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Dual-isotope '''In/'”’Lu SPECT imaging as a
tool in molecular imaging tracer design

Nicole M Hijnen®, Anke de Vries?® Klaas Nicolay® and Holger Griill>**

The synthesis, design and subsequent pre-clinical testing of new molecular imaging tracers are topic of extensive
research in healthcare. Quantitative dual-isotope SPECT imaging is proposed here as a tool in the design and valida-
tion of such tracers, as it can be used to quantify and compare the biodistribution of a specific ligand and its non-
specific control ligand, labeled with two different radionuclides, in the same animal. Since the biodistribution results
are not blurred by experimental or physiological inter-animal variations, this approach allows determination of the
ligand’s net targeting effect. However, dual-isotope quantification is complicated by crosstalk between the two
radionuclides used and the radionuclides should not influence the biodistribution of the tracer. Here, we developed
a quantitative dual-isotope SPECT protocol using combined '"'Indium and '"“Lutetium and tested this tool for a
well-known angiogenesis-specific ligand (cRGD peptide) in comparison to a potential nonspecific control (cRAD
peptide). Dual-isotope SPECT imaging of the peptides showed a similar organ and tumor uptake to single-isotope
studies (cCRGDfK-DOTA, 1.5 - 0.8%ID cm3; cRADfK-DOTA, 0.2 = 0.1%ID cm ), but with higher statistical relevance
(p-value 0.007, n=8). This demonstrated that, for the same relevance, seven animals were required in case of a
single-isotope test design as compared with only three animals when a dual-isotope test was used. Interchanging
radionuclides did not influence the biodistribution of the peptides. Dual-isotope SPECT after simultaneous injection
of ""'In and "7’Lu-labeled cRGD and cRAD was shown to be a valuable method for paired testing of the in vivo target

0J

specificity of ligands in molecular imaging tracer design. Copyright © 2012 John Wiley & Sons, Ltd.
Supporting information may be found in the online version of this paper.
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1. INTRODUCTION

Molecular imaging aims at earlier and more specific detection of
diseases by imaging disease-related molecular and cellular
processes that precede morphological changes. Key are molecu-
lar imaging tracers that specifically home in on disease-related
molecular markers and render them detectable with one of the di-
agnostic imaging techniques. Consequently, synthesis and design
of new molecular imaging tracers, their subsequent pre-clinical
testing and clinical validation are topics of extensive research (1).
Disease-related markers typically have expression levels in the
picomolar to nanomolar range, leading to similar concentrations
of bound imaging agents (2). Therefore, sensitive optical tech-
niques or nuclear modalities like positron emission tomography
(PET) and single photon emission computed tomography (SPECT)
seem to be the most suited for molecular imaging as they allow
detection of tracers in the picomolar to nanomolar range (2).
While PET imaging is currently more sensitive than SPECT and su-
perior in quantification, SPECT has an advantage over PET when it
comes to simultaneous imaging of two different radionuclides,
i.e. dual-isotope imaging. The cameras used in SPECT scanners
are equipped with energy-resolved detectors that can distinguish
between different y-emitting radionuclides based on their differ-
ences in emission energies. Simultaneous detection of multiple
probes with different spectral characteristics is also possible with
optical imaging; however, it is limited to more superficial malig-
nancies owing to the penetration depth of light photons.
Although there are several clinical examples of dual-isotope
SPECT in cardiac imaging (3), brain imaging (4) and osteomyelitis
(5,6), broad clinical adoption is still lacking. In pre-clinical

research, a dual-isotope approach recently showed its value for
investigation of organ function (7) or unraveling biological
mechanisms, for example the activation of peptide-based molec-
ular imaging probes in vivo (8). We expect quantitative dual-
isotope imaging to also hold great potential as a tool in the
design and validation of new molecular imaging tracers, since
it can be used to quantify and compare the biodistribution of a
specific ligand and its nonspecific control ligand, labeled with
two different y-emitting radionuclides, simultaneously in the
same animal. Here, we present a dual-isotope imaging approach
that enables the investigation of the net uptake of a tracer by
eliminating any inter-animal differences and physiological
changes (Fig. 1a). This paired design leads to fewer degrees of
freedom compared with the usually performed unpaired testing
and therefore to a decrease in the number of animals that are
required to obtain a statistically relevant result.

