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Abstract

Therapy with autologous T cells that have been gene-engineered to express chimeric antigen receptors (CAR) or
T cell receptors (TCR) provides a feasible and broadly applicable treatment for cancer patients. In a clinical study
in advanced renal cell carcinoma (RCC) patients with CAR T cells specific for carbonic anhydrase IX (CAIX), we
observed toxicities that (most likely) indicated in vivo function of CAR T cells as well as low T cell persistence and
clinical response rates. The latter observations were confirmed by later clinical trials in other solid tumor types and
other gene-modified T cells. To improve the efficacy of T cell therapy, we have redefined in vitro conditions to
generate T cells with young phenotype, a key correlate with clinical outcome. For their impact on gene-modified T
cell phenotype and function, we have tested various anti-CD3/CD28 mAb-based T cell activation and expansion
conditions as well as several cytokines prior to and/or after gene transfer using two different receptors: CAIX CAR
and MAGE-C2(ALK)/HLA-A2 TCR. In a total set of 16 healthy donors, we observed that T cell activation with
soluble anti-CD3/CD28 mAbs in the presence of both IL15 and IL21 prior to TCR gene transfer resulted in
enhanced proportions of gene-modified T cells with a preferred in vitro phenotype and better function. T cells
generated according to these processing methods demonstrated enhanced binding of pMHC, and an enhanced
proportion of CD8 + , CD27 + , CD62L + , CD45RA + T cells. These new conditions will be translated into a GMP
protocol in preparation of a clinical adoptive therapy trial to treat patients with MAGE-C2-positive tumors.

Introduction

The use of receptor gene therapy, in which a pa-
tient’s own T cells are gene-modified with either a

tumor-specific chimeric antigen receptor (CAR) or a T cell
receptor (TCR), has broadened the clinical applicability of
adoptive therapy with antigen-specific T cells to treat tumors.
Initial trials using gene-modified T cells to treat various
tumor types did not show antitumor responses in a substantial
number of patients (Kershaw et al., 2006; Morgan et al.,
2006; Till et al., 2008; Johnson et al., 2009; Lamers et al.,
2013a,b). Despite that some recent trials using either a CD19
CAR to treat B cell leukemias (Kalos et al., 2011; Davila
et al., 2014; Lee et al., 2014; Maude et al., 2014) or an NY-ESO
TCR to treat melanoma and synovial carcinoma (Robbins
et al., 2011) showed significant clinical activities, the majority
of the studies performed so far fail to demonstrate substantial
antitumor effects (Gilham et al., 2012; Kunert et al., 2013).
One of the underlying reasons for these disappointing results

might be a low persistence of these gene-modified T cells
(Robbins et al., 2004; Huang et al., 2005). Persistence of
T cells is associated with the immunogenicity of the transgene
(Lamers et al., 2011, 2013a), but also with the differentiation
state and replicative history of transferred T cells with the
longest persistence for those T cells with a more naı̈ve phe-
notype (Klebanoff et al., 2005; Hinrichs et al., 2009).

Various studies have shown that the T cell phenotype
depends on T cell activation and expansion conditions
(Duarte et al., 2002; Bondanza et al., 2006; Pouw et al.,
2010b). Along this line, retroviral TCR engineering of pri-
mary murine T cells has been reported to benefit from T cell
activation with a combination of soluble anti-CD3 and
CD28 rather than immobilized anti-CD3 and CD28 mAbs in
terms of a more favorable T cell differentiation state and
better antigen-specific T cell responses (Pouw et al., 2010b).
In addition, recent studies demonstrated that common-c
cytokines interleukin-2 (IL2), IL7, IL15, and IL21 play im-
portant roles in skewing or slowing down T cell differentiation
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(Hinrichs et al., 2008; Kaneko et al., 2009; Pouw et al.,
2010b; Yang et al., 2013). In fact, short-term exposure of
primary murine T cells to both IL15 and IL21 resulted in a
significant enrichment of CD62Lhi, CD44lo, CD27int, and
CCR7hi T cells (phenotypical definition of naı̈ve T cells),
which was paralleled by decreased expression of genes in-
volved in T cell differentiation and increased expression of
genes involved in T cell survival (Pouw et al., 2010a).
Accordingly, patient studies, in which T cells were costi-
mulated with anti-CD28 antibody or artificial antigen pre-
senting cells and in the presence of IL2 and IL15, have
demonstrated a long persistence of adoptively transferred
T cells in the peripheral blood (up to 6–12 months) (Butler
et al., 2011; Kalos et al., 2011). Notably, inclusion of re-
newed T cell-processing methods relieved the requirement
for patient preconditioning with chemotherapy (Butler et al.,
2011) and/or in vivo IL2 administration (Kalos et al., 2011).

To assess the impact of activation, cytokines added, and
timing of adding these cytokines on the resulting phenotype
and function of gene-modified T cells, we have compared in
this study our standard protocol for T cell activation, gene
transduction, and expansion (using soluble anti-CD3 mAb
and IL2) with various anti-CD3/CD28 mAb-based T cell
activation methods and cytokine additions using two dif-
ferent receptors: carbonic anhydrase IX (CAIX) CAR
(Lamers et al., 2013a) and MAGE-C2(ALK)/HLA-A2 TCR
(Straetemans et al., 2012).

