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Abstract: Glioblastomas (GBM) are deadly brain tumors that currently do not have long-term patient treatments
available. GBM overexpress the angiogenesis factor VEGF and its receptor VEGFR2. ETLD1 (epidermal growth factor,
latrophilin and seven transmembrane domain-containing protein 1), a G-protein coupled receptor (GPCR) protein,
we discovered as a biomarker for high-grade gliomas, is also a novel regulator of angiogenesis. Since it was estab-
lished that VEGF regulates ELTD1, we wanted to establish if VEGFR2 is also associated with ELTD1, by targeted
antibody inhibition. G55 glioma-bearing mice were treated with either anti-ELTD1 or anti-VEGFR2 antibodies. With
the use of MRI molecular imaging probes, we were able to detect in vivo levels of either ELTD1 (anti-ELTD1 probe)
or VEGFR2 (anti-VEGFR2 probe). Protein expressions were obtained for ELTD1, VEGF or VEGFR2 via immunohisto-
chemistry (IHC). VEGFR2 levels were significantly decreased (P < 0.05) with anti-ELTD1 antibody treatment, and
ELTD1 levels were significantly decreased (P < 0.05) with anti-VEGFR2 antibody treatment, both compared to un-
treated tumors. IHC from mouse tumor tissues established that VEGFR2 and ELTD1 were co-localized. The mouse
anti-ELTD1 antibody treatment study indicated that anti-VEGFR2 antibody treatment does not significantly increase
survival, decrease tumor volumes, or alter tumor perfusion (measured as relative cerebral blood flow or rCBF).
Conversely, anti-ELTD1 antibody treatment was able to significantly increase animal survival (P < 0.01), decrease
tumor volumes (P < 0.05), and reduce change in rCBF (P < 0.001), when compared to untreated or IgG-treated
tumor bearing mice. Anti-ELTD1 antibody therapy could be beneficial in targeting ELTD1, as well as simultaneously
affecting VEGFR2, as a possible GBM treatment.

Keywords: Glioblastoma (GBM), ELTD1, VEGFR2, orthotopic G55 xenograft glioma model, in vivo, MRI, rCBF,
molecular-targeted MRI (mt-MRI)

Introduction tory processes that normal cells go through,
allowing them to thrive and alternatively result
in mutated or harmful cells going through apop-

tosis [5]. These mutations or upregulated pro-

Gliomas are classified as primary or secondary
tumors, and categorized from WHO grades | to

IV based on their growth pattern, behaviors and
genetic driver mutations [1]. The most aggres-
sive, grade IV Glioblastomas (GBM), are ex-
tremely fatal diffuse and invasive tumors [1, 2].
Known GBM markers include IDH1,/2 mutation
status, 1p/19q co-deletion, and mutations in
EGFR, Cyclin D1/3, MDM2, and PTEN [3-6].
These and many other genetic and epigenetic
alterations allow glioma cells to evade regula-

teins are used as biomarkers to characterize
gliomas [7]. Biomarkers are important compo-
nents of gliomas that facilitate not only more
accurate classification of malignancy, but also
a better way to direct treatment options specific
to patients [6].

The ability of glioma cells to rapidly migrate and
aggressively infiltrate throughout the brain
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Figure 1. Anti-ELTD1 Ab treatment is more effective than anti-VEGFR2 Ab
treatment in increasing animal survival and decreasing tumor volumes in
a G55 human xenograft model. (A) Percent survival curve for IgG- (n = 7),
anti-ELTD1- (n = 7), and anti-VEGFR2 Ab (n = 7) treated mice. Anti-ELTD1 Ab
treatment significantly increased animal survival (P < 0.01), compared to ei-
ther IgG-treated or anti-VEGFR2 Ab-treated mice. IgG was a non-specific IgG
used as a control. (B) Tumor volumes of treatment groups (mean + SD). Anti-
ELTD1 Ab treatment significantly decreased tumor volumes at 21 days post-
tumor detection (P < 0.05), compared to IgG-treated mice. Morphological
representative MR images for I1gG- (C), anti-ELTD1 Ab- (D) and anti-VEGFR2
Ab-treated (E) mice at 21 days following initial tumor detection.

make it impossible for successful total surgical
resection [8, 9]. Although FDA-approved Be-
vacizumab targeting VEGFA has had some suc-
cess in reducing angiogenesis in patients, this
treatment overall does not increase patient
survival even following radiotherapy and/or
chemotherapy [7, 10, 11]. Furthermore, treat-
ment with Bevacizumab has been linked to
drug resistance in patients [7, 10, 11]. GBM,
which accounts for the majority of all gliomas,
are the most common of all malignant central
nervous system (CNS) tumors [2]. GBM have
the highest incidence rate (3.2 per 100,000
population) and the highest number of cases of
all malignant tumors with 12,760 cases pro-
jected in 2018 [2]. Sadly, the five-year survival
rate is 5.5% for glioblastomas [2].

