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Tumor-associated antigens such as NY-ESO-1 are expressed in a variety of solid tumors but absent in mature healthy
tissues with the exception of germline cells. The immune system anti-cancer attack is mediated by cell lysis or induction
of growth arrest through paralysis of tumor cells, the latter of which can be achieved by tumor-specific CD4C, IFNg-
producing THelper type 1 (TH1) cells. Translation of these immune-mediated mechanisms into clinical application has
been limited by availability of immune effectors, as well as the need for complex in vitro protocols and regulatory
hurdles. Here, we report a procedure to generate cancer-testis antigen NY-ESO-1-targeting CD4C TH1 cells in vitro for
cancer immunotherapy in the clinic. After in vitro sensitization by stimulating T cells with protein-spanning, overlapping
peptide pools of NY-ESO-1 in combination with IL-7 and low dose IL-2, antigen-specific T cells were isolated using IFNg
capture technique and subsequently expanded with IL-2, IL-7 and IL-15. Large numbers of NY-ESO-1-specific CD4C T
cells with a TH1 cytokine profile and lower numbers of cytokine-secreting CD8C T cells could be generated from healthy
donors with a high specificity and expansion potential. Manufactured CD4C T cells showed strong specific TH1-
responses with IFNgC, TNFaC, IL-2C and induced cell cycle arrest and apoptosis in tumor cells. The protocol is GMP-
grade and approved by the regulatory authorities. The tumor-antigen specific CD4C TH1 lymphocytes can be adoptively
transferred as a T-cell therapy to boost anticancer immunity and this novel cancer treatment approach is applicable to
both T cells from healthy allogeneic donors as well as to autologous T cells derived from cancer patients.

Introduction

T-cell responses have the potential to manifest powerful anti-
tumor effects. Adoptive T-cell therapy (ACT) has shown promise
as a treatment option for patients afflicted with a variety of malig-
nancies.1-4 Investigations of adoptive T-cell transfer have previ-
ously focused on CD8C cytotoxic T lymphocytes (CTLs),
tumor-antigen specific T-cell clones or tumor-infiltrating lym-
phocytes (TILs). Mounting data from studies in humans and
mice suggest that tumor-specific CD4C THELPER type 1 (TH1)
cells are highly effective in constraining cancer, so we sought to
develope a manufacturing protocol to generate predominantly
tumor antigen-specific, CD4C TH1 lymphocytes. Although solid
tumors arise from tissues that usually do not express MHC Class
II molecules, mice models have shown that primed CD4C T cells
are able to completely eliminate MHC Class II negative tumors.5

Even more, CD4C T cells are not simply required as helpers for

CD8C T cells but yet have the ability to eradicate tumors without
the presence of CD8C T cells during lymphopenia.6 The tumor
antigen specific TH1-cells were detected in the tumor environ-
ment, where they inhibit tumor growth through cytokine sig-
nals.7-11 The secretion of interferon g (IFNg) and tumor
necrosis a (TNFa) by TH1 lymphocytes has been shown to be
crucial for efficient tumor control involving tumor-destructive,
tumor-silencing and antiangiogenic mechanisms.8,9,12-14 This
concept is further supported by a published report of a patient
with metastatic melanoma wherein adoptive transfer of a NY-
ESO-1-specific TH1-cell clone induced complete regression of
the tumor.15 The TH1-cell clone had a highly polarized TH1 phe-
notype and regression of the tumor was complete, although not
all tumor cells expressed NY-ESO-1. Nevertheless, effective
immunotherapies have been limited by many factors, such as the
limited availability of effector cells, regulatory hurdles, tolero-
genic factors (e.g., IL-4 and IL-10), immunosuppressive
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regulatory T cells (Tregs)16 and MHC downregulation on malig-
nant tissue.17

NY-ESO-1 belongs to the family of cancer-testis antigens
which are among the most attractive targets for cancer immuno-
therapy as their expression is normally restricted to germline cells
and NY-ESO-1 is aberrantly expressed in many tumor enti-
ties.18-21 According to the prioritization of cancer antigens per-
formed by the National Cancer Institute, NY-ESO-1 is a favored
antigen to be addressed in clinical studies.22 Priming of T-cell
responses against NY-ESO-1 has been described in cancer-free
individuals for MHC Class II epitopes23 and in cancer patients
in which the presence of NY-ESO-1-specific T-cell responses in
the blood improved survival.24 However, these endogenous T-
cell responses have not been powerful enough to prevent progres-
sion/relapse in all patients. Therefore, adoptive T-cell transfer is
a reasonable approach to improve the efficacy of antitumor
immune responses in vivo. Previous work has shown an associa-
tion between NY-ESO-1 antibody production and CD4C T-cell
recognition of MHC Class-II restricted NY-ESO-1 epitopes.25

Generation of NY-ESO-1-specific CD4C and CD8C T cells in
parallel was shown for the first time by Zeng et al. using a single
peptide with dual specificity to HLA-A2 and HLA-DP4.26

According to these considerations, we have set up a fast and
simple good manufacturing protocol (GMP)-protocol using
overlapping 15-mer peptides encompassing the entire NY-ESO-
1 protein to induce specific and potent CD4C and CD8C T-cell
response with a strong TH1 profile. This approach has been
approved by the authorities and could be applied to all HLA
types, thus allowing a standardized protocol for every eligible
patient.

Results

Induction of T-cell responses against NY-ESO-1 in PBMC
of healthy donors

For analysis of NY-ESO-1-responding T cells in healthy indi-
viduals, the peripheral blood mononuclear cells (PBMCs) of 12
healthy volunteers were stimulated at day 0 with NY-ESO-1
overlapping peptides. IFNg exocytosis was subsequently analyzed
after re-stimulating T cells with the same antigen 14 d later by
cytokine catch assays (Table 1A). The frequency of responding
CD4C T cells of exceeded 0.1% IFN-gC¡secreting T cells
detected in 11 out of 12 donors (1.1 § 0.9%, in responders,
mean § SD) with the highest response in donor 7 (2.8% IFNgC)
whereas CD8C responses above 0.1% IFN-gC were only detected
in 9 out of 12 donors (1.0 § 1.3% in responders, mean § SD).
Only one donor had no detectable T-cell response to NY-ESO-
1. These results demonstrate that NY-ESO-1-specific T cells are
detectable in healthy donors after a pre-sensitization period. In
pilot small-scale experiments we found that donors with at least
0.1% specific IFNgC T cells, the magnetic enrichment of tumor
antigen-specific T cells was feasible (data not shown).