Materials and Methods

Cells, media, and reagents

Peripheral blood buffy coat units were obtained from
healthy volunteers after written informed consent through
the local blood bank (Sanquin SWN, Rotterdam, The
Netherlands). Peripheral blood mononuclear cells (PBMC)
were isolated as described (Lamers et al., 2002) and cryo-
preserved in aliquots and stored in liquid nitrogen until use.
Target cell lines were CAIXpos renal cell carcinoma (RCC)
cell line SKRC-17 MW1-clone 4, CAIXneg RCC cell line
SKRC-17 PBJ-clone 1, melanoma cell line EB-81-MEL-2
(MC2pos/A2pos, also known as Daju), and the MC2neg/A2pos

B lymphoblast cell line (BLCL) BSM. The Daju cell line is
derived from the same patient from who the T cell clone
CTL-606C/22.2 (EB81CTL 16) (Lurquin et al., 2005) and
its MC2-specific TCR genes have been derived (Schneiders
et al., 2012). In some cases, Daju cells were pretreated with
50 pg/ml human recombinant IFNc (Peprotech, Rocky Hill,
NJ) for 48 hr prior to functional T cell assays to enhance
antigen presentation.

PBMC were cultured in a MixMed (Lamers et al., 1992),
that is, 80% RPMI-1640 (Lonza, Verviers, Belgium) and
20% AIMV (Invitrogen, Grand Island, NY) supplemented
with 2 mm L-glutamine (Lonza), 50 lg/ml gentamycin
(Centrafarm, Etten-Leur, The Netherlands), 2 IU/ml heparin
(Leo, Ballerup, Denmark), and 2% pooled AB plasma
(complete Mix Med). Cell lines were cultured in DMEM or
RPMI-1640 media (both from Lonza) containing 10% fetal
bovine serum (FBS; Greiner Bio-one Alphen a/d Rijn, The
Netherlands), 2 mM L-glutamin, 1% nonessential amino
acids (Lonza), and 1% penicillin/streptomycin (Lonza).
The HLA-A2-binding peptides MC2 (ALKVDVEERV)
and (as a control) gp100280–288 (YLEPGPVTA) were from

Eurogentec (Maastricht, The Netherlands), and the MC2/
A2 peptide MHC (pMHC) monomer complexes labeled
with biotin were purchased from Sanquin (Amsterdam, The
Netherlands) and Streptavidin-PE from BD Biosciences
(San Jose, CA). Pytohemagglutinin (PHA) was from Remel
Ltd. (Lenexa, KS) and phorbol 12-myristate 13-acetate
(PMA) from Sigma-Aldrich (St. Louis, MO).

Retroviral supernatants

In this study we used the validated clinical CAIX CAR
vector batch (batch #M4.50086; BioReliance, Sterling, UK)
(Lamers et al., 2006a). For production of an MC2 TCR vector
batch, we generated a stable Phoenix-Ampho packaging cell
line, isolated an optimal producer clone, and produced an
MC2 TCR vector batch, and stored a series of ready-to-use
aliquots at - 80�C according to procedures described else-
where (Schneiders et al., 2012; Lamers et al., 2013b).

T cell activation, transduction,
and expansion conditions

Experimental conditions tested in this article are as fol-
lows (for details see Table 1):

1. T cell activation with soluble anti-CD3 mAb at 10 ng/
ml (sCD3); soluble anti-CD3 mAb + anti-CD28 mAb
each at 30 ng/ml (sCD3 + 28); or CD3 + CD28 mAb-
coated cell-sized T cell activation beads, MACSibead
CD3 + 28 (T cell activation/Expansion kit) (MbCD3 +
28), or Dynabead CD3 + 28 (Dynabeads Human
T-Activator CD3/CD28) (DbCD3 + 28), according to
manufacturing’s instruction (n = 6–12 PBMC).

2. Addition of IL2 at 360 IU/ml interleukin 2 (IL2);
IL7 + IL15 at 10 + 10 ng/ml (IL7 + 15), or IL15 + IL21 at
10 + 10 ng/ml (IL15 + 21). PBMC were activated using
sCD3 + 28, transduced, and expanded from day 4 in the
presence of mentioned cytokines (n = 6–12 PBMC).

3. Timing of cytokine addition (see point 2) at culture
day 4 (i.e., after transduction) or start of culture (i.e., at
day 0). PBMC were activated with sCD3 + 28 (n = 6
PBMC).