High-grade gliomas are highly vascular tumors,
as angiogenesis, the formation of new blood
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IgG vs.

p<0.01
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ELTD1 vs. vessels, is essential for tumor
growth to supply oxygen and
nutrients delivered to tumor

p<0.01 tissue [3, 6]. Angiogenesis in

gliomas is the result of the
upregulation of microvascular
proliferation factors such as
VEGF, PDGF (platelet-derived
growth factor), and bFGF (ba-
sic fibroblast growth factor)
[8]. The idea that the interrup-
tion of angiogenesis will lead
to tumor regression led to the
development of drugs target-
ing VEGF/VEGFR2 signaling
pathways, such as Bevaci-
zumab, a monoclonal anti-
body against VEGF and other
tyrosine kinase inhibitors [8].
VEGF is a main regulator of
angiogenesis, as it binds to
VEGFR2 found on endothelial
cells. The binding of VEGF-A to
VEGFR2 induces a cascade of
different signaling pathways
[8, 12]. The dimerization of
the receptor and the following
autophosphorylation of the
intracellular TK (tyrosine Kin-
ase) domains lead to the si-
multaneous activation of PLC-
y-Raf kinase-MEK-MAP kinase
and PI3K-AKT pathways, caus-
ing cellular proliferation and
endothelial-cell survival [12].

Low success of VEGFA as a therapeutic target
can be attributed to the complex processes
and many factors involved in tumor angiogene-
sis such as HIF-1a (hypoxia inducing factor 1),
PDGF, bFGF, IL-8 (interleukin 8), thrombospon-
dinl/2, endostatin, and interferons that are up
or down regulated in gliomas due to genetic
mutations [4]. Knowledge of biomarkers or
pathways including the Rb pathway, the p53
pathway, mitogenic signaling pathways includ-
ing PI3K and MAPK, PI3K/PTEN/AKTK, EGFR,
PDGFR give researchers the ability to develop
molecular targeted therapies that can act not
only as prognostic markers, but also as thera-
peutic targets [8, 13]. Current clinical trials
focus on molecular targeted therapies, as well
as combined with radiotherapy and chemother-
apy, such as temozolomide (TMZ) [13, 14]. The
need for new therapeutic targets is of crucial
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Figure 2. Anti-ELTD1 Ab treatment is more effective in restoring tumor-asso-
ciated vascularity to normal, compared to anti-VEGFR2 Ab treatment. Rep-
resentative T2-weighted MR images from G55 glioma-bearing mice either
1gG- (A), anti-ELTD1 Ab- (C), or anti-VEGFR2 Ab-treated (E). Representative
MR perfusion maps from G55 tumors either IgG- (B), anti-ELTD1-Ab- (D), or
anti-VEGFR2-Ab-treated (F). (G) Normalized (against muscle tissue) tumor
rCBF differences (late to early time periods) for tumor growth measured from
MR perfusion images obtained from treated G55 tumors. n =5 for IgG, n =
12 for anri-ELTD1 Ab, and n = 7 for anti-VEGFR2-Ab-treated mice. Anti-ELTD1
Ab treatement was found to significantly reduce rCBF differences when com-
pared to I1gG (P < 0.001) or anti-VEGFR2 Ab treatment (P < 0.01). Mean £ SD.

Vessels

Gliomacells

Figure 3. ELTD1 and VEGFR2 are co-localized within blood vessels and
glioma cells in G55 glioma tumors. Blood vessels are depicted in (A), and
glioma cells are shown in (B). Ex-vivo fluorescence co-localization of VEGFR2
(ii: green) and ELTDA (iii: red) demonstrates co-localization (i). Cell nuclei are
stained blue with DAPI.

importance as there is no effective treatment
for patients diagnosed with gliomas.

hesion G Protein-Coupled Re-
ceptor L4), is a regulator of
angiogenesis [15]. Initially dis-
covered in developing cardio-
myocytes, ELTD1, has been
found to be highly expressed
at both mRNA and protein lev-
els in glioblastoma blood ves-
sels, and its expression is
highly associated with tumor
grade [16-20]. ELTD1 plays a
key role in angiogenesis both
in vitro and in vivo by regulat-
ing the tip cell activity required
for the sprouting of blood ves-
sels [17, 21]. Furthermore, in
vivo siRNA data indicate that
ELTD1 is also important in pro-
moting tumor growth and
metastasis [17]. In vivo experi-
ments with zebrafish showed
that ELTD1 is important in vas-
cular development, specifical-
ly in the formation of smaller
vessels [17].

Seeking a highly expressed
glioma biomarker that could
potentially be a therapeutic
target, our lab identified that
the angiogenic marker, ELTD1,
could be a promising thera-
peutic target for high-grade
gliomas [20]. Our group initial-
ly found that ELTD1 is highly
associated with high-grade gl-
iomas, and is expressed bo-
th on endothelial and tumor
cells [19, 22]. We found ELTD1
was also highly expressed in
rat F98 gliomas from preclini-
cal studies [19].

Chemotherapy, radiotherapy
and Bevacizumab are the st-
andard-of-care for patients di-
agnosed with gliomas [10,
23]. These treatments have
not been effective overall in
prolonging patient survival.

Research to find effective treatments is essen-
tial [11]. We hypothesized that because ELTD1

is expressed both on endothelial and glioma

ELTD1 (Epidermal growth factor, latrophilin and
seven transmembrane domain-containing pro-
tein 1), or alternatively named ADGRL4 (Ad- [22].

tumor cells, inhibiting it might have a significant
therapeutic effect against high-grade gliomas
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sel density, which are all dras-
tically altered in gliomas [22].
We concluded that targeting
ELTD1 as a therapy in gliomas
would be advantageous not
only because of its angiogenic
properties, but because we
found significantly less hemor-
rhaging in the anti-ELTD1 Ab
treated group, compared to
the anti-VEGF Ab group [22].

