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Chimeric antigen receptor (CAR) engineering of T cells allows
one to specifically target tumor cells via cell surface antigens. A
candidate target in Ewing sarcoma is the ganglioside GD2, but
heterogeneic expression limits its value. Here we report that
pharmacological inhibition of Enhancer of Zeste Homolog 2
(EZH2) at doses reducing H3K27 trimethylation, but not cell
viability, selectively and reversibly induces GD2 surface expres-
sion in Ewing sarcoma cells. EZH2 in Ewing sarcoma cells
directly binds to the promoter regions of genes encoding for
two key enzymes of GD2 biosynthesis, and EZH2 inhibition
enhances expression of these genes. GD2 surface expression in
Ewing sarcoma cells is not associated with distinct in vitro
proliferation, colony formation, chemosensitivity, or in vivo
tumorigenicity. Moreover, disruption of GD2 synthesis by
gene editing does not affect its in vitro behavior. EZH2 inhibi-
tor treatment sensitizes Ewing sarcoma cells to effective cytol-
ysis by GD2-specific CAR gene-modified T cells. In conclusion,
we report a clinically applicable pharmacological approach for
enhancing efficacy of adoptively transferred GD2-redirected
T cells against Ewing sarcoma, by enabling recognition of tu-
mor cells with low or negative target expression.
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INTRODUCTION
Chimeric antigen receptors (CARs) are recombinant proteins
that link antibody-derived antigen-binding domains to stimulatory
T cell-signaling pathways. Expressed in immune effector cells, they
induce activation responses to surface-expressed tumor target anti-
gens, resulting in antigen-specific tumor cytolysis.1 T cells engineered
to express CARs against the B lineage antigen CD19 are active to
induce and maintain remissions in refractory B cell precursor leuke-
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mias2–4 and lymphomas.5,6 The development of CAR T cells for solid
tumors is limited by the paucity of target antigens reliably expressed
at high densities on cancer cells, but not normal cells.

We seek to develop cellular therapies to treat Ewing sarcoma
(EwS), an aggressive solid mesenchymal malignancy arising in
bone and soft tissues.7 EwS is characterized by a specific chromo-
somal translocation, most commonly of chromosomes 22 and 11
(t(11,22)(q24;12)), resulting in the aberrant chimeric transcription
factor EWSR1-FLI1.8 Our group and others have shown that EwS
can express the disialoganglioside GD2 on the cell surface.9,10 GD2

expression characterizes immature neuroectodermal cells, with
restricted and low-level tissue expression after birth on neuronal cells
in the CNS, peripheral nerves, and mesenchymal stroma cells
(MSCs)11,12 (reviewed in Rossig et al.13). GD2 was first evaluated as
a therapeutic target in neuroblastoma, a cancer with abundant GD2

surface expression due to its tissue origin from neuroectoderm.14,15

In early clinical studies, adoptive transfer of GD2-specific CAR T cells
to neuroblastoma patients was safe with the first evidence of clinical
activity (K. Straathof et al. 2018, AACR Cancer Res. abstract).16–18

Preclinical data support the use of GD2-specific CARs also for immu-
notherapy of EwS;10,19,20 however, only a proportion of EwS express
GD2 at high levels,

9,19 which reduces the number of patients amenable
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Figure 1. EZH2 Inhibition Induces GD2 Expression in GD2neg EwS Cell Lines In Vitro

(A) GD2 surface expression by flow cytometry in 19 EwS cell lines. According to RFI, cell lines were categorized as GD2pos (RFI R 2) or GD2neg (RFI < 2). Representative

experiments of two or three are shown. (B) GD2 surface expression in 9 GD2neg EwS cell lines cultured with 10 mMGSK126 or equivalent volumes of DMSO for 7 days (RD-ES,

WE-68, and TTC-466) or 14 days (A673 and RM-82) or with 12 mM GSK126 or DMSO for 7 days (SK-ES-1, MS-EwS-4, SK-N-MC, and 5838). RD, RFI after incubation with

DMSO; RG, RFI after incubation with GSK126. (C) Histone H3K27me3 levels in lysates from the EwS cell cultures in (B) at the end of incubation with GSK126 (+) or under

control conditions with DMSO alone (�) by western blot analysis.
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to GD2-targeted therapies. Another limitation is the heterogeneity of
GD2 antigen expression among tumor cells in individual EwS.19 Since
effective CAR T cell-mediated cytolysis relies on high target den-
sities,21,22 GD2-low (GD2low) or GD2-negative (GD2neg) subpopula-
tions escape CAR T cell targeting.

To enhance the impact of GD2 as an immune target in this cancer, we
investigated a novel strategy to upregulate expression on the cell
surface of EwS cells by an epigenetic agent, based on the following
rationale. Biosynthesis of GD2 and other gangliosides during organ
development is driven by stage-specific transcriptional activation of
glycosyl transferases and underlies epigenetic regulation.23 Epigenetic
reprogramming is highly relevant also in the pathology of EwS.24–29

An important epigenetic regulator in EwS is Enhancer of Zeste Ho-
molog 2 (EZH2), the catalytic component of the Polycomb Repressor
Complex 2 (PRC2).24,30 EZH2 acts as a histone methyltransferase,
and it silences genes involved in cell differentiation in a highly
context-dependent manner, by depositing repressive histone marks
at histone 3 lysine 27 (H3K27me3).31 High-level EZH2 expression
is induced in EwS as a direct consequence of EWSR1-FLI1,24 and it
934 Molecular Therapy Vol. 27 No 5 May 2019
has a central role in maintaining self-renewal and tumorigenicity.24,30

Epigenetic plasticity by EZH2-mediated gene regulation contributes
to phenotypic heterogeneity among EwS cells.32 We hypothesized
that EZH2 is involved in the regulation of synthesis of the non-pro-
tein neuroectodermal marker GD2 in this cancer, allowing us to sensi-
tize EwS cells to GD2-targeted cell therapy by EZH2 inhibitors.

RESULTS
Pharmacological Inhibition of EZH2 Selectively Upregulates

Surface GD2 Expression in EwS Cells

We classified 19 EwS cell lines by surface expression of GD2 using flow
cytometry. Ten of 19 EwS cell lines expressed GD2 at a relative fluo-
rescence intensity (RFI) R 2 (median RFI 12.6, range 2.5–128.8),
which we defined as GD2 positive (GD2pos), and 9 were GD2neg (me-
dian RFI 1.2, range 1.0–1.8) (Figure 1A). To investigate whether
EZH2 inhibition can induce GD2 expression in GD2neg EwS, we
cultured all GD2neg EwS cell lines in the presence of the small-mole-
cule EZH2 inhibitor GSK126 at 10–12 mM. GSK126 upregulated GD2

expression to RFIs R 2 in 6 of 9 cell lines within 7 or 14 days (Fig-
ure 1B). All cell lines tolerated GSK126 at these concentrations,



Figure 2. Upregulation of GD2 Expression by EZH2 Inhibition Is Reversible and Limited to EwS Cell Lines

