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Adoptive Cell Transfer (ACT) of Tumor-Infiltrating Lymphocytes (TIL) in combination with lymphodepletion has proven to be
an eﬀective treatment for metastatic melanoma patients, with an objective response rate in 50%–70% of the patients. It is based
on the ex vivo expansion and activation of tumor-specific T lymphocytes extracted from the tumor and their administration back
to the patient. Various TIL-ACT trials, which diﬀer in their TIL generation procedures and patient preconditioning, have been
reported. In the latest clinical studies, genetically engineered peripheral T cells were utilized instead of TIL. Further improvement
of adoptive T cell transfer depends on new investigations which seek higher TIL quality, increased durable response rates, and aim
to treat more patients. Simplifying this therapy may encourage cancer centers worldwide to adopt this promising technology. This
paper focuses on the latest progress regarding adoptive T cell transfer, comparing the currently available protocols and discussing
their advantages, disadvantages, and implication in the future.

1. Introduction
Metastatic melanoma is a highly aggressive cancer. It is the
sixth most common cancer type in men and the seventh in
woman and has a poor prognosis with a median survival of
6–10 months and a 5 year survival rate of about 10% [1, 2].
So far, only two drugs have been approved by the Food and
Drug Administration (FDA) for the treatment of metastatic
melanoma patients, the chemotherapeutic agent dacarbazine
(DTIC) and the immunomodulator Interleukin-2 (IL-2).
DTIC is an antineoplastic chemotherapy drug used in the
treatment of various cancers [3, 4], which alkylates and
crosslinks DNA during all phases of the cell cycle, resulting in disruption of DNA function, cell-cycle arrest, and
apoptosis [5]. DTIC as a single agent can induce objective
tumor regression in 15%–20% of metastatic melanoma
patients with median response duration of 5 to 6 months
and a negligible complete response rate [6]. The administration of IL-2 activates endogenous antitumor reactive
T cells and NK cells resulting in a 20%–30% objective
response rate, with complete regression in only 5%–8% of

the melanoma patients [7–9]. Chemobiotherapy, combining
low-dose IL-2 and chemotherapy, demonstrates a similar
response rate to that of high-dose IL-2 alone, with 7%
of the patients achieving a durable complete response [10,
11].
In the past decade, various therapeutic approaches for
metastatic melanoma patients have been tested, most of
them with unsatisfactory clinical results. The discovery of
melanoma-specific tumor associated antigens paved the way
for the use of immunotherapy [12]. Immunotherapy is an
innovative approach which includes: (1) cytokines, such
as IL-2 and IFNα, which stimulate immune eﬀector cells,
(2) monoclonal antibodies, against cytotoxic T lymphocyteassociated antigen 4 (CTLA-4) or programmed death 1
(PD-1), (3) intratumoral gene transfer with genes encoding
for example for granulocyte-macrophage colony-stimulating
factor (GM-CSF), (4) active immunization via vaccination
with peptides, dendritic cells, recombinant viruses encoding tumor-associated antigens (TAA), and costimulatory
molecules or whole tumor cell vaccines, and (5) adoptive T
cell transfer.
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Like IL-2, IFNα is FDA approved, but only for adjuvant
treatment of stage III melanoma patients and not for patients
with metastatic disease [11]. The monoclonal antibody
ipilimumab, which blocks the inhibitory eﬀects of CTLA4 on T cells, was evaluated in a randomized phase III
study and showed an improved overall survival compared
to glycoprotein 100- (gp100-) derived peptide vaccines.
However, adverse events were sometimes severe or long
lasting [13].
In the past few years, the field of intratumoral gene
transfer has been established. A very encouraging phase
II study conducted on 43 melanoma patients reported an
almost 30% objective response with very minor side eﬀects
following intratumoral injection of a viral vector encoding
for GM-CSF [14]. On the other hand, various cancer
vaccines trials have failed so far, as they demonstrated a very
low objective response rate of only 3%-4% [15].
Among the current immunotherapy approaches, ACT
therapy using autologous tumor infiltrating lymphocytes
(TIL) has shown to be an eﬀective treatment for patients with
metastatic melanoma and can mediate objective response
rates between 50%–70% with manageable toxicity [16–
18]. Furthermore, the ability to genetically engineer tumor
antigen specific lymphocytes may enable the use of ACT
to a wider patient population and for treatment of other
malignancies. This paper summarizes and compares the
diﬀerent ACT approaches and discusses their advantages,
disadvantages, and challenges.

2. Initial ACT Studies
Adoptive cell transfer immunotherapy relies on the transfer
of ex vivo expanded and activated tumor-specific lymphocytes to the autologous tumor-bearing host. In the 1980s,
the availability of recombinant IL-2 for in vitro use brought
the breakthrough of ACT trials [19–21]. Using IL-2 as a T
cell growth factor in culture promoted the ability to expand
human lymphocytes to larger scales and for longer periods.
The first generation of ACT utilized lymphokine-activated
killer (LAK) cells with high-dose IL-2 for the treatment of
patients with advanced cancer but was not shown to be
superior to the treatment of IL-2 alone [22]. In vitro lysis or
cytokine release assays revealed that expanded LAK cells did
not exhibit any anti-tumor activity [23].
The second generation of ACT employed tumorinfiltrating lymphocytes instead of LAK cells. TIL are T
cells present within the tumor of the patient, which have
the ability to specifically recognize tumor antigens and
thereby eliminate malignant cells. However, in most cancer
patients, those naturally occurring TIL fail to destroy the
tumor as they are outnumbered, not fully activated, or
suppressed. Therefore, the main objective of TIL-ACT is the
production of large numbers of activated tumor-specific T
cells. Furthermore, patients receive IL-2 immediately after
TIL infusion to further activate the administered TIL. In
most current protocols, high-dose intravenous bolus IL-2
(720,0001 IU/kg) is administered intravenously every 8 hours
to tolerance or to a maximum of 15 doses.
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An initial TIL-ACT trial for metastatic melanoma
patients was published in 1988 and summarized in 1994
by Rosenberg et al. at the National Cancer Institute (NCI),
Bethesda [24, 25] (Table 1, row A). In this study, 86 consecutive patients were treated with autologous TIL including
high-dose intravenous bolus IL-2. TIL single-cell suspension
was generated by the enzymatic digestion of the entire tumor
and expanded in a high concentration of IL-2. After 2-3
weeks, the cultures were cleared of tumor cells and lymphocytes were further expanded until they reached a number
of 109 cells. Then, the cells were transferred from tissue
culture plates to cell culture bags and cultured until at least
1011 TIL were generated. TIL and IL-2 were administered in
two cycles separated by approximately 2 weeks. Fifty-seven
of the 86 patients received an additional single low dose
of cyclophosphamide (25 mg/kg) approximately 36 hours
before receiving the first TIL infusion. The overall objective
response rate was 34% and comparable to studies with
high-dose IL-2 alone (31%) or IL-2-based chemobiotherapy
(35%). Only 5 of the patients experienced a complete
response, and the median survival of all partial responders
was just 4 months. Analysis of the survival of the transferred
cells in vivo using cells genetically labeled with neomycin
phosphotransferase demonstrated a lack of persistence of the
infused cells. The persistence of the TIL in the circulation was
barely 0.1% one week after administration [26]. Nevertheless, this initial study demonstrated that TIL-ACT can indeed
cause clinical remission although response rates were low at
that time.
A retrospective analysis comparing TIL characteristics
of responding versus nonresponding patients revealed that
responders were treated with TIL that spent less time in
culture, had shorter doubling times, and exhibited higher
in vitro lysis against autologous tumor targets [27, 28].
Additionally, patients who received TIL generated from
subcutaneous tumor lesions had higher response rates (49%)
compared to those receiving TIL from lymph nodes (17%),
probably as lymph nodes contain many unspecific T cells
[27].
The results of this study indicated the importance of
a suitable in vitro selection process which can detect antitumor specific TIL.
This pioneer trial paved the way for new clinical studies
designed to improve the TIL anti-tumor specificity, the
growth and expansion conditions, and the creation of
younger TIL culture with higher persistence and lower
senescence.

