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Abstract

Advances in genetic engineering have made it possible to generate human T-cell products that carry desired
functionalities, such as the ability to recognize cancer cells. The currently used strategies for the generation of
gene-modified T-cell products lead to highly differentiated cells within the infusion product, and on the basis of
data obtained in preclinical models, this is likely to impact the efficacy of these products. We set out to develop
a good manufacturing practice (GMP) protocol that yields T-cell receptor (TCR) gene-modified T-cells with
more favorable properties for clinical application. Here, we show the robust clinical-scale production of human
peripheral blood T-cells with an early memory phenotype that express a MART-1-specific TCR. By combining
selection and stimulation using anti-CD3/CD28 beads for retroviral transduction, followed by expansion in the
presence of IL-7 and IL-15, production of a well-defined clinical-scale TCR gene-modified T-cell product could
be achieved. A major fraction of the T-cells generated in this fashion were shown to coexpress CD62L and
CD45RA, and express CD27 and CD28, indicating a central memory or memory stemlike phenotype. Fur-
thermore, these cells produced IFNc, TNFa, and IL-2 and displayed cytolytic activity against target cells
expressing the relevant antigen. The T-cell products manufactured by this robust and validated GMP production
process are now undergoing testing in a phase I/IIa clinical trial in HLA-A*02:01 MART-1-positive advanced
stage melanoma patients. To our knowledge, this is the first clinical trial protocol in which the combination of
IL-7 and IL-15 has been applied for the generation of gene-modified T-cell products.

Introduction

Ex vivo modification of T-cells with genes encoding
T-cell receptors (TCR) has proven an attractive strategy

for the induction of tumor-specific immune responses against
defined antigens. Following early proof-of-concept studies in
preclinical mouse models (Morris et al., 2005; de Witte et al.,
2006), several groups have now shown the feasibility and
clinical activity of TCR gene therapy in clinical trials. In the
first of these trials, targeting the melanoma antigen MART-1,
the clinical response rate was relatively low (*13%) (Morgan
et al., 2006). However, response rates have been considerably
higher in subsequent trials, in particular with the use of a high-
affinity NY-ESO-1-specific TCR (Robbins et al., 2011). In
addition, T-cell products modified with chimeric antigen re-
ceptors (CARs) have been utilized to target cell surface anti-

gens on human cancers. To date, clinical trials targeting CAIX,
CD19, CD20, and GD2 have been performed (Jensen et al.,
2010; Kochenderfer et al., 2010; Lamers et al., 2011; Louis
et al., 2011), and recent data using CD19 CAR-modified
T-cells have been particularly promising, showing strong
clinical activity in patients with chronic lymphocytic leukemia
and acute lymphocytic leukemia (Porter et al., 2011; Brentjens
et al., 2013; Grupp et al., 2013).

Over the past years, there has been increasing evidence to
suggest that long-term engraftment of infused T-cells is a
prerequisite for successful adoptive cell therapy (ACT).
Several clinical studies have demonstrated a clear correla-
tion between tumor regression and persistence of tumor-
specific cells in blood for weeks or more after infusion (Yee
et al., 2002; Robbins et al., 2004). In addition, infusion of
less differentiated cells has shown to result in an increased
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capacity for long-term maintenance and increased antitumor
activity in preclinical models, and has been associated with
longer-term in vivo persistence in the clinic. Such cells
could be isolated from the small T memory stem cell (TSCM)
compartment that has recently been postulated (Gattinoni
et al., 2011), or from the naı̈ve T-cell (TN) pool (Hinrichs
et al., 2009; Cieri et al., 2013). Alternatively, elegant work
in nonhuman primates (Berger et al., 2008) and in murine
models (Stemberger et al., 2014) employing single-cell
transfer indicates that selection of central memory CD8 + T-
cells (TCM) may form a very attractive strategy to create T-
cell products with a capacity for long-term maintenance. A
high frequency of T-cells with a TCM phenotype (defined as
CD45RO + CD62L + ) within the infusion product has been
correlated with clinical response in neuroblastoma patients
treated with CAR-modified T-cells (Louis et al., 2011).

The above data demonstrate that the generation of T-cell
products with a less differentiated phenotype forms an ap-
pealing strategy for ACT. Such cell products could possibly be
obtained by selection of cells before adoptive transfer on the
basis of their phenotypic markers. As an alternative strategy, it
would be attractive to generate T-cell products that are en-
riched for the desired cell population by adjustment of the
culture conditions used. Conceivably, this would require less
handling of the product and lead to a higher initial yield.

