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Abstract

Purpose High tumor microvessel density correlates with
a poor prognosis in multiple solid tumor types. The
clinical gold standard for assessing microvessel density
is CD105 immunohistochemistry on paraffin-embedded
tumor specimens. The goal of this study was to develop
an ®Zr-based PET tracer for noninvasive imaging of
CD105 expression.

Methods TRC105, a chimeric anti-CD105 monoclonal
antibody, was conjugated to p-isothiocyanatobenzyl-
desferrioxamine (Df-Bz-NCS) and labeled with %°Zr.
FACS analysis and microscopy studies were performed
to compare the CD105 binding affinity of TRC105 and
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Df-TRC105. PET imaging, biodistribution, blocking, and
ex-vivo histology studies were performed on 4T1 murine
breast tumor-bearing mice to evaluate the pharmacokinetics
and tumor-targeting of *’Zr-Df-TRC105. Another chimeric
antibody, cetuximab, was used as an isotype-matched
control.

Results FACS analysis of HUVECs revealed no difference
in CD105 binding affinity between TRC105 and Df-
TRCI105, which was further validated by fluorescence
microscopy. “°Zr labeling was achieved with high yield
and specific activity. Serial PET imaging revealed that the
4T1 tumor uptake of **Zr-Df-TRC105 was 6.1+£1.2, 14.3+
1.2, 12.4+1.5, 7.1+0.9, and 5.2+0.3 %ID/g at 5, 24, 48,
72, and 96 h after injection, respectively (n=4), higher than
all organs starting from 24 h after injection, which provided
excellent tumor contrast. Biodistribution data as measured
by gamma counting were consistent with the PET
findings. Blocking experiments, control studies with
897r-Df-cetuximab, and ex-vivo histology all confirmed the
in vivo target specificity of **Zr-Df-TRC105.

Conclusion We report here the first successful PET imaging
of CD105 expression with **Zr as the radiolabel. Rapid,
persistent, CD105-specific uptake of **Zr-Df-TRCI105 in
the 4T1 tumor was observed.

Keywords CD105/endoglin - Positron emission
tomography (PET) - Tumor angiogenesis - *°Zr -
RadioimmunoPET- TRC105

Introduction
PET imaging with radiolabeled monoclonal antibodies

(mAbs) has always been a dynamic area in molecular imaging
[1, 2]. With a decay half-life (3.3 days) well-matched to the
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circulation half-lives of antibodies (usually on the order of
days), %°Zr has been extensively studied over the last decade
[2, 3]. The spontaneous gamma decay of ®°Zr, which gives
rise to 909-keV photons, can be easily gated off by setting
the energy window of the PET scanner. In addition, the E, .«
of 897 keV and E,,. of 397 keV for its positron emission can
result in PET images with good spatial resolution. Recently, a
feasibility study to determine the optimal dosage and timing
of administration of *°Zr-labeled trastuzumab (a mAb
recognizing the human epidermal growth factor receptor 2)
in patients with metastatic breast cancer has been reported
[4]. Excellent tumor uptake in metastatic liver, lung, bone,
and even brain tumor lesions was observed.

Angiogenesis is a fundamental process in the develop-
ment and metastasis of solid tumors [5]. Two of the most
intensively studied angiogenesis-related targets are integrin
o3 and vascular endothelial growth factor receptors, and
several tracers targeting these two receptors are already
under clinical investigation [6—8]. Another attractive target
related to tumor angiogenesis is CD105 (endoglin), a
180-kDa disulfide-linked homodimeric transmembrane pro-
tein [9]. Various studies have indicated that CD105 is one of
the most suitable markers for evaluating tumor angiogenesis
[10, 11]. For example, high CD105 expression correlates
with poor prognosis in more than ten solid tumor types [9,
10]. These findings support the role of CD105 as an optimal
marker of tumor angiogenesis, underscoring its clinical
potential as a prognostic, diagnostic, and therapeutic vascular
target in cancer.

Noninvasive imaging of CD105 expression represents a
new paradigm for the assessment of antiangiogenic thera-
peutic agents, as well as for the investigation of the role of
CD105 during tumor angiogenesis/metastasis [12, 13]. To
date, literature reports on CD105 imaging are scarce, and
all are based on labeling anti-CD105 antibodies [13-22].
Another study investigated a '"’Lu-labeled anti-CD105
antibody for potential radioimmunotherapy applications
[23]. We recently reported the first PET imaging of
CDI105 expression in a mouse breast cancer model with
%4Cu-labeled TRC105, a human/murine chimeric IgG1
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Fig. 1 The two-step procedure for 8°Zr-labeling of TRC105

mADb which binds to both human and murine CD105 [21].
When compared with other anti-CD105 antibodies,
TRC105 has a very high avidity (with a Kp of 2 ng/ml)
for human CD105, and is currently in a multicenter phase 1
first-in-human dose-escalation trial in the US [24]. Multiple
phase 2 therapy trials are planned or underway in patients
with various types of solid tumor.