3. Current TIL Studies
3.1. The “Selected-TIL” Protocol. Earlier studies utilized bulk
TIL cultures that contained heterogeneous populations of
lymphocytes, only some of which showed anti-tumor activity
in vitro [24, 25]. Studies of the T-cell receptor rearrangements in TIL revealed the variability of T cells present in
these cultures and emphasized the need to develop culture
techniques that specifically select anti-tumor reactive cell
cultures without growth of other bystander cells that do
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not contribute to the therapeutic eﬀect [29]. It is known
that T cells recognize tumor antigens in an MHC-restricted
manner when the appropriate human leukocyte antigen
(HLA) restriction element is present [30–32]. Upon antigen
recognition cytotoxic T cells secrete the cytokine IFNγ which
can be measured by a simple enzyme-linked immunosorbent
assay (ELISA). The integration of an IFNγ release-based in
vitro assay, which allows the selection of antigen-specific TIL
is the core element of the Selected-TIL protocol (Table 1,
row B) [33–35].
The generation of Selected-TIL with specific reactivity
against tumor antigens consists of three stages.
(1) Isolation and generation of TIL from the tumor.
Several methods can be used for initiating TIL and
melanoma cultures from the resected tumor. TIL cultures
are usually established by cutting the resected tumor specimens into 1–3 mm3 fragments from diﬀerent areas of the
tumor. Approximately 8–10 single fragments are placed into
diﬀerent wells of a tissue culture plate, and each obtained TIL
culture is maintained independently. This method generates
multiple TIL cultures and enables the in vitro screening of
every individual culture. Besser et al. showed that for 97% of
the patients at least one TIL culture can be generated whereas
a primary melanoma cell culture can be established from
70% of the resected tumor [36]. Generating TIL cultures
from a single small fragment and expanding those cells to
approximately 50 × 106 cells, a suitable number to initiate
large scale expansion, requires 21–36 days.
(2) In vitro TIL selection.
Each individual TIL culture is screened for tumor specific
reactivity by coincubation of TIL with autologous melanoma
cells over night, followed by the measuring of IFNγ levels.
Alternatively, a HLA-A2 matched melanoma cell line can
be used for TIL cultures from HLA-A2 positive patients.
TIL pass the screening process, if IFNγ secretion exceeds
200 pg/ml and double the level of a control in which the TIL
are coincubated with any HLA-mismatched melanoma cell
line [37, 38]. Only individual TIL cultures complying with
this criterion can be used for further large-scale expansion.
(3) Large-scale expansion.
After reaching 50 × 106 cells, TIL are massively expanded,
resulting in an approximately 1000-fold expansion and a
final cell number of about 50 × 109 TIL. This rapid expansion process (REP) requires anti-CD3 antibody, irradiated
peripheral blood mononuclear feeder cells and IL-2. The
large-scale expansion process is a standardized procedure
which requires 14 days [36, 37] and results in the production
of high numbers of activated TIL ready for administration.
Response rates are assessed using the Response Evaluation Criteria In Solid Tumors (RECIST) guidelines [39]
and Objective Responses (OR) include Complete Remissions
(CR) and Partial Responses (PR).
A major breakthrough in the field of ACT was the addition of lymphodepleting NonMyeloablative Chemotherapy
(NMC). NMC is given in order to suppress endogenous
regulatory T cells and to provide the optimal environment
for the infused TIL. Various mouse models have shown
the marked eﬀect of lymphodepletion on the eﬃcacy of
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T cell transfer trials (reviewed in [40]). In 2002, Dudley
et al. conducted a Selected-TIL study in which all TIL
patients received NMC starting 7 days prior TIL infusion
(day 0). On days −7 and −6, patients were treated with
cyclophosphamide (60 mg/kg) and on days −5 to −1 with
fludarabine (25 mg/m2 ). Six of 13 (47%) patients achieved
an objective response with significant shrinkage of the
tumors (Table 1, row B) [41]. The addition of NMC before
TIL administration resulted in the persistent repopulation
of anti-tumor T cells in the patients, with proliferation
of functionally active transferred cells in vivo and the
traﬃcking to tumor sites. A further study was conducted
by Dudley et al. three years later including 35 patients,
reported 18 (51%) patients that experienced OR including
three ongoing complete remissions and 15 (42%) partial
responses with a mean progression-free survival of 11.5
months [17]. The toxicities associated with this treatment
included the expected toxicities of high-dose IL-2 therapy,
such as hypotension, pulmonary congestion, vascular leak
syndrome, and bone marrow suppression associated with
lymphodepleting chemotherapy. Some patients exhibited
autoimmune manifestations, such as vitiligo and uveitis,
caused by destruction of melanocytes in skin and eyes.
Toxicities were mostly transient and readily managed by
standard supportive techniques with no treatment-related
deaths.
The Selected-TIL protocol including lymphodepleting
preconditioning of the patient was indeed a major improvement to earlier TIL protocols. Though, the main disadvantage of this approach was the extremely high dropout rate
of enrolled patients. In a report conducted in 2009, it was
shown that about two thirds of all enrolled patients had to be
excluded from the treatment [36]. This high dropout rate is
the result of two major reasons, directly related to the in vitro
IFNγ screening process: (1) failure to establish an autologous
melanoma line for HLA-A2 negative patients which is
essential to perform the screening (approximately 30%) and
(2) absence of TIL cultures secreting IFNγ (approximately
40%) [16, 36]. A few more patients were excluded due
to clinical deterioration or as TIL cultures could not be
established [36].
Due to the high dropout rate, a diﬀerent criterion which
relates to clinical response was required. Interestingly, in
1994, Schwartzentruber et al. could not correlate IFNγ
secretion to clinical outcome [27]. On the other hand,
characteristics that were repeatedly reported to have a
significant positive association to clinical response were short
TIL culture duration and telomere length [27, 28, 42–44]. An
in vitro study comparing younger TIL cultures to older IFNγSelected-TIL showed that TIL spending less time in culture
have longer telomeres and high levels of the costimulatory
molecules CD27 and CD28, which can lead to persistence in
vivo as well as objective responses [42–46]. These in vitro data
led to the development of the so called Young-TIL protocol
[16, 36].
3.2. The “Young-TIL” Protocol. The Young-TIL protocol
utilizes bulk unselected TIL, which spend minimal time in
culture (Table 1, row C). In contrast to the Selected-TIL
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Table 1: Comparison of published adoptive T cell transfer studies for melanoma patients.
T cell type

Origin of T
cell

Culture initiation

In vitro screening

A

TIL

Melanoma
biopsy

One single bulk
culture

None

B

Selected-TIL

Multiple cultures

IFNγ ELISA

One single bulk
culture

None

Multiple cultures

IFNγ ELISA

Multiple cultures

IFNγ ELISA

C
D
E
F

G
H

Melanoma
biopsy
Melanoma
Young-TIL
biopsy
Melanoma
Selected-TIL
biopsy
Melanoma
Selected-TIL
biopsy

Gene therapy with
Engineere T
Leukopheresis low-aﬃnity
cells
MART-1 TCR
Gene therapy with
Engineere T
Leukopheresis high-aﬃnity
cells
MART-1 TCR
Engineere T
Gene therapy with
Leukopheresis
cells
gp100 TCR

Large-scale
expansion protocol
Cells grown with
IL-2 till desired
number obtained
anti-CD3, IL-2,
IFC for 14 days
anti-CD3, IL-2,
IFC for 14 days
anti-CD3, IL-2,
IFC for 14 days
anti-CD3, IL-2,
IFC for 14 days

Patient
conditioning

OR (%) Ref

Cyclophosphamide 35

[24, 25]

NMC

50

[17, 41]

NMC

50

[16]

NMC + 2 Gy TBI

52

[18]

