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Abstract

Glioblastoma (GBM) carries a dismal prognosis and inev-
itably relapses despite aggressive therapy. Many members of
the Eph receptor tyrosine kinase (EphR) family are expressed
by GBM stem cells (GSC), which have been implicated in
resistance to GBM therapy. In this study, we identify several
EphRs that mark a therapeutically targetable GSC population
in treatment-refractory, recurrentGBM(rGBM).Using ahighly
specific EphR antibody panel and CyTOF (cytometry by time-
of-flight), we characterized the expression of all 14 EphR
in primary and recurrent patient-derived GSCs to identify
putative rGBM-specific EphR. EPHA2 and EPHA3 coexpres-
sion marked a highly tumorigenic cell population in rGBM
that was enriched in GSC marker expression. Knockdown of
EPHA2 and EPHA3 together led to increased expression of
differentiation marker GFAP and blocked clonogenic and

tumorigenic potential, promoting significantly higher survival
in vivo. Treatment of rGBM with a bispecific antibody against
EPHA2/A3 reduced clonogenicity in vitro and tumorigenic
potential of xenografted recurrent GBM in vivo via downregu-
lationof AKTandERKand increased cellular differentiation. In
conclusion, we show that EPHA2 and EPHA3 together mark a
GSC population in rGBM and that strategic cotargeting of
EPHA2 and EPHA3 presents a novel and rational therapeutic
approach for rGBM.

Significance: Treatment of rGBM with a novel bispecific
antibody against EPHA2 and EPHA3 reduces tumor burden,
paving theway for the development of therapeutic approaches
against biologically relevant targets in rGBM. Cancer Res; 78(17);
5023–37. �2018 AACR.

Introduction
Glioblastoma (GBM) is the most malignant primary brain

tumor in adults (1, 2). Despite aggressive standard therapy con-
sisting of surgical resection followed by radiation and chemo-
therapy, tumor regrowth and patient relapse remain inevitable.
On average, patients face disease relapse at 7–9 months post-
diagnosis and succumb to disease progression with a median
survival of only 15 months (3, 4). The dismal prognosis of GBM
has been increasingly attributed to extensive genetic, epigenetic,
cellular, and functional heterogeneity (5–9), allowing for redun-
dancy in signaling pathways and rendering single-agent therapy
obsolete for long-term disease remission and cure. Moreover, the
genomic landscape of recurrent GBM has been shown to diverge

significantly from the primary GBM, as actionable targets iden-
tified in primary, treatment-na€�ve GBM are not present at recur-
rence. Rather, recurrent disease is instead driven by a different
mutational and signaling profile (10–12). There is also accumu-
lating evidence suggesting that GBMs may be instigated by stem
cell–like populations termed GBM stem cells (GSC; refs. 13–16).
Moreover, GSCs are thought to account for GBM recurrence after
therapy as cells with GSC properties are resistant to radiation and
chemotherapeutic agents (17–20). Together, this evidence
implies that treatment of recurrent GBM should be informed by
the identification of molecular targets specific to its evolved
molecular landscape, and a poly-targeting approach could better
address the advanced clonal heterogeneity that generates cellular
escape from therapy, resulting in treatment resistance.

The EphR tyrosine kinase family, with 14 members, coordi-
nates cell positioning, tissue, and organ patterning during devel-
opment, and is expressed inmost adult stem cell niches andmany
cancers (21–23). Various members of the EPHA/EPHRIN-A and
EPHB/EPHRIN-B subfamilies have been shown to play a role in
GBM cell migration, invasion, and angiogenesis (24–27). The
expression of EPHA2, EPHA3, EPHA4, EPHA7, and EPHB2 cor-
relates with poor patient outcome inGBM, and each has a distinct
role in GBM tumorigenicity, invasiveness, or maintenance of the
GSC pool. In particular, EPHA2 has been shown to drive tumor-
igenicity in GSCs, and infusion of EPHRINA1-Fc into intracranial
xenografts elicited strong tumor-suppressing effects (24). EPHA2
overexpression has also been shown to promote invasiveness
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of GSCs in vivo in cooperation with the AKT signaling pathway
(27, 28). Similarly, EPHA3 has also emerged as a GSC marker,
which is overexpressed in GBM and maintains GBM cells in a
stem-like state (25). While these data validate EPHA2 and EPHA3
as therapeutic targets in brain tumors, the literature to date has
only profiled or targeted single EphRs in treatment-na€�ve GBM
and suggests single targeting of an EphR would leave other
putative EphR-driven GSC populations to seed tumor recurrence.
In addition,what havenot been explored are the complex putative
effects ofmultiple EphR familymembers dynamically activated or
suppressed through therapy delivery and tumor progression.

In this study, we used an EphR profiler to simultaneously assess
the protein expression of all EphRs in cells comprising primary
and recurrent GBM, to identify the putative cooperative role of
multiple EphRs in driving GBM tumorigenesis. Given the estab-
lished importance of EPHA2 and EPHA3 individually in main-
taining GSCs, we wanted to explore whether EPHA2 and EPHA3
together mark an even more potent tumorigenic cancer stem cell
population in recurrent GBM. Considering the complex signaling
pathways orchestrated by multiple EphRs, we also examined
whether cotargeting of EPHA2 and EPHA3 using a bispecific
antibody approach will impact the functional GSC pool more
effectively than monotherapies.

Materials and Methods
Patient tumors

Human GBM brain tumors were obtained from consenting
patients, as approved by the Hamilton Health Sciences/McMaster
Health Sciences Research Ethics Board (REB # 07366), in com-
pliancewith Canada's Tri-Council Policy Statement on the Ethical
Conduct for Research Involving Humans and the International
Ethical Guidelines for Biomedical Research Involving Human
Subjects. GBM4 was a kind gift from Dr. Hiroaki Wakimoto
(Massachusetts General Hospital, Boston, MA). Patient demo-
graphics are presented in Supplementary Table S1.

Dissociation and culture of GBM tissue
Human GBM tissue was dissociated and cells were maintained

in NeuroCult completemedia (StemCell Technologies; 10 ng/mL
bFGF, 20 ng/mL EGF, and 2 mg/mL heparin) either as tumor-
spheres or grown adherently on poly-L-ornithine/laminin-coated
plates.

Eph profiler
Receptor-selective antibodies for all 14 Eph homologs were

used to profile the expression of EphRs in primary and recurrent
GBMs.

In vitro chemoradiotherapy
We treated primary GBM BT602 with radiation and temozo-

lomide as described in Qazi and colleagues (20).

Flow cytometry analysis
The percentage expression of EPHA2, EPHA3, EPHRINA1, and

EPHRINA5 was determined on a MoFlo XDP flow cytometer
(Beckman Coulter) along with Summit 5.4 software using
in-house anti-EPHA2 Fab with Alexa Fluor 488 as secondary
antibody, in-house anti-EPHA3 Fab with APC as secondary anti-
body, in-house anti-EPHRINA1 Fab with AF488 as secondary
antibody, and in-house anti-EPHRINA5 Fab with APC as second-

ary antibody. Data were analyzed with Kaluza Flow Analysis
software.