The recent success of *°Zr-labeled trastuzumab in
patients with metastatic breast cancer clearly suggests a
promising future for **Zr-based PET tracers in the clinic
[4]. To date, there is no PET tracer under clinical
investigation for imaging CD105 expression. Therefore,
the aim of this study was to investigate “°Zr-labeled
TRCI105 in vitro and in vivo, with the ultimate goal of
applying **Zr-labeled TRC105 to clinical PET imaging of
tumor angiogenesis. ©°Zr labeling of antibodies can be
achieved through wvarious types of chelators, primarily
desferrioxamine B (Df) which can form a stable chelate
with ¥Zr via the three hydroxamate groups [25, 26].
However, the multistep procedure used in early studies of
89Zr-labeled mAbs is quite complicated and time-consuming,
which makes it challenging to produce **Zr-labeled mAbs in
compliance with current Good Manufacturing Practice for
clinical investigations. Recently, a new bifunctional chelate
was reported for %°Zr labeling: p-isothiocyanatobenzyl-
desferrioxamine B (Df-Bz-NCS) [27]. With this agent,
labeling of ¥Zr has been significantly simplified from the
initial six-step strategy into a two-step procedure, which was
adopted for this study (Fig. 1).

Materials and methods

Reagents

TRC105 was provided by TRACON Pharmaceuticals (San
Diego, CA). Cetuximab (a human/murine chimeric IgGl
mAb that binds to human epidermal growth factor receptor

but does not cross-react with murine epidermal growth
factor receptor [21]) was from Bristol-Myers Squibb
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Company (Princeton, NJ). AlexaFluor488- and Cy3-labeled
secondary antibodies were purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA). Df-Bz-
NCS and Chelex 100 resin (50-100 mesh) were purchased
from Macrocyclics (Dallas, TX) and Sigma-Aldrich (St.
Louis, MO), respectively. Water and all buffers were of
Millipore grade and pretreated with Chelex 100 resin to
ensure that the aqueous solution was heavy metal-free.
PD-10 desalting columns were acquired from GE Healthcare
(Piscataway, NJ). All other reaction buffers and chemicals
were from Thermo Fisher Scientific (Fair Lawn, NJ).

Cell lines and animal model

4T1 murine breast cancer cells, MCF-7 human breast
cancer cells, and human umbilical vein endothelial cells
(HUVECs) were purchased from the American Type
Culture Collection (ATCC, Manassas, VA). 4Tl and
MCF-7 cells were cultured in RPMI 1640 medium
(Invitrogen, Carlsbad, CA) with 10% fetal bovine serum
and incubated at 37°C in an atmosphere containing 5%
CO,. HUVECs were cultured in M-200 medium (Invitrogen,
Carlsbad, CA) with [xlow-serum growth supplement
(Cascade Biologics, Portland, OR) and incubated at 37°C
in an atmosphere containing 5% CO,. Cells were used
for in vitro and in vivo experiments when they reached
about 75% confluence.

All animal studies were conducted under a protocol
approved by the University of Wisconsin Institutional
Animal Care and Use Committee. For the 4T1 tumor
model, 4- to 5-week-old female Balb/c mice were pur-
chased from Harlan (Indianapolis, IN) and tumors were
established by subcutancously injecting 2x10° cells,
suspended in 100 pul of a 1:1 mixture of RPMI 1640 and
Matrigel (BD Biosciences, Franklin lakes, NJ), into the
front flank of the mice [28]. Tumor sizes were monitored
every other day and the mice were used for in vivo
experiments when the diameter of tumors reached 5-8 mm
(typically 1-2 weeks after inoculation).

Production of 3°Zr-oxalate

897r-oxalate was produced according to the previously
described procedure with minor modifications [29]. Briefly,
natural yttrium foil (250 um, 99.9%) was irradiated with a
proton beam to create *°Zr via the *Y(p,n)**Zr reaction,
using a 11.4-MeV CTI RDS 112 cyclotron. Irradiations
typically lasted for 2 h with a current of about 5 pA,
yielding 280-320 MBq of ®Zr on the yttrium target. The
foil was then dissolved in concentrated HCI (Ultrex grade,
Mallinckrodt), diluted to <2 M HCI, and passed through
50-100 mg of hydroxamate resin. After washing the resin
with 2 M HCI and water, the column was eluted with 1 M
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oxalic acid (trace metals grade, Sigma), which typically
resulted in the elution of >90% of the radioactivity in 1 ml.
To calculate the specific activity of *°Zr, the procedure
above was performed on a nonirradiated yttrium foil, and
the eluate was analyzed by inductively coupled plasma
mass spectroscopy (ICPMS) to determine the total mass of
cold Zr. Titration studies of **Zr-oxalate with Df mesylate
(Calbiochem), analyzed by radioTLC, were also performed
to validate the ICPMS results.

