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ABSTRACT
Background  Adoptive T-cell therapy targeting antigens 
expressed in glioblastoma has emerged as a potential 
therapeutic strategy to prevent or delay recurrence and 
prolong overall survival in this aggressive disease setting. 
Ephrin receptor A3 (EphA3), which is highly expressed in 
glioblastoma; in particular, on the tumor vasculature and 
brain cancer stem cells, is an ideal target for immune-
based therapies.
Methods  We have designed an EphA3-targeted chimeric 
antigen receptor (CAR) using the single chain variable 
fragment of a novel monoclonal antibody, and assessed 
its therapeutic potential against EphA3-expressing 
patient-derived glioblastoma neurospheres, organoids and 
xenografted glioblastoma tumors in immunodeficient mice.
Results  In vitro expanded EphA3 CAR T cells from healthy 
individuals efficiently recognize and kill EphA3-positive 
glioblastoma cells in vitro. Furthermore, these effector 
cells demonstrated curative efficacy in an orthotopic 
xenograft model of glioblastoma. EphA3 CAR T cells were 
equally effective in targeting patient-derived neurospheres 
and infiltrate, disaggregate, and induce apoptosis in 
glioblastoma-derived organoids.
Conclusions  This study provides compelling evidence 
supporting the therapeutic potential of EphA3 CAR T-
cell therapy against glioblastoma by targeting EphA3 
associated with brain cancer stem cells and the tumor 
vasculature. The ability to target patient-derived 
glioblastoma underscores the translational significance of 
this EphA3 CAR T-cell therapy in the pursuit of effective 
and targeted glioblastoma treatment strategies.

BACKGROUND
Glioblastoma is the most common type of 
primary brain cancer in adults. Despite 
increasingly aggressive treatments incorpo-
rating surgical resection followed by concom-
itant radiotherapy and chemotherapy, 
survival rates for patients with glioblastoma 
have only seen modest improvements over 
the past decades. No cure is available and, if 
untreated, glioblastoma can result in death 
in 6 months or less.1 2 Such poor prognosis 
has prompted the development of advanced 
therapies to supplement the current stan-
dards of care. In recent years, immuno-
therapy using T cells engineered to express 

chimeric antigen receptors (CARs) have revo-
lutionized the treatment of many cancers, 
increasing the hope for glioblastoma therapy. 
CD19-directed CAR T-cell therapy has shown 
remarkable success in treating B-cell acute 
lymphoblastic leukemia and certain subtypes 
of B-cell non-Hodgkin’s lymphomas.3 4 
CAR19 therapy’s success may partly be due 
to the uniform expression of CD19 in B-cell 
malignancies and its restricted expression to 
mature B cells, B-cell precursors and plasma 
cells in normal tissues. Furthermore, CAR19 
treatment-induced B-cell aplasia can be 
tolerated by patients due to effective clinical 
management. In solid tumors, the lack of an 
ideal, or appropriate target has complicated 
the development of CAR T-cell therapies.

In this study, we describe a CAR targeting 
erythropoietin-producing hepatoma (Eph) 
type-A receptor 3 (EphA3). Eph receptors 
are highly expressed during embryonic 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Over the last two decades, there has been mini-
mal improvement in the overall survival of patients 
with glioblastoma. Previous attempts to develop 
an effective immunotherapy for glioblastoma have 
largely failed. Recent studies have shown that 
erythropoietin-producing hepatoma type-A receptor 
3 (EphA3) is overexpressed in glioblastoma and is 
associated with cancer stem cells and newly formed 
tumor microvasculature.

WHAT THIS STUDY ADDS
	⇒ We have designed a novel EphA3-targeted chimeric 
antigen receptor (CAR) T-cell therapy and demon-
strate that these CAR T cells can kill glioblastoma 
patient-derived cell lines, organoids and block the 
outgrowth of glioblastoma in vivo.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Results from this study suggest that EphA3 targeting 
can disrupt critical structures for tumor progression 
and resistance. This approach may offer improved 
survival of patients with glioblastoma.
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development and are found in almost all tissues during 
embryogenesis.5 EphA3 is well established for its role 
during embryogenesis where it drives developmental 
processes such as cell adhesion, cell migration, and 
tissue boundary formation. In the brain, directly after 
birth, its expression is typically downregulated and is 
minimally expressed in the brain,6 and lowly expressed 
in healthy tissues.7 8 In cancer cells, these proteins are 
overexpressed and they contribute to cancer patho-
genesis.9 10 EphA3 expression has been reported in a 
number of solid and hematological cancers, including in 
glioblastoma.11–15 In glioblastoma cells, EphA3 is highly 
expressed in mesenchymal stromal cells of the micro-
vasculature and self-renewing glioblastoma stem cells 
(GSCs), where it has a functional role in survival and 
self-renewal.13 16 17 More recently EphA3 was shown to be 
significantly elevated in recurrent post-treatment versus 
primary disease18 19 suggesting a role in treatment resis-
tance and tumor relapse. These findings establish this 

receptor as an attractive tumor-specific target for glio-
blastoma therapy. We show that targeting EphA3-positive 
tumor with CAR T cells induces a potent antitumor 
response, and provide preclinical proof-of-principal that 
EphA3 CAR T cells may be a potentially effective thera-
peutic strategy for the treatment of glioblastoma.

RESULTS
Isolation and characterization of EphA3-specific monoclonal 
antibody
To generate the EphA3-specific monoclonal antibody, 
mice were immunized with recombinant EphA3 protein, 
as outlined in the methods section. Following in vitro 
assessment for EphA3-specific reactivity, 10 unique 
hybridoma clones were expanded and then assessed for 
antigen-specific reactivity using serially diluted EphA3 
antibody. Clone 3C3-1 showed the highest functional 
avidity for EphA3 (figure 1A) and was selected for further 

Figure 1  Novel 3C3-1 anti-EphA3 monoclonal antibody has a high affinity for human EphA3 which is expressed on 
glioblastoma (A) ELISA titration curve of 10 EphA3-specific monoclonal antibody clones. Monoclonal antibody 3C3-1 was 
selected for further analysis. (B) Surface plasmon resonance sensorgram of clone 3C3-1 binding to EphA3 protein. Kinetic data 
of antibody binding to EphA3: association (Ka) 2.22×108±1.59×107 (1\Ms), dissociation (Kd) 3.85×10−5±2.79×10−5 (1/s) and 
equilibrium (KD) 1.14×10−13±7.54×10−14 (M). The reported values are the mean±SD of at least two independent experiments 
(C) immunohistochemistry staining of EphA3 in glioblastoma tissue. Sections were stained with anti-EphA3 3C3-1 antibody 
and brown areas are positive reactions stained by DAB. Images capture the spatial distribution of EphA3 within the tissue, 
highlighting tumor heterogeneity. (D) EphA3 protein quantification. The percentage of EphA3-positive cells per section on 
patient sample was calculated from tissue sections from QCell (n=1 section per patient), clinical trial P1228-QGBM01 and 
TMA GL805-L51 (n=1–3 section(s) per patient). (E) Two GBO cryosections generated from patient QBC420. Organoids were 
co-stained with anti-EphA3 (green) and the endothelial cell marker CD31 (red). DAPI (blue) was used for nuclear staining. 
Images with an enlarged area from each tumor are shown. EphA3, erythropoietin-producing hepatoma type-A receptor 
3; GBO, glioblastoma organoid; TMA, tumor micro array; GBM, glioblastoma; DAPI, 4′,6-diamidino-2-phenylindole; DAB, 
3,3′-Diaminobenzidine.
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characterization. Using surface plasmon resonance 
(SPR) the purified 3C3-1 antibody showed high binding 
affinity (KD of 0.114 pM) to sensor-bound EphA3 protein 
(figure  1B). In the following experiments, we used the 
3C3-1 antibody to assess expression of EphA3 in glioblas-
toma tissue sections. Representative immunohistochem-
istry staining images for EphA3 in a biopsy from a patient 
with recurrent glioblastoma (P1228–GR001) is shown in 
figure 1C. EphA3 expression was detected in 35/49 (71%; 
>1% EphA3-positive cells) of glioblastoma biopsies, 
although this expression was highly variable within indi-
vidual tissues, and also across multiple biopsies with low 
to negligible expression in normal tissues (figure 1D and 
online supplemental figure 1). Further analysis of patient-
derived glioblastoma organoids (GBOs) revealed dissem-
inated EphA3 expression throughout the organoid and, 
importantly, co-localization of EphA3 with CD31-positive 
cells which are associated with the tumor vasculature, a 
niche for GSCs13 20 (figure 1E).