One of the reasons why broad clinical application of dual-
isotope SPECT is lacking is the challenge of obtaining
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Figure 1.
probes used. '"'In and '"’Lu were used as radiolabel in this study.

quantitative information from dual-isotope SPECT scans (9,10).
Overlap in the emission spectra of the two respective radionu-
clides as well as Compton scattering result in crosstalk between
the signals coming from these radionuclides. Crosstalk is defined
as the detection of photons originating from one radionuclide in
the acquisition window of the other, and results in artifacts and
quantification errors (9,11). Therefore, quantitative dual-isotope
imaging requires the development of new protocols as com-
pared with conventional single-isotope imaging to compensate
for crosstalk effects. Examples of such methods include the use
of additional energy windows that allow quantification of the ex-
tent of the crosstalk followed by subtraction or model-based
methods (9,12). Another approach is to minimize crosstalk
effects by re-positioning the acquisition energy window and
careful choice of the radionuclide combination used. To date,
the radionuclide combinations that are used most often for
dual-isotope imaging include combined '*3I/°°™Tc (4),
217122 (13), PN/ (14) and "M'In/**MTce (15). However,
for the purpose of comparing the biodistribution of a specific
ligand directly with its nonspecific control, the choice of radio-
nuclides is restricted since both radionuclides have to be suited
to radiolabeling the ligands via the same chelator. The latter is
of great importance since the chelator itself could change the
biodistribution of the tracer, thereby hindering direct compari-
son of the ligands. Herein, the DOTA chelator (1,4,7,10-tetraaza-
cyclododecane-N,N''N',N' tetraacetic acid) is the preferred choice
since its macrocyclic structure in general forms more stable che-
lates than the DTPA chelator (diethylene triamine pentaacetic acid)
(16). Furthermore, the radionuclide itself should not have a differ-
ent effect on the biodistribution, or influence the binding affinity
of the ligands. Finally, the radionuclides require half-lives that is
similar to each other and suitable for the study duration. These
requirements led us to choose '"'In and '"’Lu as a radionuclide
couple, although we are aware that '”’Lu is not ideal for use in
diagnostic clinical imaging studies owing to its § emission.

% linker-DOTA

(a) Specific and nonspecific tracer simultaneously in one animal, to be imaged with dual-isotope SPECT and (b) structural formulas of the

In this work, we developed and optimized a quantitative
""In/"7Lu dual-isotope SPECT imaging protocol to establish it
as a tool in pre-clinical tracer design. For this methodological
study, we decided to use the well-characterized angiogenesis-
specific ligand cyclic arginine-glycine-aspartate peptide (cRGD)
(17) in direct comparison to cyclic arginine-alanine-aspartate
peptide (cCRAD) that serves as the internal control. The cRGD pep-
tide is known to have a high affinity for the «,f3 cell surface
integrin, which is overexpressed on specific tumor cells and en-
dothelial cells in angiogenic blood vessels (18-24). In cRAD, the
glycine residue is changed into alanine, and it is suggested that
with this mutation the affinity for o, f3-integrin is lost (Fig. 1b)
(25,26). As a proof of concept, we carried out a dual-isotope
SPECT study to investigate how this minor difference in chemical
structure translates into loss of specificity and potential changes
in the biodistribution. As dual isotope allows the direct compar-
ison in the same animal, we expect to arrive at statistical relevant
data with fewer animals compared with the classical approach
using an unpaired study design.

2. RESULTS AND DISCUSSION

The ""In/""’Lu couple was chosen for dual-isotope imaging
based on their radiochemical and physical characteristics. Both
radionuclides have a half-life suitable for the study duration,
and allow radiolabeling of a ligand via a DOTA chelator. Further-
more, these radionuclides have minimal overlap in the y-emission
energy spectra (Supporting Information, table 1). The '””Lu radio-
nuclide is, besides a y-emitter, also a ff-emitter used for therapy.
Therefore, the '"'In/"”’Lu radionuclide combination is primarily
suitable for use in short-term pre-clinical biodistribution studies
where possible radiotoxic effects are not of major importance,
although short-term effects on the uptake of other tracers cannot
be fully excluded (27).

Contrast Media Mol. Imaging 2012, 7 214-222
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Table 1. Phantom and in vivo crosstalk factors (cc-factor) from 7y, to y, (y; — 7,) and vice versa as measured on the SPECT/CT

“Measured in BALB/c nu/nu mice (average weight 24 g).

Setting® Phantom cc-factor Phantom cc-factor In vivo cc-factor In vivo cc-factor
177LU*>”1|n ”1Inﬂ177Lu 177LU4>1H|n ”1Inﬂ177Lu

1 0.0682 + 0.0004° 0.1489 + 0.0003° 0.1253 +0.0134° 0.2034 +0.0022°

2 0.0913 + 0.0009° 0.0273 +0.0002° 0.1798 + 0.0220° 0.0400 + 0.0003°

*The acquisition energy windows settings corresponding to setting 1 and 2 are stated in the text.
PMeasured in triplicate using static planar scans, acquiring >100 kcounts per projection (mean value + SD).