Df conjugation and *Zr labeling

Detailed procedures for Df conjugation to mAbs and
subsequent *°Zr labeling have been reported previously
[26, 27]. In brief, TRC105 or cetuximab was mixed with
Df-Bz-NCS at pH 9.0 at a molar ratio of 1:3. The
resulting Df-TRC105 and Df-cetuximab were purified
by size-exclusion chromatography. For radiolabeling,
74-148 MBq of *Zr-oxalate was neutralized with a
2 M Na,CO; solution and added to a solution of Df-
TRC105 or Df-cetuximab, using 0.05-0.35 mg of Df-mAb
conjugate per 37 MBq of *'Zr. The total reaction volume
was adjusted to 2 ml with 0.5 M HEPES buffer (pH 7.1-
7.3) and the reaction mixture (pH 6.8—7.2) was incubated
for 1 h at room temperature (RT) with constant shaking.
897r-Df-TRC105 and %°Zr-Df-cetuximab were purified
using PD-10 columns, using normal saline with 5 mg/ml
of gentisic acid as the mobile phase. The radioactive
fractions containing **Zr-Df-TRC105 or **Zr-Df-cetuximab
were collected and passed through a 0.2-pum syringe filter for
in vivo experiments.

Flow cytometry and microscopy studies

The immunoreactivities of TRC105, Df-TRC105, and Df-
TRC105 after incubation in complete mouse serum at 37°C to
HUVECS (high CD105 expression [17, 30]) and MCF-7 cells
(CD105-negative [17]) were evaluated by fluorescence-
activated cell sorting (FACS). Briefly, cells were harvested
and suspended in cold PBS with 2% bovine serum albumin
at a concentration of 5x10° cells/ml. The cells were
incubated with TRC105 or Df=TRC105 (1, 5, or 15 pg/ml)
for 30 min at RT, washed three times with cold PBS, and
centrifuged at 1,000 rpm for 5 min. The cells were then
incubated with AlexaFluor488-labeled goat anti-human IgG
for 30 min at RT. Afterwards, the cells were washed and
analyzed by FACS using a BD FACSCalibur four-color
analysis cytometer, which is equipped with 488-nm and
633-nm lasers (Becton-Dickinson, San Jose, CA) and
FlowlJo analysis software (Tree Star, Ashland, OR). HUVECs
were also incubated with TRC105 or Df-TRC105 (2 pg/ml)
and then examined under a Nikon Eclipse Ti microscope to
validate the FACS results.
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Imaging and biodistribution studies

PET scans were performed using an Inveon microPET/
microCT rodent model scanner (Siemens Medical Solutions
USA, Inc., Malvern, PA). Each 4T1 tumor-bearing mouse
was injected with 5-10 MBq of the PET tracer via a tail
vein and 5-min static PET scans were performed at various
time points post-injection (p.i.). The images were recon-
structed using a maximum a posteriori algorithm, with no
attenuation or scatter correction. For each microPET scan,
three-dimensional regions of interest (ROIs) were drawn
over the tumor and major organs using the vendor software
(Inveon Research Workplace) on decay-corrected whole-
body images. Assuming a tissue density of 1 g/ml, the ROIs
were converted to MBq per gram using a conversion factor
(predetermined using a 50-ml centrifuge tube filled with
about 37 MBq of **Zr-oxalate as a phantom), and then
divided by the total administered radioactivity to obtain an
image ROI-derived percentage injected dose per gram of
tissue (%ID/g). Another group of four 4T1 tumor-bearing
mice was each injected with 2 mg of unlabeled TRC105 2 h
earlier than **Zr-Df-TRC105 administration to evaluate the
CD105 specificity of **Zr-Df-TRC105 in vivo (i.e. block-
ing experiment).

To anatomically localize the radioactivity signal
observed on PET, a few animals were also subjected
to microCT scans. Immediately after PET scanning,
animals were transported to the microCT gantry, positioned,
and scanned at a voxel resolution of 210 pwm (scan time
7 min). Fiducial markers were used for coregistration and
images were reconstructed using the vendor software (Inveon
Acquisition Workshop; Siemens). The microCT and
microPET datasets were loaded into the Inveon Research
Workplace software and fiducial markers were coregistered
for alignment of datasets.

Biodistribution studies were carried out to confirm that
the quantitative tracer uptake values based on PET imaging
truly represented the radioactivity distribution in tumor-
bearing mice. After the last PET scan at 96 h p.i., mice were
euthanized, and blood, 4T1 tumor, and major organs/tissues
were collected and wet-weighed. The radioactivity in the
tissue was measured using a gamma counter (Perkin Elmer)
and presented as %ID/g (mean + SD). In addition, another
group of four mice were injected with *Zr-Df~-TRC105 and
euthanized 24 h p.i. (when tumor uptake had reached a
peak) for biodistribution studies. The 4T1 tumor, liver,
spleen, and kidney (i.e. tissues with significant uptake of
897r-Df-TRC105) were also frozen for histological analysis.

