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Abstract

Vascular endothelial growth factor receptor-2 (VEGFR?2) is a key mediator of angiogenesis and therefore a
promising therapeutic target in malignancies including glioblastoma multiforme (GBM). Molecular imaging of
VEGFR2 expression may enable patient stratification for antiangiogenic therapy. The goal of the current study
was to evaluate the capacity of the novel anti-VEGFR?2 biparatopic affibody conjugate (Zvecrr2-Bp2) for in vivo
visualization of VEGFR2 expression in GBM.

Methods: Zvecrr2-Bp2 coupled to a NODAGA chelator was generated and radiolabeled with indium-111. The
VEGFR2-expressing murine endothelial cell line MS1 was used to evaluate in vitro binding specificity and affinity,
cellular processing and targeting specificity in mice. Further tumor targeting was studied in vivo in GL261
glioblastoma orthotopic tumors. Experimental imaging was performed.

Results: ['In]In-NODAGA-Zvecrr2-Bp2 bound specifically to VEGFR2 (Kp=33+18 pM). VEGFR2-mediated
accumulation was observed in liver, spleen and lungs. The tumor-to-organ ratios 2 h post injection for mice
bearing MS1 tumors were approximately 11 for blood, 15 for muscles and 78 for brain. Intracranial GL261
glioblastoma was visualized using SPECT/CT. The activity uptake in tumors was significantly higher than in
normal brain tissue. The tumor-to-cerebellum ratios after injection of 4 pg ['''In]In-NODAGA-Zvecrr2-Bp2
were significantly higher than the ratios observed for the 40 pg injected dose and for the non-VEGFR2 binding
size-matched conjugate, demonstrating target specificity. Microautoradiography of cryosectioned CNS tissue
was in good agreement with the SPECT/CT images.

Conclusion: The anti-VEGFR2 affibody conjugate ['!'In]In-NODAGA-ZveGrr2-Bp2 specifically targeted
VEGFR?2 in vivo and visualized its expression in a murine GBM orthotopic model. Tumor-to-blood ratios for
['MIn]In-NODAGA-ZveGrr2-Bp2  were  higher compared to other VEGFR2 imaging probes.
['"In]In-NODAGA-Zvecrr2-Bp2 appears to be a promising probe for in vivo noninvasive visualization of tumor
angiogenesis in glioblastoma.
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Introduction

Glioblastoma multiforme (GBM) is the most aggressive surgery, chemotherapy and radiotherapy,
common and most aggressive primary brain tumor, the mean overall survival achieved for GBM patients
accounting for more than 50% of all gliomas. Despite  is less than 18 months [1]. Consequently, substantial
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efforts have been made in recent years towards the
development of new, improved therapies directed
against specific features of the pathology on an
individual patient basis. GBM exhibits a highly
developed neovasculature and is one of the most
vascularized solid tumors. The neovasculature in
GBM is heterogeneous, abundant, hyperpermeable,
and disorganized with deformed vessels of irregular
diameter [2]. The high neovascularization may
contribute to the aggressive behavior of GBM, and the
inhibition of tumor angiogenesis is a promising
therapeutic strategy.

A vast network of pro-angiogenic signaling
molecules and their cognate receptors have been
identified and characterized [3,4]. Among them,
members of the vascular endothelial growth factor
(VEGF)/VEGFR family are considered the prime
regulators of both physiological and pathological
angiogenesis [2]. VEGFR2, which is primarily
expressed in vascular endothelium, is a key mediator
of VEGF-induced pro-angiogenic activities [5],
playing a pivotal role in the regulation of endothelial
cell biology [6]. VEGFR2 is upregulated in tumor
vasculature compared to normal vasculature [7], thus
emerging as an attractive antiangiogenic target.

Many promising new antiangiogenic therapies
targeting the VEGF-VEGFR axis with different
mechanisms of action have been evaluated in recent
years. Examples include VEGFA-specific agents (e.g.,
bevacizumab, ranibizumab, VEGEF-trap), neutralizing
VEGFR2-specific  antibodies/antibody fragments
(e.g., ramucirumab and CDP791), and small molecule
tyrosine kinase inhibitors that block VEGFR signaling
(e.g., sunitinib, axitinib, sorafenib) (see an overview of
clinical studies in [8]).

However, not all patients respond to
antiangiogenic therapy [9-11]. It is increasingly
evident that the successful implementation of these
therapies requires improved diagnostic tools that can
identify the patient population that is most likely to
respond and match it with the optimal treatment [12].
A noninvasive imaging technique for monitoring the
status of tumor angiogenesis that could provide a
prompt readout of posttreatment response is therefore
highly desirable [13].

For this purpose, imaging agents for single
photon emission computed tomography (SPECT) and
positron emission tomography (PET) targeting
VEGFRs and their ligands could enable a detailed
characterization of the molecular status of the
endothelium in the tumor.

Efforts to image the VEGF-VEGEFR axis have so
far been focused either on tracing the ligand
distribution with anti-VEGFA monoclonal antibodies
or on imaging of VEGFR2 expression using

natural/mutated VEGF isoforms. Nagengast et al.
were the first to demonstrate the potential of In-
and #Zr-labeled bevacizumab for noninvasive in vivo
imaging of VEGFA [14]. Bevacizumab was
subsequently labeled with iodine-125, yttrium-86 and
copper-64 [15-17]. However, imaging of VEGFA is
challenging due to its complex and dynamic nature.
VEGFA is often sequestered in the extracellular
matrix through its interaction with heparan sulfate
and is released by proteolytic activity in the tumor
microenvironment [18, 19]. Moreover, an important
limitation of using monoclonal antibodies as imaging
probes is that they circulate in the blood for several
days requiring long times after injection to achieve
reasonable contrast. In addition, nonspecific uptake of
antibodies in tumors due to the enhanced
permeability and retention (EPR) effect might lead to
false-positive findings and limit therapy monitoring
[20]. VEGFA isoforms have also garnered increasing
attention as imaging agents during the last two
decades. VEGF165 and VEGF121 have been labeled
with various radionuclides, such as iodine-123 and
-125, copper-64, gallium-68, technetium-99m [21-25],
and an engineered single-chain version of VEGFA
selective to VEGFR2 (scVR2) has been labeled with
zirconium-89 [26], showing encouraging imaging
results. However, these findings have been tempered
by the inherent angiogenic activity of such agents and
the costs associated with their large-scale synthesis.