EphA3 CAR design and functional characterization of EphA3 
CAR T cells
A second-generation EphA3-targeted CAR expression 
vector with an antigen-binding domain incorporating 
sequences of the variable heavy (VH) and light (VL) chains 
of 3C3-1 monoclonal antibody was synthetically designed. 
This CAR included a CD8 transmembrane region, either 
CD28 or 4-1BB costimulatory domains, and an activa-
tion signal via CD3ζ (online supplemental figure 3A). 
A CD19 CAR, based on the FMC-63 antibody sequence, 
was used as a control. T cells expressing EphA3 CAR with 
either CD28 or 4-1BB costimulatory domains showed 
comparable in vitro expansion, cytokine expression and 
cytotoxic function (online supplemental figure 3B–D). 
However, these CAR T cells showed differential gene 
expression suggesting a potential impact of costimulatory 
domains on the maturation of these effector cells (online 
supplemental figure 3E). CAR T cells with 4-1BB costimu-
latory domain showed higher expression of SCOCS3, ITK, 
MYB and TNFSF10 genes, while T cells with CD28 costim-
ulatory domain showed increased expression of ITCH, 
CD27. FOXP1, PTGER2, PRKCH, XIAP and PVR genes 
which are associated with improved survival and prolif-
eration (online supplemental figure 3F). Based on these 
observations we selected EphA3 CAR with a CD28 costim-
ulatory domain for further studies (figure 2A).

Next, we validated the in vitro expansion capability and 
functional characterization of EphA3 CAR T-expressing 
cells. Peripheral blood mononuclear cells (PBMCs) 
from four healthy individuals were stimulated with T-cell 
TransAct followed by transduction with a lentivirus vector 
encoding the EphA3 CAR. These T cells were expanded 
for 14 days and then assessed for cellular and phenotypic 
composition. Data presented in figure 2B–D shows that 
these in vitro expanded EphA3 CAR T cells predominantly 
included a combination of central memory, effector 
memory and effector memory CD45RA+ T cells, while 
a small proportion of naïve T cells were also detected. 

Furthermore, these EphA3 CAR T cells specifically recog-
nized and killed EphA3+ U251 cells while EphA3− U87 
cells were not lysed (figure 2E,F and online supplemental 
figure 2).

In vivo therapeutic assessment of EphA3 CAR T cells
In the first set of experiments, we assessed the specificity 
of EphA3 CAR T cells using an in vivo xenograft murine 
model bearing EphA3+ U251 and EphA3− U87 glioma 
tumors (figure  3A). Data presented in figure  3B shows 
that adoptive immunotherapy with EphA3 CAR T cells 
reversed tumor outgrowth of U251, while the outgrowth 
of U87 tumors was not impacted. Notably, both U87 
tumors treated with EphA3-CAR T cells and U251 tumors 
treated with non-transduced cells reached similar sizes 
exceeding 800 mm3 by day 35. Furthermore, CD19 CAR T 
cells or non-transduced control T cells, showed no impact 
on the outgrowth of U251 tumors (figure 3C).

We next assessed the in vivo therapeutic potential of 
the EphA3 CAR T cells using an orthotopical xenograft 
model. EphA3+ U251 cells were transplanted using a 
stereotactic device, at 3 mm depth, into the right cerebral 
hemisphere of NRG mice. These animals were treated 
with either EphA3 CAR T cells or CD19 CAR T cells, 
intravenously as outlined in figure  4A. Adoptive immu-
notherapy with EphA3 CAR T cells blocked the growth 
of EphA3+ U251 tumors, while CD19 CAR T cells had 
minimal impact on tumor growth and the majority of 
the animals had to be sacrificed due to increasing tumor 
burden (figure 4B,C and online supplemental figure 4). 
In the group of animals treated with EphA3 CAR T cells 
(n=17; two different experiments), one mouse relapsed 
with a metastatic EphA3+ spinal tumor at day 70 and two 
mice from the same group were sacrificed due to weight 
loss. Autopsy revealed signs of splenomegaly and thymic 
hyperplasia, consistent with graft-versus-host disease. 
Analysis of blood at weekly intervals (for 4 weeks) after 
treatment revealed that animals treated with EphA3 CAR 
T cells maintained circulating human EphA3 CAR+ CD3+ 
T cells in the peripheral blood compared with those 
treated with CD19 CAR T cells (figure 4D).

Immune recognition of primary glioblastoma cells and 
organoids by EphA3 CAR T cells
In the next set of experiments, we used five patient-derived 
glioblastoma cell lines FPW1, SJH1, WK1, PB1 and JK2 
(obtained from the QCell bank) and assessed immune 
recognition by EphA3 CAR T cells. These cells demon-
strated variable expression of EphA3 protein on their cell 
surface (figure 5A). Flow cytometry analysis showed that 
primary glioblastoma FPW1 and SJH1 cells were homoge-
nously positive for EphA3, while the expression of EphA3 
in WK1, PB1, and JK2 was restricted to a subset of cells 
(figure 5A). Next, we exposed these tumor cells to EphA3 
CAR T cells and assessed expression of tumor necrosis 
factor (TNF) in effector cells using an intracellular cyto-
kine assay. Data presented in figure 5B shows that four 
out of five primary glioblastoma cells (FPW1, SJH1, WK1 
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and PB1) stimulated strong expression of TNF in EphA3 
CAR T cells, while a low level of TNF was detected in CAR 
T cells following exposure to JK2 cells.

Next, we evaluated the killing potential of the EphA3 
CAR T cells against these primary glioblastoma cells. 
EphA3 CAR T cells demonstrated exceptional efficacy 
in killing glioblastoma monolayers derived from SJH1 
and FPW1, achieving a half-maximal killing time (KT50) 
of <50 hours (figure  5C,D). Interestingly, despite their 

heterogeneous EphA3 expression, WK1, PB1 and JK2 
cells were also efficiently killed by EphA3 CAR T cells with 
a KT50 value of approximately 50 hours. We extended 
this analysis by culturing these five primary glioblastoma 
cells at low densities to promote the formation of neuro-
spheres. After 2 weeks, most of the primary glioblastoma 
cells formed neurospheres, with the exception of FPW1 
cells which maintained monolayer cell growth. These 
neurospheres were co-cultured with EphA3 CAR T cells 

Figure 2  In vitro therapeutic assessment of EphA3 CAR T cells (A) schematic of EphA3 CAR construct. The EF1 promotor 
drives transcription of the CAR containing the 3C3-1 scFv and CD28 derived co-stimulatory domain followed by the CD3ζ 
activation sequence. (B) Peripheral blood mononuclear cells from four healthy participants (GR036, GR066, GR103, and GR170) 
were stimulated with anti-CD3/CD28, transduced with EphA3-CAR encoding lentivirus and cultured for 14 days. Cells were 
stained with anti-CD3, anti-CD4 anti-CD8, and anti-mouse IgG antibodies, to detect surface CAR protein. Representative 
FACS plots of CAR T-cell fraction, CAR-CD4 and CAR-CD8 subsets, and memory populations as determined using CCR7 
and CD45RA subgating. (C) Proportion of CD4 and CD8 EphA3-CARs and (D) T-cell memory subsets defined as naïve (N: 
CCR7+CD45RA+), central memory (CM: CCR7−CD45RA+), effector memory (EM: CCR7−CD45RA−), and effector memory RA+ 
(EMRA: CCR7−CD45RA+). EphA3-CAR T cells demonstrated cytotoxic activity against glioblastoma cell line U251 (EphA3-
expressing glioblastoma cell line). (E) In a real-time killing assay, EphA3 CAR T cells were added to monolayers of U251 or 
U87 cells at a 5:1 effector-to-target ratio, and the percentage cytolysis was recorded over time. The average cytolysis of three 
triplicates±SD is shown. (F) Cytolytic potential of EphA3-CAR T cells from four donors was tested against U251 cells. Targets 
were incubated at a 1:5 effector-to-target ratio. Show are mean percentage cytolysis±SD (n=2–3 replicates) at 24, 48 and 72 
hours post addition of effectors. CAR, chimeric antigen receptor; EphA3, erythropoietin-producing hepatoma type-A receptor 3; 
VH, variable heavy; VL, variable light; ScFv, single chain variable fragment.
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or CD19 CARs, in the presence of fluorescein isothiocya-
nate (FITC)-labeled annexin V, a marker of apoptosis. By 
day 4, apoptotic cells were observed in all primary glio-
blastoma neurospheres co-incubated with EphA3-CAR T 
cells (figure 5E and online supplemental videos 1 and 2; 

online supplemental videos 3 and 4; and online supple-
mental videos 5 and 6).