Most protocols used for the expansion of T-cells for ACT
are based on the addition of the cytokine interleukin (IL)-2
that promotes T-cell proliferation. In vitro, this cytokine is
known to drive the differentiation of naı̈ve CD8 + T-cells into
effector and effector memory cells, and to promote the cy-
tolytic function of these effector cells (Hinrichs et al., 2008;
Cha et al., 2009; Yang et al., 2013). On the other hand, the
homeostatic cytokines IL-7 and IL-15, which play a key role
in the development and maintenance of central memory T-
cells in vivo (Schluns et al., 2000; Prlic et al., 2002; Tan,
2002; Melchionda et al., 2005; Wang, 2005), have shown to
allow the generation of central memory T-cells in culture
systems (Klebanoff et al., 2005; Cha et al., 2009). Further-
more, work from the Bonini group that explored the capacity
of human T-cells to induce graft versus host disease (GVHD)
in a humanized mouse model has demonstrated that unse-
lected gene-modified T-cells cultured in the presence of IL-7
and IL-15 were markedly more potent than T-cells cultured
in the presence of IL-2 (Kaneko et al., 2009). To our
knowledge, the combination of IL-7 and IL-15 has thus far
not been applied in clinical trials of adoptive T-cell therapy.

Here, we describe the development and validation of a
good manufacturing practice (GMP) production protocol
that allows the generation of large quantities of TCR-
modified cells by using IL-7 and IL-15 expansion in com-
bination with anti-CD3/CD28 bead selection and activation.
This protocol results in the production of large quantities of
gene-modified T-cells with a phenotype comparable to that
of central memory cells or memory stem cells, suggesting
that these cell products may allow the long-term induction of
a tumor-reactive T-cell compartment.

Materials and Methods

TCR gene optimization and cloning

The MART-1(26–35)-specific 1D3 TCR, selected on the basis
of its high affinity, has been described previously (Dietrich

et al., 2003; Jorritsma et al., 2007). In order to induce prefer-
ential pairing of the 1D3 TCR alpha and beta chains, and
thereby reduce mispairing with endogenous chains, the human
constant domains within the TCR alpha and beta chains were
replaced by their murine counterparts (Cohen et al., 2006). In
addition, an additional cysteine pair was introduced in order to
allow the formation of a second interchain disulfide bridge
(Cohen et al., 2007; Kuball et al., 2007). Modified TCR genes
were gene-optimized and produced by GeneArt, and the TCR
alpha and beta chains were subsequently cloned into the ret-
roviral vector MP71 vector containing a self-cleaving P2A
linker (Szymczak et al., 2004; Leisegang et al., 2008).

Virus production

The retrovirus used in this study to transduce peripheral T-
cells with the 1D3HMcys TCR was produced by Eufets AG.
Production of retroviral supernatant was started by establish-
ment of a primary seed clone, consisting of PG13 cells stably
transduced with vector-containing supernatant from 293T-
cells. This primary seed bank was then expanded into a master
cell bank (MCB), which was subsequently used for the large-
scale production of retroviral supernatant. At several points in
the production process, quality controls were performed, in-
cluding tests on replication-competent retrovirus, sterility, and
adventitious virus. Sequence integrity of the viral gene was
confirmed by sequence analysis of the MCB.

Gene modification and T-cell culture

TCR-transduced T-cell products were generated under
GMP conditions following standard operating procedures of
the AmBTU (Amsterdam BioTherapeutics Unit). Cell prod-
ucts were generated in a class B clean room containing a class
A biosafety cabinet for cell handling. All clean rooms were
subjected to a monitoring program for viable and nonviable
particles at operating and at resting state. All personnel per-
formed media fills on a regular basis for validation of aseptic
handling of the ACT products.

For the manufacture of TCR-transduced T-cells, all crit-
ical media components, viruses, and pharmaceutical excip-
ients were of GMP grade and provided with a certificate of
analysis and certificate of origin (when containing animal
components) by the supplier.

Apheresis material was collected from patients within the
central clinical laboratory of the Netherlands Cancer Institute-
Antoni van Leeuwenhoek (NKI-AVL), after signing informed
consent. Material was frozen and stored at the Dutch blood
bank (Sanquin). The culture medium consisted of 50% AIM-V
MED CTS (Life Technologies) and 50% RPMI 1640 con-
taining gentamicin (50 lg/ml) and UltraGlutamine (223 lg/ml)
(Lonza), and was mixed by Lonza. Upon thawing, apheresis
material was diluted in the culture medium containing 20%
human serum (HS; heat-inactivated pool of five AB male do-
nors; Sanquin). Cells were then centrifuged and resuspended in
phosphate buffered saline (PBS) containing 1% HS albumin
(HSA; Albuman; Sanquin). Subsequently, cells were incubated
with anti-CD3/CD28 CTS beads (Life Technologies) at a bead-
to-cell ratio of 3:1 for 30 min at room temperature, followed by
magnetic selection of cells.