Histology

Frozen tissue slices of thickness 5 wm were fixed with cold
acetone for 10 min and dried in the air for 30 min. After

rinsing with PBS and blocking with 10% donkey serum
for 30 min at RT, the slices were incubated with
TRC105 (2 pg/ml) for 1 h at 4°C and visualized using
AlexaFluor488-labeled goat anti-human IgG. The tissue
slices were also stained for endothelial marker CD31 as
described previously [31, 32]. After washing with PBS,
the slices were incubated with rat anti-mouse CD31
antibody (2 pg/ml) for 1 h, followed by Cy3-labeled
donkey anti-rat IgG for 30 min. All images were acquired
with a Nikon Eclipse Ti microscope.

Statistical analysis

Quantitative data are expressed as means + SD. Means
were compared using Student’s #-test. P values <0.05 were
considered statistically significant.

Results
In vitro investigation of Df-TRC105

Conjugation of TRC105 to Df did not alter its CD105
binding affinity, as evidenced by both FACS analysis and
fluorescence microscopy (Fig. 2). In the FACS analysis of
HUVECs (which express high levels of CD105), there were
no observable differences between TRC105 and Df-
TRC105 at 1 pg/ml or 5 pg/ml (Fig. 2a). The binding to
HUVECs was specific, as neither TRC105 nor Df-TRC105
bound to CD105-negative MCF-7 cells, even at the much
higher concentration of 15 pg/ml (Fig. 2a).

To evaluate its stability in serum, Df-TRC105 was
incubated in complete mouse serum at 37°C for up to a
week. Based on FACS analysis using HUVEC cells, no
degradation in CD105 binding affinity or specificity was
observed even after 7 days incubation in serum (Fig. 2b),
thus confirming the superb stability of Df-TRC105. Since
897r-Df chelate is extremely stable (logk >40), *°Zr-Df-
TRC105 should maintain excellent stability in vivo. In
addition to FACS analysis, fluorescence microscopy was
also performed on HUVECs. No significant differences
between TRC105 and Df=TRC105 were observed (Fig. 2c).
Taken together, these in vitro studies confirmed that Df
conjugation did not alter the antigen-binding affinity or
specificity of TRC105.

Specific activity measurement and %°Zr-labeling

In each radiochemical separation >200 MBq of ¥Zr was
eluted from the hydroxamate resin in the first milliliter of
oxalic acid. ICPMS analysis of the eluate indicated a cold
mass of 1.02 pg of Zr. Titration with Df mesylate gave
consistent results, showing a reactive equivalent mass of
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Fig. 2 In vitro investigation of
Df-TRC105. a FACS analysis
of TRC105 and Df-TRC105 in
HUVECs (CD105-positive) and
MCE-7 cells (CD105-negative)
at different concentrations. b
FACS analysis of Df-TRC105
(4 pg/ml) in HUVECsS after

a HUVEC (CD1059)

MCF-7 (CD105)

b HUVEC (CD105%

incubation in complete mouse
serum at 37°C for 1, 4, and
7 days. ¢ Fluorescence

microscopy images of HUVECs
using either TRC105 or
Df-TRC105 (2 pg/ml) as the
primary antibody. Various
control images are also shown

1.10 pg of Zr in the same fraction. Therefore, the specific
activity of the ®Zr produced for this study was 225.0+
23.7 MBq/ug of Zr (n=6), which is comparable to the
reported values for high specific activity *Zr (195-
497 MBq/ug) [33]. The specific activity of *Zr can be
further improved if a longer irradiation time and/or higher
beam power is used in future studies.

897r labeling including final purification using PD-10
columns took 100+£10 min (n=10). The decay-corrected
radiochemical yield was 62+15%, based on 0.05-0.35 mg
of protein (Df-TRC105 or Df-cetuximab) per 37 MBq of
#97r, and the radiochemical purity was >95%. The specific
activity of both *’Zr-Df-TRC105 and *°Zr-Df-cetuximab
was between 0.1 and 0.5 GBg/mg protein, assuming
virtually complete recovery of the Df-mAb conjugates after
size exclusion chromatography.