CyTOF and viSNE analysis
Expression of EphRs along with a panel of stem cell markers

implicated in GBM tumorigenesis was determined by cytometry
by time-of-flight (CyTOF). Lanthanide metal tags were selected
using Fluidigm Maxpar Panel Designer and conjugated to com-
mercial IgGs using Fluidigm MAXPAR X8 antibody labeling kit
following manufacturer's instructions (Fluidigm). In brief, com-
mercial IgGs targetingMAP2 (153Eu; Thermo Fisher Scientific, 13–
1500), CD133 (164Dy; Miltenyi Biotec, 130-090-851), CD15
(152Sm; BioLegend, 323002), SOX2 (176Yb; BD Biosciences,
561469), FOXG1 (145Nd; Abcam, AbF1774), ITGA6 (171Yb; R&D
Systems,MAB1350), BMI1 (151Eu; R&D Systems,MAB3341), and
human Fab'2 (Jackson Immunoresearch, 309-545-006) were
conjugated directly to the X8 chelators through a thiol linkage.
In-house, synthetically raised monoclonal Fabs used for anal-
ysis were preclustered to anti-Fab'2 IgGs conjugated with X8
chelator bound with one of the following isotopes: 154Sm -
EPHA1, 169Tm - EPHA2, 147Sm - EPHA3, 150Nd - EPHA4, 162Dy
- EPHA5, 173Yb - EPHA6, 156Gd - EPHA7, 167Er - EPHA8,
160Gd - EphA10, 159Tb - EPHB1, 170Er - EPHB2, 141Pr - EPHB3,
158Gd - EPHB4, 175Lu - EPHB6. CyTOF acquisition was per-
formed on CYTOF2 or HELIOS machine using standard set-
tings by the UHN Flow and Mass Cytometry Facility. Acquisi-
tion was carried out on a HELIOS CyTOF system along with
analysis platform, Cytobank and computational analysis soft-
ware, viSNE to map the high-dimensional cytometry data for
coexpression analysis.

Glioma patient database bioinformatics
To determine the clinical relevance of EphA2 and EphA3, we

interrogated the REpository for Molecular Brain Neoplasia DaTa
(REMBRANDT) dataset (29, 30). Expression levels were com-
pared between gliomas (oligodendroglioma, astrocytoma, and
GBM) and between GBM subtypes (proneural, classical, and
mesenchymal). For survival analysis, expression levels were cat-
egorized into high and low groups for both EPHA2 and EPHA3
usingmedian value as a threshold. For EPHA2high/EPHA3high and
EPHA2low/EPHA3low survival analysis, expression, and patient
data corresponding to EPHA2 and EPHA3 were obtained from
The Cancer Genome Atlas (TCGA) low-grade glioma-GBM data-
set (6, 29). Survival differences between theEPHA2high/EPHA3high

(n ¼ 193) and EPHA2low/EPHA3low (n ¼ 194) groups were
compared using Kaplan–Meier analysis by the log-rank test in
the R "survival" package (v2.42-3). To compute differential
expression between EPHA2high/EPHA3high and EPHA2low/
EPHA3low groups, hg38 read count data was obtained from the
NCI Genomic Data Commons Data Portal (https://portal.gdc.
cancer.gov/) for the TCGA LGG and GBM datasets. The counts
were merged into a single matrix, annotated with Ensembl gene
annotations, and filtered to remove transcripts lacking an Entrez
Gene cross-reference. In total, expression data for 374 patients
(183 EPHA2high/EPHA3high and 191 EPHA2low/EPHA3low) was
processed using the Bioconductor packages edgeR and Limma as
follows. First, geneswith less than 1 count permillion (CPM) in at
least 5% of the patients were filtered out, and then samples were
normalized for read depthwith the "calcNormFactors()" function
and converted to log2 CPM with voom(). Finally, differentially
expressed genes were identified using moderated t tests.
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Sphere formation and proliferation assay
After primary sphere formation was noted, spheres were dis-

sociated to single cells and replated in 0.2mLNeurocult complete
media as published previously (13, 31). Briefly, neurospheres
were treated with Liberase Blendzyme 3 and plated at a density of
200 single cells/well for sphere formation assay and 1,000 cells/
well for proliferation assay in a 96-well microwell plate in 0.2 mL
volumeofNeurocult completemedia. The sphereswere counted3
days later. Proliferation was measured using PrestoBlue cell
viability reagent (Thermo Fisher Scientific).

Lentiviral production and transduction
Lentiviral vectors expressing shRNA directed against EPHA2 or

EPHA3with the highest knockdown efficiency, or a control shGFP
that has no targets in the human genome were used in the in vitro
and in vivo experiments (shEPHA2-A: 50CCATCAAGATGCA-
GCAGTATA3', shEPHA3-B: 50CCTTCCAATGAAGTCAATCTA3',
shGFP: 50ACAACAGCCACAACGTCTATA3'). Both shEPHA2-A
and shEPHA3-B were used in combination for double knock-
down of EPHA2 and EPHA3. Replication-incompetent lenti-
viruses were produced by cotransfection of the expression vector
and packaging vectors pMD2G and psPAX2 in HEK 293FT cells.
Viral supernatants were harvested 48 hours after transfection,
filtered through a 0.45-mmcellulose acetatefilter, and precipitated
using ultracentrifugation (25,000 rpm, 2 hours, 4�C). The viral
pellet was resuspended in 1.0 mL of Neurocult basal media and
stored at �80�C. EPHA2 shRNA and EPHA3 shRNA with the
best relative knockdown efficiencies were utilized for all in vitro
and in vivo studies.

Limiting dilution assay
Cells were plated at limiting dilution from300 cells to 1 cell per

well in 200mL ofNeurocult completemedia in a 96-well plate and
0.37 intercepts were calculated to determine the sphere-forming
frequency (13). For in vitro LDA experiments, GBM cells were
treated with 200 nmol/L of EphA2/A3 bispecific antibody (BsAb)
or control IgG (Jacksons AffiniPure Goat Anti-Human IgG, F(ab')
2 fragment specific).

Real-time quantitative PCR
Total RNA was isolated using Norgen Total RNA Purification

kit. cDNA was synthesized by iScript cDNA supermix (Quanta
Biosciences) followed by real-time quantitative PCR using
SsoAdvanced Universal SYBRGreenSupermix (Bio-Rad). Samples
were quantified using CFX Manager software. Data are presented
as the ratio of the gene of interest to GAPDH or b-actin.

Cell-cycle and apoptosis analyses
Cells were stained for DNA cell cycle using DNA Prep Reagent

Kit (Beckman Coulter) and analyzed via flow cytometry (MoFlo
XDP, Beckman Coulter). Annexin V conjugated to APC was used
along with 7-AAD viability for analysis of apoptosis in cells of
interest using flow cytometry.

RNA sequencing and analysis
Illumina sequencing was performed by the Farncombe Meta-

genomics Facility (McMaster University, Ontario, Canada). RNA
integrity was first verified using the Agilent BioAnalyzer, followed
by mRNA enrichment and library prep using the NEBNext Ultra
Directional RNA Library Prep Kit alongwith theNEBNext Poly(A)
mRNA Magnetic Isolation Module. Libraries were subject to

further BioAnalyzer QC and quantified by qPCR. Sequencing was
performedusing theHiSeqRapid v2 chemistrywith single end1�
50 bp read length configurations to a target depth of approxi-
mately 6M reads per sample. Reads were aligned with the STAR
v2.4.2a aligner using genome build hg38 and Gencode v25
transcript models. Read counts for each sample, output by STAR,
were merged into a single matrix along with annotation infor-
mation. Finally, the count matrix was filtered to only include
protein-coding genes. Transcripts were removed that did not have
at least 0.5 counts per million mapped reads in at least two
samples, and the remaining reads were normalized using "TMM"
normalization in edgeR. Differential expression was determined
moderated t tests using Limma (v3.32.10).

