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Abstract

Background. Glioblastoma (GBM) is the most aggressive malignant primary brain tumor in adults. These high-
grade gliomas undergo unregulated vascular angiogenesis, migration and cell proliferation allowing the tumor
cells to evade cell-cycle checkpoints and apoptotic pathways. The Epidermal growth factor, latrophilin, and seven
transmembrane domain-containing 1 on chromosome 1 (ELTD1) is an angiogenic biomarker that is highly ex-
pressed in malignant gliomas. Novel treatments targeting ELTD1 with monovalent monoclonal (mmAb) and single
chain variable fragment (scFv) antibodies were effective in increasing animal survival, decreasing tumor volume
and normalizing the vasculature. Due to the success of our antibody treatments on angiogenesis, this study sought
to determine if our anti-ELTD1 treatments affected other aspects of tumorigenesis (cell proliferation, migration, and
apoptosis) in a G55 glioma xenograft preclinical mouse model.

Methods. Tumor tissue from untreated, mmAb and scFv anti-ELTD1 treated animals was used to quantify the
positivity levels of human mitochondrial antibody, c-MET and Ki-67 for cellular proliferation, migratory markers
CD44v6, TRPMS8, and BMP2, and cleaved caspase 3 to assess apoptotic activity.

Results. This approach demonstrated that our anti-ELTD1 treatments directly affected and decreased the human tumor
cells within the tumor region. Additionally, there was a significant decrease in both cellular proliferation and migration
due to anti-ETLD1 therapy. Lastly, anti-ELTD1 treatments successfully increased apoptotic activity within the tumor region.
Conclusion. Our data suggest that anti-ELTD1 therapies would be effective against malignant gliomas by having a
multi-focal effect and targeting all four aspects of tumorigenesis.

Key Points
e Anti-ELTD1 therapy directly affects and decreases human tumor cells.
e Anti-ELTD1 effectively decreases cellular proliferation and migration.

e Anti-ELTD1 therapy increases apoptotic activity.

The most common malignant glioma is glioblastoma (GBM, resection followed by concurrent treatments of radiotherapy
grade IV) and occurs in 5-7 cases per 100,000 persons per and chemotherapy (e.g. temozolomide and bevacizumab).?
year.! Current standard of care includes maximal surgical However, patient survival remains low with an average survival
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Importance of the Study

Glioblastomas (GBM) are extremely ag-
gressive and patients rarely survive 5 years
postdiagnosis with  standard treatment.
Current chemotherapeutic agents used in
clinics have historically been singular pathway
therapies, which has allowed GBM cancer cells
to become resistant to the common therapies.
Previous studies targeting ELTD1 with varying
antibodies established the therapy as an
anti-angiogenic treatment against malignant
gliomas. This study focuses on investigating
whether anti-ELTD1 therapy also affects other

of 15 months postdiagnosis and a 5.8% 5-year survival.®4
Primary GBMs represent 90% of all cases and occur in pa-
tients (mean age of 65) without a prior history of a precursor
malignant lesion.’ On the other hand, GBMs that develop
from a low-grade glioma, most commonly develops from
an astrocytoma or oligodendroglioma, are considered sec-
ondary GBM.® Although tumor development differs, both
primary and secondary GBMs have similar clinical presen-
tations and are characterized by unregulated vascular angi-
ogenesis, and uncontrolled migration and cell proliferation
allowing the tumor cells to evade cell-cycle checkpoints
and apoptotic pathways.” Due to high mortality and recur-
rence rates, there is crucial need to develop new therapies
for GBM.

Historically, the epidermal growth factor, latrophilin and
seven transmembrane domain containing protein 1 on
chromosome 1 (ELTD1), also known as ADGRL4, is known
as a biomarker of angiogenesis. ELTD1 was first discov-
ered to be highly expressed in rat pup cardiomyocytes and
smooth muscle cells.® More recently however, ELTD1 has
been linked to both the progression and development of
malignant gliomas and studies have shown that ELTD1
is expressed on both tumor and endothelial cells.®*" Two
main angiogenic pathways also regulate ELTD1 expres-
sion. In normal vasculature, VEGF signaling is known to
increase ELTD1 expression, while the DLL4/Notch pathway
has an opposite effect and instead decreases the expres-
sion.”? Novel treatments targeting ELTD1 with various anti-
bodies have shown to be effective in increasing survival,
decreasing tumor volumes, as well as normalizing the vas-
culature within the tumor region in GL261 syngeneic, and
human G55 xenograft, mouse models."'314 Additionally, a
recent molecular targeted MRI study by our group showed
that molecular probes attached onto single chain variable
fragment (scFv) ELTD1 antibodies had future diagnostic
potential by reaching and exposing extremely diffuse
tumor regions that would have otherwise been undetect-
able with conventional MRI.™

So, the next question becomes, what makes the anti-
ELTD1 treatment effective, if all of the past therapies have
failed? To be able to answer, we first need to look at the
current chemotherapies. Temozolomide (TMZ) is the
most common chemotherapeutic agent used to combat

aspects of tumorigenesis such as cellular pro-
liferation, migration, and apoptosis. This study
showed that anti-ELTD1 therapies, directly
target and reduce human cancer cells, and
most importantly successfully reduced cellular
proliferation and migration and increased ap-
optosis. This study is one of the first to dem-
onstrate that targeting ELTD1 directly targets
various aspects of tumorigenesis. This study in-
creases the therapeutic potential of anti-ELTD1
over singular pathway drugs.