Affibody molecules are a class of scaffold
proteins with short blood circulation time, high
stability and high target affinity [27,28]. Recently,
Fleetwood et al. reported the selection of several
anti-VEGFR2 affibody molecules with affinities to
VEGFR2 below 10 nM [29]. Affibody molecules were
selected for binding to human VEGFR2 (hVEGFR2)
but also demonstrated cross-reactivity to murine
VEGFR2 (mVEGFR2) in the low nanomolar range.
Although all selected affibody molecules blocked
VEGFA-binding to VEGFR2 in vitro, they recognized
nonoverlapping epitopes on the receptor and could
bind simultaneously [29]. Furthermore, they inhibited
VEGFA-induced phosphorylation  and  cell
proliferation [30].

Binders with low picomolar affinity are desirable
for targets with low expression/density. In the case of
HER2 targeting, affibody molecules with an affinity of
160 pM had 6.5-fold higher tumor uptake and 2-fold
slower wash-out compared to counterparts with 3.8
nM affinity in tumors with low receptor density
(4x103 receptors/cell) [31]. We hypothesized that i)
the fusion of two anti-VEGFR2 affibody molecules
targeting  nonoverlapping epitopes  (so-called
biparatopic dimer) should increase affinity due to the
avidity effect by increasing the binding area, and ii)
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the increase in protein size should not play a negative
role since receptor expression is primarily limited to
endothelial cells and tissue penetration is not
essential. Here, we used the strategy of fusing two
anti-VEGFR2  affibody =~ molecules  targeting
nonoverlapping epitopes with affinities in the
nanomolar range to create a biparatopic affibody
dimer denoted Zvecrre-Bp2, which showed increased
target affinity. The unique C-terminal cysteine residue
enables site-specific conjugation of the NODAGA
chelator for labeling with radiometals. In this
feasibility study, indium-111 (t,, = 2.8 days) was used
as the label since it permits the long experiments that
are required for accurate characterization of the new
binder, e.g., determination of affinity, cellular
processing and following the biodistribution profile of
the new conjugate at later time points. We show that
NODAGA-Zyecrro-Bp2  can  be  exploited  for
noninvasive visualization of tumor angiogenesis in
preclinical GBM.

Methods

Detailed descriptions of materials, equipment
and methods used in this study are given in
Supplementary Material.

Production and characterization of
anti-VEGFR2 affibody

The new antagonistic biparatopic affibody
conjugate was designed and produced in E. coli BL21
Star (DE3) cells. Purity and size of the purified protein
were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and
liquid chromatography-electrospray ionization mass
spectrometry (LC-ESI/MS). A maleimide derivative
of 1,4,7-triazacyclononane,1-glutaric acid-4,7 acetic
acid (NODAGA) was site-specifically conjugated to
the unique C-terminal cysteine of the protein. The
conjugated protein was purified by semipreparative
reversed-phase high-performance liquid chromato-
graphy (RP-HPLC). Correct protein mass was
confirmed by LC/ESI-MS. The purity of the
conjugated protein was determined by analytical
RP-HPLC. The secondary structure and thermal
stability of the final NODAGA-Zvecrro-Bp2 conjugate
(HEHEHE-Zvgcrro-Bp>-Cys-Maleimide-NODAGA)
were analyzed by circular dichroism (CD)
spectroscopy. Binding of the new conjugate was
detected by flow-cytometric analysis and by surface
plasmon resonance-based biosensor assay.

Radiolabeling and characterization of
[']]|I‘I]|I‘I-NODAGA-ZVEGFR2-BP2

NODAGA-Zvecrre-Bp2 was incubated with
indium-111 in ammonium acetate buffer, pH 5.5, at 85

°C for 30 min. The radiochemical yield of the
conjugate in the crude mixture was determined by
instant thin layer chromatography (ITLC). The
stability of the compound was tested in 1000-fold
molar excess of ethylenediaminetetraacetic acid
(EDTA) and in PBS at a pH of 7.4. Purification of the
radiolabeled conjugate for in vivo studies was
performed using size exclusion NAP5-columns. The
radiochemical purity was analyzed by radio-ITLC
and verified by SDS-PAGE.

In vitro characterization of
[l 1 In] |n-NODAGA-ZVEGFRz-sz

The temperature-sensitive SV40T-transformed
pancreatic islet endothelial cell line Mus EC MS1
mouse endothelial (MS1) wused for in vitro
characterization was a kind gift from Dr. Jack L.
Arbiser, Children’s Hospital, Harvard Medical
School, Boston, MA [32]. In vitro binding specificity
and cellular processing were studied according to
published methods [33].

Association to and dissociation of "In-labeled
NODAGA-Zvecrr2-Bp2 from  VEGFR2 were
investigated in MS1 cells by quantitative real-time
binding measurements using LigandTracer Yellow
Instruments. The resulting data were analyzed in
TraceDrawer™ to calculate the association rate (ka)
and dissociation rate (kq) constants, as well as the
dissociation constant Kp.

To estimate if ["MIn]In-NODAGA-Zvecrr2-Bp2
can detect changes in VEGFR2 expression in response
to endothelial cell-targeted therapy, in vitro binding
of the tracer to MS1 cells treated with heat shock
protein 90  (HSP90)  inhibitor = 17-DMAG
(17-dimethylaminoethylamino-17-demethoxygeldana
mycin, Alvespimycin) was measured. Untreated cells
were used as a control. The results of the binding
experiments were correlated with the cell survival
fraction, determined as described [34].

Small animal studies

All animal experiments were planned and
performed in accordance with national legislation on
laboratory animals” protection and were approved by
the Ethics Committee for Animal Research in
Uppsala.

