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Abstract

The anti-tumor efficacy of TCR-engineered T cells in vivo depends largely on less-differentiated subsets such as T cells with
naive-like T cell (Ty) phenotypes with greater expansion and long-term persistence. To increase these subsets, we compared
the generation of New York esophageal squamous cell carcinoma-1 (NY-ESO-1)-specific T cells under supplementation with
either IL-2 or IL-7/IL-15. PBMCs were transduced with MS3II-NY-ESO-1-siTCR retroviral vector. T cell generation was
adapted from a CD19-specific CART cell production protocol. Comparable results in viability, expansion and transduction
efficiency of T cells under stimulation with either IL-2 or IL-7/IL-15 were observed. IL-7/IL-15 led to an increase of CD4*
T cells and a decrease of CD8" T cells, enriched the amount of Ty among CD4" T cells but not among CD8" T cells. In a
SICr release assay, similar specific lysis of NY-ESO-1-positive SW982 sarcoma cells was achieved. However, intracellular
cytokine staining revealed a significantly increased production of [FN-y and TNF-a in T cells generated by IL-2 stimulation.
To validate these unexpected findings, NY-ESO-1-specific T cell production was evaluated in another protocol originally
established for TCR-engineered T cells. IL-7/IL-15 increased the proportion of Ty. However, the absolute number of Ty did
not increase due to a significantly slower expansion of T cells with IL-7/IL-15. In conclusion, IL-7/IL-15 does not seem to
be superior to IL-2 for the generation of NY-ESO-1-specific T cells. This is in sharp contrast to the observations in CD19-
specific CART cells. Changes of cytokine cocktails should be carefully evaluated for individual vector systems.
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Adoptive cell therapy (ACT) using TCR-engineered T cells
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’ ’ workflow of ACT with TCR-engineered T cells consists of

three parts: acquisition of autologous immune cells, ex vivo
expansion and manipulation of T cells including TCR gene
transfer, and re-infusion of T cells back to the patient with
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the appropriate tumor-specific antigen and HLA restriction
[2].

The cancer-testis antigen NY-ESO-1 is expressed on a
variety of tumor entities including melanoma [3, 4], soft-
tissue sarcoma [5, 6] and multiple myeloma [7, 8]. Restricted
expression of NY-ESO-1 in adult germ tissue that lacks
MHC molecules offers an appropriate target for T cells with
reduced on-target toxicity [9]. Clinical trials using NY-
ESO-1-specific T cells have demonstrated significant tumor
regression in a variety of cancer entities including melanoma
[10, 11], synovial sarcoma [12] and multiple myeloma [13].
In addition, several trials combining NY-ESO-1-specific T
cells with other immunotherapeutic strategies including vac-
cines and checkpoint inhibitors are ongoing [14].

Despite encouraging response rates in clinical trials, treat-
ment failure is common, mostly achieving only transient
tumor regression in the majority of patients [11]. Intra- and
inter-tumor heterogeneity of NY-ESO-1 expression accounts
at least in part for this observation [15]. Therefore, TCR-
engineered T cell optimization is ongoing addressing sev-
eral aspects: Demethylating agents can increase NY-ESO-1
expression and may enhance NY-ESO-1 ACT in poorly
immunogenic tumors [14]. The inhibition of endogenous
TCR expression can prevent TCR mispairing, resulting in
higher surface expression of tumor-specific TCRs and a
reduction of off-target toxicity [16, 17]. An enhancement
of TCR of affinity can improve target recognition [18], and
coupling TCR genes with co-stimulatory molecules may
enhance T cell activation [19].

Another important aspect for successful cellular immu-
notherapy is the composition of T cell subsets within the
cell product. Several studies have suggested that less-differ-
entiated T cells such as naive-like T cells (Ty) or stem cell
memory T cells (Tgcy,) comprising the capacity of greater
expansion and longer in vivo persistence convey superior
anti-tumor efficacy when compared to more differentiated
effector T cells [20-22]. The composition of the cytokine
cocktail used for T cell generation has an important impact
on ex vivo T cell expansion and immunophenotype. In the
past, the use of IL-2 was established as a gold standard for
T cell culture. More recently, with a better understanding of
in vivo T cell homeostasis, IL-7 and IL-15 have emerged
as important cytokines for the maintenance of a naive- or
memory-like T cell phenotype [23-25]. A previous study
demonstrated that IL-7 and IL-15, rather than IL-2, could
efficiently enrich Tgcy [26]. The optimal culture condition
for TCR-engineered T cells is not yet defined.

In this study, we compared the production of NY-ESO-
1-specific T cells under supplementation of the culture
medium with either IL-2 or IL-7/IL-15 using two different
manufacturing protocols. The focus was to determine the
effects of different cytokine cocktails on viability, expansion,
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and T cell subsets as well as on effector function in NY-
ESO-1-specific T cells.

Materials and methods
Primary cells

Peripheral blood samples from healthy donors (HDs) were
obtained at the Heidelberg University Hospital. Mononu-
clear cells were purified by Ficoll density gradient (Linaris,
Dossenheim, Germany) and cryopreserved.

Cell lines

The soft-tissue sarcoma cell lines SW982 (HLA-A2-pos-
itive NY-ESO-1-positive) and SYO-1 (HLA-A2-negative
NY-ESO-1-negative) were expanded in DMEM (Thermo
Fisher Scientific, Waltham, MA, USA), while Fuji (HLA-
A2-positive NY-ESO-1-negative) and MLS-1765-92 (HLA-
A2-negative NY-ESO-1-positive) were cultured in RPMI
1640 (Thermo Fisher Scientific), both supplemented with
10% heat-inactivated FBS (Thermo Fisher Scientific), at
37 °C and 5% CO,.