Orthotopic xenografts
Animal studies were approved by and performed according to

guidelines under Animal Use Protocols of McMaster University
Central Animal Facility (AUP # 14-12-52). All intracranial injec-
tions were performed 2 mm anterior to the coronal suture, 3 mm
lateral to midline in the right frontal lobe of 6- to 8-week-old
NOD-SCID or NSG mice. rGBM BT241 cells were flow-sorted on
the basis of expression of EPHA2 and EPHA3 and 6.5 � 103 cells
were intracranially injected into NOD-SCID mice. A cohort of
animals was sacrificed when EPHA2þ/EPHA3þ engrafted mice
from the experiment showed signs of tumor formation (head
swelling, hunching, rough coat, weight loss) for IHC while a
cohort of mice was left for survival studies. For in vivo LDA of
EPHA2�/EPHA3� and EPHA2þ/EPHA3þ cells, 4 � 102–104 cells
for each subpopulation of cells sorted using flow cytometry were
intracranially injected into NOD-SCID mice. For EPHA2 and
EPHA3 knockdown, 1 � 105 live cells of BT241 from control
shGFP, shEPHA2, shEPHA3, and shEPHA2/A3 cells were intra-
cranially injected into NOD-SCID mice. A cohort of animals was
sacrificed 4 weeks postinjection for IHC while a cohort of mice
was left for survival studies. For BT972 knockdown experiments,
6 � 105 live cells from control shGFP and shEPHA2/A3 were
intracranially injected NOD-SCID mice. For EPHA2/A3 BsAb
treatment, 1 � 105 BT241 cells or 1 � 106 BT972 cells were
intracranially injected into 6- to 8-week-old NSG mice. Intracra-
nial treatment with EPHA2/A3 BsAb (in-house) or control IgG
(Jacksons AffiniPure Goat Anti-Human IgG, F(ab')2 fragment
specific) was started 10–14 days later twice a week (9.4 mL of
EPHA2/A3 BsAb or control IgG for a total of 30 mg/dose) into the
same burr hole created for the initial engraftment of the tumor
cells. The EPHA2/A3 BsAb or control IgG were intracranially
infused using a Hamilton syringe at an infusion rate of 30 mL/
minute. The intracranial treatment continued for twice a week
until control mice succumbed to disease burden. Mice were
perfused with 10% formalin and collected brains were sliced at
2-mm thickness using brain-slicingmatrix. Sectionswere paraffin-
embedded and hematoxylin and eosin (H&E) staining and mul-
tiple IHC tests were performed (EPHA2, EPHA3, and GFAP).
Tumor area was quantified using ImageJ software taking into
account the scale bar measurement on the scanned H&E images.

Western blot analysis and phosphor-proteomics
For Western blotting, we used Santa Cruz Biotechnology anti-

bodies EPHA2 (sc-924, 1:500) and EPHA3 (sc-919, 1:1,000), and
Cell Signaling Technology antibodies pEPHA2 (12677S,
1:1,000), pEPHA3 (8862S, 1:1,000), ERK1/2 (4695S, 1:1,000),
pERK1/2 (4377S, 1:1,000), AKT (4691S, 1:1,000), and pAKT
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(4051S, 1:1,000). GAPDH was used as a loading control. For
phosphor-proteomics, BT241 cells treated with control IgG or
EPHA2/A3 BsAb (200 nmol/L for 15 minutes) were collected in
urea lysis buffer (20 mmol/L HEPES, 8 mol/L urea, phosphatase
inhibitor tablet – 88667, Pierce) and lysed by pipetting
and sonication. After centrifugation, the lysate was treated with
1/10th of the volume of 45 mmol/L DTT (60�C, 20 minutes),
cooled on ice, and then treated with 110 mmol/L iodoacetamide
(room temperature in the dark, 15 minutes). Samples were
diluted to a final concentration of 2 mol/L urea and treated with
1/100th of the volume of 1mg/mL trypsin-TPCK (16 hours, dark,
room temperature, rocking). Samples were treated with 1/20th

the volume of 20% TFA and purified using Sep-Pak C18 columns
(WAT051910, Sep-Pak). Sampleswere eluted in 40%acetonitrile/
0.1% TFA, frozen, and lyophilized. PTMScan phosphor-tyrosine
mouse mAb kit (5636, Cell Signaling Technology) was used for
immunoaffinity purification. Following a 2-hour incubation at
4�C, cells were washed 5 times in IAP buffer and 3 times in water
prior to elution in 0.15% TFA. Samples were concentrated and
purified using C18 stage tips (87784, Pierce) and eluted in 50%
acetonitrile/0.1% TFA. Samples were analyzed at the SPARC
BioCentre (Hospital for SickChildren, Toronto,Ontario, Canada)
by LC/MS-MS on the Q Exactive Tandem Mass Spectrometer
(Thermo Fisher Scientific). Phospho-tyrosine peaks were quanti-
fied using MaxQuant (Max Planck Institute of Biochemistry,
Munich, Germany) and represented as a heatmap of the intensity
of the peptide in each condition over the max intensity (blue,
lowest intensity; red, highest intensity).

Statistical analysis
All quantitative data presented are the mean � SD. Samples

used and respective n values are listed in the figure legends. The
level of significancewas determined by Student two-tailed t test or
ANOVA using GraphPad Prism 5 software.

Results
EphRs are expressed heterogeneously in human GBMs and
coexpress with stem cell markers

Weprofiled the surface protein expression of all 14members of
the EPH receptor family in primary, treatment-na€�ve GSCs
(pGBMs: BT428, BT458, BT459, BT465, BT486, BT602 and
BT648) and recurrent GSCs (rGBMs: BT241, BT566, and BT618)
using our Eph profiler. The heterogeneous expression of all EphRs
in humanGSCs (Fig. 1A) suggests a variety of signaling paradigms
that might drive oncogenesis in these patients. We observed that
EPHA2 was expressed at moderate to high levels and EPHA3 was
expressed at moderate levels across all GSC lines, and proceeded
to characterize its expression in human neural stem and progen-
itor cells (NSPC), pGBMs, and rGBM by flow cytometry. Here we
noted that EPHA2 and EPHA3 expression is enriched in rGBM
compared with pGBM and NSPCs (Fig. 1B; Supplementary Fig.
S1A). Aswe hadpreviously developed a stem cell culturemodel of
GBM recurrence (20), we treated pGBM BT602 with our in vitro
chemoradiotherapy protocol, and noted increased expression of
both EPHA2 and EPHA3 posttreatment (Fig. 1C). We then pro-
filed pGBMs and rGBMs for all EphRs along with a panel of GSC
markers including CD133, CD15, BMI1, SOX2, INTEGRIN-a6,
and FOXG1, using mass "cytometry time-of-flight" (CyTOF)
assays. CyTOF, which employs antibodies labeled with lantha-
nide metals rather than fluorochromes, permits a greater degree

of multiplexing than traditional flow cytometry and the simul-
taneous quantification of numerous cell surface targets. We find
that although GBMs display heterogeneous expression of these
markers at the single-cell level (Fig. 1D; Supplementary Fig. S1B),
there is heightened intensity of EPHA2 and EPHA3 colocalizing
withGSCmarker expression (Fig. 1E, population in circle). In fact,
BT241, a rGBM sample, coexpressed EPHA2 and EPHA3 with all
GSCmarkers in a population twice as large as that of two pGBMs,
BT459 and BT602 (1.30% in BT241 vs. 0.52% and 0.43% in
BT459 and BT602, respectively).