Small-animal PET imaging

Due to the relatively long half-life of *Zr (3.3 days), which
allowed investigation of **Zr-Df-TRC105 over a signifi-
cantly longer time period than ®**Cu-labeled TRC105 [21],
the time points of 5, 24, 48, 72, and 96 h were chosen for
serial PET scans after intravenous tracer injection. The
coronal slices that included the 4T1 tumor are shown in
Fig. 3a and representative PET/CT fused images of a mouse
at 48 h after injection of *°Zr-Df-TRC105 are shown in
Fig. 3b. The quantitative data obtained from ROI analysis
are shown in Fig. 4. Due to the superb stability of the **Zr-
Df conjugate, liver uptake of *Zr-Df-TRC105 was signif-
icantly lower at all time points examined than that observed
for “*Cu-DOTA-TRC105 (which may have a certain degree
of ®*Cu-transchelation, thereby increasing radioactivity

@ Springer
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accumulation in the liver) in our previous study in the
same tumor model [21]. Meanwhile, blood pool activity
was prominent at early time points (due to the long
circulation half-life of the antibody) which gradually
declined over time. The liver uptake of **Zr-Df-TRC105
was 12.4£2.1, 7.6+1.5, 5.3£0.2, 2.9+0.1, and 2.3£0.1 %
ID/g at 5, 24, 48, 72, and 96 h p.i. respectively, while the
radioactivity in the blood was 14.7£2.5, 9.9+£1.9, 6.8£0.7,
3.5+0.5, and 2.0£0.4 %ID/g at 5, 24, 48, 72, and 96 h p.i.,
respectively (n=4; Fig. 4a). Tumor uptake of *°Zr-Df-
TRC105 was clearly visible as early as 5 h p.i. and reached
a peak at around 24 h p.i. (6.1+1.2, 14.3+1.2, 12.4+£1.5,
7.1£0.9, and 5.2+0.3 %ID/g at 5, 24, 48, 72, and 96 h p.i.
respectively; n=4; Fig. 4a, d).

Administering a blocking dose of TRC105 2 h before
897r-Df-TRC105 injection reduced the tumor uptake to
background level (p<0.01 at all time points examined when
compared with mice injected with **Zr-Df-TRC105 alone;
Figs. 3a and 4b, d), which clearly indicated CDI105
specificity of the tracer in vivo. On the other hand, liver
uptake of ®Zr-Df-TRC105 was significantly higher at all
time points examined when a blocking dose of TRC105
was injected (31.4+7.3,27.4+3.8, 25.6+4.4,22.3+7.1, and
8.9+1.9 %ID/g at 5, 24, 48, 72, and 96 h p.i. respectively;
n=4). Radioactivity in the blood (2.2+0.7, 1.3+0.4, 0.9+
0.1, 1.1+0.3, and 0.3+0.1 %ID/g at 5, 24, 48, 72, and 96 h
p.i. respectively; n=4) was also much lower in the “blocking”
group (Fig. 4b). Together, these results suggest much faster
hepatic clearance of the tracer when most CD105 in the mice
was already bound by preinjected TRC105, thereby leaving
no CD105 for **Zr-Df-TRC105 to bind to.

To further investigate the CD105 specificity of **Zr-Df-
TRC105, ¥Zr-Df-cetuximab was used as an isotype-matched
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Fig. 3 Small-animal PET imag-
ing of 4T1 tumor-bearing mice.
a Serial coronal PET images at
5, 24, 48, 72, and 96 h after
injection of **Zr-Df-TRC105,

2 mg of TRC105 before
897r-Df-TRC105 (i.e. blocking),
or Zr-Df-cetuximab. Tumors
are indicated by arrowheads.

b Representative PET/CT
images of **Zr-Df-TRC105

in 4T1 tumor-bearing mice

at 48 h p.i.

a

TRC105

89Zr-Df-cetuximab

control. Both TRC105 and cetuximab are human/murine
chimeric IgG1 mAbs. Since cetuximab does not cross-react
with murine tissues, it serves as an excellent control for
investigating tracer uptake in the tumor due to passive
targeting only (i.e. the enhanced permeability and retention
effect). As can be seen in Figs. 3a and 4c, d, the 4T1 tumor
uptake of *Zr-Df-cetuximab was at the background level
(<3.5 %ID/g) and significantly lower than that of *Zr-Df-
TRCI105 at all time points examined (p<0.01 at 5, 24, 48,
and 72 h p.i.; p<0.05 at 96 h p.i.; n=4), which again
confirms the CD105 specificity of **Zr-Df-TRC105 in vivo.

Biodistribution studies
A group of four mice were injected with *Zr-Df-TRC105

and euthanized at 24 h p.i. for biodistribution studies
(Fig. 5a). Besides the liver, the kidneys also had significant

