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Glioblastoma is the most aggressive primary brain tumor in
humans and is virtually incurable with conventional therapies.
Chimeric antigen receptor (CAR) T cell therapy targeting the
glioblastoma antigen EphA2 is an attractive approach to
improve outcomes because EphA2 is expressed highly in glio-
blastoma but only at low levels in normal brain tissue. Building
upon our previous findings in this area, we generated and eval-
uated a panel of EphA2-specific CARs. We demonstrate here
that T cells expressing CD28.z and 41BB.z CARs with short
spacers had similar effector function, resulting in potent anti-
tumor activity. In addition, incorporating the 41BB signaling
domain into CD28.z CARs did not improve CAR T cell func-
tion. While we could not determine functional differences be-
tween CD28.z, 41BB.z, and CD28.41BB.z CAR T cells, we
selected CD28.z CAR T cells for further clinical development
based on safety consideration.
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INTRODUCTION
Glioblastoma is the most common and highly aggressive primary
brain tumor.1 Due to a lack of effective and curative therapies, the me-
dian life expectancy is approximately 15 months.2,3 Therefore, novel
therapeutic approaches are needed to improve the outcomes of
patients with glioblastoma. Tumor antigen-targeted T cell immuno-
therapy has the potential to meet this need and reduce treatment-
related complications because it does not rely on the cytotoxic
mechanisms of conventional therapies. For example, chemothera-
peutic agents induce tumor cell killing by interfering with DNA syn-
thesis, inhibiting mitosis, or directly damaging DNA.4 In contrast, the
anti-tumor activity of T cells is predominately dependent on lytic pro-
teins such as perforin and granzyme.5 Indeed, chimeric antigen recep-
tor (CAR)-engineered T cells targeting CD19 have shown remarkable
antitumor activity for chemorefractory B cell-derived hematological
malignancies resulting in their recent US Food and Drug Administra-
tion (FDA) approval.6,7

For glioblastoma, clinical studies have been conducted with CAR
T cells targeting epidermal growth factor receptor variant III
(EGFRvIII), interleukin-13 receptor alpha-2 (IL-13Ra2), or human
epidermal growth factor receptor 2 (HER2).8–10 While the infusion
of cells was safe, only limited anti-glioma activity was observed,
except in one patient, who received intraventricular injections of
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IL-13Ra2-CAR T cells.9 Limited anti-glioma activity most likely re-
flects the immunosuppressive glioma environment,10,11 but also
highlights the need to develop CARs targeting additional glioma-
associated antigens.10,12

We have previously demonstrated that CAR T cells targeting the gli-
oma-associated antigen ephrin type A receptor 2 (EphA2) have anti-
glioma activity in vitro and in a preclinical glioma xenograft model.13

The CAR consisted of an EphA2-specifc single-chain variable frag-
ment (scFv) derived from the monoclonal antibody (mAb) 4H5,
which recognizes a conformational epitope that is exposed only on
malignant cells,14 a CH2CH3 spacer, a CD28 transmembrane
domain, and a CD28.z signaling domain. However, CH2CH3 spacers
may limit the antitumor activity of CAR T cells in vivo by rendering
T cells sensitive to Fc receptor-expressing immune cells.15,16 In addi-
tion, T cells expressing CARs with 41BB.z or CD28.41BB.z endodo-
mains might have superior antitumor activity than CD28.z CAR
T cells.11

We therefore generated and compared a panel of EphA2-specific
CARs that contain an IgG1-derived short spacer region, which is
devoid of Fc receptor binding sites, and different signaling domains
(CD28.z, 41BB.z, or CD28.41BB.z). We show that replacing the
CH2CH3 spacer with an IgG1-derived short spacer increased the
anti-glioma activity of CD28.z CAR T cells 20-fold. 41BB.z CAR
T cells had similar anti-glioma activity, and including 41BB in
CD28.z CARs did not further improve CAR T cell function. Based
on our results we selected the CD28.z CAR for future phase 1 testing
in humans.
RESULTS
Generation of EphA2-CAR T Cells