NY-ESO-1-specific T cell generation and expansion

Cryopreserved human PBMCs from HDs were thawed and
activated according to two different protocols. Protocol 1
was based on our previous publications on CD19-specific
CART cell generation [27-29] and protocol 2 was adapted
from the NY-ESO-1 generation protocol that was used for a
clinical trial in Japan (NCT02869217). Major differences of
the two protocols are illustrated in Fig. 1.

For protocol 1, the culture medium consisted of 45%
RPMI 1640 (Thermo Fisher Scientific) and 45% Click’s
Medium (EHAA) (Irvine Scientific, Santa Ana, CA, USA),
supplemented with 10% heat-inactivated FBS (Thermo
Fisher Scientific) and 2 mM L-glutamine (Thermo Fisher
Scientific). Activation of PBMCs was performed for 3 days
in non-tissue culture-treated 24-well plates (Corning, NY,
USA) after coating overnight with 0.5 ml of 1 pg/ml anti-
CD3 (OKTS3; Biolegend, San Diego, CA, USA) and 1 pg/
ml anti-CD28 (Biolegend). On day 2, two different cytokine
cocktails were added: 4400 U/ml IL-7 (R&D Systems, Min-
neapolis, MN, USA) and 100 U/ml IL-15 (R&D Systems)
vs 100 U/ml IL-2 (Novartis, Nuremberg, Germany). On
day 3, 5% 10° activated T cells in 2 ml culture medium per
well were transduced with MS3II-NY-ESO-1-siTCR retro-
viral vector (Prof. H. Shiku, Mie University, Tsu, Japan) in
24-well non-tissue culture-treated plates (Corning) previ-
ously coated with 7 ug/ml retronectin (Takara Bio, Shiga,



Cancer Immunology, Immunotherapy (2019) 68:1195-1209

1197

Protocol 1 (P1)

45% RPMI 1640
45% Click’s Medium (EHAA)
10% heat-inactivated FBS
2 mM L-glutamine

Culture Medium (CM)

Anti-CD3/anti-CD28 coating

Transduction Cytokines

Activation Anti-CD3 (1 ug/ml) +
Anti-CD28 (1 ug/ml)
100 U/mL IL-2
4,400 U/mLIL-7 +
100 U/mL IL-15

7 pg/ml

Cytokine Cocktail 1
Cytokine Cocktail 2

Retronectin used for
transduction
Start of transduction
activated T cells count

5x10° in 2ml CM

Cytokines
w | e |

Day -1 0 1 2 3 4 5 6 7 .14

Fig. 1 Culture conditions and main procedures of two different pro-
tocols for the generation of NY-ESO-1-specific T cells. Major differ-
ences are displayed for culture conditions (a) and time schedule (b)

Japan) dissolved in Dulbecco’s PBS (Sigma-Aldrich, St.
Louis, MO, USA).

For protocol 2, the culture medium consisted of GT-T551
(Takara Bio, Shiga, Japan), 2% human serum albumin (US
biological, Massachusetts, USA), 0.6% human serum (Zen-
Bio, NC, USA) supplemented with either 4400 U/ml IL-7
(R&D Systems) and 100 U/ml IL-15 (R&D Systems) or 600
U/ml IL-2 (Novartis). Activation of PBMCs was performed
for 4 days in non-tissue culture-treated 12-well plates (Corn-
ing) previously coated overnight with 0.4 ml of 5 pg/ml anti-
CD3 (OKT3; Biolegend) and 25 ug/ml retronectin (Takara
Bio) diluted in anticoagulant citrate dextrose solution (ACD-
A; Terumo, Tokyo, Japan). On day 4, 3.8 x 10° activated T
cells suspended in 0.95 ml culture medium per well were
transduced with the MS3II-NY-ESO-1-siTCR retroviral
vector in 24-well non-tissue culture-treated plates (Corn-
ing) coated with 20 pg/ml retronectin (Takara) in ACD-A
(Terumo).

For both protocols, culture medium change with fresh
addition of cytokines was performed on days 7, 10 and 14. T
cells were cultivated in 6-well tissue culture plates (Sarstedt,
Niimbrecht, Germany) and transferred to T25 or T75 tissue
culture flasks (Sarstedt) depending on the total cell number.

Flow cytometry

The LIVE/DEAD® Fixable Near-IR Dead Cell Stain Kit
(Thermo Fisher Scientific) was used to exclude dead cells.
The PE-conjugated A0201 NY-ESO-1-tetramer (Prof. H.
Shiku, Mie University, Tsu, Japan) was used to identify
NY-ESO-1-specific TCR expression. The following fluoro-
chrome-conjugated antibodies were used for immunopheno-
typing of the surface markers: anti-CD3-V510 (AmCyan),
anti-CD8-PerCP, anti-CD45RA-APC, anti-PD-1-Alexa

according to protocol 1 and protocol 2. P protocol 1, P2 protocol 2,
CM culture medium

Fluor 488, anti-TIM-3-Brilliant Violet 421, anti-CXCR3-
Alexa Fluor 488 (all from Biolegend), anti-CD4-Alexa
Fluor 700, anti-CCR7-PE-Cy7, anti-CD62L-eFluor 450 and
anti-CD3-eFlour 610 (all from eBioscience, San Diego, CA,
USA). For intracellular cytokine staining, T cells were co-
cultured with HLA-A2-positive NY-ESO-1-positive SW982
cells or HLA-A2-negative NY-ESO-1-negative SYO-1 cells
for 6 h in 96-well U-bottom microplates (Greiner BioOne,
Frickenhausen, Germany). Intracellular cytokine retention,
fixation, permeabilization, intracellular [FN-y and TNF-a
staining and data acquisition were performed as described
previously [28]. Gating strategies and representative dot
plots are displayed in Supplementary Fig. 1.