**p<0.01

Although information about
ELTD1 is limited, published
reports indicate that endothe-
lial cell ELTD1 expression is
induced by VEGF, bFGF, and
TGFB2, but reduced by DLL4-
Notch signaling as shown in in
vitro and in vivo [17, 18]. This
information might give us an

Change in T1 Relaxation

-30 T T
S &
9
@
VQ

Treatment Groups

Figure 4. ELTD1 expression in vivo significantly decreases in G55 glioma-
bearing mice treated with anti-VEGFR2 Ab treatment. Differences in T, re-
laxation (indicated presence of an ELTD1-targeting molecular MR imaging
probe) were significantly reduced for anti-VEGFR2 Ab-treated mice, com-
pared to untreated animals (n = 5 for each group) (P < 0.05). IgG-treated
mice (n = 5) also had significantly reduced differences in T, relaxation, when

compared to UT mice (P < 0.01). Mean + SD.

Our preclinical studies focused on determining
if inhibiting ELTD1 by using a polyclonal anti-
body would have a therapeutic effect in a
mouse model [22]. We used C57BL/6 mice
injected orthotopically with GL261 cells, as well
as a human G55 GBM cells injected orthotopi-
cally in nude mice, as high-grade glioma mod-
els [22]. Monitoring tumor growth via MRI, we
treated the mice with either anti-VEGF, anti-c-
Met, anti-ELTD1 or IgG antibodies, once we
identified tumors that were 10-15 mm3 in vol-
umes within the mouse brains [22]. Briefly, we
found that by inhibiting ELTD1, percent survival
significantly increased while tumor volumes sig-
nificantly decreased compared to untreated
tumor-bearing mice [22]. Anti-ELTD1 polyclonal
Ab treatments also had a significant effect on
tumor perfusion, angiogenesis, and microves-
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insight into how ELTD1 is stim-
ulated. Characterizing ELTD1
will expand our knowledge on
vascular growth, angiogene-
sis, and our overall under-
standing regarding glioma ma-
lignancy. Additionally, it might
lead to the use of anti-ELTD1
therapy in other types of can-
cer, as it has been found to be
expressed in colorectal can-
cer, breast cancer, head and
neck squamous cell carcino-
ma and others [17].

The objective of the current study was to deter-
mine whether targeting ELTD1 or VEGFR2 with
antibodies alters animal survival, tumor vol-
umes cell growth, in vivo expression levels via
assessment with molecular-targeted MRI, and
ex vivo expression via immunohistochemistry
(IHC), in order to establish if there is a relation-
ship between ELTD1 and VEGFR2, the receptor
for VEGF.

Materials and methods

Intracerebral glioma cell implantation and
treatments

All animal studies were conducted with the

approval (protocol 13-10) of the Oklahoma Me-
dical Research Foundation (OMRF) Institutional

Am J Nucl Med Mol Imaging 2019;9(1):93-109
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inoculation, and not used for
more than 20 passages. Fo-
llowing injection, the skin was
closed with surgical sutures.
Once tumors reached 10-15
mm? (determined via MRI),
mice were treated with 2 mg/
kg of anti-ELTD1 (Bioss), anti-
VEGFR2 (Santa Cruz) or anti-
VEGF (bevacizumab; Avastin,
Genentech) antibodies every
2-3 days until the tumor rea-
ched 130-150 mm?, or were
left untreated. All mice were
euthanized when tumors rea-
ched > 150 mm?3 prior to
tumor-induced death. Nons-
pecific mouse immunoglobu-
lin 1gG (Alpha Diagnostics) was
also administered at 2 mg/kg
in sterile saline via tail vein
injections every 2-3 days.

Change in T1 Relaxation

Treatment Groups

In vivo magnetic resonance
(MR) techniques

Morphological imaging: Nude
mice were anesthetized and
positioned in a stereotaxic
cradle. A 30-cm horizontal bo-

Figure 5. VEGFR2 expression in vivo significantly decreases in G55 glioma-

bearing mice treated with anti-ELTD1 Ab treatment. Differences in T, re-
laxation (indicated presence of a VEGFR2-targeting molecular MR imaging
probe) were significantly reduced for anti-ELTD1 Ab-treated mice, compared
to untreated animals (n = 5 for each group) (P < 0.05). IgG-treated mice (n
= b) also had significantly reduced differences in T, relaxation, when com-

pared to UT mice (P < 0.05). Mean + SD.

Animal Care Use Committee (IACUC) policies,
which follow NIH guidelines. Two-month-old
male nude mice (Hsd:Athymic Nude-Foxnlnu
mice; Harlan Inc., Indianapolis, IN) were im-
planted intracerebrally with human G55 xeno-
graft cells (1 x 10°) per mL suspended in 4 pL
in cell culture media of 1% agarose solution.
The heads of anesthetized mice were immobi-
lized (stereotaxic unit; Kopf Instruments,
Tujunga, CA), and with aseptic techniques, a 1
mm burr hole was drilled in the skull 1 mm
anterior and 2 mm lateral to the bregma on the
left side. A 20 pL gas-tight Hamilton syringe
was used to inject G55 cells into the left frontal
lobe at a depth of 1.5 mm relative to the dural
surface in a stereotaxic unit. The cell lines were
maintained and expanded immediately prior to
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re Bruker Biospin magnet op-
erating at 7 Tesla (T; Bruker
BioSpin GmbH, Karlsruhe, Ger-
many), was used with a S116
gradient set to perform all MRI
experiments. A mouse head
coil was used for signal detec-
tion and a 72 mm quadrature volume coil for
transmission. Multiple-slice, multiple echo
(MSME) imaging (FOV = 2.50 x 2.50 cm?, TR =
2000 ms, TE = 17.5 or 58.2 ms, matrix = 192,
averages = 2, slices = 16, slice thickness = 1
mm) was used to calculate tumor volumes and
to inspect tumor morphology. Starting ten days
after the G55 tumor cells inoculation, each
mouse brain was imaged in vivo every 2-3 days
until the end of the study.