NMC + 12 Gy TBI 72

[18]

IFNγ ELISA,
various protocols
Transductio eﬃciency

NMC

12

[56]

IFNγ ELISA,
various protocols
Transductio eﬃciency

NMC

30

[60]

IFNγ ELISA,
various protocols
Transductio eﬃciency

NMC

19

[60]

(TIL) Tumor infiltrating lymphocytes, (OR) objective response, (Ref) Reference, (IFC) irradiated feeder cells, (NMC) nonmyeloablative chemotherapy, and
(TBI) total body irradiation.

protocol, Young-TIL are initiated from a single cell suspension obtained after enzymatic digestion of the resected
tumor and not from multiple small fragments. Consequently,
the number of TIL is higher in the initial culture which
enables the generation of a TIL culture ready for expansion
in only 10 to 18 days [45]. Young-TIL are considered
ready for expansion when they reach a number of at least
50 × 106 cells and all melanoma cells are eliminated.
The process of growing a single TIL culture enormously
simplifies the laboratory procedure and lowers costs. In
a study from 2010, Besser et al. showed that Young-TIL
cultures were successfully established for nearly 90% of the
patients (Table 1, row C). As no further selection process was
required, all established Young-TIL cultures were eligible for
treatment. This resulted in a dramatic improvement of the
proportion of treated patients compared to the Selected-TIL
protocol with a drop-out rate of only 26%, mainly caused
by clinical deterioration of patients during TIL preparation
[16].
TIL large-scale expansion, preconditioning of the
patients with NMC and administration of high-dose IL-2
following cell transfer were identical to Selected-TIL ACT.
IL-2 and chemotherapy-related toxicities as well as response
rate were comparable to the Selected-TIL protocol. Ten of 20
(50%) metastatic melanoma patients experienced a clinical
objective response including two ongoing CR and eight
PR [16]. The significant correlation between short culture
duration and clinical response was confirmed. All responders
received TIL cultures which were established within 19
days, which then continued to the large-scale expansion
process.

In conclusion, Young-TIL ACT as compared to SelectedTIL ACT has the major advantage of being less labor intensive, requires less laboratory expertise, enables the treatment
of most enrolled patients, and still results in an objective
response rate of 50%.
This process simplification might be essential as it may
integrate ACT to more cancer centers worldwide and thus
expose new patients to this eﬀective therapy.
3.3. “Selected-TIL” ACT with Addition of Total Body Irradiation. Studies on murine ACT models have demonstrated
the need for lymphodepletion prior to TIL transfer in order
to eliminate suppressive CD4+ CD25+ T-regulatory cells as
well as normal endogenous lymphocytes that compete with
the transferred cells for homeostatic cytokines such as IL-7
and IL-15. These studies reported a significant correlation
between the intensity of lymphodepletion and the in vivo
antitumor eﬀect of the infused cells [40, 47–50]. Nonmyeloablative chemotherapy using cyclophosphamide and
fludarabine are given to deplete the lymphoid compartment
of patient and to provide the optimal environment for the
infused anti-tumor lymphocytes. Addition of total body
irradiation (TBI) can further augment lymphodepletion.
In order to validate if enhanced lymphdepletion can
further increase response rate, a series of three nonrandomized clinical trials were conducted with a total of 93
metastatic melanoma patients between the years 2002 and
2008 [17, 18, 41]. In all three studies, TIL were established
according to the Selected-TIL protocol. Until 2008 a total
of 43 patients were treated with the Selected-TIL protocol
in combination with NMC at the NCI, Bethesda, of which

Clinical and Developmental Immunology

5

Table 2: Adoptive T cell transfer trials currently recruiting patients.
NCT ID Sponsors
00287131 Sheba Medical Center
M.D. Anderson
00338377 Cancer Center Chiron
Corporation
National Cancer
01118091
Institute
National Cancer
00513604
Institute
University of
California; California
Institute of Technol.
00910650
Univer. of Southern
California University
of Connecticut

Phase
II

Study design
NR

Pat. No.
20

II

R

83

II

R

135

II

NR

II

NR

Transferred cells
Selected or Young-TIL
TIL versus TIL with
dendritic cell
immunization
IL-2 versus IL-2 with
enriched Young TIL CD8

TBI

149

22

National Cancer
00612222
Institute

II

NR

41

00610311

National Cancer
Institute

II

NR

41

00512889

Dana-Farber Cancer
Institute

I

NR

20

01082887

Nantes University
Hospital

I/II

NR

12

00324623

Centre Hospitalier
Universitaire Vaudois

I

NR

12

00814684

National Cancer
Institute

II

R

95

00670748

National Cancer
Institute

II

NR

82

I/II

NR

58

II

NR

12

I/II

∗∗∗

30

I

NR

10

II

NR

20

01029873

00393029

00871481

01106235

Altor Bioscience
Corporation;
National Cancer
Institute
National Cancer
Institute
Fred Hutchinson
Cancer Research
Center; National
Cancer Institute
Fred Hutchinson
Cancer Research
Center

00925314 Cosmo Bioscience

−

NMC
+

IL-2
+

−

+

+

−

+

+

TIL +/− CD4+ depletion

−

+

+

anti-MART-1TCR-gene
engineered lymphocytes
and MART-1 peptide
pulsed dendritic cells

−

+

+

−

+

+

−

+

+

−

−

−

−

−

+ (s.c)

−

+

−

+

+

−

−

+

−

−

−

−

−

+

+

−

+

+ (s.c)

−

+

+ (s.c)

−

−

−

anti-MART-1 TCR-gene
engineered lymphocytes
and ALVAC virus
immunization
anti-gp100 TCR-gene
engineered lymphocytes
and ALVAC virus
immunization
MART1/Melan-A specific
CTL +/− GM-CSF and
irradiation of cutaneous
tumor lesion
TIL in combination with
intra-tumoral injections
of IFNγ adenovirus
(Ad-IFNγ)
Melan-A/MART-1
antigen-specificCD8 T
lymphocytes
anti-Mart-1 and peptide
vaccines versus
anti-gp100 TCR-gene
engineered lymphocytes
and peptide vaccines
anti-NY ESO-1
TCR-Gene engineered
lymphocytes
Cisplatin with ALT-801
(IL-2 fused to T-cell
receptor directed against
p53-derived peptides)
anti-p53 TCR-gene
engineered lymphocytes
Autologous NY-ESO-1melanoma-specific CD8+
T cells +/− ipilimumab
Autologous IL-21
modulated CD8+
antigen-specific T cells
CB-10-01 (transgenic
lymphocyte
immunization against
telomerase)
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Table 2: Continued.

NCT ID

Sponsors
National Cancer
00062036
Institute
00924001

National Cancer
Institute

Phase

Study design

Pat. No.