Cytotoxicity assay

Cytotoxicity of the NY-ESO-1-specific T cells was assessed
by a 12-h chromium-51 (°'Cr) release assay. HLA-A2-pos-
itive NY-ESO-1-positive SW982 cells were used as target
cells, whereas HLA-A2-negative NY-ESO-1-negative SYO-1
cells, HLA-A2-positive NY-ESO-1-negative Fuji cells and
HLA-A2-negative NY-ESO-1-positive MLS-1765-92 cells
served as negative controls. All cell lines were labeled with
SICr (Hartmann Analytic, Braunschweig, Germany) and co-
incubated in triplicate with T cells (effector cells) in 96-well
U-bottom microplates (Greiner Bio-One) at E:T ratios of 10:1,
5:1,2.5:1, and 1:1 at 37 °C, 5% CO,. Maximum and back-
ground >'Cr release of target cells were assessed by adding 1%
Triton X-100 solution (Merck KGaA, Darmstadt, Germany)
or culture medium without T cells, respectively. Radioactiv-
ity was measured on a 1414 WinSpectral liquid scintillation
counter (PerkinElmer). Specific lysis was calculated accord-
ing to the following formula: % specific lysis = (°'Cr release
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in the test well — background °'Cr release)/(maximum >'Cr
release — background *'Cr release) x 100.

Statistical analysis

Statistical analysis was performed using Excel (Microsoft,
Redmond, WA, USA). The parametric two-way ¢ test was
used for data comparison. A p value < 0.05 was considered
as statistically significant. Graphs and tables were designed
using Excel (Microsoft) and Prism 6 (GraphPad Software
Inc., San Diego, CA, USA). If not otherwise mentioned,
results are presented as mean =+ standard deviation.

Results

Influence of IL-2 and IL-7/IL-15 on viability,
expansion and transduction efficiency using
protocol 1

Viability, expansion and transduction efficiency of T cells
were assessed longitudinally during the generation of NY-
ESO-1-specific T cells with PBMCs from seven HDs. Simi-
lar viability (Fig. 2a), expansion (Fig. 2b) and transduction
efficiency (Fig. 2¢) were observed for NY-ESO-1-specific T
cells generated in media supplemented with either IL-2 or
IL-7/IL-15. Gating and analyzing strategies are displayed in
Supplementary Fig. 1.

Influence of IL-2 and IL-7/IL-15 on viability,
expansion and transduction efficiency using
protocol 2

Viability, expansion and transduction efficiency of T cells
were assessed longitudinally during NY-ESO-1-specific
T cell culture with PBMCs from seven HDs. Viability
(Fig. 2d) of NY-ESO-1-specific T cells cultured in media
supplemented with either IL-2 or IL-7/IL-15 was equal,
while a significantly higher expansion rate was observed
for IL-2-based production (IL-2 vs IL-7/IL-15: 3.73+1.17
vs 0.96+0.57 x 10° cells, p <0.001, day 7; 12.78 +7.82 vs
2.06+1.70 x 10° cells, p=0.005, day 10; 18.16 +10.15 vs
2.09+1.79 x 10° cells, p=0.003, day 14; Fig. 2e). More-
over, in the presence of IL-2, transduction efficiency was
significantly higher when compared to IL-7/IL-15-supple-
mented media (IL-2 vs IL-7/IL-15: 34 +10% vs 20+ 6%,
p<0.001, day 7; 33+ 12% vs 19 +4%, p=0.004, day 10;
25+7% vs 17+5%, p=0.002, day 14; Fig. 2f).

Distribution of different NY-ESO-1-specific T cell
subsets using protocol 1

The supplemented cytokines had a significant impact on the
distribution of CD8™ cytotoxic T cells and CD4* T helper
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(Th) cells in the cell product: culture in the presence of IL-2
generated significantly more CD8 cytotoxic T cells and less
CD4* Th cells (CD8" T cells on day 14, IL-2 vs IL-7/IL-15:
51+£5% vs 31 £10%; p <0.001; Fig. 3a).

T cell subsets were defined by CCR7 and CD45RA
expression into Ty (CD45RATCCR7™), central memory-
like T cells (Tcy: CD45RA™CCR7™), effector memory-like
T cells (Tgy;: CD45RACCR77), and terminally differen-
tiated effector-like T cells (Tg: CD45RA*CCR77). After
in vitro activation of T cells, nearly all T cells expressed
CD095. Therefore, T cells classified as Ty can be considered
as Tycp-like cells [21, 28]. Figure 3b shows the distribution
of different T cell subsets generated in media containing
IL-2 or IL-7/IL-15 according to protocol 1. IL-2 mediated
significantly higher frequencies of Ty, on days 7, 10, and
14 (p=0.03, p<0.001, p=0.003) as well as of T, on days
10 and 14 (p=0.001, p=0.004). In contrast, IL-7/IL-15 led
to significantly higher frequencies of Ty on days 7 and 10
(p=0.009, p=0.003) as well as of Ty on day 14 (p=0.005).

