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Abstract
Adoptive cell transfer of tumor-infiltrating lymphocytes (TILs) after lymphodepletion mediates
regression in 50% of patients with metastatic melanoma. In vivo persistence and telomere length of
the transferred cells correlate with antitumor response. In an attempt to prolong the in vivo survival
of the transferred cells, TILs were genetically engineered to produce interleukin (IL)-2. In vitro, these
transduced TILs secreted IL-2 while retaining tumor specificity and exhibited prolonged survival
after IL-2 withdrawal. In a phase I/II clinical trial, seven evaluable patients received transduced TILs
and one patient experienced a partial response associated with in vivo persistence of IL-2-transduced
TILs in circulating lymphocytes. An additional five patients received transduced TILs in conjunction
with IL-2 administration. Persistence of IL-2-transduced TILs was observed in three patients,
including one partial responder. The transgene DNA as well as vector-derived IL-2 mRNA could be
detected for 4 months in responding patients. The low response rate in this trial was possibly due to
a reduction in telomere length in cells as a result of prolonged in vitro culture. In this study, insertion
of the IL-2 gene into antitumor TILs increased their ability to survive after IL-2 withdrawal in
vitro but did not increase their in vivo persistence or clinical effectiveness.

INTRODUCTION
Cancer treatment using adoptive immunotherapy requires the isolation of tumor-reactive T
lymphocytes ex vivo followed by expansion of these cells to generate high numbers for infusion.
The adoptive transfer of tumor-infiltrating lymphocytes (TILs) after a lymphodepleting
preparative regimen mediates objective cancer regression in 50% of patients with metastatic
melanoma (Dudley et al., 2002a, 2005). Reduction in endogenous lymphocytes that act as
competitors for homeostatic cytokines interleukin (IL)-7 and IL-15, as well as a reduction in
regulatory T cells, appears to be critical for mediating this high response rate (Antony et al.,
2005; Gattinoni et al., 2005a).
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Studies of patients who received this adoptive cell therapy showed a significant correlation
between persistence of the infused TILs and the likelihood of experiencing an objective
response (Robbins et al., 2004). Telomere length of TIL populations was also correlated with
prolonged cell persistence, implying that longer telomeres and hence increased proliferative
potential was associated with the likelihood of a tumor response (Zhou et al., 2005).

The TILs used in these studies were generated from tumor fragments, using high doses of IL-2
(Dudley et al., 2003). After extensive culture these cells become highly dependent on IL-2 and
undergo apoptotic cell death after IL-2 withdrawal (Liu and Rosenberg, 2001). To sustain
survival of the transferred TILs after adoptive transfer, exogenous high-dose IL-2 is
administered to patients; however, the number of doses that can be tolerated by patients is
limited by the toxicity of IL-2 (Lotze et al., 1985; Rosenberg et al., 1989).

Insertion of retrovirus carrying the human IL-2 gene into TILs, with subsequent expression of
IL-2, has been shown to prolong their survival in vitro after IL-2 withdrawal while maintaining
their tumor specificity and function (Liu and Rosenberg, 2001, 2003). We therefore conducted
a clinical trial to determine whether adoptive transfer of IL-2-transduced TILs resulted in
increased TIL persistence and more durable responses in patients with metastatic melanoma.

MATERIALS AND METHODS
Patient treatments and clinical assessment

The Surgery Branch IL-2 (SBIL2) human gene therapy protocol was reviewed and approved
by the National Institutes of Health institutional biosafety committee (Bethesda, MD); the
National Cancer Institute institutional review board (Bethesda, MD); the Recombinant DNA
Advisory Committee of the Office of Biotechnology Activities, Office of the Director, National
Institutes of Health (Bethesda, MD); and the Center for Biologics Evaluation and Research of
the U.S. Food and Drug Administration (Bethesda, MD). Eligibility of treatment has been
described previously (Dudley et al., 2005; Morgan et al., 2006) and all patients signed an
institutional review board-approved informed consent form. Patient characteristics are shown
in Table 1.

Patients received nonmyeloablative lymphodepleting chemotherapy as previously described
(Dudley et al., 2005), consisting of 2 days of cyclophosphamide (60 mg/kg) followed by 5 days
of fludarabine (25 mg/m2). One day after the final dose, patients received IL-2-transduced TILs
via intravenous infusion over 30 min.

Hematologic parameters were monitored daily by complete and differential blood counts, and
peripheral blood mononuclear cells (PBMCs) and serum were collected. Patient tumor
response to treatment was assessed on the basis of the Response Evaluation Criteria in Solid
Tumors (RECIST) (Therasse et al., 2000).

Patient TILs and cell lines
TIL cultures for treatment were generated as previously described (Dudley et al., 2003).
Briefly, multiple independent cultures were initiated from an excised tumor specimen in a 24-
well plate in 2 ml of complete medium [CM: RPMI 1640 (Invitrogen, Carlsbad, CA)
supplemented with 10% heat-inactivated human AB serum (Gemini Bio-Products, West
Sacramento, CA), 2 mM glutamine, 25 mM HEPES buffer, penicillin (100 U/ml), streptomycin
(100 μg/ml) (Biofluids, Rockville, MD), and 0.05 mM 2-mercaptoethanol (Invitrogen) with
the addition of IL-2 (6000 IU/ml; Chiron, Emeryville, CA)].