In vivo stability of [MIn]In-NODAGA-
Zyvecrr2-Bp2 was studied in NMRI mice 15 min after
intravenous injection of 4 pg (10 MBq) of protein in
the tail vein and by comparison of the biodistribution
of [MIn]In-NODAGA-Zvecrre-Bp2, and  [Mn]In-
acetate 2 h after intravenous injection. Targeting
specificity, biodistribution of activity over time and
imaging properties of ['"'In]In-NODAGA-Zvecer2-Bp2
were studied in Balb/c nu/mu mice bearing
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subcutaneous MS1 tumors. Balb/c nu/nu mice with
subcutaneous PC-3 (prostate carcinoma) xenografts
were used to verify in vivo targeting of
[MIn]In-NODAGA-Zvecrr2-Bp2 to human VEGFR2.
C57BL/6 mice with intracranial GL261 glioblastoma
tumors were used to study the imaging properties of
[MIn]In-NODAGA-Zvecrre-Bp2. Groups of 3-4 mice
were used per data point if not stated otherwise.

Mice bearing MS1 tumors were injected
intravenously in the tail with 1, 4 and 20 pg of
MIn-labeled compound (30 kBq), and biodistribution
was studied 2 h post injection (pi). Additionally,
biodistribution was studied 6 and 24 h pi with 4 g of
[11111'1]In-NODAGA-ZVEGFRz-sz (30 kBq) The PC-3
xenografted mice were injected with 4 pg of
[MIn]In-NODAGA-Zvecrre-Bp2 (30 kBq), and
biodistribution was studied at 2 h pi.

For whole body SPECT/CT imaging, mice
bearing MS1 tumors were injected intravenously with
4 ng of [MIn]In-NODAGA-Zyecrr2-Bp2 (10 MBq). The
animals were sacrificed at 2 h pi, and SPECT/CT
scans were carried out with a nanoScan SPECT/CT.

Mice with intracranial murine glioblastoma
GL261 tumors were monitored under anesthesia on a
3T nanoScan PET/MRI instrument every third day
starting from day 12 after tumor inoculation. The mice
with MRI-confirmed orthotopic GL261 glioma tumors
were injected intravenously with [""In]In-NODAGA-
Zvecrr2-Bp2 (1-40 pg, 6 MBq/pg). The animals were
euthanized at 2 h pi, and SPECT/CT scans were
carried out using a nanoScan SPECT/CT as described
above. To confirm targeting specificity, an additional
group of mice was injected with 4 pg of ™In-labeled
Ztaq'Ztaq-

SPECT raw data were reconstructed using the
Tera-Tomo™ 3D algorithm. The CT raw files were
reconstructed using Filter Back Projection. SPECT
data were reconstructed for attenuation and scatter
corrections with their respective CTs. SPECT-CT data
were fused and analyzed in PMOD 3.510. SPECT
images were presented as MIP (maximum intensity
projection) on the RGB color scale, and CT were
presented as MIP in grayscale.

For the tumor and cerebellum, spheres of 4 mm
radius were drawn on fused SPECT-CT images.
Relative uptake of tracer (tumor-to-cerebellum) was
evaluated in unmasked whole brain images. Regions
of interests (ROIs) were drawn on fused SPECT-CT
images along the trans-axial plane to create a mask of
the whole brain volume. The whole brain mask was
used to exclude pixels outside the selected area to
visualize the distribution of activity in the brain
among groups. Masking was performed only for
visualization of the tumors as MIP.

Data were analyzed with unpaired, two-tailed
t-tests to determine if differences were significant
(p<0.05).

Whole extracted brains were snap-frozen after
imaging, and 20 pm sections were cut through the
brain. The activity distribution in brain sections was
studied using digital macroautoradiography with a
Cyclone Storage Phosphor System and was analyzed
using OptiQuant image analysis software. The signal
intensities in the ROIs in tumor implants and in intact
brain were compared. Further sections were
processed for H&E staining. Additional brain sections
were immunofluorescently stained for VEGFR2 and
CD31.

Results

Production and characterization of Zvegrr2-Bp2

The Zyrcrro-Bp2 protein (see Figure 1A for a
schematic outline) was produced in E. coli and
purified using IMAC. After site-specific conjugation
of a maleimide derivative of the NODAGA chelator,
the resulting protein was purified by semipreparative
RP-HPLC. Analysis using RP-HPLC demonstrated a
purity of over 96% (Figure 1B). Mass determination
on LC/ESI-MS showed identical experimental mass
compared with the theoretical value, 14,951 kDa
(Figure 1C). CD spectroscopy demonstrated an
alpha-helical content comparable to typical affibody
molecules and high refolding capability after heating
up to 90 °C (Figure 1D). The melting temperature of
the new biparatopic affibody conjugate was
determined to be 45 °C (Figure 1E).

The interaction between NODAGA-Zyrcrr2-Bp2
and mVEGFR2 was analyzed using a surface plasmon
resonance (SPR)-based biosensor assay to verify that
conjugation of the NODAGA chelator had no
negative influence on the binding to the receptor. The
previously studied Zvecrro-Bp2-ABD [30] was
included in the assay for comparison. The results from
the assay showed similar binding to mVEGFR2 for
NODAGA-Zvecrr2-Bp2  compared with  Zyecrro-
Bp2-ABD, which suggested that the NODAGA
conjugation did not appreciably affect
association/dissociation of the interaction (Figure S1).

A flow cytometry-based assay was performed to
investigate the ability of Zvecrre-Bp2 to bind to the
murine cell lines, MS1 (SV-40 transformed
endothelial), PC-3 (prostate cancer) and GL261
(glioblastoma). Zvecrr-Bp2 was produced and
purified in fusion with an albumin-binding domain
(ABD) to allow detection [30]. Ramucirumab
(anti-human VEGFR2 monoclonal antibody) and
DC101 (anti-mouse VEGFR2 monoclonal antibody)
were included for comparison. Cell binding of
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Figure 1. (A) Schematic overview of the design of the dimeric conjugate and the mode of binding of the biparatopic affibody to VEGFR2, blocking the VEGF epitope. (B) Purity
determination by analytical RP-HPLC for Zvegrr2-Bpa. (€) LC-ESI/MS mass spectrum for Zvecrr2-Bp2. The experimentally determined mass is indicated in the spectrum. (D)
Determination of refolding capacity. CD spectra before and after heat treatment to 90 °C. (E) Determination of heat stability. CD ellipticity at 221 nm as a function of

temperatu re.