To generate EphA2-specific CAR T cells, we designed retroviral vec-
tors encoding two second-generation (CD28.z and 41BB.z) and one
third-generation (CD28.41BB.z) CAR based on the humanized
8
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EphA2-specific mAb 4H5.14,17 All CARs contained an N-terminal
leader sequence, a codon-optimized 4H5 scFv, a short spacer consist-
ing of the 16-amino acid IgG1 hinge, a CD28 transmembrane
domain, and signaling domains derived from CD28.z, 41BB.z, or
CD28.41BB.z (Figure 1A). In addition, all CAR-encoding retroviral
vectors contained a truncated cluster of differentiation 19 (tCD19)
gene at the C terminus of the CAR gene, separated by a 2A
sequence, to allow detection of genetically modified T cells by fluo-
rescence-activated cell sorting (FACS) analysis. As a control, we
generated a CAR with a truncated endodomain (CAR.D) and/or
used non-transduced (NT) T cells. CD3/CD28-activated T cells
from healthy donors were transduced with RD114-pseudotyped
retroviral particles, and genetically modified T cells were detected
by FACS analysis 4–5 days later. T cells stably expressed tCD19
on their cell surface, with a mean transduction efficiency rate of
65.32% (SD ±12.43%) for CD28.z, 59.21% (SD ±10.7%) for
41BB.z, and 66.24% (SD ±5.76%) for CD28.41BB.z, and no signifi-
cant differences in transduction efficiency among the constructs
(Figures 1B and 1C). Expression of CARs was confirmed by western
blot, using a CD3.z antibody for detection (Figure 1D). Phenotypic
analysis revealed a mixture of CD4+ and CD8+ T cells with a
CD4:CD8 ratio of 1:3, with no significant difference among the con-
structs (Figure S1).

CD28.z, 41BB.z, and CD28.41BB.z T Cells Have Similar Effector

Function as Judged by Cytokine Production and Cytolytic

Activity

Having successfully generated EphA2-CAR T cells, we tested their
specificity and effector function in vitro. First, EphA2-CAR T cells
were incubated with EphA2+ (BV173-EphA2, U373, A549; Figure S2)
and EphA2� (BV173) tumor cells at a 2:1 ratio for 24 hr. Supernatant
was collected, and the concentrations of interferon-g (IFNg) and IL-2
were determined by ELISAs. T cells transduced with EphA2-specific
CARs produced a significant (p < 0.01) amount of IFNg in the pres-
ence of EphA2+ cells (BV173-EphA2, U373, A549), but not in the
presence of EphA2� cells (BV173) (Figure 2A). CD28.z, 41BB.z,
and CD28.41BB.z T cells also produced significant amounts of IL-2
when co-cultured with BV173-EphA2, U373, or A549 (Figure 2B),
with no significant difference among constructs containing different
signaling domains. NT T cells produced no IFNg or IL-2 when co-
cultured with any target cells.

To determine whether CAR T cells also produce other Th1 cyto-
kines (granulocyte-macrophage colony-stimulating factor [GM-
CSF], tumor necrosis factor alpha [TNF-a]) and/or Th2 cytokines
(IL-4, IL-10) after target cell stimulation, we co-cultured EphA2-
specific CAR T cells with BV173.EphA2 tumor cells. CAR T cells
secreted high levels of GM-CSF (>2,000 pg/mL), intermediate levels
of TNF-a and IL-10 (200 to <2,000 pg/mL), and low levels of IL-4
(<200 pg/mL). There was no significant difference in cytokine secre-
tion levels among CARs except for TNF-a, which was secreted at
significantly lower levels by 41BB.z CAR T cells in comparison
with CD28.z (p < 0.01) or CD28.41BB.z (p < 0.05) T cells
(Figure S3).
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Lastly, we confirmed the lytic activity of EphA2-CAR T cells in a
chromium (51Cr) release cytotoxicity assay at a 10:1 effector-to-target
(E:T) ratio by using the EphA2+ and EphA2� tumor cells used in the
co-culture experiments described above. EphA2-specific CAR T cells
recognized and killed EphA2+ tumor cells, while control T cells
showed no cytolytic activity against any tumor cells, indicating that
killing of EphA2+ target cells depends on the expression of an
EphA2-CAR (Figure 2A). There was no significant difference in cyto-
lytic activity between different EphA2-CAR T cells. Thus, we could
not discern a significant difference in the effector function of
CD28.z, 41BB.z, and CD28.41BB.z CAR T cells as judged by cytokine
production and cytolytic activity.

CD28.z, 41BB.z, and CD28.41BB.z CAR T Cells Proliferate

Postexposure to EphA2+ Target Cells

To determine the effect of different co-stimulatory endodomains on
EphA2-CAR T cell expansion in vitro, we performed a co-culture
assay in which CAR T cells were weekly stimulated with EphA2+

target cells (U373, A549). All CAR T cells expanded significantly bet-
ter when co-cultured with A549 in comparison with U373 cells. There
was no difference in T cell expansion after A549 stimulation between
CD28.z, 41BB.z, and CD28.41BB.z CAR T cells. However, after U373
stimulation, 41BB.z CAR T cells expanded significantly more than
CD28.z and CD28.41BB.z CAR T cells (Figure 3).