Distribution of different NY-ESO-1-specific T cell
subsets using protocol 2

In contrast to protocol 1 (Fig. 3a), cell culture using protocol
2 with IL-7/IL-15 yielded significantly more CD8* cyto-
toxic T cells and less CD4" Th cells on day 14 compared to
IL-2-based T cell culture (CD8* cytotoxic T cells, IL-2 vs
IL-7/IL-15: 62 +14% vs 72+ 12%; p <0.001; Fig. 3c). IL-2
mediated significantly higher percentages of Ty on days 10
and 14 (p=0.002, p <0.001), of Ty on days 10 and 14
(p=0.01, p=0.001) as well as of T, on day 10 (p=0.001).
In contrast, IL-7/IL-15 led to a significantly higher percent-
age of Ty on days 10 and 14 (p <0.001, p <0.001) (Fig. 3d).

Relative distribution and absolute number
of NY-ESO-1-specific Ty applying protocol 1

The cytokine-cocktail had a significant impact on the distri-
bution of CD4" Th cells and CD8" cytotoxic T cells: com-
pared to IL-2, IL-7/IL-15 resulted in a significantly higher
percentage of Ty (IL-2 vs IL-7/IL-15: 27 +7% vs 41 +9%,
p=0.004, day 10; 24 +7% vs 45+7%, p<0.001, day 14;
Fig. 4a) as well as increased the absolute number of Ty
(IL-2 vs IL-7/IL-15: 0.28 +0.11 vs 0.61 +0.27 x 100 cells,
p=0.006, day 10; 0.33+0.15 vs 1.21 +0.75 x 10 cells,
p=0.01, day 14; Fig. 4b) among CD4" T cells on days 10
and 14. The percentage of CD8* Ty on day 14 was sig-
nificantly higher when T cells were cultured under supple-
mentation with IL-7/IL-15 (IL-2 vs IL-7/IL-15: 48 +14% vs
58 +11%, p=0.04; Fig. 4c). However, in contrast to CD4% T
cells, the absolute number of Ty within CD8* T cells did not
differ between IL-2 and IL-7/IL-15-based culture (Fig. 4d).
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(a, d), cell expansion (b, e) and transduction efficiency (c, f) were

Relative distribution and absolute number
of NY-ESO-1-specific Ty applying protocol 2

When compared to IL-2, IL-7/IL-15 significantly
increased the percentage of Ty in CD4" T cells on days
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assessed on days 7, 10, and 14 of T cell culture. Mean values were
calculated for each group. Error bars indicate standard deviation. Sta-
tistical significance was calculated using a paired two-way student ¢
test. Significance (p values <0.05) is indicated by an asterisk (*)

10 and 14 of T cell culture (IL-2 vs IL-7/IL-15: 14+ 10%
vs 34+ 14%, p<0.001, day 10; 17 £10% vs 38 £ 13%,
p <0.001, day 14; Fig. 4e). However, the absolute num-
ber of CD4* Ty was significant higher in the cell product
using IL-2 when compared to IL-7/IL-15 (IL-2 vs IL-7/
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Fig.3 Distribution of different NY-ESO-1-specific T cell sub-
sets. Evolution of CD3*/CD4" (solid lines) and CD3*/CD8"
(dashed lines) NY-ESO-1-specific T cells (n=7) was assessed on
days 7, 10, and 14 of T cell culture following protocol 1 and 2 (a,
¢). NY-ESO-1-specific T cell subsets were defined by CCR7 and
CD45RA expression (n=7). Ty were defined as CD45RATCCR7",
Tey as CD45RA™CCR7*, Tgy as CD45RA™CCR7-, and Ty as
CD45RATCCR7™ T cells. Differences in the proportion of Ty (dark

IL-15: 0.28 +0.17 vs 0.08 +£0.07 x 10° cells, p=0.02,
day 7; 0.29+£0.17 vs 0.08 +0.05 x 10° cells, p=0.03,
day 10; 0.50+0.40 vs 0.07 +0.03 X 10° cells, p=0.03,
day 14; Fig. 4f). This is mainly attributed to the higher
expansion rate achieved with protocol 2 employing IL-2
(Fig. 2e). In this context, CD8* Ty shared similar fea-
tures with CD4" Ty. IL-7/IL-15 led to a significantly
higher percentage of Ty (IL-2 vs IL-7/IL-15: 18 +14%
vs 39 +20%, p=0.003, day 10; 31 +16% vs 54 +13%,
p<0.001, day 14; Fig. 4g) among CD8" T cells whereas a
higher absolute number of CD8* Ty, (IL-2 vs IL-7/IL-15:
0.64+0.22 vs 0.15+0.10 x 10° cells, p <0.001, day 7;
0.88+0.20 vs 0.44 +0.31 x 10° cells, p=0.01, day 10;
2.97+1.58 vs 0.79 +0.67 x 10° cells, p =0.004, day 14;
Fig. 4h) was obtained using IL-2.
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tion. Statistical significance was calculated using a paired two-way
student ¢ test. Significance (p values <0.05) is indicated by an asterisk

)