Zvecrr2-Bp2 was detected using fluorescently labeled
human serum albumin (HSA) for Zvecrre-Bp: and
Alexa Fluor® 647 anti-rat or anti-human IgG antibody
for Ramucirumab and DC101. A clear shift in the
fluorescent signal was observed for the MS1 cell line
for both Zygcrre-Bp2 and DC101. For the GL261 and
PC-3 cell lines, no significant shift in fluorescence was
observed for Zvecrro-Bpz, Ramucirumab or DC101
compared to the negative controls (Figure 2A),
strongly indicating that these tumor cell lines do not
express VEGFR2.

Radiolabeling of NODAGA-Zyvecrr2-Bp2 with
indium-111, identity and stability of
["'|I‘I]|I‘I-N°DAGA-ZVEGFR2-sz

NODAGA-Zvecrro-Bp> was successfully labeled
with indium-111 with a radiochemical yield of 97+1%
as determined by ITLC (n=34). After size exclusion
purification, the radiochemical purity of the product
was 100%. SDS-PAGE analysis of the labeled
compound showed a single peak well-separated from
the low molecular weight control peak represented by
the free "In acetate. Apparent specific activities up to
8.6 MBq/ug (apparent molar activity = 124

GBq/ umol) were obtained. The compound was stable
in PBS and in excess EDTA up to 4 h (98£1% of
activity associated with protein for PBS and 97+1% for
EDTA challenge) (Table S1). In blood samples taken
15 min after injection of the tracer in mice, no traces of
free indium-111 or "!In-labeled protein fragments
were detected (data not shown). Comparison of
biodistribution patterns of ["MIn]In-NODAGA-
Zyvecrr-Bp2 and free indium-111 2 h after injection
(Figure S2) showed that the blood clearance of
radiolabeled conjugate was much more rapid than for
free indium-111, ie. the activity concentration in
blood was 24-fold lower for [MIn]In-NODAGA-
Zyvecrr-Bpa. In contrast, activity uptake in liver was
15-fold lower after injection of free indium-111 than
after injection of the radiolabeled conjugate.

In vitro characterization of
['""In]In-NODAGA-Zvecrr2-Bp2

The in witro binding specificity assay
demonstrated specific binding of [""In]In-NODAGA-
Zyvecrr-Bp2  to  VEGFR2-expressing MS1  cells.
Presaturation of receptors by adding a large molar
excess of non-labeled protein, the natural ligand
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VEGEF, or the anti-mVEGFR2 antibody DC101 resulted
in a significant reduction of cell-associated activity
(Figure 2B).

[MIn]In-NODAGA-Zvecrro-Bp2  was  rapidly
internalized by MSI cells (Figure 2C). After 8 h of
incubation at 37 °C, 55% of cell-associated activity was
internalized. Both the cell-associated activity and the
internalized fraction plateaued after the 8 h
time-point.

The kinetics of ["MIn]In-NODAGA-Zvecrr2-Bp2
binding to VEGFR2 were studied in MS1 cells in real
time. The interaction followed a 1:1 Langmuir

A  qz61,2z,,. Bp2-ABD

PC3, Z . ,BP2-ABD

adsorption model (Figure 2D). The calculated
dissociation constant at equilibrium was in the low
picomolar range (Kp = 3+2 x10! M) with a k, of 8+1
%104 M1s? and a kq of 3+1 x10-¢ s,

Treatment of endothelial MS1 cells with
17-DMAG was utilized as a model for initial
assessment of the potential use of [!1In]In-NODAGA-
Zyicrro-Bp2 for therapy monitoring. The results
showed that continuous incubation of cells with 25
nM 17-DMAG for 14 days resulted in complete cell
eradication.
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Figure 2. (A) Flow-cytometric analysis of binding of Zvegrra-Bp2 to different cell lines, MS1, PC-3 and GL261. Binding of Zvecrr2-Bp2-ABD to cells was detected by Alexa Fluor
(AF) 647-labeled HSA. AF-647 labeled HSA was included as negative control. Ramucirumab (anti-hVEGFR2) and DC101 (anti-mVEGFR2) were included as controls for binding
to human (PC-3) or mouse (MS1 and GL261) cell lines. Blue histograms indicate affibody/antibody samples, and red histograms are negative controls. The experiment was
performed in duplicate. (B) In vitro binding specificity of ['!'In]In-NODAGA-Zvecrr2-Bp2 tested on MS1 cells in the presence or absence of non-labeled Zvegrr2-Bp2, VEGFA, or
anti-mVEGFR2 antibody DC101. The cell-associated activity is presented as a percentage of the total added activity (average value from three cell dishes * SD). (C) Binding and
internalization of ['!1In]In-NODAGA-Zvecrr2-Bp2 by MS1 cells. Data are presented as average values from three cell dishes * SD. Error bars might not be visible because they are
smaller than point symbols. (D) Real-time binding data of the ['!''In]In-NODAGA-Zvecrr2-Bp2 interaction. Arrows indicate the concentration change. (E) Binding of
['""In]In-NODAGA-Zvecrra-Bp2 to MSI cells after 2 h treatment with 25 nM 17-DMAG. An equal amount of cells per culture dish was seeded, and equal
[""In]In-NODAGA-Zvecrro-Bp2 activity was added to each cell culture dish. The data are presented as the average value for three cell dishes + SD. Uptake by treated cells was
significantly (p < 5x10-6) lower than by untreated controls. (F) Survival of MSI cells after treatment with 25 nM 17-DMAG over 48 h. The data are presented as the average value
for three cell culture flasks + SD.

http://lwww.thno.org



Theranostics 2018, Vol. 8, Issue 16

4468

Two hours of incubation of MS1 cells with 25 nM
17-DMAG resulted in a significant (p < 5x10%)
decrease in ["In]In-NODAGA-Zvecer2-Bp2 binding
(Figure 2E). Incubation of MS1 cells with 25 nM
17-DMAG over 48 h resulted in a significant (p <
0.0001) decrease in survival compared to untreated
control (Figure 2F).