The cell lines used in this study were autologous melanoma tumor lines (when available) as
well as melanoma lines 938mel and 888mel (both HLA-A2 negative), and 624mel and 526mel
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(both HLA-A2 positive). These cell lines as well as Jurkat cells were cultured in RPMI 1640
containing 10% fetal calf serum (FCS) (Gemini Bio-Products) and antibiotics.

SBIL2 retroviral transduction and expansion of TILs
Generation of the SBIL2 retrovirus has been described previously (Liu and Rosenberg,
2003). In brief, the SBIL2 vector, containing the MFG backbone derived from Moloney murine
leukemia virus (MMLV) with a cDNA copy of the human IL-2 gene under the control of the
5′ long terminal repeat (LTR) promoter, was pseudotyped in the PG13 packaging cell line,
which provides the gibbon ape leukemia virus (GaLV) envelope protein. A stable producer
clone (PG13SBIL2#3) was generated that contained three copies of the integrated retroviral
IL-2 DNA. Clinical GMP-grade SBIL2 retroviral supernatant was produced by the National
Gene Vector Laboratory at Indiana University (Indianapolis, IN). For TIL transduction, 6-well
non-tissue-culture plates (Becton Dickinson, Franklin Lakes, NJ) were coated with Retronectin
(CH-296, 25 μg/ml in phosphate-buffered saline [PBS], GMP grade; Takara Bio, Otsu, Japan),
blocked with PBS–2% human serum albumin (HSA), and preloaded for 4 hr with thawed
SBIL2 viral supernatant (5 ml/well) at 32°C and 10% CO2. TILs were added at 3 ml/well for
18–24 hr at 37°C and 5% CO2, transferred to a second set of SBIL2-loaded plates, and cultured
for an additional 18–24 hr, after which TILs were harvested and resuspended in fresh medium.

Three cohorts of patients were treated (Table 2). In cohort I, TILs from 3 patients were
transduced twice (using 3 × 106 cells per well) during the culture of TILs in CM, followed by
one rapid expansion as previously described (Dudley et al., 2003) with OKT3 antibody (30 ng/
ml; Ortho Biotech, Bridgewater, NJ), a 200-fold excess of irradiated (4000 rad) allogeneic
feeder PBMCs, and IL-2 (6000 IU/ml) in 50/50 medium [50% CM mixed with 50% AIM-V
(Invitrogen)], which typically resulted in an ∼1000-fold expansion in 14 days. In cohort II
(patients 4–8), patient TILs were transduced during days 7 and 8 of the first rapid expansion,
using 3 × 106 cells per well, followed by a second expansion to obtain sufficient cell numbers
for treatment. Patients in cohorts I and II did not receive exogenous IL-2 administration. In
cohort III (patients 9–13), patient TILs were transduced on days 3 and 4 of the first expansion,
using 1 × 106 cells per well, followed by a second expansion, and patients then received
concomitant high-dose IL-2 injections (720,000 IU/kg intravenously) every 8 hr until tolerance
developed.

Cytokine secretion assays
TILs were screened for tumor reactivity by interferon (IFN)-γ secretion in a coculture assay of
1 × 105 TILs with 1 × 105 tumor cells, either autologous if available or HLA-matched tumor
cell lines. After 18–24 hr of incubation, supernatants were tested by IFN-γ enzyme-linked
immunosorbent assay (ELISA) (Endogen, Cambridge, MA) according to the manufacturer's
recommendations. To determine the IL-2 production of TILs, cells were washed three times
with CM and plated (2 × 105) in 96-well round-bottom plates (Corning, Corning, NY) in either
medium alone, on OKT3-precoated wells, or in coculture with 1 × 105 tumor cells in 50/50
medium. OKT3 (1 μg/ml in PBS, 200 μl/well) was coated for 2 hr at 37°C, followed by a wash
with PBS. An anti-CD25 antibody (anti-Tac, which blocks the IL-2Rα chain; a gift from Y.
Tagaya, Metabolism Branch, National Cancer Institute) or an IgG2a isotype control antibody
(BD Biosciences, San Jose, CA) at 10 μg/ml was added to the cultures to block uptake of IL-2
by the TILs. Supernatants were harvested after 4 days of culture and assayed for IL-2 by ELISA
(Endogen). IL-2 release was considered tumor specific when autologous/matched tumor
stimulation induced at least twice the amount of IL-2 produced against mismatched tumors
and >100 pg/ml.
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Proliferation assays
Cells were washed three times and 1 × 105 TILs were cocultured with 1 × 105 irradiated (18,000
rad) tumor cells in 50/50 medium without IL-2 in 96-well round-bottom plates. After 48 hr of
incubation, cells were pulsed with 1 μCi of [3H]thymidine (PerkinElmer Life and Analytical
Sciences, Waltham, MA) for an additional 18 hr and incorporation was assessed with a Wallac
MicroBeta Trilux counter (PerkinElmer Life and Analytical Sciences).

Analysis of gene-marked cells
Patient PBMCs were cryopreserved after Ficoll-Hypaque isolation and genomic DNA was
isolated from 1–5 × 106 cells, using a QIAamp DNA blood midi kit (Qiagen, Valencia, CA)
or a Maxwell instrument (Promega, Madison, WI) according to the manufacturer's guidelines.
Genomic DNA from autopsy samples obtained from patient 8 was isolated with a DNeasy
tissue kit (Qiagen).

