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Glioblastoma (GBM), the most common primary brain tumor found in adults, is extremely aggressive. These high-
grade gliomas, which are very diffuse, highly vascular, and invasive, undergo unregulated vascular angiogenesis. De-
spite available treatments, the median survival for patients is dismal. ELTD1 (EGF, latrophilin, and 7 transmembrane
domain containing protein 1) is an angiogenic biomarker highly expressed in human high-grade gliomas. Recent stud-
ies have demonstrated that the blood-brain barrier, as well as the blood-tumor barrier, is not equally disrupted in GBM
patients. This study therefore aimed to optimize an antibody treatment against ELTD1 using a smaller scFv fragment of

Keywords:

Glioblastoma (GBM) a monoclonal antibody that binds against the external region of ELTD1 in a G55 glioma xenograft glioma preclinical
ELTD1 model. Morphological magnetic resonance imaging (MRI) was used to determine tumor volumes and quantify perfu-
Angiogenesis sion rates. We also assessed percent survival following tumor postdetection. Tumor tissue was also assessed to confirm

Orthotopic G55 xenograft model and quantify the presence of the ELTD1 scFv molecular targeted MRI probe, as well as microvessel density and Notch1

MRI levels. In addition, we used molecular-targeted MRI to localize our antibodies in vivo. This approach showed that our

single chain variable fragment (scFv) scFv antibody attached-molecular MRI probe was effective in targeting and localizing diffuse tumor regions. Through
this analysis, we determined that our anti-ELTD1 scFv antibody treatments were successful in increasing survival, de-
creasing tumor volumes, and normalizing vascular perfusion and Notch1 levels within tumor regions. This study dem-
onstrates that our scFv fragment antibody against ELTD1 may be useful and potential antiangiogenic treatments
against GBM.

Introduction

Glioblastoma (GBM) accounts for 60-70% of all diagnosed malignant
gliomas in adults [1]. WHO Grade IV GBM can be subclassified as primary
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tumors that arise from normal glial cells seen in older patients and second-
ary tumors which are less common and arise from a progression of lower-
grade tumors seen in younger patients [2]. Although these two subclasses
are histologically identical, primary GBM accounts for approximately
95% of all GBM cases, while the remaining 5% account for secondary
GBM [3]. The median age for diagnosis is around 64 years of age, and
while there is no verified genetic correlation, about 5% of patients had a
family history of glioma diagnosis [4]. The standard treatment of care for
GBM is surgical resection to remove the bulk tumor, followed by a combi-
nation of radiation and chemotherapy to combat the remaining cancer
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cells; however, this treatment plan has not significantly increased the sur-
vival of patients post detection. Temozolomide (TMZ) is the most common
chemotherapeutic agent used and has increased the overall median survival
from 12-15 months [5]. TMZ is an alkylating agent that is able to cross the
blood-brain barrier (BBB) and works to produce breaks along the DNA dou-
ble strand that results in the death of the tumor cells [6]. However, patients
whose tumor cells have high O°-methylguanine-DNA methyltransferase ex-
pression have been demonstrated to be resistant to the cytotoxic activity of
TMZ [7]. Bevacizumab is a monoclonal antibody treatment against vascular
endothelial growth factor-A (VEGF-A) that has been used in multiple differ-
ent cancers (colon, lung, and cervix) to target and inhibit the formation of
new blood vessels within the tumor region. This therapeutic was fast-
tracked and approved by the FDA in 2009 after successful Phase 2 clinical
trials in recurrent glioblastomas [8,9]. However, when administered to
newly diagnosed patients in combination with the standard treatment
plan, bevacizumab had no effect on patient survival [10].

GBM is a diffuse glioma derived from astrocytes and is characterized by
its high degree of invasiveness, diffusiveness, and prolific angiogenesis,
making this cancer difficult to treat. GBMs have perfected various mecha-
nisms to robustly increase the formation of blood vessels within the
tumor environment. One of these mechanisms is the sprouting of capillaries
from preexisting blood vessels, which is dependent on the hypoxic environ-
ment in the tumor core. Hypoxia occurs frequently in solid tumors because
of increased cell proliferation and is most commonly detected through mag-
netic resonance imaging (MRI) where the areas show decreased or absent
blood flow [11]. From this tumor core, molecular markers of hypoxia,
such as the hypoxia-inducible factor 1, work to increase the expression of
the proangiogenic markers VEGF, Notch1, Notch4, and Hey1 [12,13]. In
normal vasculature, the VEGF binds onto its receptor, VEGFR2. The activa-
tion of this receptor then stimulates DLL4 to inhibit Notch as well as the lat-
eral growth of vessels [14]. However, in GBM, the excessive amounts of
proangiogenic cytokines secreted overcome antiangiogenic factors which
in turn form a vascular network to transport nutrients and drive tumor
growth.

