,
Srivastava DK, Bowman LC, Krance RA, Brenner MK, Heslop
HE (1998) Infusion of cytotoxic T cells for the prevention and
treatment of Epstein-Barr virus-induced lymphoma in allogeneic
transplant recipients. Blood 92(5):1549–1555

Targ Oncol (2012) 7:3–14 13



48. Walter EA, Greenberg PD, Gilbert MJ, Finch RJ, Watanabe KS,
Thomas ED, Riddell SR (1995) Reconstitution of cellular
immunity against cytomegalovirus in recipients of allogeneic
bone marrow by transfer of T-cell clones from the donor. N
Engl J Med 333(16):1038–1044

49. Valmori D, Fonteneau JF, Lizana CM, Gervois N, Lienard D,
Rimoldi D, Jongeneel V, Jotereau F, Cerottini JC, Romero P
(1998) Enhanced generation of specific tumor-reactive CTL in
vitro by selected Melan-A/MART-1 immunodominant peptide
analogues. J Immunol 160(4):1750–1758

50. Valmori D, Fonteneau JF, Valitutti S, Gervois N, Dunbar R,
Lienard D, Rimoldi D, Cerundolo V, Jotereau F, Cerottini JC,
Speiser DE, Romero P (1999) Optimal activation of tumor-
reactive T cells by selected antigenic peptide analogues. Int
Immunol 11(12):1971–1980

51. Khammari A, Labarriere N, Vignard V, Nguyen JM, Pandolfino
MC, Knol AC, Quereux G, Saiagh S, Brocard A, Jotereau F, Dreno
B (2009) Treatment of metastatic melanoma with autologous
Melan-A/MART-1-specific cytotoxic T lymphocyte clones. J
Invest Dermatol 129(12):2835–2842

52. Vignard V, Lemercier B, Lim A, Pandolfino MC, Guilloux Y,
Khammari A, Rabu C, Echasserieau K, Lang F, Gougeon ML,
Dreno B, Jotereau F, Labarriere N (2005) Adoptive transfer of
tumor-reactive Melan-A-specific CTL clones in melanoma patients
is followed by increased frequencies of additional Melan-A-
specific T cells. J Immunol 175(7):4797–4805

53. Yee C, Thompson JA, Byrd D, Riddell SR, Roche P, Celis E,
Greenberg PD (2002) Adoptive T cell therapy using antigen-
specific CD8+ T cell clones for the treatment of patients with
metastatic melanoma: in vivo persistence, migration, and anti-
tumor effect of transferred T cells. Proc Natl Acad Sci U S A
99(25):16168–16173

54. Weber J, Atkins M, Hwu P, Radvanyi L, Sznol M, Yee C (2011)
White paper on adoptive cell therapy for cancer with tumor-
infiltrating lymphocytes: a report of the CTEP subcommittee on
adoptive cell therapy. Clin Cancer Res 17(7):1664–1673

55. Corbiere V, Chapiro J, Stroobant V, Ma W, Lurquin C, Lethe B,
van Baren N, Van den Eynde BJ, Boon T, Coulie PG (2011)
Antigen spreading contributes to MAGE vaccination-induced re-
gression of melanoma metastases. Cancer Res 71(4):1253–1262

56. Germeau C, Ma W, Schiavetti F, Lurquin C, Henry E, Vigneron N,
Brasseur F, Lethe B, De Plaen E, Velu T, Boon T, Coulie PG
(2005) High frequency of antitumor T cells in the blood of
melanoma patients before and after vaccination with tumor
antigens. J Exp Med 201(2):241–248

57. Lurquin C, Lethe B, De Plaen E, Corbiere V, Theate I, van
Baren N, Coulie PG, Boon T (2005) Contrasting frequencies of
antitumor and anti-vaccine T cells in metastases of a melanoma
patient vaccinated with a MAGE tumor antigen. J Exp Med
201(2):249–257

58. Morgan RA, Dudley ME, Wunderlich JR, Hughes MS, Yang JC,
Sherry RM, Royal RE, Topalian SL, Kammula US, Restifo NP,
Zheng Z, Nahvi A, de Vries CR, Rogers-Freezer LJ, Mavroukakis
SA, Rosenberg SA (2006) Cancer regression in patients after
transfer of genetically engineered lymphocytes. Science 314
(5796):126–129

