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Abstract

Overexpression of vascular endothelial growth factor (VEGF) and VEGF receptors (VEGFRS)
indicates poor prognosis for cancer patients in a variety of clinical studies. Our goal is to develop a
tracer for positron emission tomography (PET) imaging of VEGFR expression using recombinant
human VEGF1,1 with three lysine residues fused to the N-terminus (denoted as K3-VEGF121),
which can facilitate radiolabeling without affecting its VEGFR binding affinity. Ks-VEGF11 was
conjugated with 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA) and labeled with $1Cu (ty»:
3.3 h; 62% B*). The I1Csq value of NOTA-K3-VEGF11 for VEGFR-2 was comparable to Kz-
VEGF;5; (1.50 and 0.65 nM, respectively) based on cell binding assay. 1Cu labeling was
achieved with good yield (55 £ 10 %) and specific activity (4.2 GBg/mg). Serial PET imaging
showed that the 4T1 tumor uptake of 81Cu-NOTA-K3-VEGF1y; was 3.4 +0.5,4.9+1.0,5.2 +
1.0, and 4.8 + 0.8 %ID/g (n = 4) at 0.5, 2, 4, and 8 h post-injection respectively, which was
consistent with biodistribution data measured by gamma counting. Blocking experiments and ex
vivo histology confirmed VEGFR specificity of %1Cu-NOTA-K3-VEGF;5;. Extrapolated human
dosimetry calculation showed that liver was the organ with the highest radiation dose. The use

of 61Cu as the radiolabel is desirable for small proteins like K3-VEGF157, which has much higher
B* branching ratio than the commonly used 4Cu (62% vs. 17%) thereby offering stronger signal
intensity and lower tracer dose for PET imaging.
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INTRODUCTION

Vascular endothelial growth factor (VEGF) is a potent mitogen in embryonic and somatic
angiogenesis, the formation of new blood vessels.l: 2 The VEGF/VEGF receptor (VEGFR)
signaling pathway plays a crucial role in both normal vasculature development and disease
processes such as tumor development and metastasis.® 4 VEGF-A is a homodimeric,
disulfide-bound glycoprotein which exists in several isoforms with different numbers of
amino acid residues, such as VEGF12; and VEGFg5. Different VEGF-A isoforms exhibit
varying biological properties such as the ability to bind to cell surface heparin sulfate
proteoglycans. VEGF1,7, commonly existing as a homodimer, is freely diffusible without
heparin binding. The two VEGFRs, namely Flt-1 (VEGFR-1) and Flk-1/KDR (VEGFR-2),
are endothelium-specific tyrosine kinase receptors that mediate most of the angiogenic
actions of the VEGF family.5 It has been reported that VEGFs and/or VEGFRs are
overexpressed in various tumor biopsy specimens, which is indicative of poor prognosis for
cancer patients.2 6 7 Therefore, non-invasive imaging and quantification of VEGFR
expression is of paramount importance in cancer patient management.

Many strategies have been adopted to block the VEGF/VEGFR signaling pathway for
cancer treatment, such as agents that can bind to VEGF-A to prevent its interaction with
VEGFRs (bevacizumab, VEGF-trap, etc.),8 9 antibodies/antibody fragments that target
VEGFR-2 (ramucirumab, CDP791, etc.),0: 11 and small molecule inhibitors that interrupt
the downstream signaling of VEGFR-2 (axitinib, sunitinib, sorafenib, etc.).12-14 Many of
these agents have been approved by the Food and Drug Administration (FDA) for various
medical indications in cancer therapy.? 1> Non-invasive imaging and measurement of
VEGFR expression can provide important information in future anti-angiogenic drug
development and clinical trials, such as patient stratification and evaluating the therapeutic
response/efficacy. Due to the soluble and dynamic nature of VEGF proteins, imaging of
VEGF expression was not studied as extensively as imaging of VEGFR expression.3 16 To
date, the strategies used for VEGF imaging are almost exclusively based on anti-VEGF
antibodies or reporter gene approaches.