For various years, VEGF and Notch were two of the most studied path-
ways in GBM and were accredited to being the major drivers behind angio-
genesis. However, in recent years, the epidermal growth factor latrophilin
and seven transmembrane domain containing protein on chromosome 1
(ELTD1), alternatively known as the adhesion G protein-coupled receptor
L4, were found to be novel regulators of brain angiogenesis and sought to
promote metastasis and tumor growth [15]. Although first discovered in de-
veloping cardiomyocytes, ELTD1 is highly expressed on both endothelial
and tumor cells in high-grade gliomas, such as GBM [16,17]. Interestingly,
in normal vasculature, ELTD1 expression was decreased by the DLL4/Notch
signaling pathway, and VEGF was found to increase ELTD1 expression [15].

Due to the increased angiogenesis within the tumor, the brain tumor
capillaries form a barrier known as the blood-brain tumor barrier (BBTB)
[18]. Although the tight junctions in the BBB become leaky, the BBTB
may, in some patients, remain intact, therefore creating another barrier
for drug delivery. Furthermore, MRI contrast enhancement has suggested
that although the BBTB may become leaky, this does not signify that the dis-
ruption of the barrier is sufficient enough for drug penetration into the
tumor [18]. Due to the BBB and BBTB limitations on drug entry, researchers
have looked for smaller therapeutic treatments, including antibodies. While
most research has been focused on full polyclonal or monoclonal antibod-
ies, smaller antibody components, like single-chain variable fragments
(scFvs), have become increasingly attractive to reduce size [19,20].

In this present study, we aimed to optimize an antibody treatment
against ELTD1 using an scFv antibody fragment of a monoclonal antibody
(mADb) that binds against the 430 AA external region of ELTD1 in a G55 gli-
oma xenograft glioma preclinical model. We used morphological MRI to as-
sess tumor volumes, and perfusion imaging to measure vascular changes,
following either ELTD1 scFv or mAb treatments in tumor regions. Animal
survival was also determined following scFv or mAb treatments. Through
the use of molecular targeted (mt)-MRI, we assessed the binding affinity
and specificity of an anti-ELTD1 scFv fragment probe.
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Methods

Preparation of Recombinant Extracellular Domain of ELTD1 Human Ciappa
Fusion Protein

To construct the extracellular domain of human ELTD1 and
mouse ELTD1 expression vectors, genes encoding the human ELTD1
(Glu20-Leu406) and mouse ELTD1 (Glu20-Leu455) were chemically
synthesized (Genscript, Picataway, NJ). The genes were subcloned
into the modified pCEP4 vector encoding C, domain (human immunoglob-
ulin x light chain constant domain) at the 5’ region as reported previously
[21].

The expression vectors encoding the extracellular domain of human
ELTD1 and mouse ELTD1 were transfected into HEK293F cells (Invitrogen,
Carlsbad, CA) using 25-kDa linear polyethyleneimine (Polyscience,
Warrington, PA), as reported previously [22]. Human and mouse ELTD1
C, fusion proteins were purified from the culture supernatants by affinity
chromatography using KappaSelect resin (GE Healthcare) according to
the manufacturer's instructions.

Generation of Anti-ELDT1 Antibody

White leghorn chickens were immunized with human ELTD1 C, fusion
proteins. A phage-displayed chicken scFv library was constructed using
total RNA isolated from the bone marrow, spleen, and bursa of Fabricius
of immunized chickens, as described previously [23]. Positive clones
were enriched by biopanning and screened in a phage enzyme immunoas-
say, as described previously [24]. Phage clones showing cross-reactivity
against human and mouse ELTD1 were selected, and their nucleotide se-
quences were determined by Sanger sequencing.