Perfusion imaging: In order to assess microvas-
cular alterations associated with tumor capil-
laries, the perfusion imaging method, arterial
spin labeling, was used as previously described
[23]. Briefly, perfusion maps were obtained on
a single axial slice of the brain located on the

Am J Nucl Med Mol Imaging 2019;9(1):93-109
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flow, CBF (mL/(100 g:min)),
from: CBF = A[(1/T*1)-(1/T1)].
The partition coefficient, A,
was scaled by the value of 0.9
mL/g [25, 26]. To calculate dif-
ferences in relative (r)CBF val-

Py ues, tumor rCBF values were
A obtained at early and late
¢ R stage tumor progression and
SR Y D A A ST Y were normalized to rCBF val-
TR A i, S : ues in the contralateral brain
i,__n_: , region of corresponding ani-

mals.

c ELTD1 Probe
0.9 Molecular-targeted MR imag-
ing (Mmt-MRI): The contrast
= 08 agent, biotin-BSA (bovine ser-
§ 0.7 um albumin)-Gd (gadolinium)-
% 0.6 DTPA, was prepared as previ-
3 ously described by our group
‘a2 05 [26], based on the modifica-
% 0.4 tion of the method developed
= - by Dafni et al. [27]. Anti-
2 X VEGFR-2 Ab (Santa Cruz Bio-
8 02 tech, Inc., CA, USA) or anti-
X 01 ELTD1 Ab (Abcam, Cambridge
MA) was conjugated to the
& albumin moiety through a
ut Anti-VEGFR2 TX

Figure 6. ELTD1 expression ex vivo significantly decreased in G55 glioma tis-
sue in anti-VEGFR2 Ab treated mice. SA-HRP staining of the ELTD1 probe (via
the biotin moiety) in untreated G55 tumors (A), compared to anti-VEGFR2
Ab treated glioma tissue (B). (C) Percent positivity for the ELTD1 probe was
significantly reduced in anti-VEGFR2 Ab-treated gliomas, compared to un-

treated tumors (P < 0.01). Mean £SD, n=5.

point of the rostro-caudal axis where the tumor
had the largest cross section. The imaging
geometry was a 3.5 x 3.5 mm?slice, of 1.5 mm
in thickness, with a single shot echo-planar
encoding over a 64 x 64 matrix. An echo time
of 20 ms and a repetition time of 18 s were
used. To obtain perfusion contrast, the flow
alternating inversion recovery scheme was
used, where inversion recovery images were
acquired using selective and nonselective slic-
es. For each type of inversion, 8 images were
acquired with inversion times evenly spaced at
20-2820 ms. For perfusion data, the recovery
curves obtained from each pixel for nonselec-
tive or selective inversion images were numeri-
cally fitted to derive pixelwise T, and T * values,
respectively, and longitudinal recovery rates
were then used to calculate the cerebral blood
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sulfo-NHS-EDC link according
to the protocol of Hermanson
[28]. Molecular MRI was per-
formed when the tumor vol-
umes were close to their maxi-
mum tumor volumes (120-
180 mm?3). Molecular probes
with a biotin-albumin-Gd-DTPA
construct bound to either anti-VEGFR2 or anti-
ELTD1 antibodies were injected via a tail vein
catheter in mice. A non-specific IgG was used
with the biotin-albumin-Gd-DTPA construct as a
negative control. A variable-TR RARE sequence
(rapid acquisition with refocused echoes), with
multiple TRs of 200, 400, 800, 1200 and 1600
ms, TE of 15 ms, FOV of 3.5 x 3.5 cm?, matrix
size of 256 x 256 and a spatial resolution of
0.137 mm) was used to obtain T -weighted
images before and after administration of
probe or control contrast agents. Relative pro-
be (contrast agent) concentrations were calcu-
lated to assess the levels of VEGFR-2 or ELTD1,
as well as the non-specific IgG contrast agent,
in each animal. A contrast difference image
was created from the pre- and (120 minutes)
post-contrast datasets for the slice of interest,

Am J Nucl Med Mol Imaging 2019;9(1):93-109
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c VEGFR2 Probe

TR, T,and TE=0, and T, is the
constant of the longitudinal
relaxation time. Overlays of
contrast difference images
and T -weighted images were
generated using the 3D Ana-
lysis Software for Life Scien-
ces Amira® (Fei, Hillsboro,
Oregon).