For semiquantitative detection of the inserted SBIL2 gene, 500 ng of DNA was subjected to a
28-cycle polymerase chain reaction (PCR) as described previously (Liu and Rosenberg,
2003). This PCR method distinguishes the genomic endogenous IL-2 gene from the vector-
derived exogenous IL-2 gene on the basis of an intron sequence, resulting in a 311-bp PCR
product from the endogenous IL-2 and a 221-bp PCR product from the vector IL-2 (Fig. 1A).
PCR products were fractionated on a 4% NuSieve agarose gel (Cambrex Bio Science,
Rockland, ME) containing SYBR Green (Cambrex Bio Science). Results were quantified on
an LAS-1000 luminescent image analyzer system using ImageGauge software (FUJIfilm,
Valhalla, NY) according to the following calculation: % transduced = (signal exogenous IL-2/
signal endogenous IL-2) × 100 × 2 (two endogenous IL-2 alleles).

For real-time quantitative PCR analysis (TaqMan; Applied Biosystems, Foster City, CA) 100
ng of DNA was analyzed in an ABI 7500 fast real-time PCR instrument (Applied Biosystems),
using a gene-specific assay designed by ABI Assays-by-Design software (Applied
Biosystems). This assay detects only the vector-derived IL-2 gene, as the forward primer
(SBIL2TQF, 5′-GCCCGAGGCCTGGAT) binds in the vector and the reverse primer
(SBIL2TQR, 5′-CAAGACTTAGTGCAATGCAAGACA) binds in the IL-2 gene (FAM-
labeled probe, 5′-CATGTACAGGATGCAACTC). An IL-2-transduced Jurkat clone was
generated to obtain a standard curve by mixing known ratios of transduced Jurkat cells into
untransduced Jurkat cells. To normalize for DNA input, TaqMan β-actin control reagents
(Applied Biosystems) were used. For the assessment of IL-2-transduced TILs within autopsy
samples of patient 8, a patient-specific standard curve was generated by mixing known ratios
of infusion TILs of patient 8 into untransduced peripheral blood lymphocytes (PBLs).

RNA was isolated from 2–5 × 106 PBMCs, using the Stratagene Absolutely RNA miniprep
kit (Stratagene, La Jolla, CA). RNA (500 ng) was reverse transcribed and assayed for vector-
derived IL-2 mRNA, using the one-step cMasterRTplusPCR kit (Eppendorf North America,
Westbury, NY) in a PCR as previously described (Liu and Rosenberg, 2003). The vector-
derived IL-2 transcript directed the synthesis of an 885-bp fragment, whereas the β-actin control
transcript resulted in a 621-bp fragment.

Flow cytometric analysis
Infusion TILs (1 × 106, IL-2 transduced) were cultured in the presence of BD GolgiPlug (BD
Biosciences) for 6 hr in CM without IL-2. Staining for intracellular IL-2 was performed with
BD CytoFix/CytoPerm reagents (BD Biosciences), using an anti-phycoerythrin (PE)-
conjugated IL-2 monoclonal antibody (mAb) and an isotype control PE-conjugated IgG2a mAb
in conjunction with fluorescein isothiocyanate (FITC)-conjugated anti-CD8 and peridinin
chlorophyll protein (PerCP)-conjugated anti-CD3 mAb (all from BD Biosciences).
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To determine cell subsets in PBMC samples, cells were stained with FITC-conjugated anti-
CD4 mAb, PE-conjugated anti-CD8 mAb, and allophycocyanin (APC)-conjugated anti-CD3,
as well as anti-CD56–FITC, anti-CD20–PE, and anti-CD3–APC. FoxP3-positive T cells were
detected with a FoxP3 staining kit (Ebioscience, San Diego, CA).

Statistical analysis
Significance of variance between groups was evaluated by Wilcoxon rank sum test, with p ≤
0.05 considered significant.

RESULTS
Characteristics of patients and TIL transductions

Thirteen patients were enrolled in the SBIL2 clinical trial (Table 1). In cohort I (patients 1–3),
TILs were transduced during culture before rapidly expanding them for treatment. Analysis of
transduction efficiencies in these patients, using a semiquantitative PCR technique (Liu and
Rosenberg, 2003) (Fig. 1A), showed that TILs were transduced at a low frequency (mean ±
SEM, 21.3 ± 7.0%; Table 2). In cohorts II (patients 4–8) and III (patients 9–13), TILs were
therefore transduced during a first rapid expansion when cells were actively dividing, followed
by a second stimulation to expand the cells to sufficient numbers for treatment, resulting in an
increased transduction efficiency (mean ± SEM, 96.2 ± 24.6% and 120.3 ± 29.3% for cohorts
II and III, respectively). In cohort III, patients also received administration of exogenous IL-2
after adoptive cell transfer. Figure 1B shows an example (patient 8) in which two separate TIL
fragments (F3 and F8) were transduced and assayed for the IL-2 insert on day 9 of the first
rapid expansion (R1) and on day 14 of the second rapid expansion (R2). The additional round
of stimulation and expansion had little impact on transduction efficiency. The final infusion
bag contained the combined transduced TIL fragments F3 and F8 with an estimated
transduction efficiency of 90%. Of note, however, is that these frequencies are calculated on
the assumption of a single gene insertion per cell, whereas some cells might contain more than
one copy of the IL-2 gene. This explains the occurrence of >100% transduction efficiency as
observed in Fig. 1B, fragment F8 R1, as well as in Table 2. Intracellular cytokine staining of
transduced TILs on the day of infusion (14 days after the last restimulation) showed that these
cells were producing IL-2 in ∼25–35% of TILs (example, patient 9; see Fig. 1C).