Our standard protocol (Lamers et al., 2002, 2006c) in-
cludes T cell activation in complete MixMed using sCD3 and
addition of IL2 during T cell transduction (i.e., days 2 and 3)
at 100 IU/ml and during the expansion phase (i.e., from day 4
onward) at 360 IU/ml IL2. At days 2 and 3, T cells were
transduced in non-tissue culture-treated 24-well plates (Fal-
con, Franklin Lakes, NJ) coated with 3 lg/cm2 recombinant
fibronectin fragment CH-296 (retronectin; Takara Shuzo,
Otsu, Japan) as described (Lamers et al., 2006c). From day 4
onward, T cells were expanded and initially seeded at
0.2 · 106 cells/ml in complete MixMed supplemented with
cytokines in tissue culture flasks. Lymphocytes were counted
every 2–3 days and adjusted to 0.5 · 106 cells/ml by adding
fresh culture medium until day 15. T cell growth is expressed
as fold increase, that is, cell number at a particular day divided
by the cell number at day 2.

Flow cytometry

Transduced T cells were analyzed at days 7, 11, and 14
for surface expression of the introduced CAR or TCR. The
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expression of the CAIX CAR receptor was assessed by in-
direct immunofluorescence using the G250 anti-idiotype
mAb NUH82 (IgG1) (Uemura et al., 1994), kindly provided
by Dr. E. Oosterwijk (Nijmegen, The Netherlands), fol-
lowed by GAM IgG1/PE as described (Lamers et al., 2002);
the MC2 TCR expression was determined by using the
anti-TCR-Vb3-specific mAb and PE-labeled MC2 pMHC
multimer (10 nM). T cell cultures were analyzed for major
lymphocyte subsets, that is, CD4 + and CD8 + T cells, NK
cells (CD3 - CD56 + ), Tregs (CD4 + , CD25 + , CD127 - ),
and T cell differentiation subsets based on differential ex-
pression of surface markers CD27, CD28, CD45RA, CD45RA,
CD62L, and CCR7. Information on antibodies and staining
combinations used in multicolor flow cytometry (FCM) is
specified in Supplementary Table S1 (Supplementary Data are
available online at www.liebertpub.com/hgtb).

Cytotoxicity assay

Specific and nonspecific cytolysis was analyzed at day 15
in a standard 4–6 hr 51Cr-release assay as described (Lamers
et al., 2002): CAIX CAR-specific cytolysis was tested in co-
cultivation with CAIX + and CAIX - RCC cell lines; the
antigen specificity was verified by blocking the antigen on
the target cells by the CAIX mAb G250 (Lamers et al.,
2002). MC2/A2 TCR-specific cytolysis was assessed using
the cell line Daju and BSM loaded with either MC2 or (as a
control) the gp100 peptide. Peptide loading of target cells
(final conc. at 10 lM) was performed for 15 min at 37�C
and 5% CO2 prior to cocultivation with effector cells.
Nonspecific cytolysis was assessed using the activated kill
(AK)-sensitive Burkitt’s lymphoma cell line Daudi. The
percentage of specific cytolysis was expressed as weighted
mean of specific lysis (WMSL) at effector cell-to-target cell
ratio of 20:1, as described (Lamers et al., 2006c).

IFNc production

To quantify the production of IFNc, 6 · 106 T cells were
cultured in the presence of 2 · 106 target cells for 18 hr at
37�C and 5% CO2. As a positive control, T cell transduc-

tants were stimulated with PHA and PMA. Supernatants
were harvested and levels of IFN-c were determined by
standard ELISA (Sanquin, Amsterdam, The Netherlands).

Statistical analysis

We performed side-by-side comparisons resulting in
paired data sets. The matched Student’s t-test was used to
compare data from two experimental conditions. All tests
were two-sided, and p-values smaller than 0.05 were con-
sidered statistically significant.

Results

T cell activation: most optimal with sCD3 + CD28 mAbs

In the first series of experiments, T cell activation
conditions tested included soluble anti-CD3 mAb (sCD3);
soluble CD3 + soluble anti-CD28 mAb (sCD3 + 28); and
MACSiBeads coated with anti-CD3 + anti-CD28 mAbs
(bCD3 + 28). PBMC from healthy donors were activated for
2 days and then transduced with either the CAIX CAR or
MC2/A2 TCR. Subsequently, T cells were cultured for 2
weeks in MixMed supplemented with IL2, and monitored
for (1) T cell proliferation, (2) transduction efficiency, (3) T
cell cytotoxicity and IFN-c production, and (4) T cell subset
distribution and T cell differentiation.

Data presented in Figs. 1 and 2 show that T cell activation
by sCD3 and sCD3 + 28 induced a similar level of T cell
proliferation (Fig. 1A–C). It is noteworthy that we observed
significantly lower proliferative ability for MC2 TCR (me-
dian, 60-fold increase; range 17–237) versus CAIX CAR
(median, 350; range 95–734)-transduced T cells (Fig. 1B
and C; p = 0.001). The transduction efficiency of CAIX CAR
was highest following activation with sCD3 + 28 (CAIX
CAR + T cells: mean 81%, range 78–84%), whereas the
transduction efficiency of MC2 TCR was equally high fol-
lowing activation with sCD3 (Vb3 + pMHC MC2 + T cells:
mean 29%, range 22–33) or sCD3 + 28 (mean 31%, range
27–33); Fig. 1D–F). Functional tests showed lowest nonspe-
cific cytolysis by transduced T cells following sCD3 + 28