2.1. Dual-isotope optimalization

To allow for quantitative '"'In/'””Lu SPECT imaging, the acquisi-
tion settings were optimized to minimize the amount of cross-
talk by adjusting the acquisition energy windows settings.
Optimizing the acquisition settings to three 10% energy win-
dows around 171, 208 and 245 keV resulted in a reduction of
the mean error on '"'In-quantification of 3.6 into 2.9% and for
77 u-quantification from 38.0 13.9% error in phantoms (Fig. 2a).
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Figure 2. Quantification error percentages for dual-isotope '"'In/'’Lu
SPECT imaging in phantoms using (a) energy window setting 1 and (b)
energy window setting 2.

Crosstalk from ""'In to '7’Lu was more severe than vice versa.
Part of the remaining crosstalk could be removed by using a
subtraction-based software correction method that made use
of a crosstalk calibration factor. After the software correction, the
mean error on '"'In-quantification in phantoms increased slightly
from 2.9 to 3.6%, while the mean error on '’’Lu-quantification
reduced from 13.9 to 2.3% (Fig. 2b).

The dual-isotope protocol was tested in an in vivo experiment
by studying the biodistribution of the free radionuclides with
both single- and dual-isotope acquisition (Fig. 3). The biodistribu-
tion of both radionuclides determined with single-isotope SPECT
studies corresponded to earlier results reported in literature. In
fact, noncarrier-added (n.c.a.) ""'In is known to bind to transfer-
rin and other proteins in blood (28) leading to an uptake in liver,
while the remaining '''In is eliminated by the kidneys. N.c.a.
7Ly acts as calcium mimic in vivo and accumulates in bone
(29). A comparable biodistribution was found for simultaneous
injection of both isotopes using dual-isotope SPECT studies
and applying crosstalk removal, with no significant '''In related
activity detected in the bones, and no significant '”’Lu related
activity in the kidneys and liver (Fig. 3a, b). A linear correlation
was found between the biodistribution quantified from single-
and dual-isotope SPECT studies ('"'In, R?~0.94; and ""’Lu,
R*~0.92, Supporting Information, figure 4; Fig. 3c), supporting
the use of dual-isotope '''In/'’Lu SPECT for in vivo
quantification.

Figure 3. SPECT/CT images of single-isotope acquisition of (a) '"’Lu
(green), (b) ""'In (blue/purple) and (c) dual-isotope simultaneous acquisi-
tion of 7’Lu (green) and '""In (blue/purple) (all 3 h circulation time).

wileyonlinelibrary.com/journal/cmmi
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Figure 4. Combined SPECT/CT images of tumor bearing mice 1h after injection of (a) 1.32nmol '”’Lu-DOTA-cRGDfK, (b) 1.32 nmol '”’Lu-DOTA-
cRADFK, (c) 1.32nmol """In-DOTA-cRGD and (d) 1.32 nmol ""'In-DOTA-cRADfK. The white arrows point to the tumor locations.

2.2. Single-isotope

Single-isotope studies showed specific tumor uptake of
77Lu-DOTA-cRGDfK (0.97 +0.19%ID cm~3, Fig. 4a). Most of
the injected peptide was eliminated through the urinary system,
as confirmed by the presence of high activity in the bladder and
some residual activity in the kidneys. No '”’Lu activity was found
in bone, suggesting tracer stability in vivo. The highest tumor up-
take was found after injection of low amounts of cRGD (y-counting:
6.51.9%ID g~ ' after injection of 0.26 nmol peptide instead of
1.32nmol peptide). This finding was in line with previous
research in which saturation of the o, f}5-receptors was reported
to occur at RGD peptide doses >0.26 nmol (30), resulting in lower
uptake percentages of the injected dose and increased nonspecific
uptake in the intestines. However, to obtain a sufficiently high
activity for SPECT imaging using '"'In as radiolabel, a minimum
peptide dose of 1.32nmol was required. For exact comparison
the same amount of peptide dose should be used for both the
specific tracer and the nonspecific control. Therefore, 1.32 nmol
of each peptide was used during further experiments for both
radiolabels, unless otherwise stated.

A similar biodistribution was found with SPECT and y-counting
(linear correlation, R*~0.74), although quantification of the
tissue-uptake from SPECT data consistently resulted in lower up-
take percentages than quantification using y-counting
(241 +0.56%ID g~ ' tumor uptake using y-counting compared
with 0.97 £0.19%ID cm™> using SPECT, Fig. 5). Apart from the
differences in tissue density that are present in the %ID cm 3
(SPECT) compared with the%ID g~ (y-counter) data, this differ-
ence was caused by the method of volume of interest (VOI)
selection during SPECT analysis. In this method a cylindrical
volume was drawn around the tissue of interest, causing an over-
estimation of the tissue volume, which translates to an underes-
timation in %ID cm 3.