EPHA2 and EPHA3 are highly expressed in GBM,
overrepresented in poor-outcome subgroups of GBM,
and have higher expression in rGBM

Because previous studies implicated EPHA2 and EPHA3 as
independent oncogenic drivers of GSCs (24, 25), and our data
suggested that EPHA2 and EPHA3 are expressed at higher levels at
GBM recurrence, we interrogated EPHA2 and EPHA3 expression
in the REMBRANDT database. Both EPHA2 and EPHA3 are highly
expressed in GBM compared with low-grade oligodendrogliomas
and astrocytomas (Fig. 2A). In addition, EPHA2 and EPHA3
expression was higher in classical and mesenchymal subgroups
ofGBM,which have a slightlyworse outcome (5)when compared
with the better performing proneural subgroup (Fig. 2B). In The
Cancer Genome Atlas (TCGA) GBM database, we found only six
matched primary-recurrent GBM pairs, and found that in a subset
of these patients, the expression of EPHA2 and EPHA3 is higher at
recurrence (Fig. 2C). High expression of EPHA2 predicted poor
survival in patients with GBM (Fig. 2D), while high expression of
EPHA3 trended toward poor but nonsignificant patients' survival
(Fig. 2E). More importantly, the TCGA low-grade glioma-GBM
database showed that patients with high expression of both
EPHA2 and EPHA3 had significantly poor survival as compared
with patients with low expression of both EPHA2 and EPHA3,
signifying that together EPHA2 and EPHA3 drive a poor progno-
sis in patients with gliomas (Fig. 2F). In fact, when we explored
the genes associated with EPHA2high/EPHA3high patient sub-
group, we discovered high expression of multiple genes known
to promote GBM tumorigenesis such as the integrin receptors
(ITGA1, ITGA5, ITGB3), integrin receptor ligand (POSTN), genes
associated with tumor invasion (CHI3L1, IL13RA2, TWIST1,
CD70, IL6), as well as genes known to mark GSCs (PROM1, CA9,
LGR6; Fig. 2G). Together, these data led us to the hypothesis that
EPHA2 and EPHA3 may coidentify an even more potent GSC
population in rGBMs than expression of either EphR alone.

EPHA2 and EPHA3 coexpression marks a highly tumorigenic
GSC population in rGBM

To reinforce the correlation between EPHA2 and EPHA3
coexpression in rGBM GSCs, we FACS-sorted rGBM cells
into four pools, expressing either low EPHA2 and EPHA3
(EPHA2�/EPHA3�), high EPHA2 only (EPHA2þ/EPHA3�),
high EPHA3 only (EPHA2�/EPHA3þ), and high EPHA2 and
EPHA3 (EPHA2þ/EPHA3þ; ref. Fig. 3A), and then assessed their
in vitro clonogenicity and intracranial tumorigenic capacity. As
expected, the EPHA2þ/EPHA3þ fraction contained the most
clonogenic cells (Fig. 3B) compared with the EPHA2�/EPHA3�

cells, with the EPHA2þ/EPHA3� and EPHA2�/EPHA3þ cells
presenting intermediate clonogenic capacity. We saw the
same trend in the proliferation capacity of these fractionated
cell populations (Fig. 3C). We then assessed the expression
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Figure 1.

EPHA2 and EPHA3 have higher expression in recurrent GBM and coexpress with GSC markers. A, Using the EphR profiler, we identified the expression of all 14 Eph
receptors across 10 primary (BT428, BT458, BT459, BT465, BT486, BT602, BT648) and recurrent (BT241, BT566, BT618) GSC lines. B, Using flow cytometry, we
determined the surface expression of EPHA2 and EPHA3 in human neural stem/progenitor cells (NSPC; n ¼ 2), pGBM (n ¼ 6), and rGBM (n ¼ 3). All samples are
biological replicates (EPHA2: NSPCs vs. pGBM, P¼ 0.8871; NSPCs vs. rGBM, P¼ 0.0157; pGBM vs. rGBM, P¼ 0.0115; EPHA3: NSPCs vs. pGBM, P¼ 0.5542; NSPCs vs.
rGBM, P < 0.0001; pGBM vs. rGBM, P < 0.0001). C, pGBM (BT602) was treated with in vitro chemoradiotherapy and the gene expression of EPHA2 and EPHA3
was determined. D, CyTOF-based expression of GSC markers CD133, CD15, SOX2, BMI1, ITGA6, and FOXG1 in BT241. E, Coexpression of EPHA2 (top) and
EPHA3 (bottom) with GSC markers in rGBM (BT241) and pGBMs (BT459 and BT602). The black circle represents the cellular population that coexpresses EPHA2,
EPHA3, and all six GSC markers, with the percentage of cells listed at the bottom of each panel. Data are represented as mean� SD (n.s., not significant; � , P < 0.05;
��� , P < 0.001; ��� , P < 0.0001).
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of key GSCmarkers in EPHA2�/EPHA3� and EPHA2þ/EPHA3þ

rGBM fractions and found no difference in expression of
CD133 or CD15 but a significantly higher expression of
BMI1 and SOX2 in EPHA2þ/EPHA3þ cells compared with
EPHA2�/EPHA3� cells (Fig. 3D). Despite very low percentage
of EPHA2þ/EPHA3� cell population and low sorting efficiency
of rGBM BT241, we were able to sort cells for intracranial

injections. We intracranially implanted mice with the sorted
cell populations and found that EPHA2þ/EPHA3þ cells give
rise to much larger tumors compared with EPHA2�/EPHA3�

cells, with EPHA2þ/EPHA3� and EPHA2�/EPHA3þ cells
giving rise to intermediate-sized tumors, replicating our
in vitro clonogenic data (Fig. 3E). In vivo limiting dilution
intracranial transplantation assays using EPHA2�/EPHA3� and

Figure 2.

High EPHA2 and EPHA3 coexpression correlates with poor brain tumor patient survival. A, EPHA2 and EPHA3 have higher expression in GBM (grade IV)
compared with low-grade gliomas, oligodendroglioma (OG), and astrocytoma (Astro) in REMBRANDT glioma database. B, EPHA2 and EPHA3 have higher
expression in classical (Cla) andmesenchymal (Mes) subgroups of GBM compared with proneural (PN) subgroup (REMBRANDT). C, EPHA2 (left) and EPHA3 (right)
gene expression in paired primary GBM patient samples and their corresponding recurrent GBM tissues (TCGA, n¼ 6matched primary-recurrent GBM tissue pairs).
A subset of patients with GBM show increased expression of EPHA2 and EPHA3 in their recurrent tissue as compared with primary GBM. D and E, Higher
expression of EPHA2 is associated with poor survival in patients with GBM, while high expression of EPHA3 trends toward poor but not statistically significant
survival in patients with GBM (REMBRANDT). F, Interrogation of the TCGA low-grade glioma-GBM dataset indicates significant survival advantage for
patients expressing low levels of both EPHA2 and EPHA3 (EPHA2low/EPHA3low) as compared with patients expressing high levels of both EPHA2 and EPHA3
(EPHA2high/EPHA3high). G, Analysis of the differentially expressed genes from patient subpopulations in F shows high expression of genes involved in cell
invasion, epithelial–mesenchymal transition, and stemness in the EPHA2high/EPHA3high patient tissue (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
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Figure 3.