CARs with Short Spacers Have Improved Anti-glioma Activity

In Vivo

Because we observed no significant difference between CD28.z,
41BB.z, and CD28.41BB.z CAR T cells, we tested all three T cell pop-
ulations in our orthotopic U373 glioma xenograft mouse model, in
which T cells are directly injected into tumors.11,13 The model allows
for serial bioluminescence imaging because U373 are genetically
modified to express an eGFP.ffLuc fusion protein (U373.eGFP.ffLuc).
On day 0, U373.eGFP.ffLuc cells were injected stereotactically into the
brains of severe combined immunodeficiency (SCID) mice, followed
by CD28.z, 41BB.z, or CD28.41BB.z CAR T cells on day 7. As a nega-
tive control, we used CAR.D T cells, and as a positive control, T cells
that expressed our original CAR (CH2CH3.CD28.z). Mice treated
with CAR.D T cells showed continuous tumor growth within
4 days after T cell injection (Figure 4A). All T cell-expressing func-
tional CARs had significant antitumor activity with a significant
decrease (p < 0.05) in bioluminescence in comparison with the
CAR.D T cell group within 3 weeks of T cell injection. Mice were fol-
lowed for up to 100 days after tumor cell injection, and although
CD28.z or 41BB.z CAR T cell-treated mice had a significant survival
advantage (p < 0.05) in comparison with CH2CH3.CD28.z CAR
T cell-treated mice, CD28.41BB.z CAR T cell-treated mice did not
(Figure 4B).

Defining the Minimal Effective Dose of CD28.z, 41BB.z, and

CD28.41BB.z CAR T Cells

Having established that 2 � 106 T cells expressing two out of three
CAR constructs with short spacers have improved anti-tumor activity
in comparison with CH2CH3.CD28.z CAR T cells, we next set out to
ular Therapy: Methods & Clinical Development Vol. 9 June 2018 71
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Figure 1. Developing Different Generation EphA2-Specific CAR T Cells

(A) Scheme of EphA2CARs. All CARs contained an N-terminal leader sequence, a codon-optimized synthetic gene encoding for human 4H5, a spacer region (16-amino acid

IgG1 hinge), a CD28 or CD8a transmembrane domain, signaling domains derived from CD28, 41BB, and CD3.z, and tCD19, separated by 2A sequence. (B and C) Genetic

modification of T cells was confirmed by FACS analysis using a CD19 antibody. Representative plots (B) and summary data (C) are shown (mean 74.1%–93.3%, n = 5–6 per

CAR construct). Error bars represent mean with SD. (D) Expression of full-length EphA2-CARs by western blot analysis using a CD3-z antibody under denaturing and non-

denaturing conditions.
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Figure 2. Effector Function Evaluation of EphA2-Specific CAR T Cells

EphA2-CAR or non-transduced (NT) T cells were co-cultured with BV173, BV173-

EphA2, U373, and A549 cells at a 2:1 E:T ratio. NT T cells served as controls. After

24 hr, IFNg (A) and IL-2 (B) were measured by ELISA (n = 4). (C) 4-hr cytotoxicity

assay at an E:T ratio of 10:1 (n = 4). Error bars represent mean with SD.
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define the lowest dose of T cells that can eradicate tumor cells.
Glioma-bearing mice were injected with 4-fold (5 � 105), 20-fold
(1 � 105), or 200-fold (1 � 104) lower T cell doses. CAR T cells
sustained their potent anti-glioma activity at cell doses as low as
1 � 105 T cells with three out of five (CD28.z CAR) and two out of
five (41BB.z and CD28.41BB.z CARs) mice surviving long term (Fig-
ure 5). At a cell dose of 1 � 104 T cells, only transient antitumor
activity was observed (Figure 5).

To investigate the mechanism of tumor recurrence, we measured the
expression of EphA2 on recurring tumor as well as T cell persistence.
Because the addition of 41BB (CD137) to CD28.z CARs did not
improve the effector function of CAR T cells in any of the conducted
experiments thus far, we restricted the following analyses to CD28.z
and 41BB.z CAR T cells. Recurring tumors continued to express
EphA2 at similar levels in comparison with untreated tumors as
judged by FACS analysis (Figure S4). To determine T cell persistence,
we injected 1 � 105 CD28.z or 41BB.z CAR T cells, which were also
genetically modified to express eGFP.ffLuc, into U373 glioma-bearing
mice. eGFP.ffLuc-expressing T cells served as control. No significant
expansion of injected CAR T cells was observed, and T cells persisted
for up to 6 days, with no significant difference between CD28.z and
41BB.z CAR T cells (Figure 6).