GBMs that was approved for use in the United States
in the early 2000s. This drug is an oral DNA alkylating
agent that can cross the blood-brain barrier due to its
small size and lipophilic properties.’™ TMZ is responsible
for DNA methylation at the N7 and O6 site of guanine in
guanine rich regions and O3 site of adenine that induce
single and double stranded DNA breaks leading to cyto-
toxicity within the tumor cells.” 06-methylguanine DNA
methyltransferase (MGMT) is known as a DNA “suicide”
repair enzyme that repairs the damaged guanine nucleo-
tides from TMZ activity and instead promotes tumorigen-
esis.’® Unfortunately, approximately 50% of GBM patients
treated with TMZ do not respond to the therapy due to
high MGMT expression levels.'® Additionally, Liu et al. has
demonstrated that glioma stem cells can also have high
expression levels of MGMT and therefore become re-
sistant toTMZ."7

In 2009, the Food and Drug Administration (FDA) fast-
tracked the approval of bevacizumab after promising phase
Il studies for primary and recurrent GBM.'® GBMs are char-
acterized by unregulated vascular angiogenesis driven by
the vascular endothelial growth factor (VEGF) and Notch.
Bevacizumab was created to combat angiogenesis in
GBMs by binding onto VEGF-A, which inhibits its interac-
tion with VEGF receptors 1 and 2 (VEGFR1, VEGFR2) on
the surface of endothelial cells.” Although initial preclin-
ical studies were promising, in clinics bevacizumab did not
significantly increase patient survival.'®2° Instead, several
preclinical and clinical reports have suggested that GBM
cells may acquire resistance to anti-angiogenic therapies
by various mechanisms, such as increasing the recruit-
ment of myeloid cells that drive tumor growth, promoting
a migratory phenotype to ensure proper oxygen delivery,
and up-regulation of pro-angiogenic molecules.?'-24

The issue regarding GBM therapies is that TMZ and
bevacizumab each target one pathway. This singular
pathway approach allows the cancer cells bypass cell death
through other mechanisms, and become resistant to the
common treatments. Therefore, we aimed to investigate if
our monovalent monoclonal (mmAb, which we previously
referred to as mADb) or single chain variable fragment (scFv,
fragment) anti-ELTD1 treatments just targeted angiogen-
esis, as seen in our previous studies, or if they also affected
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other aspects of tumorigenesis, such as apoptosis, cellular
proliferation or migration.

Methods
G55 Xenograft Model and Treatment

All animal studies were conducted with the approval (pro-
tocol 17-48) of the Oklahoma Medical Research Foundation
(OMREF) Institutional Animal Care Use Committee (IACUC)
policies, which follow NIH guidelines. Human G55 xeno-
graft cells were intracerebrally implanted in two-month
old male Athymic nude mice (Hsd:Athymic Nude-Foxn1nu
mice; Harlan Inc., Indianapolis, IN) as previously de-
scribed.’?> Mice were divided into three groups: mmAb
and scFv against ELTD1, or untreated (n = 4-6/group). Once
tumors reached 6-7 mm? (determined via MRI), mice were
treated with 2 mg/kg of either mmAb or scFv against ELTD1
every 3-4 days (treated M/Th, T/F, W/Sat) via tail-vein cath-
eters, until sacrifice, or were left as untreated controls. All
mice were euthanized when tumors reached >150 mm?3
prior to tumor-induced death.

Immunohistochemistry and Standard Staining

Five-micron thick histological sections, embedded in
paraffin and mounted on HistoBondPlus slides (Statlab
Medical Products, Lewisville, TX) were rehydrated
and washed in Tris Buffered Saline (TBS). Rabbit anti-
bodies were used for c-Met (cat# sc-10, 1:50, 4 pg/ml,
Santa Cruz Biotechnology, Santa Cruz, CA), Caspase-3
(cat# sc-7148, 1:50, 4pg/ml, Santa Cruz Biotechnology,
Santa Cruz, CA). Ki-67 (cat# NB600-1209, 1:200, 2 ng/ml,
Novus Biologicals, Littleton, CO), CD44v6 (cat# orb13319,
1:300, 1.7 ng/ml, biorbyt Ltd, San Francisco, CA), TRPMS8
(cat# ab3243 1:500,1ug/ml, abcam, Cambridge, MA),
BMP2 (cat# ab14933, 1:200, 4 pg/ml, Cambridge, MA).
Mouse antibody for anti-Mitochondria was used to
stain mitochondria for human cells. Slides were pro-
cessed for Immunohistochemistry using Anti-Rabbit 1gG
ImMmPRESS® Excel Amplified Polymer kit Peroxidase (cat#
MP7601, Vector Labs, Burlingame, CA) or Anti-Mouse IgG
ImMmPRESS® Excel Amplified Polymer kit Peroxidase, (cat#
MP-7602, Vector Labs Inc., Burlingame, CA). Antigen re-
trieval (pH 6 Citrate Antigen Unmasking Solution (cat#
H-3300, Vector Labs Inc., Burlingame CA) or pH 9Tris based
(cat# H3301, Vectors Labs, Burlingame CA)) was accom-
plished via twenty minutes in a steamer followed by 30 min
cooling at room temperature for all antibodies. Sections
were treated with a peroxidase blocking reagent (Bloxall,
cat# SP-6000, Vector Laboratories, Inc, Burlingame, CA) to
inhibit endogenous peroxidase activity, followed by 2.5%
normal horse serum blocking reagent to inhibit nonspe-
cific binding. Appropriate washes were in TBS. Antibodies
were applied to each section and following incubation
overnight at 4°C in a humidified chamber, sections were
washed in TBS and reagents were applied according to
the manufacturer’s directions. Slides were incubated with
NovaRed® (Vector Laboratories, Inc., Burlingame, CA) chro-
mogen for visualization. Counterstaining was carried out

with Hematoxylin QS Nuclear Counterstain (Vector labora-
tories, Burlingame, CA). Appropriate positive and negative
tissue controls were used.