Transferred cells

TBI

NMC

IL-2

I/II

NR

33

IL-2 gene-transduced TIL

−

+

+

I/II

NR

30

Allogeneic tumor-reactive
lymphocyte cell line
DMF5

−

+

+

All clinical trials are registered on http://www.clinicaltrials.gov/; (NCT ID) Clinical trial identifier, (Pat. No.) Number of treated patients, (R) Randomized,
(NR) none randomized, (∗∗∗ ) not reported, (TIL) tumor infiltrating lymphocytes, (TBI) total body irradiation, (NMC) nonmyeloablative chemotherapy,
(s.c) subcutaneous.

the result of the first 35 patients were discussed earlier [17]
(see Section 3.1, Table 1, row B). In a second trial, 25 patients
received 2-Gy TBI in addition to NMC one day before
cell administration (Table 1, row D). In the third study, 25
patients received a total of 12-Gy TBI, 2-Gy was given twice a
day for three consecutive days in addition to NMC (Table 1,
row E) [18]. All TBI patients received autologous purified
CD34+ hematopoietic stem cells one or two days after TIL
infusion.
Objective responses were demonstrated in 49% (21 of
43) of patients receiving NMC alone, 52% (13 of 25) of the
patients treated with NMC and 2-Gy TBI, and 72% (18 of
25) among patients with NMC and 12-Gy TBI [18]. The
highest rate of complete remissions was achieved in the 12Gy TBI group with 28%, as compared to 8% and 6% in the 2Gy TBI and the no TBI-treated patients, respectively. The 2year survival rates were 42% and 30% in the trials with 2-Gy
TBI and no TBI, respectively, while followup was too short
in the 12-Gy TBI group. Patients treated with 12-Gy TBI
demonstrated a 1-2 days delay in marrow recovery compared
to all other protocol patients and required significantly more
blood product support than patients treated with 2-Gy TBI.
Furthermore, several toxicities such as fatigue, anorexia,
and weight loss were more prolonged in patients treated
with 12-Gy TBI, with returning to normal daily routines
by 2-3 months, compared to one month for none TBI
patients.
It was confirmed that increased lymphodepletion was
associated with increased circulating levels of homeostatic
cytokines IL-7 and IL-15 with 12-Gy TBI achieving the
highest concentrations of the serum cytokines [18]. In
addition, it was shown that OR was correlated with telomere
length of the transferred cells.
A major disadvantage of the TBI trials was again the high
drop-out rate. Alike the Selected-TIL protocol the majority
of patients did not have TIL applying to the IFNγ criterion.
Additionally, transfusion of autologous CD34+ stem cells is
required after TBI, but suﬃcient numbers of stem cells could
not be isolated for every patient, thus increasing the drop-out
rate even more.
Overall, using NMC was proven as a necessary and
essential step in the ACT therapy and TBI was shown
to augment lymphodepletion and thereby increases the
response rate. However, this conclusion must be interpreted
with caution as this was not a randomized trial. Statistically,
the 72% response rate achieved in 12-Gy TBI group was
not significantly diﬀerent from the 52% or 49% response

rate seen in the other groups, but induced severe additional
toxicities. Therefore, this study should be continued with
more patients to verify the high response rate.

4. Genetically Engineered T Cells
One of the possibilities for improving ACT for metastatic
melanoma and other cancer patients is based on the transfer
of genetically modified peripheral T cells instead of TIL.
Genetically engineered T cells may overcome several disadvantages of the TIL protocol. The TIL protocol encounters
several diﬃculties, for example, generating TIL cultures is a
technical challenge and requires high laboratory skills [36].
Using this approach, patients have to undergo surgery in
order to resect tumor tissue for TIL isolation and TIL are a
heterogenic cell mixture with unknown antigen specificity.
In addition, the endogenous T cell repertoire is not always
responsive to defined tumor-associated antigens such as
self-antigen due to developed tolerance [51, 52]. Finally,
the drop-out rates of enrolled patients can be quite high,
as discussed earlier [36]. These disadvantages led to the
investigation of an alternative method producing tumorreactive T cells. The idea is to create T cells with desired
antigen specificity and thereby to enhance the eﬀectiveness of
ACT therapy [53, 54]. Genetic modification of T cells is based
on the generation of tumor-targeted T cells through the
genetic transfer of antigen-specific receptors, which consist
of either MHC-restricted T cell receptors (TCR) or nonMHC-restricted synthetic chimeric antigen receptors (CAR)
[55]. The genetic approach is more convenient to the patients
as it skips surgery and only requires patient’s leukopheresis to
obtain peripheral T cells for genetic modification.
4.1. Artificial αβ T Cell Receptors. This approach utilizes the
transfer of cloned cDNAs encoding the α and β chains of
a tumor antigen-specific TCR into peripheral T cells by an
integrating vector and thus enables the production of large
numbers of tumor specific T cells [53, 54]. In an initial
clinical trial, metastatic melanoma patients were treated
with autologous T lymphocytes transduced with retroviruses
encoding TCR with low aﬃnity for melanoma-associated
antigen MART-1 [56]. These lymphocytes were administrated to patients preconditioned with NMC followed by
high-dose bolus IL-2 (Table 1, row F). Two of 17 patients
(12%) underwent regression of liver and lung metastases and
exhibited sustained levels of circulating engineered cells one
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year post-infusion. All the other patients exhibited durable
cell engraftment of at least 2 months postinfusion, but did
not respond. This study demonstrates the feasibility of using
genetically engineered T cells for ACT.
Although response rates were still low (12%) as opposed
to 50%–70% in TIL-ACT therapy, this was the first evidence
that genetic-engineered T cells can indeed induce clinical
response in advanced cancer patients. This encouraging
approach is only at its beginning and still needs to be
improved. Some of the approaches that may increase the
expression and function of the transgene are being studied,
including the use of diﬀerent vectors, the introduction of
powerful promoters specific to T cells, and the employment
of higher-aﬃnity TCRs. Latest clinical trials are testing new
TCRs that recognize a broad array of cancer antigens such
as p53, gp100, carcinoembryonic antigen and the NY-ESO1 antigen of the cancer testis [57–59], which may enable
targeting of other cancer types in addition to melanoma.
The main disadvantage of using genes encoding TCR that
target just one tumor antigen is that they are likely to be
less eﬀective. Tumors are highly heterogeneous and antigen
expression diﬀers markedly between tumors not only among
individual patients, but even within deposits of the same
patient. Investigators should also take into consideration the
potency of antigen/MHC downregulation or loss in tumors.
Another limitation of this approach is its HLA-restriction.
In 2009, Johnson et al. conducted a clinical study with
36 patients treated with high aﬃnity human TCR to MART1 (Table 1, row G) and mouse TCR to gp100 (Table 1, row
H) [60]. Objective cancer regressions were seen in 30%
(6 of 20) and 19% (3 of 16) of patients who received
TCR to MART-1 and gp100, respectively. TCR-transduced
cells persisted at high levels in the blood of all patients
one month after treatment. However, patients exhibited
destruction of normal melanocytes in the skin, eyes, and
ears and sometimes required local steroid administration in
order to treat uveitis and hearing loss [60]. This observation
suggests that great caution must be taken in the selection of
target antigens to prevent severe toxicity of normal tissues
that express the same antigen.
4.2. Chimeric Antigen Receptor (CAR). CARs combine antigen specificity and T cell activating properties in a single
fusion molecule. The CAR construct which is retrovirally
inserted into normal T lymphocytes, is generated by the
fusion of the variable region of the heavy and light chains
of a monoclonal antibodies with the T cell signaling chains
derived from CD28, 41BB, or CD3ζ [61]. While, clinical
studies in patients with various cancers treated with CAR
have induced only modest responses [62–64], a diverse
array of receptors with diﬀerent functional properties are
now rapidly expanding and may provide a more significant
assessment for this approach [65–67]. Since CARs bind the
tumor antigen in an HLA-unrestricted manner, they are
resistant to tumor escape mechanisms related HLA downregulation and broadly applicable to patients irrespective of
their HLA type [63, 64, 68].
To date, there are no published clinical studies using CAR
in ACT therapy for melanoma; nevertheless, in vitro studies

7
utilizing chimeric receptor against melanoma antigens such
as ganglioside GD2, GD3, and MAGE-A1 were reported [69–
71]. Lately, a preclinical study using SCID mice showed that
the overexpression of GD2 by human melanoma cells allows
these cells to be targeted in vitro and in vivo by GD2 CARexpressing T cells [69]. Moreover, this study demonstrated
that incorporation of endodomains from both CD28 and
OX40 molecules mediate costimulation of T lymphocytes,
inducing T cell activation, proliferation, and cytotoxicity
against GD2-positive melanoma cells.
A major concern of the CAR approach is the toxicity
profile. T cells encoding CAR for tumor antigens may
be highly potent, but as most tumor-associated antigens
are expressed on normal tissues as well, the potential for
toxicity is obvious. A clinical study with renal cell carcinoma
patients had to be detained as three patients developed
cholestasis due to the high expression of the target antigen,
carbonic anhydrase on normal tissue [63]. A case report on
a metastatic colon cancer patient using CAR targeting the
ERBB2 tumor antigen, described respiratory distress of the
patient within 15 minutes after cell infusion and displayed a
dramatic pulmonary infiltrate on chest X-ray [72].
In summary, T cells transduced with genes encoding for
artificial TCR or CAR, enforce tumor antigen recognition,
improve T cell survival, generate memory lymphocytes, and
reduces T cell death, anergy and immune suppression [55].
Another important advantage of these approaches is the use
of patients’ circulating lymphocytes with no need of surgical
resection and the ability to produce any desired vector.
However, this approach demands high laboratory skills and
expertise and requires longer culture durations resulting in
high costs. The toxicity profile must be improved and more
trials need to be conducted to establish this technology.