Characteristics of IL-2-transduced TILs in vitro
The characteristics of all patient TILs transduced with the IL-2 gene are shown in Table 2. To
determine the amount of IL-2 produced by the patient TILs, untransduced and transduced TILs
from the day of infusion were cultured for 4 days either in medium alone or stimulated with
plate-bound anti-CD3 mAb (OKT3) in the presence of anti-Tac, which blocks the IL-2 receptor
and thereby prevents uptake of IL-2 by the TILs. Results from the transduced TILs are listed
in Table 2, and Fig. 2A shows a comparison of IL-2 secretion by untransduced and transduced
TILs. Gene-modified TILs secreted significantly more IL-2 than did untransduced controls,
especially in cohorts II and III when TILs were transduced during the first expansion.

To investigate whether IL-2-transduced TILs exhibited prolonged survival in vitro, IL-2 was
withdrawn from untransduced and transduced TILs on the day of infusion followed by culture
in medium without IL-2. Figure 2B shows that transduced TILs survived far longer than their
untransduced counterparts after IL-2 withdrawal. Telomere lengths were also determined for
most TILs at the time of infusion and ranged from 3 to 5.5 kb (Table 2).

Tumor specificity of the transduced TILs was confirmed by IFN-γ secretion after stimulation
with autologous or HLA-matched and HLA-mismatched tumor cell lines (Table 2 and Fig.
3A). The transduction process did not alter the tumor specificity as transduced TILs secreted
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similar IFN-γ levels compared with their untransduced counterparts, confirming previous data
(Liu and Rosenberg, 2001). Furthermore, it was relevant to investigate the IL-2 production and
proliferation of transduced TILs on tumor stimulation as this would resemble the in vivo
situation after adoptive transfer of the cells. The majority of transduced TIL samples (six of
eight) secreted IL-2 specifically on autologous or matched tumor cell stimulation, whereas
little or no IL-2 was produced on mismatched tumor stimulation (Fig. 3B). In contrast, only
one of eight untransduced TIL samples was able to secrete IL-2 on matched tumor stimulation
(Fig. 3B). Tumor stimulation induced proliferation in six of eight transduced TIL samples
(stimulation index, >3) and three of eight untransduced TIL samples (Fig. 3C).

Treatment and adverse events
Transduced TILs were infused on day 14 or 15 after the last stimulation, on the day after the
nonmyeloablative lymphodepleting regimen (Dudley et al., 2005). To assess the safety of these
modified TILs, a dose escalation study was performed in which the first four patients received
up to 1 × 1010 cells without additional IL-2 administration (mean, 7.7 × 109; range, 3–10 ×
109) followed by four patients receiving up to 1 × 1011 TILs without IL-2 administration (mean,
4.9 × 1010; range, 1–10 × 1010). Patient 5 required treatment with steroids and an autologous
hematopoietic stem cell (HSC) infusion on day 17 postinfusion because of the absence of
hematological reconstitution and patient 8 developed sepsis shortly after infusion of TILs, to
which the patient succumbed on day 8 postinfusion. This sepsis was due to a colonic ulcer,
perhaps exacerbated by a previous anti-CTLA-4 treatment (Smith et al., 2007). In the remaining
patients from cohorts I and II, infusion of the genetically modified TILs was well tolerated and
no major adverse events were observed. The final five patients in cohort III (patients 9–13)
received gene-modified TILs along with high-dose IL-2 administration to tolerance in order
to give maximal support to the TILs (mean, 5 × 1010; range, 3–6.4 × 1010). An average of 8.2
doses of IL-2 were administered (range, 4–11; Table 2), and adverse events were transient in
all patients and consistent with symptoms due to high-dose IL-2 infusion or the conditioning
chemotherapy (Lotze et al., 1985; Dudley et al., 2002b, 2005). Patient 9 developed dyspnea
during the second week and a high fever (42.9°C) as well as a skin rash on day 14 postinfusion
without any indication of infection, requiring steroid treatment that completely resolved all
symptoms.

Persistence of IL-2-transduced TILs in vivo
The persistence of transduced TILs within the reconstituted cells was determined by real-time
quantitative TaqMan analysis. In patients who did not receive IL-2 administration, the IL-2-
transduced TILs persisted at <0.5% in all patients from cohort I and at 1–2% for most patients
in cohort II. In cohort II only one patient had levels ≥5% (Fig. 4A and B). In contrast, three of
five patients in cohort III, receiving concomitant IL-2 administration, had ≥5% persistent IL-2-
transduced TILs within the first 1–4 weeks (Fig. 4C), suggesting that the transduced cells did
benefit from the additional IL-2 support. However, long-term persistence was observed only
in the two patients who responded to the therapy (patients 5 and 9), and in those patients
transduced TILs could be detected up to 4 months (latest time point available) at levels between
10 and 30% (Fig. 4D).

To assess whether the transduced cells were actively transcribing mRNA from the inserted
IL-2 gene, total RNA was extracted from several patient PBMC samples, including all patients
with persistence ≥5% (except patient 11, for whom sufficient samples were not available).
Figure 4E shows that vector-derived mRNA could be detected in all infusion TILs, as well as
in postinfusion PBMCs from patients with persistent transduced TILs. In one patient (patient
12) with TIL persistence at 3–4%, a faint band was present up to 1 month, whereas in patients
with <2% persistence no IL-2 mRNA could be detected. In the two responding patients (patients
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5 and 9), the IL-2 transcripts remained unchanged in intensity between 1 and 4 months,
indicating that the transduced cells were actively transcribing their transgene.