All of the IHC slides were scanned using the Leica Aperio
scanner (Leica Biosystems, Buffalo Grove, IL). To charac-
terize IHC expression levels, five ROls, captured digitally
(20x%), were identified in each case. Only areas containing
tumor tissue were analyzed, excluding areas with ne-
crosis and/or significant artifacts. The number of positive
pixels was divided by the total number of pixels in the ana-
lyzed area. ROls were analyzed and imaged using Aperio
ImageScope (Leica Biosystems, Buffalo Grove, IL).

Migration Chamber Assay

Migration analysis of GBM cells with 10 nM treatments of
either mmAb or scFv anti-ELTD1 treatments or untreated
as a control was carried out in six-well chambers with
polydimethylsiloxane (PDMS) microchannels (5 x 5 pm?2).
100 pl of media containing 2 x 10* G55 cells labeled with
H2b-GFP were seeded near each PDMS device in the six-
well chamber and allowed to settle for an hour in a CO,
incubator. The cells in six-well chamber were then supple-
mented with fresh media with or without the treatments
and the time was set as zero hour of migration. The cells
were allowed to migrate in microchannels and were im-
aged at 16 h and 44 h using Perkin EImer Operetta® high
content imaging system [Cancer Functional Genomics
Core Facility, OUHSC] under GFP filter in 10x magnifica-
tion.The images obtained were processed and the distance
of migration by each cell was measured at 16 and 44 h
timepoints using Columbus® software and the average
cell migration velocity was calculated as um/h.

Statistical Analysis

Immunohistochemistry protein levels were analyzed and
compared by one-way ANOVA with multiple compari-
sons (Tukey’s). Data were represented as mean + SD, and
P-values of either *<.05, **<.01, ***<.001, ***%*<0.0001
were considered statistically significant.

Results

GBM tumorigenesis consists of unregulated angiogenesis,
increased cell proliferation and motility, and decreased ap-
optosis. Previous studies have shown that anti-ELTD1 ther-
apies are successful in normalizing the tumor associated
vasculature.'®'* Therefore, we aimed to determine what
other possible effects anti-ELTD1 treatment had on other
aspects of tumorigenesis. Previous studies have shown
no significant difference between nonspecific IgG control
treatment and untreated animals, therefore we opted to
use untreated animals as the control." The tumor volumes
and survival for each treatment group was previously pub-
lished and the experimental strategy is summarized in
Figure 1. Briefly, the untreated animals had an average
tumor volume of 133 mm? and 9 days survival post tumor
detection. Monoclonal anti-ELTD1 treated animals had
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Schematic of experimental design. Athymic nude mice were injected with human G55 cells. Animals were treated every 3-4 days once

tumors were detected or left untreated. Once the tumors reached 150 mm® the animals were terminated and the tissue was taken for IHC.

an average tumor volume at 9 days post tumor detection
of 57 mm?® and an average survival of 16 days while the
fragment anti-ELTD1 treated mice had an average tumor
volume at 9 days post tumor detection of 70 mm?® and an
average survival of 18 days.

We determined if our anti-ETLD1 treatments had a di-
rect effect on human tumor cells by staining brain tissue
against the human mitochondrial antibody. Figure 2A is
a representative untreated IHC slice showing that there is
no mitochondrial antibody staining in the healthy contra-
lateral tissue as shown by the black box. Additionally, the
blue box and Figure 2C demonstrates the distinct tumor
boundaries that can be seen as shown through the anti-
body positivity. Positivity quantification demonstrated that
the untreated controls have high positivity staining against
the human mitochondrial antibody within the tumor region
(Figure 2D, G). Figure 2E-G demonstrates that the anti-
ELTD1 treatments are effective in reducing the overall pos-
itivity staining for human mitochondria within the tumor
region. The anti-ELTD1 treatments, therefore, directly
target human tumor cells within mouse brain tissues.
With molecular-targeted MRl we have previously demon-
strated that both the mmAb and fragment directly bind
onto and specifically target the tumor cells.’ Additionally,
we stained the tissue against ELTD1 for each group and
quantified the IHC positivity within the samples. As seen
in Supplementary Figure 1, both mmAb and fragment
anti-ELTD1 treatments were successful in decreasing the
overall positivity of ELTD1 within the tumor regions.

Once established that anti-ELTD1 treatments directly tar-
geted human tumor cells, we then sought to assess cell pro-
liferation within the tumor region. c-Met is a cell receptor
for the Hepatocyte Growth Factor (HGF) and is crucial in
regulating various cellular functions. c-Met has previously
been shown to be associated with poorer overall survival
because it promotes tumor cell growth, proliferation, and