DISCUSSION
Here, we describe the generation of three CARs specific for the gli-
oma-associated antigen EphA2. All three CARs contained a short
spacer and either a CD28.z, 41BB.z, or CD28.41BB.z signaling
domain. There was no significant difference between the phenotype
and effector function of CAR T cells in vitro. In vivo, CAR T cell pop-
ulations had potent anti-glioma activity that was significantly
improved compared with our previously published EphA2-CAR
with a long CH2CH3 spacer and a CD28.z signaling domain.13

Many groups, including ours, have shown that there is a complex
interaction between the scFv, spacer region, transmembrane domain,
and endodomain that determines optimal CAR T cell efficacy.11,18,19

For example, scFvs that recognize epitopes that are located proximal
to the plasma membrane require long spacers, whereas distal epitopes
require short spacers.18 In addition, long spacers that are based on
CH2CH3 domains have been shown to render CAR T cells sensitive
to innate immune cells,15 or can induce baseline (tonic) CAR
signaling.16,20 Because the limitations of CH2CH3-based spacers are
independent of the targeted antigen, we did not repeat mechanistic
studies with CH2CH3-based EphA2-CARs, but focused instead on
EphA2-CARs with a short spacer. We generated three EphA2-
CARs with a short spacer and different endodomains, all of which
recognized EphA2+ target cells as judged by cytokine production
ular Therapy: Methods & Clinical Development Vol. 9 June 2018 73

http://www.moleculartherapy.org


Figure 3. Addition of Extra Signaling Domain Does

Not Improve the Proliferative Capacity of EphA2-

CAR T Cells

EphA2-specific CAR T cells were co-cultured with A549

and U373 at a 2:1 E:T ratio. T cells were stimulated weekly

with fresh A549 and U373 cells, and T cells were counted

before addition of fresh target cells. Figure shows cu-

mulative data of CAR T cell expansion (n = 4; post third

and fourth stimulation with U373: 41BB CAR versus other

CARs, p < 0.05, t test; error bars represent SEM).
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and cytolytic activity. The epitope that is recognized by the EphA2-
specific scFv 4H5 is not defined. However, our current and previous
results indicate that for the 4H5 scFv epitope, location is not a critical
factor that determines CAR function because T cells expressing a
4H5-based CAR with either a 16- or 293-amino acid spacer recognize
EphA2+ target cells.

In vitro, we observed no significant difference in the effector function
of T cells expressing CD28.z or 41BB.z CARs. This is consistent with
our previous study in which we targeted the glioma-associated anti-
gen IL-13Ra2.16 Others have demonstrated that GPC3-CARs with
a 41BB.z endodomain preferentially induce the production of TH2
cytokines.21 However, we observed only low levels of IL-4 and
IL-10 production with no significant differences between CD28.z
and 41BB.z CAR T cells. Another group reported that CD28.z have
greater functionality as judged by rapid tumor eradication, while
41BB.z mediates slower tumor killing but attains complete tumor
eradication because of better persistence.22 In our study, we observed
no significant differences in CAR T cell persistence in vivo between
CD28.z and 41BB.z signaling domains. These opposing findings
might be partially explained by the different tumor models that
were used to compare CAR T cells (hepatocellular carcinoma, acute
lymphoblastic leukemia, glioblastoma multiforme [GBM]). At pre-
sent, it remains controversial whether CARs that encode two costi-
mulatory endodomains endow T cells with superior effector function
than CARs with a single costimulatory endodomain.23–25 Our finding
adds to this controversy with showing no benefit of adding 41BB to
CD28.z CAR T cells targeting EphA2. A recent study has demon-
strated that expression of 41BBL on the cell surface of CD28.z CAR
T cells results in more potent effector T cells than incorporating a
41BB signaling domain into the CAR itself.22,26 We are planning to
evaluate this approach in the future.

In vivo, T cells expressing our newly generated CARs with a short
spacer had significantly greater antitumor activity in comparison
with our original CH2CH3.CD28.z CAR T cells. Based on our exper-
iment in which we evaluated lower T cell doses, short spacer CAR
T cells were at least 20-fold more potent than T cells expressing our
original CAR. Glioma recurrences in animals treated with low
T cell doses continued to express EphA2, indicating that limited
effector function of CAR T cells is responsible for this therapeutic
failure.
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Our results indicate that there is a limit to optimizing CAR T cell
function by providing costimulation through CD28 and/or 41BB
even in a xenograft model, which does not mimic the ‘complete’
immunosuppressive tumor microenvironment (TME) of gliomas
because it is devoid of inhibitory T cells. Proper T cell activation
and expansion requires not only signal 1 (activation) and signal 2
(costimulation), but also signal 3 (g cytokines).26 Although costimu-
lation induces g-cytokine production by T cells, the observed lack of
T cell expansion in vivo indicates that g-cytokine production might
be limited. Indeed, several investigators including ourselves have
demonstrated that transgenic expression of IL-7, IL-12, or IL-15
in CAR T cells enhances their effector function in vivo.12,27,28 Trans-
genic expression of cytokines should also counteract the immuno-
suppressive TME. Besides transgenic expression of cytokines,
expression of a constitutive IL-7 receptor in CAR T cells has also
shown to enhance their effector function, including T cells express-
ing the 41BB.z CAR designed in this study.29 Besides transgenic
expression of ‘immune stimulatory genes’, silencing negative regula-
tors in CAR T cells is another promising strategy to render them
resistant to the immunosuppressive (TME) glioma microenviron-
ment.30,31 While these strategies enhance CAR T cell function,
they also increase the risk of unwanted side effects. To mitigate
this risk, several groups of investigators have developed and tested
inducible suicide genes in preclinical models and early-phase clinical
studies.32–34