5. Future Challenges of ACT
In order to improve ACT for the treatment of human cancer
extensive numbers of studies are being performed. Clinical
trials for diﬀerent ACT studies that are currently recruiting
patients are summarized in Table 2. Perhaps the most
important trial on this list is a randomized phase II study
comparing CD8 enriched Young-TIL ACT to treatment with
high-dose IL-2 alone (Table 2, NCT01118091). In fact, this is
the first randomized study which will finally reveal the true
value of TIL ACT versus standard of care. Many ACT centers
worldwide await the results of this study with great interest.
Many studies aim at identifying both patients and
cell parameters that are associated with objective clinical
responses. In this chapter, we will discuss some of them,
including (1) the use of less diﬀerentiated T cells, (2)
identification of the exact T cell subpopulation responsible
for response, (3) combination of ACT with monoclonal
antibodies, (4) genetic engineering of new vectors, and (5)
reduction of toxicity.
The persistence of the transferred cells has been clearly
correlated to clinical response in previous reports [42–
46]. One of the factors that influence persistence is the
diﬀerentiation state of the transferred T cells. Mouse models
showed that early eﬀector T cells mediate better anti-tumor

8
response than intermediate and late eﬀector T cells due to
their high proliferative and survival potential and their ability
to secrete IL-2 [73, 74]. Studies in humans also support this
preclinical finding showing that less diﬀerentiated T cells are
more suitable for ACT [42, 44, 75]. Long telomere length and
high CD27 expression are markers of less diﬀerentiated cells
which appear to correlate with persistence and anti-tumor
response [42, 46, 76]. Addition of molecules inhibiting
diﬀerentiation during T cell expansion, modification of the
large-scale expansion protocol, transduction of TCR or CAR
into less diﬀerentiated cells, or the use of other cytokines
besides IL-2 may improve the quality of administrated cells.
IL-2 has been shown to be an eﬀective T cell growth factor
but also to promote the terminal diﬀerentiation of T cells
leading to activation-induced cell death [73, 77]. Therefore,
the benefit of other cytokines such as IL-7, IL-15, or IL21 administration alone or in addition to IL-2 should be
examined, as recent studies suggest that they may play
important roles in manipulating the final T cell phenotype
and diﬀerentiation status [78–80].
Other eﬀorts are aimed at identifying specific TIL
subpopulations responsible for clinical eﬀectiveness. To date,
little is known about the underlying composition and cellular
interactions which determine the degree of TIL reactivity
and consequently how to control TIL reactivity. Oved et al.
preformed a study measuring the subpopulation frequencies
of TIL populations originating from diﬀerent melanoma
patients [81]. This study showed that the frequency of
a single subpopulation cannot predict the collective TIL
reactivity to cancer cells in vitro. However, by using a simple
computational model, one can generate a set of mathematical
rules that accurately predict the degree of TIL reactivity in
terms of its subpopulation constituents with 91% sensitivity.
In addition, Oved et al. controlled the in vitro reactivity of
the TIL by manipulating their subpopulation composition,
enabling to turn nonreactive TIL into reactive ones and vice
versa, by simple depletion of specific subpopulation. Measuring the subpopulation frequencies of TIL from 45 ACT
treated patients is performed these days at our melanoma
research center. Frequencies of hundreds of subpopulations
will be determined by flow cytometry and the correlation
to clinical response will be evaluated by a computational
model. The result of this study will be of great interest as
it may reveal the TIL characterization profile of responding
patients.
The combination of T cell transfer with monoclonal
antibodies blocking CTLA-4 or PD-1 function should also
be evaluated in future studies. CTLA-4 and PD-1 are known
to hinder T cell function via blockade of costimulatory
signals. Therefore, addition of those antibodies could avoid
the inhibitory eﬀects of CTLA-4 or PD-1 on transferred T
cells.
A lot of eﬀorts have been invested in the field of genetic
engineered lymphocytes utilizing genes encoding αβTCR
and CAR to target TAA. Genetic-engineering also enables the
production of T cells with other functions besides TAA recognition. Modified T cells might constantly express costimulatory molecules like CD28, produce autocrine cytokines
such as IL-2, express homing molecules (e.g., CD62L) or
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prevent apoptosis by the expression of antiapoptotic genes
(e.g., bcl-2). Genetic approaches provide a platform for
further developments in immunotherapy and will direct
ACT to a new era of antitumor therapy.
Another important aim is the reduction of the side
eﬀects related to the treatment. Establishing cells for ACT at
the laboratory is challenging, but great eﬀorts are required
from clinicians as well. Most grade III and IV toxicities
are directly related to the intravenously administration of
high-dose bolus IL-2 (720,000 IU/kg, every 8 h) after cell
transfer [16, 24]. Reducing the dose of IL-2 significantly
decreases toxicity [82, 83]. Many current trials (Table 2) are
therefore using low-dose subcutaneous IL-2 administration
in order to relieve the patients. Subcutaneous low-dose IL2 administration also minimizes the costs of the treatment
as its administration does not require hospitalization. A
combined approach of Young-TIL ACT with subcutaneous
low-dose IL-2 should be evaluated in the future. This
combination drastically simplifies the laboratory and clinical
eﬀorts and could allow the widespread applicability of
ACT.

6. Conclusions
Melanoma has been widely studied as a target for
immunotherapy because it has been considered more susceptible to immune attack than other tumors. Adoptive T
cell transfer has not only shown promising clinical results in
the last decade but also provides a platform for the future.
In the coming years, the use of advanced protocols will
surely enhance the anti-tumor reactivity of transferred cells.
Sophisticated genetic approaches are of great potential in the
future, but so far TIL ACT is the most eﬀective cell therapy
for metastatic melanoma patients, with objective responses
in more than 50% of the patients. Simplifying the TIL
production process, by using Young-TIL, may enable cancer
centers worldwide to implement this eﬀective approach and
expose more patients to ACT therapy.

Acknowledgments
The authors thank Haya and Nehemia Lemelbaum for their
continuous and everlasting support as well as Gal Markel and
Daphna Levy for their critical reading of this paper.

Conflict of Interests
The authors indicate no potential conflict of interests.

References
[1] A. Jemal, R. Siegel, E. Ward et al., “Cancer statistics, 2008,” CA
Cancer Journal for Clinicians, vol. 58, no. 2, pp. 71–96, 2008.
[2] A. A. Tarhini and S. S. A. Garwala, “Cutaneous melanoma:
available therapy for metastatic disease,” Dermatologic Therapy, vol. 19, no. 1, pp. 19–25, 2006.
[3] P. Seam, J. E. Janik, D. L. Longo, and V. T. DeVita, “Role of
chemotherapy in Hodgkin’s lymphoma,” Cancer Journal, vol.
15, no. 2, pp. 150–154, 2009.