Serum samples from patients were analyzed for the presence of IL-2 protein. In patients without
IL-2 administration, low IL-2 levels could be detected in the responding patient with TIL
persistence (patient 5; highest level, 36 pg/ml on day 6) whereas IL-2 levels were undetectable
in all other patients (see Supplementary Fig. 1A at www.liebertonline.com/hum). In patients
from cohort III, high levels of IL-2 were detected during the first 3–4 days while IL-2 was
administered (between 638 and 2,390 pg/ml), which declined rapidly to barely detectable levels
in all patients (see Supplementary Fig. 1B at www.liebertonline.com/hum).

Recovery of endogenous lymphocytes
Analysis of the reconstitution of various subsets within the lymphocytic compartment showed
that CD8+ T cell and natural killer (NK) cell recovery returned to normal by ∼1–2 months
postinfusion, although CD4+ T cell and B cell reconstitution was delayed as noted previously
(Dudley et al., 2005) (data not shown). Assessment of the frequency of T cells expressing
FoxP3 (as a marker for regulatory T cells) after adoptive cell transfer showed that these cells
were present at higher frequencies during the first 2 weeks posttransfer as compared with
pretreatment samples, and returned to normal by 1 month postinfusion (Fig. 5A; all FoxP3+

cells were CD4+). However, the calculated numbers of FoxP3+ T cells in the early days after
transfer were comparable in most patients to the preinfusion numbers (Fig. 5B). Patients who
received high-dose IL-2 (Fig. 5, gray symbols) appeared to have higher frequencies and
absolute numbers of FoxP3+ T cells than did patients receiving only IL-2-transduced TILs (Fig.
5, open symbols), indicating that IL-2 administration had a stronger impact on regulatory T
cell recovery than the presence of IL-2-producing TILs.

IL-2-transduced TILs can traffic to lymph nodes as well as skin
A long-standing question after adoptive transfer of TILs has concerned the fate and trafficking
of these cells. The unfortunate death due to sepsis of patient 8 on day 8 postinfusion enabled
us to investigate the TIL distribution in several organs, because of their gene-marked
phenotype. Table 3 shows the presence of IL-2-transduced TILs assessed by TaqMan analysis
in autopsy samples from several secondary lymphoid organs, nonlymphoid organs, as well as
some tumor metastases in this patient, who did not receive exogenous IL-2 administration.
Surprisingly, even though infusion TILs were negative for CD62L and CCR7 (data not shown),
transduced TILs were present in many lymph nodes, especially those draining the lung and
retroperitoneum. Similarly, transduced TILs could be detected abundantly in the spleen and
the lung, but were low in liver and small bowel specimens. Very low frequencies of transduced
TILs were present in metastatic tumor samples from patient 8 days after transfer.

Additional information could be obtained regarding migration of the infused TILs from patient
9, who received transduced TILs with IL-2 administration, resulting in lymphocytosis between
days 7 and 10 (Fig. 6A). This patient experienced a skin rash and a pulmonary infiltrate with
dyspnea during the second week after transfer, which resolved after a 4-day course of
methylprednisone. Tissues were obtained from this patient to investigate the presence of IL-2-
transduced TILs. Figure 6B shows the presence of the exogenous IL-2 gene as determined by
semiquantitative PCR in PBL samples postinfusion. More importantly, a distinct exogenous
IL-2 band was also present in a fine needle aspirate from a subcutaneous tumor taken on day
7 postinfusion. Strikingly, a skin sample obtained from the cutaneous rash on day 14 showed
the presence of transduced TILs to a similar extent as in the tumor sample. These data indicate
that the transduced TILs were able to home to tumor sites as early as day 7 (in the presence of
IL-2 administration), but that in this particular patient these cells homed to skin sites as well.
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Clinical outcome
Of the 13 patients who were treated with IL-2-transduced TILs, 12 were evaluable for tumor
response. In seven patients who did not receive any additional IL-2 administration, one partial
responder (patient 5; response duration, 4 months) was observed with regression in tumors in
the lung, subcutaneous tissues, and lymph nodes. The cohort of five patients receiving
transduced TILs along with IL-2 administration resulted in one partial responder (patient 9;
response duration, 4 months) with regression in subcutaneous lesions and two patients with
mixed responses (patients 10 and 11). The patients with mixed responses had >30% reduction
of metastases in the lung for 1 or 2 months whereas other lesions remained stable, followed by
the appearance of new tumor metastases in the brain. The low frequency of response (17%
overall) observed in this trial is in contrast with the ∼50% response rate in patients receiving
non-modified TILs with high-dose IL-2 after lymphodepletion (Dudley et al., 2005). Because
of the previously reported direct association between telomere length of the infused TILs and
the likelihood of TIL persistence and patient clinical response, we compared the telomere
length of the infused TILs in this clinical trial with the telomere lengths of TILs from a historical
cohort divided into responding and nonresponding patients (Fig. 7). The mean telomere length
± SEM for IL-2-transduced TILs was 4.2 ± 0.3 kb, whereas responding patient TIL telomere
lengths were 6.3 ± 0.3 kb and nonresponding patient TIL telomere lengths were 5.3 ± 0.3 kb
(Zhou et al., 2005). The short telomeres in the IL-2-transduced cells provided a possible
explanation for the low response rate in this clinical trial.