Immunohistochemistry: All mi-
ce were euthanized after the
last MRI examination. The br-
ain of each animal was re-
moved, preserved in 10% neu-

0.5

0.4

03

0.2

0.1

% Positivity (NPositve/NTotal)

*

tral buffered formalin, and
processed routinely. Paraffin-
embedded tissues were sec-
tioned in 5 ym sections, mo-
unted on super frost plus
glass slides, stained with he-
matoxylin and eosin (H&E),
and examined by light micros-
copy. IHC was done to estab-
lish ELTD1, VEGF, and VEGFR2
levels by staining tissue sam-

uT Anti-ELTD1 TX

Figure 7. VEGFR2 expression ex vivo significantly decreased in G55 glioma
tissue in anti-ELTD1 Ab treated mice. SA-HRP staining of the VEGFR2 probe
(via the biotin moiety) in untreated G55 tumors (A), compared to anti-ELTD1
Ab treated glioma tissue (B). (C) Percent positivity for the VEGFR2 probe
was significantly reduced in anti-VEGFR2 Ab-treated gliomas, compared to

untreated tumors (P < 0.05). Mean £ SD, n =4.

by computing the difference in T, relaxation
times between the post-contrast and the pre-
contrast image on a pixel basis. From differ-
ence images ten regions of interest (ROIl), of
equal size (0.05 cm?), were drawn within areas
with the highest T, relaxation at the TR 800 ms,
in the tumor parenchyma and contralateral side
of the brains of each animal, after either anti-
VEGFR-2 or anti-ETLD1 probe injections. T,
relaxation times are affected by the presence
of the Gd-containing molecular imaging probes.
T, values obtained from the ROls in the tumor
regions were normalized to the corresponding
contralateral sides. The T, relaxation values of
the specified ROIs were computed from all pix-
els in the ROIs, by the following equation [29]
(processed by ParaVision 5.0, Bruker): S (TR) =
S, (1-e™™), where TR is the repetition time, S|
is the signal intensity (integer machine units) at
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ples with anti-ELTD1 (rabbit
anti-ELT, 10 pg/mL; #ab150-
489, Abcam), anti-VEGF (Ra-
bbit anti VEGFA antibody; ab
46154; 1:100 = 10 yg/mL), or
anti-VEGFR2 (Rabbit anti VE-
GF Receptor 2 antibody; ab-
2349; 1:50 = 4 pyg/mL) anti-
bodies. Samples were addi-
tionally stained for Streptavidin/Biotin (Vector
labs, SP-2002). For the co-localization assay,
the tissue was washed with PBS and incubated
with 15% sucrose before embedding in an
Optimal Cutting Temperature (0.C.T.) compound
and freezing in liquid nitrogen. Frozen tissue
blocks were sectioned, mounted on slides, and
stained for VEGFR2 (Rabbit anti VEGF Receptor
2 antibody; ab2349; 1:50 = 4 ug/mL) and
ELTD1 (rabbit anti-ELT, 10 ug/mL; #ab150489,
Abcam). Fluorescein (FITC) or Cy3 dye were
used to tag secondary antibodies. Slides were
then observed under a fluorescence micro-
scope. Only areas containing tumor tissue were
analyzed for IHC expression. Areas without
tumor tissue and areas with necrosis or signifi-
cant artifacts (e.g. tissue folding) were dese-
lected and excluded from analysis. The number
of positive pixels was divided by the total num-

Am J Nucl Med Mol Imaging 2019;9(1):93-109
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ELTD1 VEGFR2

VEGF nohistochemistry protein lev-

els, were analyzed and com-
pared by two-way ANOVA wi-
th multiple comparisons. Mo-
lecular-targeted MRI data we-
re analyzed using a student t-
test. Data were represent-
ed as mean * SD, and p-val-
ues of either *0.05, **0.01,

D 09 **%0,001, and ****0,0001
0.8 e rx were considered statistically

= significant.

£ 07

L

% 0.6 Results

I% 0.5 Mice treated with anti-VEG-

:z‘E - FR2 antibodies did not signifi-

= cantly increase percent sur-

;E 03 vival in tumor-bearing mice

] . compared to 1gG Ab treated

$ mice, while anti-ELTD1 Ab (P <
0.1 0.0001) treatments signifi-

0 cantly increased percent sur-

ELTD1 VEGFR2

Figure 8. ELTD1 and VEGF are expressed significantly higher than VEGFR2
in a G55 glioma model. Staining for ELTD1 (A), VEGFR2 (B), and VEGF (C)
showed that ELTD1 (P < 0.0001) and VEGF (P < 0.0001) were expressed
significantly higher than VEGF in G55 tumors (as calculated by percent (%)

positivity (D). Mean + SD, n = 6.

ber of pixels (negative and positive) in the ana-
lyzed area. Three regions of interest (ROI) in
each group were identified, and measurements
were captured digitally for each selected ROI.
They were then analyzed as well as imaged
using Aperio ImageScope (Leica Biosystems,
Buffalo Grove, IL).

Bioinformatics: Bioinformatics methods previ-
ously described [19, 20, 30-32] pair coexpres-
sion data with literature-based analysis of pro-
tein commonalities. Global Microarray Meta-
Analysis (GAMMA) is a predictive algorithm that
uses public microarray and RNAseq datasets
from NCBI's Gene Expression Omnibus (GEO) to
identify groups of transcripts that are highly
correlated with each other, and then identify
shared biological associations within MEDLINE.
Using GAMMA, we identified 40 most correlat-
ed transcripts for eltd1 and vegfr2.

Statistical analysis: Survival curves were ana-
lyzed using Kaplan-Meier curves. Tumor vol-
umes, changes in normalized rCBF, and immu-

100

vival in the G55 human xeno-
graft model. Anti-VEGFR2 anti-
body treatment also did not
significantly decrease tumor
volumes compared to the IgG
treated groups on day 21 of
tumor detection, while anti-
ELTD1 (P < 0.01) antibody
treatments significantly reduced tumor vol-
umes (Figure 1).