angiogenesis.?® Ki-67 is a nonhistone nuclear protein that
is expressed during all active cell cycle phases.?’ Ki-67 is
strongly associated with cellular proliferation and tumor
growth and has been clinically correlated with metastasis.?’
Both of these biomarkers were used to investigate cellular
proliferation. In normal, healthy tissue there is low expres-
sion of c-Met, however IHC analysis showed that c-Met
expression (70% positivity) was elevated in tumor regions
(Figure 3D). Both anti-ELTD1 treatments, mmAb and frag-
ment, were successful in significantly decreasing c-Met
expression within tumor regions (P =.0071 and P =.0063,
respectively) as shown through representative images in
Figure 3A-C. There was no significant difference between
the two treatments. When examining the Ki-67 expression
we saw a similar trend. As shown in Figure 3E, there was
52% positivity Ki-67 expression in the tumor region of the
untreated animals. The Ki-67 expression was significantly
decreased in tumor regions of mmAb (P =.0002) and frag-
ment (P<.0001) anti-ELTD1 treated animals (Figure 3E).
Previous RNA-sequencing analysis showed that mul-
tiple genes involved with migration were directly affected
by our anti-ELTD1 treatment. Therefore, we assessed
whether our anti-ELTD1 treatments had an effect on migra-
tion. Initially, we established if anti-ELTD1 treatment had
an effect on tumor cell velocity, by using a cellular migra-
tion chamber assay, where G55 cells were seeded in the
chamber on one end of each PDMS microchannel device,
and were either left untreated, or were treated with either
mmAb or fragment anti-ETLD1. Cells were then allowed
to migrate through the microchannels, where the dis-
tance traveled by the G55 cells 16- and 44-h posttreatment
were measured (Figure 4A, B). At 16 h posttreatment, both
mmADb and scFv anti-ELTD1 therapies were successful in
decreasing the velocities of the migrating cells, when com-
pared to the untreated controls (P < .0001 for both) (Figure
4C). There was no significant difference between the two
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Figure 2. Anti-ELTD1 treatments, both mmAb and fragment are successful in decreasing human mitochondrial positivity. (A) Untreated tumor
tissue showing human mitochondrial antibody staining. The black box corresponds to (B) and shows that there is no mitochondrial staining in
the normal brain tissue (20x). (C) The corresponding 20x image from the red box showing the distinct tumor boundaries. Representative IHC im-
ages (20x) for human mitochondrial antibody from untreated (n = 6) (D), mmAb (n = 5) (E), and scFv (n = 4) (F) anti-ETLD1 treated animals. (G)
Quantification of human mitochondrial antibody positivity staining from the tumor regions of each corresponding group (UT vs mmAb ***P=.0001;
UT vs scFv ***P=.0004; ANOVA Fvalue = 23.86, significant) (bars = 100 um).

therapies. The anti-ELTD1 treatments were still effective
in significantly decreasing the velocities of the migrating
cells 48 h posttreatment (P < .0001 for both) (Figure 4D).
Additionally, at 48 h posttreatment we start to see that
the scFv anti-ELTD1 treatment was more effective in
decreasing the migrating cell velocity, compared to the

mmAb (P = 0.004). Additionally, the in-vitro cell migration
chamber assays were examined using both TMZ-sensitive
and resistant GBM cell lines. As shown in Supplementary
Figure 2, both anti-ELTD1 antibodies are effective against
T98G (TMZ-resistant) and LN229 (TMZ-sensitive) at 16 h
posttreatment administration. Both mmAb and fragment
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Figure 3. Cellular proliferation is decreased with monovalent monoclonal and single chain variable fragment anti-ELTD1 therapies. Representative
C-met IHC images (20x) of untreated (A), mmAb (B), and scFv (C) anti-ELTD1 treated animals (bars = 100 um). Quantitative C-met (D) and Ki-67 (E)
positivity staining in the tumor region of each group (C-met: UT vs mmAb **P=.0071; UT vs scFv **P = .0063) (Ki-67: UT vs mmAb ***P =.0002; UT
vs scFv ****P< 0001; ANOVA Fvalue = 10.1, significant) Representative Ki-67 IHC images (20x) of untreated (F), mmAb (G), and scFv (H) anti-ELTD1

treated animals (untreated (n = 6), mmAb (n =5) (E), and scFv (n=4)).

anti-ELTD1 treatments were effective against LN229 at
44 h, however the treatments did not seem to have an ef-
fect for the T98G cell line at 44 hours.

Our in vitro cell migration chamber assays demon-
strated that our anti-ELTD1 therapies were successful in
decreasing the velocities of the migrating cells. The next
step was to examine how the anti-ELTD1 treatments af-
fected tumor cells in vivo, by staining the tissues against
CD44v6. CD44 has been a reliable marker for migration for
various cancers, due to its key role in regulating metastasis,
promoting migration, and enhancing invasion.?® CD44v6
is also a marker of tumor metastasis. Overexpression of
CD44v6 is associated with poorer prognosis in various can-
cers and is responsible for inducing cell adhesion, migra-
tion, and proliferation.?®

Unfortunately, the IHC analysis demonstrated that
there was no significant difference between any of our
three groups; UT, mmAb, and fragment treated animals

when staining against CD44v6 (Figure 5A-D). Instead, we
saw that the untreated tumor bearing animals had low
CD44v6 positivity expression within the tumor regions. It
is known that GBMs have increased CD44 expression.3%31
This discrepancy may be because CD44 is differentially
expressed across the GBM subtypes. For example, Pietras
et al. identified higher CD44 expression in mesenchymal
tumors compared to both classical and neuronal GBM
subtype. Additionally, CD44 variant (v1-10) expression
has also been suggested to differ based on GBM tumor
type. For example, CD44v5 was seen to be more highly
expressed in GBM.3' Therefore, further examination of
different CD44 variant expressions in human G55 cells is
needed to better understand the anti-ETLD1 treatment ef-
fect on CD44.