The goal of our studies was to optimize an EphA2-CAR to select
for phase 1 testing in humans. Because adding 41BB to CD28.z did
not enhance the effector function of T cells, the developed CD28.z
or 41BB.z CAR are prime candidates for further testing. Ideally,
both CARs could be compared in patients by infusing two T cell prod-
ucts that are modified with the CD28.z or 41BB.z CAR. Although
such a trial design has been done in the past to compare CD19-
CAR.z and CD19-CAR.CD28.z35 or CD19-CAR.CD28.z and
CD19-CAR.CD28.41BB.z (NCT01853631), such studies are currently
cost prohibitive because they require the manufacturing of two clin-
ical-grade vectors and production of two genetically modified T cell
products for each patient.

Additional practical consideration of selecting a CAR includes
whether CAR expression by itself affects CAR T cell expansion during
cell product manufacturing. We therefore compared the expansion of
8



Figure 4. Treatment of Glioma Xenograft with T Cells Expressing EphA2-CARs Results in Tumor Regression and Improved Overall Survival

U373 glioma-bearing mice were treated on day 7 with CD28.z (n = 5), 41BB.z (n = 5), or CD28.41BB.z (n = 5) T cells. CH2CH3.CD28.z (n = 5) served as a positive control, and

D CAR T cells (n = 5) served as a negative control. (A) Quantitative bioluminescence (radiance = photons/sec/cm2/sr) imaging data for all mice are shown. (B) Kaplan-Meier

survival analysis (*p < 0.05).
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CD28.z or 41BB.z CAR and observed no significant difference (Fig-
ure S5). Lastly, there are safety considerations when an overexpressed
self-antigen like EphA2 is targeted. We are mitigating the risk of “on
target/off cancer toxicity” by using a scFv that recognizes a conforma-
tional epitope exposed only on malignant cells.17 Nevertheless, for
EphA2-CAR T cells, limiting T cell persistence for first in human
Molec
testing seems an advisable strategy. Based on the results of the con-
ducted clinical studies with CD19-CAR T cells, which indicate that
41BB.z CAR T cells persist longer in humans than in CD28.z CAR
T cells,36 we have selected EphA2-specific CD28.z CAR T cells for
further clinical development. No dose-limiting toxicity has been
observed with IL-13Ra2- and HER2-CAR T cells in early-phase
ular Therapy: Methods & Clinical Development Vol. 9 June 2018 75

http://www.moleculartherapy.org


Figure 5. Defining Minimal Effective Dose

1� 105 U373.eGFP.ffLuc cells were injected intracranially into mice. On day 7 mice received 5� 105, 1� 105, and 1� 104 CD28.z (n = 5), 41BB.z (n = 5), or CD28.41BB.z

(n = 5) CAR T cells. Quantitative bioluminescence (radiance = photons/sec/cm2/sr) imaging data for all mice are shown.
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clinical studies for GBM patients.8–10 However, our EphA2-CAR
T cells target a conformational epitope. We therefore decided to
replace tCD19 with CD20 in the retroviral vector encoding our
EphA2-CAR (Figure S6A) so that CAR T cells can be eliminated
with rituximab if unwanted side effects occur.37,38 T cells expressing
CD28.z CAR and CD20 had similar effector function as CD28.z
CAR T cells and were readily eliminated in the presence of Rituxan
and complement (Figures S6B–S6D).

In conclusion, we have optimized EphA2-CARs for the adoptive
T cell therapy of EphA2+ glioblastoma. While we could not discern
a functional difference between CD28.z, 41BB.z, and CD28.41BB.z
CART cells, we selected CD28.zCART cells for further clinical devel-
opment based on safety consideration.
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MATERIALS AND METHODS
Cell Lines

Blood samples from healthy donors were obtained in accordance to
protocols approved by the Institutional Review Board of Baylor Col-
lege of Medicine. U373 (GBM), A549 (lung cancer), and 293T (hu-
man embryonic kidney) were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA). BV173 (Ph+

chronic B lymphoblastic leukemia) was purchased from the German
Collection of Microorganisms and Cell Cultures (DSMZ). U373 cells
expressing EGFP and firefly luciferase (U373.eGFP.FFLuc) and
BV173-expressing EphA2 were generated by lentiviral transduction.
T cells and cell lines were grown in RPMI or DMEM (GE Healthcare
Life Sciences HyClone Laboratories, Logan, UT, USA) with 10% fetal
bovine serum (FBS; GE Healthcare Life Sciences HyClone) and 2 mM
8
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GlutaMAX-I (Invitrogen, Carlsbad, CA, USA). The “Characterized
Cell Line Core Facility” at MD Anderson Cancer Center (Houston,
TX, USA) performed cell line validation.