Recovered cells were resuspended in the culture medium
containing 5% HS and the cytokines IL-7 and IL-15 at 5 ng/ml
each (CellGenix) and incubated for 48 hr at 37�C and 5%
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CO2. Thawing and culturing was performed in a closed
system using transfer bags (Fresenius) and LifeCell bags
(Baxter). Two days before retroviral transduction, non-tissue-
culture–treated Falcon 24-well plates (Becton Dickinson)
were coated with RetroNectin (Takara) and kept at + 2–8�C
until the day of transduction. At the day of transduction, the
RetroNectin-coated plates underwent a blocking step using
2% HSA in PBS to prevent nonspecific binding. Plates were
subsequently coated with GMP-grade retroviral supernatant
(Eufets), by spinning for 90 min at 439 g and were kept at
+ 2–8�C until further use.

At the day of transduction, the anti-CD3/CD28-activated
cells were harvested and resuspended at a concentration of
5 · 105/ml in the medium. Retroviral supernatant was then
removed from the virus-coated plates and 1 ml cell suspension
per well was added to the plates. Plates were incubated over-
night at 37�C and 5% CO2, and the transduction procedure was
repeated the following day using new virus-coated plates. After
the second transduction and incubation for minimally 5 hr,
cells were collected and transferred to a 1-liter LifeCell culture
bag (Baxter). A fresh medium containing IL-7, IL-15 (5 ng/ml
each), and 5% HS was added to the cells and cells were cul-
tured at 37�C and 5% CO2. Every 2–4 days, cells were counted
and a fresh medium was added such that the concentration was
*0.25 · 106 cells/ml. After an 11-day posttransduction ex-
pansion phase, TCR-transduced cells were concentrated by
volume reduction on a Cytomate (Baxter) followed by mag-
netic removal of beads (MPCMagnet; Dynal). Cells were then
washed twice and resuspended in 0.9% sodium chloride
(NaCl) containing 2.5% HSA plus low-dose recombinant IL-2
(200 IU/ml, Proleukin; Novartis).

Melanoma cell lines

Melanoma cell lines Mel526, Mel624 (HLA-A2 + ,
MART1 + ), and Mel938 (HLA-A2 - , MART1 + ) were de-
scribed previously (Topalian et al., 1989). Cell lines were
maintained in RPMI (Gibco–Invitrogen) in the presence of
5% fetal calf serum (FCS; Sigma Chemical), penicillin
(100 U/ml), and streptomycin (100 lg/ml; Roche).

Residual bead count

Aliquots of 5 · 106 cells were harvested in triplicate and
centrifuged at 16,000 g in an Eppendorf tube. The resulting
cell pellet was resuspended in distilled water and placed on
coated Shandon cytospin slides with marked circles for the
specimen (Thermo Scientific). To ensure that the entire
pellet was collected, Eppendorf tubes were washed once
with water and the collected material was added to the same
slide. Slides were dried >30 min on a hot plate and were
subsequently embedded in Xyleen and Pertex and covered
with a coverslip. The total number of beads was counted on
a microscope using a 200· magnification and dark field
condenser. The final number of beads in the cell product was
calculated by multiplying the number of beads observed by
the ratio between the number of cells in the entire harvest
and the number of cells per sample analyzed.

Residual compounds

To determine the amount of residual compounds within the
infusion product, two different approaches were used. The

first approach was based on the reduction of gentamicin
levels in the ultimate cell product compared with the starting
medium. Gentamicin was measured with a Siemens Viva E
using the Emit 2000 gentamicin plus assay according to
manufacturer’s protocol. The second approach was based on
an enzyme-linked immunosorbent assay (Quantikine HS
ELISA IL-7; R&D Systems) to evaluate the reduction in IL-7
levels in the final cell product as compared with the starting
medium, according to the manufacturer’s instruction.

Residual viral particles

To calculate the number of remaining viral particles
in the infusion product, the following formula was used:
(V/20W · 22.4T), where V is the starting titer of the virus, W
is the number of wash steps, and T is the number of days of
cell culture following retroviral transduction. This formula is
derived from the Guideline for Handling of Lentiviral Vector-
Transduced Eukaryotic Cells by the Netherlands Commission
on Genetic Modification (COGEM, CGM051215-01). The
COGEM requires that there will be a maximum of 0.01 viral
particles left in the final infusion product.

Endotoxin measurements

Endotoxin levels within the supernatant of the final in-
fusion product stored at -20�C were measured with a
Pyrochrome limulus amoebocyte lysate (LAL) assay (Cape
Cod Associates) according to manufacturer’s instructions
and European Pharmacopea guidelines (method A).