(A) GD2 surface expression by flow cytometry in 8 GD2neg EwS cell lines cultured with 4 mMGSK126 or equivalent volumes of DMSO (control) for 7 days (upper panel) and for

28 days (lower panel). RD, RFI after incubation with DMSO; RG, RFI after incubation with GSK126. (B) GD2 surface expression by weekly flow cytometry and H3K27me3

methylation by western blot analysis (days 28 and 56) in SK-ES-1 cells cultured with 4 mMGSK126 or DMSO for 28 days, followed by withdrawal of GSK126 from the culture

medium. Ctrl, control. (C) GD2 surface expression on leukemia cell lines (SupB15 and Jurkat) and rhabdoid tumor cell line A204 and on mesenchymal stroma cells (MSCs),

fibroblasts, T cells, and LCL from healthy human donors after culture with 4 mM GSK126 or DMSO for 7 days (MSCs) or 14 days (all others). (D) Immunohistochemical H&E

staining (left) and GD2 surface expression by flow cytometry (right) of SK-ES-1 and MS-EwS-4 cells cultured on a biologic tissue matrix in a dynamic 3D culture model in the

presence or absence of 4 or 12 mM GSK126, as indicated, or respective volumes of DMSO for 14 days. (E) GD2 surface expression by flow cytometry (days 7 and 14) and

H3K27me3 methylation by western blot analysis (day 14) in SK-ES-1 and MS-EwS-4 cells cultured in the presence of 1 mM tazemetostat or equivalent volumes of DMSO for

14 days.

www.moleculartherapy.org
with consistent viabilities (median 88.2%, range 71.3%–92.2%) during
the 7- to 14-day cultures. Concomitant to GD2 upregulation, inhibi-
tion of EZH2 by GSK126 resulted in a decrease of H3K27me3 levels
in all cell lines (Figure 1C). This confirms that GSK126 at these con-
centrations inhibits EZH2 methyltransferase activity in EwS cells.
At a lower concentration of 4 mM, GSK126 was effective to induce
GD2 expression in 5 cell lines on day 7 (Figure 2A). In continued
cultures in the presence of the inhibitor for up to 28 or 29 days,
GD2 expression exceeded RFIs R 2 in 8 of 8 cell lines (Figure 2A).
To understand the kinetics of GD2 upregulation and histone
Molecular Therapy Vol. 27 No 5 May 2019 935
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Figure 3. Expression of EZH2 and Ganglioside

Synthases GD3S and GD2S in EwS Cells

(A) EZH2 gene expression in 9 GD2neg and 10 GD2pos

EwS cell lines by qRT-PCR. (B) GD3S and GD2S gene

expression in 9 GD2neg and 10 GD2pos EwS cell lines by

qRT-PCR. (C) GD3S and GD2S gene expression in 9

GD2neg EwS cell lines following 14 days of incubation in

the presence of 4 mMGSK126 or DMSO (control) by qRT-

PCR. (D) Screenshots of ChIP-seq data analysis of SK-N-

MC EwS cells using the UCSC Genome Browser.
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methylase activity during prolonged exposure of EwS cells to the
EZH2 inhibitor, we determined GD2 surface expression and his-
tone trimethylation at weekly intervals during in vitro culture of
the GD2neg cell line SK-ES-1 with 4 mM GSK126. GD2 expression
gradually increased until day 28, and withdrawal of the agent
reduced GD2 surface expression (Figure 2B, left panel). GD2 up-
and downregulation in the presence and absence of GSK126 cor-
responded to loss and recovery of H3K27me3 by western blot
analysis, respectively (Figure 2B, right panel). Culturing the EwS
cell lines in the presence of 4 mM GSK126 for 14 days did not
significantly reduce their in vitro expansion (Figure S1A) or colony
formation (Figure S1B). Thus, pharmacological inhibition of EZH2
at non-toxic doses effective to reduce H3K27me3 selectively upre-
gulates GD2 surface expression in a majority of GD2neg EwS cell
lines.

To investigate whether GD2 upregulation by EZH2 inhibition is
restricted to EwS compared to other types of cancer and to
normal cells, we cultured the B cell precursor leukemia cell line
SupB15, the T cell leukemia cell line Jurkat, and the rhabdoid tu-
mor cell line A204 in the presence of GSK126 (4 mM), and we
determined GD2 expression levels on day 14. None of the 3 cell
lines expressed GD2 at any time point before or after culture
with GSK126 (Figure 2C). We further investigated GD2 expres-
sion in MSCs, the proposed cell of origin for EwS, fibroblasts,
T cells, and B-lymphoblastic cell cultures, all derived from
healthy human donors. GD2 was not upregulated by GSK126
treatment in vitro in any of these normal human cell populations
(Figure 2C).

We further assessed the capacity of EZH2 inhibition to upregulate
GD2 expression in EwS in a 3D tumor model mimicking in vivo con-
936 Molecular Therapy Vol. 27 No 5 May 2019
ditions for T cell migration into solid tumor
tissues.33 EwS cells were seeded onto a biolog-
ical tissue matrix consisting of decellu-
larized small-intestine submucosa and mucosa
(SISmuc), and they were cultured in a dynamic
bioreactor system in the presence or absence
of 4 mM (SK-ES-1) or 12 mM (MS-EwS-4)
GSK126 for 14 days. Histochemistry analysis
confirmed the formation of multilayered tumor
tissue on the matrix (Figure 2D). GSK126
effectively upregulated cell surface expression of GD2 on EwS cells
also in the 3D model (Figure 2D).

To obtain further evidence that GD2 upregulation by GSK126 is
mediated by inhibition of the epigenetic target EZH2, we repro-
duced our findings with an alternative EZH2 inhibitor, tazemetostat.
This agent is undergoing clinical investigation as an anticancer
agent, including for pediatric sarcoma patients. Tazemetostat at
the pharmacologically relevant concentration of 1 mM34 effectively
upregulated GD2 surface expression in the two GD2neg EwS cell lines
SK-ES-1 and MS-EwS-4 while reducing H3K27 methylation
(Figure 2E).

We conclude that EZH2 inhibition selectively and reliably upregu-
lates ganglioside GD2 on the cell surface of EwS cells, also in a
complex 3D tumor model and using different pharmacological
inhibitors.

EZH2 Modulates GD2 Expression in EwS Cells by Regulating the

Expression of Genes Involved in GD2 Biosynthesis

Expression of GD2 during development is regulated through stage-
and tissue-specific expression of glycosyltransferases, GD3 synthase
(GD3S), and GD2 synthase (GD2S), which synthesize GD3 from its
precursor GM3 and convert GD3 to GD2, respectively.