Generation of Retroviral Vectors Encoding EphA2-

Specific CARs

Generation of the EphA2-specific scFv was previously described.13

In brief, a codon-optimized gene, encoding the humanized version
of EphA2 mAb EA2,17 was synthesized by GeneArt (Invitrogen,
Carlsbad, CA, USA) containing the immunoglobulin heavy-chain
leader peptide and the 4H5 heavy chain flanked by 50 NcoI and
30 BamHI sites. This mini gene was subcloned into SFG retroviral
vector containing human IgG1 hinge and CD28.z, 41BB.z, or
CD28.41BB.z endodomains.11,39 All CARs contained a CD28
transmembrane domain except for EphA2-CAR.SSR.41BB.z, which
had a CD8a transmembrane domain. All plasmids also contained
a tCD19 at a C terminus, which was used for CAR detection.
EphA2-CAR.SSR.D without an endodomain was generated by In-
Fusion cloning (Takara Bio USA, Mountain View, CA, USA).
All cloning of the CARs was verified by sequencing (Seqwright,
Houston, TX, USA). RD114-pseudotyped retroviral particles were
generated by transient transfection of 293T cells as previously
described.13

Transduction of T Cells

Human peripheral blood mononuclear cells (PBMCs) from healthy
donors were obtained under a Baylor College of Medicine institu-
tional review board (IRB)-approved protocol, after informed consent
was obtained in accordance to the Declaration of Helsinki. To
generate EphA2-CAR T cells, we isolated PBMCs by Lymphoprep
(Abbott Laboratories, Chicago, IL, USA) gradient centrifugation
and then stimulated on treated non-tissue culture 24-well plates,
which were precoated with OKT3 (CRL-8001; ATCC) and CD28
(BD Biosciences, San Jose, CA, USA) antibodies. Recombinant hu-
man IL-7 and IL-15 (IL-7, 10 ng/mL; IL-15, 5 ng/mL; Proleukin; Chi-
ron, Emeryville, CA, USA) were added to cultures on day 2.40 On
day 3, OKT3/CD28-stimulated T cells (2.5 � 105 cells/well) were
transduced on RetroNectin (Clontech, Mountain View, CA)-coated
Molecular Therapy: Met
plates in the presence of IL-7 and IL-15. On day 5
or 6, transduced T cells were transferred into new
tissue culture 24-well plates and subsequently
expanded with IL-7 and IL-15. NT T cells were acti-
vated with OKT3/CD28 and expanded in parallel
with IL-7 and IL-15. EphA2-specific CAR T cell expression was deter-
mined 4–5 days post-transduction.

Flow Cytometry

A FACSCanto (BD Biosciences, San Jose, CA, USA) instrument was
used to acquire immunofluorescence data, which were analyzed with
CellQuest (BD Biosciences). FlowJo v.7 (FlowJo, Ashland, OR,
USA) was used for final data analysis and graphic representation. Iso-
type controls were immunoglobulin G1-fluorescein isothiocyanate
(IgG1-FITC; BD), IgG1-phycoerythrin (IgG1-PE; BD), IgG1-peridi-
nin chlorophyll protein (IgG1-PerCP; BD), and isotype Cy5 (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA). Genetically
modified T cells were detected using a CD19-PE antibody (BD) along
with CD8-PerCP, CD4-Pacific Blue, CCR7-FITC, and CD45RA-
AF750. Forward and side scatter gating were used to discriminate
live cells from dead cells.

Cells were collected and washed once with PBS (Sigma, St. Louis, MO,
USA) containing 1% FBS (GE Healthcare Life Sciences HyClone Lab-
oratories; FACS buffer) prior to the addition of antibodies. Cells were
incubated with antibodies for 30 min on ice in the dark, washed once,
and fixed in FACS buffer containing 0.5% paraformaldehyde (BD
Biosciences) prior to analysis.