VEGF

Additionally, comparing early to late tumor per-
fusion via MRI ASL (arterial spin labeling), we
found that anti-VEGFR2 antibody treatments
did not alter perfusion in tumor-bearing mice
compared to IgG treated mice, while anti-ELTD1
antibody treatment (P < 0.001) decreased
tumor perfusion significantly less than IgG
treated mice (Figure 2).

Fluorescence imaging detected both VEGFR2
and ELTD1 expression in an untreated mouse
glioma showing that they are co-localized in
blood vessels as well as in glioma cells (Figure
3).

Molecular-targeted MR imaging was used to
assess in vivo levels of both ELTD1 and VEGFR2
in untreated and treated G55 xenografts. From
changes in T, relaxation, expression of ELTD1
(measured by the presence of the anti-ELTD1
probe), as well as the control IgG contrast

Am J Nucl Med Mol Imaging 2019;9(1):93-109
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ELTDA1 VEGFR2

G Anti-VEGFR2 Ab Treated
0.9

VEGF decreased (P < 0.01) with
e anti-VEGFR2 Ab treatment
compared to our untreated
mouse glioma sample (Figure
6). We found the similar re-
sults with our anti-ELTD1 Ab
treated group as levels of the
VEGFR2-targeted probe were
significantly reduced (P <
0.05) compared to untreated
tissue (Figure 7). Expression
of ELTD1, VEGF, and VEGFR2
in mouse glioma tissues were
also measured from our mo-
use studies using Immuno-
histochemistry. Data showed

mUT
@ Anti-VEGFR2 TX

— 0.8
0.7
0.6
0.5
0.4
03
0.2

%Positivity(NPositive/NTota

0.1

ELTD1 VEGFR2

Figure 9. Anti-VEGFR2 Ab treatment significantly reduced the expressions of
ELTD1 and VEGFR2. Representative images of ELTD1 (A), VEGFR2 (B) and
VEGF (C) expression levels in untreated G55 tumors, compared to anti-VEG-
FR2 Ab treated tissues (D-F, respectively). (G) Percent positivities for either
ELTD1, VEGFR2 or VEGF, show a significant decrease in ELTD1 (P < 0.01)
and VEGFR2 (P < 0.05) expressions, but did not show a significant decrease

in VEGF expression. Mean + SD, n = 6.

agent, were significantly reduced in mice treat-
ed with anti-VEGFR2 antibody (P < 0.05), com-
pared to untreated mice, as determined by a
difference in T, relaxation times (Post-Pre/Pre)
(Figure 4). Inversely, expression of VEGFR2,
and the control IgG contrast agent, were signifi-
cantly reduced in mice treated with anti-ELTD1
antibody (P < 0.005) compared to untreated
mice, as established by a difference in T, relax-
ation times (Post-Pre/Pre) (Figure 5).

Mouse glioma tissues were stained with strep-
tavidin-horseradish peroxidase (HRP), which
binds to the biotin in our molecular probe,
detecting the levels of ELTD1 or VEGFR2 probes
within our mouse glioma samples. We found
that the ELTD1-targeted probe was significantly
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that both ELTD1 and VEGF are
significantly expressed more
than VEGFR2 in mouse glioma
tissue (P < 0.0001 for both)
(Figure 8).

To further study the relation-
ship between ELTD1 and VE-
GF or VEGFR2, we stained
mouse glioma tissue from dif-
ferent treatment groups for
either ELTDZ1, VEGF, or VEGFR2
using IHC. Expression of both
VEGFR2 and ELTD1 was sig-
nificantly reduced (P < 0.05, P
< 0.01 respectively) in mice
treated with anti-VEGFR2 Ab
compared to untreated mice
(Figure 9). Similarly, expres-
sion of both ELTD1 and VE-
GFR2 was significantly re-
duced (both P < 0.05) in mice treated with anti-
ELTD1 Ab compared to untreated mice (Figure
10). Alternatively, our anti-VEGF Ab treated
group showed a significant decrease in ELTD1
and VEGF expression (both P < 0.05), but had
no significant effect on VEGFR2 expression
(Figure 11).

VEGF

To further assess if there is an association
between ELTD1 and VEGFR2, public microarray
datasets were analyzed to identify the genes
most correlated in their expression levels with
both eltdl and vegfr2 (separately) and then
predict what genes are most relevant to their
genetic network using an approach previously
described [30, 33]. Then, we narrowed the list
to include only the genes with protein-protein
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ELTD1 VEGFR2
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VEGF within gliomas [35]. Our objec-
tive was to further character-
ize ELTD1 in terms of its effect
on gliomas, and establish if
targeting ELTD1 will also affect
VEGFR2.

Although using inhibitors ag-
ainst tyrosine kinase recep-
tors (RTKs) has had little over-
all success in treating patients
diagnosed with glioblastomas
in the past, current drugs and
small molecules in clinical tri-
als specifically targeting VE-
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ELTD1 VEGFR2

Figure 10. Anti-ELTD1 Ab treatment significantly reduced the expressions
of ELTD1 and VEGFR2. Representative images of ELTD1 (A), VEGFR2 (B)
and VEGF (C) expression levels in untreated G55 tumors, compared to anti-
ELTD1 Ab treated tissues (D-F, respectively). (G) Percent positivities for either
ELTD1, VEGFR2 or VEGF, show a significant decrease in ELTD1 (P < 0.05)
and VEGFR2 (P < 0.05) expressions, but did not show a significant decrease

in VEGF expression. Mean + SD, n = 6.

interactions (PPIs) by cross-referencing the pre-
dictions with STRING v10 [34]. The goal was to
identify a list of candidate interactions relevant
to both ELTD1 and VEGFR2. The genes on the
resulting list (see Table 1) have been found in
other studies to be relevant to angiogenesis
and, given that we have found molecular links
between the two, could be reasonable candi-
dates to further explore how the two may be
related.