35 To understand
the mechanism by which epigenetic modification affects the expres-
sion of GD2 in EwS, we quantified transcripts of EZH2 and of
GD3S and GD2S in 9 GD2neg and 10 GD2pos EwS cell lines. EZH2
expression was not different in GD2neg versus GD2pos cell lines (Fig-
ure 3A). Of the two enzymes upstream of GD2, GD3S, but not GD2S,
was expressed at higher levels in GD2pos compared to GD2neg EwS
cell lines (Figure 3B). Treatment with 4 mM GSK126 enhanced the
gene expression of GD3S by a mean of 53-fold (±44.6) and of
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GD2S by a mean of 2.9-fold (±2.0) in GD2neg EwS cell lines (Fig-
ure 3C). Analysis of a publicly available chromatin immunoprecipita-
tion sequencing (ChIP-seq) dataset showed strong binding of EZH2
to the promoter of GD3 synthase gene ST8SIA1 in the EwS cell line
SK-N-MC (Figure 3D). The promoter of GD2 synthase gene
B4GALNT1 displayed a visible, but not significant, EZH2 peak (Fig-
ure 3D). This indicates that EZH2 directly represses the genes
involved in GD2 biosynthesis. Together these findings support a
mechanism by which EZH2 inhibition in EwS removes repressive his-
tone marks on the genes encoding for GD3S and GD2S, resulting in
enhanced biosynthesis of GD2.

GD2pos and GD2neg EwS Cell Lines and Subpopulations of EwS

Cells Have Comparable In Vitro Proliferation Rates,

Clonogenicity, Tumorigenicity, and Chemosensitivity

Safe therapeutic upregulation of GD2 requires knowledge of the func-
tional significance of GD2 expression in EwS. In breast cancer, GD2

was found to define a malignant population with a higher capacity
to self-renew and reinitiate tumor growth than GD2-negative cells.

36,37

Inducing GD2 expression by epigenetic regulation could thus promote
a cell population with high aggressiveness and metastatic properties.

First we compared the in vitro expansion and colony-forming capac-
ities of EwS cell lines expressing high or low densities of GD2 (Fig-
ure 1A). In vitro proliferation was not significantly different between
GD2pos and GD2neg cell lines (Figure S2A). EwS cells from GD2pos
and GD2neg cell lines had comparable capacities to form colonies
(Figure S2B). Moreover, GD2pos and GD2neg cell lines did not differ
in their sensitivity to the cytotoxic agent doxorubicin (Figure S2C). To
compare the functional properties of GD2pos and GD2neg tumor cells
within individual EwS cell lines, we separated the 30% highest and
lowest GD2-expressing subpopulations (GD2hi versus GD2low) from
the GD2pos bulk cell lines MS-EwS-6, A4573, MS-EwS-16, and VH-
64 by fluorescence-activated cell sorting (Figure 4A). During subse-
quent in vitro culture for 24 days, the subpopulations from all 4 cell
lines maintained significantly different GD2 expression levels (Fig-
ure 4B). In vitro expansion rates under standard growth conditions
were comparable between the two subpopulations (Figure 4C). In
two cell lines, MS-EwS-16 and VH-64, we compared the capacities
of GD2hi and GD2low subpopulations to form colonies in vitro and
initiate tumors in vivo and their chemosensitivities. GD2hi and
GD2low EwS cells formed comparable numbers of colonies in vitro
(Figure 4D). The two subpopulations had similar sensitivities to
increasing concentrations of doxorubicin (Figure 4E).

In xenografting experiments in NOD Scid gamma (NSG) mice, MS-
EwS-16 cells, irrespective of GD2hi and GD2low expression, only
rarely initiated tumor xenografts (Figure 4F). The capacity of low
numbers of VH-64 cells to initiate tumors after subcutaneous or
intravenous administration was not superior in the GD2hi population
(Figure 4F). To further reproduce this finding, we sorted the 1%
lowest and highest GD2-expressing tumor cells from bulk VH-64 cells
(Figure 4A), and we injected 1,000 cells/flank into 9 NSGmice. Again,
GD2hi and GD2low subsets of VH-64 initiated tumors at comparable
rates of 2 versus 3 of 9 mice (Figure 4F). Thus, GD2hi expression
within individual EwS cell lines does not confer enhanced tumor-
initiating capacities.

Loss of GD2 by Genetic Disruption of GD3 Synthase in EwS Cells

Does Not Affect In Vitro Growth, Clonogenicity, and

Chemosensitivity

To provide direct evidence that GD2 in EwS cells does not affect their
functional characteristics, we eliminated GD2 expression by gene edit-
ing. Since GD2 as a carbohydrate is not directly targetable, we disrup-
ted the GD3S gene by CRISPR/Cas9 genome editing. GD3S-targeted
mutagenesis effectively eliminated GD2 surface expression in the
GD2pos EwS cell lines TC-71, VH-64, and A4573 (Figure 5A). Loss
of GD2 expression by gene editing did not affect the capacity of
EwS cells to proliferate (Figure 5B) or form colonies in vitro (Fig-
ure 5C) or their chemosensitivity (Figure 5D) compared to mock con-
trol cells. We conclude that GD2 expression in EwS cells does not
confer distinct functional properties of in vitro growth and sensitivity
to cytotoxic drugs.

Upregulation of Surface GD2 in EwS Cells by Pharmacological

Inhibition of EZH2 Enables Effective Targeting by GD2-Specific

CAR T Cells

To investigate the capacity of EZH2 inhibition to sensitize EwS cells to
treatment with GD2-specific CAR T cells, human T cells from 2 do-
nors were gene modified to express the GD2-specific CAR GD2-
BBz,10 resulting in CAR surface expression in 59.7% and 63.1% of
T cells by anti-idiotype staining (Figure 6A). Three GD2neg EwS
cell lines (SK-ES-1, MS-EwS-4, and RD-ES) were cultured in the pres-
ence of 4 mM GSK126 dissolved in DMSO or DMSO alone for
14 days, followed by coincubation with CAR T cells. The capacity
of the tumor cells to induce antigen-specific, CAR-mediated T cell
activation was assessed by quantification of the intracellular cytokines
interferon-g (IFN-g) and tumor necrosis factor alpha (TNF-a) and
of CD107a, a marker of degranulation and a prerequisite for per-
forin-mediated toxicity. Whereas GD2neg EwS cells pretreated with
DMSO alone failed to induce activation responses by GD2-BBz-
transduced T cells above the low background of non-transduced
T cells, GSK126-pretreated EwS cells mediated significant secretion
of TNF-a (Figures 6A and 6B) and IFN-g (Figures 6A and 6C) and
CD107 upregulation (Figures 6A and 6D) by the GD2-BBz CAR-ex-
pressing T cells. Moreover, GSK126 pretreatment significantly
enhanced cytolysis of initially GD2neg EwS cells by GD2-BBz-trans-
duced T cells (Figure 6E). Thus, EZH2 inhibition sensitizes GD2neg
EwS cells to antigen-specific functional interactions with GD2-redir-
ected CAR T cells and to CAR T cell-mediated in vitro cytolysis.