GMP-grade generation of NY-ESO-1 specific T cells
from healthy donors

Our aim was to establish a rapid and simple GMP-conform-
ing approach to generate NY-ESO-1-specific T cells from healthy
donors (Fig. 1A). Healthy donors with frequencies higher than
0.1% specific IFNgC T cells were asked to give a higher amount
of blood for large-scale generation of T cells and 4 donors gave

Table 1 Frequency of NY-ESO-1 responding T cells from the peripheral
blood of healthy donors
(A) NY-ESO-1-specific T cells after 14 d priming

Donor No. Gender Age CD4C/IFNgC [%] CD8C/IFNgC [%]

1 female 43 2.12 4.26
2 female 27 0.17 0.05
3 female 44 1.19 0.14
4 male 49 0.44 0.09
5 male 34 0.69 0.75
6 female 51 0.51 0.53
7 male 38 2.82 0.65
8 female 35 0.48 0.41
9 female 38 0.20 0.17
10 female 25 0.92 1.19
11 male 28 0.00 0.00
12 female 32 2.44 0.91
Mean § SD 1.00 § 0.95 0.76 § 1.16

Peripheral blood mononuclear cells (PBMCs) from healthy donors were pre-
sensitized for 14 d with NY-ESO-1 overlapping peptides and IFNg-secretion
was analyzed after 6 h of re-stimulation with NY-ESO-1. Frequencies
are indicated after background subtraction of responses to Actin S
re-stimulation.

Table 1 (B) NY-ESO-1-specific T cells after GMP-grade isolation and expansion

Start of culture Post IFN-g isolation Post expansion

Donor No. Cell count Cell count Purity CD3C/IFNgC [%] Expansion factor Absolute CD4C Absolute CD8C Specific CD4 [%] Specific CD8 [%]

1 500£ 106 5.4 £ 106 44.63 351 *1600 £ 106 *131£ 106 28.04 7.82
7 500£ 106 20.0 £ 106 54.31 19 *224£ 106 *118£ 106 14.99 0.98
4 400£ 106 3.3 £ 106 59.26 212 31 £ 106 41 £ 106 37.79 0.02
8 1000 £ 106 2.4 £ 106 82.53 79 *38£ 106 *29.15 £ 106 25.65 0.50

*Extrapolated cell count, assuming that all cells are used for expansion.
Absolute number and frequencies of T cells after large scale GMP grade enrichment and expansion of PBMCs from 4 donors: Cells were generated according
to the protocol and analyzed at different timepoints. Asterics indicate preparations for which not all available cells were expanded after IFNg-based enrich-
ment. In these cases the cell number was extrapolated calculated by the expansion factor.
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Figure 1. GMP grade isolation and expansion of NY-ESO-1-specific T cells. (A and B) Peripheral blood mononuclear cells (PBMCs) from healthy donors
were pre-sensitized with NY-ESO-1 overlapping peptides and IFNg-secretion was analyzed after re-stimulation with NY-ESO-1 (as indicated below) fol-
lowed by IFNg-based enrichment and expansion using good manufacturing processes (GMP). (A) Time schedule of the protocol for generating NY-ESO-
1-specific T cells using overlapping peptide pools of NY-ESO-1. (B) Frequencies of IFNgCCD4C and IFNgC CD8C T cells directly before IFNg enrichment
and in the final T-cell product (after IFNg enrichment and 14 d of expansion). Analyses were performed using overlapping peptide pools and determined
by intracellular IFNg staining after 6 h of re-stimulation with NY-ESO-1 antigen-pulsed or actin S control antigen (ACTS) dendritic cells (T cells: DC 10:1).
Background values induced by stimulation with overlapping ACTS control peptide pools were subtracted. GMP grade large scale T-cell generation was
done from 4 donors as proof of principle.
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their consent. T-cell lines were generated from the 4 donors (after
informed consent) in a GMP facility including all required qual-
ity assessment and quality controls. Loss of antigen through ster-
ile filtration was excluded by HPLC (data not shown). Analysis
of T cells during the process showed NY-ESO-1-specific CD4C

and CD8C T-cell responses in some donors after only one week
of pre-sensitization (data not shown). Thus we decided to enrich
T cells of those donors as early as one week following pre-sensiti-
zation while T-cell lines of other donors required 14 d pre-sensi-
tization before enriching IFNgC cells. For all donors, the
isolation of a CD3C IFNgC population was successful with puri-
ties ranging from 44.6–82.5% and final IFNgC cell counts (fol-
lowing isolation) ranging from 2.4 £ 106 and 20 £ 106

(Table 1B). As the absolute cell count after IFNg enrichment
was quite low, a subsequent expansion of T cells was carried out
with autologous feeder cells in the presence of interleukin (IL)-2,
IL-7 and IL-15 without further addition of antigen. A 19-to
351-fold expansion of IFNgC T cells was achieved after enrich-
ment of IFNgC cells. For 3 of the 4 experiments the absolute cell
count was extrapolated using the expansion factor (Table 1B) as
not all cells from the IFNgC cells (positive fraction) were used
for expansion. For all large-scale validations, T cell viability after
expansion was higher than 90% and all preparations were free of
microbial contamination and mycoplasma (data not shown). T-
cell lines were analyzed by intracellular staining and cytofluori-
metric analysis for IFNg expression using mature autologous
dendritic cells (DCs) pulsed with NY-ESO-1 overlapping pep-
tide pools. T-cell responses to NY-ESO-1 could be increased to
encompass 15–37.8% of CD4C T cells (Table 1B and Fig. 1B).
In contrast, NY-ESO-1 specific lymphocyte purity was relatively
lower (max. 7.8%) among CD8C T cells (Table 1B and
Fig. 1B). The overall frequency of CD3C cells after in vitro
expansion varied between 22–98%, revealing the presence of co-
expanded natural killer (NK) cells.