89Zr-Df-TRC105

Blocking with

15% ID/g

0% ID/g

PET @ 48 h p.i. PET/CT

tracer uptake at 24 h p.i., but the absolute uptake was
significantly lower than that in the 4T1 tumor. Tracer
uptake in all other tissues was also lower than in the tumor.
All other mice were euthanized after the last PET scan at
96 h p.i. for biodistribution and immunofluorescence
staining studies to validate the in vivo PET data. Compar-
ing the biodistribution data at 24 h and 96 h p.i., ¥Zr-Df-
TRC105 uptake in most tissues declined significantly over
time, yet the tumor uptake remained prominent, which was
indicative of specific interactions between an antibody and
its antigen. Starting from 24 h p.i., 4T1 tumor uptake of the
tracer was higher than that of all major organs in mice, thus
providing excellent contrast with a tumor/muscle ratio of
24.8+4.3 at 96 h p.i. (n=4). Preinjection of a blocking dose
of TRC105 led to a significant decrease in 4T1 tumor
uptake and an increase in liver uptake of *Zr-Df-TRC105
(»<0.01; n=4; Fig. 5b), corroborating the PET findings.
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Fig. 4 Quantitative ROI a
analysis of the PET data. 40 -
a Time-activity curves of the

tumor, liver, blood, and muscle

upon intravenous injection of 30 -
87r-DE-TRC105 into 4T1
tumor-bearing mice (n=4).

b Time-activity curves of the
tumor, liver, blood, and muscle
upon intravenous injection of
¥7r-Df-TRC105, after a 10 4
blocking dose of TRC105, into

4TI tumor-bearing mice (n=4).

89Zr-Df-TRC105

20 4

% IDIg

b
4071 897.Df-TRC105

+ blocking

—=— Liver
—e— Tumor
—a— Blood
—v— Muscle

—=— Liver

—es— Tumor

—+— Blood

—v— Muscle 30 4

¢ Time—activity curves of the 0 — —_— .
tumor, liver, blood, and muscle 5h 24 h 48 h
upon intravenous injection of
897Zr-Df-cetuximab into 4T1

tumor-bearing mice (n=4). d c
Comparison of the 4T1 tumor 40 -
uptake of 3°Zr-Df-TRC105,
897r-DE-TRC105 after a

blocking dose of TRC105, 30 4
and ¥Zr-Df-cetuximab. All

p values <0.01 when compared

89Z7r-Df-cetuximab

with ®Zr-D-TRC105, S 20
except *p<0.05 =
10 <4
0 A Ema : :

4_12%'—

(=]
|

72h 96 h 5h 24 h 48 h 72h 86 h
Post-injection time

Post-injection time

—=— Liver
—e— Tumor
—a— Blood
—v— Muscle

mm 8%Zr-Dr-TRC105

z2%%zr-f-TRC105
+ Blocking

— BngADf-cetuximab

15 ~

10 -

%ID/g in 4T1 tumor

—— . oiMl B W

5h 24h 48 h

A comparison of the biodistribution data between the two
tracers at 96 h p.i. revealed that the uptake of **Zr-Df-cetuximab
was higher than or similar to that of **Zr-Df-TRC105 in most
organs except the 4T1 tumor (Fig. 5c), which again indicated
specific tumor targeting of ¥Zr-Df-TRC105. Overall, the
quantification results obtained from biodistribution studies and
PET scans matched very well, confirming that quantitative
ROI analysis of non-invasive PET scans truly reflected the
tracer distribution in vivo.

Histology

Immunofluorescence CD105/CD31 costaining of various
tissues revealed that CD105 expression in the 4T1 tumor
was primarily on the tumor vasculature, as evidenced by
excellent colocalization of CD105 and CD31 staining and
very weak signal on the 4T1 tumor cells (Fig. 6). Since
CD105 is only expressed on actively proliferating endothe-
lial cells, many of the mature vessels had significantly
lower CDI105 expression (indicated by arrowheads in
Fig. 6) than in the neovasculature. The tumor vasculature
is more actively proliferating in the peripheral region than
in the center, therefore tumor uptake of the tracer is rather
heterogeneous (i.e. higher uptake in the peripheral region
and lower uptake in the tumor center).
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CD105 staining of mouse liver and spleen both gave a
very low signal, indicating that these tissues do not have
significant levels of CD105 expression. Thus, uptake of
897r-Df-TRC105 in liver/spleen was largely unrelated to
CD105 binding and more likely related to nonspecific
capture by the reticuloendothelial system and hepatic
clearance of the tracer. A certain level of CD105 expression
was observed in the kidney slices (mostly in the renal
medulla) which likely caused appreciable renal uptake of
897r-Df-TRC105, since full-length antibodies do not undergo
renal clearance and because of the superb stability of **Zr-Df
and Df-TRC105 there will be no significant amounts of
89Zr-containing low-molecular weight species formed.
Taken together, the ex vivo findings corroborated the in vivo
results for **Zr-Df-TRC105, and thus further investigation
and application of this tracer is warranted.

Discussion

Over the last decade, mounting preclinical and clinical data
have suggested a promising future for **Zr-based immuno-
PET in the management of cancer patients. The choice of
Df as the chelator for ®Zr is attractive because it has been
safely used in the clinic for many years. In previous and



Eur J Nucl Med Mol Imaging (2012) 39:138-148

145

a

15 4 89
Bl °°Zr-Df-TRC105 @ 24 h p.i.