Coexpression of EPHA2 and EPHA3 marks a highly clonogenic and tumorigenic cell population in recurrent GBM. A, Flow profile of EPHA2 and EPHA3 in two
rGBM samples, BT241 and BT618. B, Secondary sphere formation assay of rGBMs sorted on the basis of expression of EPHA2 and EPHA3, where EPHA2þ/A3þ

exhibits the highest clonogenic capacity in four rGBMs. C, Proliferation assay of rGBMs sorted on the basis of the expression of EPHA2 and EPHA3, where
EPHA2þ/EPHA3þ has higher proliferation capacity than other cell populations. D, Gene expression of GSC markers BMI1 and SOX2 is higher in sorted EPHA2þ/
EPHA3þ compared with EPHA2�/EPHA3� rGBM cell populations, while no difference is found in the expression of CD133 and CD15. E, H&E staining of mice brains
engrafted with rGBM BT241 cells sorted on the basis of EPHA2 and EPHA3 expression, with total tumor area presented in bar graph on the right (n ¼ 2). F, In vivo
limiting dilution assay of mice engrafted with different numbers of EPHA2�/EPHA3� and EPHA2þ/EPHA3þ cells, showing EPHA2þ/EPHA3þ can form tumors at
lower cell number. Bar graphs at thebottom show total tumor area of each panel (n¼ 2).G,Kaplan–Meier survival curves formice engraftedwithBT241 EPHA2�/A3�,
EPHA2þ/A3�, EPHA2�/A3þ, EPHA2þ/A3þ (median survival: 64, 57, 58, and 53 days, respectively; n ¼ 5). Tumor area is presented in the bottom panel for
each cell dose. Data are represented as mean � SD (ns, not significant; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001). Scale bar, 5 mm.
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EPHA2þ/EPHA3þ cells confirmed that high EPHA2 and EPHA3
are the hallmark GSCs in rGBM and can be used for their
enrichment (Fig. 3F; stem cell frequency: EPHA2�/EPHA3� 1/
26,096 cells compared with EPHA2þ/EPHA3þ 1/12,358 cells).
EPHA2þ/EPHA3þ cells were able to give rise to tumors with
as few as 4,000 cells compared with 40,000 cells when implant-
ing EPHA2�/EPHA3� cells. In addition, mice engrafted with
EPHA2þ/EPHA3þ cells had a shorter survival (median survival
53 days) as compared with single positive cells (median sur-
vival: EPHA2þ/EPHA3� 57 days and EPHA2�/EPHA3þ 58 days)
and significantly shorter than mice engrafted with EPHA2�/
EPHA3� cells (median survival 64 days, log-rank P ¼ 0.03;
Fig. 3G). We wanted to investigate how the cell surface
expression of EPHA2 and EPHA3 in EPHA2þ/EPHA3þ cells
change overtime. We performed time-course experiment
and found that in just four weeks, EPHA2þ/EPHA3þ sorted
cells revert back to their original EPHA2 and EPHA3 surface
expression distribution (Supplementary Fig. S2). This sug-
gests that the tumorigenic potential of EPHA2þ/EPHA3þ

would be even higher than demonstrated in in vivo tumor
formation and survival studies as EPHA2þ/EPHA3þ cells
rapidly establish the original subpopulations of cells includ-
ing less tumorigenic EPHA2þ/EPHA3�, EPHA2�/EPHA3þ, and
EPHA2�/EPHA3� cells.

Loss of EPHA2 and EPHA3 inhibits clonogenicity and tumor-
forming capacity of rGBMs

We next investigated the effect of EPHA2 and EPHA3 knock-
down (KD) on in vitro clonogenicity and intracranial tumorigenic
capacity of rGBMs. We used short hairpin RNA (shRNA) to
knockdown either EPHA2 or EPHA3 individually or in a com-
bined fashion in two rGBM samples. We tested three separate
shRNAs against EPHA2 (shEPHA2-A, B, and C) and two separate
shRNAs againstEPHA3 (shEPHA3-B andC), and found shEPHA2-
A and shEPHA3-B to be the most effective at reducing protein
expression of EPHA2 and EPHA3, respectively, as well as in
reducing proliferation of rGBM cells (Supplementary Fig. S3A–
S3D). Therefore, in all subsequent studies, we used shEPHA2-A
and shEPHA3-B to knockdown EPHA2 and EPHA3 expression,
respectively, in rGBM GSCs (Fig. 4A). We find that combined
EPHA2 and EPHA3 knockdown led to loss in clonogenic capacity
of rGBM cells as compared with control shGFP cells (Fig. 4B). In
addition, proliferative capacity of cells was only significantly
inhibited in cells with double knockdown compared with control
shGFP cells (Fig. 4C). The knockdown of EPHA2 and EPHA3
also affects the cell cycle of rGBM, decreasing the percentage of
cells in DNA replication S phase and increasing percentage of cells
in quiescent G0–G1 phase (Supplementary Fig. S3E). We also

noted an increase in apoptosis of rGBM with shEPHA2/A3,
illustrating that EPHA2 and EPHA3 are integral to cell survival
(Supplementary Fig. S3F). Furthermore, the combined EPHA2
and EPHA3 knockdown led to decreased expression of all GSC
markers in rGBMs, suggesting loss of the undifferentiated, stem-
like state (Fig. 4D). We next submitted control shGFP and
shEPHA2/A3 cells from rGBM BT241 for RNA-sequencing for
global transcriptomeprofiling.We found that knockdownof both
EPHA2 and EPHA3 leads to reduction in gene expression
of markers of epithelial–mesenchymal transition and invasion
(Fig. 4E), some of which we found to be correlated with the
EPHA2high/EPHA3high patient samples (Fig. 2G), such as CHI3L1,
SNAI1, and VIM. In addition, knockdown of both EPHA2 and
EPHA3 increased levels of GFAP in rGBM, indicating that the
decrease in EPHA2 and EPHA3 directs rGBM cells to a more
differentiated, astrocytic lineage (Fig. 4F). We next intracrani-
ally implanted these cells in mice and found that combined
knockdown of EPHA2 and EPHA3 completely prevented the
cells from forming tumors in just under half of the transplanted
mice (3/5 mice formed tumors with shEPHA2/A3 cells), while
EPHA2 KD formed tumors as large as control shGFP, and
EPHA3 KD formed intermediate-sized tumors (Fig. 4G). We
found similar results with KD of both EPHA2 and EPHA3 in
another rGBM line, BT972 (Fig. 4H). These results corroborated
with survival studies where mice engrafted with shEphA2/A3
cells had the longest survival (Fig. 4I, median survival 57 days,
log-rank P ¼ 0.0003) as compared with control mice (median
survival shGFP 44, shEPHA2 45.5 and shEPHA3 49.5 days).
These results suggest that EPHA2 and EPHA3 should be cotar-
geted to inhibit rGBM clonogenicity, proliferation, invasion,
and tumorigenic capacity potentially through a differentiation
mechanism to astrocytic cell type.