NY-ESO-1-specific CD4C T-cell lines retain high
proliferation capacity

Adoptive T-cell transfer immunologic success requires infu-
sion of T cells with expansion potential to induce a sustained
response in vivo. In all 4 T-cell lines generated, a proliferation
response to NY-ESO-1 overlapping peptides pools was observed
among CD4C cells (30.3–82.2%) as well as CD8C T cells, albeit
to a lesser extent (Fig. 2A). CD8C T cell responses to NY-ESO-1
were comparatively lower (26.1–54.9%) than those of CD4C

cells, but were significantly above background proliferation to
actin S (ACTS) in all cases.

TH1 cytokines predominate the CD4C T-cell response
to NY-ESO-1

The polarization of the cytokine profile among CD4C T cells
as well as proliferation rates were analyzed in the final T-cell
products by multispectal cytofluorimetry. Intracellular staining
and analysis via flow cytometry demonstrated that among
expanded T cells from healthy (n D 4) donors, CD4C cells show
a TH1 cytokine profile characterized by the presence of IFNg
(20.1 § 7% mean § SD) and TNFa (29.1 § 5%), but no IL-10

secreting T cells in response to NY-ESO-1 overlapping peptides
pools (Fig. 2B).

NY-ESO-1-specific CD4C T cells show a cytolytic response
to NY-ESO-1

Since cytokine producing CD4C T cells were the major spe-
cific T-cell population in our GMP generated NY-ESO-1 tar-
geted T-cell lines we next investigated direct cytotoxic effects of
CD4C T cells against NY-ESO-1 pulsed targets. To address this
question CD4C T-cell lines from donor 1 and donor 4 were re-
stimulated for 6 h with DCs pulsed with pools of overlapping
NY-ESO-1 peptides in the presence of CD107a antibody
(Fig. 2C). CD4C T cells showed pronounced cytolytic responses
to NY-ESO-1 correlating with the effector-to-target cell ratio.

CD4C IFNgC T cells differentiate into a central-and effector
memory phenotype

As shown in Figure 2D, multispectral fluorescence cytometry
for T-cell maturation markers revealed a predominance of T cell
subsets of early and late differentiation stages among donor-
derived T cell lines (n D 3). Only a small population of na€ıve T
cells were detected, defined as CD27C/CD28C cells (2.9 § 4%
mean § SD) and CD62LC/CD45RO¡ cells (1.0 § 1%). A
higher percentage of T cells were central memory T cells identi-
fied as CD45RA¡/CCR7C (34.5 § 22%). The majority of T
cells were effector memory T cells defined as CD62L¡/45ROC

(78.9 § 5%) Equivalent results were found using the markers
CD45RA, CCR7, CD27 and CD28 (Fig. 2D).

Safety assessment of the final T-cell product
Adoptive T-cell transfer in allogeneic settings should be highly

specific without any alloreactivity. Alloreactivity was analyzed in
mixed lymphocyte reactions using CFSE-based proliferation
assays. Results revealed neither IFNg secretion after re-stimula-
tion with irradiated allogeneic PBMC (data not shown) nor any
specific alloreactive proliferation in response to allogeneic PBMC
(Fig. 3A). In contrast, unselected T cells from the same donor
contained alloreactive T cells between 9 and 45 percent.

Regulatory T cells (Treg) may hamper the efficacy of adoptive
T-cell transfer. Since IL-2 can potentially induce Treg enrich-
ment, we next set out to analyze FOXP3/CD25 double positive
CD4C T cells (n D 3) to detect Tregs in our GMP generated
NY-ESO1-specific T-cell lines. Although high frequencies of cells
expressing the IL-2 receptor (CD25) were detected, no remark-
able upregulation of FOXP3 was found (Fig. 3B) relative to lev-
els among PBMCs and in comparison to the positive control
(Treg induction by high dose IL-2 and CD3/CD28 beads).

To exclude T-cell responses against impurities, we cross-ana-
lyzed NY-ESO-1-specific T-cell lines with pools of overlapping
NY-ESO-1 peptides from a different commercial supplier. T-cell
specificities were confirmed, as a similar frequency of NY-ESO-
1-specific T cells was detected independent of the supplier of the
pools of overlapping NY-ESO-1 peptides (Fig. S1).
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Figure 2. NY-ESO-1-specific
proliferation, cytokine expres-
sion and CD107a expression of
T cells with no alloreactive
immune responses. (A) CD4C

and CD8C T cells show a specific
proliferation in response to NY-
ESO-1. T cells of the final in vitro
expanded T-cell products from
4 healthy donors were stained
with carboxyfluorescein diace-
tate succinimidyl ester (CFSE)
and stimulated with NY-ESO-1
or control actin peptide (ACTS)
overlapping peptide pool-
pulsed dendritic cells (DCs),
respectively. After 6 d cells were
re-stimulated for 6 h with the
same antigens and analyzed by
flow cytometry. Bars represent
NY-ESO-1-specific proliferation
and background proliferation
(ACTS) for each donor ; repre-
sentative CFSE staining com-
bined with IFNg analysis of T
cells from donor 4. (B) T cells
show a TH1 driven CD4
response to NY-ESO-1. CFSE-
stained CD4C T cells were ana-
lyzed for production of the cyto-
kines IFNg, TNFa and IL-10 by
intracellular staining and flow
cytometry (n D 4 donors).
Results are mean C/¡ SD; rep-
resentative staining of T cells
from donor 1. (C) CD4C T cells
show cytolytic responses to NY-
ESO-1. T-cell products of donors
1 and 4 were analyzed in 4 inde-
pendent experiments for
CD107a expression after 6 h of
re-stimulation with NY-ESO-1 or
ACTS overlapping peptide pools
pulsed DCs. Bars show mean
results of 4 experiments C/¡
SD and the results of different
DC:T-cells ratios during re-stim-
ulation are shown; representa-
tive staining of T cells from
donor 4. (D) For final analysis of
T-cell lines, T cells from donor 1,
7 and 4 were re-stimulated for 6
h with overlapping peptide (NY-
ESO-1, ACTS) pool-pulsed den-
dritic cells (DCs) and analyzed
by immunostaining and multi-
spectral fluorescence cytometry.
Bars represent mean values of
double positive cells gated on
CD4C/IFNgC T cells. T-cell sub-
populations were defined as
na€ıve T cells (CD27C/CD28C,
CD62LC/CD45RO¡), central
memory T cells (CD62LC/
CD45ROC, CD45RA¡/CCR7C) and
effector memory T cells (CD62L/
CD45ROC, CD45RA¡/CCR7¡ and
CD27¡CD28C).
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Response pattern of
cytokines, chemokines and
growth factors