To further validate the capacity of EphA3 CARs to 
target primary glioblastoma, we generated GBOs from 
three patients undergoing glioblastoma resection surgery 

Figure 3  EphA3 CAR T cells demonstrate selective EphA3-targetted killing in vivo. (A) Schematic representation of in vivo 
experiment. NRG mice were transplanted with luciferase-expressing U251 (EphA3+) or U87 (EphA3−) cells subcutaneously 
in the flank. Mice were treated once tumors reached approximately 60 mm3. NT (non-transduced) T cells, CD19-CAR (non-
glioblastoma specific CAR T cells), or EphA3-CAR T cells were administered intravenously on days 11 and 17 (dotted lines) 
post-engraftment with two doses of 20×106 T cells (CAR-positive cells ranged between 22% and 36% of products). (A&C) 
Tumor size was measured over the course of the experiment. Data points represent the mean±SD of one experiment (n=5 mice 
per group). CAR, chimeric antigen receptor; EphA3, erythropoietin-producing hepatoma type-A receptor 3; IV, intravenous; SC, 
subcutaneous.

Figure 4  EphA3-CAR T cells prevent the growth of glioblastoma tumors in an orthotopic xenograft mode. (A) Luciferase-
expressing cells U251 were orthotopically transplanted in the right cerebral hemisphere of NRG mice. Once tumor had 
established mice were regrouped so as to normalize the average starting tumor burden per group. Mice received two IV 
infusions of EphA3-CAR T cells as treatment, and CD19-CAR T cells were administered to control groups. (B) Tumor formation 
was monitored by bioluminescence imaging of mice up to 100 days post tumor engraftment. Representative image of two 
independent experiments. (C) Kaplan-Meier survival curve of the mice of two independent experiments (n=17 mice per 
group). Mice were sacrificed in accordance with institutional ethical guidelines, and not limited to symptoms related to tumor 
growth. Log-rank (Mantel-Cox) test. (D) Flow cytometry analysis of peripheral blood of mice identifying absolute cell number 
of circulating human CD45+CD3+ cells. Shown is mean±SD, each symbol is representative of one mouse (n=7 from one 
experiment). Statistical analysis by the Wilcoxon matched-pairs signed rank test. ***p<0.001, **p<0.01, *p<0.05. CAR, chimeric 
antigen receptor; EphA3, erythropoietin-producing hepatoma type-A receptor 3; IV, intravenous.
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(QBC417, 418, and 420). Although EphA3 expression 
was detected in all GBOs, levels and distribution varied 
considerably highlighting tumor heterogeneity of this 
receptor (figure 6A). GBOs were co-cultured with 30,000 
EphA3-CAR T cells equating to approximately 10 GBO 
cells per T cell. On day 2 there was a notable disruption of 
the integrity of the organoids cultured with EphA3 CAR, 
in comparison to those incubated with non-transduced T 
cells or untreated controls (figure 6B and online supple-
mental figure 5A,B). TNF and interferon (IFN)-γ was 
detected in the culture supernatants of EphA3 CAR T 
cell-treated wells suggesting activation of the CAR T cells 
(online supplemental figure 5C). GBO immunohisto-
chemistry (IHC) at 15, 30 and 48 hours post-treatment 
revealed appreciable EphA3-CAR T-cell infiltration into 
the GBO (online supplemental figure 5D). After 2 days, 
the EphA3 CAR T cells had infiltrated the GBO and 

induced apoptosis as shown by cleaved caspase 3 staining 
of surrounding cells (figure 6C,D). Interestingly, the level 
of CD3+ T-cell infiltration and apoptosis was proportional 
to the level of EphA3 expression in the organoids. There 
was significant infiltration observed in high EphA3-
expressing GBOs QBC417/18, while only peripheral 
infiltration was observed in QBC420, which exhibited low 
EphA3-expression. Taken together, these observations 
demonstrate that EphA3 CAR T cells can effectively infil-
trate and target EphA3-positive glioblastoma.

DISCUSSION
The development of CAR T-cell therapy has revolu-
tionized cancer therapy by leveraging the immune 
system’s capacity to identify and eliminate tumor cells. 
Glioblastoma-specific CAR T cells have been engineered 

Figure 5  EphA3-CAR T cells target and kill primary glioblastoma cells. (A) The 3C3-1 monoclonal antibody was used to 
evaluate, by flow cytometry, EphA3-expression of patient-derived glioblastoma primary cell cultures from the QCell bank. 
Histograms depict the percentage of viable EphA3-positive cells stained with clone 3C3-1 compared with secondary anti-IgG 
antibody alone (dotted line), from two independent experiments. (B) EphA3-CAR T-cell cultures were co-incubated overnight 
with the patient-derived glioblastoma samples at a 1:1 ratio (T cell: glioblastoma target). Frequency of total CD4+TNF+ and 
polyfunctional CD4+TNF+interferon-γ+ cells in response to glioblastoma targets. Shown is the mean±SD of at least two 
independent experiments with triplicates. (C) Glioblastoma cells were cultured as monolayers on laminin-coated E-plates for 
xCELLignece. Glioblastoma cells were co-cultured with EphA3-CAR T cells, or control CD19-CAR T cells. Data represent 
the mean percentage cytolysis±SD (n=2 replicates). (D) A sigmoidal dose-response curve (variable slope) was extrapolated 
from each killing data curve, and the half-maximal killing time (KT50) was determined. Data represent KT50 average±SE (n=2 
replicates). (E) Glioblastoma primary cultures were plated at low density and propagated as floating aggregates. Glioblastoma 
spheroids were established from all cultures except FPW1 which grew as a monolayer. Glioblastoma cells were co-cultured 
with EphA3-CAR T cells or CD19 CAR T. Cytotoxicity was measured kinetically using the IncuCyte platform over 4 days, and 
cell death indicated by uptake of FITC-conjugated annexin V. Shown are representative merged bright field and fluorescent 
microscopy images of cultures at day 4. Green represents annexin V uptake by the neurospheres. CAR, chimeric antigen 
receptor; EphA3, erythropoietin-producing hepatoma type-A receptor 3; TNF, Tumor necrosis factor; FITC, Fluorescein 
isothiocyanate.
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for various target antigens. CAR T-cell targets such as 
B7-H3, chlorotoxin, NKG2D, EphA2, CD133 and others, 
are in trials and currently recruiting patients.21 EGFRvIII, 
HER2, and IL13Rα2 have completed trials with varying 
degrees of success.22–25 However, achieving durable 
responses remains elusive. Eph receptors overexpres-
sion has been associated with various cancers. EphA2 
has indeed been explored as a target for various clinical 
trials.18 However, some concerns were recently raised 
when EphA2-directed antibody-drug conjugate candi-
date ATRC-301 showed toxicity in non-human primates. 
The study revealed safety signals, including bleeding, 
that led the disbanding of the development of EphA2 
antibody drug conjugate.26 Previous studies from our 
group had identified EphA3 as a potential target in glio-
blastoma since this protein is overexpressed in >40% 
of glioblastoma clinical.13 While the EphA3 protein is 
highly expressed during fetal development however, 
directly after birth, its expression drops and is minimally 
expressed in the healthy adult brain.5 7 10 We have corrob-
orated these findings by using an in-house anti-EphA3 
antibody (clone 3C3-1) for EphA3 histology on a panel 
of glioblastoma, and normal brain tissue samples, as well 
as demonstrated EphA3 expression within the vascular 

niche of glioblastoma. Targeting EphA3 in glioblastoma 
holds significant importance due to its involvement in 
multiple aspects of glioblastoma biology. EphA3 expres-
sion is associated with the mesenchymal cell-state, known 
for its aggressive and infiltrating nature. EphA3 is associ-
ated with GSC, particularly in the perivascular regions and 
is restricted to newly formed tumor microvasculature, and 
not in normal endothelium.11 13 The vascular niche plays 
a crucial role in tumor microenvironment modulation by 
supplying nutrients and oxygen, but also by regulating 
immune cell infiltration, cytokine levels and extracel-
lular matrix composition. Targeting the vasculature can 
modulate the tumor microenvironment to favor anti-
tumor immune responses and inhibit tumor-promoting 
signals.27 28 Furthermore, targeting the newly formed 
tumor microvasculature is a strategy that aims to disrupt 
the blood supply of tumors, thereby starving them of 
oxygen and nutrients and further hindering their growth 
and expansion by disrupting angiogenesis. EphA3 has 
been shown to co-localize with stem cell markers in glio-
blastoma, suggesting it might play a role in maintaining 
the cancer stem cell population. Targeting EphA3 could 
potentially eliminate these cancer stem cells, leading to a 
more durable therapeutic effect.