10 1

mmm 892-Df-TRC105 @ 96 h p.i.
Blocking @ 96 h p.i.

10

mmm 8%2r-Df-TRC105 @ 96 h p.i.

20 | I 89 . .
L Zr-Df-cetuximab @ 96 h p.i.
15
Ky
2 40
*
*

Fig. 5 Biodistribution studies in 4T1 tumor-bearing mice. a Biodis-
tribution of ¥Zr-Df-TRC105 at 24 h p.i. (n=4). b Biodistribution of
87r-Df-TRC105 and *Zr-Df-TRC105 after a blocking dose of
TRC105 at 96 h pi. (n=4). ¢ Biodistribution of *°Zr-Df-TRC105
and *Zr-Df-cetuximab at 96 h p.i. (n=4). *p<0.05, **p<0.01

ongoing clinical studies, neither adverse reactions nor
significant changes in blood and urine values have been
observed after injection of Df-containing conjugates [2, 3].
In addition, no antibody responses directed against the Df
chelate have been observed, indicating that its immunogenicity

is very low [34]. With a new bifunctional chelator (i.e.
Df-Bz-NCS) that recently became commercially available,
it is expected that ®Zr-based immunoPET will be the
focus of more widespread future investigations.

The currently accepted standard method for quantifying
angiogenesis is to assess microvessel density by performing
CD105 immunohistochemistry on tumor tissue, an inde-
pendent prognostic factor for survival in patients with many
types of solid tumor [10, 11]. CD105 has the advantage of
being selectively expressed on proliferating endothelial
cells at significantly higher levels (up to 3% 10° copies per
cell) than other angiogenic targets such as the vascular
endothelial growth factor receptors (less than 0.2x10°
copies per cell) [30]. Noninvasive imaging of CD105
expression has the potential to accelerate antiangiogenic
drug development by providing a reliable measure of
angiogenesis in the entire body as an intact system,
thereby facilitating individualized treatment monitoring
and dose optimization in animal models, clinical trials,
and ultimately in the day-to-day management of cancer
patients. Therefore, the goal of this study was to
develop a CD105-specific PET tracer. We have achieved
this goal, and investigated TRC105 and its conjugates in
vitro, in vivo, and ex vivo.

One key challenge in antibody labeling is to minimize
the potential interference with its antigen binding affinity/
specificity. There is only one lysine residue in each of the
complementarity determining regions of TRCI105 [11],
which has a total of about 1,400 amino acid residues and
about 70 lysines, and thus the possibility of Df conjugation
at the lysine residue within the complementarity determining
region is extremely low. Coupling of Df-Bz-NCS to mAbs
was very efficient, and it has been reported that a reproducible
chelate/mAb ratio of 1.5:1 can be obtained using only a three-
fold molar excess of Df-Bz-NCS (which was adopted in this
study) [27]. Such a low chelate/mAb ratio can adequately
avoid alteration of the immunoreactivity (and pharmacoki-
netics) of TRC105, which was confirmed by FACS analysis
and microscopy studies (Fig. 2).

The in vivo stability of radiometal-labeled antibodies is
always a concern. To confirm that the tumor uptake of *Zr-
Df-TRC105 visualized by noninvasive PET imaging was
indeed CD105-specific, various control experiments (e.g. a
blocking study and the use of an isotype-matched control)
and in vitro/ex vivo experiments (e.g. FACS, microscopy,
and histological studies) were performed for validation
purposes. Based on the available literature data, the **Zr-Df
conjugate is very stable in vivo [2, 33]. Therefore, the key
to in vivo stability and antigen binding affinity of an *°Zr-
based tracer lies in the stability of the Df-antibody
conjugate (Df-TRC105 in this case). To investigate this
aspect, we incubated Df=TRC105 in complete mouse serum
at 37°C for up to 7 days and observed no change in CD105
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Fig. 6 Immunofluorescence
CD105/CD31 double-staining
of the 4T1 tumor, liver, spleen,
and kidney tissue sections.
TRC105 and AlexaFluor488-
labeled goat anti-human IgG
were used for CD105 staining
(green). Afterwards, the tissue
slices were stained with rat anti-
mouse CD31 antibody and Cy3-
labeled donkey anti-rat IgG (red). Liver
Note that CD105 expression is
high on newly formed blood
vessels but not on mature
vessels, which exhibit
predominantly CD31 staining
(arrowheads). CD105 expression
levels in the liver and spleen are
much lower than in the tumor
vessels. Significant levels of
CD105 expression are also
observed in the renal medulla.
All images were acquired under
the same conditions and are
displayed at the same scale (x200)

Tumor

Spleen

Kidney

binding affinity/specificity based on FACS analysis, which
confirmed the superb stability of the tracer.