59. Bendle GM, Haanen JB, Schumacher TN (2009) Preclinical
development of T cell receptor gene therapy. Curr Opin Immunol
21(2):209–214

60. Cohen CJ, Li YF, El-Gamil M, Robbins PF, Rosenberg SA,
Morgan RA (2007) Enhanced antitumor activity of T cells
engineered to express T-cell receptors with a second disulfide
bond. Cancer Res 67(8):3898–3903

61. Bialer G, Horovitz-Fried M, Ya'acobi S, Morgan RA, Cohen CJ
(2010) Selected murine residues endow human TCR with
enhanced tumor recognition. J Immunol 184(11):6232–6241

62. Jorritsma A, Schotte R, Coccoris M, de Witte MA, Schumacher
TN (2011) Prospects and limitations of T cell receptor gene
therapy. Curr Gene Ther 11(4):276–287

63. Cobbold M, Khan N, Pourgheysari B, Tauro S, McDonald D,
Osman H, Assenmacher M, Billingham L, Steward C, Crawley C,
Olavarria E, Goldman J, Chakraverty R, Mahendra P, Craddock C,
Moss PA (2005) Adoptive transfer of cytomegalovirus-specific
CTL to stem cell transplant patients after selection by HLA-peptide
tetramers. J Exp Med 202(3):379–386

64. Bodinier M, Peyrat MA, Tournay C, Davodeau F, Romagne F,
Bonneville M, Lang F (2000) Efficient detection and immuno-
magnetic sorting of specific T cells using multimers of MHC
class I and peptide with reduced CD8 binding. Nat Med 6
(6):707–710

65. Labarriere N, Gervois N, Bonnin A, Bouquie R, Jotereau F,
Lang F (2008) PBMC are as good a source of tumor-reactive T
lymphocytes as TIL after selection by Melan-A/A2 multimer
immunomagnetic sorting. Cancer Immunol Immunother 57
(2):185–195

66. Bouquie R, Bonnin A, Bernardeau K, Khammari A, Dreno B,
Jotereau F, Labarriere N, Lang F (2009) A fast and efficient
HLA multimer-based sorting procedure that induces little apoptosis
to isolate clinical grade human tumor specific T lymphocytes.
Cancer Immunol Immunother 58(4):553–566

67. Labarriere N, Khammari A, Lang F, Dreno B (2011) Is antigen
specificity the key to efficient adoptive T-cell therapy? Immuno-
therapy 3(4):495–505

68. Sarrabayrouse G, Corvaisier M, Ouisse LH, Bossard C, Le Mevel B,
Potiron L, Meurette G, Gervois N, Jotereau F (2011) Tumor-reactive
CD4+ CD8alphabeta+ CD103+ alphabetaT cells: a prevalent
tumor-reactive T-cell subset in metastatic colorectal cancers.
Int J Cancer 128(12):2923–2932

69. Kotturi MF, Scott I, Wolfe T, Peters B, Sidney J, Cheroutre H, von
Herrath MG, Buchmeier MJ, Grey H, Sette A (2008) Naive
precursor frequencies and MHC binding rather than the degree
of epitope diversity shape CD8+ T cell immunodominance. J
Immunol 181(3):2124–2133

70. Alanio C, Lemaitre F, Law HK, Hasan M, Albert ML (2010)
Enumeration of human antigen-specific naive CD8+ T cells reveals
conserved precursor frequencies. Blood 115(18):3718–3725

71. Offringa R (2009) Antigen choice in adoptive T-cell therapy of
cancer. Curr Opin Immunol 21(2):190–199

72. Ly LV, Sluijter M, Versluis M, Luyten GP, van der Burg SH, Melief
CJ, Jager MJ, van Hall T (2010) Peptide vaccination after T-cell
transfer causes massive clonal expansion, tumor eradication, and
manageable cytokine storm. Cancer Res 70(21):8339–8346

14 Targ Oncol (2012) 7:3–14


	Adoptive transfer with high-affinity TCR to treat human solid tumors: how to improve the feasibility?
	Abstract
	Introduction
	ACT using TIL in metastatic melanoma patients: the NIH group experience
	ACT using TIL in an adjuvant setting
	ACT using the peripheral repertoire of tumor-reactive T cells
	ACT using the endogenous peripheral repertoire of defined antigen specificity
	ACT using CD4 T cells
	ACT using genetically modified lymphocytes
	Technical strategies for the production of high-affinity T cells
	Other issues
	Perspectives
	References