Cotargeting of EPHA2 and EPHA3 with bispecific antibody
decreases EPHA2 and EPHA3 surface expression and limits AKT
and ERK1/2 pathway activation in rGBM

Because our data suggests that EPHA2 and EPHA3 cooperate in
maintaining a potent GSC population and tumorigenic potential
of rGBMs, we designed a bispecific variable heavy domain (VHD)
antibody that cotargets both EPHA2 and EPHA3 (EPHA2/A3
BsAb; in-house) with high affinity (Fig. 5A and Supplementary
Fig. S4A). We wanted to next determine whether binding
of EPHA2/A3 BsAb leads to internalization of the BsAb. We
incubated EPHA2- and EPHA3-expressing cell lines with control
IgG or EPHA2/A3 BsAb at 4�C and 37�C for 4 hours (Fig. 5B;
Supplementary Fig. S4B).As expected,weobserved a temperature-
dependent reduction of surface EPHA2/A3 BsAb binding, consis-
tent with antibody-dependent internalization and degradation of

Figure 4.
EPHA2 and EPHA3 knockdown in rGBM inhibits clonogenicity, decreases GSC and mesenchymal marker expression, and prolongs survival. A, Western blot
analysis showing the expression of EPHA2 and EPHA3 after shRNA-mediated knockdown (KD) of either EPHA2 or EPHA3 or both EPHA2/A3 as compared
with control shGFP in two rGBMs. B, Secondary sphere formation assay of rGBM with knockdown against EPHA2 and EPHA3 shows decreased sphere formation
capacity of shEPHA2/A3 cells. C, Proliferation assay of rGBMs with knockdown against EPHA2 and EPHA3 shows decreased proliferation capacity of shEPHA2/A3
cells. D, Gene expression of GSC markers CD133, CD15, BMI1, and SOX2 is significantly decreased in rGBMs with knockdown against EPHA2 and EPHA3. E, RNA
sequencing results show decrease in expression of genes associated with mesenchymal and infiltrative cell type in rGBM BT241 shEPHA2/A3 cell population as
compared with control shGFP cells. F, Western blot analysis showing the expression of GFAP after shRNA-mediated knockdown of either EPHA2 or EPHA3
or both EPHA2/A3 in rGBM BT241. G and H, H&E staining of mouse brains engrafted with rGBM BT241 control shGFP, shEPHA2, shEPHA3, or shEPHA2/A3 cells,
and rGBMBT972 control shGFP or shEPHA2/A3 cells. Total tumor area is presented in the bar graph for BT241 on the right (n¼ 5, except shGFP n¼ 7) and for BT972
at the bottom (n¼ 4) of the brain images. I, Kaplan–Meier survival curves for mice engrafted with rGBM BT241 control shGFP, shEPHA2, shEphA3, or shEPHA2/A3
(median survival: 44, 45.5, 49.5, 57 days, respectively; n ¼ 8, except shEPHA2 n ¼ 6). Data are represented as mean � SD (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
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Eph receptor observed for Eph-targeting agonists. To further
determine whether the internalization of the EPHA2/A3 BsAb
leads to decreased surface expression of EPHA2 and EPHA3, we
treated rGBM with EPHA2/A3 BsAb for three days and per-
formed CyTOF to identify surface coexpression of EPHA2 and
EPHA3. We find that treatment with EPHA2/A3 BsAb leads to a
complete loss of surface EPHA2 receptor expression and an
approximately 50% decrease in EPHA3 surface receptor levels
(Fig. 5C and D), which was validated with Western blot analysis
for total EPHA2 and EPHA3 protein levels (Supplementary
Fig. S4C). After 3-day treatment with EPHA2/A3 BsAb, the
EPHA2/A3 BsAb itself has much lower levels of binding to
rGBM consistent with the loss of EPHA2þ/EPHA3þ target cell
population (Supplementary Fig. S4D).

We next wanted to determine the mechanism by which
EPHA2/A3 BsAb reduces surface EPHA2 and EPHA3 levels.
At baseline, rGBMs do not display any phosphorylation
of EPHA2 or EPHA3 (Supplementary Fig. S5A; Fig. 5E, untreat-
ed lane), but it is induced in the presence of EPHRINA1
ligand (Fig. 5E). We profiled the expression of EPHRINA1
and EPHRINA5 in rGBM and found very minimal expression
in our cells (Supplementary Fig. S5B). Upon further investiga-
tion, we found that EPHRINA1 and EPHRINA5, both of
which activate EPHA2 and EPHA3, were highly expressed
in the EPHA2�/EPHA3� cell fraction as compared with
the tumorigenic EPHA2þ/EPHA3þ cells (Supplementary
Fig. S5C). This possibly illustrates a bidirectional signaling
mechanism between the non-GSC EPHA2�/EPHA3� cells and

Figure 5.

Treatment of rGBM with EPHA2/A3
BsAb decreases EPHA2 and EPHA3
expression and decreases activation
of AKT and ERK1/2. A, CyTOF analysis
showing binding of BsAb to EPHA2þ

and EPHA3þ cells in BT241. B,
Treatment of rGBM BT241 with
EPHA2/A3 BsAb at 4�C versus 37�C
for 4 hours shows that the BsAb gets
internalized as demonstrated by
reduced BsAb binding signal at 37�C.
Treatment with EPHA2/A3 BsAb for
three consecutive days (200 nmol/L)
decreases EPHA2 (C) and EPHA3 (D)
surface expression as shown by CyTOF.
Median intensity of EPHA2 and EPHA3
is shown in the top right corner of their
representative plots. E, Western blot
analysis showing protein levels of total
and phosphorylated EPHA2 and EPHA3
and multiple proteins involved in
downstream signaling of the EphRs
when treated with EPHRINA1 ligand
(15 minutes) or 200 nmol/L of
control IgG or EPHA2/A3 BsAb for
15 or 60 minutes in rGBMs BT241
and BT618.
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GSC EPHA2þ/EPHA3þ cells, which coexist in a regulatory
cancer stem cell niche (32).

We treated rGBM cells with EPHA2/A3 BsAb and checked for
phosphorylation of EPHA2 and EPHA3 as well as known down-
stream targets of Eph signaling usingWestern blot analysis. While
we saw an apparent increase in both EPHA2 and EPHA3 phos-
phorylation upon EPHA2/A3 BsAb treatment (Fig. 5E), given the
sequence conservation of juxatmembrane pTyr sites between
EPHA2 and EPHA3, we evaluated receptor phosphorylation at
the peptide resolution. Indeed, phosphor-proteomics on phos-
phorylated tyrosines revealed high levels of phosphorylated
EPHA2 peptides, but no phosphorylated EPHA3 peptides were
identified, suggesting that phosphorylation induced by the
EPHA2/A3 BsAb was asymmetrically driven through EPHA2
(Supplementary Fig. S5D). Consistent with this we observed
decrease in EPHA2 protein levels after 60 minutes of treatment
with EPHA2/A3 BsAb (Fig. 5E), whereas EPHA3 clearance was
observed only after days of treatment and inequivalent to that of
EPHA2 (Fig. 5D). To further explore themechanistic regulation of
EPHA2/A3 BsAb on rGBM, we assessed the activation level of
downstream targets such as AKT and ERK1/2. Although 5minutes
of treatment with EphA2/A3 BsAb leads to phosphorylation
of EPHA2, we found no difference in the activation of AKT and
a slight decrease in activated ERK1/2 (Supplementary Fig. S5E).
After 15 minutes of treatment with EPHA2/A3 BsAb, we
observed a decrease in the activation of both AKT and ERK1/
2 (Fig. 5E). Even after 60 minutes of treatment with EPHA2/A3
BsAb, levels of pAKT and pERK1/2 remained lower (Fig. 5E).
Interestingly, in vitro treatment of rGBM with EPHA2/A3 BsAb
does not lead to change in expression of other EphRs as shown
by CyTOF profiling (Supplementary Fig. S5F), demonstrating a
lack of compensatory response in an otherwise redundant EphR
family signaling. Hence, treatment of rGBM with EPHA2/A3
BsAb rapidly clears the levels of EPHA2 and slowly reduces the
EPHA3 receptor levels in rGBM.