Characterization of
['""In]In-NODAGA-Zvecrr2-Bp2 in small animal
models

Targeting properties of ["In]In-NODAGA-
Zvecrre-Bp2 were studied in BALB/c nu/nu female
mice bearing MS1  tumors. Initially, the
biodistribution and tumor targeting were studied 2 h
pi for three different protein doses: 1, 4 and 20
pg/animal (Figure 3A and Table S2). The clearance of
activity from the blood was efficient for all tested
protein doses. There were no significant differences in
the biodistribution patterns of activity after the
injection of 1 and 4 pg. High activity uptake was
found in kidneys, lungs, liver, spleen, and bones. In
these organs (except for bones), the activity uptake
was dose-dependent. In liver, lungs and spleen, the
activity uptake decreased significantly (p<0.05) with
increased protein dose. Together with the decrease in
activity uptake in receptor-expressing organs, the
activity uptake increased in kidneys due to more
protein being excreted via the renal pathway. The two
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injected protein doses of 1 and 4 pg provided similar
values of tumor uptake. The significantly lower tumor
uptake for the 20 pg dose compared to the lower
doses indicated partial saturation of VEGFR2 binding
and demonstrated in vivo specificity of the
radiotracer. Tumor-to-nontumor ratios were higher
for the injected protein dose of 4 pg than for 1 pg
(Figure 3B and Table S2). However, for all tested
doses, tumor activity uptake did not exceed the
uptake in liver, spleen, and kidneys and was similar
to the uptake in bones and lungs.

The biodistribution of activity after the injection
of 4 pg of ["MIn]In-NODAGA-Zyecrro-Bp2 was further
studied 6 and 24 h pi (Figure 3C and Table S3). With
time, the activity uptake decreased significantly in
blood, lung, liver, spleen, and tumors.
Simultaneously, the activity wuptake increased
significantly in the kidney (major excretory organ for
affibody molecules). In other studied organs and
tissues, the activity uptake was stable over time.
Tumor-to-nontumor ratios significantly decreased
over time with the exception of tumor-to-blood ratio
(Figure 3D and Table S3). Very low activity uptake
was found in brain tissue for all tested protein doses
and times after injection.

MicroSPECT/CT imaging of mice bearing MS1
tumors was performed at 2 h pi (Figure 4A). Tumors
were visualized with prominent contrast. High
activity uptake was observed in liver and kidneys as

M 1ug
M 4.9

(5] e) Rle]

T

Figure 3. (A, C) Comparative biodistribution of different injected protein doses (1, 4 and 20 pg/animal) of ['!1In]In-NODAGA-Zvecrr2-Bp2 in BALB/C nu/nu in mice bearing MSI1
tumors 2 h pi and biodistribution over time 2, 6 and 24 h pi (4 pg/animal). (B, D) Tumor-to-normal-tissue ratios 2 h pi (1, 4, 20 pg), 6 h pi (4 pg), and 24 h pi (4 pg).
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Figure 4. (A) Coronal MIP SPECT/CT images showing tracer distribution in BALB/C nu/nu mice bearing MS1 tumors. The animal used for imaging was injected with 4 pg of
[""1In]In-NODAGA-Zvecrr2-Bp2 and euthanized 2 h pi. LN — lymph node, L — liver, K — kidneys, FB — femur and bone, PG - pineal gland, R — ribs, T — tumor. (B) Digital images
(right) showing activity distribution detected with macroautoradiography in tissues dissected directly after SPECT/CT imaging.

expected from ex vivo data. The activity uptake in
bones was heterogeneous with a higher uptake in the
joints. Uptake of activity was also observed in flat
bones (sternum, ribs, and hip) and could be assumed
in lymph nodes (axillary, inguinal, popliteal, and
lymph nodes of head and neck area) and the pineal
gland in brain.

To confirm these findings, samples of skin with
axillary lymph nodes, breast chest with ribs, femur,
kidney, brain and tumor were dissected directly after
microSPECT/CT imaging. On autoradiography
images (Figure 4B), elevated activity uptake was
detected in lymph nodes, ribs and joints. The activity
uptake in kidneys was concentrated in the cortex. The
activity uptake in the pineal gland was confirmed.
Additionally, uptake was detected in lateral
ventricles. The activity uptake in tumors was
heterogeneous, in agreement with the SPECT/CT
images.

VEGFR2 targeting was also assessed in mice
bearing PC-3 xenografts. Distribution of activity in
healthy organs and tissues was in good agreement
with the data obtained for the mice bearing MS1
tumors (Table S4). However, the activity uptake in
tumors of epithelial origin was three-fold lower than
for tumors of endothelial origin. This difference
translated into lower tumor-to-
nontumor ratios for the PC-3 model: tumor-to-blood
and tumor-to-muscle, 3; tumor-to-brain, over 20
(Table S4).

The growth of intracranial GL261 tumors was
monitored using microMRI starting from day 14,
when the tumor diameter was approximately 2 mm,
to day 21, when the diameter had increased two-fold

(Figure 5A and Figure S3). Activity uptake in
intracranial tumors was analyzed as tumor-to-normal
brain ratios on microSPECT/CT brain images and on
ex vivo autoradiography. Activity uptake in tumors 2
mm in diameter was confirmed by macroauto-
radiography, but visualization using SPECT was not
convincing (Figure S3). Based on results from
macroautoradiography, the optimal injected protein
dose of 4 pg was confirmed (Figure S4). It should be
noted that according to macroautoradiography data,
the activity uptake was more homogeneous in smaller
tumors than in tumors with diameters suitable for
microSPECT/CT imaging.

Intracranial tumors of 4 mm diameter were
visualized on SPECT/CT images (Figure 5B-C). In the
whole brain masked images, the tumor was easy to
delineate when 4 pg of ["In]In-NODAGA-
Zvecrr2-Bp:2 injected (Figure 5D and Figure S5). The
tumor-to-cerebellum ratios after injection of 4 ng
[MIn]In-NODAGA-Zvecrr2-Bp2  were  significantly
higher than the ratios observed for the 40 pg injected
dose and for the non-targeting conjugate (Figure 5E).