The gene of selected scFv clone was subcloned into a modified mamma-
lian expression vector encoding the hinge region of human IgG1 and the
CH2-CH3 domains of rabbit IgG at the 3’ region as reported previously
[25]. The expression vectors encoding anti-ELTD1 scFv-rFc fusion were
transfected into HEK293F cells (Invitrogen) as described above. The scFv-
rFc fusion protein was purified from the culture supernatants of transiently
transfected HEK293F cells using protein A Sepharose column (Repligen,
Waltham, MA) according to the manufacturer's instructions.

Enzyme Immunoassay

Ninety-six-well microtiter plate wells (Corning Inc., Corning, NY) were
coated with human ELTD1 or mouse ELTD1 C, fusion protein in coating
buffer (0.1 M NaHCOs, pH 8.6) and then blocked with 3% (w/v) BSA in
phosphate-buffered saline (PBS). After incubation with serially 10-fold di-
luted anti-ELTD1 scFv-rFc fusion protein (0.01-100 nM), horseradish perox-
idase (HRP)—conjugated goat anti-rabbit IgG (Fc specific) (Jackson Immuno
Research, Inc., West Grove, PA) was added to each well. After washing with
0.05% (v/v) Tween 20 in PBS (PBST), ABTS HRP substrate solution
(Thermo-Scientific Pierce, Rockford, IL) was added, and the absorbance
was measured at 405 nm with a Multiscan Ascent microplate reader
(LabSystems, Helsinki, Finland).

G55 Xenograft Model and Treatment

All animal studies were conducted with the approval (protocol 17-48)
of the Oklahoma Medical Research Foundation Institutional Animal Care
Use Committee policies, which follow NIH guidelines. Human G55 xeno-
graft cells were implanted intracerebrally in 2-month-old male athymic
nude mice (Hsd:Athymic Nude-Foxnlnu mice; Harlan Inc., Indianapolis,
IN). The anesthetized mice were placed and immobilized on a stereotaxic
unit. (Stoelting Co., Wood Dale, IL). Aseptic surgery techniques were
used, and a 1-mm burr hole was drilled into the skull of the animal 2 mm
anterior, 1.5 mm lateral to the bregma on the right side. A 20-pl gas-tight
Hamilton syringe was used to inject (1 x 10*°) G55 cells per ml
(suspended in 4 pl of cell culture media with 1% agarose) into the right
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frontal lobe at a depth of 2.5 mm relative to the dural surface in a stereo-
taxic unit. The cell lines were maintained and expanded immediately
prior to inoculation and not used for more than 10 passages. Following in-
jection, the skin was closed with surgical sutures (monofilament, absorb-
able). Buprenex (i.p. injection) was administered to the animal following
cell implantation procedure for pain relief during recovery. The animals
were divided into three groups: untreated, mAb (monoclonal antibody)
against ELTD1, and scFv fragment of the mAb against ELTD1. Once tumors
reached 6-7 mm?® (determined via MRI), mice were treated with 2 mg/kg of
either optimized mAb against ELTD1 or the scFv fragment of mAB against
ELTD1 every 3-4 days (treated M/Th, T/F, W/Sat) until the tumors reached
150mm?, or were left as untreated controls. All mice were euthanized when
tumors reached =150 mm? prior to tumor-induced death.
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In Vivo MR Techniques

Morphological Imaging

Mice were anesthetized and positioned in a cradle. A 30-cm horizontal
bore Bruker Biospin magnet operating at 7 T (Bruker BioSpin GmbH, Karls-
ruhe, Germany) was used. A BA6 gradient set and mouse head coil were
used to perform all MRI experiments as previously described [26]. All ani-
mals were imaged every 3-4 days (M/Th, T/F, W/Sat) until the end of the
study starting at 10 days post-G55 implantation surgery.

Perfusion Imaging
The perfusion imaging method, arterial spin labeling (ASL), was used as
previously described [27]. Perfusion maps were obtained on a single axial
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Figure 1. Anti-ELTD1 treatments were successful in increasing percent survival post tumor detection as well as decreasing tumor volumes. (A) The antibody treatment against
ELTD1, both monoclonal (**P = .0058) and fragment (***P = .0001), significantly increased the tumor percent survival compared to UT control (average survival 9 days) as
shown in the percent survival curve. (B) Tumor volumes were also found to be significantly lower with the monoclonal (*P = .0009) and fragment (*P = .017) anti-ELTD1
treatment compared to untreated animals. Also shown are the representative morphological tumor images of untreated (C), monoclonal-treated (D), and fragment-treated
(E) mice. Time points include initial detection (day 0) and days 3, 7, and 9 following detection. For each time point, relevant tumor volumes (TV) are included.
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slice of the brain located on the point of the rostrocaudal axis where the
tumor had the largest cross section. Five regions of interest (ROIs) were
manually outlined around the tumor, and appropriate ROIs were also
taken from the contralateral side of the brain for comparison purposes. To
calculate the differences in [relative cerebral blood flow (rCBF)] values,
tumor rCBF values were obtained at late (prior to termination) and early
(at tumor detection) tumor stages and normalized to rCBF values in the con-
tralateral brain region of corresponding animals.