DISCUSSION
GD2 was one of the first antigens used to retarget T cells to tumor cells
by CARs,38,39 and it remains an attractive CAR target. As an oncofetal
antigen, GD2 has highly restricted normal tissue expression.11,12 A
concern has been low-level antigen expression on neuronal cells,
but GD2-directed CAR T cell therapy has been safe in early clinical
trials in patients with neuroblastoma, now including studies with
Molecular Therapy Vol. 27 No 5 May 2019 937
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Figure 4. High GD2 Surface Expression in EwS Cells Does Not Affect In Vitro Proliferation, Colony Formation, Chemosensitivity, and In Vivo Tumorigenicity

(A) FACS selection strategy of tumor cell subpopulations with the highest (GD2hi, 30% or 1%) and lowest (GD2low, 30% or 1%) GD2 surface expression, exemplified by cell line

VH-64. (B) GD2 surface expression on sorted GD2hi andGD2low subpopulations (30%) determined by flow cytometry every 6 days during subsequent cell culture over a period

of 3 weeks. The median RFIs of GD2 expression in the two subpopulations are shown in relation to bulk cells from the same cell lines. *p < 0.02 (t test). (C) In vitro expansion

of tumor cells from the sorted subpopulations (30%) for 6 days of standard monolayer cultures, quantified by trypan blue exclusion and cell counting. (D) Colony formation of

tumor cells from sorted subpopulations (30%) in semisolid media after 7 or 8 days of culture. (E) Viabilities of tumor cells from the sorted subpopulations (30%) following

incubation with the indicated concentrations of doxorubicin by luminometry. (F) Tumor formation of GD2hi and GD2low subpopulations selected from VH-64 and MS-EwS-16

cells after subcutaneous or intravenous transplantation into NSG mice at the indicated cell numbers. All error bars indicate SDs.
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signal-enhanced CARs, use of lymphodepleting chemotherapy, and
clear evidence of activity by cytokine release and/or tumor responses
(K. Straathof et al. 2018, AACR Cancer Res. abstract).16–18 Extending
the therapeutic potential of GD2-specific CAR T cells beyond neuro-
blastoma is challenged by low levels and high heterogeneity of GD2

antigen expression in other cancers expressing GD2.
9,10,40 Here we

report a strategy by which EwS cells with low or absent GD2 expres-
sion can be sensitized to GD2-directed CAR T cell therapy. At
pharmacologically relevant concentrations that effectively reduce
H3K27me3, the EZH2 inhibitors GSK126 and tazemetostat signifi-
cantly upregulated GD2 surface expression in a majority of GD2neg
938 Molecular Therapy Vol. 27 No 5 May 2019
EwS cell lines, including a multilayered 3D tumor model. Following
epigenetic upregulation of GD2 in this manner, EwS cells induced an-
tigen-specific activation responses by GD2-retargeted CAR T cells,
and they were effectively lysed by the CAR T cells in vitro.

We did not attempt to demonstrate activity of the combination ther-
apy in an in vivo model for the following reason: in mouse xenograft
models of EwS, GD2-specific CAR T cells or CAR natural killer (NK)
cells had only modest antitumor activity, despite the consistent
expression of GD2.

9,10,20 Further therapeutic elements will have to
be included to break barriers in the tumor stroma against effective



Figure 5. Disruption of GD2 Surface Expression in EwSCells byGD3SGene EditingDoesNot Affect Colony Formation, Tumorigenicity, andChemosensitivity

(A) GD2 expression in 3 EwS cell lines following disruption of the GD3S gene by CRISPR/Cas9 genome editing (GD3SKO) or in wild-type cells (mock control) by flow cytometry.

(B) Proliferation of GD3SKO or wild-type EwS cells after 3-day in vitro culture by luminometry. (C) Colony formation of GD3SKO or wild-type EwS cells in semisolid media.

(D) Viabilities of GD3SKO and wild-type cells following incubation with the indicated concentrations of doxorubicin by luminometry. All error bars indicate SDs.
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in vivo tumor control. CAR T cells fail to access tumors at sufficient
numbers, and upon activation they upregulate immune-inhibitory
molecules, such as PD-L141 and HLA-G,42 and they induce large pop-
ulations of myeloid suppressor cells.9 But although reliable expression
of the CAR target antigen is insufficient to establish efficacy in mouse
models and in clinical settings, it remains an indispensable prerequi-
site for the action of CAR T cells.

Expression of GD2 and its regulation by an epigenetic mechanism in
EwS is well in line with the pathogenesis of this cancer. According to
current models, EwS arises in MSCs as a consequence of the disease-
defining chromosomal translocation.30 Since surface GD2 character-
izes both neuroectodermal and MSCs,11,43 expression in EwS could
be a reminiscent feature of its histogenic origin. In normal MSCs,
GD2 expression is associated with an immature phenotype and is
lost during non-neuronal lineage differentiation,44,45 likely by epige-
netic gene repression, which has a central role in modulating gangli-
oside expression during normal neural development.23 Epigenetic
gene regulation is highly relevant also in the pathogenesis of EwS.
In the permissive cellular environment of the mesenchymal cell, the
aberrant transcription factor EWSR1-FLI1 reprograms the epige-
nome to induce the oncogenic phenotype.25,27

Among the various epigenetic mechanisms involved in EwS patho-
genesis, we focused on the PRC enzyme EZH2, since it is a direct
target of EWSR1-FLI1 and a critical mediator of malignant cell
growth.24,30 Our observation that the inhibition of EZH2 in GD2neg
EwS cells induces GD2 expression leads us to propose that EZH2-
mediated repression of genes involved in GD2 biosynthesis modulate
GD2 expression in this cancer, resulting in the observed intratu-
mor and interpatient heterogeneity of expression. This hypothesis
is supported by our following findings: first, GD2 upregulation by
EZH2 inhibition is associated with the removal of methylation marks
at histone H3K27, and it is reversible by withdrawal of the agent; sec-
ond, EZH2 directly binds to the promoters of genes encoding for the
two critical enzymes in GD2 biosynthesis, GD3S and GD2S; and,
finally, induction of GD2 by EZH2 inhibition is associated with upre-
gulated gene expression of GD3S and, to a lesser extent, GD2S.

Epigenetic regulation of GD2 expression in tumor cells likely involves
more than a single genetic target. Synthesis of GD2 and other complex
gangliosides and their precursors relies on various enzymatic steps,
each of which alone or, more likely, in combination could be a target
for modulation by EZH2 and other epigenetic regulators. Our finding
of a key significance of GD3S for GD2 expression is well in line with
data obtained in breast cancer.36 In addition, PRC2-independent
effects of EZH2 and even activation of genes involved in the degrada-
tion of GD2 could contribute to the molecular mechanism.46

While we are the first to show upregulation of GD2 by EZH2 inhibi-
tion in EwS, another example supports epigenetic regulation of GD2

expression in cancer: in GD2-positive neuroblastoma cells, the histone
deacetylase (HDAC) inhibitor vorinostat was reported to further
enhance expression of the antigen.47 GD2 upregulation by vorinostat
was associated with increased levels of GD2S protein, but not tran-
scripts, and GD3S was not investigated.