Analysis of exhaustion and homing markers using
protocol 1

To assess exhaustion status and homing markers induced
by different cytokines, the expression of exhaustion
markers PD-1 and TIM-3, as well as of homing markers
CD62L and CXCR3 was evaluated by flow cytometry.
PD-1 expression (Fig. 5a) was similar between NY-ESO-
1-specific T cells cultured under supplementation with
either IL-2 or IL-7/IL-15, whereas IL-2 led to a signifi-
cantly lower expression of TIM-3 on days 7, 10, and 14
(IL-2 vs IL-7/1L-15: 79 £ 13% vs 91 +4%, p=0.02, day
7; 53 +£24% vs 74 +£20%, p<0.001, day 10; 54 £ 16%
vs 61 £19%, p=0.01, day 14; Fig. 5b). Co-expression
of PD-1 and TIM-3 was further assessed and an equal
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culture medium (IL-2 vs IL-7/IL-15: 88 + 6% vs 84 + 8%,
p=0.01, day 10; 83 £10% vs 74 £ 12%, p <0.001, day
14; Fig. 5e).
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«Fig.5 Exhaustion and homing markers of NY-ESO-1-specific T
cells. NY-ESO-1-specific T cells (n=7) cultured in media supple-
mented with either IL-2 (black bars) or IL-7/IL-15 (gray bars) were
compared for expression of exhaustion and homing markers. The
exhaustion markers PD-1 (a, f) and TIM-3 (b, g), co-expression of
PD-1 and TIM-3 (c, h) as well as expression of the homing mark-
ers CD62L (d, i) and CXCR3 (e, j) were assessed on days 7, 10, and
14. Mean values were calculated for each group. Error bars indicate
standard deviation. Statistical significance was calculated using a
paired two-way student ¢ test. Significance (p values <0.05) is indi-
cated by an asterisk (*)

Analysis of exhaustion and homing markers using
protocol 2

On day 7, PD-1 expression was significantly higher in T cell
production under supplementation with IL-7/IL-15 (IL-2
vs IL-7/IL-15: 18 +19% vs 29 +22%, p=0.003; Fig. 5f).
TIM-3 levels were similar using both cytokine cocktails
(Fig. 5g). Moreover, IL-7/IL-15 resulted in a significantly
higher percentage of PD-1/TIM-3 co-expressing T cells on
day 7 (IL-2 vs IL-7/IL-15: 18 £ 18% vs 28 +21%, p=0.004,
Fig. 5h). CD62L levels were significantly lower on days 7,
10, and 14 using IL-7/IL-15 (IL-2 vs IL-7/IL-15: 98 +2% vs
92+4%, p=0.004, day 7; 81 +9% vs 63 +15%, p=0.002,
day 10; 67 +9% vs 55+ 14%, p=0.02, day 14; Fig. 5i).
CXCR3 levels were significantly higher on days 10 and 14
when IL-7/IL-15 was added to the culture medium (IL-2 vs
IL-7/1L-15: 79+7% vs 93 +2%, p=0.001, day 10; 77 +3%
vs 88+5%, p<0.001, day 14; Fig. 5j).

Functional evaluation of NY-ESO-1-specific T cells
generated according to protocol 1

SICr release assay was performed on day 14 and intracellular
cytokine staining on day 15 of T cell culture. HLA-A2-pos-
itive and NY-ESO-1-positive SW982 cells were used as tar-
get cells. In °!Cr release assay, the lytic activity between
NY-ESO-1-specific T cells generated under either IL-2 or
IL-7/IL-15 condition was comparable at E:T ratios rang-
ing from 10:1 to 1:1 (Fig. 6a). NY-ESO-1-specific T cells
could selectively lyse NY-ESO-1-positive cells and did not
exhibit significant lysis of SYO-1 (HLA-A2-negative NY-
ESO-1-negative), Fuji (HLA-A2-positive NY-ESO-1-nega-
tive) and MLS-1765-92 cells (HLA-A2-negative NY-ESO-
1-positive) (Supplementary Fig. 2a).

For intracellular cytokine staining of IFN-y and TNF-a,
T cells were incubated for 6 h with SW982 cells. Intracel-
lular IFN-vy levels were significantly higher under the IL-
2-based production in all CD3* T cells (IL-2 vs IL-7/IL-15:
48 +13% vs 29 + 6%, p=0.03; Fig. 6b) as well as CD4" Th
cells (IL-2 vs IL-7/IL-15: 30+ 5% vs 14 + 7%, p=0.005;
Fig. 6b) and CD8* cytotoxic T cells (IL-2 vs IL-7/IL-15:
57+ 15% vs 45+ 10%, p=0.03; Fig. 6b). In addition, IL-2

achieved significantly higher TNF-a levels in all CD3* T
cells (IL-2 vs IL-7/IL-15: 47+ 17% vs 24+ 13%, p=0.02;
Fig. 6¢) as well as CD4* T cells (IL-2 vs IL-7/IL-15:
39+17% vs 15+ 12%, p=0.04; Fig. 6¢). In CD8"* T cells,
only a trend towards higher TNF-a levels was observed
under the IL-2-based production without reaching statisti-
cal significance (IL-2 vs IL-7/IL-15: 51 +£17% vs 36 +20%,
p=0.13; Fig. 6¢). Furthermore, the multifunctionality
of NY-ESO-1-specific T cells producing both cytokines,
TNF-a and IFN-y, was evaluated. NY-ESO-1-specific T
cells generated by IL-2 stimulation had a significantly higher
proportion of multifunctional T cells (IL-2 vs IL-7/IL-15:
CD3%,37+12% vs 16 +7%, p=0.01; CD3*/CD4*, 23 +9%
vs 10+8%, p=0.02; CD3*/CD8*, 50 £ 8% vs 27 + 16%,
p=0.046; Fig. 6d). Baseline cytokine production after 6 h
incubation with SYO-1 cells (HLA-A2-negative NY-ESO-
1-negative) or without any cell stimulation is displayed in
Supplementary Fig. 2b, c.