The rationale for choosing the 4T1 murine breast cancer
model in this study is that the parent antibody of TRC105
(SN6j, a mAb of murine origin which binds to CD105) has
been shown to be an effective antiangiogenic agent in this
model [35]. Further, this is a rapidly growing tumor. Thus it
has highly angiogenic tumor vasculature (Fig. 6) which is
expected to provide sufficient target density for imaging
applications. One limitation of this model is that the tumor
vasculature is of murine origin. TRC105 has significantly
higher affinity for human CD105 than for its murine
homolog [36]. Thus, the 4T1 tumor model is not optimal
for testing TRC105. When compared with other antibody-
based PET tracers [31, 37, 38], tumor uptake in this study was
relatively low (about 14 %ID/g at the peak). This is largely
due to two facts. First, **Zr-Df-TRC105 targets the tumor
vasculature but not the tumor cells. There are significantly
fewer tumor vascular endothelial cells than tumor cells, which
are the targets of most antibodies used for cancer imaging.
Second, the affinity of TRC105 for murine endothelial cells is
lower than its affinity for human endothelial cells.

For future investigation, the following strategies may be
adopted to better mimic the clinical situation and further
improve the tumor uptake/contrast: stably transfect 4T1
cells with human CD105, use transgenic mice with human
tumor vasculature, or test an anti-CD105 antibody that
binds with high affinity to murine CDI105. Follow-up

@ Springer

CD105

.'-'-..; 3

CD31 Merge

studies are currently underway. In addition, studies have
shown that tumor uptake of certain antibody-based PET
tracers increases significantly with higher specific activity
of the tracer [39]. Therefore, with further improvement in
the specific activity of ®*°Zr and optimization of the
radiochemistry, tumor uptake of *’Zr-Df-TRC105 in the
currently used 4T1 model may be further improved in
future studies. Nonetheless, excellent tumor contrast was
achieved in this study, which justifies optimism that this
tracer may perform better in cancer patients than in the
murine models reported here.

One interesting finding from this study was the clear
difference between blood clearance and biodistribution
patterns of the two PET tracers, where the uptake of **Zr-
Df-cetuximab in the liver was much higher and faster than
that of *Zr-Df-TRC105 (Figs. 3 and 4). Many factors can
affect the circulation half-life of an antibody, and antigen
binding is only one of them. The neonatal Fc receptor
(FcRn), which binds to the CH,—CHj3 hinge regions in the
constant region (Fc) of IgG antibodies, plays a major role in
their serum half-life [40]. Although TRC105 and cetuximab
are isotype-matched chimeric antibodies, their amino acid
sequences in the Fc region may be different [41]. In
addition, variable glycosylation patterns in the Fc regions
also add to variability, in addition to variability in amino
acid sequences. Thus, the immunocompetent Balb/c mouse
may recognize them with very different efficiency, which
leads to different blood clearance rate and liver uptake.
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In several other studies with %°Zr-labeled antibodies, the
tumor uptake reached a peak at around 24 h and remained
stable for up to a week [33, 39]. Due to the fast-growing
nature of the 4T1 tumor used in this study, although the
total tumor uptake of *Zr-Df-TRC105 is quite steady over
a period of 4 days, the %ID/g values did drop over time
since the tumor volumes at 72 h and 96 h were 189+34%
and 221+25% of their original volumes at the time of tracer
injection (n=4). It has been reported that *°ZrCl, is mostly
taken up by the liver and *Zr-Df undergoes renal excretion
[33]. The low liver and kidney uptake of radioactivity
observed in this study further confirms the superb stability
of ¥Zr-Df-TRC105 in vivo. Regarding potential clinical
translation, quantitative correlation of PET tracer uptake
with the CD105 expression level would be highly desirable
for treatment monitoring applications, as it would be ideal
to noninvasively measure the changes of CD105 expression
quantitatively, rather than qualitatively, in each individual
patient upon antiangiogenic treatment.

Conclusion

We successfully investigated *°Zr-labeled TRC105, a
human—murine chimeric mAb recognizing both human
and murine CD105, both in vitro and in vivo. Small-
animal PET imaging revealed rapid, persistent, CD105-
specific uptake of %°Zr-Df-TRC105 in the 4T1 tumor,
which was further validated by in vitro and ex vivo
experiments. Since TRC105 is already under clinical
investigation, and its therapeutic efficacy has been shown
in various animal tumor models and certain cancer
patients, this study identified a new avenue for tumor
angiogenesis-related research and future clinical transla-
tion of *Zr-Df-TRC105 is warranted to investigate its use
in the evaluation of the pharmacokinetics, tumor-targeting,
dose optimization, and dose interval of TRC105 and
TRC105-based cancer therapeutic agents in the clinic. In
addition, **Zr-Df-TRC105 may also be useful in patient
selection and monitoring of therapeutic response to
various antiangiogenic therapies.
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