Since gangliosides have important biological functions in both
normal and malignant cells, we were concerned that the manipu-
lation of GD2 expression in EwS cells could affect their malignant
Molecular Therapy Vol. 27 No 5 May 2019 939
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Figure 6. EZH2 Inhibitor Pretreatment Sensitizes GD2-Negative EwS Cell Lines to In Vitro Cytolysis by GD2-Specific CAR T Cells

(A) Exemplary gating strategies for the quantification of intracellular cytokine expression and CD107a expression in CAR (GD2-BBz)-transduced T cells. (B and C) Quan-

tification of intracellular expression of IFN-g (B) and TNF-a (C) in non-transduced (NT) or GD2-BBz-transduced T cells coincubated for 6 h with EwS cell lines pretreated with

4 mM GSK126 or DMSO alone for 14 days. Shown is one representative experiment of two. (D) Degranulation responses by CD107a expression in NT or GD2-BBz-

transduced T cells after 3-h coincubation with EwS cell lines pretreated as above. Shown is one representative experiment of two. Statistical analysis using t test. (E) Cytolysis

of EwS cells after 4-h coincubation with NT or GD2-BBz-transduced T cells. EwS cells had been pretreated as in (B)–(D). Shown is one representative experiment of two.

Statistical analysis by paired t test for all E:T ratios. All error bars indicate SDs.
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phenotype. Intriguingly, GD2-expressing cells in breast cancer define a
malignant population with a higher capacity to self-renew and reini-
tiate tumor growth36,48 and a molecular profile associated with stem
cell function and epithelial-mesenchymal transition (EMT). Inhibi-
tion of GD2 biosynthesis in breast cancer hampers self-renewal, mam-
mosphere formation, tumor initiation, and cell motility, suggesting a
functional contribution of GD2 to stem cell features.36,48 In compara-
tive experiments with EwS subpopulations selected for high and low
or absent GD2 expression and by disruption of GD2 expression using
targeted gene editing, we provide clear evidence that GD2 expression
in EwS is functionally irrelevant for proliferation, stem cell-associated
functions, and chemosensitivity. These findings support the safety of
upregulating this antigen on EwS cells.

By enhancing GD2 surface expression, EZH2 inhibitors emerge as
promising new candidates for effective combination regimens with
GD2-targeted therapies in EwS. Since H3K27 methylation by EZH2
regulates various cellular functions, the use of EZH2 inhibitors as
sensitizers for CAR T cell targeting requires consideration of addi-
tional effects both on tumor cells and on T cells. Due to its role in
cell differentiation and tumorigenicity in EwS, EZH2 was suggested
as a therapeutic target.24,30 As a single agent in a preclinical in vivo
model, the inhibitor tazemetostat had only low activity against EwS
xenografts.49 Still, the antitumor effects of epigenetic therapy and
GD2-specific immune targeting could add up to a potent combination
strategy. In T cells, EZH2 inhibition was found to increase the cyto-
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toxic activity of effector T cells and reprogram regulatory functional
profiles of suppressive T cell populations,50 further encouraging the
combination of EZH2 inhibitors with adoptive T cell therapies.
Importantly, pharmacological EZH2 inhibition may reverse the
limited T cell trafficking into the tumor microenvironment of solid
cancers caused by epigenetic silencing of chemokines CXCL9 and
CXCL10,51 and, thereby, it may overcome one of the most significant
barriers to CAR T cell targeting of solid tumors.

We conclude that a combination of GD2-specific CAR T cell therapy
with pharmacological EZH2 inhibition deserves investigation as a
new therapeutic strategy in EwS and potentially other cancers with
heterogeneous GD2 expression, including osteosarcoma, various soft
tissue sarcomas, melanoma, lung cancer, and breast cancer. Re-bi-
opsies or repeated GD2 antibody scans of EwS patients treated with
EZH2 inhibitors would be highly informative to confirm the effects
of EZH2 inhibitors on GD2 expression levels and their tumor selec-
tivity in patients. Studying epigenetic regulation of carbohydrate an-
tigen expression in cancer could lead to additional combination stra-
tegies also for other non-protein CAR target antigens.

MATERIALS AND METHODS
Cell Lines

The EwS cell lines VH-64, RM-82, and WE-68 were gifts from
Frans van Valen’s laboratory at the Institute of Experimental
Orthopedics of the University of Muenster, Germany. MS-EwS-1
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(previously described as MS-PES-119), MS-EwS-4 (originally
described as MS-PES-410), MS-EwS-6 (originally described as MS-
PES-642), MS-EwS-16 (originally described as DC-ES-652), MS-
EwS-15 (originally described as DC-ES-1553), and MS-EwS-34 were
established from biopsy material of individual patients obtained at
metastatic relapse, as reported previously.19,42,52 A4573, 5838, TTC-
466, and TC-32 were a gift from the Children’s Hospital Los Angeles.
A673, TC-71, SK-ES-1, RD-ES, and CADO-ES-1 were purchased
from DSMZ (Braunschweig, Germany). SK-N-MC was purchased
from ATCC. A204 is a rhabdoid tumor cell line purchased from
DSMZ (Braunschweig, Germany). Normal human fibroblasts gener-
ated from skin biopsies were obtained from Cliona Rooney (Houston,
TX, USA). MSCs of two donors were cultured as described.54 The
B cell precursor leukemia cell line SupB15 and the T cell leukemia
cell line Jurkat were purchased from ATCC. T cell cultures and
B-lymphoblastoid cell lines (LCLs) were generated from healthy
donors as described.55 The identity of the cell lines was confirmed
by short tandem repeat (STR) profiling (Table S1). For standard
adherent growth, tumor cells were cultured in collagen-coated 25-
or 75-cm2 tissue culture flasks (MS-EwS-1, MS-EwS-4, MS-EwS-6,
MS-EwS-15, MS-EwS-16, MS-EwS-34, TC-71, TC-32, VH-64,
CADO-ES-1, SK-ES-1, SK-N-MC, RD-ES, and WE-68) or in un-
coated flasks (all others) in RPMI 1640 medium (Invitrogen,
Germany), supplemented with 10% heat-inactivated fetal calf serum
(FCS; Thermo Fisher Scientific) and 2 mM L-glutamine (Sigma-Al-
drich, Germany), and they were maintained at 37�C and 5% CO2.
For in vivo experiments, VH-64 cells were lentivirally transduced to
express an enhanced GFP-luciferase fusion protein.10

General Lab Operation

The assays were performed by experienced individuals throughout
the course of the study. The study was performed using established
laboratory protocols covering the processing, freezing, storage, and
thawing of cells as well as the staining procedure, data acquisition,
and gating strategy. Raw data can be provided upon request.