mt-MRI

The contrast agent, biotin-BSA (bovine serum albumin)-Gd (gadolin-
ium)-DTPA, was prepared as previously described by our group [26]
based on the modification of the method developed by Dafni et al.
[28,29]. mADb or scFv fragment anti-ELTD was conjugated to the albumin
moiety through a sulfo-NHS-EDC link according to the protocol of
Hermanson [30]. mt-MRI was performed when tumor volumes were
around 130-180 mm?®. Molecular probes with a biotin-albumin-Gd-DTPA
construct bound to anti-ELTD1 antibodies were injected via a tail vein cath-
eter in mice. A nonspecific mouse immunoglobulin IgG Ab (Alpha Diagnos-
tics) was used with the biotin-albumin-Gd-DTPA construct as a negative
control. MRI was done as previously described [28,31]. Relative probe con-
centrations were calculated to assess the levels of ELTD1 and the nonspe-
cific IgG contrast agent in each animal. Contrast difference images were
created from the pre- and (90 minutes) postcontrast datasets for the slice
of interest by computing the difference in T; relaxation times between the
postcontrast and the precontrast image on a pixel basis. From difference im-
ages, 10 ROIs 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 con-
tralateral side of the brains of each animal, after anti-ETLD1 probe injec-
tions. T; values obtained from the ROIs in the tumor regions were
normalized to the corresponding contralateral sides. The T; relaxation
values of the specified ROIs were computed from all pixels in the ROIs by
the following equation (processed by ParaVision 5.0, Bruker): S (TR) =
So (1 — e~ ™™, where TR is the repetition time, S, is the signal intensity
(integer machine units) at TR, T; and TE = 0, and T is the constant of the
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longitudinal relaxation time [32]. Overlays of contrast difference images
and T;-weighted images were generated using Photoshop software (version
C.S 6).

Immunohistochemistry and Standard Staining

All mice were euthanized after the last MRI examination or when tu-
mors reached 150 mm?®. The brain of each animal was removed, preserved
in 10% neutral buffered formalin, and processed routinely. Hematoxylin-
eosin staining: Tissues were fixed in 10% neutral buffered formalin,
dehydrated, and embedded in paraffin. Sections were deparaffinized,
rehydrated, and stained according to standard protocols. Several reagents
were produced by Vector Labs Inc. (VLI) in Burlingame, CA.

Histological sections (5 pm) embedded in paraffin and mounted on
HistoBond Plus slides (Statlab Medical Products, Lewisville, TX) were
rehydrated and washed in PBS. The sections were processed using the
ImmPRESS VR Reagent Anti-Rabbit IgG Peroxidase (VLI cat. #MP-6401).
Antigen retrieval (pH 6 citrate antigen unmasking solution; VLI cat. #H-
3300) was accomplished via 20 minutes in a steamer followed by 30-
minute cooling at room temperature. Sections were treated with a peroxi-
dase blocking reagent (Bloxall, VLI cat. #SP-6000) followed by 2.5% nor-
mal horse serum to inhibit nonspecific binding. Rabbit Anti-CD34
antibody (abcam 81289; 5.28 pg/ml; Cambridge, MA) or Rabbit Anti-
NOTCH 1 (abcam 52627; 11 pg/ml; Cambridge, MA) was applied to each
section, and following incubation overnight (4°C) in a humidified chamber,
sections were washed in PBS; the InmPRESS VR reagent was applied ac-
cording to the manufacturer's directions.