Functional evaluation of NY-ESO-1-specific T cells
generated according to protocol 2

In 3!Cr release assay, NY-ESO-1-specific T cells generated
under IL-2 condition showed stronger lytic activity at high
E:T ratios, reaching significance at 5:1 when compared to
T cells generated in the presence of IL-7/IL-15 (IL-2 vs
IL-7/IL-15: 52+9% vs 30+ 15%, p=0.09, 10:1; 40 +3%
vs 22 +6%, p=0.01, 5:1; Fig. 6e).

NY-ESO-1-specific T cells were incubated for 6 h with
SW982 cells on day 15 before intracellular cytokine stain-
ing. CD8* T cells under supplementation with either IL-2
or IL-7/IL-15 generated similar amounts of IFN-y (Fig. 6f),
whereas CD4* T cells yielded higher level of IFN-y under
supplementation with IL-2 (IL-2 vs IL-7/IL-15: CD3%/
CD4%, 10+ 6% vs 4 +4%, p=0.03; Fig. 6f). TNF-a pro-
duction was significantly higher in all CD3" (IL-2 vs IL-7/
IL-15: 64 +15% vs 44 +24%, p=0.01; Fig. 6g), CD4* (IL-2
vs IL-7/IL-15: 24+ 11% vs 9+ 6%, p=0.003; Fig. 6g) and
CDS8™ T cells (IL-2 vs IL-7/IL-15: 72 + 14% vs 50 +26%,
p=0.02; Fig. 6g) generated by IL-2 stimulation. However,
irrespective of the cytokine cocktail, the amount of multi-
functional NY-ESO-1-specific CD3* T cells producing both
TNF-a and IFN-y was comparable (Fig. 6h).

CD19-specific CART cells generated according
to protocol 1

CD19-specific CART cells were generated in the presence
of either IL-2 or IL-7/IL-15 according to protocol 1. PBMCs
from five HDs were used. The evolution of CD19-specific
CART cells was determined on days 10 and 14 of T cell
production. Comparable results on viability (Supplementary
Fig. 3a), transduction efficiency (Supplementary Fig. 3b)
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Fig.6 Functional evaluation of NY-ESO-I-specific T cells. Cyto-
toxicity of NY-ESO-1-specific T cells (n=3) was evaluated by >'Cr
release assay after co-culture with SW982 target cells (HLA-A2-pos-
itive NY-ESO-1-positive) for 12 h. Average lysis was assessed at dif-
ferent effector (NY-ESO-1-specific T cells) to target (SW982 cells)
ratios (10:1, 5:1, 2.5:1, and 1:1). Non-transduced T cells and SW982
cells at a ratio of 5:1 were used as control. Each experiment was
performed in triplicate (a, e). Intracellular production of IFN-y and
TNF-a (protocol 1: n=4, protocol 2: n="7) was measured after stimu-
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duction (c, g) as well as multifunctional NY-ESO-1-specific T cells
producing both TNF-a and IFN-y (d, h) were determined in CD3*,
CD3%/CD4%, and CD3%/CD8™ cells. Mean values were calculated for
each group. Error bars indicate standard deviation. Statistical signifi-
cance was calculated using a paired two-way student ¢ test. Signifi-
cance (p values <0.05) is indicated by an asterisk (¥*). NT non-trans-
duced T cells
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and absolute number of CD19-specific CART cells (Sup-
plementary Fig. 3c) were observed in the presence of either
IL-2 or IL-7/IL-15. T cell culture with IL-2 had a trend
towards a higher proportion of CD8* cytotoxic T cells and
less CD4" Th cells without reaching significance on day 14
(CD8* T cells: IL-2 vs IL-7/IL-15: 44 +16% vs 36 +18%,
p=0.25; Supplementary Fig. 3d). IL-7/IL-15 significantly
increased the percentages of Ty in CD4% T cells on day
10 (AL-2 vs IL-7/IL-15: 4+4% vs 11 +6%, p=0.03; Sup-
plementary Fig. 3e) and CD8" T cells on day 14 (IL-2 vs
IL-7/TL-15: 14+ 13% vs 32 +23%, p=0.03; Supplementary
Fig. 3f). However, cell culture with IL-7/IL-15 showed only
a trend towards a higher absolute number of CD4™ Ty (Sup-
plementary Fig. 3g) or CD8* Ty (Supplementary Fig. 3h)
when compared to IL-2. For functional characterization of
T cells generated in the presence of either IL-2 or IL-7/
IL-15, CD19-specific CART cells were incubated for 6 h
with CD19-positive Daudi cells. Intracellular cytokine stain-
ing was performed for IFN-y and TNF-a. Similar production
of these cytokines in CD4" (Supplementary Fig. 3i) and
CD8"* (Supplementary Fig. 3j) CD19-specific CART cells
generated with either IL-2 or IL-7/IL-15-based production
were detected.

Discussion

ACT with TCR-engineered T cells constitutes a promising
treatment option for both solid tumors and hematologi-
cal malignancies. Besides an optimal vector design, the T
cell production process is of crucial importance in ACT.
Culture conditions including type of culture media, activa-
tion condition, number of activated T cells and retronectin
concentration for transduction, time schedule and cytokine
cocktails are factors that need to be taken into considera-
tion for the production process. The cytokine cocktail is an
essential element of tumor-specific T cell manufacturing
with a major impact on the final cell product and thereby
therapeutic success. By comparing T cell culture employ-
ing either IL-2 or IL-7/IL-15 in two different manufacturing
protocols separately (Fig. 1), this study aims to identify the
optimal cytokines for NY-ESO-1-specific T cell generation
providing sufficient cell expansion and an optimal phenotype
for long-term in vivo T cell persistence.