Flow Cytometry and Cell Sorting

For the analysis of GD2 expression, 50,000 tumor cells were stained
with Phycoerythrin (PE)-conjugated monoclonal antibody (mAb)
against GD2 (14.G2a), and dead cells were excluded from analysis
by staining with Zombie Violet (both BioLegend, Heidelberg, Ger-
many). Surface expression of the CARwas determined by the staining
of 250,000 T cells with CF488-conjugated anti-idiotype antibody gan-
glidiomab56 (100 ng). CF488 conjugation of ganglidiomab was done
with the Mix-n-Stain kit, according to the manufacturer’s recommen-
dation (Sigma-Aldrich, Germany). All antibodies were titrated and
tested on known positive and negative cells prior to use, and all sam-
ples were acquired either directly or not later than 24 h after staining
(fixed samples). For each sample, at least 5,000 cells within the respec-
tive gates were analyzed with FACS Diva 8.0 using FACS Canto or
FACS Celesta flow cytometers (all BD Biosciences, Germany). Subse-
quent analysis and figure creation were done with FlowJo version (v.)
10 (FlowJo, USA). RFIs were calculated by dividing median fluores-
cence intensities of mAb-stained cells by those obtained with isotype
antibodies. For the fluorescence-activated cell sorting (FACS) exper-
iments, 2–4 � 107 tumor cells were harvested, washed with magnetic
activated cell sorting (MACS) buffer, and stained with PE-conjugated
anti-GD2 antibody 14.G2a for 15min at room temperature (RT) in the
dark. After two additional washing steps, cells were resuspended in
2.5 mL MACS buffer; filtered using FACS tubes with filter and
lid; sorted by gating on the 30% highest and 30% lowest or 1% highest
and 1% lowest GD2-expressing cells, respectively, using FACS Aria II
(BD Biosciences, Germany); and subsequently cultured as described
in the respective assays.

Dynamics of GD2 Expression

EwS cell lines were sorted into GD2low (30%) and GD2hi (30%)
subpopulations as described above, and they were seeded with 1 �
106 cells in 25-mm2 culture flasks. Every 6 days, cells were harvested
and stained with PE-conjugated GD2 antibody 14.G2a over a period of
3 weeks. The RFI of GD2 expression in each subpopulation was calcu-
lated in relation to control cells having undergone the sorting proced-
ure without selection of subpopulations.

Treatment with EZH2 Inhibitor

EwS tumor cells were harvested, counted, and seeded in collagen-
coated 6-well plates (Sarstedt, Germany) at 0.1–0.3 � 106 cells/well
in a total volume of 2 mL. After 2–4 h, the EZH2 inhibitor GSK126
(Active Biochemicals, USA) or tazemetostat (Cayman Chemicals,
USA) dissolved in DMSO or DMSO alone as a control was added
at a concentration of 10–12, 4, or 1 mM, as indicated in the figures.
After 4 days of incubation at 37�C and 5% CO2, the medium was
changed, and the EZH2 inhibitor was added again at the same con-
centrations. Every 7 days, cells were pooled, harvested, counted,
and analyzed for the GD2 expression described as above, or lysates
for western blot analysis were generated as detailed below.

Western Blot Analysis

EZH2 inhibitor- or DMSO-treated tumor cells were homogenized in
30–100 mL ice-cold radioimmunoprecipitation assay (RIPA) buffer
(0.1% DTT, Sigma-Aldrich) with fresh protease inhibitor cocktail
(Roche, Germany), shortly fractured in liquid nitrogen, thawed
on ice, and then clarified by spinning for 15 min at 4�C and
20,000 � g. After measuring the protein concentration with Bradford
reagent, 50 mg sample was separated by electrophoresis on an SDS
15% polyacrylamide gel and then electroblotted onto a nitrocellulose
membrane (Bio-Rad). Blocking was done in Tris-buffered saline with
Tween20 (TBST) buffer containing 5% BSA for 1 h, followed by incu-
bation with anti-H3K27me3 antibody (Abcam, Germany) diluted
1:1,000 in TBST containing 5% BSA for 12 h at 4�C. After washing,
the membrane was incubated with horseradish peroxidase (HRP)-
linked anti-mouse immunoglobulin G (IgG) whole Ab (GEHealthcare,
Germany) at 1:2,000 in TBST 5% BSA for 1 h at RT, followed by treat-
ment with enhanced chemiluminescence reagent (ECL, Plus Western
Blotting Detection System, GE Healthcare), and either exposed to Hy-
perfilm ECL film (GE Healthcare) for 1 min or directly analyzed by
the Imager (ECLChemostar, INTASScience Imaging,Germany). Equal
protein loading was determined by Ponceau staining. Equal protein
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loadingwas also determined by shortlywashing themembrane inTBST
buffer, followed by incubation with 7 mL Restor Plus stripping buffer
(Thermo Scientific) for 15min at RT. The membrane was then washed
twice in 20mLTBST buffer for 10min at RT, followed by blockingwith
TBST buffer with 5% nonfat dry milk for 1 h and detection with a
b-actin-specific antibody (Cell SignalingTechnology,Germany)diluted
1:5,000 in TBST with 5% BSA for 12 h at 4�C. After washing, the mem-
branewas incubatedwithHRP-linked anti-rabbit antibody (GEHealth-
care) 1:2,000 inTBST5%milk for 1h, followedbydetection asdescribed
above.

In Vitro Expansion Assay

For short-term proliferation, 5,000 cells each were seeded into 3–6
wells of a collagen-coated white-bottom 96-well plate in a total vol-
ume of 100 mL. To determine the initial ATP levels for each cell
line (day 0), the plate was incubated at RT for 30 min. Then 100 mL
Cell-Titer Glo was added, and the plate was placed on an orbital
shaker for 2 min and incubated for another 10 min at RT in the
dark. The amount of metabolized ATP was quantified by determining
the RLUs with GloMax Discover (Promega, Mannheim, Germany). A
second plate was then incubated for 96 h at 37�C and 5%CO2, and the
same procedure was performed. The relative luminescence units
(RLUs) measured after 96 h of incubation were divided by the means
of the RLUs on day 0 for each cell line. The results represent the rises
in ATP levels indicating proliferation. To assess long-term prolifera-
tion, tumor cells were sorted into GD2low (30%) and GD2hi (30%)
subpopulations, as described above, and seeded at 1 � 106 cells in
25-mm2 culture flasks. On day 6, cells were harvested, resuspended
in RPMI media, and counted using trypan blue staining and a micro-
scope. Fold expansion was calculated by dividing the absolute cell
numbers on day 6 by the seeded cell numbers.

Colony Formation Assay

EwS cells were plated in triplicate in 35-mm tissue culture dishes
(Thermo Scientific, USA) in methylcellulose-enriched media (1.9%
methylcellulose, 15% fetal bovine serum, 0.23% BSA, 1% peni-
cillin/streptomycin [pen/strep], and 82% Iscove’s modified Dulbec-
co’s media). Cells were plated at 450 cells/mL in 1-mL volumes and
incubated for 7–8 days at 37�C and 5% CO2. Numbers of colonies
from each culture dish were calculated using an inverted microscope
and a scoring grid. The mean colony numbers (colony-forming
units [CFUs]) of the triplicate dishes were used for the graphic
analyses.