Western Blot

Cells were dissociated with PBS + 3 mM EDTA and lysed in a buffer
containing 50 mM Tris, 150 mM NaCl, 5 mM EDTA, 1% Triton
X-100 (all from Sigma, St. Louis, MO, USA), and protease inhibitors
(Thermo Scientific, Waltham, MA, USA). Protein concentrations
were determined using a Bio-Rad protein assay (Bio-Rad, Hercules,
CA, USA) with BSA as the standard. Samples were denatured in
Laemmli buffer (Bio-Rad) with bME (2-mercaptoethanol; reducing
conditions; Bio-Rad) or without bME (non-reducing condition) at
95�C for 5 min. Cell lysates (5 mg per lane) were run on a 10% SDS
polyacrylamide gel and transferred to nitrocellulose membranes
(Bio-Rad). Membranes were blocked with 5% milk powder in Tris-
buffered saline (TBS) + 0.1% Tween 20 (all from Sigma) and then
probed with anti-CD3.z (sc-1239; Santa Cruz Biotechnology, Santa
hods & Clinical Development Vol. 9 June 2018 77
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Cruz, CA, USA) or GAPDH (sc-47724; Santa Cruz Biotechnology)
mouse monoclonal antibodies followed by a horseradish peroxidase
(HRP)-conjugated goat mouse IgG antibody (sc-2005; Santa Cruz
Biotechnology). Blots were developed using SuperSignal West Dura
Extended Duration Substrate (Thermo Scientific) and exposed to
GeneMate Blue Basic Autoradiography Film (BioExpress, Kaysville,
UT, USA).

Co-culture Assays

For co-culture assays, each CAR was expressed in T cells from the
same donor. Biological repeats were done using different donors,
and data presented in the figures are the average of three to five
donors.

Cell Co-culture Assay

CAR T cells were co-cultured with target cells at a 2:1 E:T ratio in a
24-well plate. NT T cells served as controls. After 24 hr, culture super-
natants were harvested, and the presence of cytokines was determined
by ELISA or Multiplex assay (HSTCMAG28SPMX13; EMD Milli-
pore, Billerica, MA, USA).

Repeated Stimulation Assay

EphA2-CAR T cells were co-cultured with EphA2+ tumor cells (U373
and A549) at a 2:1 E:T ratio in the absence of cytokines. 7 days later,
CAR T cells were counted and re-challenged with fresh tumor cells at
the same ratio. NT T cells served as a control, and CAR T cell incu-
bation without tumor cells (media only) allowed us to evaluate for
any unspecific CAR T cell expansion. CAR T cell expansion was as-
sessed by calculating fold changes in absolute CAR T cell numbers
at the indicated time points.

Cytotoxicity Assay

Standard 51Cr Release Assay

CAR T cells were tested for specific cytotoxicity against EphA2+ and
EphA2� tumor cell lines (target cells). A total of 1 � 106 target cells
were labeled with 0.1 mCi (3.7MBq) 51Cr and mixed with decreasing
numbers of effector cells (CAR T cells) to give E:T ratios of 40:1, 20:1,
10:1, and 5:1. Target cells incubated in complete medium alone or
in 1% Triton X-100 were used to determine spontaneous and
maximum 51Cr release, respectively. After 4 hr, supernatants were
collected and radioactivity was measured in a gamma counter (Cobra
Quantum; PerkinElmer, Wellesley, MA, USA). The mean percentage
of specific lysis of triplicate wells was calculated according to the
following formula: [test release � spontaneous release]/[maximal
release � spontaneous release] � 100.

Complement-Dependent Cytotoxicity Assay

T cells transduced with CD28.z.CD20 or D were labeled with 0.1 mCi
51Cr and then treated with 10 mg/mL rituximab (Roche, San Fran-
cisco, CA, USA), 10% baby rabbit complement (Cedarlane Labs, Bur-
lington, NC, USA), or 10 mg/mL rituximab and 10% baby rabbit com-
plement. Cells were incubated for 4 hr. Targets in media alone or 1%
Triton X-100 were used for spontaneous and maximum 51Cr release,
respectively. Supernatants were collected and radioactivity measured
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on a gamma counter. Mean percentage of specific lysis of triplicate
samples was calculated as in the standard chromium release assay.