Table 1. T Cell Activation and Expansion Reagents

Activation agents mAb (clone) Concentration Provider

Soluble CD3 Anti-CD3 (OKT3; IgG2a) 10 ng/ml Cilag (Beerse, Belgium)
Soluble CD3/CD28 Anti-CD3 (OKT3; IgG2a)

Anti-CD28 (15E8; IgG1)
30 ng/ml e.a. Miltenyi (Bergisch

Gladbach, Germany)
MACSiBead CD3/CD28a Not specified MACSiBead:cell ratio, 1:2 Miltenyi
Dynabead CD3/CD28b Not specified Dynabead:cell ratio, 1:1 Life Technologies

(Carlsbad, CA)

Cytokines Specific activity Concentration Provider

Interleukin-2 (IL-2) 1.6 · 107 IU/mg 360 IU/ml Chiron (Amsterdam,
The Netherlands)

IL-7 ‡ 5 · 107 U/mg 10 or 50 ng/ml Miltenyi
IL-15 ‡ 2 · 106 U/mg 10 or 50 ng/ml Miltenyi
IL-21 ‡ 1 · 104 U/mg 10 or 50 ng/ml Miltenyi

aMACSiBeads (T Cell Activation/Expansion Kit; Cat. No. 130-091-441) were loaded according to manufacturer’s instructions at 1 · 108

beads + 10 lg of each mAb in 1 ml for at least 2 hr at 2–8�C and washed just prior to use.
bDynabeads Human T-Activator CD3/CD28 (Cat. No. 111.31D).
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FIG. 1. Effects of T cell activation conditions on T cell proliferation, transduction, and function. Healthy donor T cells (n = 6)
were activated at day 0 with (1) sCD3, (2) sCD3 + 28, or (3) bCD3 + CD28 (see Table 1 for details on T cell activation reagents),
all without addition of exogenous cytokines. At days 2–3 T cells were transduced with the CAIX CAR, a MAGEC2/A2 (MC2)
TCR, or mock (not transduced, NTD) on retronectin-coated plates in the presence of 100 IU/ml IL2 (Chiron). From days 4–15,
T cells were expanded in medium supplemented with 360 IU/ml IL2. T cells were monitored for proliferation, expressed as fold
increase in cell number from start of transduction, that is, between days 2 and 15 (A–C); transduction efficiency expressed as %
CAIX CAR + T cells (D), % TCRVb3 + T cells (E), or % TCRVb3 + , MC2-pMHC + T cells (F), in which each data point
represents average values for single donors measured at days 7, 11, and 15. T cells were also monitored for cytolytic activities,
expressed as % weighted mean of specific cytolysis at effector-to-target cell ratio of 20:1 using T cell cultures from day 15 and
using SKRC-cl4 (H), Daju (I), BSM loaded with irrelevant gp100 or relevant MC2 peptide ( J), or Daudi (G; combined results
of both CAR transduced and NTD T cells). Lastly, T cells were monitored for IFNc production expressed as pg/ml using T cell
cultures from day 15 and using SKRC-cl4 (K), Daju (L), and peptide-loaded BSM stimulator cells (M). Cell recovery
following activation (day 0–2) was for soluble CD3 mAb 60% (median, range 32–78%, n = 6), for soluble CD3 + CD28 mAbs
63% (median, range 54–86%, n = 6), and for Miltenyi CD3/28 beads 74% (median, range 32–85%, n = 6). Graphs represent
individual and median values (bars). *p < 0.05; **p < 0.01; ***p < 0.001 using two-sided paired t-tests.
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activation (Fig. 1G). In addition, the highest CAIX CAR-
specific cytolysis was measured following sCD3 and
sCD3 + 28 activation (Fig. 1H). No significant differences
were seen for CAIX CAR-specific IFN-c production be-
tween the three activation conditions (Fig. 1K).

MC2-specific T cell functions (Fig. 1I, J, L, and M) were
similar for all three activation conditions, with a trend for
higher IFN-c production following MC2 peptide stimulation
upon activation with sCD3 or sCD3 + 28. T cell activation
by bCD3 + 28 resulted not only in the lowest T cell