Tremendous effort has been devoted to non-invasive imaging of VEGFR expression in
cancer over the last two decades and various agents have been developed for different
imaging modalities, such as single photon emission computed tomography (SPECT),17-20
positron emission tomography (PET),18: 21-25 gptical imaging,18: 26 magnetic resonance
imaging (MRI),2” and ultrasound.28 29 Because of the high affinity to VEGFRs, VEGF121
has emerged as a particularly desirable candidate for tracer development in the literature.3: 30
To avoid significant interference with VEGFR binding, site-specific labeling of VEGF-
based proteins has been adopted in many literature reports which typically utilizes a cysteine
residue for radiolabeling.*18 However, in many of the reported studies, kidney uptake of the
tracer was very high (in some cases > 100 percentage of injected dose per gram of tissue
[%1D/g]) which significantly hampered the clinical translation/applications of these tracers.

The goal of this study is to develop a PET tracer for the imaging of VEGFR expression
using lysine-tagged recombinant human VEGF1,; (denoted as K3-VEGF151). The three
lysine residues at the N-terminus, far from the VEGFR binding sites, can facilitate
radiolabeling without affecting the biological activity and receptor binding. Since the
commonly used PET isotope for protein labeling, 84Cu, has low B* branching ratio (17%), in
this study we used 1Cu as a PET label which is ideal for small proteins like VEGF11. The
significantly shorter half-life than that of 4Cu (3.3 h vs. 12.7 h) is more suitable for the
pharmacokinetics of VEGF-based tracers and can give lower radiation dosimetry to normal
organs. In addition, the much higher f* branching ratio of 81Cu (62% vs. 17% for 64Cu)
leads to stronger signal intensity and requires lower injection dose of the PET tracer. These
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features (shorter decay half-life, stronger signal, lower dose needed for PET imaging, etc.)
are desirable for future clinical translation. In this work, K3-VEGF;1 was conjugated to 2-
S-(4-isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (p-SCN-Bn-NOTA)
for 81Cu labeling and in vivo investigation in a 4T1 murine breast cancer model.

EXPERIMENTAL SECTION

Reagents

K3-VEGF12; was synthesized through recombinant DNA technology and purified by
GenScript Corp. (Piscataway, NJ). p-SCN-Bn-NOTA (Macrocyclics, Inc., Dallas, TX),
PD-10 desalting columns (GE Healthcare, Piscataway, NJ), Chelex 100 resin (50-100 mesh;
Sigma-Aldrich, St. Louis, MO), and FITC/Cy3-labeled secondary antibodies (Jackson
Immunoresearch Laboratories, Inc., West Grove, CA) were all purchased from commercial
sources. Water and all buffers were of Millipore grade and pre-treated with Chelex 100 resin
to ensure that the aqueous solution was heavy metal-free. All other reaction buffers and
chemicals were acquired from Thermo Fisher Scientific (Fair Lawn, NJ).

Cell Lines and Animal Model

4T1 murine breast cancer cells were purchased from the American Type Culture Collection
(ATCC, Manassas, VA) and cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA)
with 10% fetal bovine serum at 37 °C with 5% CO». Porcine aortic endothelial cells
expressing human KDR (PAE/KDR) were cultured in Ham’s F-12 medium containing 10%
fetal calf serum. Cells were used for in vitro and in vivo experiments when they reached
~75% confluence. All animal studies were conducted under a protocol approved by the
University of Wisconsin Institutional Animal Care and Use Committee. The 4T1 tumor
model was generated by subcutaneous injection of 2 x 10 cells in 100 pul of phosphate-
buffered saline (PBS) into the front flank of twelve-week-old female BALB/c mice (Harlan,
Indianapolis, IN).31 Tumor sizes were monitored every other day and mice were used for in
vivo experiments when the diameter of tumors reached 5-8 mm (typically 1-2 weeks after
inoculation).

NOTA-Conjugation, Cell Binding Assay, and ®1Cu-Labeling

NOTA-conjugation was carried out at pH 9.0 (in PBS adjusted with 0.1 N sodium
carbonate), with the reaction ratio of p-SCN-Bn-NOTA:K3-VEGF1,1 being 10:1. NOTA-
K3-VEGF12; was purified using PD-10 columns with PBS as the mobile phase. Detailed
procedure for the cell-binding assay has been reported previously.?l- 22 VEGFR-2 binding
affinity of K3-VEGF1,1 and NOTA-K3-VEGF127 was analyzed in PAE/KDR cells

using 12°1-VEGF 5 as the radioligand.