To further confirm
these results and to address
the question whether other
cytokines and chemokines
may be involved in the
antigen-specific response,
we repeated the generation
of NY-ESO-1-specific T
cells from donor 1. Culture
supernatants of the final T
cell product were collected
after restimulation with
antigen-pulsed DCs (over-
lapping petide pools of
NY-ESO-1 or ACTS,
respectively) and multiplex
magnetic cytokine analysis
was performed. High
amounts of TNFa, IFNg
and IL-2 were detected in
the culture supernatants
(Fig. 3C, 3D and 3E).
Moreover the chemokine
MIP-1b (CCL4), the
growth factor GM-CSF
and Rantes (CCL5) were
enhanced in supernatants
of T cells re-stimulated
with NY-ESO-1. Regard-
ing TH2 cytokines only IL-
13 was strongly induced
after re-stimulation with
NY-ESO-1. T-cell analyses
from 3 more NY-ESO-1
T-cell lines showed the
same cytokine pattern with
high levels of IFNg,
TNFa and IL-2 in NY-
ESO re-stimulated T cells,
although naturally the
absolute concentrations of
cytokines differed from
donor to donor. The
growth factor GM-CSF
was strongly induced in
half of the 4 samples and
Rantes could be induced
only in T cells from this
donor after restimulation
with NY-ESO-1 (data not
shown). Experimental val-
ues above the highest stan-
dard in Figure 3C-E were

Figure 3. T-cell lines show effector memory phenotype with TH1 cytokine profile that do not include regulatory (T)
cells. (A) There was no induction of alloreactivity when T cells of the final T-cell products and PBMCs of the same
donor from donor 1, 7 and 4 were stimulated with allogeneic PBMCs and proliferation was analyzed via CFSE staining.
Background proliferation using stimulation with autologous PBMCs was subtracted. (B) The final T-cell products were
evaluated by immunostaining and flow cytometry for the frequency of regulatory T cells (Tregs) in comparison to
peripheral blood mononuclear cells (PBMCs). T cells stimulated with 1000 U/mL IL-2 and CD3/CD28 beads were used
as a positive control for appropriate gating of Tregs. Bars represent the mean resultsC/¡ SD of CD25C FOXP3C T cells
from 3 different donors. (C–E) To quantify TH1 cytokines (C), chemokines (D) and growth factors (E) in the superna-
tants of T cells, the T-cell line from donor 1 was re-stimulated for 6 h with NY-ESO-1-or ACTS-pulsed DCs and superna-
tants were analyzed in a multiplex magnetic cytokine assay. All multiplex analyses represent mean results of 4 wells
from 2 undiluted and 2 diluted (1:2, so values multiplied by 2) C/¡ SD of a T-cell line from donor 1.
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set to the level of the highest standard as they could not be
extrapolated (see Materials and Methods), occurring for IL-2,
IFNg, MIP-1b, Rantes and GM-CSF for at least one condition
in T cells stimulated with NY-ESO-1.Values set according to the
lowest standard value (as levels were below the standard) were
observed for IL-2, IL-4, IL-12, IL-17, Eotaxin, Rantes, basic
FGF and G-CSF for at least one condition only in T cells stimu-
lated with ACTS. In the case of PDGF, all values in ACTS_sti-
mulated T cells as well as in NY-ESO-1 stimulated T cells were
below the lowest standard value. These results confirm that the
generated T-cell products could induce a proinflammatory
micromilieu.

Peptide and protein specificity of NY-ESO-1 T cells
To further elucidate the specificity of NY-ESO-1-specific

CD4C T cells we analyzed NY-ESO-1 T cells from the repeated
T-cell generation from donor 1 (78.4% IFNgC CD4C NY-
ESO-1-specific T cells, Fig. 4A) that had been utilized for cyto-
kine analyses in supernatants (Fig. 3C–E). Peptide specificity
was confirmed with a HLA-Class II binding single peptide epi-
tope NY-ESO-185–99 that was chosen using SYFPEITHI data-
base. NY-ESO-185–99 is predicted to bind to HLA-
DRB1*1501, the HLA-II type of donor 1. We found that
39.3% of CD4C T cells from the donor 1 T-cell line secreted
IFNg in response to peptide-loaded DC (5 mg/mL NY-ESO-
185–99; Fig. 4A–C). This provides indirect evidence suggesting
exclusion of clonality of the T-cell lines, since about half of the
responding T cells respond to a single peptide and the remain-
ing presumably respond to others. In blocking experiments we
proved that T-cell activation is HLA-dependent. More than
50% of IFNg, TNFa and IL-2 cytokine secretion could be
blocked by an anti-HLA-DR, DB, DQ antibody (Fig. 4B and
C). To analyze if the T cells recognize peptides after natural
processing by antigen presenting cells, dendritic cells were
pulsed with recombinant NY-ESO-1 protein, co-cultured with
T-cell lines, and analyzed 16 h later. Figure 4D shows that
34.7% of CD4C T cells secreted IFNg in response to the proc-
essed protein. Again, the reaction could be blocked efficiently
down to 11% IFNgC CD4C T cells using HLA-DR, DB, DQ
blocking antibodies (Fig. 4E and F).