FIG. 2. Effects of T cell activation
conditions on lymphocyte subsets and T
cell differentiation. T cell cultures
(n = 6), activated and transduced with
the MC2/A2 TCR, as described in leg-
end to Fig. 1, were monitored at culture
day 15 for the following lymphocyte
subsets CD3 + (A); CD4 + (B); CD8 +
(C); CD3 - , CD56 + (D); CD3 + ,
CD56 + (E); CD4 + , CD25 + , CD127 -
(F); the markers CD45RA, CD27, CD28,
and CCR7 (G); and T cell differentiation
stages: T-Naı̈ve (TN = CD45RA + 27 +
28 + CCR7 + ), T-central memory
(TCM = CD45RA-27 + 28 + CCR7 - / + ),
T-effector memory (TEM = CD45RA -
27–28 + CCR7 - ), and T-late effector
(TLE = CD45RA - / + 27–28-CCR7 - )
(H). Graphs represent individual and
median values. Statistics: see legend
to Fig. 1.
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proliferation (Fig. 1A–C) and T cell transduction efficiency
(Fig. 1D–F), but also in lowest proportions of CD3 + and
CD3 + CD8 + T cells (Fig. 2A–C), and the highest propor-
tions of NK cells (Fig. 2D) and potentially as a result the
highest level of nonspecific cytolysis (Fig. 1G). No effects
of T cell activation were seen on the relative numbers of
CD3 + CD56 + T cells and CD4 + CD25 + CD127 - T cells
(Fig. 2E and F). Activation by sCD3 and sCD3 + 28 resulted
in similar proportions of T lymphocyte subsets, with slightly
higher proportions of CD28 + and central memory (T

cm
) and

effector memory (TEM) T cells after sCD3 + 28 activation
(Fig. 2G and H).

In an additional experiment, we compared T cell activation
by sCD3 + CD28 mAb, MACSibead CD3/28 (MbCD3 + 28),
and Dynabead CD3/28 (DbCD3 + 28) and showed that
DbCD3 + 28 activation induced enhanced T cell proliferation,
lowered expression of TCR transgene, lowered T cell func-
tions, higher proportion of CD4 + CD25 + CD127 - T cells,
and a lowered proportion of differentiated effector T cells,
as detailed in Supplementary Data and Supplementary Figs.
S1–S3.

Altogether, findings are summarized in Table 2A and point
out that retroviral receptor engineering of primary human
T cells benefits most from activation with sCD3 + 28.

Cytokine additions: most optimal with IL15 + 21

In a second series of experiments, T cells were activated
with sCD3 + 28, transduced with the CAIX CAR or MC2
TCR, and expanded using IL2, IL7 + 15, or IL15 + 21. Dose–
response studies with IL7, IL15, and IL21 (50 vs. 10 ng/ml)
revealed no effect on T cell proliferation, transduction
efficiency, function, and phenotype (see Supplementary
Fig. S4).

Data presented in Figs. 3 and 4 show that T cells prolif-
erated best in IL15 + 21 (CAR T cells: median fold increase
283 [range 190–1624]; MC2 TCR T cells, 173 [range 79–
495]) and proliferated least in IL2-supplemented medium
(Fig. 3A–C). The three different sets of cytokines had no
significant effect on the expression level of the transgenes
(% CAR T cells (combined) median 75 [range 64–85];%
MC2 TCR T cells (combined), median 47 [range 37–56];
Fig. 3D–F). Nevertheless, IL15 + 21 induced the highest
CAIX CAR and MC2 TCR-mediated T cell functions. In
fact, cytolysis of both cognate antigen-expressing tumor
cells and peptide-loaded target cells (Fig. 3H–J), as well as
IFNc production in response to peptide-loaded target cells
were increased upon culture with IL15 + 21 (Fig. 3K–M).
When compared to IL2-supplemented medium, addition of
IL7 + 15 promoted stronger outgrowth of CD8 + T cells (%
CD8 + was 62 [range 45–75) for IL2 and 74 [range 56–81]
for IL7 + 15), which was even further increased when using
IL15 + 21 (% CD8 + was 85 [range 69–89]; Fig. 4A–C).
Furthermore, the combination of the cytokines IL15 + 21
resulted in the lowest proportions of CD3 - CD56 + NK
cells and highest proportions of CD3 + ,CD56 + T cells (Fig.
4D and E), yet the activated kill-activity (Fig. 3G) was
similar for all three sets of cytokine additions.

The presence of IL7 in the culture medium down-mod-
ulated the IL7 receptor (CD127) on T cells, resulting in a
higher proportion of CD4 + , CD25 ++ , CD127 - cells when
T cells were cultured in the presence of IL7 + 15 (Fig. 4F).

Yet this in vitro-generated ‘‘Treg phenotype’’ is not asso-
ciated with signs of decreased T cell reactivity. Although
the expression of differentiation markers showed no sig-
nificant differences between the cultures, the IL15 + 21-
supplemented medium resulted in the highest frequency
of naive T cells (TN, median 8%, range 2–19%) and rela-
tively more effector memory cells (TEM, median 48%, range
16–73%) versus late effector cells (TLE, median 22%, range
6–67%) in comparison to IL2 or IL7 + 15-supplemented
medium. For these latter cultures the proportions of T

em

were 38% (median, range 15–59%) and 32% (median, range
13–63%) and proportions of Tle were 38% (median, range
10–54%) and 46% (median, range 14–66%), respectively
(Fig. 4H). Findings are summarized in Table 2B and
point out that retroviral receptor engineering of primary
human T cells benefits most from addition of IL15 + 21
to the culture medium.