Orthotopic Xenograft SCID Mouse Model

All animal experiments followed a protocol approved by the Baylor
College of Medicine Institutional Animal Care and Use Committee.
Experiments were performed as described previously12,13 with a few
modifications. ICR-SCIDmice were purchased from Taconic (IcrTac:
ICR-Prkdcscid; Fox Chase C.B-17 SCID ICR; Taconic, Hudson, NY,
USA). Male 8- to 9-week-old mice were anesthetized, the head was
shaved, and the mice were immobilized in a Cunningham Mouse/
Neonatal Rat Adaptor (Stoelting, Wood Dale, IL, USA) stereotactic
apparatus fitted into an E15600 Lab Standard Stereotaxic Instrument
(Stoelting) and then scrubbed with 1% povidone-iodine. A 10-mm
skin incision was made along the midline. The tip of a 30G half-
inch needle mounted on a Hamilton syringe (Hamilton, Reno, NV,
USA) served as the reference point. A 1-mm burr hole was drilled
into the skull 1 mm anterior and 2 mm to the right of the bregma.
1 � 105 U373.eGFP.ffLuc cells in 2.0 mL were injected 3 mm deep
over 5 min. The needle was left in place for 3 min, to avoid tumor
cell extrusion, and then withdrawn over 5min. Seven days after tumor
cell injection, animals were treated with 2 � 106 effector cells in 2 mL
to the same tumor coordinates. The incision was closed with two to
three interrupted 7.0 Ethilon sutures (Ethicon, Somerville, NJ,
USA). A subcutaneous injection of 0.03–0.1 mg/kg buprenorphine
(Buprenex; RBH, Hull, UK) was given for pain control.

Bioluminescence Imaging

Isoflurane-anesthetized animals were imaged using the IVIS system
(IVIS; Xenogen, Alameda, CA, USA) 10–15 min after 150 mg/kg
D-luciferin (Xenogen) was injected per mouse intraperitoneally.
The photons emitted from the luciferase-expressing tumor cells
were quantified using Living Image software (Caliper Life Sciences,
Hopkinton, MA, USA). A pseudo-color image representing light in-
tensity (blue least intense and red most intense) was generated and
superimposed over the grayscale reference image. Mice were eutha-
nized when the tumor radiance was greater than 1 � 109 on two oc-
casions or when they met euthanasia criteria (neurological deficits,
weight loss, signs of distress) in accordance with the Center for
Comparative Medicine at Baylor College of Medicine.

Statistical Analysis

All in vitro experiments were performed at least in triplicate;
GraphPad Prism 5 software (GraphPad Software, La Jolla, CA,
USA) was used for statistical analysis. Measurement data were pre-
sented as mean ± SD. The differences between means were tested
by appropriate tests. The significance level used was p < 0.05. For
the mouse experiments, changes in tumor radiance from baseline at
each time point were calculated. Survival determined from the time
of tumor cell injection was analyzed by the Kaplan-Meier method.
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Supplementary Figure 1

Supplementary Figure 1: Phenotypic analysis of EphA2-CAR T-cell lines. (A) CAR T
cells were analyzed for CD4 and CD8 surface expression by using CD4-PacBlue and CD8-
PerCP antibodies (BD Biosciences; n=4). (B) CAR T cells were analyzed for CD45RA and
CCR7 surface expression by using CD45RA-AF750 and CCR7-FITC antibodies (BD
Biosciences; n=3). TE – terminal effector, N – Naïve, EM – effector memory, CM – central
memory.
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Supplementary Figure 2
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Supplementary Figure 2: Cell surface expression of EphA2. Cell lines were analyzed for
EphA2 cell surface expression by using primary mouse anti-EphA2 antibody (MAB3035,
R&D) followed by secondary goat anti-mouse IgG Alexa647 (Life Technologies).
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Supplementary Figure 3

A
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Supplementary Figure 3: Cytokine secretion analysis when EphA2-specific CAR T cells
were co-cultured with BV173.EphA2 tumor cells. EphA2-specific CAR T cells were co-
cultured with BV173.EphA2 cells at a 2:1 E:T ratio and 24 hours later a small aliquot of media
was removed to determine the concentrations of cytokines by Multiplex assay



Supplementary Figure 4
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Supplementary Figure 4: Analysis of U373 cells isolated from recurrent tumors. U373 
cells were isolated from recurrent tumor of mice that were treated with EphA2-CAR T cells. 
After short-term culture (2 to 7 days), FACS analysis was performed. (A) FACS analysis for 
EphA2. Representative plots, n=2-3 in each group. 
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Supplementary Figure 5

CAR T cells were
plated at 0.25x106 cell per well of 24-well plate and subsequently expanded in a regular T cell
culture media with IL-7 and IL15. CAR T cells were counted every 7 days. Figure shows
cumulative data of CAR T cell expansion.



Supplementary Figure 6

4H5 SSR CD28 TM CD28 T2A CD20

containing CD20. (A
replaced with CD20 and will serve as a safety switch and CAR detection molecule. (B)
Expression of the CAR was determined by the FACS analysis; summary data. (C) CD20
functionality test using 51

with 51Chromium and treated with rituximab and/or complement in a standard cytotoxicity
assay. (n=3; assay was performed in triplicate; (D
CAR T cells were co-cultured with U373 at a 2:1 E:T ratio. T cells were stimulated weekly with
fresh U373 cells, and T cells were counted before addition of fresh target cells. Figure shows

as controls.
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