Flow cytometric analysis

Surface expression of the 1D3HMcys TCR-transduced T-
cells was measured using APC-labeled HLA-A*02:01 MART-
1(26–35 A > L) tetramers generated through ultraviolet-induced
peptide exchange (Rodenko et al., 2006; Toebes et al., 2006) in
combination with anti-CD3-PE- and anti-CD8-FITC-labeled
antibodies (BD Biosciences) or in combination with anti-TCR
Vb14-PE (CAS1.1.3) (Beckman Coulter). For phenotypic an-
alyses, antibodies directed against CD3 (SK7), CD4 (SK3),
CD8 (SK1), CD27 (L128), CD28 (CD28.2), CD45RA (HI100),
and CD62L (DREG-56), conjugated with FITC, PE, PerCP
Cy5.5, APC, and PE-Cy7, were used in combination with
HLA-A*02:01 MART-1 tetramers. For analysis of intracellular
cytokine levels, transduced cells were incubated with or with-
out the indicated melanoma cell lines at a ratio of 1:1 (2 · 105

cells each) for 4–5 hr, in the presence of Golgiplug (Brefeldin
A) and Golgistop (Monensin) (BD Biosciences) at 37�C and
5% CO2. Subsequent staining was performed with anti-CD8-
PerCP, anti-IFNc-APC (B27), anti-IL-2-PE (MQ1-17H12),
and anti-TNFa-FITC (Mab11) (BD Biosciences). Cells were
analyzed using a FACS Calibur (Becton Dickinson) and Flowjo
software (Three Star).

Chromium release assay

Target cells were labeled for 1 hr at 37�C with 100 lCi
(3.7 MBq) 51Cr (Amersham) and washed three times with
RPMI 1640 medium containing 5% FCS. Labeled target cells
were incubated with effector cells at the indicated ratios for
4 hr at 37�C and 5% CO2 in 200 ll medium. Maximal and
spontaneous release of target cells was determined by the
addition of 1% Triton X-100 (Sigma) or addition of medium
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alone, respectively. 51Cr release was determined by plating
50 ll of supernatant on a Lumaplate (Perkin-Elmer) and
then measured in an automatic counter (Topcount; Perkin-
Elmer). The percentage of specific release was calculated as
follows: [(cpm experimental release - cpm spontaneous)/
(cpm maximal - cpm spontaneous)] · 100.

Release criteria of infusion product

The following release criteria were set for the infusion
product:

� Transduction efficiency >10%, as measured by HLA
tetramer staining at day 3 posttransduction (i.e., before
the start of the lymphodepleting regimen).

� Sterility of a sample withdrawn from the cell bag 48–
96 hr before infusion. Sterility was tested using aerobic
and anaerobic BactAlert, according to the manufacturer’s
protocol. In addition, a sample for sterility testing was
also taken at the day of infusion, but this was no part of
the release criteria.

� Number of transduced cells ‡ 2.5 · 108 at the day
of infusion, as determined by cell counting using a
hemocytometer.

� Cell viability of >70% at the day of infusion, as deter-
mined by trypan blue staining using a hemocytometer.

Clinical trial design

In the phase I/IIa study for which the production protocol
described here was designed, unresectable stage IIIc and stage

IV melanoma patients will be treated with autologous, TCR-
modified T-cells. Patients will first undergo an apheresis to
harvest autologous lymphocytes. Upon successful transduction,
the patient will receive nonmyeloablative lymphodepleting
chemotherapy (cyclophosphamide 60 mg/kg/day i.v. · 2 days;
fludarabine 25 mg/m2/day i.v. ·5 days). After 7 days (day 13
after T-cell activation), the harvested cell product will be in-
fused followed by low-dose IL-2 (2 · 106 IU/once daily up to 2
weeks). Immunomonitoring will include the tracking of the
infused cell product by flow cytometry, and the analysis of
cytokine levels in serum (Fig. 1).

Results

TCR selection and optimization

For TCR gene therapy of melanoma, we have previously
selected a high-affinity, MART-1-specific TCR (1D3), ob-
tained from a MART-1-reactive T-cell population in a pa-
tient with metastatic melanoma (Jorritsma et al., 2007).
Subsequently, this 1D3 MART-1 TCR was modified in sev-
eral ways in order to increase expression and induce pref-
erential pairing between the introduced alpha and beta chain
(Fig. 2A). First, the constant domains of the TCR alpha and
beta chain were substituted with the murine constant do-
mains and an additional cysteine pair was introduced to
further facilitate interchain pairing. Second, both chains
were codon-optimized and a self-cleaving P2A sequence
was used to drive expression of both chains from a single
mRNA. These modifications have been shown to result in

Expansion with IL-7 and IL-15 (5 ng/ml)