DISCUSSION
The study described in this paper investigated the efficacy of adoptive cell transfer therapy
using genetically modified TILs engineered to produce IL-2. We hypothesized that TILs, by
secreting their own growth factor, would be less likely to depend on exogenous cytokine
support and therefore be superior effector cells with which to treat patients with metastatic
melanoma. Transduced patient TILs produced high amounts of IL-2 on anti-CD3 and tumor
stimulation in vitro. Furthermore, IL-2 withdrawal resulted in prolonged survival of transduced
TILs, in some cases up to 4–6 months. In spite of these encouraging results in vitro, there was
no increased efficacy of these cells in vivo when compared with unmanipulated TILs infused
with high doses of IL-2 in a historical cohort (Dudley et al., 2005). As the number of patients
in this trial was small, statistical analysis could not be performed; however, we did not think
that results were encouraging enough to include additional patients.

The reasons to transduce the TILs with the IL-2 gene were manifold. IL-2 administration along
with adoptive transfer has been shown to be a prerequisite for successful treatment in mouse
models (Overwijk et al., 2003), and IL-2 has been shown to support TIL persistence in vivo
(Yee et al., 2002). Because TILs are mainly CD8+ T cells, which have a much lower capacity
for IL-2 secretion, the need for CD4+ T cell help (Janssen et al., 2003; Antony et al., 2005;
Williams et al., 2006) might be circumvented in part by endowing the CD8+ T cell with IL-2
production. Finally, the persistence of TILs (as measured by TCR Vβ clonotype sequencing)
in a cohort of patients receiving unmanipulated TILs with high-dose IL-2 was shown to
correlate with objective clinical response (Robbins et al., 2004). In that study, 12 of 25 patients
(48%) had persistent TILs clonotypes at levels >5% in the circulation at 1–2 months post-
transfer. Responding patients had persistent clonotypes in 11 of 13 cases (85%), whereas
nonresponding patients had nearly no persistent clonotypes (1 of 12, 4%).

In the current clinical trial with IL-2-transduced TILs, persistence of the cells at 1 month (as
measured by IL-2 gene analysis) was observed in only one of seven of patients without IL-2
administration, and in two of five of patients who did receive exogenous IL-2 support. It thus
did not appear that providing the TILs with the IL-2 gene improved their capacity to persist.
It is interesting, however, that in this trial the two responding patients were the only patients
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who had persistence of TILs up to 4 months, further supporting our previous findings (Robbins
et al., 2004). One question that arises with the insertion of a gene under the control of a retroviral
promoter (in this vector the MMLV LTR promoter) is whether any silencing of the gene occurs.
This phenomenon has been described in hematopoietic stem cells (Ellis and Yao, 2005), but
few data are known for mature human T cells (Lamers et al., 2005; Morgan et al., 2006). Our
data on mRNA levels of the introduced IL-2 gene indicated that no major silencing of the gene
occurred in the two responding patients with persisting cells, as the intensities of the
semiquantitative mRNA bands were similar between 1 and 4 months posttransfer.

The transduced TILs appeared to be able to traffic to lymph nodes as seen in patient 8, and to
the tumor and skin in the presence of exogenous IL-2 as observed in patient 9. These data
answered a long-standing question concerning whether TILs, which generally do not express
any homing markers such as CCR7 or CD62L (Powell et al., 2005), would be able to traffic
to lymph nodes (either actively or passively). One report described an alternative route for
homing of effector T cells to activated lymph nodes by expression of the chemokine receptor
CXCR3 (Guarda et al., 2007), which we also found to be expressed on the infusion TILs (data
not shown).

The response rate of this clinical trial did not support our hypothesis that IL-2-transduced TILs
would be more effective than unmanipulated TILs (Dudley et al., 2005). At present, we cannot
be sure why this approach was unsuccessful, but the explanation is most likely multifactorial.
First, it may be due in part to differences between the biodistribution and kinetics of the IL-2
secretion by the transduced TILs in vivo compared with exogenously administrated IL-2.
Furthermore, the function of IL-2 is pleiotropic; IL-2 induces T cell proliferation and increases
effector function by upregulating molecules such as granzymes and IFN-γ (Lord et al., 2000;
Janas et al., 2005). However, IL-2 signaling pathways are also involved in maintaining
peripheral tolerance by the induction of regulatory T cells as well as by inducing AICD
(activation-induced cell death) in cells stimulated by autoantigens (Waldmann, 2006).
Therefore, the IL-2-producing TILs may have stimulated the recovery of regulatory T cells,
which constitutively express the high-affinity IL-2 receptor (Ahmadzadeh and Rosenberg,
2006), and thereby suppressed the function of the transferred TILs. However, results from the
assessment of regulatory T cells in the circulation (as assessed by FoxP3 expression, because
cell numbers were insufficient to perform functional suppression assays) did not support this
theory. CD4+FoxP3+ T cells were present at higher frequencies early after TIL infusion,
although this increase was associated mainly with the presence of exogenous IL-2
administration. Such an increase in FoxP3+CD4+ T cells has previously been observed in
patients receiving IL-2 treatment after lymphodepletion, as well as after high-dose IL-2
administration in lymphoreplete hosts (Zhang et al., 2005; Ahmadzadeh and Rosenberg,
2006). In most patients, the absolute numbers of FoxP3+ T cells returned to normal within the
first week after treatment. Furthermore, their frequency did not differ significantly from those
in non-modified TILs from patients who also received high-dose IL-2 (data not shown).