Microautoradiography of cryosectioned CNS
tissue was in good agreement with SPECT/CT
images. A high activity uptake was detected in the
tumor area (subsequently confirmed by H&E
staining) as observed on MRI in the mice injected with
4 pg of [MIn]In-NODAGA-Zvecrro-Bp2, and a lower
uptake was observed in the mice injected with a
blocking amount of targeting or the same dose of
non-targeting dimer (Figure 6A). H&E staining
visualized tumor areas (Figure 6B). Tumor-to-brain
ratios based on autoradiography results were
significantly higher for the mice injected with 4 pg
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[MMIn]In-NODAGA-Zvecrr2-Bp2 compared to the
tumor-to-brain ratios obtained for the 40 pg injected
dose and for the non-targeting conjugate (average for
26-29 slides) (Figure 6C). Immunofluorescent staining
for the endothelial markers platelet-endothelial cell
adhesion molecule-1 (PECAM-1; CD31) and VEGFR2
identified abundant vasculature in the glioblastomas
(Figure 7), validating the availability of the target.

4 ug 40 pg 4 ug
111In'ZvEGFRz'sz 111In'ZVEGFRz'sz 111|n-(ztaq)2

4ug 40pg Ztaq

Figure 5. (A) In vivo MRI (prior to the injection) and SPECT/CT (B) coronal and
(C) transaxial imaging of animals with intracranial GL261 tumors at 2 h pi of
[""1In]In-NODAGA-ZveGrr2-Bp2. Animals were injected with 4 g (left column), 40 pg
(middle  column)  of  ['"In]In-NODAGA-Zvegrr2-Bp2, or 4 g of
["In]In-NODAGA-Zsg-Zag (right column). (D) Coronal MIP SPECT images showing
tracer distribution in the brains of mice bearing intracranial GL261 tumors. For
masking, brain VOI was defined using CT images of fused SPECT/CT. The range of the
RGB color scale was 0.1-0.6 for Zvecrr2-Bp2 and 0.3-0.7 for Zug-Zuq for comparability.
(E) Tumor-to-brain ratios based on imaging analysis.

A 4 ug 40 pg
111|n-ZVEGFR2-Bp2 111|n-ZVEGFH2-Bp2

4 ug
"in-(Z,

taq )2

4ug 40ug Ztaq

Figure 6. (A) Macroautoradiography and (B) H&E staining of brain slices of mice
bearing intracranial GL261 tumors. Animals were injected with 4 pg (left column) or
40 pg (middle column) of [111In]in-NODAGA-Zvecrr2-Bp2 or 4 pg of
[""In]In-NODAGA-Zwg-Zwq (right column) and were euthanized 2 h pi. (C)
Tumor-to-brain ratios based on macroautoradiography analyses (n = 26-29).

Discussion

Bevacizumab, a VEGFA-targeting antibody
blocking ligand binding to VEGFR2, was approved by
FDA for recurrent GBM in 2009. It prolongs median
progression-free survival after the primary diagnosis
and improves progression-free survival and overall
survival in after recurrence [9]. However, the
assessment of therapeutic effects in GBM and the
radiologic evaluation criteria remain challenging and
even controversial, in particular distinguishing true
progression  from  treatment-related  changes
(pseudoprogression or pseudoresponse) [35]. Thus,
there is an urgent need for advanced techniques for
noninvasive visualization of tumor angiogenesis in
GBM to guide therapeutic design and for therapy
monitoring. It has been shown in preclinical studies
that  bevacizumab  decreases  neovasculature
formation, reduces microvessel density, and
normalizes vasculature [36]. These effects have also
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Figure 7. Immunofluorescent staining to detect CD31 (red), VEGFR2 (green) and nuclei (DAPI; blue) shows colocalization of CD31 and VEGFR2 (merged images to the right)
on vessel structures in GL261 glioblastomas. Lower panels show high magnification of a region in the upper images.

been observed in GBM patients with decreased
VEGFR2 expression during treatment [11,37].
Preclinical and clinical evidence thus point to
VEGFR2 expression as a possible predictive or
pharmacodynamic biomarker for antiangiogenic
therapy in GBM. For example, it was found in a Phase
IT trial that GBM patients with high VEGF/VEGFR2
ratios (high VEGF and low VEGFR2) had worse
outcomes when treated with bevacizumab [10]. Thus,
radionuclide molecular imaging of VEGFR2
expression in GBM might provide important
diagnostic information and make antiangiogenic
therapy of GBM more personalized. It is conceivable
that the initial elevated expression would predict
response to therapy, and its downregulation during
treatment would be a marker of response.

Here, we present the binding affinity and
specificity, internalization rate, optimal injected
protein dose and optimal imaging window for a new
VEGFR2-specific reagent. The properties of this new
tool indicate that it has important potential for clinical
monitoring of GBM. The labeling of NODAGA-
Zvecrr-Bp2 with indium-111 was successful, with
high apparent molar activities of up to 124 GBq/umol
that may be required for imaging of targets with low
density when limitations on the injected mass of the
imaging probe could be an issue [38].
[MINn]In-NODAGA-Zvecrre-Bp2  showed  excellent
stability and retained binding specificity to VEGFR2
in vitro and in vivo. The new binder competed with
the binding of the natural ligand VEGFA to VEGFR2,

a feature that could be exploited for monitoring of
receptor occupancy during antiangiogenic treatment.
The potential of VEGFR2 imaging using
["In]In-NODAGA-Zvecrr2-Bp2 to predict response to
neovasculature-targeted therapy was assessed in vitro
using the HSP90 inhibitor 17-DMAG. HSP90 regulates
many aspects of tumor angiogenesis, and its
inhibition downregulates VEGFR2 expression [39].
Binding of [111111]IH-NODAGA—ZVEGFRz-sz to MS1
cells decreased after treatment with 17-DMAG
(Figure ZE-F) . [11111‘1] In—NODAGA—ZVEGFRz-sz
demonstrated a somewhat higher internalization rate
compared to affibody conjugates targeting other
tyrosine kinase receptors (e.g., HER2 [33]) that
warrants the use of a residualizing radiometal label.
Ligand-receptor binding kinetics measured in
real-time showed dissociation constant values in the
low picomolar range (30 pM). The affinity of
[MIn]In-NODAGA-Zvecrr2-Bp2  for  binding  to
VEGFR2 was two orders of magnitude better than
affinities of either parental affibody monomers. This
finding corroborates our hypothesis that fusion of two
affibody binders with moderate affinity towards
different epitopes situated in close proximity should
improve the binding affinity of the biparatopic
molecule. The low dissociation rate constant of 3x10-¢
s1 together with the internalization should be
beneficial for targets exposed to blood flow where the
ligand can be easily cleared if dissociated from the
receptor. In conclusion, Zvecrre-Bp2 has properties
that indicate that it is particularly well suited for
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detection of neovasculature in CNS tumors.