Concentration and 
bead removal

Day -2 0 1 4 11

Isolation and activation 
of CD3+ cells with 

anti-CD3/CD28 beads and IL-7/IL-15

Double spin
transduction

0-7

Apheresis 
and cryopreservation

Start chemotherapy:
Cyclophosphamide and Fludarabine

Cell infusion,  
low-dose IL-2  2x106 IU/day for 2 wks

Monitoring

wk 1,2
mo 1,2,3,6

GMP-lab

PATIENT

Evaluation 
transduction

efficiency

FIG. 1. Overview of the GMP T-cell production process and patient conditioning. After thawing of the autologous
apheresis product from patients, CD3 + cells are selected and stimulated using anti-CD3/CD28 beads. At days 2 and 3
following activation, cells undergo two cycles of transduction with 1D3HMcys MART-1 TCR pMP71 retroviral supernatant.
Subsequently, cells are expanded in the presence of IL-7 and IL-15 (5 ng/ml each) for 11 days. After this expansion phase,
cells are concentrated and anti-CD3/CD28 beads are removed. Cells are resuspended in *200 ml infusion fluid. Patients will
receive a single infusion of autologous, TCR-modified lymphocytes. Before infusion, patients will be treated for 7 days with
cyclophosphamide and fludarabine to induce a lymphopenic state. Immediately after cell infusion, patients will be treated
with low-dose IL-2 injections subcutaneously for 2 weeks to enhance T-cell survival. GMP, good manufacturing practice.
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enhanced expression of introduced TCRs and reduced
mixed dimer formation (Cohen et al., 2007; Kuball et al.,
2007; Bendle et al., 2010). For transduction of human T-
cells, we selected the pMP71 retroviral backbone (Engels
et al., 2003) that was demonstrated to be safe in a prior
clinical trial (Lunzen et al., 2007). Viral supernatant gen-
erated from the resulting vector allowed high-level expres-
sion of the 1D3HMcys-specific TCR upon transduction of
human peripheral blood T-cells (Fig. 2B).

GMP production of TCR gene-modified T-cells

In most research protocols, spin inoculation on RetroNectin-
coated plates is used as a preferred transduction method, leading
to high transduction efficiencies (Kotani et al., 1994; Hanenberg
et al., 1996). In prior work we demonstrated that retrovirus-
coated epoxy beads (Life Technologies) can also be used to
achieve high transduction efficiencies, with the added benefit

that no centrifugation step is required (Heemskerk et al., 2010).
However, with the GMP-grade beads that were commercially
available at the time of development of this protocol, high
transduction efficiency could no longer be achieved by this
method, presumably because of an alteration in their produc-
tion process (unpublished observations). A procedure was
therefore set up in which, following selection and activation
with anti-CD3/CD28 beads, T-cells were spin-transduced using
retrovirus-coated 24-well plates preloaded with virus. Subse-
quently, cells were transferred to culture bags and cultured for
11 days in the presence of the cytokines IL-7 and IL-15 (5 ng/ml
each). A schematic overview of this GMP production protocol
is shown in Fig. 1. This protocol was applied in three validation
runs that all met the requirements for release, with a transduc-
tion efficiency of more than 10% tetramer+ CD3+ cells (av-
erage of 56%) at day 3 posttransduction (see Table 1).

At the end of the culture period, a total of 1.5 · 109–3.4 · 109

tetramer + CD3 + cells were obtained, with a viability of more
than 93%. In all production runs, no microbiological contam-
ination was detected in the samples taken 48–96 hr before in-
fusion (after the last medium addition), or in the samples taken
at the day of infusion. The first validation run, performed with
only a single transduction round, resulted in a 20% transduc-
tion efficiency of total CD3 + cells at day 3 after transduction,
and a 32% and 25% transduction efficiency of CD8+ and
CD8- cells at the end of the culture period. We then modified
the protocol to perform two subsequent spin transductions,
resulting in transduction efficiencies of >50% in both the
CD8+ and CD8 - cell population (Fig. 3A). Table 2 shows the
extended characterization of the TCR-modified cells obtained
at the end of the culture period. Cell expansion ranged between
300- and 800-fold, as calculated from the day of transduction.
More than 98% of the cells were CD3 + with a 1.7–2.9 ratio of
CD4/CD8 cells.

To obtain the infusion product, TCR-transduced cells
were concentrated, washed, and resuspended in a 0.9% NaCl
solution with 2.5% HSA and 200 IU/ml IL-2. In order to
determine the amount of residual medium (and medium
supplements) left after cell harvesting, we measured residual
gentamicin and IL-7 in the final infusion sample as part of
our validation process. As shown in Table 2, the amount of
IL-7 was reduced 49–115-fold and gentamicin was reduced
187–212-fold in three independent validation runs. Based on
the lowest reduction measured (i.e., 49-fold for IL-7), we
calculated that the final cell product contains a maximum of
2 ml of culture medium (Table 3). Direct infusion of culture
medium such as RPMI, in volumes up to 100 ml, has previ-
ously been described and has not resulted in any adverse ef-
fects (Ngok et al., 2004). As based on the same calculation, the

Table 1. Release Criteria of the Good Manufacturing Practice–Grade Cell Products

Item Specification NKITCR001 NKITCR002 NKITCR003

Transduction efficiencya ‡ 10% 1D3 TCR + of CD3 + cells 20%b 84% 65%
Microbiological contamination Negative (48–96 hr before infusion) Negative Negative Negative
Transduced cell numberc 2.5 · 108–2.5 · 10101D3 TCR + CD3 + cells 3.3 · 109 1.5 · 109 3.4 · 109

Cell viability > 70% 97% 93% 98%

TCR, T-cell receptor.
aTransduction efficiency measured on day 3 posttransduction.
bTransduction only performed once.
cThe minimum and maximum amount of TCR-transduced cells that will be infused.