Antitumor responses induced by NY-ESO-1-specific T cells
T cells generated from donor 1 were further used to ana-

lyze antitumor responses. First, induction of apoptosis was
tested with the melanoma cell line Ma-Mel-39a that was
matched to HLA-DRB1*1501 of the T-cell donor and
expressed NY-ESO-1. The expression of NY-ESO-1 was con-
firmed by immunhistochemistry on cytospins, HLA-
DRB1*1501 typing was assessed by PCR and MHC II
expression was confirmed by immunostaining and quantita-
tive flow cytometry (Quifikit Assay; data not shown). The
rate of melanoma apoptosis increased after 4 h of co-culture
with NY-ESO-1 specific T-cell lines to 35.7% compared to
9.6% in the medium control (mean value of 4 independent
experiments) at an effector to target (E:T) cell ratio of 25:1
(Fig. 5A). In contrast, unmanipulated T cells from 3 healthy

donors did not induce apoptosis after co-culture with Ma-
Mel-39a cells (Fig. 5B). A representative titration of T cells
from donor 1 further illustrates these results (Fig. 5C). No
apoptosis induction was observed after 4 h co-incubation of
NY-ESO-1 T cells with K562 cells, thus excluding HLA-
independent, non-specific, soluble toxic effects (Fig. 5D). To
further characterize antitumor responses with regard to effects
mediated by secreted soluble agents, such as cytokines, cell
culture supernatants were generated after 6 h of re-stimula-
tion with NY-ESO-1, as described above. Cell cycle assays
revealed that supernatants could induce a predominant G0/
G1 arrest and apoptosis in the primary melanoma tumor cell
line WM115 after 5 d of co-incubation comparable to the
positive control consisting of 100 ng/mL IFNg and 20 ng/
mL TNFa (Fig. 5E and 5F). In contrast supernatants gener-
ated using negative control antigen Actin S as stimulus, had
no effect on the cell cycle and results were comparable to the
medium control.

Discussion

We present a protocol conforming to GMP to generate NY-
ESO-1-specific T cells that will enable clinicians to treat malig-
nancies expressing this tumor-associated antigen. Attacking
tumor cells with tumor antigen-specific CD4C TH1 cells is a
novel and promising approach. It was shown recently, that TH1
cells are able to mediate direct induction of senescence in tumor
cells through TH1 cytokine signals. Thus, adoptive T-cell trans-
fer (ACT) of tumor antigen-specific CD4C TH1 cells could
become a novel and highly efficient antitumor therapeutic ave-
nue. To date, adoptive T-cell transfer has been performed
against selected malignancies, however the protocols currently
used for clinical grade generation of T-cell lines are extremely
labor intensive and restricted to scarce centers. Therefore, we
established a simple, rapid and broadly applicable method to
generate polyclonal, antigen-specific, TH1-driven CD4C and
CD8C T cells from peripheral blood lymphocytes. NY-ESO-1
was chosen as model tumor antigen since it is expressed in
many tumor entities, and efficacy in soliciting T-cell responses
has already been proven in the setting of immunothera-
pies.15,22,27 Moreover precursor T cells specific for NY-ESO-1
have been previously described in healthy individuals23 and
their presence has been associated with beneficial clinical courses
in cancer patients.24 Indeed, we demonstrated for 11 of 12
healthy donors that specific T-cell responses can be detected
after 14 d of pre-sensitization with NY-ESO-1 without the use
of dendritic cells.

Using PBMCs from four donors we have shown here that
large-scale generation of NY-ESO-1-specific T cells according to
GMP regulations is feasible. The polyclonal T-cell products so
generated show robust TH1 cytokine (i.e., IFNg and TNFa)
responses with a preponderance of CD4C helper T cells. The
expression of IFNg and TNFa in CD4C cells defines the helper
T cell population as TH1 cells.28,29 IFNg has been described as a
mediator of antitumor reactions alone or synergistically with
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Figure 4. Recognition of a HLA-DR-binding peptide and naturally processed peptides. (A) As generation of NY-ESO-1-specific T cells was performed with
an antigen independent of HLA types, we assessed MHC-binding specificity with a HLA Class II peptide predicted to bind HLA-DRB1*1501 according to
SYFPEITHI database and synthesized this peptide (NY-ESO-185–99). NY-ESO-1-specific T cells from of donor 1 were re-stimulated with dendritic cells (DCs)
pulsed with 5 mg/mL and 0.05 mg/mL NY-ESO-1 85–99 or control antigens (overlapping pools of NY-ESO-1, Class II matched background control filamin
A peptide, positive control SEB) for 6 h. Specific responses were analyzed through expression of TNFa, IFNg and IL-2. Recognition of the peptide is dem-
onstrated by the bars depicting the mean values of 4 independent experiments C/¡ SD) (B) To confirm MHC Class II dependent recognition, HLA-DR,
DB, DQ blocking antibodies were added to 3 of the T cell-stimulations described above. Bars show the specific blocking of T-cell peptide recognition
using anti-HLA-DR, DB, DQ antibodies as mean values of 3 independent experiments C/¡ SD. (C) Immunostaining and cytofluorimetric analysis for IFNg,
TNFa and IL-2 to assay MHC Class II dependent peptide-specificity. (D) Recognition of naturally processed peptides: NY-ESO-1-specific T cells from donor
1 were re-stimulated with DCs in the presence of recombinant NY-ESO-1 protein or appropriate controls (negative D recombinant proteins Actin C and
Survivin; positive controlD SEB) for 16 h. Analysis for protein specificity represent 4 independent experimentsC/¡ SD. Specific responses were analyzed
through expression of TNFa, IFNg and IL-2. (E) Blocking of the protein recognition by HLA-DR, DB, DQ antibodies: Bars demonstrate mean cytokine secre-
tion of 3 independent experiments C/¡ SD. (F) Immunostaining and cytofluorimetric analysis for IFNg, TNFa and IL-2 to assay MHC-Class II dependent
peptide-specificity.
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TNFa.30-32 Research efforts of the last
years have demonstrated the importance
of CD4C TH1 cells for tumor rejection
in mouse models. CD4C T cells are pre-
sumed to have direct cytotoxic
effects,33,34 as well as arrest cell growth
and induce senescence leading to tumor
dormancy through secretion of IFNg
and TNFa.32,35 Finally, CD4C T cells
are important for invasion of CD8C T
cells into the tumor.36 In addition, TH1
cytokines lead to an upregulation of
MHC expression on tumor cells17,37 and
enable CD8C attack. Clinical responses
have been described in single patients with melanoma through
adoptive transfer of NY-ESO-1-specific CD4C T cells.15 CD4C