Finding the optimal injected protein dose and
the optimal imaging window was the focus of the
initial in vivo characterization. The overall
biodistribution pattern of the new agent was in good
agreement with other VEGFR2-targeting agents
([40-43], as shown particularly in Figure 8 in [44]). The
in vivo data showed a pronounced influence of
injected protein dose on the imaging contrast (Figure
3A-B). The blood clearance of activity was fast, and
the tumor-to-blood ratios 2 h pi were approximately
10 for MS1 (endothelial) and 3 for PC-3 (epithelial)
tumors, reflecting different target density in a tumor
composed of endothelial cells compared to an
epithelial tumor with VEGFR2 expression confined to
the host-derived tumor vasculature. Remarkably, the
tumor-to-blood ratios provided by ["In]In-
NODAGA-Zyecrre-Bp2 in both tumor models were
superior to ®Cu-labeled ramucirumab (~1 at 48 h pi),
61/64Cu-labeled VEGF121 (~1 at 8 h pi for ¢/Cu and ~2
at 16 h pi for Cu), 8Ga-labeled VEGF121 (<1 at4 h
pi), and scVR2 (<2 at 2 h pi) [26,40-43]. A high
tumor-to-blood ratio is important for imaging. It
determines the imaging contrast in vivo as
blood-associated activity contributes to activity in all
organs.

Increasing the injected protein dose from 1 to 4
pug increased the tumor-to-nontumor ratios, in
agreement with earlier studies where the increase of
injected affibody mass resulted in increased imaging
contrast for ubiquitously expressed molecular targets,
e.g.,, HER1 and HER3 [45,46], likely due to partial
saturation of receptors in normal tissues and reduced
sequestering of radiolabeled conjugate. High and
partially blockable activity uptake was seen in liver,
lungs and spleen (Figure 3A). This finding could
possibly be explained by the low expression of
VEGFR?2 in epithelial cells. However, a more likely
explanation would rest on the assumption that the
small size of the affibody probe would allow it to
cross the vessel wall, e.g., at endothelial junctions in
the peripheral vasculature and to bind to VEGFR2
expressed on the basolateral aspect of the endothelial
vessel lining. In contrast, in the CNS, the tight vessel
barrier  (blood-brain-barrier) = would  prevent
extravasation of the affibody, explaining the better
tumor-to-organ ratio observed for glioblastoma
compared to brain tissue [47]. Thus, the high uptake
in liver, lung and spleen could, to some extent,
represent specific binding of the affibody to the
vasculature in these organs. It should be noted that
the same organs demonstrated high uptake of ¢1/¢4Cu-
and 68Ga-labeled VEGFA isoforms, VEGFR121, in
earlier studies [41-43].

High activity uptake was also found in kidneys

and bones. Bone uptake is most likely due to VEGFR2
expression in the vasculature and on certain leukocyte
populations in the red bone marrow [48], while the
high kidney uptake could partially reflect the high
reabsorption of the affibody conjugate after renal
excretion [49]. However, specific binding to VEGFR2
expressed in nonendothelial cell types cannot be ruled
out [50].

The high uptake in the liver is particularly
challenging for imaging, as the liver is a large and
well-perfused organ with a well-fenestrated
vasculature. The high capacity for liver entrapment
could reduce the bioavailability of the tracer.
Therefore, finding the optimal injection dose would
be even more challenging.

The overall higher tumor-to-organ ratios for the
4 pg dose in the MS1 model indicate that this dose
might be preferred for investigation of biodistribution
over time. The relatively rapid washout of activity
from the tumor could be explained by dissociation of
the affibody-receptor complex despite the strong
affinity of Zvecrre-Bp2 to VEGFR2 (low picomolar
range). This finding supports our hypothesis that high
binding affinity is required for targeting of receptors
that are exposed to blood flow. Consequently, the
overall tumor-to-organ ratios decreased over time
(Figure 3D), suggesting that the optimal time point
for image acquisition should be shortly after
administration. SPECT/CT images acquired 2 h pi
with 4 pg [MIn]In-NODAGA-Zvecrre-Bp2 were in
good agreement with the data obtained in ex vivo
measurements  (Figure  4A). The  overall
biodistribution pattern indicates that the diagnostic
potential of ["'In]In-NODAGA-Zyecrr2-Bp2, as well as
other VEGFR2 binders, will be limited in most cancers
due to high uptake in major metastatic sites, such as
liver, lungs, lymph nodes and bones.

The tumor-to-normal brain ratios seen for
[11111‘1]In—NODAGA-ZVEGFRz-sz in vivo (’“80 at2 h pl)
were much higher than reported for ®Cu-labeled
ramucirumab (~10 at 48 h pi) and ¢'Cu-labeled
VEGF121 (~5 at 8 h pi) [40.41], suggesting that the
conjugate could be used for VEGFR2 imaging in
GBM. For imaging of GBM in a murine model, GL261
was chosen as this glioma model is known to replicate
phenotypic characteristics of the human disease, such
as invasive growth [51]. Preliminary autoradiography
results on brain slides of mice injected with
[MIn]In-NODAGA-Zvecrre-Bp2  demonstrated low
activity uptake in the brain limited to the pineal gland
and lateral ventricles (Figure 4B). Using SPECT/CT
and post-imaging autoradiography in mice bearing
GL261 tumors, the optimal injected protein dose (4
pug/mouse) and required tumor size (4 mm in
diameter) were verified (Figure S3 and Figure S4).

http://lwww.thno.org



Theranostics 2018, Vol. 8, Issue 16

4473

SPECT/CT images showed a high accumulation of
[MINn]In-NODAGA-Zvecrre-Bp2 in the area of the
brain containing the tumor implants detected in MR
images (Figure 5). Imaging of VEGFR2 in the
orthotopic GBM murine model was VEGFR2-specific
considering that both the increase in injected protein
dose and the use of non-targeting size-matched
affibody conjugate resulted in significantly decreased
tumor-to-brain ratios (Figure 5E). In SPECT images,
tumor-to-cerebellum ratios were two-fold higher for
animals injected with 4 pg of [In]In-NODAGA-
Zvecrre-Bp2 compared to animals injected with lower
apparent specific activity or a size-matched,
non-targeting affibody. The difference in activity
uptake in tumors and normal brain tissue was even
more pronounced when autoradiograms of brain
slices were analyzed: tumor-to-normal brain ratios
were three-fold higher for the cohort injected with 4
pg compared to the 40 pg group and six-fold higher
compared to the non-targeted group (Figure 6C). This
discrepancy  between SPECT imaging and
autoradiography can be explained by several factors:
the relatively small size of the tumors that both
limited delineation accuracy and contributed to a
partial volume effect, heterogeneous activity uptake
within tumors, and the limited quantification
accuracy of SPECT imaging.