CD44v6 is not the only migration marker that is key in
regulating cell migration and invasion. In a previous RNA
sequencing study,™ we found two downregulated genes,
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Figure 4. Anti-ELTD1 treatments decreased in vitro cellular migration velocity. (A) Schematic of experimental design. The velocity of the migrating
cells was calculated at 16- and 48-h posttreatment. (B) Representative images showing G55 cells (80-90) labelled with H2B-GFP are migrating in
microchannels 16 h posttreatment of all groups. The dotted lines in the figure separate the cells in 2D with the cells migrating in 3D microchannels
(5 um x5 pm). The images are obtained using Operetta high contentimaging system (Perkin Elmer) at 10x and the images from multiple fields of the
same migrating path were stitched together to show the entire distance of any cells that migrated at the time of measurement. (C, D) Plots showing
migration velocity (um/h) of G55 cells quantified at 16- and 48-h posttreatment, respectively.

TRPM8 and BMP2, which are directly associated with radio-resistance.3? Additionally, TRPM8 promotes brain in-
glioma cell proliferation, migration, and invasion.3%33 The  vasion and migration, and is required for survival of GBM
transient receptor potential melastatin family member  cells.3234 Unlike CD44v6 staining, we saw high TRMPS8 pos-
8 (TRPMS8) is upregulated in GBMs compared to normal itivity signal within the tumor regions of untreated tumor
brain tissue, and the elevated signaling is associated with bearing mice (Figure 5E). The positivity staining of TRPM8
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Figure 5. Anti-ELTD1 treatments, both mmAb and scFv, decrease TRPM8 and BMP2 positivity staining, however they do not have an effect on
CDA44v6 (untreated (n=6), mmAb (n=5) (E), and scFv (n = 4)). (A) Quantification of CD44v6 positivity staining within the tumor region. IHC representa-
tive images at 20x of untreated (B), mmAb (C), and scFv(D) anti-ELTD1 treated animals. Quantification of TRPM8 (untreated (n = 6), mmAb (n =5) (E),
and scFv (n=4)) (E) and BMP2 (untreated (n ="5), mmAb (n=>5) (E), and scFv (n =4)). (I) positivity staining within the tumor region (TRPM8, UT vs mmAb
**P=.0091, UT vs scFv **P=.0018; ANOVA Fvalue = 12.02, significant) (BMP2, UT vs mmAb ****p < .0001, UT vs scFv **P =.0015, mmAb vs scFv
*P=.0249; ANOVA Fvalue = 35.7, significant) TRPM8 IHC representative images at 20x of untreated (F), mmAb (G), and scFv (H) anti-ELTD1 treated
animals (bars = 100 um). BMP2 [HC representative images at 20x of untreated (I), mmAb anti-ELTD1 (J), and scFv anti-ELTD1 (K) treated animals.

was significantly decreased with mmAb and fragment anti-
ELTD1 treatments, as can be seen in representative images
(Figure 5F-H).

The bone morphogenetic protein 2 (BMP2) belongs to
the TGF-$ superfamily. BMP2 is commonly upregulated in
high grade gliomas, and this high expression is correlated
with decreased survival in patients.?® Glioma initiating cells
are sensitive to this superfamily, and in particular BMP2
is known to promote differentiation and growth in GBM
cells.3%37 Tissue samples of each treatment groups were
stained against BMP2 and Figure 5J-L shows representa-
tive images of each group.There was a significant decrease
of BMP2 positivity staining within the tumor regions of
both anti-ELTD1 treatments, compared to untreated con-
trols (Figure 5l). This is also the only variable in which the
mmAb anti-ETLD1 had a more profound effect than scFv
anti-ELTD1 treatments. To further examine the tumor mi-
gratory phenotype, the invasion markers, both TRPM8 and

BMP2, were quantified beyond the xenograft tumor bor-
ders. IHC positivity quantification demonstrated that the
pro-migratory phenotype was significantly decreased with
both of the anti-ELTD1 treatments compared to untreated
(Supplementary Figure 3).

Lastly, GBMs are widely known to evade apoptotic mech-
anisms. Caspase-3 is crucial in coordinating the destruc-
tion of cellular structures and degradation of cytoskeletal
proteins. Decreased caspase-3 activation has also been
shown to lead to increased cellular proliferation and de-
creased apoptosis which further promotes tumor growth.38
In this study, we stained our tumor tissue against cleaved-
caspase 3 which recognizes the activated form of caspase
3. The untreated animal samples had low levels of apop-
tosis, which is similar to previously published studies.?®
Both anti-ELTD1 treatments (mmAb and fragment) were
successful in increasing the cleaved caspase 3 expression
within tumor regions, compared to untreated controls
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(P=.0054 and P=.035, respectively) (Figure 6D). This sug-
gests, that there is increased apoptosis within tumor re-
gions from the anti-ELTD1 treatments, which therefore
stunts further tumor growth.

Discussion

Glioblastoma is the most common malignant tumor of
the central nervous system, characterized by a high recur-
rence rate, and despite current treatment strategies, there
is a high mortality rate.*® One of the main issues with treat-
ments targeting GBMs is that they most commonly only
target one pathway.

GBMs are extremely heterogenous tumors that can adapt to
new and hostile environments posing an important challenge
against new and existing drug therapies.” Two commonly
used chemotherapeutic agents in the standard treatment plan
are TMZ and bevacizumab. Repeated use of TMZ has led to
chemoresistance in 50% of the patients,*’ which may reflect
innate resistance to TMZ in MGMT unmethylated tumors.
Additionally, bevacizumab, an-anti angiogenic drug targeting
VEGF-A, has not shown any promising results in the clinic,

resulting in a negative impact on the quality of life of patients,
with tumors showing signs of resistance.