antitumor responses in mice appear to be even more efficient
than CD8C T cells, particularly CD4C T cells partnered with
NK cells11 in adoptive transfer. In humans, it has been shown
that genetically engineered lymphocytes targeting NY-ESO-1
induce objective response rates in patients afflicted with meta-
static synovial cell sarcoma and melanoma.38 Very recently, Tran
et al. impressively demonstrated that epithelial cancer can be

cured by polyclonal, polyfunctional TH1 CD4C T cells. Specifi-
cally, a patient with cholangiocarcinoma exhibited tumor regres-
sion in response to T cells against a mutated antigen
encompassing more than 95% of CD4C TH1 T cells.14

In contrast to many other approaches of T-cell transfer we
present a protocol that is focused on polyclonal, polyfunctional
CD4C T cells. Multiplex cytokine array confirmed secretion of
the TH1 cytokines IFNg, TNFa and IL-2 and excluded tolero-
genic cytokines.

Figure 5. Antitumor responses induced by
NY-ESO-1 specific T cells. (A) Cell-mediated
antitumor response were assessed by co-cul-
turing donor-derived T cell lines with mela-
noma cells. NY-ESO-1_specific T cells from
donor 1 were re-stimulated for 4 h with the
NY-ESO-1 expressing cell line Ma-MEL-39a,
that was partially matched to the T-cell
donor (HLA-DRB1*1501). Analysis of 4 inde-
pendent experiments show an induction of
apoptosis at an effector to target (E:T) cell
ratio of 25:1. (B) Un-manipulated T cells from
donor 1 did not induce apoptosis of Ma-Mel-
39a cells, demonstrating the specific recog-
nition of MaMel-39a by NY-ESO-1 cells. (C)
Titration of T cells demonstrates a T-cell
dependent increase of apoptosis in Ma-Mel-
39a. (D) Absent induction of apoptosis in
K562 cells by NY-ESO-1-specific T cells
excludes non-specific toxic effects. (E) Super-
natant-mediated anti-tumor response: NY-
ESO-1-specific cell lines from donor 1 were
re-stimulated with overlapping pools of pep-
tides from NY-ESO-1 or Actin S (ACTS). Super-
natants were collected 6 h later and co-
incubated for 5 d with the primary mela-
noma cell line WM115 and BrdU incorpo-
ration was analyzed by flow cytometry.
Controls were performed using medium
alone and 100 ng/mL IFNg C 20 ng/mL
TNFa. DNA amount was analyzed by coun-
terstaining with 7-AAD. Analyses of 2 inde-
pendent experiments demonstrate a cell
cycle arrest in the cytokine melanoma cell
line WM115. (F) Representative result of the
flow cytometry analysis after BrdU and 7-
AAD staining.
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We demonstrated antigen-specificity by 2 approaches.
First, we examined whether NY-ESO-1-specific T cells can
recognize intracellular processed protein. For this purpose we
pulsed dendritic cells with recombinant NY-ESO-1 and con-
firmed specific T-cell activation of NY-ESO-1-specific T cells.
Second, we defined a new single MHC Class-II binding
NY-ESO-1 epitope predicted to be immunodominant. NY-
ESO-1-specific T cells were subsequently analyzed and about
half of T cells were proven to be directed against this epitope.
Of note this is the first report demonstrating the recognition
of the MHC Class II NY-ESO-1-specific T-cell epitope
SRLLEFYLAMPFATP matched to the frequent MHC allele
HLA-DR B1*1501.

Adoptive T-cell transfer approaches aim at a sustained immu-
nity in vivo. Therefore, repopulating capacity and hence the T-
cell phenotype have a strong influence on the success of T-cell
transfer.39,40 The GMP-protocol presented here, shows a strong
potential of proliferation of both CD4C and CD8C T cells after
repeated exposure to the antigen. The polyclonal IFNgC / CD4C

T cells consist of a mixture of central memory and effector mem-
ory T cells. However the expansion rate was variable in our pro-
tocol, but even in the case of the worst expansion rate,
343 million T cells were retrieved at the end of the protocol. In
case of the lowest starting cell frequency, 67 million T cells were
generated during the protocol. It remains to be determined if
these numbers of ex vivo expanded immune cells are sufficient for
efficacious treatment and precisely how many T cells are neces-
sary for a successful immunotherapy. Future clinical trials will
address these questions.

To evaluate the anticancer effect of in vitro generated NY-
ESO-1-specific TH1 CD4C cells, we performed co-culture
experiments with tumor cells. NY-ESO-1-specific TH1 CD4C

cells induce a G0/G1 arrest in tumor cells mediated by IFNg
and TNFa as shown by cell cycle assays. In addition, induc-
tion of apoptosis through NY-ESO-1 specific TH1 CD4C

cells was proven using a NY-ESO-1 positive tumor cell line.
The cytopathic mechanisms of NY-ESO-1-specific TH1
CD4C cells include soluble factors as well as cell-to-cell con-
tact, as shown by supernatant mediated effects and CD107a
assays.

Several studies propagate the use of lymphodepletion or
stem cell transplantation prior to administration of tumor
antigen-specific T cells. Allogeneic stem cell transplantation
has been successfully applied in the treatment of hematologic
malignancies.41-44 Treatment of solid tumors with allogeneic
stem cell transplantation has not fulfilled clinical promise and
remains controversial. However, relapse after allogeneic stem
cell transplantation has been shown to be associated with
absence of T-cell responses against tumor antigens, leading to
the assumption that these responses are involved in graft-ver-
sus-tumor effects.45 In accordance with these results, tumor
elimination has been demonstrated using allogeneic T cells
against gp100 and TRP-1.46 Therefore, we excluded alloreac-
tive responses in our T-cell lines to enable their use after allo-
geneic SCT in patients that were pretreated with this
regimen.