Chemosensitivity Assay

The chemosensitivity of EwS cells was determined by quantification
of the numbers of viable cells using the CellTiter Glo Luminescent
Cell Viability Assay (Promega, Mannheim, Germany). Tumor cells
were seeded in opaque-walled 96-well plates at 5,000 cells/well in
50 mL growth medium, and they were incubated with doxorubicin
at dilutions of 0.02, 0.1, 0.2, 0.5, and 1 mmol/L at 37�C and 5%
CO2. After 72 h of incubation, 100 mL CellTiter Glo reagent was added
to each well. The plates were placed on an orbital shaker for 2 min,
then incubated for 10 min at RT in the dark. The amount of metab-
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olized ATP was quantified by determining the RLUs with GloMax
Discover (Promega, Mannheim, Germany). Percent viability was
determined by dividing the RLUs of doxorubicin-treated cells with
untreated cells � 100.

Dynamic 3D Tumor Cell Culture Model

The biological scaffold SISmuc was prepared from porcine gut as pre-
viously described,33 followed by removal of mesentery and vascular
tree from completely decellularized explants. The matrix is registered
under the trade mark BioVaSc-TERM and after seeding with tumor
cells under OncVaSc-TERM. All explantations were in compliance
with the German Animal Protection Laws (x4 Abs. 3), and the insti-
tute’s animal protection officer regularly informed the responsible
authorities. The animals received proper attention and humane
care in compliance with the Guide for Care and Use of Laboratory
Animals (NIH 85e23), and the study was approved by the institu-
tional animal protection board.

For the treatment with EZH2 inhibitor, 1� 105 EwS cells were seeded
on the luminal side of the SISmuc. First, static culture was performed
for 3 days by administering 2.5 mL cell-specific media (RPMI 1640 +
10% FCS + Na-Pyruvat + pen/strep) to the cell crowns. After 3 days,
the reseeded SISmuc scaffolds were placed into the chambers of
customized flow bioreactors and attached to a tubing system contain-
ing 45 mL cell-specific media connected to a peristaltic pump, which
provides a slow media flow of 3–4 mL/min. 3D tumors on the scaf-
folds were treated with the EZH2 inhibitor or control for 14 days,
then extracted from the bioreactor and cut in half to fix one part in
4% formaldehyde for further paraffin embedding and to extract the
cells from the other half for flow cytometry analysis using PBS-
EDTA and Trypsin. GD2 staining was performed as described above.

H&E Staining

Samples from the 3D culture model were fixed in 4% paraformalde-
hyde, washed in PBS, and embedded in paraffin. Paraffin-embedded
sections of 4–5 mMwere stained with hematoxylin (Merck, Germany)
for 3 min and eosin (Roth, Germany) for 2 min. The tissue sections
were examined under a light microscope (Leica CTR5500, Germany)
after mounting with Vitrocloud (Langenbrink, Germany).

Mouse Model

Mouse experiments were approved by the animal care commit-
tee of the local government (LANUV, Recklinghausen, Az. 87-
51.04.2010.A117). NSG mice were used from own breeding in the
central animal experimental facility Münster (ZTE), originally
purchased from Charles River (Germany), and they were housed in
pathogen-free rooms in type-2L (long) individually ventilated cages
(Charles River) with a maximum of six animals per cage. They
were allowed access to sterile food and water ad libitum. The RT
was held constantly at 21�C. 8- to 12-week-old NSGmice of both gen-
ders were used for the experiments.

For subcutaneous (s.c.) tumor growth, VH-64 or MS-EwS-16 cells
were sorted into GD2low (30%) and GD2hi (30%) subpopulations as
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described above, and they were injected at 1–25 � 104 into the right
and left flanks of NSG mice. Tumor growth was monitored at regular
intervals and measured using a caliper. Mice were anesthetized with
isoflurane and sacrificed when the tumor volumes reached the exper-
imental endpoint. If no tumor was detectable, mice were sacrificed af-
ter 12 weeks. Additionally, VH-64 cells sorted into the 1% lowest and
highest GD2-expressing cells were injected at 1 � 103 cells each into
the right and left flanks of NSG mice. Tumor volume measurement
was done as above.

For intravenous (i.v.) tumor growth, VH-64 cells transduced with
firefly luciferase were sorted into the 30% lowest and highest GD2-ex-
pressing cells, and they were injected at 1–25 � 104 cells into the tail
veins of NSG mice. EwS engraftment and growth were monitored
weekly starting 2 weeks after transplantation by bioluminescence im-
aging (BLI), using an IVIS Spectrum Imaging System (PerkinElmer).
Mice were injected intraperitoneally (i.p.) with D-luciferin
(150 mg/kg; Synchem OHG, s039). At 3 min after injection, mice
were anesthetized with isoflurane (2% isoflurane and 0.5 L/min oxy-
gen), and images were acquired after 6 min in dorsal and ventral po-
sitions (f/stop, 1; binning, 4; and exposure time, automatic). Mice
were sacrificed after tumor volumes reached the experimental end-
points. If no tumor was detectable, mice were sacrificed after 12 weeks.

Real-Time qPCR

RNA was isolated using the RNeasy-Kit (QIAGEN, Germany), ac-
cording to the manufacturer’s instructions. RNA concentration and
purity were determined using Nanodrop analysis (Thermo Scientific,
Germany). The purity of all samples was above 1.8 A260/A280. RNA
was either stored at �80�C prior to cDNA synthesis or directly
used. cDNA was synthesized using the Quick-Start Protocol of
QuantiTect Reverse Transcription Kit (QIAGEN, Germany), accord-
ing to the manufacturer’s recommendations. PCR reactions of 10 mL
contained 1 mL cDNA, 5 mL 2�QuantiTect SYBR Green PCRMaster
Mix (QIAGEN, Germany), and 0.5 mM primers. Primers for
EZH2 (QT00054614), ST8SIA1 (GD3 synthase, QT00054159), and
B4GALNT1 (GD2 synthase, QT02564009) were purchased from
QIAGEN. Primers for the reference gene HPRT1 (forward primer
50-TGAGGATTTGGAAAGGGTGT-30, reverse primer 50-GAGCA
CACAGAGGGCTACAA-30) were purchased from Invitrogen.
Amplification was performed in triplicate reactions in two different
runs at 95�C for 15 min, followed by 94�C for 15 s and 40 cycles of
55�C (30 s) and 72�C (30 s) on a CFX96 Thermal Cycler (Bio-
Rad). The cDNA concentrations were adjusted to Cq (threshold
cycle) values of HPRT1 control gene to ensure equal amplification
efficiencies. Cq values were determined using CFX Manager (Bio-
Rad). For the analysis, the triplicates of each run were taken together.
Relative gene expression levels were calculated by the 2�DDCq method
compared to HPRT1 and untreated or GD2neg cells used as the
reference.

ChIP-Seq Dataset and Analysis

A dataset of ChIP-seq against EZH2 using the EwS cell line SK-N-MC
was generated in the laboratory of Bradley Bernstein (available from
the Encyclopedia of DNA Elements [ENCODE]: ENCSR113GDB;
https://www.encodeproject.org/experiments/).57 Signal fold change
over control (ENCODE: ENCFF642OLV) and pseudoreplicated irre-
producible discovery rate (IDR)-thresholded peak (ENCODE:
ENCFF674XUJ) files after standard processing pipeline were down-
loaded and viewed in the UCSC Genome Browser (http://genome.
ucsc.edu).58 Screenshots were produced by using the PDF/PS utility
of the Genome Browser.