Discussion

While our early results on the effect of anti-
ELTD1 antibodies on tumor growth and vascu-
larization seemed promising, there is still very
little known about ELTD1 and its mechanisms
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GFR2 might have more prom-
ising results [14, 36-38]. Our
goal was to compare anti-VEG-
FR2 to anti-ELTD1 Ab treat-
ments in @ mouse model as
both are regulators of angio-
genesis [39]. Considering that
gliomas are highly heteroge-
neous, treatments against
VEGFR2 might not be effec-
tive in some patients, whereas
anti-ELTD1 drug treatments
VEGE may target different factors
associated with tumor growth
and angiogenesis. Some pa-
tients could also overexpress
ELTD1, supporting research
that compare anti-ELTD1 and
anti-VEGFR2 treatment results
with one another.

An important tool used by clinicians and
researchers is MRI [14]. It is used not only for
predictive diagnostic purposes, but to monitor
patient responses to different treatments using
imaging techniques such as diffusion-weighed
MRI, contrast-enhanced perfusion, and MR
spectroscopy [14]. With the help of MRI to mon-
itor tumor growth post glioma cell injection, we
found that inhibiting VEGFR2 via antibodies did
not have a significant effect on mouse survival
nor on tumor volumes compared to the untreat-
ed group as well as the anti-ELTD1 Ab treated
group. Furthermore, VEGFR2 inhibition had no
significant effect on normalizing tumor perfu-
sion. Perfusion, measured as relative cerebral
blood flow (rCBF) can be used to assess micro-
vascular alterations associated with tumor
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ELTD1 VEGFR2

VEGF VEGFR2 has been shown to

| promote angiogenesis, cell vi-
ability and invasion in gliomas,
but studies such as those by
Lu et al. found that blocking
VEGFR2 may stimulate inva-
sion by activating the c-MET
pathway [42, 43]. Previous
preclinical studies show that
inhibiting VEGFR2 can have a
significant therapeutic effect
in some glioma models, but
not in others [44]. The reason
for this variance might be the
overall heterogeneity of glio-
blastomas. Responses to VE-
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Figure 11. Anti-VEGF Ab treatment significantly reduced the expressions of
ELTD1 and VEGF. Representative images of ELTD1 (A), VEGFR2 (B) and VEGF
(C) expression levels in untreated G55 tumors, compared to anti-ELTD1 Ab
treated tissues (D-F, respectively). (G) Percent positivities for either ELTD1,
VEGFR2 or VEGF, show a significant decrease in ELTD1 (P < 0.05) and VEGF
(P < 0.05) expressions, but did not show a significant decrease in VEGFR2

expression. Mean + SD, n = 6.

angiogenesis and anti-angiogenic therapies
[40, 41]. Perfusion typically decreases within
tumor regions, as vasculature loses its hierar-
chy due to uncontrolled angiogenesis [40, 41].
Our results indicate that inhibiting VEGFR2 did
not have an effect on microvascular changes
related to tumor angiogenic growth. VEGFR2
may not be as involved in microvascular chang-
es as ELTD1.

It raises the question is why inhibiting VEGF
using Bevacizumab has a much better outcome
in mice and human studies, while targeting
VEGFR2 has had poor or little effect on increa-
sing survival or decreasing angiogenesis?
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GFR pathway stimulation or
* inhibitions may vary depend-
ing on the differential expres-
sion of VEGF family ligands
and receptors [44].

Our IHC also shows that
VEGFR2 is significantly less
expressed in xenograft G55
mice glioma model compared
to VEGF and ELTD1, and al-
though this might account for
the lack of therapeutic effect,
different antibodies (monoc-
VEGF lonal versus polyclonal) may
have different affinities for
their respective receptors. Ad-
ditionally, factors such as in-
tracellular VEGFR phosphory-
lation, tumoral versus endo-
thelial expression, tumor het-
erogeneity, microenvironment,
and alternatively spliced VE-
GFR variants may be affecting the efficacy of
treatment using antibodies [45].

Internalization and dimerization of VEGFR2 are
important steps in VEGF-induced angiogenesis
signaling transduction activity by phosphoryla-
tion [46]. Recent studies show that VEGFR2
might be more effective intracellularly [46].
This indicates that using an antibody against
VEGFR2 might not be as effective as it is
designed to bind only to the extracellular region
of the receptor, suggesting that intracellular
expression may be ignored. Ultimately, the
changes occurring downstream of VEGFA-
induced binding of VEGFR2 might be a possible

Am J Nucl Med Mol Imaging 2019;9(1):93-109



ELTD1 also affects VEGFR2 in GBM

Table 1. vegfr2 (KDR) is highly associated with eltd1. GAMMA-predicted association analysis identi-
fies the top 8 genes associated with eltd1 based on GAMMA scores