In conclusion, TH1-driven, tumor-associated-antigen specific
T cells from healthy donors were successfully generated from
peripheral blood for adoptive transfer using a clinical grade pro-
tocol and according to current GMP regulations. Generated T-
cell lines are functional and specific comprising a predominance
of TH1 CD4C T cells. Recognition and paralysis of tumor cells
by NY-ESO-1-specific TH1 CD4C cells holds great promise for
tumor immunotherapy. Furthermore, the preparation of NY-
ESO-1-specific T cells in the GMP facility has already been
approved as an advanced therapeutic medicinal product by regu-
latory authorities. The availability of T-cell cancer immunothera-
pies derived from peripheral blood will broaden possible
applications. Future outlooks could encompass combining T-cell
therapy with vaccination strategies against NY-ESO-1 to boost
T-cell responses post-adoptive transfer47 and combining T-cell
therapy with immune checkpoint inhibitors to sustain T-cell
responses.

Materials and Methods

Culture media and additives
RPMI 1640 low endotoxin (Biochrom), supplemented with

1% L-glutamine (Biochrom) and 10% human pooled AB-serum
(DRK T€ubingen, Germany and DRK Ulm, Germany) was used
for all cell cultures, except for maintaining tumor cells where
medium was supplemented with 10% fetal calf serum (Bio-
chrom). IL-4, TNFa, GM-CSF, IL-6 and IL-1b were provided
by Cellgenix in research quality, and IL-7 and IL-15 in GMP
quality (Cellgenix). IL-2 (Proleukin) was obtained from Novar-
tis. For cell-cycle assays, IFNg (Imukin!) was provided by
Boehringer, and TNFa by R&D Systems. Prostaglandin E was
purchased from Sigma Aldrich.

Peripheral blood mononuclear cells and tumor cell lines
Peripheral blood mononuclear cells (PBMCs) from healthy

donors were isolated by Ficoll/Paque (Biochrom) density gradi-
ent centrifugation from whole blood or leukapheresis after
informed consent. PBMCs were used for determination of NY-
ESO-1 frequency and from some donors for additional genera-
tion of NY-ESO-1 specific T-cell lines. MHC typing was per-
formed by PCR in the Institute of Transfusion Medicine,
University of T€ubingen. The NY-ESO-1C/HLA-DRB1*1501C

melanoma cell line Ma-Mel-39a was supplied by EST DAB
Database T€ubingen, Germany and the melanoma cell line
WM115 ATCC�1675 (kindly provided by Birgit Schittek, Uni-
versity Department of Dermatology, T€ubingen) and identity was
approved by STR profiling in the DZMS Leipzig.

Antigens
NY-ESO-1 protein-spanning, overlapping peptide pools of 15

amino acid length with 11 amino acid overlap (JPT or Miltenyi
Biotec) were used for T-cell generation. Sterile filtration of anti-
gens was done before use in the GMP lab. Integrity of antigen
after sterile filtration was confirmed by high-performance liquid
chromatography (HPLC). Specificity analyses were done with
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the overlapping pools of NY-ESO-1, recombinant NY-ESO-1
protein (Fisher Scientific), and NY-ESO-1 derived MHC Class
II peptide SRLLEFYLAMPFATP predicted to bind HLA-
DRB1*1501 according to SYFPEITHI database (synthesized in
the Department of Immunology, T€ubingen, Germany). As nega-
tive controls to define the background stimulation of T cells,
overlapping peptide pools of Actin S (JPT), recombinant survivin
and recombinant protein actin C (both Abnova) and the filamin-
A derived MHC Class II peptide ETVITVDTKAAGKGK (syn-
thesized in the Department of Immunology) were used. Staphy-
lococcus enterotoxin B (SEB) (Sigma-Aldrich) was used as
positive control in T-cell stimulations.

Antibodies
Flow cytometry of cells was performed using the following

antibodies: anti-CD3 BV-510, anti-CD56-BV711, anti-
CD45RO-BV785 (Biolegend), anti-CD4-AF-700 (Exbio), anti-
CD3-PE-Cy7 (clone SK7), anti-CD4-APC-H7, anti-CD4-
PerCP, anti-CD8-FITC, anti-CD8-APC-H7, anti-CD3-APC,
anti-CD45RA-FITC, anti-CD45RO-PE, anti-CD27-FITC,
anti-CD27-PE-CF594, anti-CD107a-APC, anti-IFN-g-APC,
anti-IFN-g-PE (all BD Bioscience) anti-CD62L-FITC, anti-
CD28-PE, anti-CD80-PE, anti-CD83-FITC (PharMingen BD),
anti-CD3-FITC (clone MEM 57) anti-CD25-PE (both Exbio)
anti-CD8-PB (Dako), anti-CCR7-PE (R&D Systems), anti-
TNFa-APC, anti-CD28-PECy7 (eBioscience), anti-IFNg-PE,
anti-IL-10-APC (both Miltenyi Biotech). Dead cells were
excluded by staining with the amine-reactive dye Alexa Fluor
350 (AF350 NHS Succinimidyl Ester; Invitrogen,) ; Annexin V
conjugated with Alexa Fluor 647 (AF647-Annexin V) was used
to determine apoptosis in tumor cells (Biolegend). Regulatory T
cells were analyzed using anti-FOXP3-AF647 antibody-kit (Biol-
egend). Blocking experiments were done using HLA-DR, DB,
and DQ antibodies, natrium acid (sodium azide) free, (BD Bio-
science) at a final concentration of 10 mg/mL.