EPHA2/A3 BsAb inhibits clonogenicity, promotes
differentiation, and reduces tumorigenicity of rGBM

To assess the functional effects of EPHA2/A3BsAbon rGBM,we
performed secondary sphere formation and proliferation assays.
Upon in vitro treatment of rGBMs with EPHA2/A3 BsAb, we see a
reduction in both the clonogenicity (Fig. 6A and B) and prolif-
eration capacity (Fig. 6C) of rGBMs. In fact, the activity of the
EPHA2/A3 BsAb is not limited to EPHA2þ/EPHA3þ cell fraction
alone; rather the EPHA2/A3 BsAb targets EPH2þ/EPHA3� and
EPHA2�/EPHA3þ cell fractions as well (Supplementary Fig. S6A
and S6B), illustrating the efficacy of EPHA2/A3 BsAb against three
subpopulations in rGBM. We performed an in vitro limiting
dilution assay of rGBM cells pretreated with EPHA2/A3 BsAb
and found a significant decrease in stem cell frequency of rGBM
treated with EPHA2/A3 BsAb as compared with control cells
(Fig. 6D; stem cell frequencies: BT241 control IgG treated 1/8
cells vs. EPHA2/A3 BsAb-treated 1/13 cells; BT618 control
IgG treated 1/37 cells vs. EPHA2/A3 BsAb treated 1/78 cells;
BT972 control IgG treated 1/58 cells vs. EPHA2/A3 BsAb treated
1/99 cells). To understand the mechanism of action of the
EPHA2/A3 BsAb, we performed cell-cycle analysis and apoptosis
assays on rGBMs treated with EPHA2/A3 BsAb as compared with
control. We find that loss of clonogenicity was not caused by
changes in cell cycle or apoptosis after treatment with EPHA2/A3
BsAb (Supplementary Fig. S6C and S6D).Hence, EPHA2/A3BsAb

hinders clonogenicity in rGBM GSCs independent of cell cycle
and perhaps in a noncytotoxic way. To assess whether treat-
ment with EPHA2/A3 BsAb induced a differentiation-like phe-
notype in rGBM, we treated rGBM with EPHA2/A3 BsAb for
three consecutive days. We find that treatment with EPHA2/A3
BsAb leads to an increase in the protein levels of GFAP and
MAP2, suggesting that the EPHA2/A3 BsAb acts in a similar way
to EPHA2/A3 knockdown by directing rGBMs to cellular dif-
ferentiation (Fig. 6E and F; Supplementary Fig. S6E).

To test the efficacy of EPHA2/A3 BsAb against rGBMs, we
intracranially treated mice engrafted with rGBM (BT241 and
BT972) with twice-weekly doses of 30 mg/dose of EPHA2/A3
BsAb until control mice succumbed to disease burden. Although
treatment schedule had not been optimized due to limited
knowledge of half-life of the EPHA2/A3 BsAb, we still found a
30%, although nonsignificant, decrease in tumor volume in mice
treated with EPHA2/A3 BsAb as compared with control IgG
(Fig. 6G and H) for both models of rGBM. We performed IHC
on EPHA2/A3 BsAb–treated tumors to determine if any residual
EPHA2þ and EPHA3þ population survives posttreatment. Given
the EPHA2/A3 BsAb dosage limitations as described above,
we saw only a slight decrease in EPHA2 and EPHA3 levels in
EPHA2/A3 BsAb–treated tumors (Fig. 6I). Similar to the CyTOF
results for in vitro treatment with EPHA2/A3 BsAb, we again
see an increase in GFAP-positive cells in tumors treated with
EPHA2/A3 BsAb, suggesting that the EPHA2/A3 BsAb does
indeed drive the differentiation of rGBM towards the astrocytic
lineage (Fig. 6J). Thus, despite intracranial dose limits, our
novel EPHA2/A3 BsAb shows initial efficacy against rGBMs that
are driven by EPHA2þ/EPHA3þ GSCs.

Discussion
GBM is a lethal disease that is refractory to standard surgery and

chemoradiotherapy, with the majority of patients facing tumor
regrowth and uniformly fatal outcomes upon disease progression
posttherapy. Intratumoral heterogeneity (ITH) at the cellular,
genetic, and functional level is increasingly appreciated as a key
determinant of treatment failure, and poor patient survival also
correlates with increased frequency of GSCs, which are also
implicated in the development of treatment resistance. Meta-
analysis of recent clinical trials for patients with GBM has also
predicted the failure of monotherapy to target the well-documen-
ted complexity of ITH in GBM, highlighting the need to develop
innovative and informed polytherapeutic strategies for this highly
complex disease.

In this article, we report the first effective application of a
bispecific antibody in a preclinical, patient-derived xenograft
model of recurrent GBM, thereby promoting the concept of
polytargeting of multiple GSC pools that may escape therapy to
drive disease recurrence. We describe the role of EPHA2 and
EPHA3 receptors in cooperatively driving pathogenesis of
recurrent human GBM. We report that rGBMs have enhanced
expression of both EPHA2 and EPHA3 and we show that co-
expression of EPHA2 and EPHA3 is directly correlated to the
highly tumorigenic in vitro and in vivo capacity of these GSCs.
Furthermore, loss of EPHA2 and EPHA3 expression in rGBM
leads to drastic decrease in self-renewal capacity of these cells
and the ability to establish intracranial rGBMs. This decrease in
tumorigenicity is mediated through a loss of expression of stem
cell genes and a gain in expression of differentiation markers.
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We therefore developed a BsAb against EPHA2 and EPHA3 for
targeting of this potent GSC population in rGBM. The mech-
anism of action of the EPHA2/A3 BsAb was mediated through
phosphorylation and subsequent internalization and degrada-
tion of EPHA2 receptor and decrease in surface EPHA3 levels,
which together led to the downregulation of both AKT and
ERK pathways. Intracranial administration of EPHA2/A3 BsAb
led to a reduction in tumor burden of established rGBMs.

Previous studies of Eph receptors in GBM had individually
identified EPHA2 and subsequently EPHA3 as markers of cancer
stem cells in human GBM (24, 25). However, similar to other
studies in GBM, discovery of molecular targets such as EphRs has
been limited to characterization in primary, de novo GBMs, with
little focus on recurrent GBM biology. Recent studies have shown
that rGBM presents a different molecular landscape, with unique
clonal events driving therapy-resistant populations (12, 33). The
lack of adequate models combined with limited strategies for
target discovery in rGBM could explain the failure of new ther-
apies in prolonging GBM patient survival, which are largely
derived from the study of primary GBM alone. Our current
investigation focused on the identification of EphRs that marked
a GSC population in recurrent GBM. With the EphR profiler,
we elucidated the differential expression of all 14 EphR in recur-
rent and primary GSC lines. We then found that EPHA2
and EPHA3 were enriched in rGBM. Further characterization of
EphR expression in GBM using CyTOF showed that EPHA2 and
EPHA3 coexpressed with multiple known GSC markers, and that
this coexpression was enhanced in rGBM, possibly identifying
EPHA2/A3 coexpressing cells as a stem-cell like population in
rGBM. Upon analyzing a large GBM dataset (REMBRANDT), we
identified high expression of EPHA2 and EPHA3 as being char-
acteristic of the poor-performing classical and mesenchymal
subgroups of GBM and also predicted lower survival in GBM.
Importantly, despite the few recurrentGBMsamples present in the
TCGAdataset, we identified trends of higher expression of EPHA2
and EPHA3 in recurrent GBM as compared with primary GBM.
Altogether, this illustrated that EPHA2 and EPHA3 together may
mark a tumorigenic GSC population exclusive to recurrent GBM.