FIG. 2. 1D3HMcys MART-1 TCR vector for clinical use.
(A) 1D3HMcys MART-1 TCR vector design. The constant
domains of the 1D3 TCR chains were substituted with their
murine counterparts. TCR genes were codon-optimized and an
additional cysteine pair was introduced into the constant do-
mains. The TCR was cloned into the pMP71 plasmid con-
taining a P2A motif as a self-cleavable linker. (B) High-level
expression of the 1D3HMcys MART-1 TCR. Human periph-
eral blood lymphocytes were transduced with the 1D3HMcys
MART-1 TCR pMP71 retroviral vector. TCR expression was
determined using MART-1(26–35 A > L) tetramers and anti-
VBeta14 TCR antibody. Numbers in the upper-right corners
indicate the percentage of VBeta14 and MART-1 tetramer-
positive cells of total lymphocytes. TCR, T-cell receptor.
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FIG. 3. TCR expression
and phenotype of T-cells in
the GMP-grade cell products.
(A) TCR expression was de-
termined on the final day of
culturing by flow cytometric
analysis using anti-CD3, anti-
CD8 antibody, and HLA-
A*02:01 MART-1(26–35 A > L)

tetramers. Cells are gated on
CD3+ cells. The number in
the upper-right corner indi-
cates the percentage of tetra-
mer+ cells of CD8 + cells.
The number in the lower-right
corner indicates the percent-
age of tetramer + cells of
CD8- cells. In the validation
run indicated with ‘‘*,’’ only a
single cycle of retroviral
transduction was performed.
(B) Cell products obtained in
the three independent pro-
duction runs were analyzed
simultaneously after thawing
and overnight recovery. All
plots show cells gated on tet-
ramer + CD8+ lymphocytes.
Cells were stained for CD27
and CD28 expression (top
row), CD62L and CD45RA
expression (middle row), or
CD45RA and CD45RO ex-
pression (bottom row).

Table 2. Product Specifications of the Good Manufacturing Practice–Grade Cell Products

NKITCR001 NKITCR002 NKITCR003

Fold expansion 544 309 800
% CD3 + cells 99.4 99.3 98.8
CD4/CD8 ratio 2.5 1.7 2.9
Residual beads 1.1 · 104 1.5 · 104 2.9 · 104

Fold reduction of supplements based on gentamicin > 212 > 187 > 187
Fold reduction of supplements based on IL-7 115 181 49

IL-7, interleukin-7.
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concentration of gentamycin in the final cell product is reduced
to <1.1 mg/liter. This indicates that the amount infused is well
below what is normally infused during gentamicin treatment
(5 mg/kg). Also, the amounts of medium supplements such as
IL-7 and IL-15 are well below the amounts infused in other
preclinical trials (Mackall et al., 2011; Waldmann et al.,
2011). As such, we consider it safe to use these supplements in
the clinical protocol as described here (Table 3).

The maximum limit for endotoxins in intravenous prep-
arations is 5 IU of endotoxin per kilogram of body mass per
hour. With an average patient weight of 70 kg and a final
volume of 100 ml in the infusion bag, the limit of endotoxin
in the final formulation is <3.5 IU/ml. In all three validation
runs, endotoxin levels within the final products were be-
tween 0.1 and 1 IU/ml, well within the limits set by the
European Pharmacopoeia.

The amount of residual beads found in the final product of
the validation runs ranged between 1.1 · 104 and 2.9 · 104

(Table 2). In a study in rats, intravenous injection of 8.3 · 108

beads/kg (corresponding to 5.8 · 1010 beads in humans)
did not result in any adverse effects (White et al., 1995).
This amount of beads is 2 · 106-fold higher than the
amount of residual beads in the end product (and in fact
100-fold higher than the amount of beads that is added at
the start of the process). Furthermore, clinical studies have
been performed with anti-CD3/CD28 bead-stimulated T-
cells in which similar or higher numbers of residual beads
have been infused without any toxicities observed (Laport,
2003; Thompson et al., 2003; Porter et al., 2006). As such,
we consider the use of anti-CD3/CD28 beads in this pro-
tocol safe.

Phenotypic properties of TCR-modified T-cells

Having determined that the anti-CD3/CD28 bead- and IL-
7/IL-15-based protocol results in the required numbers of
gene-modified T-cells, we evaluated the phenotype of the
resulting cells. Cells were analyzed for expression of CD27,
CD28 CD45RA, CD45RO, and CD62L. CD45RA is ex-
pressed on naı̈ve T lymphocytes, replaced by CD45RO upon
antigen encounter, but re-expressed in late effector cells
(Michie et al., 1992; Hamann et al., 1999). CD62L is a cell
adhesion molecule that acts as a homing molecule to enter
secondary lymphoid tissues and is lost after T-cell activa-

tion, when T-cells acquire effector functions (Sallusto et al.,
1999; Garton et al., 2006; Yang et al., 2011). CD27 and
CD28 are costimulation markers that are lost during T-cell
differentiations with CD28 being lost earlier following an-
tigen exposure than CD27 (Appay et al., 2002; Klebanoff
et al., 2006).