Generation of NY-ESO-1-specific T cells
Large scale generation of NY-ESO-1-specific T cells according

to GMP guidelines was performed in a GMP facility of the Uni-
versity Children�s Hospital T€ubingen. The protocol consisted of 3
steps: 1) Antigen-specific pre-sensitization using overlapping
pools of NY-ESO-1 in the presence of IL-2 and IL-7; 2) IFNg
based magnetic enrichment of antigen-specific T cells; and 3)
Expansion of T cells using autologous feeder cells in the presence
of IL-2, IL-7 and IL-15. A detailed protocol for large-scale GMP
generation of NY-ESO-1-specific T cells is specified in the supple-
ment and an overview of the procedure is depicted in Figure 1A.
Briefly, PBMC from healthy donors were isolated by Ficoll/Paque
density gradient centrifugation During pre-sensitization 1 £ 107

cells/mL PBMCs () were stimulated with pools of NY-ESO-1
overlapping peptides at 1 mg/mL overnight in RPMI1640, 10%
human AB-serum and 1% L-glutamine in culture flasks (Cellstar,
Greiner Bio-One) diluted to 5 £ 106 cells/mL in the presence of
10 U/mL recombinant human IL-2 (Proleukin�) and 10 ng/mL
GMP-grade IL-7. Medium and cytokines were replaced every sec-
ond to third day. When specific T cells raised to>0.1% within 7–

14 days, enrichment of IFNgC cells was done after re-stimulation
with NY-ESO-1 peptide pool for 6 h using CliniMACS� (Milte-
nyi Biotec) technique as described previously48. The negative frac-
tion was irradiated (30 Gy) and used as feeder cells in ratios of
50–100:1 (feeder:responder) at a concentration of 5 £ 106cells/
mL in the presence of 10 ng/mL IL-7, 10 ng/mL IL-15 and
50 U/mL IL-2 (Proleukin

�
) for 14 d. Culture splitting and

replacement of medium and cytokines was done every second to
third day as needed.

Detection of NY-ESO-1-specific T cells in flow cytometry
For screening of healthy donors for NY-ESO-1-specific T cells

and to define the time point of magnetic enrichment during pre-
sensitization, IFNgC T cells were detected via cytokine secretion
assay (CSA-Assay;Miltenyi Biotec) according to manufacturer�s
instruction. Peptide stimulation of 2.5 £ 106 PBMC from pre-
sensitized cultures were re-stimulated for 6 h using overlapping
pools of NY-ESO-1 or controls. The stimulated PBMCs were
stained using fluorochrome labeled anti-CD3-, anti-CD4-, anti-
CD8 antibodies (see above). To analyze the cytokine expression
on CD3, CD4 and CD8 T-cell products, 1 £ 106 T cells were
re-stimulated with different NY-ESO-1 derived antigens using 1
£ 106 dendritic cells and intracellular cytokine staining (see
above for fluorophore-conjugated antibodies) was performed
using the Fix and Perm Kit (AnDerGrub) as previously
described. For some analyses T-cell differentiation markers
CD45RO, CD62L, CD28, CD27 and CCR-7 were co-analyzed
by flow cytometry. All fluorescence cytometry analyses were per-
formed on a LSRII flow cytometer or FACS-Calibur and using
FACS-DIVA version 6.1.3 or Cellquest software (all BD
Bioscience).

Generation of monocyte-derived dendritic cells
Dendritic cells (DC) were generated as described previously49

with monocytes from PBMCs enriched by an adhesion step. Cell
culture was performed in the presence of 100 ng/mL GM-CSF
and 40 ng/mL IL-4 for 6 d followed by a maturation step with
10 ng/mL IL-1b, 10 ng/mL TNFa, 10 ng/mL IL-6 and 1 mg/
mL Prostaglandin E2 for 24 h. Cells were analyzed by flow
cytometry to determine the percentage of double positive CD80/
CD83 cells. DCs were used for subsequent analysis if double pos-
itive cells exceeded 70%.

Functional analysis of NY-ESO-1-specific T-cell lines
In vitro proliferation was detected with carboxyfluorescein

diacetate succinimidyl ester (CFSE) as described previously50. In
brief, cells were labeled with 1.6 mM CFSE (Molecular Probes;
Invitrogen) and seeded (1 £ 106 cells/well) in 48-well plates with
1 £ 105 antigen-pulsed DC. Six d later, the cells were re-stimu-
lated by peptide, stained using appropriate antibodies and stain-
ing methods (as described above) for detection of intra-and
extracellular markers/cytokines, and analyzed by flow cytometry.
Alloreactivity was analyzed using 1 £ 106 CFSE-stained T cells
in co-culture with 1 £ 106 irradiated autologous or allogeneic
PBMC for 5 d. Cells were re-stimulated with autologous or allo-
geneic irradiated PBMCs for 16 h and analyzed as described
above. Cytotoxicity was analyzed by CD107a expression in flow
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cytometry after stimulation of 1 £ 106 T cells with different
amounts of antigen-pulsed DCs after 6 h in the presence of a
CD107a-APC antibody and MonensinA (both BD Biosci-
ence). Tumor-cell apoptosis was determined by flow cytome-
try. T cells were stained with 0.4 mM CFSE (Molecular
Probes; Invitrogen) for discrimination from tumor cells and
co-incubated with tumor cells for 4 h in 15 mL tubes. Cells
were stained with AF350 NHS Succinimidyl Ester to assess
dead cells and Annexin-V-647 to determine apoptosis (Biole-
gend) according to manufacturer�s instructions. Cytokine lev-
els were quantified in supernatants of co-cultures from 2.5 £
106 T cells and 2.5 £ 105 antigen-pulsed DC for 6 h and
analyzed with the Bio-Plex magnetic cytokine assay (Bio-Rad-
Laboratories) using the BioPlex-reader and-manager software
(all Bio-Rad). Values higher than the highest standard value
or lower than the lowest standard value were set on lowest or
highest standard value, respectively.

Cell cycle analysis
Supernatants from T-cell lines were generated as described for

detection of cytokine levels and co-incubated with the primary
melanoma cell line WM115. Cell cycle analysis was performed
following 5 d of co-incubation of tumor cells with T-cell line
supernatants or 20 ng/mL TNFa C 100 ng/mL IFNg using a
FITC-BrdU Flow Kit (BD Bioscience) after 20 h BrdU incorpo-
ration. Cells were stained with FITC-conjugated anti-BrdU anti-
body and 7-actinomycin D (7-AAD) and analyzed by flow
cytometry.
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