Clinical and Developmental Immunology
[4] A. S. Yang and P. B. Chapman, “The history and future of
chemotherapy for melanoma,” Hematology/Oncology Clinics of
North America, vol. 23, no. 3, pp. 583–597, 2009.
[5] E. Bajetta, M. Del Vecchio, C. Bernard-Marty et al.,
“Metastatic melanoma: chemotherapy,” Seminars in Oncology,
vol. 29, no. 5, pp. 427–445, 2002.
[6] L. Serrone, M. Zeuli, F. M. Sega, and F. Cognetti,
“Dacarbazine-based chemotherapy for metastatic melanoma:
thirty-year experience overview,” Journal of Experimental and
Clinical Cancer Research, vol. 19, no. 1, pp. 21–34, 2000.
[7] M. T. Lotze, A. E. Chang, and C. A. Seipp, “High-dose
recombinant interleukin 2 in the treatment of patients with
disseminated cancer. Responses, treatment-related morbidity,
and histologic findings,” Journal of the American Medical
Association, vol. 256, no. 22, pp. 3117–3124, 1986.
[8] S. A. Rosenberg, M. T. Lotze, and L. M. Muul, “Observations
on the systemic administration of autologous lymphokineactivated killer cells and recombinant interleukin-2 to patients
with metastatic cancer,” New England Journal of Medicine, vol.
313, no. 23, pp. 1485–1492, 1985.
[9] S. A. Rosenberg, J. C. Yang, D. E. White, and S. M. Steinberg,
“Durability of complete responses in patients with metastatic
cancer treated with high-dose interleukin-2: identification of
the antigens mediating response,” Annals of Surgery, vol. 228,
no. 3, pp. 307–319, 1998.
[10] M. B. Atkins, L. Kunkel, M. Sznol, and S. A. Rosenberg, “Highdose recombinant interleukin-2 therapy in patients with
metastatic melanoma: long-term survival update,” Cancer
Journal from Scientific American, vol. 6, supplement 1, pp. S11–
S14, 2000.
[11] H. Tsao, M. B. Atkins, and A. J. Sober, “Management of
cutaneous melanoma,” New England Journal of Medicine, vol.
351, no. 10, pp. 998–1042, 2004.
[12] S. A. Rosenberg, “Progress in human tumour immunology
and immunotherapy,” Nature, vol. 411, no. 6835, pp. 380–384,
2001.
[13] F. S. Hodi, S. J. O’Day, D. F. McDermott et al., “Improved survival with ipilimumab in patients with metastatic melanoma,”
New England Journal of Medicine, vol. 363, no. 8, pp. 711–723,
2010.
[14] N. N. Senzer, H. L. Kaufman, T. Amatruda et al., “Phase II
clinical trial of a granulocyte-macrophage colony-stimulating
factor-encoding, second-generation oncolytic herpesvirus in
patients with unresectable metastatic melanoma,” Journal of
Clinical Oncology, vol. 27, no. 34, pp. 5763–5771, 2009.
[15] S. A. Rosenberg, J. C. Yang, and N. P. Restifo, “Cancer
immunotherapy: moving beyond current vaccines,” Nature
Medicine, vol. 10, no. 9, pp. 909–915, 2004.
[16] M. J. Besser, R. Shapira-Frommer, A. J. Treves et al., “Clinical
responses in a phase II study using adoptive transfer of shortterm cultured tumor infiltration lymphocytes in metastatic
melanoma patients,” Clinical Cancer Research, vol. 16, no. 9,
pp. 2646–2655, 2010.
[17] M. E. Dudley, J. R. Wunderlich, J. C. Yang et al., “Adoptive
cell transfer therapy following non-myeloablative but lymphodepleting chemotherapy for the treatment of patients with
refractory metastatic melanoma,” Journal of Clinical Oncology,
vol. 23, no. 10, pp. 2346–2357, 2005.
[18] M. E. Dudley, J. C. Yang, R. Sherry et al., “Adoptive cell therapy
for patients with metastatic melanoma: evaluation of intensive
myeloablative chemoradiation preparative regimens,” Journal
of Clinical Oncology, vol. 26, no. 32, pp. 5233–5239, 2008.

9
[19] J. J. Mule, S. Shu, S. L. Schwarz, and S. A. Rosenberg, “Adoptive
immunotherapy of established pulmonary metastases with
LAK cells and recombinant interleukin-2,” Science, vol. 225,
no. 4669, pp. 1487–1489, 1984.
[20] L. M. Muul, K. Nason-Burchenal, and C. S. Carter, “Development of an automated closed system for generation of human
lymphokine-activated killer (LAK) cells for use in adoptive
immunotherapy,” Journal of Immunological Methods, vol. 101,
no. 2, pp. 171–181, 1987.
[21] L. Mesler Muul, K. Nason-Burchenal, C. Hyatt et al., “Studies of serum-free culture medium in the generation of
lymphokine activated killer cells,” Journal of Immunological
Methods, vol. 105, no. 2, pp. 183–192, 1987.
[22] S. A. Rosenberg, M. T. Lotze, J. C. Yang et al., “Prospective
randomized trial of high-dose interleukin-2 alone or in
conjunction with lymphokine-activated killer cells for the
treatment of patients with advanced cancer,” Journal of the
National Cancer Institute, vol. 85, no. 8, pp. 622–632, 1993.
[23] M. E. Dudley and S. A. Rosenberg, “Adoptive cell transfer
therapy,” Seminars in Oncology, vol. 34, no. 6, pp. 524–531,
2007.
[24] S. A. Rosenberg, J. R. Yannelli, J. C. Yang et al., “Treatment of
patients with metastatic melanoma with autologous tumorinfiltrating lymphocytes and interleukin 2,” Journal of the
National Cancer Institute, vol. 86, no. 15, pp. 1159–1166, 1994.
[25] S. A. Rosenberg, B. S. Packard, P. M. Aebersold et al., “Use
of tumor-infiltrating lymphocyts and interleukin-2 in the
immunotherapy of patients with metastatic melanoma. A
preliminary report,” New England Journal of Medicine, vol.
319, no. 25, pp. 1676–1680, 1988.
[26] S. A. Rosenberg, P. Aebersold, K. Cornetta et al., “Gene transfer into humans - Immunotherapy of patients with advanced
melanoma, using tumor-infiltrating lymphocytes modified
by retroviral gene transduction,” New England Journal of
Medicine, vol. 323, no. 9, pp. 570–578, 1990.
[27] D. J. Schwartzentruber, S. S. Hom, R. Dadmarz et al., “In
vitro predictors of therapeutic response in melanoma patients
receiving tumor-infiltrating lymphocytes and interleukin-2,”
Journal of Clinical Oncology, vol. 12, no. 7, pp. 1475–1483,
1994.
[28] P. Aebersold, C. Hyatt, S. Johnson et al., “Lysis of autologous
melanoma cells by tumor-infiltrating lymphocytes: association with clinical response,” Journal of the National Cancer
Institute, vol. 83, no. 13, pp. 932–937, 1991.
[29] J. M. Kirkwood, A. A. Tarhini, M. C. Panelli et al., “Next generation of immunotherapy for melanoma,” Journal of Clinical
Oncology, vol. 26, no. 20, pp. 3445–3455, 2008.
[30] Y. Kawakami, R. Zakut, S. L. Topalian, H. Stotter, and S. A.
Rosenberg, “Shared human melanoma antigens: recognition
by tumor-infiltrating lymphocytes in HLA-A2.1-transfected
melanomas,” Journal of Immunology, vol. 148, no. 2, pp. 638–
643, 1992.
[31] S. S. Hom, S. L. Topalian, T. Simonis, M. Mancini, and S.
A. Rosenberg, “Common expression of melanoma tumorassociated antigens recognized by human tumor infiltrating
lymphocytes: analysis by human lymphocyte antigen restriction,” Journal of Immunotherapy, vol. 10, no. 3, pp. 153–164,
1991.
[32] T. L. Darrow, C. L. Slingluﬀ, and H. F. Seigler, “The role
of HLA class I antigens in recognition of melanoma cells by
tumor-specific cytotoxic T lymphocytes. Evidence for shared
tumor antigens,” Journal of Immunology, vol. 142, no. 9, pp.
3329–3335, 1989.