Timing of cytokine additions: most optimal at start
of T cell activation

In a third set of experiments, we assessed the effects of
IL15 + 21 on T cell differentiation, in particular the impact
of timing of cytokine addition. To this end, T cells were
activated with sCD3 + 28, transduced with the MC2 TCR,
and expanded with IL2, IL7 + 15, or IL15 + 21 cytokines,
either from culture day 4 onward (start of T cell expansion
phase, as above) or from day 0 onward (i.e., start of T cell
activation according to Kaneko et al., 2009).

Data presented in Fig. 5 show that T cells that were ex-
posed to IL15 + 21 at day 0 compared to day 4 contained
significantly more CD8 + T cells with a naı̈ve phenotype
(i.e., TN, median 16%, [range 2–25%] vs. 5% [range 1–
19%]). This analysis was performed using a four-marker
definition (including CD45RA, CD45RO, CD27, and
CD62L) based on Gattinoni et al. (2006) to define T cell
differentiation stages (see legend to Fig. 5 for details). When
using a three-marker definition for these stages (Kaneko
et al., 2009; Wang et al., 2011), the observed effect of
IL15 + 21 added at day 0 did not differ from the four-marker
analysis (Supplementary Fig. S5). With respect to other T
cell parameters, we noted that addition of cytokines at day 0
promoted T cell proliferation for IL15 + 21 and IL7 + 15
cultures (Supplementary Fig. S6A). Transduction efficiency
was enhanced when IL7 + 15 were added at day 0 (Sup-
plementary Fig. S6B and C). No significant differences were
seen for functional T cell parameters (see Supplementary
Fig. S6E–I). Furthermore, addition of cytokines at day 0
increased numbers of CD8 + T cells for IL15 + 21 and
IL7 + 15 but not of NK (CD3 - CD56 + ) cells and CD56 + T
cells and decreased proportions of CD4 + CD25 + CD127 -
T cells for IL15 + 21 (Supplementary Fig. S7A–F). In ad-
dition, IL15 + 21 added at day 0 increased the proportion
of CD8 + CD27 + T cells and decreased the proportion of
CD8 + CD45RO + T cells, whereas IL7 + 15 decreased the
proportion of CD8 + CD27 + T cells (Supplementary Fig.
S7G). No significant differences were seen for CD45RA and
CD62L.

Findings are summarized in Table 2C and point out that
retroviral receptor engineering of primary human T cells
benefits most from addition of IL15 + 21 from the start of
T cell activation onward.
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Discussion

In the current study, we have explored several methods
for T cell activation, gene transduction, and expansion
to generate gene-modified T cells with preferred in vitro
phenotype and function. Our findings suggest that use of
sCD3 + CD28 mAbs and addition of IL15 + 21 from the start
of T cell activation induces T cells with enhanced receptor
expression, an enhanced proportion of CD8 + T cells with a
naı̈ve phenotype, a lower proportion of CD4 + CD25 + CD127 -
T cells, and enhanced receptor-mediated specific function.

T cell activation including CD28 co-signaling positively
affects fitness and functional properties of T cells as evident
from recent clinical trials (Gilham et al., 2012). T cell ac-

tivation using mAbs requires cross-linking, for example,
through Fc-binding on monocytes or coating to plates, beads,
or human artificial APC (aAPCs) (Butler et al., 2011). Here
we show that T cell activation of nonfractionated PBMC us-
ing sCD3 + CD28 resulted in improved T cell proliferation,
transduction efficiency, T cell responses, and numbers of
CD8 + T cells when compared to MACSiBeads coated with
anti-CD3 + anti-CD28 mAbs. In addition, activation by Dy-
nabeads CD3/CD28 versus sCD3 + CD28 mAbs resulted in a
stronger proliferation, but lower functional MC2 TCR
transduction and diminished T cell differentiation. We con-
clude that retroviral receptor engineering of primary human T
cells benefits most from T cell activation with sCD3 + CD28.
When sCD3 + CD28 activation was combined with IL15 + 21

FIG. 3. Effects of cytokine
additions on T cell prolifera-
tion, transduction, and func-
tion. Healthy donor T cells
(n = 6–12) were activated at
day 0 with sCD3 + 28 and
transduced with the CAIX
CAR or MC2/A2 TCR as
described in legend to Fig. 1.
From days 4–15, T cells were
expanded in medium sup-
plemented with (1) IL2, (2)
IL7 + 15, or (3) IL15 + 21 (see
Table 1 for details on cyto-
kine additions). Observations
from T cell cultures using
different cytokine concentra-
tions were pooled since ti-
trated amounts of cytokines
did not differently affect T
cell parameters (Supplemen-
tary Fig. S1). T cell cultures
were monitored and tested as
described in legend to Fig. 1.
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instead of IL2, enhanced functional MC2 TCR transduction
and enhanced frequencies of ‘‘less differentiated’’ T cells
were seen.