61Cu was produced in a GE PETtrace cyclotron using the $°Ni(d,n)81Cu reaction, with
specific activity of ~2 Ci/umol at the end of bombardment. 61CuCl, (74 MBq) was diluted

in 300 pL of 0.1 M sodium acetate buffer (pH 5.5) and added to 10 pug of NOTA-K3-
VEGF,, for radiolabeling. The reaction mixture was incubated for 30 min at 37 °C with
constant shaking. $1Cu-NOTA-K3-VEGF1; was purified using PD-10 columns with PBS as
the mobile phase. The radioactive fractions containing $1Cu-NOTA-K3-VEGF»; was
collected and passed through a 0.2 um syringe filter before in vivo experiments.

Imaging and Biodistribution Studies

PET/CT scans were performed using an Inveon microPET/microCT rodent model scanner
(Siemens Medical Solutions USA, Inc.). Each 4T1 tumor-bearing mouse was intravenously
injected with 3-5 MBq of $1Cu-NOTA-K3-VEGF;; and five-minute static PET scans were
performed at various time points post-injection (p.i.). Details for data acquisition, image
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reconstruction, and region-of-interest (ROI) analysis have been reported previously.32-34

Quantitative data were presented as %1D/g. Blocking studies were carried out to evaluate

VEGFR specificity of 81Cu-NOTA-K3-VEGF121 in vivo, where a group of four mice was
each injected with $1Cu-NOTA-K3-VEGF;,; after intravenous injection of 100 pg of Ks-
VEGFo1.

After the last PET scans at 8 h p.i., biodistribution studies were carried out to confirm that
the quantitative tracer uptake values derived from PET imaging truly represented
radioactivity distribution in tumor-bearing mice. Blood, 4T1 tumor, and major organs/tissues
were collected and weighed. The radioactivity in each tissue was measured using a gamma-
counter (Perkin Elmer) and presented as %ID/g. The 4T1 tumor, liver, and kidneys (i.e.
tissues with significant uptake of 61Cu-NOTA-K3-VEGF151) were also frozen for
histological analysis.

Radiation Dosimetry Extrapolation to Humans

Histology

Estimated human dosimetry was calculated from serial PET imaging results on BALB/c
female mice injected with 81Cu-NOTA-K3-VEGF15;. It was assumed that the
biodistribution of the tracer in BALB/c mice was the same as in adult humans. ROl analysis
was performed on major organs and time-activity curves were generated from the mean
values obtained for each organ of interest. The source organ residence times were then
calculated for the human model by integrating a mono-exponential fit to the experimental
distribution data for major organs. Organ Level Internal Dose Assessment (OLINDA,;
Vanderbilt University) was used for estimating the radiation dosimetry.3®

Frozen tissue slices of 5 pm thickness were fixed with cold acetone for 10 min and dried in
the air for 30 min. After rinsing with PBS for 2 min and blocking with 10% donkey serum
for 30 min at room temperature, the tissue slices were incubated with rabbit anti-mouse
VEGFR-1 antibody (2 pg/mL, Thermo Fisher Lab Vision, Kalamazoo, MI) for 1 h at 4 °C
and visualized using FITC-labeled donkey anti-rabbit secondary antibody. After washing
with PBS, the slices were incubated with rat anti-mouse VEGFR-2 antibody (2 pg/mL) for 1
h at 4 °C and visualized with Cy3-conjugated donkey anti-rat secondary antibody. All
images were acquired with a Nikon Eclipse Ti microscope.

Statistical Analysis

RESULTS

Quantitative data were expressed as mean + SD. Means were compared using Student’s t-
test. P values < 0.05 were considered statistically significant.