10
[33] D. J. Schwartzentruber, S. L. Topalian, M. Mancini, and S.
A. Rosenberg, “Specific release of granulocyte-macrophage
colony-stimulating factor, tumor necrosis factor-α, and IFNγ by human tumor-infiltrating lymphocytes after autologous
tumor stimulation,” Journal of Immunology, vol. 146, no. 10,
pp. 3674–3681, 1991.
[34] D. J. Schwartzentruber, D. Solomon, S. A. Rosenberg, and
S. L. Topalian, “Characterization of lymphocytes infiltrating
human breast cancer: specific immune reactivity detected by
measuring cytokine secretion,” Journal of Immunotherapy, vol.
12, no. 1, pp. 1–12, 1992.
[35] S. S. Hom, D. J. Schwartzentruber, S. A. Rosenberg, and S. L.
Topalian, “Specific release of cytokines by lymphocytes infiltrating human melanomas in response to shared melanoma
antigens,” Journal of Immunotherapy, vol. 13, no. 1, pp. 18–30,
1993.
[36] M. J. Besser, R. Shapira-Frommer, A. J. Treves et al.,
“Minimally cultured or selected autologous tumor-infiltrating
lymphocytes after a lympho-depleting chemotherapy regimen
in metastatic melanoma patients,” Journal of Immunotherapy,
vol. 32, no. 4, pp. 415–423, 2009.
[37] M. E. Dudley, J. R. Wunderlich, T. E. Shelton, J. Even, and S.
A. Rosenberg, “Generation of tumor-infiltrating lymphocyte
cultures for use in adoptive transfer therapy for melanoma
patients,” Journal of Immunotherapy, vol. 26, no. 4, pp. 332–
342, 2003.
[38] M. J. Besser, A. J. Treves, O. Itzhaki et al., “Adoptive cell therapy
for metastatic melanoma patients: pre-clinical development at
the Sheba Medical Center,” Israel Medical Association Journal,
vol. 8, no. 3, pp. 164–168, 2006.
[39] P. Therasse, S. G. Arbuck, E. A. Eisenhauer et al., “New
guidelines to evaluate the response to treatment in solid
tumors. European Organization for Research and Treatment
of Cancer, National Cancer Institute of the United States,
National Cancer Institute of Canada,” Journal of the National
Cancer Institute, vol. 92, no. 3, pp. 205–216, 2000.
[40] P. Muranski, A. Boni, C. Wrzesinski et al., “Increased intensity
lymphodepletion and adoptive immunotherapy—how far can
we go?” Nature Clinical Practice Oncology, vol. 3, no. 12, pp.
668–681, 2006.
[41] M. E. Dudley, J. R. Wunderlich, P. F. Robbins et al., “Cancer
regression and autoimmunity in patients after clonal repopulation with antitumor lymphocytes,” Science, vol. 298, no.
5594, pp. 850–854, 2002.
[42] J. Zhou, X. Shen, J. Huang, R. J. Hodes, S. A. Rosenberg, and
P. F. Robbins, “Telomere length of transferred lymphocytes
correlates with in vivo persistence and tumor regression in
melanoma patients receiving cell transfer therapy,” Journal of
Immunology, vol. 175, no. 10, pp. 7046–7052, 2005.
[43] X. Shen, J. Zhou, K. S. Hathcock et al., “Persistence of
tumor infiltrating lymphocytes in adoptive immunotherapy
correlates with telomere length,” Journal of Immunotherapy,
vol. 30, no. 1, pp. 123–129, 2007.
[44] P. F. Robbins, M. E. Dudley, J. Wunderlich et al., “Cutting edge:
persistence of transferred lymphocyte clonotypes correlates
with cancer regression in patients receiving cell transfer
therapy,” Journal of Immunology, vol. 173, no. 12, pp. 7125–
7130, 2004.
[45] K. Q. Tran, J. Zhou, K. H. Durflinger et al., “Minimally cultured tumor-infiltrating lymphocytes display optimal characteristics for adoptive cell therapy,” Journal of Immunotherapy,
vol. 31, no. 8, pp. 742–751, 2008.

Clinical and Developmental Immunology
[46] D. J. Powell, M. E. Dudley, P. F. Robbins, and S. A. Rosenberg,
“Transition of late-stage eﬀector T cells to CD27 CD28 tumorreactive eﬀector memory T cells in humans after adoptive cell
transfer therapy,” Blood, vol. 105, no. 1, pp. 241–250, 2005.
[47] P. A. Antony, C. A. Piccirillo, A. Akpinarli et al., “CD8 T
cell immunity against a tumor/self-antigen is augmented by
CD4 T helper cells and hindered by naturally occurring T
regulatory cells,” Journal of Immunology, vol. 174, no. 5, pp.
2591–2601, 2005.
[48] W. Dummer, A. G. Niethammer, R. Baccala et al., “T cell
homeostatic proliferation elicits eﬀective antitumor autoimmunity,” Journal of Clinical Investigation, vol. 110, no. 2, pp.
185–192, 2002.
[49] L. Gattinoni, S. E. Finkelstein, C. A. Klebanoﬀ et al., “Removal
of homeostatic cytokine sinks by lymphodepletion enhances
the eﬃcacy of adoptively transferred tumor-specific CD8 T
cells,” Journal of Experimental Medicine, vol. 202, no. 7, pp.
907–912, 2005.
[50] C. Wrzesinski, C. M. Paulos, L. Gattinoni et al., “Hematopoietic stem cells promote the expansion and function of
adoptively transferred antitumor CD8 T cells,” Journal of
Clinical Investigation, vol. 117, no. 2, pp. 492–501, 2007.
[51] M. Theobald, J. Biggs, J. Hernández, J. Lustgarten, C. Labadie,
and L. A. Sherman, “Tolerance to p53 by A2.1-restricted
cytotoxic T lymphocytes,” Journal of Experimental Medicine,
vol. 185, no. 5, pp. 833–841, 1997.
[52] R. Romieu, M. Baratin, M. Kayibanda et al., “Passive but not
active CD8+ T cell-based immunotherapy interferes with liver
tumor progression in a transgenic mouse model,” Journal of
Immunology, vol. 161, no. 10, pp. 5133–5137, 1998.
[53] A. Murphy, J. A. Westwood, M. W. L. Teng, M. Moeller, P. K.
Darcy, and M. H. Kershaw, “Gene modification strategies to
induce tumor immunity,” Immunity, vol. 22, no. 4, pp. 403–
414, 2005.
[54] M. Sadelain, I. Rivière, and R. Brentjens, “Targeting tumours
with genetically enhanced T lymphocytes,” Nature Reviews
Cancer, vol. 3, no. 1, pp. 35–45, 2003.
[55] M. Sadelain, R. Brentjens, and I. Rivière, “The promise
and potential pitfalls of chimeric antigen receptors,” Current
Opinion in Immunology, vol. 21, no. 2, pp. 215–223, 2009.
[56] R. A. Morgan, M. E. Dudley, J. R. Wunderlich et al., “Cancer
regression in patients after transfer of genetically engineered
lymphocytes,” Science, vol. 314, no. 5796, pp. 126–129, 2006.
[57] M. R. Theoret, C. J. Cohen, A. V. Nahvi et al., “Relationship
of p53 overexpression on cancers and recognition by anti-p53
T cell receptor-transduced T cells,” Human Gene Therapy, vol.
19, no. 11, pp. 1219–1231, 2008.
[58] P. F. Robbins, Y. F. Li, M. El-Gamil et al., “Single and dual
amino acid substitutions in TCR CDRs can enhance antigenspecific T cell functions,” Journal of Immunology, vol. 180, no.
9, pp. 6116–6131, 2008.
[59] M. R. Parkhurst, J. Joo, J. P. Riley et al., “Characterization
of genetically modified T-cell receptors that recognize the
CEA:691-699 peptide in the context of HLA-A2.1 on human
colorectal cancer cells,” Clinical Cancer Research, vol. 15, no. 1,
pp. 169–180, 2009.
[60] L. A. Johnson, R. A. Morgan, M. E. Dudley et al., “Gene
therapy with human and mouse T-cell receptors mediates cancer regression and targets normal tissues expressing cognate
antigen,” Blood, vol. 114, no. 3, pp. 535–546, 2009.
[61] Z. Eshhar, T. Waks, G. Gross, and D. G. Schindler, “Specific activation and targeting of cytotoxic lymphocytes
through chimeric single chains consisting of antibody-binding
domains and the γ or ζ subunits of the immunoglobulin