To characterize MVD and Notch expression levels, five ROIs, captured
digitally (20 x), were identified in each case. Only areas containing
tumor tissue were analyzed, excluding areas with necrosis and/or signifi-
cant artifacts. The number of positive pixels was divided by the total num-
ber of pixels (negative and positive) in the analyzed area. ROIs were
analyzed and imaged using Aperio ImageScope (Leica Biosystems, Buffalo
Grove, IL).
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Figure 2. rCBF was normalized with the anti-ELTD1 treatments. (A) The monoclonal and fragment anti-ELTD1 treatments were significantly more effective in minimizing the
decrease in the rCBF (****P < .0001) compared to untreated mice. Representative morphological image and perfusion maps (colorized) for each treatment group: untreated

(B, C), monoclonal (D, E), and fragment (F, G).
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Figure 3. Anti-ELTD1 significantly decreased tumor associated vasculature. MVD was analyzed with Aperio ImageScope for the treatment groups. Representative IHC images
(20 x) of CD34 staining for all treatment groups: untreated (A), mAb (B), fragment (C). Arrows are pointing to the vessels found in the tumor region. (D) Both mAb and
fragment treatments against ELTD1 significantly decreased microvessel densities within the tumor region (****P < .0001).
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Figure 4. Anti-ELTD1 treatments decreased Notch1 levels. Notch1 positivity was analyzed with Aperio ImageScope for the treatment groups (A) Notch1 positivity staining for
all treatment groups. Contralateral tissue had significantly decreased Notch1 staining compared to UT. Both anti-ETLD1 treatments were successful in decreasing and
normalizing Notch1 levels to those seen in contralateral tissue. Representative IHC images (20 X ) of Notch1 staining of untreated tissue (B), mAb treatment tissue (C),

fragment treatment tissue (D), and contralateral control tissue (E) (***P = .0001, ****P < .0001).
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Sections for SA-HRP were processed as above, except they were incu-
bated overnight with R.T.U. Strp-HRP (VLI cat. #SA-5704). Appropriate
washes were in PBS. Slides were incubated with NovaRed (VLI cat. #SK-
4805) chromogen for visualization. Counterstaining was carried out with
Hematoxylin QS Nuclear Counterstain (VLI). Appropriate positive and neg-
ative tissue controls were used.

Statistical Analysis

Survival curves were analyzed using Kaplan-Meier curves. Tumor vol-
umes, perfusion changes, and immunohistochemistry protein levels, and
molecular-targeted MRI data were analyzed and compared by one- or
two-way ANOVA with multiple comparisons (Tukey's or Sidak's, respec-
tively). Data were represented as mean = SD, and P values of either

*<.05, **<.01, ***<.001, or ****<.0001 were considered statistically
significant.

Results

We intracerebrally implanted human G55 cells into 2-month old male
athymic nude mice. Tumor growth was monitored via morphological
MRI, and upon tumor detection (6-7 mm?), treatments were administered
every 3-4 days via tail vein with either the monoclonal anti-ELTD1 anti-
body or scFv (also referred to as fragment in this manuscript) against
ELTD1. The percent survival post tumor detection of G55-glioma-bearing

Translational Oncology 13 (2020) 100737

mice was significantly higher with both the mAb (*P = .0058) and frag-
ment (***P = .0001) treatment as depicted in Figure 1A. The untreated
group had an average survival of 9 days, and therefore, we compared the
tumor volumes at day 9 post tumor detection. Tumor volumes at 9 days
post tumor detection were significantly lower with the anti-ELTD1-treated
mice (mAb ***P = .0009; fragment *P = .017) when compared with un-
treated controls (Figure 1B). Representative MRIs of G55 tumor-bearing
mice from all treatment groups are shown in Figure 1, C-E.

Anti-ELTD1 treatment targets angiogenesis; therefore, we wanted to ex-
amine if the treatments had an effect on the microvasculature. Tumor mi-
crovascular changes associated with tumor angiogenesis can be measured
through the decrease of rCBF. As the vasculature within the tumor region
grows, it exponentially becomes more chaotic, therefore decreasing the per-
fusion rate. Perfusion scans performed with MRI demonstrated a character-
istic decrease in rCBF in the tumor region of untreated animals (Figure 2A).
The perfusion values in mice treated with anti-ELTD1 treatments were sig-
nificantly improved when compared to untreated (P < .0001 for both). The
monoclonal antibody treatments had a normalization of perfusion values,
while the fragment-treated animals had an increase of perfusion
(Figure 2A). Figure 2, C, E, G shows representative perfusion scans for
each group. The untreated perfusion scan has distinct dark regions only
within the tumor region (outlined by the yellow dashed line) depicting
the decrease in perfusion within the region. However, the tumor regions
in the perfusion scans of the monoclonal and fragment treated mice are ho-
mologous with the contralateral tissue. Furthermore, we sought to
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Figure 5. ELTD1 antibody attached probes were successful in reaching and infiltrating the tumor region. (A) Construct of the molecular targeting probe attached with either
nonspecific IgG, monoclonal, or fragment ELTD1 Ab. (B) Signal intensity was significantly increased by the monoclonal and fragment anti-ELTD1 attached probe (**P =
.0038, ***P = .0007). Binding affinity of the (C) nonspecific IgG contrast agent construct, (D) monoclonal attached probe (both over 90 minutes), and the (E) fragment