Figure 6  EphA3-CAR T cells infiltrate glioblastoma. (A) Immunofluorescence staining of EphA3 (red) in GBOs was established 
from three patients undergoing glioblastoma resection surgery. (B) H&E images of untreated, non-transduced (NT) and 
EphA3-CAR T cell treated GBOs of all three samples, after 48 hours incubation. (C) Immunofluorescence staining of cleaved 
caspase 3 (red) in untreated, NT control and EphA3-CAR T cell treated GBOs of all three samples, after 48 hours incubation. 
(D) Immunofluorescence staining and quantification of CD3 (red) in untreated, NT control and EphA3-CAR T cell treated GBOs 
of all three samples, after 48 hours incubation. Statistical analysis by multiple comparisons of an ordinary one-way analysis of 
variance, **p<0.01, *p<0.05. CAR, chimeric antigen receptor; EphA3, erythropoietin-producing hepatoma type-A receptor 3; 
GBO, glioblastoma organoid; DAPI, 4′,6-diamidino-2-phenylindole.
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Targeting EphA3 has emerged as a promising strategy 
with an encouraging safety profile. EphA3 also shows 
higher and more restricted expression in glioblastoma 
cells compared with EphA2, which is also expressed in 
normal tissues.29 This potentially reduces the risk of off-
target effects with EphA3-targeted CAR T cells. In fact, 
a Phase I clinical trial in leukemia targeting EphA3 with 
the monoclonal antibody (KB004) showed this treatment 
to be safe with minimal adverse events.30 Similarly, a trial 
using the EphA3 monoclonal antibody ifabotuzumab 
conjugated to 89Zr showed clear uptake of the antibody 
in glioblastoma tumor, and no uptake in the normal 
brain Phase I clinical trials in patients with leukemia and 
brain cancer targeting EphA3 using monoclonal anti-
body (KB004) demonstrate its safety and tolerability, with 
minimal adverse events reported.31 Based on its target 
and safety profile, EphA3 emerges as a compelling candi-
date for CAR T-cell therapy.

Data presented in this manuscript shows that EphA3-
targeted CAR T cells expanded from healthy individuals 
exhibit remarkable efficacy in specifically killing EphA3-
positive glioblastoma cells. Previous studies have demon-
strated that adoptive immunotherapy or antibody-drug 
conjugation with monoclonal therapy targeting EphA3 
(IIIA4 clone) is safe with no systemic toxicity, further 
reinforcing its safety profile with high specificity on-target 
and minimal or no off-tumor effects.16 30 Our preclin-
ical studies show that adoptive transfer of EphA3 CAR 
T cells in tumor-bearing immunodeficient animals can 
proliferate, and traverse the mouse blood-brain-barrier 
and penetrate and eliminate the U251 xenografts within 
the mouse brain. This therapeutic benefit was sustained 
for >100 days post tumor engraftment and <6% animal 
showing relapse of the disease. These observations 
correlated with in vivo proliferation of EphA3 CAR T cells 
which has been typically associated with enhanced overall 
survival in patients receiving CAR T-cell therapy.32 While 
we acknowledge that this approach does not provide a 
complete picture of trafficking of the T cells through 
other organs, our preclinical studies indicate that the 
CAR T cells can proliferate, traverse the blood brain 
barrier (BBB), and functionally eliminate the tumor cells 
within the brain.

While preclinical in vivo studies with glioblastoma 
tumor cell lines provided encouraging results, previous 
studies have shown that promising preclinical findings 
have not translated when examined in clinical trials.33 It is 
now well established that the glioblastoma microenviron-
ment is marked by both cellular and histological hetero-
geneity, encompassing distinct cell types and variations in 
cell density and vascularization across different regions, 
and EphA3 protein expression varies, contingent on the 
cell type.34 We extended our assessment of EphA3 CAR T 
cells using patient-derived primary tumor cells and organ-
oids since these closely mimic the heterogeneity observed 
in tumors, with regards to EphA3 expression. EphA3 
CAR T cells efficiently recognized primary glioblastoma 
cells expressing varying levels of EphA3 expression 

demonstrating the ability to target heterogeneous EphA3-
expressing tumors. We hypothesize that these EphA3-
positive subpopulations are the initial targets for the CAR 
T cells. Once activated, the CAR T cells may target neigh-
boring EphA3-negative cells through bystander killing. 
This phenomenon has been observed in CAR T-cell 
therapy and can be mediated by the Fas/FasL signaling 
pathway or through soluble factors released by activated 
T cells.35 36 Bystander killing is associated with eliminating 
neighboring cells and is distinct from off-target effects 
of CARs. While the exact mechanism driving bystander 
killing in this model is intriguing, it falls outside the scope 
of the current manuscript.

We further extended these observations using patient-
derived explant GBOs which reflect the complex tumor 
microenvironment more accurately. Among the three 
organoids, QBC417, derived from recurrent tumor, 
displayed, in scattered cells, the highest level of EphA3 
expression, consistent with findings in recurrent glio-
blastoma.18 19 EphA3 CAR T cells manufactured from 
healthy individuals were able to penetrate into GBOs and 
dissociated, to varying extents, all three organoids. These 
observations were coincident with significant infiltration 
of CAR T cells and cleaved caspase 3 expression within 
the organoids, which directly correlated with the level of 
EphA3 expression. These finding underscores the ability 
of the EphA3 CAR to penetrate the intricate architecture 
of patient tumors and induce apoptosis of glioblastoma 
cells, highlighting a particularly promising feature of 
these cells and their target.

As we move forward, several key components will be 
crucial for optimizing the EphA3 CAR T-cell therapy. 
Streamlining the EphA3 CAR T cells manufacturing 
process, defining the optimal dosing schedule, and inves-
tigating potential combinatorial approaches are essen-
tial considerations. The recent glioblastoma trials offer 
valuable insights. While the EGFRvIII CAR T-cell combi-
nation with pembrolizumab showed limited efficacy, this 
trial established the safety of this approach.37 The trial 
published by Bagley et al underscores the importance of 
the route of administration and dosage optimization.38 
Additionally, Lin and colleagues with GD2-targeted CAR 
T cells and interleukin (IL)-7 receptor integration high-
lights strategies for enhancing CAR T-cell persistence. 
Learning from these trials will inform the design of more 
effective future trials.39

Development of allogeneic EphA3 CAR T cells offers 
a unique opportunity to rapidly offer this as an “off-the-
shelf” adoptive immunotherapy for wider patient access 
and affordability. Third-party human leukocyte antigen 
(HLA)-matched T-cell therapy has been successfully 
used for the treatment of virus-associated complications, 
including virus-associated cancers.40 41 A thorough safety 
assessments and monitoring for potential adverse effects 
will be paramount for the successful progression of this 
therapeutic approach.

In conclusion, our study establishes EphA3 as a prom-
ising target for CAR T-cell therapy in glioblastoma and 
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shows that these effector cells can be used as a potential 
immunotherapy for these patients. The efficacy demon-
strated across various models, including patient-derived 
organoids, positions the EphA3 CAR T cells immuno-
therapy approach as a compelling candidate for further 
development as a novel therapeutic option for patients 
with glioblastoma.

METHODS
Generation of monoclonal anti-EphA3 antibody
DNA sequence of the extracellular domain of EphA3 
(P29320 amino acids 21–541) with a polypetide histidine 
tag was cloned into the mammalian expression vector 
pcDNA3.4 and the EphA3 protein was expressed in 
Expi293F cells. EphA3 protein was purified from the cell 
culture supernatant by a one-step purification by HisTrap 
FF Crude. BALB/c (n=3) and C57BL6 (n=3) mice were 
immunized with EphA3 protein subcutaneously with 
50 µg/animal, followed by three boost immunizations 
with EphA3 protein 25 µg/animal on days 14 and 28, and 
intravenously at day 50±7. Cell fusion and screening was 
performed 4 days after the final boost. Primary binder 
screening was performed by ELISA with EphA3 protein 
and a histidine-tagged irrelevant protein. Relevant 
parental clones were subcloned and screened for EphA3-
specific reactivity using ELISA. Briefly, 96-well Nunc plates 
were precoated with 50 µL of recombinant EphA3-His 
protein 1 µg/mL in phosphate buffer saline (PBS) and 
incubated at 4°C overnight. Plates were washed with PBS 
containing 0.05% Tween 20 (PBST) and blocked with 
5% skim milk. Serially diluted serum samples were added 
to the wells and incubated for 2 hours at room tempera-
ture. After washing with PBST, plates were incubated with 
HRP-conjugated sheep anti-mouse Ig antibody (Souther-
nBiotech) for 1 hour. Plates were washed and incubated 
with 3,3’,5,5’-Tetramethylbenzidine substrate solution 
for 10 min and then color development was stopped by 
adding 1N HCl. OD at 450 nm was measured using an 
ELISA plate reader.