Clinical and Developmental Immunology

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

and T-cell receptors,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 90, no. 2, pp. 720–
724, 1993.
B. G. Till, M. C. Jensen, J. Wang et al., “Adoptive immunotherapy for indolent non-hodgkin lymphoma and mantle cell
lymphoma using genetically modified autologous CD20specific T cells,” Blood, vol. 112, no. 6, pp. 2261–2271, 2008.
C. H. Lamers, S. Sleijfer, A. G. Vulto et al., “Treatment
of metastatic renal cell carcinoma with autologous Tlymphocytes genetically retargeted against carbonic anhydrase
IX: first clinical experience,” Journal of Clinical Oncology, vol.
24, no. 13, pp. e20–e22, 2006.
M. H. Kershaw, J. A. Westwood, L. L. Parker et al., “A phase
I study on adoptive immunotherapy using gene-modified T
cells for ovarian cancer,” Clinical Cancer Research, vol. 12, no.
20, part 1, pp. 6106–6115, 2006.
J. Maher, R. J. Brentjens, G. Gunset, I. Rivière, and M. Sadelain,
“Human T-lymphocyte cytotoxicity and proliferation directed
by a single chimeric TCRζ/CD28 receptor,” Nature Biotechnology, vol. 20, no. 1, pp. 70–75, 2002.
A. Hombach, C. Heuser, T. Marquardt et al., “CD4+ T cells
engrafted with a recombinant immunoreceptor eﬃciently lyse
target cells in a MHC antigen- and Fas-independent fashion,”
Journal of Immunology, vol. 167, no. 2, pp. 1090–1096, 2001.
N. M. Haynes, J. A. Trapani, M. W. L. Teng et al., “Singlechain antigen recognition receptors that costimulate potent
rejection of established experimental tumors,” Blood, vol. 100,
no. 9, pp. 3155–3163, 2002.
G. Gross, T. Waks, and Z. Eshhar, “Expression of
immunoglobulin-T-cell receptor chimeric molecules
as functional receptors with antibody-type specificity,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 86, no. 24, pp. 10024–10028, 1989.
E. Yvon, M. Del Vecchio, B. Savoldo et al., “Immunotherapy
of metastatic melanoma using genetically engineered GD2specific T cells,” Clinical Cancer Research, vol. 15, no. 18, pp.
5852–5860, 2009.
C. O. Yun, K. F. Nolan, E. J. Beecham, R. A. Reisfeld, and R.
P. Junghans, “Targeting of T lymphocytes to melanoma cells
through chimeric anti-GD3 immunoglobulin t-cell receptors,”
Neoplasia, vol. 2, no. 5, pp. 449–459, 2000.
R. A. Willemsen, C. Ronteltap, P. Chames, R. Debets, and
R. L. H. Bolhuis, “T cell retargeting with MHC class
I-restricted antibodies: the CD28 costimulatory domain
enhances antigen-specific cytotoxicity and cytokine production,” Journal of Immunology, vol. 174, no. 12, pp. 7853–7858,
2005.
R. A. Morgan, J. C. Yang, M. Kitano, M. E. Dudley, C. M. Laurencot, and S. A. Rosenberg, “Case report of a serious adverse
event following the administration of t cells transduced with
a chimeric antigen receptor recognizing ERBB2,” Molecular
Therapy, vol. 18, no. 4, pp. 843–851, 2010.
L. Gattinoni, C. A. Klebanoﬀ, D. C. Palmer et al., “Acquisition
of full eﬀector function in vitro paradoxically impairs the
in vivo antitumor eﬃcacy of adoptively transferred CD8+
T cells,” Journal of Clinical Investigation, vol. 115, no. 6, pp.
1616–1626, 2005.
C. A. Klebanoﬀ, L. Gattinoni, P. Torabi-Parizi et al., “Central
memory self/tumor-reactive CD8+ T cells confer superior
antitumor immunity compared with eﬀector memory T cells,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 102, no. 27, pp. 9571–9576, 2005.
J. Huang, H. T. Khong, M. E. Dudley et al., “Survival, persistence, and progressive diﬀerentiation of adoptively transferred

11

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

tumor-reactive T cells associated with tumor regression,”
Journal of Immunotherapy, vol. 28, no. 3, pp. 258–267, 2005.
J. Huang, K. W. Kerstann, M. Ahmadzadeh et al., “Modulation
by IL-2 of CD70 and CD27 expression on CD8+ T cells:
importance for the therapeutic eﬀectiveness of cell transfer
immunotherapy,” Journal of Immunology, vol. 176, no. 12, pp.
7726–7735, 2006.
Y. Refaeli, L. Van Parijs, C. A. London, J. Tschopp, and A.
K. Abbas, “Biochemical mechanisms of IL-2-regulated Fasmediated T cell apoptosis,” Immunity, vol. 8, no. 5, pp. 615–
623, 1998.
N. Pouw, E. Treﬀers-Westerlaken, J. Kraan et al., “Combination of IL-21 and IL-15 enhances tumour-specific cytotoxicity
and cytokine production of TCR-transduced primary T cells,”
Cancer Immunology, Immunotherapy, vol. 59, no. 6, pp. 921–
931, 2010.
S. Jaleco, L. Swainson, V. Dardalhon, M. Burjanadze, S.
Kinet, and N. Taylor, “Homeostasis of naive and memory
CD4 T cells: IL-2 and IL-7 diﬀerentially regulate the balance
between proliferation and Fas-mediated apoptosis,” Journal of
Immunology, vol. 171, no. 1, pp. 61–68, 2003.
C. S. Hinrichs, R. Spolski, C. M. Paulos et al., “IL-2 and IL-21
confer opposing diﬀerentiation programs to CD8+ T cells for
adoptive immunotherapy,” Blood, vol. 111, no. 11, pp. 5326–
5333, 2008.
K. Oved, E. Eden, M. Akerman et al., “Predicting and
controlling the reactivity of immune cell populations against
cancer,” Molecular Systems Biology, vol. 5, article 265, 2009.
C. Yee, J. A. Thompson, D. Byrd et al., “Adoptive T cell
therapy using antigen-specific CD8+ T cell clones for the
treatment of patients with metastatic melanoma: in vivo
persistence, migration, and antitumor eﬀect of transferred T
cells,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 99, no. 25, pp. 16168–16173,
2002.
J. C. Yang, R. M. Sherry, S. M. Steinberg et al., “Randomized
study of high-dose and low-dose interleukin-2 in patients with
metastatic renal cancer,” Journal of Clinical Oncology, vol. 21,
no. 16, pp. 3127–3132, 2003.

MEDIATORS
of

INFLAMMATION

The Scientific
World Journal
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Gastroenterology
Research and Practice
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com

Diabetes Research
Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

International Journal of

Journal of

Endocrinology

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Volume 2014

Submit your manuscripts at
http://www.hindawi.com
BioMed
Research International

PPAR Research
Hindawi Publishing Corporation
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Volume 2014

Journal of

Obesity

Journal of

Ophthalmology
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Evidence-Based
Complementary and
Alternative Medicine

Stem Cells
International
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Journal of

Oncology
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Parkinson’s
Disease

Computational and
Mathematical Methods
in Medicine
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

AIDS

Behavioural
Neurology
Hindawi Publishing Corporation
http://www.hindawi.com

Research and Treatment
Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Oxidative Medicine and
Cellular Longevity
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