In all three final products, almost all tetramer + CD8 + cells
were CD28 + , with the majority of these cells (78–92%) also
expressing CD27 (Fig. 3B, top row). Furthermore, between
42% and 72% of the cells are double-positive for CD45RA
and CD62L (Fig. 3B, second row). The same phenotypic
markers were also analyzed on the unmanipulated apheresis
material from the same donors (Supplementary Fig.S1; Sup-
plementary Data are available online at www.liebertpub.com/
hgtb). This clearly shows that the final cell product is enriched
for cells that are both double-positive for CD28 and CD27 and
double-positive for CD62L and CD45RA.

Based on these data it can be concluded that this CD3/
CD28 bead and IL-7/IL-15 based strategy for the generation
of gene-modified cells results in a large fraction of cells that
are phenotypically similar to central memory T-cells and
memory stem T-cells, an observation that is consistent with
the production of TSCM under these conditions in preclinical
work by Cieri et al. (2013).

Functional analysis of clinical-scale TCR-transduced cells

We next set out to determine the capacity of the trans-
duced cells to produce the effector cytokines IFNc, IL-2,
and TNFa upon stimulation with MART-1-expressing HLA-
A2-positive melanoma cell lines Mel526 and Mel624 (Fig.
4A). Co-incubation with HLA-A2 + MART-1 + cell lines
resulted in production of all three effector cytokines, espe-
cially in the CD8 + cell population. As expected, costaining
with the anti-Vb14 antibody (the variable segment used by
the 1D3 TCR beta chain) revealed production of cytokines
(IL-2 and IFNc) to be restricted to the transduced cells (data
not shown). No cytokine production was observed in the
absence of melanoma target cells, or when co-incubation
was performed with the HLA-A2 - melanoma line Mel938.
As additional controls, nontransduced cells from the same
donors used for the validation runs showed only background
levels of cytokine production upon incubation with mela-
noma lines, and polyclonal stimulation of the final infusion

Table 3. Residual Compounds Within the Good Manufacturing Practice-Grade Cell Products

Residual compounds Starting quantity/concentration Total amount in final product

Freezing medium (including DMSO) 50 ml 4 · 10 - 8 mla

RetroNectin 480 lg 0.06 lgb

1D3HMcys TCR retroviral supernatant 130 · 106 pfu £ 0.00097 pfuc

50%/50% RPMI/AIM-V medium 8 liter £ 2 mld

Gentamicin 50 mg/liter £ 0.1 mgd

Human serum 5% £ 0.1 mld

Interleukin-7 5 ng/ml £ 10 ngd

Interleukin-15 5 ng/ml £ 10 ngd

DMSO, dimethyl sulfoxide.
aBased on 7 wash steps (20-fold reduction per wash [COGEM]) during the whole process (207 = 1.28 · 109 reduction).
bBased on 3 wash steps. Note: the final amount of RetroNectin will be lower as it will remain attached to the well.
cBased on 3 wash steps and 10 days of culture after the second transduction (203 · 22.4 · 10 = 1.3 · 1011 reduction).
dCalculated for a reduction of 49-fold as determined during the validation runs (see Table 2).
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products led to production of high levels of all three cyto-
kines (Supplementary Fig. S2A and B, respectively).

Prior work has suggested that polyfunctional T-cells (and
in particular when including the capacity to produce IL-2)
have a less differentiated state and an enhanced function-
ality (Darrah et al., 2007; Seder et al., 2008). To determine
which percentage of cells is triple, double, or single pro-
ducers for the cytokines analyzed, Boolean gating was ap-
plied. Within the CD8 + population, the majority of cells are
triple producers (data only shown for Mel624) and only a
minority produced only one cytokine. Within the CD4
population, triple producers were likewise observed but at
lower frequencies, and accompanied by roughly similar
frequencies of double and single producers (Fig. 4B). These
results show that the TCR-modified T-cells obtained in this

process not only display a phenotype that resembles that of
early memory T-cells, but also display a cytokine produc-
tion profile that is associated with increased functionality.

To also analyze the capability of these TCR-modified T-
cells to kill target-expressing tumor cells, cells were incu-
bated with HLA-A201 + MART-1 + melanoma cell lines. As
shown in Fig. 4C, TCR-transduced cells from all three
validation runs were capable of lysing MART-1-expressing
melanoma cells, whereas HLA-A2 - target cells were not
recognized.