Surface plasmon resonance
SPR experiments were performed on a Biacore T200 
instrument (Cytiva). The EphA3 protein was immobilized 
via amine coupling to the surface of an HBS-EP (10 mM 
HEPES, 150 mM NaCl, pH 7.4 0.05% Tween20, 3 mM 
EDTA) pre-equilibrated CM5 chip. Biacore multicycle 
kinetics was performed to determine the binding affinity 
of 3C3-1. The antibody was diluted from 20 ng/mL to 
0.625 ng/mL (4.167 × 10 – 12 – 1.333 × 10 – 10 M) in 
the running buffer HBS-EP and flowed over the surface 
at 40 µL/min with a contact time of 180 s and a dissoci-
ation time of 600 s. The surface was regenerated with a 
30 µL injection of 10 mM glycine pH 2.5 at 30 µL/min 
over all four flow cells. The experiment was performed 
in duplicate to yield minimum triplicate data, with anal-
ysis temperature of 25°C. Data processing and analysis 
was performed using Biacore T00 Evaluation Software 

(Cytiva). Double-reference subtraction was performed 
for all data sets. Kinetic data was obtained by fitting a 1:1 
binding model.

Variable domain sequencing of the 3C3-1 hybridoma
Total RNA was isolated from 3C3-1 hybridoma cells 
following the technical manual of TRIzol reagent. Total 
RNA was reverse-transcribed into complementary DNA 
(cDNA) using universal primers following the technical 
manual of PrimeScript first Strand cDNA Synthesis Kit. 
Antibody fragments of heavy and light chains were ampli-
fied by rapid amplification of cDNA ends. Amplified 
antibody fragments were cloned into a standard cloning 
vector separately and colony PCR was performed to 
screen for clones with inserts of correct sizes. 

Glioblastoma cell lines and primary cells
Primary glioblastoma cells were obtained from QCell, a 
glioblastoma patient-derived cell line resource from QIMR 
Berghofer.42–44 FPW1, SJH1, WK1, PB1, and JK2 cells 
were maintained as adherent GSC cultures on laminin-
coated plates, or as tumorspheres. Cells were cultured 
in StemPro NSC SFM (Invitrogen) supplemented with 
EGF (20 ng/mL) and FGF (10 ng/mL) as per the manu-
facture’s guidelines. Cell characterization, genome and 
RNA sequencing data is available from: https://www.​
qimrberghofer.edu.au/commercial-collaborations/​part-
ner-with-us/qcell. U251-MG and U87-MG cells were orig-
inally obtained from American Tissue Culture Collection 
(ATCC) (Manassas, Virginia, USA) and transduced with 
Firefly Luciferase Lentifect (Gene Copoeia, Rockville, 
Maryland, USA) as described previously.

EphA3 tissue immunohistochemistry
Immunohistochemistry staining was performed on 
3–4 µM sections from formalin-fixed, paraffin-embedded 
tissue sections from patients (QCell bank or P2282), or 
from tumor microarray GL805-L51 (US Biomax). After 
deparaffinization in xylene, the slides were rehydrated. 
Antigen retrieval was performed at 125°C for 5 hours at 
pH 6. Specimen was incubated with EphA3-specific mono-
clonal antibody (clone 3C3-1; 6 µg) for 2 hours at 4°C. 
Sample was washed with 0.1% Tween 20/PBS and then 
incubated with horse raddish peroxidase (HRP)-labeled 
anti-mouse antibodies and DAPI nuclear counterstain. 
4′,6-diamidino-2-phenylindole (DAB) staining was used 
to visualize EphA3 using the Aperio ScanScope AT Turbo 
and ImageScope software (Leica). QuPath software’s 
positive cell detection algorithm was used to enumerate 
EphA3-positive cells as a percentage of total cells in the 
tumor section. Parameters: nucleus area=10–400 µm2 
(DAPI channel), cell expansion=2 µm including cell 
nucleus; intensity parameters: threshold=0.1, maximum 
background intensity=2 (DAB channel).

Flow cytometry for CAR characterization and EphA3 
expression
Cell surface expression of EphA3 was analyzed using 
3C3-1 monoclonal antibody. Glioblastoma primary cells 

https://www.qimrberghofer.edu.au/commercial-collaborations/partner-with-us/qcell
https://www.qimrberghofer.edu.au/commercial-collaborations/partner-with-us/qcell
https://www.qimrberghofer.edu.au/commercial-collaborations/partner-with-us/qcell
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or cell lines, were incubated with 3C3-1 at 0.02 mg/mL 
for 30 min at 4°C in PBS containing 2% fetal calf serum 
(FCS), washed and incubated with secondary Alexa Fluor 
488-conjugated anti-mouse IgG antibody (Thermo Fisher) 
for a further 30 min at 4°C in the dark. For T-cell popula-
tion analysis, cells were labeled with fluorescent antibodies 
against human Live/Dead fixable near-IR Dead Cell stain 
(Molecular Probes), CD45RA-FITC, CD8-PerCP-Cy5.5, 
CD3-APC, CD27-APC-R700, CD95-BV421, CD28-BV480, 
CD57-BV605, CD4-BV786, CCR7-PE-Cy7. Different T-cell 
subpopulations and memory populations were deter-
mined. For CAR expression analysis, goat anti-mouse IgG 
(H+L) cross-adsorbed AF546 (Thermo Fisher) was used. 
Cells were incubated for 30 min at 4°C and washed. Cells 
were subsequently stained with anti-CD4 and CD8 anti-
bodies as described above. Fluorescence was examined 
using an LSRFortessa Flow Cytometer (BD) and acquired 
data analyzed using FlowJo software (TreeStar).

CAR T-cell expansion
Blood was collected in 9 mL Vacuette tubes with K3 EDTA 
(Greiner). PBMCs were isolated in a 50 mL SepMate 
tube (STEMCELL Technologies) according to the manu-
facturer’s instructions within 2 hours of blood collec-
tion. After cell counting, PBMCs were cryopreserved at 
5–10×106 cells per 1 mL in freeze media (RPMI basal 
media containing 20% FCS (Gibco), 10% DMSO (Merck) 
and placed inside a Nalgene Mr Frosty Cryo Freezing 
Container (Thermo Fisher Scientific) at −80°C for at 
least 4 hours. Cells were later transferred to vapor phase 
nitrogen until required. To generate CAR T cells, PBMC 
were stimulated with T-cell TransAct (Miltenyi Biotec) 
according to the supplier’s instructions. Cells were trans-
duced with EphA3 CAR-encoding lentivirus (multiplicity 
of infection [MOI]=20) in G-Rex 24 wells (Wilson Wolf) 
at 1×106 cells/cm2 in 500 µL transduction media (RPMI 
basal media containing 10% FCS (Gibco), 300 IU recom-
binant IL-2 and 1× LentiBOOST). Cultures were main-
tained at 37°C and 5% CO2 in culture media containing 
120 IU IL-2. Cultures were either Fluorescence-activated 
cell sorting (FACS) was carried out on days 7–10 using 
anti-mouse IgG (Thermo Fisher) and cultured to day 
17; or cultured, without sorting, up to day 14. Mock-
transduced T cells were generated by stimulating and 
culturing cells as described above, without lentivirus addi-
tion. These cells were used as non-transduced controls.