attached probe (over the course of 180 minutes).
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characterize the effect of our anti-ELTD1 treatment on the tumor associated
vasculature. Both of the anti-ELTD1 therapies sought to significantly de-
crease the microvessel density (MVD) levels (P < .0001) in the tumor re-
gion when compared to control (Figure 3D). Representative CD34 IHC
images for all of the treatment groups are shown in Figure 3, A-C.

ELTD1 expression has been demonstrated to be upregulated by VEGF
and downregulated by Notch/DLL4 in normal vasculature [33]. In previous
studies, we have examined the relationship between VEGF and ELTD1 and
discovered that, by targeting ELTD1, VEGFR2 levels were decreased in a gli-
oma model [31]. Therefore, in this study, we sought to determine if our an-
tibody treatment had an effect on Notch. Tissue from glioma-bearing mice
from each group was stained with Notch1, and the positivity was analyzed.
We sought to characterize the difference in Notchl positivity levels be-
tween the tumor region and contralateral tissue. Figure 4A demonstrates
that the positivity levels in the contralateral tissue were significantly
lower (P < .0001) when compared to the levels in the tumor region. Fur-
thermore, our monoclonal and fragment anti-ELTD1 treatments were suc-
cessful in significantly decreasing Notchl levels (P = .0001 and P <
.0001, respectively) within the tumor region and were able to bring them
down to contralateral levels (Figure 4A). Representative tissue images
shown in Figure 4, B-E depict the decreased Notchl staining within the
anti-ELTD1-treated tumor regions.

To determine whether our antibody treatments were crossing the BBB
and were responsible for the previous results shown above, we attached ei-
ther nonspecific IgG, monoclonal anti-ELTD1 or the scFv fragment onto our
molecular probe previously described (albumin-biotin-Gd-DTPA) and
shown in Figure 5A [28]. The molecular probes were injected via tail
vein into untreated glioma-bearing animals and were monitored via MR

Translational Oncology 13 (2020) 100737

molecular targeting imaging. The Gd-DTPA attached onto our molecular
probe allows us to determine where our molecular probe is attaching and
allows us to quantify the amount of signal intensity within the tumor re-
gion. Figure 5, B, C demonstrates that the nonspecific IgG attached probe
was a suitable control because the signal intensity was at baseline after
90 minutes. Differences in signal intensity, however, were significantly
higher for the monoclonal and fragment attached molecular probes
shown in Figure 5B (P = .0007 and P = .0038, respectively). Furthermore,
Figure 5D demonstrates how the monoclonal anti-ELTD1 attached probe lo-
calized within the tumor region over the course of 90 minutes. The scFv
fragment had slightly decreased signal intensity 90 minutes postinjection;
therefore, we decided to examine the binding of the molecular probe for
up to 180 minutes. Figure 5E demonstrates that the fragment attached
probe requires a longer time to bind onto and localize in the tumor region.
Our fragment-attached probe did not only localize in the bulk tumor
seen through MRI but instead bound around other regions thought initially
not to be tumor tissue, as seen in the last frame of Figure 5E. The glioma tis-
sue was then stained with SA-HRP, which binds onto the biotin tag attached
on the molecular probe, to further examine the regions that the probe
bound to. Our fragment-attached probe was successful in reaching the
bulk tumor as shown through SA-HRP staining shown in the top voxel in
Figure 6. Furthermore, H&E analysis of the tissue discovered that there
were extremely diffuse tumor regions along the lateral cortex regions of
the brain, which our probe successfully bound onto, as shown in the last
frame of Figure S5E. We were also able to find our molecular probe through
SA-HRP staining in the diffuse tumor regions as seen in the bottom right re-
gion in Figure 6, C, D, in addition to the primary tumor (Figure 6, A, B).
Comparative ‘normal’ brain regions are also shown (Figure 6, E, F).