These observations are in line with our previous findings
showing that retroviral TCR transduction of primary murine

T cells benefited from activation by sCD3 + CD28 rather
than bCD3 + CD28 with respect to minimal T cell dif-
ferentiation and antigen specificity of T cell responses
(Pouw et al., 2010b). However, our Dynabead CD3/CD28
results contrast with these previous murine data and current

FIG. 4. Effects of cytokine addi-
tions on lymphocyte subsets and T cell
differentiation. T cell cultures (n = 6–12)
activated and transduced with the MC2
TCR as described in legend to Fig. 3
were monitored for the lymphocyte
subsets as described in legend to Fig. 2.
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MACSibead CD3/CD28 findings with respect to T cell
differentiation properties, but are in agreement with reports
that state that Dynabead CD3/CD28 polyclonal activation of
(non)fractionated PBMC is favorable to minimize T cell
differentiation (Bondanza et al., 2006; Hollyman et al.,
2009; Kaneko et al., 2009).

Currently, many groups exploring the application of
adoptive engineered T cells tend to the use of CD3 stimulation
and CD28 costimulation using antibodies immobilized to
cell-sized beads for clinical application. It is anticipated that
such activation mimics T cell activation with sCD3/CD28 in
the presence of monocytes. Although our method is limited to
nonfractionated PBMC products, it has proven practical, has
economic advantages, and does not need a bead elimination
step for clinical T cell products prior to infusion.

T cell expansion was performed in the presence of
common-c cytokines other than IL2, as recent studies sug-
gest that cytokines such as IL7, IL15, and IL21 play im-
portant roles in T cell differentiation (Klebanoff et al., 2004;
Gattinoni et al., 2005, 2009; Hinrichs et al., 2008, 2011;
Kaneko et al., 2009) and in vivo T cell function. In mouse
models, the engraftment of less differentiated human TCM

cells (CD45RO + CD62L + ) appeared dependent on IL15 and
resulted in superior magnitude and duration of engraftment
compared to the more differentiated TEM cells (CD45RO +
CD62L - ) (Wang et al., 2011). Compared to IL2, the addition
of IL15 + 21 versus IL2 or IL7 + 15 resulted in improved T
cell proliferation, T cell responses, and proportions of CD8 +
T cells. Despite the fact that individual T cell differentiation
markers did not show significant shifts, the differentiation
stages defined by these markers did.

The relative numbers of T cells with T
n

and T
cm

pheno-
type were significantly increased in IL15 + 21-supplemented
cultures. These data suggest that IL15 + 21 prevents con-
version from T

n
to T

cm
cells and from T

em
to T

le
cells or

drive selective proliferation resulting in an overall less dif-
ferentiated phenotype. These data are in agreement with
previously reported data for murine CD8 + T cells (Pouw

et al., 2010a). Nevertheless, although these culture condi-
tions significantly impact the frequency of less differentiated
cells, this is clearly in the presence of an absolute number of
cells that are predominantly of a more differentiated phe-
notype. Moreover, in vitro phenotype and function of less
differentiated T cells may mask the full in vivo potential of
these cells (Kaneko et al., 2009). Therefore, analysis of the
in vivo properties of IL15 + 21 cultured T cells is warranted
and part of the translation of these data toward a future
clinical trial. These in vivo studies have been initiated but
are not part of the current article.

Our results on the effect of IL15 + 21 on gene-modified T
cell phenotype and function are supported by previous ob-
servations by Huarte et al. (2009), who generated antigen-
specific T cells by in vitro stimulation with class I and class
II melanoma peptide pulsed dendritic cells. When T cells
were generated in the presence of IL-15 + 21 but not IL2,
they observed skewing toward a less differentiated T cell
phenotype, a lower proportion of regulatory cells, higher
number of CD8 + , and a higher yield of cells with a greater
cytolytic activity and IFN-c production against melanoma
cell lines. In addition, observations by (Markley and Sade-
lain (2010), who studied in a xenogeneic adoptive transfer
model the effectivity of CD19-specific human primary T
cells, also support our findings. They showed that IL-7- and
IL-21-transduced T cells persisted the longest and were the
most efficacious in vivo, although their ex vivo effec-
tor functions were not as enhanced as IL-2- and IL-15-
transduced T cells.

In extension to the two above-mentioned studies, we have
used a large set of healthy human donors and demonstrated
that T cell activation with soluble anti-CD3/CD28 mAbs
and T cell exposure to IL15 + 21 provides enhanced binding
of pMHC and an enhanced proportion of less-differentiated
T cells. Importantly, we have tested these T cell processing
conditions using T cells that were gene transferred with
either CAR or TCR genes, making our findings relevant to
future trials with gene-modified T cells.