Glioblastoma xenograft studies
Glioblastoma xenograft models were initiated in 
6–8-week-old NSG (NOD-scidIL2Rgnull) mice. For subcu-
taneous tumor xenografts, 5×106 luciferase-expressing 
glioblastoma cell lines (U251 or U87) were injected 
into the right flank of mice and tumors were allowed to 
establish. CAR T-cell treatment was initiated once tumors 
reached 60 mm3. These animals were adoptively treated 
with 20×106 EphA3 CAR T cells intravenously and moni-
tored for weight and physical condition. In vivo biolu-
minescence imaging was performed using a Xenogen 

IVIS 100 as previously described. Tumors were measured 
using vernier calipers and mice euthanized when tumors 
reached approximately 1 cm3. For the orthotopic xeno-
graft model, tumor cells were implanted intracranially as 
previously described.16 Briefly, 2×104 luciferase-expressing 
U251 cells were transplanted, using a stereotactic device, 
into the right forebrain of NRG mice. Tumor formation 
was monitored using in vivo bioluminescence imaging. 
To achieve consistent initial tumor burden across all 
groups, following tumor detection, mice were tumor-
matched based on bioluminescence imaging results to 
create groups with similar average tumor burden prior to 
treatment. Animals were either treated with EphA3 CAR 
T cells, CD19 CAR T cells or non-transduced T cells for 
controls. Mouse peripheral blood was collected weekly by 
retro-orbital bleeds and stained with LIVE/DEAD Near-IR 
Dead cell stain, and anti-human CD8-PerCP-Cy5.5, CD3-
APC, CD4-AF700, CD45 V500; and anti-mouse CD45 
V450, for 30 min at 4°C. FACS lyse solution was used to 
lyse red blood cells (RBCs). Cells were run with Precision 
Count Beads (BioLegend) in order to quantify hCD3+ 
cells. Mice were monitored for tumor size and signs of 
distress as per approved ethics and animals were eutha-
nized at the ethical endpoint.

Intracellular cytokine assay
U251 cells were co-incubated with EphA3 CAR T cells 
overnight in the presence of GolgiPlug and GolgiStop 
(BD Biosciences). Cells were washed and stained with 
anti-CD8-PerCP-Cy5.5 (eBioscience), anti-CD4-Pacific 
Blue (BD Biosciences), and LIVE/DEAD Near-IR Dead 
Cell stain. Cells were fixed and permeabilized with 
Cytofix/Cytoperm (BD Biosciences), washed again and 
stained with anti-IFN-γ-Alexa Fluor 700 and anti-TNF-
Allophycocyanin (APC) (both from BD Biosciences). 
Cells were washed then resuspended in PBS and acquired 
using a BD LSRFortessa with FACSDiva software (BD 
Biosciences). Post-acquisition analysis was performed 
using FlowJo software (TreeStar).

Cytotoxicity assay
Long-term tumor cell killing was determined by xCEL-
Ligence, an impedance-based real-time cytotoxicity assay 
(RTCA). Background impedance of RTCA E-plates and 
cell culture media was first measured. Tumor cells (U251 
or U87) were seeded on untreated RTCA E-plates (20,000 
cells per well). For the glioblastoma primary lines, wells 
were coated with 1 μg/cm2 laminin and 40,000 cells were 
seeded in each well for 14–18 hours for cells to adhere. 
EphA3 CAR T cells were added at the same ratio as targets. 
Changes in impedance were reported every 30 min as Cell 
Index. Normalized CI values were used to calculate the 
percentage of cytolysis using the following: Percentage of 
cytolysis = ((Cell Index no effectors – Cell Index effector)/Cell 
Index no effectors) × 100. EC 50 values were calculated from 
the sigmoidal dose-response curve calculated with the 
GraphPad Prism V.9.4.0 software (GraphPad software).
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Gene expression analysis
T cells were incubated with U251 cells at a 1:1 ratio. After 
overnight incubation, EphA3 CAR T cells were enriched 
using FACS sorting based on Live/Dead NIR and goat anti-
mouse IgG AF546 (Thermo Fisher). RNA was extracted 
from purified CAR T cells using the RNeasy Mini kit 
(QIAGEN). Gene expression analysis was conducted 
using the NanoString nCounter gene expression plat-
form (NanoString Technologies) according to the manu-
facturer’s instructions. A custom code set consisting of 
genes involved in T-cell biology, immune regulation, 
and immune cellular markers was used as previously 
described. The samples were scanned at maximum 
scan resolution on the nCounter Digital Analyser and 
gene expression data normalized by housekeeping gene 
expression to identify differentially expressed genes. 
Expression clusters were identified using unsupervised 
hierarchical clustering.

GBO co-culturing with EphA3 CAR T cells
Tumor tissues were collected from patients with glio-
blastoma undergoing surgery at the Royal Brisbane 
and Women’s Hospital, under Human Ethics approved 
project HREC/17/QRBW/577: P3420 Novel Therapies 
for Brain Cancer. Specimens were collected immediately 
following resection and processed for analysis at QIMR 
Berghofer laboratories. GBC418 and 420 were gener-
ated from patients with primary glioblastoma whereas 
GBC417 was generated from a recurrent tumor. GBOs 
were cultured and maintained as previously described.45 
Briefly, GBO were cultured for 2–3 weeks and organoids 
with 500–1,000 µm diameter were selected for the in vitro 
T-cell assays. Each GBO was placed in a separate well of an 
ultra-low attachment 24-well plates (Corning) in 500 µL 
GBO medium. EphA3 CAR T cells and non-transduced 
control T cells were resuspended in GBO medium supple-
mented with 5% FBS and IL-2 (120 units/mL). Approxi-
mately 30,000 T cells were added to each well equating to 
approximately 10 GBO cells per T cell. The GBO-T cell 
co-culture plates were placed on an orbital shaker placed 
in a sterile incubator, rotating at 120 rpm at 37°C, 5% CO2, 
90% humidity. Co-culture experiments were performed 
for three GBO samples with replicates for each condi-
tion (n=3 for QBC417 and 418 and n=5 for QBC420). 
Bright-field images of individual GBOs were taken using 
the EVOS FL Auto imaging system (Thermo Fisher). The 
CAR T treated GBO was embedded into Epredia Cryo-
matrix (Fisher Scientific) for immunohistology analysis 
at defined time points. Serial tissue sections 7–15 µm 
were generated using a cryostat and melted onto charged 
microscopy slides. Slides were dried at room tempera-
ture before storing at −80°C. For immunofluorescence 
staining, the tissue was fixed for 5 min in 75% acetone 
25% ethanol and washed with PBS. Tissue sections were 
permeabilized and non-specific binding blocked using 
1% bovine serum albumin (BSA) (w/v), 0.3% Triton 
X-100 (v/v) in Background Sniper (Biocare Medical) for 
EphA3, CD31 stains) or 10% donkey serum (v/v), 0.3% 

Triton X-100 (v/v), 1% BSA (w/v) in Sniper (for cleaved 
caspase 3, CD3 stains) for 30 min at room temperature. 
After washing in PBS with 0.05% Tween 20, tissue sections 
were incubated with the following antibodies: anti-EphA3 
(clone IIIA4 at 40 µg/mL overnight incubation at 4°C), 
anti-CD31 (Dako, Clone JC70A, cat#M0823, 1:200, over-
night incubation at 4°C), CD3 (Dako, polyclonal cat# 
A0452, 1:80, 1 hour incubation at room temperature), 
and cleaved caspase 3 Asp175 (Cell Signaling Technology, 
Clone D175, cat# 9664, 1:80, 1 hour incubation at room 
temperature). After washing in PBS with 0.05% Tween 
20, the tissue sections were incubated with Alexa Fluor 
secondary antibodies (Thermo Fisher), diluted 1:300 
PBS plus 0.05% Triton-X for 30 min in the dark at room 
temperature. After washing with PBS plus 0.05T Tween 
20, slides were mounted in mounting solution (ProLong 
Diamond Antifade Mountant with DAPI, Thermo Fisher), 
coverslipped, and sealed with nail polish.

Imaging was performed on the Zeiss 780-NLO confocal 
microscope using ×10 and ×20 objectives. T-cell infiltration 
was quantified by segmenting organoids into cells based 
on the DAPI nuclear stain and quantifying the number 
cells that were CD3-positive, as a fraction of the total 
number of cells present in each organoid using QuPath 
StarDist V.0.4.3 software. Three organoids per condition 
were analyzed. Parameters: nucleus area=10–400 µm2 
(DAPI channel), cell expansion=2 µm including cell 
nucleus; intensity parameters: threshold=80, maximum 
background intensity=2 (CD3 channel).

Statistics
Data analysis was performed using GraphPad Prism 
V.9.4.0 software (GraphPad software) and presented as 
specified in individual figure legends. Comparisons were 
determined using Student’s t-test (two groups), one-way 
analysis of variance (ANOVA) (three or more groups), or 
a two-way ANOVA when two independent variables were 
analyzed. For comparison between three or more groups, 
Bonferroni’s multiple comparison tests were used to 
compare all or selected pair of data (95% CIs). Statistical 
significance was defined as *p<0.05 (two-sided).