The results of this study demonstrate that our
strategy for the development of a high-affinity
biparatopic anti-VEGFR2 affibody conjugate by
dimerization of two distinct epitope binders was
successful. Often, the dimerization of affibody
molecules results in decreased tumor uptake. This
phenomenon is a consequence of the reduction in
tumor penetration that is not compensated by the
increased binding affinity and has been observed for
anti-HER?2 and anti-HER1 affibody molecules [52,53].
However, conceivably, targeting of VEGFR2 does not
require deep tissue penetration as the target is located
on endothelial cells.

In this study, we demonstrated that the
anti-VEGFR2 biparatopic affibody conjugate is
potentially suitable for molecular targeting in GBM
for patient stratification to antiangiogenic therapies
and monitoring of therapy response. In clinical
practice, imaging of VEGFR2 expression will not be
used for tumor detection, but rather for target
detection, concentrating on the areas with already
confirmed tumors, e.g., by MRIL Our Cclinical
experience with detection of HER2 expression in
breast cancer patients using %Ga-labeled affibody
molecule ABY-025 demonstrated that even tumors
with low activity uptake due to low receptor
expression can be successfully visualized [54] and that
absorbed doses to liver and kidneys were less than the

maximum allowed to a single organ in a healthy adult
after administration of a clinically relevant amount of
gallium-68 [55]. Moreover, the tumor-to-blood and
tumor-to-brain ratios for the new imaging tracer were
superior to those recorded for the natural ligand to
VEGFR2 and anti-VEGFR2 monoclonal antibodies.
An additional advantage of affibody-based tracers is
the less expensive production by prokaryotic cells
[56].

Selection of an optimal imaging strategy is
essential for the development of a novel imaging
probe. We had to take into account that imaging 24 h
or later might provide higher contrast, as has been
observed for anti-HER2 affibody molecules
[M1In]In-ABY-025 [57]. Therefore, the use of some
long-lived radionuclide would be desirable for the
initial evaluation. Furthermore, advantages of clinical
PET over SPECT (better resolution and better
attenuation correction providing more accurate
quantification) are not valid for small animal
scanners. The positron range in tissues results in
noticeable degradation of the resolution of small
animal PET compared to SPECT. Our scanner, the
nanoScan SPECT, has around 2-fold better spatial
resolution compared to the nanoScan PET [58,59].
This difference is translated into a smaller partial
volume effect in quantitative imaging of small lesions,
such as the orthotopic glioblastoma model. The
uncertainty in attenuation correction is much lower in
preclinical SPECT when the size of the attenuating
tissue is much smaller. Dosimetry considerations are
not important for small animal imaging, which
permits injection of higher activity and compensation
for reduced registration efficiency. Therefore, we
selected the long-lived single-photon emitter In for
this initial study.

Our findings indicate that the optimal imaging
time window for this agent is shortly after
administration. This finding is compatible with the
half-life of a short-lived generator-produced
positron-emitting gallium-68, thus allowing the use of
PET in clinics, which would provide higher imaging
sensitivity and more accurate activity quantification.
We foresaw such a possibility when designing the
tracer. Therefore, we selected the NODAGA chelator,
which is suitable for %Ga as well. NODAGA, a cyclic
tri-aza chelator provides stable labeling of peptides
and scaffold proteins with %Ga for PET and In for
SPECT [60-62]. Some reoptimization of labeling
conditions (temperature, pH and time) and preclinical
validation =~ should  permit the use  of
[¢8Ga]Ga-NODAGA-Zyecrrz-Bp2 in clinical PET.

Our studies demonstrated that activity
concentration in blood was less than 0.5% ID/g, even
by 2 h pi for all tested protein doses and appreciably
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decreased with time, which was in good agreement
with data for other dimeric affibody molecules [52,53],
and 15-fold lower than after injection of free
indium-111. This finding indicated high in vivo
stability of the MIn-NODAGA complex. Possible
transchelation of indium-111 to transferrin (the most
abundant blood protein with chelating properties)
should cause elevated activity concentration in blood
with very slow elimination, which was not observed.

Cross-reactivity between murine and human
VEGFR2 is critical for clinical translation and has been
a focus in the development of the binders from the
initial selection of the first-generation candidates [29].
That selection effort yielded two variants that bound
human VEGFR2 and were also cross-reactive for
murine VEGFR2. After affinity maturation and
construction of the biparatopic high-affinity binder
(Zvecrr2-Bp2), we again confirmed cross-reactivity
between human VEGR2 and murine VEGFR?2 [29,30].
The Zvecrr-Bp2 hence binds both orthologs with
similar affinity and the affinity measurements
presented here are in agreement with the previously
published results, indicating a strong position for
future clinical translation.

In conclusion, the high-affinity anti-VEGFR2
affibody conjugate ["In]In-NODAGA-Zvecer2-Bp2
specifically targeted VEGFR2 in vivo and visualized
VEGFR2 expression in glioblastoma in a murine
orthotopic model. Tumor-to-blood ratios for
[MIn]In-NODAGA-Zvecrr2-Bp2 were higher
compared to other VEGFR2 imaging probes.
[MIn]In-NODAGA-Zvecrr2-Bp2  appears to be a
promising probe for in vivo, noninvasive
visualization of tumor angiogenesis in GBM. Further
studies should concentrate on the development of
imaging probes suitable for PET to evaluate the
imaging potential of the new agent, such as therapy
monitoring.
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