In Vitro Studies

The amino acid sequence of K3-VEGF124 is shown in Figure 1A. Mass spectrometry
indicated the expected molecular weight of ~14.6 kDa for K3-VEGF11 and another peak at
~29.3 kDa for the homodimer (Figure 1B). K3-VEGF1»1 exhibited > 95% purity as indicated
by a Coomassie Blue-stained SDS-PAGE gel (Figure 1C), with a very light band of Ks-
VEGF1,1 homodimer above the 26 kDa marker band. The binding of K3-VEGF;2; and
NOTA-K3-VEGF,1 to cells expressing VEGFR-2 was evaluated using 12°1-VEGF¢s as the
competitive radioligand (Figure 1D). The measured 50% inhibitory concentration (1Csp)
values of K3-VEGF121 and NOTA-K3-VEGF12; were 0.65 and 1.50 nM, respectively,
indicating minimal interference with VEGFR-2 binding after NOTA conjugation. As a
reference, the 1Cgq values of VEGF1,; were measured to be 1-3 nM in our previous studies
using the same cell binding assay.2%: 22 This observation indicated that the lysine residues
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used for NOTA conjugation were not within the VEGFR-2 binding domain (shown in blue
in Figure 1A).36 Through the addition of three lysine residues at the N-terminus of
VEGF1,1, which did not interfere with VEGFR-2 binding as indicated by the ICsq values,
the possibility of modifying the lysine residue in the VEGFR-2 binding domain is
significantly reduced.

61Cu-Labeling

61Cu-labeling including final purification using PD-10 columns took 60 = 10 min (n = 8).
The decay-corrected radiochemical yield was 55 + 10 %, based on 5 pg of NOTA-K3-
VEGF;,1 per 37 MBq of 61Cu, with radiochemical purity of > 95%. The specific activity
of 1Cu-NOTA-K3-VEGF1,1 was 4.2 GBg/mg protein, assuming complete recovery of the
NOTA-K3-VEGF1,1 conjugate after size exclusion chromatography.

Small Animal PET Imaging

Based on our previous studies on PET imaging of VEGFR expression with radiolabeled
VEGF2121 22 and the 3.3 h decay half-life of $1Cu, the time points of 0.5, 2, 4, and 8 h p.i.
were chosen for serial PET scans of 4T1 tumor-bearing mice after intravenous injection

of 61Cu-NOTA-K3-VEGF1,1. Coronal PET images that contain the 4T1 tumor are shown in
Figure 2, with the quantitative data obtained from ROI analysis and representative PET/CT
fused image of a mouse at 4 h p.i. of $1Cu-NOTA-K3-VEGF15; shown in Figure 3.

61Cu-NOTA-K3-VEGF,; cleared from the mouse body through both the hepatobiliary and
renal pathways (with the former being more dominant). The uptake of 51Cu-NOTA-K3-
VEGF121 in the liver was prominent at early time points and decreased gradually over time.
The %1D/g values of the liver was 35.2 + 5.6, 27.4 £ 1.0, 27.4 + 2.2, and 24.2 £2.7 %ID/qg at
0.5, 2, 4, and 8 h p.i. respectively (n = 4; Figure 3A). Importantly, the 4T1 tumor uptake

of $1Cu-NOTA-K;3-VEGF 1,1 was clearly visible starting from 2 h p.i. and remained stable
over time (3.4 +0.5,49+1.0,5.2+1.0and 4.8 +0.8 %ID/g at 0.5, 2, 4, and 8 h p.i.
respectively; n = 4; Figure 2, 3A&C). Although the tumor uptake remained stable after 2 h
p.i., the tumor-to-muscle ratio increased significantly from 2.6 £+ 0.5at0.5h p.i.t04.9+ 1.0
at 8 h p.i. (n = 4) due to tracer clearance from normal tissues.

Administering 100 g of K3-VEGF1, at 30 min before $1Cu-NOTA-K3-VEGF;51 injection
significantly reduced the tumor uptake (P < 0.01 at 2 and 4 h p.i. when compared with mice
injected with 81Cu-NOTA-K3-VEGF1 alone; Figure 2, 3B&C), indicating VEGFR
specificity of the tracer in vivo. Radioactivity in the blood pool was comparably low for
both groups. However, liver uptake of 81Cu-NOTA-K3-VEGF15; in the “blocking” group
(21.0+0.4,17.2+£0.8,16.3+ 2.3, and 14.8 + 0.6 %ID/g at 0.5, 2, 4, and 8 h p.i.
respectively; n = 4) was significantly lower at all time points examined (P < 0.01) than that
of mice injected with $1Cu-NOTA-K3-VEGF;5; alone. Taken together, these data suggested
faster renal/hepatic clearance of 81Cu-NOTA-K3-VEGF121 when most VEGFR in the mice
was already bound by pre-injected K3-VEGF1,1, thereby leaving fewer receptors available
for the tracer to interact with. Successful blocking of the 4T1 tumor uptake with 100 pug/
mouse of K3-VEGF1,1 confirmed the VEGFR specificity of 81Cu-NOTA-K3-VEGF1,1 in
Vivo.