X Rajiv Khanna @khanna_rajiv

Contributors  PM contributed to the conception and design, acquisition, analysis 
and interpretation of data, and wrote the manuscript. RCJD and NS contributed 
to the conception and design, acquisition, analysis, and interpretation of data 
involving mouse models and organoids. LL, SH, MR, and XL were involved with 
the acquisition and analysis of data involving CAR T cells. TL and FS were involved 
in the acquisition of data for the mouse studies. CS and JB contributed to the 
conception and design and interpretation of data. BWD provided the organoids 
and contributed to the conception and design and interpretation of data. RK made 
substantial contributions to conception, design and interpretation of data and is 
responsible for the overall content as the guarantor. All authors have read and 
approve the final manuscript.

Funding  This study was supported by a Medical Research Future Fund (MRFF) 
grant by the Department of Health and Aged Care of Australia (grant MRF2021878) 
and an Early Career Research Grant by Tour de Cure (RSP-591-FY2023).

Competing interests  RK and PM are listed as inventors on the patent application 
describing EphA3 CAR T-cell therapy.

Patient consent for publication  Consent obtained directly from patient(s).

https://x.com/khanna_rajiv


12 Martins P, et al. J Immunother Cancer 2024;12:e009403. doi:10.1136/jitc-2024-009403

Open access�

Ethics approval  This study involving use of peripheral blood mononuclear cells 
from human participants was approved by QIMR Berghofer Medical Research 
Institute Human Research Ethics Committee (HREC:P2282 The role of the immune 
system in infection and cancer). Studies using glioblastoma organoids was 
approved by Metro North Health Human Research Ethics Committee A (Project 
HREC/17/QRBW/577 – P3420 Novel Therapies for Brain Cancer). Participants gave 
informed consent to participate in the study before taking part. All animal studies 
have been approved and comply with QIMR Berghofer Animal Ethics Committee 
(#A1805-604M, P2324).

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  Data are available upon reasonable request.

Supplemental material  This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer-reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Paulo Martins http://orcid.org/0000-0002-2360-403X
Rajiv Khanna http://orcid.org/0000-0003-2241-0353

REFERENCES
	 1	 Stupp R, Mason WP, van den Bent MJ, et al. Radiotherapy plus 

concomitant and adjuvant temozolomide for glioblastoma. N Engl J 
Med 2005;352:987–96. 

	 2	 Cantrell JN, Waddle MR, Rotman M, et al. Progress toward 
long-term survivors of glioblastoma. Mayo Clin Proc 
2019;94:1278–86. 

	 3	 Kochenderfer JN, Wilson WH, Janik JE, et al. Eradication of B-
lineage cells and regression of lymphoma in a patient treated with 
autologous T cells genetically engineered to recognize CD19. Blood 
2010;116:4099–102. 

	 4	 Grupp SA, Kalos M, Barrett D, et al. Chimeric antigen receptor–
modified T cells for acute lymphoid leukemia. N Engl J Med 
2013;368:1509–18. 

	 5	 Pasquale EB. Eph-ephrin bidirectional signaling in physiology and 
disease. Cell 2008;133:38–52. 

	 6	 Allen Institute for Brain Science. BRAINSPAN: atlas of the developing 
human brain. n.d. Available: https://www.brainspan.org/rnaseq/​
searches?exact_match=false&search_term=EphA3&search_type=​
gene

	 7	 EPHA3 information: human protein atlas [​proteinatlas.​org]. n.d. 
Available: https://www.proteinatlas.org/ENSG00000044524-EPHA3

	 8	 Sjöstedt E, Zhong W, Fagerberg L, et al. An atlas of the protein-
coding genes in the human, pig, and mouse brain. Science 
2020;367:eaay5947. 

	 9	 Arora S, Scott AM, Janes PW. Eph receptors in cancer. Biomedicines 
2023;11:315. 

	10	 Hafner C, Schmitz G, Meyer S, et al. Differential gene expression of 
Eph receptors and ephrins in benign human tissues and cancers. 
Clin Chem 2004;50:490–9. 

	11	 Vail ME, Murone C, Tan A, et al. Targeting EphA3 inhibits cancer 
growth by disrupting the tumor stromal microenvironment. Cancer 
Res 2014;74:4470–81. 

	12	 Xi HQ, Wu XS, Wei B, et al. Aberrant expression of EphA3 in gastric 
carcinoma: correlation with tumor angiogenesis and survival.  
J Gastroenterol 2012;47:785–94. 

	13	 Day BW, Stringer BW, Al-Ejeh F, et al. EphA3 maintains 
tumorigenicity and is a therapeutic target in glioblastoma multiforme. 
Cancer Cell 2013;23:238–48. 

	14	 Lu C-Y, Yang Z-X, Zhou L, et al. High levels of EphA3 expression are 
associated with high invasive capacity and poor overall survival in 
hepatocellular carcinoma. Oncol Rep 2013;30:2179–86. 

	15	 Zhuang G, Song W, Amato K, et al. Effects of cancer-
associated EPHA3 mutations on lung cancer. J Natl Cancer Inst 
2012;104:1183–98. 

	16	 Offenhäuser C, Al-Ejeh F, Puttick S, et al. EphA3 pay-loaded antibody 
therapeutics for the treatment of glioblastoma. Cancers (Basel) 
2018;10:519. 

	17	 Day BW, Lathia JD, Bruce ZC, et al. The dystroglycan receptor 
maintains glioma stem cells in the vascular niche. Acta Neuropathol 
2019;138:1033–52. 

	18	 Qazi MA, Vora P, Venugopal C, et al. Cotargeting ephrin receptor 
tyrosine kinases A2 and A3 in cancer stem cells reduces growth of 
recurrent glioblastoma. Cancer Res 2018;78:5023–37. 

	19	 Ferluga S, Tomé CML, Herpai DM, et al. Simultaneous targeting of 
Eph receptors in glioblastoma. Oncotarget 2016;7:59860–76. 

	20	 Calabrese C, Poppleton H, Kocak M, et al. A perivascular niche for 
brain tumor stem cells. Cancer Cell 2007;11:69–82. 

	21	 Luksik AS, Yazigi E, Shah P, et al. CAR T cell therapy in glioblastoma: 
overcoming challenges related to antigen expression. Cancers 
(Basel) 2023;15:1414. 

	22	 O’Rourke DM, Nasrallah MP, Desai A, et al. A single dose of 
peripherally infused EGFRvIII-directed CAR T cells mediates antigen 
loss and induces adaptive resistance in patients with recurrent 
glioblastoma. Sci Transl Med 2017;9:eaaa0984. 

	23	 Ahmed N, Brawley V, Hegde M, et al. HER2-specific chimeric 
antigen receptor-modified virus-specific T cells for progressive 
glioblastoma: a phase 1 dose-escalation trial. JAMA Oncol 
2017;3:1094–101. 

	24	 Brown CE, Badie B, Barish ME, et al. Bioactivity and safety 
of IL13Rα2-redirected chimeric antigen receptor CD8+ T 
cells in patients with recurrent glioblastoma. Clin Cancer Res 
2015;21:4062–72. 

	25	 Goff SL, Morgan RA, Yang JC, et al. Pilot trial of adoptive transfer 
of chimeric antigen receptor-transduced T cells targeting egfrviii in 
patients with glioblastoma. J Immunother 2019;42:126–35. 

	26	 Taylor NP. Biotechs shed dead wood from pipelines amid cash 
crunch and disappointing data [Fierce Biotech]. 2022. Available: 
https://www.fiercebiotech.com/biotech/biotechs-shed-dead-wood-​
pipeline-amid-cash-crunch-and-disappointing-data

	27	 Gilbertson RJ, Rich JN. Making a tumour’s bed: glioblastoma stem 
cells and the vascular niche. Nat Rev Cancer 2007;7:733–6. 

	28	 Butler JM, Kobayashi H, Rafii S. Instructive role of the vascular niche 
in promoting tumour growth and tissue repair by angiocrine factors. 
Nat Rev Cancer 2010;10:138–46. 

	29	 Annunziata CM, Kohn EC, LoRusso P, et al. Phase 1, open-label 
study of MEDI-547 in patients with relapsed or refractory solid 
tumors. Invest New Drugs 2013;31:77–84. 