More importantly, however, manipulation of the TILs for transduction appeared to have
severely hampered the function of these cells in vivo. To transduce these cells with the IL-2
gene and subsequently generate sufficient cells for treatment, either a prolonged culture (for
patients 1–3) or a secondary expansion (for patients 4–13) was necessary. Studies in mouse
models have revealed the impact of multiple restimulations of T cells on the acquisition of
effector function in vitro that paradoxically corresponded with reduced efficacy in vivo
(Gattinoni et al., 2005b). Furthermore, infusion TILs from patients responding to TIL therapy
were shown to have significantly longer telomere lengths than those from patients who failed
to respond to therapy (Zhou et al., 2005). Telomere length is associated with the proliferative
capacity of cells and is controlled by the enzyme telomerase, which is upregulated after
activation of T cells (Hodes et al., 2002). Prolonged culture of TILs in the absence of
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restimulation significantly shortened their telomere length, and a second expansion generally
reduced the telomere length by about ∼1 kb (J. Zhou, unpublished observations; and data not
shown). This could explain the short telomere lengths (3–5.5 kb) that were observed in the
TILs of patients in the current trial as compared with those in TILs of responding patients in
previous studies (4.1–9.5 kb). These results indicate that the transduction process might have
negatively impacted on the proliferative potential of TILs, thereby explaining the low in vivo
efficacy of IL-2-transduced TILs.

This study demonstrates that administration of high numbers of IL-2-transduced TILs is a safe
and well-tolerated treatment that does not cause additional toxicity as compared with those
observed in patients receiving unmanipulated TILs and high-dose IL-2 injections. Alternative
strategies will be needed to optimally use gene-modified TILs for improvement of current
adoptive cell transfer protocols. Several options are feasible in the near future, including the
use of alternative cytokines such as IL-15, which primarily promotes CD8+ memory T cell
survival without the concomitant stimulation of regulatory T cells (Hsu et al., 2005; Waldmann,
2006), or the additional insertion of the human telomerase gene (hTERT) to counteract the loss
of proliferative potential (Rufer et al., 2001). Alternatively, the use of lentiviral vectors might
circumvent the prolonged culture and multiple stimulations of the cells, as they do not require
cell proliferation for their transgene integration (Cavalieri et al., 2003). These manipulations
can potentially be combined with the T cell receptor transfer technology, in which patient PBLs
are engineered to become tumor reactive (Morgan et al., 2006), thus broadening the
applicability of this approach for cancer patients with histologies other than melanoma.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.
Transduction of patient TILs with a retroviral vector encoding human IL-2 cDNA. (A) The
introduced IL-2 gene was confirmed by semiquantitative PCR, in which the primers flank exon
1 in the genomic DNA. The resulting PCR product from the endogenous gene is 311 bp,
whereas the exogenous vector-derived IL-2 gene results in a smaller fragment of 221 bp. (B)
Percentages of transduced TILs were assessed by quantifying the intensities of the endogenous
(endo) IL-2 and the exogenous (exo) IL-2 signals and calculated as described in Materials and
Methods. An example of two TIL fragments (F3 and F8) of patient 8 on day 9 of the first rapid
expansion (R1) and day 14 of the second rapid expansion (R2) is shown as well as the infusion
TIL sample of the combined fragments. (C) IL-2-transduced TILs secrete IL-2 in vitro as
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determined by intracellular cytokine staining. An infusion sample of transduced TILs from
patient 9 is shown after a 6-hr culture in the absence of stimulation and in the presence of an
exocytosis inhibitor. Left: Isotype control staining. Right: Percentage of IL-2-producing cells
within the CD8+ and CD8− TIL population. UT, untransduced; Td, transduced.
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FIG. 2.
IL-2-transduced TILs secrete large amounts of IL-2 and have prolonged survival after IL-2
withdrawal. (A) Patient (pt) TILs, either untransduced (UT) or transduced (Td) with the IL-2
gene from the day of infusion, were thawed and tested the next day in a 4-day assay for IL-2
production. Cells were cultured in medium alone and on anti-CD3 (OKT3 at 1 μg/ml)-coated
plates, in the presence of anti-Tac to inhibit uptake of IL-2 by the TILs. IL-2 concentrations in
the supernatants were determined by ELISA. Asterisks (*) denote that samples were not
determined because of unavailability. (B) Untransduced (UT) and IL-2-transduced (Td) TILs
were washed extensively on the day of infusion and placed in medium without IL-2. Viable
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cells were enumerated every 3–7 days by trypan blue exclusion and cell culture medium was
refreshed weekly by replacing half of the spent medium with fresh medium.
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FIG. 3.
IL-2-transduced TILs secrete more IL-2 and proliferate more extensively on autologous or
HLA-matched tumors. (A) Tumor specificity was confirmed 7 days before infusion in an
overnight coculture of untransduced (UT) or transduced (Td) patient TILs together with
autologous tumor cell lines (when available), HLA-matched tumor cell lines, or HLA-
mismatched tumor cell lines. Supernatants were tested for IFN-γ by ELISA. (B) On the day of
infusion, untransduced or transduced patient TILs were cocultured with autologous tumor cell
lines (when available) or with HLA-matched tumor cell lines. As a negative control, HLA-
mismatched tumor cell lines were used. All wells received anti-Tac to block IL-2 uptake by
the TILs. After 4 days, supernatants were assayed for IL-2 by ELISA. (C) The same TILs as
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in (B) were tested in a proliferation assay after stimulation with identical tumor targets as in
(B). After 48 hr, wells were pulsed with 1 μCi of [3H]thymidine for 18 hr and incorporation
was measured as counts per minute.
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FIG. 4.
Persistence of IL-2-transduced TILs in vivo. DNA extracted from PBMCs was subjected to
real-time quantitative TaqMan analysis to determine the percentage of transduced TILs in the
circulation of patients at various time points after infusion. (A) Patient samples from cohort I.
(B) Patient samples from cohort II. (C) Patient samples from cohort III. (D) Persistence of
IL-2-transduced TILs in PBMC samples from the two responding patients, detected for at least
4 months. (E) IL-2 mRNA transcripts from vector-transduced TILs were determined by RT-
PCR in PBMCs from patients with persistent TILs at various time points. β-Actin controls
were determined for each sample and a representative β-actin is shown from the infusion TILs
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(1-month time point for patient 5). ND, not determined; PR, partial responder; NR,
nonresponder.
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FIG. 5.
Recovery of FoxP3-positive T cells after adoptive cell transfer with IL-2-transduced TILs.
(A) Patient PBMCs were assessed by flow cytometry for the presence of FoxP3-positive T
cells at various time points before transfer until 2 months post-transfer. Cells were stained with
anti-CD3 and anti-CD4 surface markers, permeabilized, and stained for FoxP3 intracellularly.
The frequency of FoxP3+ CD3+ T cells is shown. Patients who received transduced TILs
without IL-2 are depicted as dashed gray lines with open symbols, whereas patients receiving
concomitant IL-2 are represented as unbroken gray lines with gray symbols. The black line
represents the mean of all patients. (B) The absolute number of FoxP3+ T cells was calculated
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for each patient on the basis of the absolute lymphocyte count (ALC) per microliter. Symbols
are the same as in (A), and the black line represents the geometric mean.
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FIG. 6.
IL-2-transduced TILs can traffic to tumor as well as skin. (A) Patient 9 experienced
lymphocytosis between days 7 and 10 (absolute lymphocyte count [ALC], <4700/μl; squares).
During the second week after transfer this patient developed a fever (temperature [Temp] in
degrees Celsius; triangles) that peaked on day 14 concomitant with a skin rash. Steroid
treatment (methylprednisone) is shown as a gray triangle from day 14 to day 18. Arrows depict
IL-2 administration (n = 11). (B) PBMC samples as well as a fine needle aspirate (FNA) from
a subcutaneous tumor (on day 7) and a sample of skin rash (on day 14) were assayed for the
presence of IL-2-transduced TILs. Semiquantitative PCR amplified the endogenous (endo)
IL-2 and the exogenous (exo) IL-2 genes within these samples and the percentage integration
was calculated. Steroid treatment is indicated as a gray triangle.
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FIG. 7.
Comparison of telomere lengths of patient TILs. Telomere length of the infusion TILs was
assessed for patients within the IL-2-transduced cohort (SBIL2) and compared with responding
and nonresponding patients from the historical cohort of patients receiving nonmyeloablative
chemotherapy and TILs (NMA R and NMA NR, respectively). The telomere length of the
responding patient from the IL-2-transduced TIL cohort (patient 9; patient 5 could not be
assessed) is shown as a solid symbol. Statistical analysis was performed by Wilcoxon rank
sum test.
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Table 3
Percentage of IL-2 Transduced Tumor-Infiltrating Lymphocytes in Organs of
Patient 8