FIG. 5. Effect of timing of cytokine addition on T cell differentiation. Healthy donor T cells (n = 6) were activated with
sCD3 + 28 and transduced with the MC2 TCR. Cultures were supplemented with IL2, IL7 + 15, or IL15 + 21 directly
following T cell transduction (day 4) or directly following T cell activation (day 0). T cell cultures were monitored as
described in the legends to Figs. 1 and 2; see Supplementary Figs. S3 and S4. T cells were monitored for T cell
differentiation stages: T-naı̈ve (TN = CD45RA + 27 + 45RO - 62L + ) (A); T-central memory (TCM = CD45RA-27 + 45RO +
62L + ) (B), T-effector memory (TEM = CD45RA-27 - 45RO + 62L + ) (C), T-late effector (TLE = CD45RA - / + 27 -
45RO + 62L - ) (D). Data are expressed relative to the IL2, day 4 condition (our current standard) and presented in box-and-
whisker plots (horizontal line, median; box, interquartile range; whiskers, min–max range). The mean percentage of the
condition ‘‘IL2 added from day 4 onward’’ is shown. Significant differences between addition of cytokines at day 0 versus
day 4 are shown; see legend to Fig. 1.
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With respect to added cytokines, our studies showed the
importance of timing relative to T cell activation. Adding
cytokines directly from the start of T cell activation gener-
ally improved T cell proliferation. IL7 + 15 increased the
proportion of CD8 + T cells but decreased the proportions
of CD8 + CD27 + T cells and naı̈ve CD8 + T cells. In
contrast, addition of IL15 + 21 from the start of T cell ac-
tivation increased the proportions of CD8 + T cells,
CD8 + CD27 + T cells, and decreased the proportion of
CD8 + CD45RO + T cells, and as a result increased the
proportion of naı̈ve CD8 + T cells. Thus, it seems that ac-
tivation-driven T cell differentiation is best counteracted
from an early moment onward.

It is hypothesized that long-living memory stem T cells
(Gattinoni et al., 2011; Gattinoni and Restifo, 2013) with the
ability to self-renew and the plasticity to differentiate into
potent effectors could be valuable in adoptive T cell therapy.
This T cell subset can be generated at clinical compliant
conditions from naı̈ve precursors using CD3/CD28 en-
gagement and culture with IL7 and IL15 (Cieri et al., 2013).
Yet previous studies also reported improved in vivo prop-
erties (persistence and specific function) of T cells cultured
in IL7 + 15 versus IL2 (Liu et al., 2006; Kaneko et al.,
2009), whereas the in vitro properties (phenotype and
function) were similar. Thus in vitro properties of cultured
human T cells may mask their in vivo potential. Here, we
report an additional in vitro benefit for T cells generated in
IL7 + 15 versus IL2 with respect to antigen-specific function
and proportions of CD8 + and CD3 + 56 + T cells. On the
contrary, IL7 + 15 generated the highest proportion of T
cells with a Treg phenotype and a fully mature CD8 T cell
effector phenotype. Therefore, we advocate the use of
IL15 + 21 cytokines for the generation of engineered T cells
for future evaluation.

In adoptive T cell clinical trials, an array of phenotypes
have been applied with varying clinical successes (Brentjens
et al., 2011; Kalos et al., 2011; Rosenberg et al., 2011;
Kochenderfer et al., 2012). An association of phenotype and
clinical successes has been suggested (Huang et al., 2005). In
addition, data from preclinical animal models favor young
TCR/CAR T cells (Tn, Tscm, and Tcm) as most efficacious
subset(s) for adoptive transfer (Klebanoff et al., 2005;
Hinrichs et al., 2009). These data warrant clinical evaluation
of ‘‘conventional’’ versus ‘‘young’’ T cell phenotypes.

Besides T cell phenotype, also other aspects may hamper
T cell persistence, such as the immunogenicity of the
transgene construct. CAIX CAR T cells, activated by solu-
ble anti-CD3 mAb and expanded with IL2, showed an ef-
fector T cell phenotype and only persisted for about 1 month
after T cell infusion (Lamers et al., 2006b, 2013a; Lamers,
article in preparation). Yet, this observation could not
be attributed to T cell differentiation only, as the non-
pre-conditioned patients developed a vigorous immune
response to the CAIX CAR that coincided with the dis-
appearance of the transferred cells from the circulation
(Lamers et al., 2011).

The defined T cell processing conditions coincide with
the generation of T cells with enhanced receptor-mediated
function, such as cytokine (IFNc) production. Importantly,
one might question the desirability of augmented cytokine
production given the reported cytokine release syndromes in
recent adoptive CD19 CAR T cell therapy trials (Kalos et al.,

2011; Kochenderfer et al., 2012; Brentjens et al., 2013; Grupp
et al., 2013). However, a cytokine storm generally occurred
several days to weeks after infusion of the T cells as a con-
sequence of on-target T cell activation in patients with rela-
tively bulky disease and can potentially be considered as a
hallmark of therapy effectivity Yet, clinical surveillance is
critical to control such a side effect. We have previously de-
signed and validated a Good Manufacturing Practice (GMP)–
compliant protocol for retroviral gene transduction and
expansion of human T cells for a clinical study to treat pa-
tients with metastatic RCC using a CAR directed to CAIX
(Lamers et al., 2002, 2006a, 2013a). Currently, conditions for
T cell activation and expansion, revisited in the current arti-
cle, are being translated in to a revised clinical applicable
protocol to generate TCR-engineered T lymphocytes in
preparation of a clinical-adoptive therapy trial to treat patients
with MAGE-C2-positive tumors.
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