CRISPR/Cas9 Knockout

The single guide RNA (sgRNA) used for ST8SIA1 (NCBI Gene ID:
6489; GD3 synthase) knockout was designed using the website
https://zlab.bio/guide-design-resources. The sgRNA (50-CACCGC
CATTGAAGAAATGCGCGG-30) was cloned into the BsmBI sites
of the lentiviral vector lentiCRISPR_v2 (Addgene 52961).59 To pro-
duce lentiviral supernatant for the knockout, HEK293T cells were co-
transfected with lentiCRISPR_v2 and the helper plasmids pMD2.G
(Addgene plasmid 12259) and psPAX2 (Addgene plasmid 12260),
both a gift fromDidier Trono, containing gagpol and vesicular stoma-
titis virus G glycoprotein (VSV-G) sequences. Lentiviral supernatant
was harvested after 48 h and used to transduce the tumor cells in
10-cm plates, using 6 mg/mL Sequabrene (Sigma) overnight. After pu-
romycin selection for 1 week, GD3S gene knockout was analyzed by
staining for GD2 surface expression as described above. For wild-type
(mock) control cells, the lentivirus was produced with an empty len-
tiCRISPR_v2 vector.

Expansion and Transduction of Human T Cells

The use of blood samples from healthy donors was approved by the
University of Münster Ethical Board. Peripheral blood mononuclear
cells (PBMCs) seeded at 1.5� 106/well were stimulated for 48 h using
24-well tissue-culture plates precoated with anti-CD3 and anti-CD28
antibodies (1 mg/mL each). Culture medium consisted of RPMI 1640
or equal portions of RPMI 1640 and AIM V (Invitrogen, 12055-083)
with 10% FCS, supplemented with 50 IU/mL recombinant human
interleukin-2 (rhIL-2). After 48 h, the T cells were harvested and
transferred to 24-well non-tissue-culture-treated plates coated with
Retronectin and coincubated with viral supernatant for 48 h, as
described.60 For expansion, 5 � 106 transduced or non-transduced
T cells were then transferred to gas-permeable culture devices with
50 mL capacity (Wilson Wolf Manufacturing, 80040S) in 35 mL cul-
ture medium for 14–16 days.

Constructs

The GD2-specific CAR GD2-BBz was previously described.19

Briefly, it contains the single-chain antibody domain (single-chain
variable fragment [scFv]) of the mAb 14.G2a,38 the hinge domain
of human IgG1, followed by the transmembrane domain of CD28
and the signaling domains derived from 4-1BB and CD3z. The
CAR gene was codon optimized and then subcloned into the
AgeI and XhoI sites of the retroviral vector SFG.60 Generation of
stable retroviral producer cell lines and production of recombinant
retrovirus for transduction of T cells were performed as
described.60
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Intracellular Cytokine Assay

5 � 105 T cells on day 13–14 after transduction and 5 � 105 target
cells after 14 days of EZH2 inhibitor treatment were seeded in tubes
in a total volume of 200 mL medium and co-incubated for 2 h at 37�C
and 5% CO2. To block cytokine secretion, 10 mg Brefeldin A in 40 mL
PBS (Sigma-Aldrich, Germany) was added overnight. After washing
with washing buffer (PBS + 0.5% BSA), the CF488-conjugated anti-
idiotype antibody ganglidiomab and a CD3-specific antibody were
added in 100 mL washing buffer and incubated for 15 min at RT.
Following another washing step, cells were incubated for 10 min at
RT with 1 mL FACS Lysing Solution (BD Biosciences, Germany),
diluted 1:10 in dH2O, then washed and treated for another 10 min
at RT with 500 mL FACS Permeabilizing Solution (Becton Dickinson,
Germany) diluted 1:10 in dH2O. Cells were washed again, resus-
pended in 100 mL washing buffer containing antibodies against
IFN-g and TNF-a, and then incubated for another 30 min at RT. Af-
ter a final washing step, cells were fixed in 250 mL 1% paraformalde-
hyde (PFA), then analyzed by flow cytometry. T cells incubated with
medium alone or with DMSO-treated EwS cells served as controls.

CD107a Degranulation Assay

T cells (3 � 105/well) on days 13–14 after transduction were incu-
bated with an equal number of target cells treated with the EZH2 in-
hibitor for 14 days in a total volume of 200 mL, in Eppendorf tubes in
the presence of Monensin (eBioscience, Germany) (1 mL/mL) and
CD107a-PE antibody (BioLegend, Germany) (100 ng/mL) for 3 h
at 37�C and 5% CO2. The cells were washed, then incubated with
CF488-conjugated GD2 anti-idiotype antibody ganglidiomab and a
CD3-specific antibody for 15 min, fixed in 1% PFA, and analyzed
by flow cytometry. T cells incubated with medium alone or with
DMSO-treated EwS cells served as controls.

Cytotoxicity Assay

The lytic activity of CAR T cells was tested using a calcein-acetyoxy-
methyl (AM) release assay.61 EwS target cells treated with 4 mM
GSK126 for 14 days were washed twice with PBS and then resus-
pended in PBS at a final concentration of 2 � 106 cells/mL, and
they were incubated with 10 mM calcein-AM (Thermo Fisher Scien-
tific, Germany) for 30 min at 37�C with occasional shaking. After two
washes in medium (RPMI and 10% FCS), cells were adjusted to
105 cells/mL. The test was performed in flat-bottom 96-well microti-
ter plates (Thermo Scientific, Germany). CAR T cells at effector-to-
target (E:T) cell ratios from 40:1 to 10:1 were seeded in triplicates
together with 1� 104 calcein-AM-labeled target cells, with additional
triplicate wells for spontaneous (only target cells in complete
medium) and maximum release (only target cells in medium plus
9% Triton X-100). After 4 h at 37�C in 5%CO2, the plates were centri-
fuged for 5 min and then 75 mL supernatant was harvested and trans-
ferred into new black-walled 96-well microtiter plates (Greiner Bio-
One, Germany). Samples were measured using a GloMax Discover
multi-mode microplate reader (Promega, Germany) (excitation
475 nm and emission 500–550 nm). Data were expressed as arbitrary
fluorescent units (AFUs). Specific lysis was calculated according to the
following formula: [(test release � spontaneous release)/(maximum
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release � spontaneous release)] � 100. Non-transduced T cells and
DMSO-treated EwS cells served as controls.

Statistics

The paired Student’s t test was used with paired samples and the un-
paired Student’s t test with independent samples to test whether the
means in each set of parametric distributed values differed signifi-
cantly, and the rank-sum test was used to compare nonparametric
mean values. Tests used are indicated in the figure legends; p values
of less than 0.05 were considered to indicate statistically significant
differences. Statistical analyses were performed using Sigmaplot 11
(Systat Software, San Jose, CA).
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