ELTD1 is known to be a biomarker of angiogenesis
and in normal vasculature has been shown to be regu-
lated by the two main angiogenic pathways, VEGF and
Notch.'? Additionally, in G55 tumors, anti-ETLD1 treat-
ments were successful in decreasing both VEGFR2 and
Notch1 levels within the tumor regions.'®'425The decrease
of pro-angiogenic factors, ELTD1 included, caused a com-
plete normalization of the tumor associated vasculature
within G55-tumor bearing animals treated with anti-ELTD1
therapies, both mmAb and single chain variable frag-
ment.’®'425 RNA-sequencing results also indicated that
anti-ETLD1 treatments affect genes directly associated
with Notch signaling pathway.'® This data demonstrated
that ELTD1 has a much more complex relationship with the
main angiogenic factors in the tumor environment than
previously thought, and further validated anti-ETLD1 as an
anti-angiogenic treatment.

In addition to being an anti-angiogenic treatment,
the RNA sequencing data shed light on new areas that
may be directly targeted with anti-ELTD1 therapy. The
genes that were affected with our anti-ELTD1 treatment
could be categorized into four main tumorigenic areas,
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Figure 6. Anti-ELTD1 treatments increase apoptosis in tumor region. Representative IHC (20x) images of cleaved caspase 3 staining in each of the
treatment groups, untreated (A), mmAb (B), and fragment (C) (bars = 100 pm). (D) Quantitative cleaved caspase 3 positivity staining in each of the
treatment groups (UT vs mmAb **P= 0054, UT vs scFv *P=.0354; ANOVA Fvalue = 8.668, significant) (untreated (n=5), mmAb (n=5) (E), and scFv

(n=4)).
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1) angiogenesis, 2) cellular proliferation, 3) cellular migra-
tion/invasion, 4) apoptosis.’® Based on the RNA sequencing
genes, the anti-ETLD1 treatment worked to downregulate
key glioma genes such as Sodium Voltage-Gated Channel
Alpha Subunit 5 (SCN5A), TRPMS8, and BMP2 that impact
cell proliferation, migration, and invasion.3*4243 Anti-
ELTD1 treatment also down regulated alkaline phospha-
tase (ALPL), a stem cell marker and L1CAM, a gene that
regulates neural cell growth and migration.**45 Therefore,
we further investigated the three remaining aspects of tu-
morigenesis and examined whether anti-ELTD1 treatments
had an effect on them.

Through this study, we demonstrated that both mmAb
and scFv anti-ELTD1 treatments directly decreased human
tumor cells in the G55 human xenograft mouse model. It is
important to note that although the G55 cell line was shown
to display classic GBM behavior in respect to aggressive
proliferation, angiogenesis, and migration, it was originally
derived from an anaplastic astrocytoma. However, as indi-
cated in the revised version of the 2000 WHO classification,
microvascular proliferation (without necrosis) was deter-
mined to be sufficient for the diagnosis of glioblastoma,
and the tumor was later re-classified as a glioblastoma.*¢

Anti-ELTD1 treatments also increased apoptotic activity
within tumor regions. Together, this demonstrates that
anti-ELTD1 treatments cause direct targeting and killing
of GBM tumor cells. Additionally, our cell proliferation
studies, supporting our previous RNA-sequencing results,
demonstrate a significant decrease in cell proliferation pos-
itivity, as seen through two established migration markers.
Preclinical and clinical bevacizumab data has shown that
GBMs resist anti-angiogenic therapies by shifting into pro-
migratory behavior. However, our in vitro and in vivo data
demonstrate that this is not the case with our anti-ELTD1
treatments. Instead, we see a significant decrease in mi-
gratory behavior with our treatments when compared to
the untreated controls.

Limitations and Future Studies

It should be noted that from the T98G in vitro studies, that
ELTD1 Ab treatment was effective at 16 h, but not at 44 h
posttreatment, and that future studies should consider
by-pass mechanisms. Previously we have demonstrated
that there was no statistical significance between an
isotype IgG-treated group and untreated controls,” how-
ever a more comprehensive study should include an IgG
isotype control. Also of importance, cellularity between the
treated tumors and untreated tumors appears to be sim-
ilar, which may be due to the timing of when samples were
processed for ex vivo studies, i.e. all obtained at maximum
tumor volumes. A future study could involve obtaining
tumor tissues at the same time as when the untreated mice
are euthanized. Future in vivo studies could also be con-
ducted on other established GBM cell lines such as U251.

Conclusion

In preliminary assessments we saw that anti-
ELTD1 treatments had possible effects on different

characteristics associated with tumorigenesis. In this
paper, we validated those claims by demonstrating that
anti-ELTD1 treatments decreased cellular migration,
proliferation, as well as directly increased apoptotic
signaling causing a decrease of human tumor cells.
Overall, our results have expanded the scientific knowl-
edge of ELTD1 by showing that it is not just an angio-
genic biomarker, but that it also directly targets various
aspects of tumorigenesis. This also increases the thera-
peutic potential of our anti-ELTD1 treatments over sin-
gular pathway drugs.

Supplementary Material

Supplementary material is available at Neuro-Oncology
Advances online.