Biodistribution Studies and Radiation Dosimetry

All mice were euthanized after the last PET scans at 8 h p.i. The tissues were collected for
biodistribution and immunofluorescence staining studies to validate the in vivo PET data.
Figure 4 shows the biodistribution data of 1Cu-NOTA-K3-VEGF;5; at 8 h p.i. Besides the
liver, the kidneys and intestine also had significant uptake of 1Cu-NOTA-K3-VEGF;2;.
Based on the biodistribution studies, the tumor-to-muscle ratioat 8 h p.i. was 5.9+ 1.8 (n =

Mol Pharm. Author manuscript; available in PMC 2014 February 05.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Histology

Page 6

4) which is similar to that obtained from PET imaging (4.9 = 1.0; n = 4). Pre-injection of a
blocking dose of K3-VEGF1; led to a tumor-to-muscle ratio of 2.5+ 0.4 (n=4) at 8 h p.i.,
which was significantly lower than mice injected with 81Cu-NOTA-K3-VEGF; alone (P <
0.05) and corroborated the in vivo PET findings. Overall, the quantitative results obtained
from biodistribution studies and PET scans matched very well, confirming that quantitative
ROI analysis of non-invasive PET scans truly reflected tracer distribution in vivo.

Estimated human absorbed doses to normal organs from $1Cu-NOTA-K3-VEGF;5; are
presented in Table 1. The highest radiation-absorbed dose is to the liver (0.23 + 0.022 mGy/
MBg; n = 4) and most other organs have very low level of radiation-absorbed doses. When
compared to our previous studies on $4Cu-DOTA-VEGF1,1,2! the radiation doses to most
normal organs (e.g. brain, stomach, lungs, ovaries, spleen, uterus, etc.) were much lower.
For the kidney which were the dose-limiting organ for 54Cu-DOTA-VEGF151 (1.05 + 0.27
mGy/MBgq, n = 3), this is not the case for 1Cu-NOTA-K3-VEGF;5; due to much lower
kidney uptake of the tracer. The whole-body absorbed dose was found to be 0.024 + 0.001
mGy/MBq administered 81Cu-NOTA-K3-VEGF1,1, which is less than half of that for $4Cu-
DOTA-VEGF12; (0.05 £ 0.006 mGy/MBgq; n = 3). Together, the much improved estimated
human dosimetry of $1Cu-NOTA-K3-VEGF1 over $4Cu-DOTA-VEGF, suggested that
the use of 81Cu as the PET isotope was more advantageous than 84Cu for labeling small
proteins such as VEGF1»4 derivatives. The three additional lysine residues at the N-terminus
may also have contributed to the more desirable biodistribution of the tracer, in addition to
facilitating the radiolabeling procedure.

The frozen tissue slices of 4T1 tumor, liver, and kidneys were stained for VEGFR-1 and
VEGFR-2 after decay of the radioactivity. High VEGFR-2 expression and detectable
VEGFR-1 expression was observed in the 4T1 tumor (Figure 5), which corresponded to
prominent tracer uptake within the tumor. The observable level of VEGFR-2, but not
VEGFR-1, expression in the liver and kidneys may also have contributed partly to tracer
accumulation in these two organs. However, the majority of $1Cu-NOTA-K3-VEGF12;
uptake in the liver and kidneys is likely related to hepatic/renal clearance, nonspecific
capture, and possibly metabolites of the tracer after VEGFR-mediated internalization into
cells.