Conclusive evidence of the idea that coexpression of EPHA2
and EPHA3 marked a rGBM GSC population came from frac-
tionating rGBM into EPHA2�/EPHA3�, EPHA2þ/EPHA3�,
EPHA2�/EPHA3þ and EPHA2þ/EPHA3þ populations. The high-
est in vitro clonogenic potential and in vivo tumorigenic potential
was associated with combined high EPHA2/EPHA3 expression
(EPHA2þ/EPHA3þ). The EPHA2/EPHA3 coexpressing popula-
tion also had the highest expression of known GSC markers,
BMI1 and SOX2, validating our CyTOF data. The fact that cell
population that coexpresses both EPHA2 and EPHA3 may drive

rGBM GSC was reinforced by the fact that knockdown of both
EPHA2 and EPHA3 was required to significantly reduce in vitro
tumorigenicity of rGBM. In fact, intracranial injection of rGBM
with double EPHA2/EPHA3 knockdown abrogated tumor initi-
ation in almost half of the mice, while single EPHA2 or EPHA3
knockdown still led to initiation of tumors in all mice. In addi-
tion, knockdown of both EPHA2 and EPHA3 led to a significant
increase in astrocytic differentiation marker GFAP, suggesting the
decrease in tumorigenicity is driven by an increase in differenti-
ation of GBM cells. For the first time, we show that two EphR
together mark and drive a highly potent GSC population in
recurrent GBM, where loss of EPHA2 and EPHA3 together pro-
motes differentiation of GBM.

Considering that GBM presents with extensive ITH, it is no
surprise that we identified multiple GSC populations cooperating
in driving tumorigenesis of GBM. Despite that, new therapies
continue to focus on single targets and rely on monotherapies to
promote patient survival. As multiple cellular populations pro-
mote tumorigenic phenotype, single population targeting by
monotherapies allows other cellular populations to escape ther-
apy and seed disease recurrence. Our work aims to change that
paradigm by presenting evidence of multiple GSC pools in recur-
rent GBM that may be cotargeted for improved patient outcome.
Other ephrin poly-targeting strategies have been described in
GBM, notably an EPHA2, A3, and B2-targeting agent composed
of EPHRINA5 ligand linked to a cytotoxin that demonstrated
efficacious cell killing in vitro (34). This ligand-based polytargeting
strategy is however limited by a lack of target specificity, as ephrin
ligands can be expected to bind a multitude of EphRs in many
cells and tissues, such that off-target effects and resultant in vivo
toxicity are likely. We proposed a more precise poly-targeting
strategy through the development of a bispecific antibody
against both EPHA2 and EPHA3 driven GSC population in
recurrent GBM. The treatment of rGBM with EPHA2/A3 BsAb
reduced clonogencity and proliferative capacity of the cells,
mediated through a reduction in EPHA2 and EPHA3 levels,
which in turn downregulated AKT and ERK1/2, known onco-
genic pathways in GBM. The attenuation of EPHA2 and EPHA3
by EPHA2/A3 BsAb also resulted in partial differentiation as
evidenced by an increase in GFAP and MAP2 levels, mimicking
the effect of knockdown of these receptors.

Although we had limited knowledge of the pharmacokinetics
and pharmacodynamics of the EPHA2/A3 BsAb, we tested the
efficacy of EPHA2/A3BsAb in reducing established recurrentGBM
xenografts through twice-weekly intracranial doses of the EPHA2/
A3 BsAb and noted a reduction in tumor growth, a decrease in
EPHA2 and EPHA3 expression, and an increase in GFAP levels. In
addition, studies by Brown and colleagues have shown that

Figure 6.
Treatment of rGBM with EPHA2/A3 BsAb inhibits in vitro clonogenicity, increases differentiation, and reduces tumor burden. A, Secondary sphere formation
assay of rGBM treated with 200 nmol/L EPHA2/A3 BsAb shows a decrease in clonogenic capacity as compared with control IgG–treated cells. B, rGBM
treated with 200 nmol/L EPHA2/A3 BsAb have fewer and smaller spheres (scale bar, 400 mm). C, Proliferation assay of rGBMs treated with EPHA2/A3 BsAb
shows decreased proliferation comparedwith control IgG–treated cells.D, Limiting dilution assayof rGBMpretreatedwith 200nmol/L of EPHA2/A3BsAb for 3 days.
The table on the right shows the stem cell frequencies and upper and lower limits. Protein expression of GFAP (E) and MAP2 (F) using CyTOF in BT241 after 3-day
treatment with 200 nmol/L of EPHA2/A3 BsAb. The number in the top right corner of each plot represents median intensity. G and H, H&E staining of mouse
brains engrafted with rGBMs BT241 or BT972, treated with 30 mg intracranial biweekly dose of control IgG or EPHA2/A3 BsAb, until control mice succumbed
todisease burden. Total tumor area is presented in the bargraphs on the right of each IHCpanel (BT241, n¼6;BT972,n¼ 5). I,EPHA2 (left) andEPHA3 (right) staining
on BT241, control IgG, or EPHA2/A3 BsAb–treated tumors. Bar graphs on the right represents average positive staining per mm2 of tumor area for both EPHA2
and EPHA3 (n¼ 3). J,GFAP staining on BT241, control IgG, or EPHA2/A3 BsAb-treated tumors. Bar graph on the right represents average positive staining per mm2

of tumor area. Data are represented as mean � SD (n.s., not significant; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001). Scale bar on IHC images represent 4 mm.
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intracranial delivery of therapy for patients with GBM is safe and
well tolerated (35),with intraventricular infusion showing greater
efficacy against multinodal, infiltrative tumors as compared
with intracavitary infusion (36, 37). This demonstrates that our
current intracranial therapy delivery model of the BsAb will be a
viable option for patients with recurrent GBM. Critical to our
approach was the development and validation of autonomous
VHD capable of selectively targeting and modulating GBM-spe-
cific tumor antigens with high affinity. While mass transport
of VHD-Fc through the BBB is unlikely in its current format, the
size (�13 kDa) and single-chain format of the VHD is ideal
for the engineering of fusion proteins that enable mass transport
(38–40). Optimization of the modality for systemic delivery,
biodistribution, and therapeutic efficacy remain important
goals for further therapeutic development. The EPHA2/A3 BsAb
hence dually targets a highly tumorigenic,multitarget-driven GSC
population in recurrent GBM through the promotion of a differ-
entiation phenotype. The mechanism of action of the BsAb is
through phosphorylation and internalization of the EPHA2
receptor, leading to its degradation, whereas the decrease in
EPHA3 at the cell surface appears to be phosphorylation-inde-
pendent. The latter finding is not surprising, as anti-EPHA3
antibodies in clinical trials for advanced hematologic malignan-
cies induce reduction of EPHA3 levels and subsequent apoptosis
and activation of antibody-dependent cell-mediated cytotoxicity
in treated leukemia cells, with no evidence of phosphorylation of
EPHA3; thus the mechanism of EPHA3 receptor reduction at the
cell surface remains unknown (41). Future optimization of the
EPHA3-depleting features of our EPHA2/A3 BsAb by exploring
unique epitopes or valencies could perhaps further enhance the
reduction of tumor burden, to the degree observed in our knock-
down studies.

Therapeutic mAbs have severalmajor limitations in their mode
of action, including redundancy ofmolecular pathways leading to
tumor cell survival, effects of the microenvironment, and activa-
tion of inhibitory receptors. To overcome the functional redun-
dancy among pro-tumorigenic signaling pathways we empirically
applied a BsAb modality to target heterogeneous GSC popula-
tions, while also blocking the activity of the protumorigenic non-
GSC populations that comprise the tumor niche. Comprehensive

profiling of the entire EphR family in recurrent human GBM and
in-depth functional characterization of GSC populations that
contribute to ITH have together generated a novel, empiric poly-
targeted therapy that offers a new and promising treatment
paradigm for patients with recurrent GBM.
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