Keywords

apoptosis | glioblastoma (GBM) | ELTD1 | migration |
proliferation

Funding

Funding was provided in part by the Oklahoma Medical Research
Foundation to R.T.; National Institutes of Health (1S100D023508-
01 to R.T.). Whole slide scanning and image analysis are kindly
provided by Peggy and Charles Stephenson Cancer Center at
the University of Oklahoma Health Sciences Center, Oklahoma
City, OK, an Institutional Development Award (IDeA) from the
National Institute of General Medical Sciences (P20 GM103639)
and a Cancer Center Supporting Grant Award from the National
Cancer Institute (P30 CA225520).

Conflict of interest statement. Dr Towner holds patents for
ELTD1 as a target for GBM. None of other authors have any con-
flict of interest.

Authorship Statement. Manuscript writing: Michelle Zalles
Manuscript editing: Rheal A. Towner, Michelle Zalles,
Anish Babu

Animal surgery: Michelle Zalles, Debra Saunders

MR imaging and treatment: Michelle Zalles, Nataliya Smith,
Debra Saunders, Mayra Guzman

Generation of anti-ELTD1 monoclonal antibody: Junho Chung,
Kyusang Hwang, Junyeong Jin

IHC and analysis: Michelle Zalles, Megan Lerner, Kar-Ming Fung
Migration assay: Anish Babu, James Battiste

Data analysis: Michelle Zalles, Mayra Guzman

Principal investigator: Rheal A. Towner



20.

21.

Zalles et al. ELTD1, a multi-focal target for malignant gliomas

References

Lah TT, Novak M, Breznik B. Brain malignancies: glioblastoma and brain
metastases. Semin Cancer Biol. 2020;60:262—273.

Liu EK, Sulman EP, Wen PY, Kurz SC. Novel therapies for glioblastoma.
Curr Neurol Neurosci Rep. 2020;20(7):19.

Louis DN, Perry A, Reifenberger G, et al. The 2016 World Health
Organization classification of tumors of the central nervous system: a
summary. Acta Neuropathol. 2016;131(6):803-820.

Tan AC, Ashley DM, Ldpez GY, Malinzak M, Friedman HS, Khasraw M.
Management of glioblastoma: state of the art and future directions. CA
Cancer J Clin. 2020;70(4):299-312.

Olar A, Aldape KD. Using the molecular classification of glioblastoma to
inform personalized treatment. J Pathol. 2014;232(2):165-177.

Thakkar JP, Dolecek TA, Horbinski C, et al. Epidemiologic and molecular
prognostic review of glioblastoma. Cancer Epidemiol Biomarkers Prev.
2014;23(10):1985-1996.

Davis ME. Glioblastoma: overview of disease and treatment. Clin J
Oncol Nurs. 2016;20(5 Suppl):S2—S8.

Nechiporuk T, Urness LD, Keating MT. ETL, a novel seven-transmembrane
receptor that is developmentally regulated in the heart. ETL is a member
of the secretin family and belongs to the epidermal growth factor-seven-
transmembrane subfamily. J Biol Chem. 2001;276(6):4150—4157.
Towner RA, Jensen RL, Colman H, et al. ELTD1, a potential new bio-
marker for gliomas. Neurosurgery. 2013;72(1):77-90; discussion 91.
Nicolaidis S. Biomarkers of glioblastoma multiforme. Metabolism.
2015;64(3 Suppl 1):S22-S27.

. Ziegler J, Pody R, Coutinho de Souza P. et al. ELTD1, an effective

anti-angiogenic target for gliomas: preclinical assessment in mouse
GL261 and human G55 xenograft glioma models. Neuro Oncol.
2017;19(2):175-185.

Masiero M, Simdes FC, Han HD, et al. A core human primary tumaor angi-
ogenesis signature identifies the endothelial orphan receptor ELTD1 as a
key regulator of angiogenesis. Cancer Cell. 2013;24(2):229-241.

Zalles M, Smith N, Ziegler J, et al. Optimized monoclonal antibody treat-
ment against ELTD1 for GBM in a G55 xenograft mouse model. J Cell
Mol Med. 2020;24(2):1738—1749.

Zalles M, Smith N, Saunders D, et al. Assessment of an scFv antibody
fragment against ELTD1 in a G55 glioblastoma xenograft model. Trans/
Oncol. 2020;13(3):100737.

Zhang J, Stevens MF, Bradshaw TD. Temozolomide: mechanisms of ac-
tion, repair and resistance. Curr Mol Pharmacol. 2012;5(1):102—114.

Yu W, Zhang L, Wei Q, Shao A. 06-Methylguanine-DNA
methyltransferase (MGMT): challenges and new opportunities in Glioma
chemotherapy. Front Oncol. 2019;9:1547.

Liu G, Yuan X, Zeng Z, et al. Analysis of gene expression and
chemoresistance of CD133+ cancer stem cells in glioblastoma. Mo/
Cancer. 2006;5:67.

Blumenthal DT, Mendel L, Bokstein F. The optimal regimen of
bevacizumab for recurrent glioblastoma: does dose matter? J
Neurooncol. 2016;127(3):493-502.

Beal K, Abrey LE, Gutin PH. Antiangiogenic agents in the treatment of
recurrent or newly diagnosed glioblastoma: analysis of single-agent and
combined modality approaches. Radiat Oncol. 2011;6:2.

Ghiaseddin A, Peters KB. Use of bevacizumab in recurrent glioblastoma.
CNS Oncol. 2015;4(3):157-169.

Narayana A, Gruber D, Kunnakkat S, et al. A clinical trial of bevacizumab,
temozolomide, and radiation for newly diagnosed glioblastoma. J
Neurosurg. 2012;116(2):341-345.

22.

23.

24.

25.

26.

21.

28.