Discussion

The GMP production protocol described here results in a
drug product consisting of autologous T-cells transduced
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FIG. 4. Intracellular cytokine
production and cytotoxic activ-
ity of TCR-transduced T-cells in
the GMP-grade cell products.
After thawing and overnight re-
covery, TCR-transduced cells
were incubated with HLA-A2 +

MART-1+ (mel624 and mel526),
HLA-A2 - MART-1+ (mel938)
melanoma cell lines, or cultured
alone ( - ). Intracellular cytokine
production was determined after
5 hr of incubation. (A) For T-cells
from each validation run, the
percentage of IFNc-, IL-2-, and
TNFa-positive CD8+ cells (top
row) and CD4+ cells (bottom
row) is shown. (B) For the T-cell
products incubated with mel624,
Boolean gating is shown for
CD8+ cells (left panel) and CD4+

cells (right panel). (C) T-cells
were taken into culture 1 day be-
fore the assay. HLA-A2+MART-
1+ (mel526 and mel624) and
HLA-A2-MART-1+ (mel938)
melanoma lines were loaded with
51Cr and subsequently added to
TCR-transduced cells at the indi-
cated effector to target ratios.
Lysis was determined after 5 hr
of incubation. The percentage of
tetramer+ cells of CD3+ cells
measured on the day of the assay
was 29%, 57%, and 58% for
NKITCR001, NKITCR002, and
NKITCR003, respectively.
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with a MART-1-specific TCR that is well expressed and that
displays phenotypic and functional properties that predict
prolonged in vivo engraftment. This protocol has shown to
be robust using quality-controlled and GMP-grade reagents
with a minimal risk of microbiological contamination
through the use of closed culture systems.

Perhaps most importantly, the T-cell culture protocol is
based on the use of the IL-7 and IL-15 cytokines that pre-
vent terminal differentiation of T-cells, and that have yielded
human T-cells with superior activity in preclinical models
(Kaneko et al., 2009; Cieri et al., 2013). In the experiments
performed here, CD95 expression was not analyzed on the
final infusion products. As such, it is difficult to conclude
whether the obtained cells are phenotypically closer to TSCM

or TCM cells, but in either case the cell population obtained
bears the characteristics of early memory cells.

We do note that the phenotype of the T-cells we obtain is
analyzed after a period of in vitro culture that includes T-
cell activation. As such, direct comparison with the phe-
notype of central memory or memory stem T-cells that
occur in vivo would not be warranted. Indeed, as shown by
Berger and colleagues (2008), T-cells that acquire a similar
phenotype in in vitro culture systems can display highly
disparate behavior in vivo. Nevertheless, the fact that the
majority of the T-cells produced in this GMP protocol are
CD27 + , CD28 + , and CD45RA+ /CD62L + , plus the fact that
several studies have shown that less differentiated T-cell
phenotypes are correlated with a high engraftment and
clinical response in ACT (Ochsenbein et al., 2004; Powell
et al., 2005; Li et al., 2010), make it reasonable to assume
that this GMP protocol can yield T-cell products with a
capacity for prolonged engraftment. Immune monitoring of
patients in the planned clinical trial should reveal whether
the infusion of cell products cultured under the conditions
described here does indeed lead to high-level and prolonged
engraftment in patients.

In this GMP production setup, in which sterility of the
sample taken after the last medium addition is used as a
release criterion (with preliminary test results available at
the day of infusion), the requirement to freeze the cell
product is overcome, thereby preventing loss of cells and
decrease in cell quality. Contamination of the cell product at
the time of infusion cannot be fully excluded in this pro-
cedure, because contamination may either be too low to be
detected within 48–96 hr, or the product may potentially
become contaminated during the harvesting phase. How-
ever, taking into consideration that these involve validated
aseptic handling procedures combined with a predominantly
closed culture system within a cleanroom environment, we
consider this risk acceptable. In all three production runs,
microbiological tests were also negative for the sample
taken from the infusion product.

In summary, we here describe a GMP production protocol
that allows the generation of high numbers of TCR-transduced
cells while preventing terminal differentiation of these cells,
an approach that may enhance the treatment efficacy of TCR
gene therapy.

During the preparation of this article, three patients have
been included in the clinical study (MTCR11 NKI-AVL).
The T-cell products were produced according to specifica-
tions, with a transduction efficiency of 62%, 44%, and 70%
of T-cells, a viability of >94.8%, and no microbiological

contamination of the infusion samples. A total of 5 · 109

transduced cells were infused into the first patient. Un-
fortunately, the patient expired after experiencing an unex-
pected serious adverse event (SAE) with cerebral hemorrhage,
cardiac arrest, sepsis like syndrome, and high levels of cir-
culating cytokines. Analysis of this SAE did not reveal any
evidence for TCR-mediated off-target reactivity, as recently
seen for two affinity-enhanced MAGE-A3-specific TCRs
(Cameron et al., 2013; Morgan et al., 2013). Based on the
available data, the clinical protocol was amended (van den
Berg et al., in preparation) with respect to patient selection,
maximum cell dose, and monitoring of serum cytokine
levels as a marker for an overly active antitumor immune
response. The second and third patients were infused with
5 · 107 transduced cells (100-fold lower than patient 1) and
did not experience any significant toxicity.
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