Organ Percentagea Organ Percentage

Lymph nodes

Pararectal LN 0.02 Periduodenal LN 0.53

Pararectal LN 0.21 R hilar LN 6.74

R inguinal LN 0.53 R hilar LN 0.82

R supraclavicular LN 0.14 R hilar LN 1.24

Omental LN 0.90 L hilar LN 10.46

Periadrenal LN 0.99 L hilar LN 7.77

Periadrenal LN 0.64 L hilar LN 11.30

Periaortic LN 0.18 L hilar LN 7.72

LN at bifurcation 0.31 Carinal LN 4.49

Retroperitoneal LN 0.93 Carinal LN 5.87

Retroperitoneal LN 7.63 Carinal LN 5.81

Retroperitoneal LN 0.51 Peripancreatic LN 0.49

Para caval LN 0.85 Lesser curvature LN 0.19

Renal hilum LN 0.33 Lesser curvature LN 0.77

Periduodenal LN 0.61 Lesser curvature LN 1.72

Organs

Spleen 4.11 Transverse colon ulcer 0.48

Spleen 7.63 Small bowel 0.24

Liver 0.43 Small bowel 0.47

Lung 33.63 Small bowel 0.35

Pancreas 0.04

Tumor metastases

L adrenal nodule 0.01 Intragastric nodule 0.54

Intragastric nodule 0.06 Celiac axis nodule 0.03

Abbreviations: L, left; LN, lymph node; R, right.

a
The percentage of IL-2-transduced TILs was determined on the basis of a patient-specific standard curve obtained from the infusion sample mixed into

untransduced PBLs; samples with >0.5% IL-2-transduced TILs were considered positive and are depicted in boldface.
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