Gene Function Ref.
FLT4 (Vascular Endothelial Growth Factor Involved in lymphangiogenesis and maintenance of the lymphatic endothelium. [49-53]
Receptor 3) Promotes proliferation, survival and migration of endothelial cells, and regulates
angiogenic sprouting.
KDR (Vascular Endothelial Growth Factor Main mediator of VEGF-induced endothelial proliferation, survival, migration, tubular [54-58]
Receptor 2) morphogenesis and sprouting.
ANGPT2 (Angiopoietin 2) Regulates vascular remodeling by promoting EC survival, proliferation, and migration [47, 59-61]
and destabilizing the interaction between EC and perivascular cells.
MMP1 (Matrix Metallopeptidase 1) Involved in the breakdown of extracellular matrix in normal physiological processes, [62-66]
such as embryonic development, reproduction, and tissue remodeling, as well as in
disease processes, such as arthritis and metastasis.
CDH5 (Cadherin 5) Plays an important role in endothelial cell biology through control of the cohesion and [67-71]
organization of the intercellular junctions. Acts in concert with KRIT1 to establish and
maintain correct endothelial cell polarity and vascular lumen.
PTK2 (Protein Tyrosine Kinase 2) Plays an essential role in regulating cell migration, adhesion, spreading, reorganization [72-76]
of the actin cytoskeleton, formation and disassembly of focal adhesions and cell
protrusions, cell cycle progression, cell proliferation and apoptosis
FLT1 (Vascular Endothelial Growth Factor Acts as a cell-surface receptor for VEGFA, VEGFB and PGF, and plays an essential role in [77-81]
Receptor 1) the development of embryonic vasculature, the regulation of angiogenesis, cell survival,
cell migration, macrophage function, chemotaxis, and cancer cell invasion
PDGFRB (Platelet Derived Growth Factor  Plays an essential role in the regulation of embryonic development, cell proliferation, [82-86]

Receptor Beta)

survival, differentiation, chemotaxis and migration.

reason for the different outcomes between the
two targets.

We found that ELTD1 was a much better thera-
peutic target in our mouse GBM model com-
pared to VEGFR2. Serban et al. found that VEGF
regulates ELTD1 both in vitro and in vivo [15].
As discussed earlier, there are many pathways
and factors induced by VEGF, making it difficult
to predict exactly how VEGF is able to regulate
ELTD1. To further elucidate one aspect of this
relationship, we examined whether there was
an association between ELTD1 and VEGF’s
receptor, VEGFR2.

From the bioinformatics analysis, we found that
vegfr2 is highly associated with eltd1, along
with other vascularization promoting proteins
such as angiopoietin 2 that promotes endothe-
lial cell survival by regulating vascular remodel-
ing (Table 1) [47, 48]. Furthermore, by using
mouse glioma tissue, we were able to do fluo-
rescence IHC microscopic imaging and found
both ELTD1 and VEGFR2 are co-expressed both
in glioma and endothelial cells. This finding
along with the bioinformatics data suggests
that there may be a possible correlation be-
tween ELTD1 and VEGFR2.

Using molecular probes made from constructs
consisting of biotin-albumin-Gd-DTPA bound to
either anti-VEGFR2 or anti-ELTD1 antibodies,
we were able to determine that levels of ELTD1

104

were significantly reduced in vivo in mice treat-
ed with anti-VEGFR2 Ab compared to untreated
mice and vice versa. Our SA-HRP staining also
confirmed these results, as expression of
ELTD1 significantly lowered for those treated
with anti-VEGFR2 antibodies in glioma mouse
tissue and vice versa. These data tell us not
only the efficacy of using antibodies in our in
vivo model, particularly for anti-ELTD1 Ab treat-
ment, but that they are able to cross the blood
brain barrier, as the molecular probes were
detected bound to their respective targets.

Finally, IHC analysis on mouse glioma tissue for
all treatment groups showed significantly less
expression of both VEGFR2 and ELTD1 for both
the anti-VEGFR2 and anti-ELTD1 Ab treated
groups. These IHC data supports both our in
vivo and ex vivo molecular targeting data. Anti-
VEGF Ab treated tissue showed a significant
decrease in both VEGF and ELTD1 expression
levels, while it did not significantly reduce
VEGFR2. Interestingly, VEGF expression levels
did not decrease with either anti-VEGFR2 or
anti-ELTD1 Ab treated groups. This suggests
that neither ELTD1 nor VEGFR2 is regulating
VEGF in our mouse model. As previously men-
tioned, there are many factors that can influ-
ence the expression of VEGF [87].

Our goal was to determine if targeting ELTD1
was a better therapeutic approach than VE-
GFR2, considering current data suggests that
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drugs targeting RTKs, such as VEGFR2 are
overall ineffective [37]. Additionally, we wanted
to elucidate the possible relationship between
VEGFR2 and ELTD1, as both are important fac-
tors of angiogenesis. Glioma therapies have
shifted dramatically to utilizing dual therapies
by combining anti-angiogenic drugs with cyto-
toxic agents such as TMZ. Research such as
this might be helpful for scientists to under-
stand angiogenesis better, as it a process high-
ly associated with tumor malignancy in many
cancers. This growing understanding of vascu-
lar regulators may help us find more therapeu-
tic targets or combinations of drugs that might
target novel biomarkers, such as ELTD1. Future
studies will examine both RNA and protein
expressions in anti-ELTD1 antibody treated vs.
non-treated G55 gliomas using RNA-seq and
ELISA, respectively.

Conclusions

We conclude that targeting ELTD1 is a better
therapeutic approach as it significantly increas-
es survival, decrease tumor volumes, and
alters perfusion rates in our model compared
to our untreated group much better than by tar-
geting VEGFR2. Additionally, we conclude that
targeting ELTD1 may also elicit an effect on
VEGFR2.
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