29.

30.

31.

32.

33.

34.

35.

36.

31.

38.

39.

40.

41.

Ebos JM, Lee CR, Cruz-Munoz W, Bjarnason GA, Christensen JG,
Kerbel RS. Accelerated metastasis after short-term treatment with a po-
tent inhibitor of tumor angiogenesis. Cancer Cell. 2009;15(3):232—239.
Paez-Ribes M, Allen E, Hudock J, et al. Antiangiogenic therapy elicits
malignant progression of tumors to increased local invasion and distant
metastasis. Cancer Cell. 2009;15(3):220-231.

Bergers G, Hanahan D. Modes of resistance to anti-angiogenic therapy.
Nat Rev Cancer. 2008;8(8):592—603.

Ziegler J, Zalles M, Smith N, et al. Targeting ELTD1, an angiogenesis
marker for glioblastoma (GBM), also affects VEGFR2: molecular-targeted
MRI assessment. Am J Nucl Med Mol Imaging. 2019;9(1):93-109.
Cheng F, Guo D. MET in glioma: signaling pathways and targeted ther-
apies. J Exp Clin Cancer Res. 2019;38(1):270.

Alkhaibary A, Alassiri AH, AlSufiani F, Alharbi MA. Ki-67 labeling index
in glioblastoma; does it really matter? Hematol Oncol Stem Cell Ther.
2019;12(2):82-88.

Senbanjo LT, Chellaiah MA. CD44: a multifunctional cell surface ad-
hesion receptor is a regulator of progression and metastasis of cancer
cells. Front Cell Dev Biol. 2017;5:18.

Mooney KL, Choy W, Sidhu S, et al. The role of CD44 in glioblastoma
multiforme. J Clin Neurosci. 2016;34:1-5.

Breyer R, Hussein S, Radu DL, et al. Disruption of intracerebral progres-
sion of C6 rat glioblastoma by in vivo treatment with anti-CD44 mono-
clonal antibody. J Neurosurg. 2000;92(1):140-149.

Resnick DK, Resnick NM, Welch WC, Cooper DL. Differential expres-
sions of CD44 variants in tumors affecting the central nervous system.
Mol Diagn. 1999;4(3):219-232.

Zeng J, Wu Y, Zhuang S, et al. Identification of the role of TRPM8
in glioblastoma and its effect on proliferation, apoptosis and in-
vasion of the U251 human glioblastoma cell line. Oncol Rep.
2019;42(4):1517-1526.

Guo M, Jiang Z, Zhang X, et al. miR-656 inhibits glioma tumorigenesis
through repression of BMPR1A. Carcinogenesis. 2014;35(8):1698—1706.
Klumpp D, Frank SC, Klumpp L, et al. TRPM8 is required for sur-
vival and radioresistance of glioblastoma cells. Oncotarget.
2017,8(56):95896-95913.

Gonzalez-Gémez P, Anselmo NP, Mira H. BMPs as therapeutic
targets and biomarkers in astrocytic glioma. Biomed Res Int.
2014;2014:549742.

Yang X, Li D, Cheng S, et al. The correlation of bone morphoge-
netic protein 2 with poor prognosis in glioma patients. Tumour Biol.
2014;35(11):11091-11095.

Persano L, Pistollato F, Rampazzo E, et al. BMP2 sensitizes glioblastoma
stem-like cells to Temozolomide by affecting HIF-1a. stability and MGMT
expression. Cell Death Dis. 2012;3:e412.

Valdés-Rives SA, Casique-Aguirre D, German-Castelan L, Velasco-
Veldzquez MA, Gonzélez-Arenas A. Apoptotic signaling pathways
in glioblastoma and therapeutic implications. Biomed Res Int.
2017;2017:7403747.

de Souza PC, Balasubramanian K, Njoku C, et al. OKN-007 decreases
tumor necrosis and tumor cell proliferation and increases apop-
tosis in a preclinical F98 rat glioma model. J Magn Reson Imaging.
2015;42(6):1582-1591.

Wirsching HG, Galanis E, Weller M. Glioblastoma. Handb Clin Neurol.
2016;134:381-397.

Lee CY. Strategies of temozolomide in future glioblastoma treatment.
Onco Targets Ther. 2017;10:265-270.

. Jin H, Pi J, Huang X, et al. BMP2 promotes migration and inva-

sion of breast cancer cells via cytoskeletal reorganization and ad-
hesion decrease: an AFM investigation. App/ Microbiol Biotechnol.
2012;93(4):1715-1723.




Zalles et al. ELTD1, a multi-focal target for malignant gliomas

43.

44,

Xing D, Wang J, Ou S, et al. Expression of neonatal Nav1.5 in human ~ 45.

brain astrocytoma and its effect on proliferation, invasion and apoptosis

of astrocytoma cells. Oncol Rep. 2014;31(6):2692—2700. 46.

lwadate Y, Matsutani T, Hirono S, Shinozaki N, Saeki N. Transforming
growth factor-f3 and stem cell markers are highly expressed around ne-
crotic areas in glioblastoma. J Neurooncol. 2016;129(1):101-107.

Kiefel H, Bondong S, Hazin J, et al. L1CAM: a major driver for tumor cell
invasion and motility. Cell Adh Migr. 2012;6(4):374—384.

Kunkel P, Ulbricht U, Bohlen P. et al. Inhibition of glioma angiogenesis
and growth in vivo by systemic treatment with a monoclonal antibody
against vascular endothelial growth factor receptor-2. Cancer Res.
2001;61(18):6624-6628.