DISCUSSION

PET imaging has been widely for patient management in clinical oncology.37-39 Non-
invasive imaging of VEGFR expression holds enormous potential to accelerate anti-
angiogenic drug development and improve the management of cancer patients.3 4 30 In this
study, we developed a PET tracer by labeling lysine-tagged VEGF21 with 61Cu for imaging
of VEGFR expression in a murine breast cancer model and demonstrated the specificity

of $1Cu-NOTA-K;3-VEGF,1 in vitro, in vivo and ex vivo. Many radiotracers have been
reported for in vivo imaging of VEGFR expression previously,3 4 30 among which
VEGF121 was one of the most popular ligands used for tracer development. However, direct
labeling of VEGF1»4 for VEGFR imaging faces several challenges such as potential
interference with the VEGFR-2 binding affinity (VEGFR-1 binding is of less concern for
cancer imaging since VEGFR-2 has been shown to be more important than VEGFR-1 for
tumor angiogenesis? 22), very high renal uptake in mouse models which hampers clinical
translation, the choice of the optimal PET isotope, in vivo stability of the PET label, among
others. Our study addresses several of these issues and 51Cu-NOTA-K3-VEGF;; exhibits
many desirable characteristics for future clinical translation.
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There are 10 lysine residues in K3-VEGF151, with 3 at the N-terminus and 7 in the naturally
occurring VEGF1,1. Among these lysine residues that are amenable for radiolabeling, Lys®*
is critical for VEGFR-2 binding and should not be modified in order to preserve VEGFR-2
binding affinity.3¢ By adding 3 lysine residues at the N-terminus, the possibility of
compromising the biological activity of VEGF15; after NOTA conjugation is significantly
reduced. With the reaction ratio of p-SCN-Bn-NOTA:K3-VEGF121 being 10:1, it was
estimated that there are 1~2 NOTA residues in each NOTA-K3-VEGF12;. Such minimum
modification of the protein did not alter the binding affinity of VEGF,1 to VEGFR-2, as
cell binding assay confirmed that the I1Cgq values of both K3-VEGF121 and NOTA-K3-
VEGF1,1 were comparable to the naturally occurring VEGF1»1 at the nM range. The in vivo
and ex vivo experiments further confirmed the binding affinity and target specificity of the
tracer.

Radiation dose to both patients and healthcare personnel is a major concern for
radiopharmaceuticals.*0-42 In the design of novel radiotracers, it is important to minimize
the radiation dose to normal organs without compromising the imaging characteristics.
VEGF,1 and its derivatives have been labeled with many PET/SPECT isotopes.3 4 30
However, some tracers resulted in relatively low tumor uptake, while several others showed
high radiation dose to normal organs such as kidneys and the liver. 51Cu, with a 3.3 h decay
half-life, 62% B* branch ratio, and 1.22 MeV maximum B* energy, is an excellent PET
isotope for labeling of small molecules or proteins. However, development of 51Cu-based
PET tracers has been severely understudied due to limited commercial availability of the
isotope, despite the fact that tumor images obtained using 61Cu were found to be superior to
those using 84Cu.43 The relatively short half-life and high p* branch ratio requires lower
radiotracer dose for imaging applications and can lead to shorter organ residence time than
other PET isotopes such as 84Cu. In our study, the liver was the organ with the highest
radiation dose (which is still at a relatively low level) because 1Cu-NOTA-K3-VEGF121
was cleared from mice primarily through the hepatic route. The estimated radiation doses to
the other normal organs were even lower, which makes this tracer suitable for future clinical
translation.

In comparison with the clinical “gold standard” PET isotope 18F, which is typically time
consuming for protein labeling and often gives low radiochemical yield,%%: 44 labeling K3-
VEGF;; with $1Cu was achieved rapidly (~ 30 minutes) with good yield (> 50%). In
addition, radiometal can often give higher tumor uptake than similar 18F-labeled tracers, due
to much higher intracellular trapping efficiency of the radiometal than 18F after receptor-
mediated internalization of the tracer into tumor (vascular endothelial) cells and subsequent
metabolism.*> The 4T1 tumor uptake of 81Cu-NOTA-K3-VEGF1,; reached > 5 %ID/g at 4
h p.i. in our study, which gave good tumor contrast. Even though 61Cu is not commercially
available yet, it is feasible to distribute it to sites without a cyclotron similar as how 18F