Using both evaluated production protocols, the viability
of NY-ESO-1-specific T cells cultured in the presence of
either IL-2 or IL-7/IL-15 was similar. Applying protocol 1,
comparable cell expansion and transduction efficiency were
observed. However, when using protocol 2, a significantly
higher cell expansion and higher transduction efficiency
could be observed when IL-2 was supplemented. The higher
proliferation can be probably attributed to higher levels of
IL-2 under the condition of protocol 2 when compared to

protocol 1 (600 U/ml vs 100 U/ml), as higher levels of IL-2
are known to induce T cell proliferation [30]. Since cell
division is mandatory for retroviral integration, the higher
proliferation rate might have contributed to the higher trans-
duction efficiency. In contrast, the use of IL-7/IL-15 under
the conditions of protocol 2 resulted in limited cell prolifera-
tion and did not yield sufficient cells for cellular therapies.

IL-7/IL-15 enriched CD4% T cells and decreased the
number of CD8" T cells in comparison to IL-2 following
protocol 1. This is in line with a previous study [31] and our
previous report in CD19-specific CART cells [27]. However,
it was unexpected that IL-7/IL-15-based T cell generation
showed enrichment of CD8" T cells when applying protocol
2. It has been reported that retronectin-based T cell activa-
tion enriches CD8™ T cells ex vivo [28, 32, 33] whereas anti-
CD28 used for T cell activation additionally increases CD4*
T cells even in the context of retronectin-based T cell activa-
tion [28]. Therefore, a higher frequency of CD4* T cells and
a lower frequency of CD8" T cells observed under culture
in the presence of IL-7/IL-15 may be reversed through the
presence of retronectin and absence of anti-CD28 for T cell
activation using protocol 2.

Recently, IL-2, the gold standard growth factor for
T cell culture, has been challenged by common y-chain
cytokines such as IL-7, IL-15, IL-21 and the non-y-
chain cytokine IL-12. Accumulating studies have shown
their superiority over IL-2. IL-12 together with IL-7 or
IL-21 yielded CD62LMeh CD2ghel cp127high Ccp27hich
CCR7"#" TCR engineered CD8* T cells which engrafted
significantly better than cells grown in the presence of
IL-2 in mouse models [34]. IL-12 maintained high levels
of CD62L on T cells, resulting in a superior anti-tumor
activity [35]. IL-7 and IL-15 promoted less-differentiated
cells, CD27 and CD28 expression ex vivo, while IL-15
and IL-21 exposed T cells showed the longest persistence
and best tumor eradication in a mouse model [36]. In our
previous study we demonstrated that after in vitro activa-
tion, nearly all T cells expressed CD95 [28]. Therefore,
the CCR7*CD45RA™ Ty subset which we are referring
to as the less-differentiated T cell subset in this study can
be considered as Tgcy subset. CART cells with a Ty
phenotype were reported to harbor a higher capacity for
in vivo expansion as well as for longer persistence. Ty
can be enriched ex vivo through the addition of IL-7/IL-15
instead of IL-2 for T cell culture [25]. Therefore, the main
objective of this study was to evaluate the combination of
IL-7 and IL-15 to enrich this less-differentiated T cell sub-
set. Consistent in both protocols, IL-7/IL-15 augmented
a subset of less-differentiated NY-ESO-1-specific T cells.
However, the enrichment of Ty, when applying protocol
1 occurred mainly in the CD4" T cells. Addition of IL-2
yielded a significantly higher number of CD8" T cells.
Therefore, a similar absolute number of CD8* Ty was
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observed when using protocol 1. This selective enrichment
of CD4* Ty, was not observed in CD19-specific CART cell
production under supplementation with IL-7/IL-15. The
role of CD4" T cells in the setting of TCR-engineered T
cells is not clearly defined yet. In our functional assays,
we also observed cytokine production of CD4" NY-ESO-
1-specific T cells. CD4* T cells may additionally boost
antitumor activity. Protocols for specific enrichment of
NY-ESO-1-specific CD4* T cells have been reported [37].
However, CD8" NY-ESO-1-specific T cells will probably
provide the main anti-tumor activity due to the presenta-
tion of the NY-ESO-1 antigen by HLA class I molecules
that depend on CD8* T cells for specific target recogni-
tion. In the presence of IL-7/IL-15 using protocol 2, an
enrichment of Ty occurred in both CD4* and CD8* T
cell compartments. The expansion of T cells was limited
with IL-7/IL-15. Therefore, the absolute number of Ty was
lower when compared to cells obtained in the IL-2-based
production. Overall, the benefit of the enrichment of Ty
does not seem to be sufficient to recommend IL-7/IL-15
instead of IL-2 for the generation of NY-ESO-1-specific
T cells.

T cell exhaustion is a major factor which might limit an
anti-tumor response. Exhausted T cells have only a limited
capacity to proliferate or to release cytokines, and express
high levels of inhibitory receptors such as PD-1 and TIM-3
[38]. PD-1 is additionally a T cell activation marker and
the expression decreases gradually after transduction.
Under the conditions of protocol 1, NY-ESO-1-specific
T cells generated with IL-2 or IL-7/IL-15 expressed simi-
lar levels of PD-1, which were significantly higher under
supplementation with IL-7/IL-15 following protocol 2 on
day 7. This prolonged positivity for PD-1 may be at least
in part responsible for the decreased expansion of T cells
using IL-7/IL-15. TIM-3 levels were significantly higher
when using IL-7/IL-15 under the conditions of protocol 1.
In contrast, NY-ESO-1-specific T cells expressed compa-
rable levels of TIM-3 between IL-2 and IL-7/IL-15-based
generation using protocol 2. T cell exhaustion is often
not defined as a sole expression of one exhaustion marker
but the combined positivity of several markers. Previous
studies have shown that PD-17/TIM3™" T cells in patients
and also in mouse models of solid tumors or hematologic
malignancies were dysfunctional and correlated with
poor outcome. Co-blockade of TIM-3/Gal-9 and PD-1/
PD-L1 pathways restored T cell function to a larger extent
when compared to single blockade of either TIM-3/Gal-9
or PD-1/PD-L1 [38-41]. The amount of PD-1*/TIM-3*
cells was comparable in both IL-2 and IL-7/IL-15-based
cell productions following protocol 1, whereas IL-7/
IL-15 induced higher amounts of PD-17/TIM-3" T cells
on day 7 following protocol 2 in our study. Further evalu-
ation is required to define the impact of PD-1 and TIM-3
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expression on the clinical outcome of patients receiving
ACT.