	30	 Swords RT, Greenberg PL, Wei AH, et al. KB004, a first in class 
monoclonal antibody targeting the receptor tyrosine kinase EphA3, 
in patients with advanced hematologic malignancies: results from a 
phase 1 study. Leuk Res 2016;50:123–31. 

	31	 Hui Gan LC, Inglis P, Lwin Z, et al. Phase I safety and bioimaging trial 
of KB004 (ifabotuzumab) in patients with glioblastoma. J Nucl Med 
2020;61:1562.

	32	 Jafarzadeh L, Masoumi E, Fallah-Mehrjardi K, et al. Prolonged 
persistence of chimeric antigen receptor (CAR) T cell in adoptive 
cancer immunotherapy: challenges and ways forward. Front Immunol 
2020;11:702. 

	33	 Kim J, Koo BK, Knoblich JA. Human organoids: model systems 
for human biology and medicine. Nat Rev Mol Cell Biol 
2020;21:571–84. 

	34	 LeBlanc VG, Trinh DL, Aslanpour S, et al. Single-cell landscapes of 
primary glioblastomas and matched explants and cell lines show 
variable retention of inter- and intratumor heterogeneity. Cancer Cell 
2022;40:379–92. 

	35	 Hong LK, Chen Y, Smith CC, et al. CD30-redirected chimeric antigen 
receptor T cells target CD30+ and CD30- embryonal carcinoma via 
antigen-dependent and Fas/FasL interactions. Cancer Immunol Res 
2018;6:1274–87. 

	36	 Monjazeb AM, Hsiao HH, Sckisel GD, et al. The role of antigen-
specific and non-specific immunotherapy in the treatment of cancer. 
J Immunotoxicol 2012;9:248–58. 

	37	 Bagley SJ, Binder ZA, Lamrani L, et al. Repeated peripheral infusions 
of anti-EGFRvIII CAR T cells in combination with pembrolizumab 
show no efficacy in glioblastoma: a phase 1 trial. Nat Cancer 
2024;5:517–31. 

	38	 Bagley SJ, Logun M, Fraietta JA, et al. Intrathecal bivalent CAR T 
cells targeting EGFR and IL13Rα2 in recurrent glioblastoma: phase 1 
trial interim results. Nat Med 2024;30:1320–9. 

	39	 Lin FY, Stuckert A, Tat C, et al. Phase I trial of GD2.CART cells 
augmented with constitutive interleukin-7 receptor for treatment of 
high-grade pediatric CNS tumors. J Clin Oncol 2024. 

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-2360-403X
http://orcid.org/0000-0003-2241-0353
http://dx.doi.org/10.1056/NEJMoa043330
http://dx.doi.org/10.1056/NEJMoa043330
http://dx.doi.org/10.1016/j.mayocp.2018.11.031
http://dx.doi.org/10.1182/blood-2010-04-281931
http://dx.doi.org/10.1056/NEJMoa1215134
http://dx.doi.org/10.1016/j.cell.2008.03.011
https://www.brainspan.org/rnaseq/searches?exact_match=false&search_term=EphA3&search_type=gene
https://www.brainspan.org/rnaseq/searches?exact_match=false&search_term=EphA3&search_type=gene
https://www.brainspan.org/rnaseq/searches?exact_match=false&search_term=EphA3&search_type=gene
https://www.proteinatlas.org/ENSG00000044524-EPHA3
http://dx.doi.org/10.1126/science.aay5947
http://dx.doi.org/10.3390/biomedicines11020315
http://dx.doi.org/10.1373/clinchem.2003.026849
http://dx.doi.org/10.1158/0008-5472.CAN-14-0218
http://dx.doi.org/10.1158/0008-5472.CAN-14-0218
http://dx.doi.org/10.1007/s00535-012-0549-4
http://dx.doi.org/10.1007/s00535-012-0549-4
http://dx.doi.org/10.1016/j.ccr.2013.01.007
http://dx.doi.org/10.3892/or.2013.2679
http://dx.doi.org/10.1093/jnci/djs297
http://dx.doi.org/10.3390/cancers10120519
http://dx.doi.org/10.1007/s00401-019-02069-x
http://dx.doi.org/10.1158/0008-5472.CAN-18-0267
http://dx.doi.org/10.18632/oncotarget.10978
http://dx.doi.org/10.1016/j.ccr.2006.11.020
http://dx.doi.org/10.3390/cancers15051414
http://dx.doi.org/10.3390/cancers15051414
http://dx.doi.org/10.1126/scitranslmed.aaa0984
http://dx.doi.org/10.1001/jamaoncol.2017.0184
http://dx.doi.org/10.1158/1078-0432.CCR-15-0428
http://dx.doi.org/10.1097/CJI.0000000000000260
https://www.fiercebiotech.com/biotech/biotechs-shed-dead-wood-pipeline-amid-cash-crunch-and-disappointing-data
https://www.fiercebiotech.com/biotech/biotechs-shed-dead-wood-pipeline-amid-cash-crunch-and-disappointing-data
http://dx.doi.org/10.1038/nrc2246
http://dx.doi.org/10.1038/nrc2791
http://dx.doi.org/10.1007/s10637-012-9801-2
http://dx.doi.org/10.1016/j.leukres.2016.09.012
http://dx.doi.org/10.3389/fimmu.2020.00702
http://dx.doi.org/10.1038/s41580-020-0259-3
http://dx.doi.org/10.1016/j.ccell.2022.02.016
http://dx.doi.org/10.1158/2326-6066.CIR-18-0065
http://dx.doi.org/10.3109/1547691X.2012.685527
http://dx.doi.org/10.1038/s43018-023-00709-6
http://dx.doi.org/10.1038/s41591-024-02893-z
http://dx.doi.org/10.1200/JCO.23.02019


13Martins P, et al. J Immunother Cancer 2024;12:e009403. doi:10.1136/jitc-2024-009403

Open access

	40	 Smith C, Lineburg KE, Martins JP, et al. Autologous CMV-specific T 
cells are a safe adjuvant immunotherapy for primary glioblastoma 
multiforme. J Clin Invest 2020;130:6041–53. 

	41	 Holmes‐Liew C, Holmes M, Beagley L, et al. Adoptive T‐cell 
immunotherapy for ganciclovir‐resistant CMV disease after lung 
transplantation. Clin & Trans Imm 2015;4:e35. 

	42	 Day B, Stringer B, Wilson J, et al. Glioma surgical aspirate: a viable 
source of tumor tissue for experimental research. Cancers (Basel) 
2013;5:357–71. 

	43	 Stringer BW, Day BW, D’Souza RCJ, et al. A reference collection 
of patient-derived cell line and xenograft models of proneural, 
classical and mesenchymal glioblastoma. Sci Rep 2019;9:4902. 

	44	 D’Souza RCJ, Offenhäuser C, Straube J, et al. Q-cell glioblastoma 
resource: proteomics analysis reveals unique cell-states are 
maintained in 3D culture. Cells 2020;9:267. 

	45	 Jacob F, Salinas RD, Zhang DY, et al. A patient-derived glioblastoma 
organoid model and biobank recapitulates inter- and intra-tumoral 
heterogeneity. Cell 2020;180:188–204. 

http://dx.doi.org/10.1172/JCI138649
http://dx.doi.org/10.1038/cti.2015.5
http://dx.doi.org/10.3390/cancers5020357
http://dx.doi.org/10.1038/s41598-019-41277-z
http://dx.doi.org/10.3390/cells9020267
http://dx.doi.org/10.1016/j.cell.2019.11.036

	EphA3 CAR T cells are effective against glioblastoma in preclinical models
	Abstract
	Background﻿﻿
	Results
	Isolation and characterization of EphA3-specific monoclonal antibody
	EphA3 CAR design and functional characterization of EphA3 CAR T cells
	In vivo therapeutic assessment of EphA3 CAR T cells
	Immune recognition of primary glioblastoma cells and organoids by EphA3 CAR T cells

	Discussion
	Methods
	Generation of monoclonal anti-EphA3 antibody
	Surface plasmon resonance
	Variable domain sequencing of the 3C3-1 hybridoma
	Glioblastoma cell lines and primary cells
	EphA3 tissue immunohistochemistry
	Flow cytometry for CAR characterization and EphA3 expression
	CAR T-cell expansion
	Glioblastoma xenograft studies
	Intracellular cytokine assay
	Cytotoxicity assay
	Gene expression analysis
	GBO co-culturing with EphA3 CAR T cells
	Statistics

	References