and 18F-FDG are currently supplied through commercial carriers, once the broad clinical
potential of $1Cu is demonstrated. Of note, cyclotron production of $1Cu has a relatively low
cost with the use of a deuteron beam for 61Cu production (6°Ni is significantly less
expensive than 84Ni, which are commonly used for 64Cu production with a proton beam).
For imaging/diagnostic purposes using radiolabeled small proteins, $1Cu is a preferred
choice over the more widely available 84Cu. Several other PET isotopes also have desirable
characteristics for protein-based imaging (e.g. 4°Ti and #4Sc, both with similar half-lives

as 81Cu and higher B* branching ratio), which deserve more research effort in the near
future. Since the tumor uptake of 1Cu-NOTA-K3-VEGF,; peaks at around 4 h p.i., %8Ga is
not suitable for labeling of K3-VEGF121 because of its short decay half-life (68.3 minutes).
Furthermore, the much higher energy of f* emitted by 58Ga will also lead to lower quality
PET images than 81Cu-based tracers.
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The in vivo stability of radiometal-based tracers is always a concern, such as those based on
copper radioisotopes. An elegant study compared the effect of several bifunctional chelators
on the biodistribution of a $4Cu-labeled antibody,*® which concluded that thermodynamic
stability of 84Cu-chelator complexes did not significantly influence tumor uptake of the
tracer. However, there were significant differences in tracer concentration in other tissues,
including those involved in tracer clearance (e.g. liver and spleen). Similar findings were
also observed in our previous studies of $4Cu-based tracers34 47 and it is now generally
agreed that NOTA is one of the best chelators for $1/64Cu-labeling of proteins,#6: 48 which
was used in this work.

The endogenous isoforms of VEGF may compete with 61Cu-NOTA-K3-VEGF1,1, which
can potentially influence tracer uptake in the tumor and makes quantitative correlation of
VEGFR expression with tracer uptake more difficult. Nonetheless, the intact VEGFR
binding affinity of NOTA-K3-VEGF1,1 and the fact that the endogenous VEGF
concentration is far from saturating the VEGFR resulted in prominent $1Cu-NOTA-K3-
VEGF,1 uptake in the 4T1 tumors. Lastly, rodent kidneys typically express significant level
of VEGFR-1 during development which can cause very high renal uptake of VEGF-based
tracers in mouse models,2% 22 since VEGF4 binds to VEGFR-1 with higher affinity than
VEGFR-2. Such VEGFR-1 expression in rodent kidneys is age dependent. With the use of
adult mice (12-14 weeks) in this study, the kidney uptake is acceptable (~10 %ID/g) and
much lower than previous studies of VEGF-based tracers (usually > 30%I1D/g).3 21 It is
likely that the use of these mice is more clinically relevant since most cancer patients are
adults. Furthermore, VEGFR-1 expression in human kidneys is not as prominent as that in
rodents.

CONCLUSION

We have successfully synthesized 81Cu-labeled K3-VEGF;51, a recombinant VEGF21 with
three lysine residues fused to the N-terminus to facilitate radiolabeling without
compromising its biological activity. The binding affinity, tumor targeting efficiency, and
VEGFR specificity of the tracer was investigated both in vitro and in vivo. Small animal
PET imaging revealed fast, prominent, and VEGFR-specific uptake of 1Cu-NOTA-K3-
VEGF;51 in the 4T1 tumor model, which were validated by biodistribution, blocking, and
histology studies. By using 81Cu as the PET isotope, the estimated radiation dose to humans
could be significantly reduced when compared with similar 4Cu-labeled tracers. In
addition, high p* branching ratio and desirable half-life of 61Cu also makes the tracer
suitable for future investigations in multiple scenarios such as clinical translation and
evaluating the biological responses to various anti-cancer drugs.
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Characterization of K3-VEGF12; and NOTA-K3-VEGF121. (A) The amino acid sequence of
K3-VEGF12;. The 3 added lysine residues are coded in red and the amino acid residues
involved in VEGFR-2 binding are shown in blue, which contain a lysine residue. (B) Mass
spectrometry of K3-VEGF11 which shows the expected peak (14635 Da) as well as the
homodimer (29298 Da). (C) SDS-PAGE gel indicated > 95% purity of K3-VEGF12; (solid
arrow) with a very light homodimer band (empty arrow). Lane 1: molecular weight marker;
Lane 2: K3-VEGF151. (D) Cell binding assay in PAE/KDR cells with 1251-VEGF 5 as the
competitive ligand. Data represent triplicate samples. The 1Csq values are 0.65 and 1.50 nM
for K3-VEGF121 and NOTA-K3-VEGF51, respectively.
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Figure 2.