As for homing markers, a preclinical mouse model of
ACT demonstrated that expression of CXCR3 by CD8" T
cells is indispensable for tumor control and survival [42,
43]. Another study suggested that CXCR3 plays an essen-
tial, non-redundant, cell-autonomous role in mediating
CD8* T cell infiltration into tumors thus leading to antitu-
mor immunity [44]. Moreover, CD62L has been reported
to be a critical component for homing of T cells into the
lymph node during initial homeostatic proliferation [45]. In
our study following protocol 1, we observed similar CD62L
expression in both IL-2 and IL-7/IL-15-based T cell cultures
while CXCR3 levels were significantly higher in the pres-
ence of IL-2 on days 10 and 14. On the other hand, a signifi-
cantly higher CD62L level and a lower CXCR3 expression
were detected in the presence of IL-2 applying protocol 2.
Therefore, applying protocol 1, NY-ESO-1-specific T cells
generated in the presence of IL-2 might be more likely to
migrate into tumor tissue and be more beneficial towards an
anti-tumor response. In contrast, NY-ESO-1-specific T cells
generated in the presence of IL-2 following protocol 2 might
be more likely to migrate into the lymph nodes.

In the current study, the lytic capacity of NY-ESO-1-spe-
cific T cells was similar in both IL-2 and IL-7/IL-15-based
T cell cultures following protocol 1. This stands in clear
contrast to our previous findings with CD19-specific CART
cells [27]: CART cells generated under supplementation of
the culture medium with IL-2 achieved significantly higher
lysis of tumor cells when compared to IL-7/IL-15-based
CART cell cultures. However, similar results to CD19-
specific CART cells were obtained in our study applying
protocol 2: NY-ESO-1-specific T cells from IL-2-based pro-
duction displayed a significantly stronger lytic activity when
compared to cells generated in IL-7/IL-15 containing media.
The higher lysis was probably induced by the higher enrich-
ment of Tgy; and Ty cells through IL-2 stimulation when
compared to IL-7/IL-15 employing protocol 2. This effect
was less prominent for the generation of NY-ESO-1-specific
T cells using protocol 1. The distribution of T cell subsets
within CD4% and CD8™ T cells could not explain this dis-
crepancy (Supplementary Fig. 4). On the other hand, GD2-
specific CART cells generated in media supplemented with
IL-7/IL-15 have been reported to have a higher lytic capacity
in a >!Cr release assay when compared to IL-2-based T cell
production [32]. Overall, the vector construct may have an
important impact on tumor lysis of tumor-specific T cells.
In addition, it is difficult to judge the in vivo efficacy of
genetically modified T cells with a short-time !Cr release
killing assay.

Cytokine production was significantly higher in T cells
generated in the presence of IL-2 using protocol 1. This
included IFN-y and TNF-a as well as multifunctional T
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cells producing both cytokines. Applying protocol 2, IL-2
mediated higher levels of TNF-a. These findings stand in
sharp contrast to our current and previous experience with
CD19-specific CART cells as well as data from GD2-
specific CART cells [32] where no relevant differences
in cytokine secretion between IL-2 vs IL-7/IL-15-based
CART cell production were observed. The lower capacity
of cytokine production might be at least partially explained
by the higher proportion of Ty among all T cells generated
in media supplemented with IL-7/IL-15. Ty are known to
have a lower capacity to produce IFN-y and TNF-a [46,
47]. Moreover, IL-2 led to a less “exhausted” T cell pheno-
type with lower expression of TIM-3 and PD-1. This may
have provided a higher capacity to produce cytokines when
compared to T cells generated in media supplemented with
IL-7/IL-15. Overall, cytokine production seems to differ
majorly between TCR-engineered T cells and CART cells
when generated in media supplemented with either IL-2 or
IL-7/IL-15.

Cellular therapies, especially therapies with genetically
modified cells, are extremely cost intensive. Therefore, cost-
effectiveness is a key issue for T cell generation. For IL-2,
a clinically approved product (Proleukin®) is available on
the market. Therefore, costs are relatively low for ex vivo
purposes. In contrast, T cell generation under supplementa-
tion with IL-7/IL-15 can be 10—100 X more expensive when
compared to IL-2. Considering the relatively low benefits of
Ty-enrichment in the generation of NY-ESO-1-specific T
cells, there is little evidence favoring IL-7/IL-15 over IL-2
in this context.

In conclusion, IL-7/IL-15 does not seem to be superior
when compared to a IL-2-based T cell production protocol
for the generation of NY-ESO-1-specific T cells. This was
in sharp contrast to our and others’ observations in CART
cell manufacturing. Changes in cytokine cocktails should be
therefore carefully evaluated with distinct vector system and
optimized for individual purpose.
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