Figure 6. scFv fragment attached molecular probe was successful in reaching and targeting diffuse tumor regions not seen through MRI. (A, B) Top left region: Bulk tumor had
traces of the scFv antibody attached-molecular probe as shown through SA-HRP (A), which were validated by H&E (B). (C, D) Bottom right region: The antibody attached-
molecular probe was successful in reaching diffuse tumor regions, as shown through SA-HRP (C) and H&E (D) images. (E, F) Bottom left region: Comparative ‘normal’ brain

regions [SA-HRP (E); H&E (F)].
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Discussion

Antibodies have become an important and a well-established class of
drugs. Most recently, research has focused on scFvs as an alternative for
larger whole antibody molecules. Therefore, scFvs have been developed
against various targets for different cancers [34-37]. Furthermore, scFvs
have been attached onto molecular targeting moieties for development of
potential therapeutic and diagnostic applications using MRI and biolumi-
nescence imaging [37-40].

Previous studies in our group have demonstrated that anti-ELTD1 treat-
ments with commercial pAb have decreased tumor volumes and increased
animal survival in both mouse GL261 and human G55 xenograft glioma
models [26]. The aim of this study was to create and optimize an antibody
therapy against ELTD1. We created a monoclonal and an scFv fragment of
the mAD against the external region of ETLD1. Regarding treatment re-
sponse, both monoclonal and fragment antibody treatments were success-
ful in increasing survival and decreasing tumor volumes. Although the
fragment treatment against ELTD1 appeared to be successful, there was a
high amount of variance seen within the tumor volumes and survival post
tumor detection within the group, suggesting that, in future studies, we
may need to optimize the fragment treatment plan because the scFv anti-
bodies have a shorter life span compared to mAb and may need to be ad-
ministered more frequently. Anti-ELTD1 therapy, both mAb and fragment
anti-ELTD1, was successful in normalizing the perfusion levels within the
tumor region. Both of the anti-ELTD1 treatments were successful in not
only decreasing but also normalizing the MVD levels within the tumor re-
gion. This suggests that, by targeting ELTD1, we can normalize the
tumor-related vasculature within the tumor region. While in previous re-
ports we have shown a relationship between ELTD1 and VEGFR2 in GBM,
this study works to shed some light on the relationship between ELTD1
and Notch, angiogenic marker, in GBM which was previously unknown
[31]. Untreated G55 tumors were found to have increased Notch1 expres-
sion compared to contralateral healthy tissue. However, through repetitive
treatments with both mAb and fragment against ELTD1, Notch1 expression
levels decreased within the tumor. The decrease in Notchl within the
tumor may further explain and support the normalization of vasculature
in the tumor.

By constructing biotin-albumin-Gd-DTPA molecular probes bound to ei-
ther nonspecific IgG, monoclonal or fragment antibodies against ELTD1, we
were not only able to localize our antibodies in vivo but were also able to
quantify the signal intensity produced by the probes within the tumor re-
gion. Through this, we were able to determine that both the monoclonal
and fragment anti-ELTD1 attached probes were successful in localizing
within the tumor region. Furthermore, our molecular targeting data dem-
onstrated that our anti-ELTD1 fragment attached probe was able to bind
onto diffuse tumor regions that were once undetectable via MRI. This find-
ing therefore suggests that our anti-ELTD1 fragment may be potentially
used as a diagnostic method to localize diffuse tumors.

In conclusion, our molecular targeting data demonstrate the future diag-
nostic potential of our scFv antibody fragment against ELTD1 for
distinguishing diffuse tumors that are undetectable through MRI. Both of
our anti-ETLD]1 treatments were successful in increasing survival, decreas-
ing tumor volumes, and normalizing tumor associated vasculature. Al-
though ELTD1 was shown to be downregulated through the Notch/DI14
pathways in normal vasculature, this study sheds some light on the relation-
ship between ELTD1 and Notchl in GBMs. This study demonstrated that
both our monoclonal and scFv antibody therapies against ELTD1 were ef-
fective and may be potential antiangiogenic therapies against GBMs.
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