Serial coronal PET images of 4T1 tumor-bearing mice at 0.5, 2, 4, and 8 h post-injection
of 1Cu-NOTA-K3-VEGF;51, or a 100 pg dose of K3-VEGF1,; before 81Cu-NOTA-K3-
VEGF1»1 administration (i.e. blocking). Images are representative of 4 mice per group and
the 4T1 tumors are indicated by arrowheads.
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Quantitative analysis of the PET data. (A) Time-activity curves of the liver, 4T1 tumor, and
muscle upon intravenous injection of 1Cu-NOTA-K3-VEGF 1,1 into 4T1 tumor-bearing
mice (n = 4). (B) Time-activity curves of the liver, 4T1 tumor, and muscle upon intravenous
injection of $1Cu-NOTA-K3-VEGF,1, after a 100 ug dose of K3-VEGF,1, into 4T1 tumor-
bearing mice (n = 4). (C) Comparison of 4T1 tumor uptake between the two groups (n = 4).

D. Representative PET/CT images of a 4T1 tumor-bearing mouse at 4 h post-injection

of 1Cu-NOTA-K3-VEGF1,1. Arrowhead indicates the tumor. **: P < 0.01.
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Figureb5.

Immunofluorescence VEGFR-1/VEGFR-2 staining of the 4T1 tumor, liver, and kidney
tissue sections. All images were acquired under the same conditions and displayed at the
same scale. Magnification: 200%. Scale bar: 50 pm.
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Estimated radiation absorbed doses to an adult human after intravenous injection of 81Cu-NOTA-K3-VEGF1;
based on PET imaging data obtained in female mice (n = 4).

Organ

mGy/MBq (SO)

rad/mCi (SO)

Adrenals
Brain
Breasts
Gallbladder
LLI Wall
Small Intestine
Stomach
ULI Wall
Heart
Kidneys
Liver
Lungs
Muscle
Ovaries
Pancreas
Skin
Spleen
Thymus
Thyroid
Urinary
Uterus

Effective dose

2.25E-02 (1.15E-03)
1.54E-04 (1.51E-05)
4.49E-03 (7.14E-04)
3.28E-02 (1.68E-03)
5.08E-03 (2.34E-03)
6.93E-02 (4.28E-02)
9.88E-03 (2.60E-04)
1.62E-02 (4.96E-03)
6.33E-02 (2.52E-02)
2.04E-01 (8.68E-03)
2.29E-01 (2.17E-02)
1.03E-02 (1.41E-03)
5.43E-03 (1.55E-04)
7.67E-03 (3.42E-03)
1.85E-02 (9.11E-04)
6.11E-03 (3.72E-04)
4.30E-03 (1.03E-04)
2.46E-03 (7.75E-05)
1.02E-02 (1.70E-04)
6.27E-03 (1.72E-03)
1.01E-03 (1.45E-04)
2.42E-02 (1.04E-03)

8.33E-02 (4.24E-03)
5.71E-04 (5.53E-05)
1.66E-02 (2.63E-03)
1.22E-01 (6.35E-03)
1.88E-02 (8.64E-03)
2.57E-01 (1.59E-01)
3.66E-02 (9.95E-04)
5.98E-02 (1.83E-02)
2.34E-01 (9.33E-02)
7.54E-01 (3.29E-02)
8.47E-01 (8.07E-02)
3.82E-02 (5.21E-03)
2.01E-02 (5.89E-04)
2.84E-02 (1.27E-02)
6.83E-02 (3.44E-03)
2.26E-02 (1.37E-03)
1.59E-02 (3.74E-04)
9.10E-03 (2.74E-04)
3.77E-02 (6.50E-04)
2.32E-02 (6.35E-03)
3.72E-03 (5.35E-04)
8.96E-02 (3.14E-03)

LLI = lower large intestine; ULI = upper large intestine.
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