After injection of '"’Lu-DOTA-cRADfK, no significant tumor
uptake was found with both SPECT (0.00 -£ 0.00%ID ¢cm ) and
y-counting (0.26 +0.01%ID g~ '; Figs 4b and 5). Apart from the
tumor tissue, the biodistribution of '”’Lu-DOTA-cRADfK was
similar to that of '”’Lu-DOTA-cRGDfK. The above experiments

were repeated for DOTA-cRGDfK and DOTA-cRADfK labeled
with ""In instead of '”’Lu to assess the influence of the radionu-
clide on the tracer biodistribution. No difference in biodistribu-
tion was observed between "'In- and '7’Lu- labeled peptides
(Figs 4c, d and 5). As expected, tumor uptake was observed for
""In-DOTA-cRGDfK (SPECT, 0.75 £ 0.14%ID cm3; y-counting,
23442.09%ID g~ '), but not for '"'In-DOTA-cRADfK (SPECT,
0.08 £ 0.06%ID cm™3; y-counting, 0.41 & 0.33%ID g~ ).

The difference in tumor uptake between radiolabeled DOTA-
cRGDfK and DOTA-cRADfK was significant based on both the
SPECT and y-counter data separately (1.32 nmol peptide, n=8,
p-value =~ 0.0209, Kruskal-Wallis test). Taking all single-isotope
targeting studies together, an even higher significance was
obtained (1.32nmol and 0.26 nmol peptide, n=12, p-value
0.0039, Kruskal-Wallis test).

2.3. Dual-isotope

For the dual-isotope study, five mice were co-injected with
77 u-DOTA-cRGDfK and """In-DOTA-cRADfK (Figs 6a and 7a).
The mice were imaged using the energy windows of setting 2
(10% windows around 171, 208 and 245 keV) and crosstalk was
removed. The '"’Lu-frame showed tumor uptake of the '’’
Lu-DOTA-cRGDfK, while no tumor uptake of '"'In-DOTA-
cRADfK was visible in the '"In-frame. The biodistribution for
both tracers was similar to the biodistribution found during
single-isotope studies with 1.32 nmol peptide. Tumor uptake of
cRGD (SPECT: 1.54 4 0.92%ID cm 3, y-counting: 3.40 £ 0.47%ID
g ") and cRAD (SPECT: 0.17+0.08%ID cm 3, y-counting:
0.18+0.13%ID g~') was comparable with the tumor uptake
found in single-isotope studies (Tables 1 and 2). This indicated
that co-injection of the tracers did not influence the accumula-
tion of the specific tracer at the target, which is a pre-requisite
for using the dual-isotope approach as suggested.
Subsequently, four mice were co-injected with '"'In-DOTA-
cRGDfK and '7’Lu-DOTA-cRADfK, in order to investigate any
possible changes in biodistribution or binding affinity following
radionuclide interchange [as was previously shown to be the

Contrast Media Mol. Imaging 2012, 7 214-222
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Figure 5. Biodistribution results 1h after injection of 1.32nmol '"’Lu-
DOTA-cRGDfK (n=2), 1.32nmol "’Lu-DOTA-cRADfK (n=2), 1.32 nmol
"n-DOTA-cRGDfK (n=2) and 1.32nmol '"'In-DOTA-cRADfK (n=2)
from (a) y-counting (%ID g”) and (b) SPECT (%ID cm™3).

case for DOTA-conjugated somatostatin analogs (31)]. The mice
were imaged 1 h after injection using the same protocol as for
the first group. SPECT dual-isotope showed tumor uptake of
""In-DOTA-cRGDfK, while no tumor uptake could be visualized
in the corresponding '”’Lu-frame (Fig. 6b). Apart from the tumor
site, the biodistribution of both ligands was similar (Fig. 7b). The
quantified tumor uptake corresponded to previous single- and
dual-isotope studies (cRGD SPECT, 1.50 - 0.72%ID cm3; cRGD
y-counting, 2.94+0.31%ID g~'; cRAD SPECT, 0.26 + 0.05%ID
cm 3 cRAD y-counting, 0.24+0.13%ID g '; Table 2). Again
quantification of the tissue uptake from SPECT data consistently
resulted in lower uptake percentages than quantification using
y-counting. However, the strength of dual-isotope SPECT studies
is that the same VOI can be used to quantify both the cRGD and

cRAD Dbiodistribution, eliminating this effect in direct
comparison.
The difference in tumor uptake between radiolabeled

DOTA-cRADfK and radiolabeled DOTA-cRGDfK was significant
based on both the SPECT and y-counter data from the dual-
isotope studies (1.32nmol peptide, n=9, p-value: 0.0045,
signed-rank test).

Figure 6. Dual-isotope SPECT/CT images of tumor bearing mice, 1h
post co-injection of (a) 1.32 nmol '”’Lu-DOTA-cRGDfK (yellow-green col-
ormap) and 1.32nmol """In-DOTA-cRADfK (blue-purple colormap) and
(b) 1.32 nmol """In-DOTA-cRGDfK (blue-purple colormap) and 1.32 nmol
77 u-DOTA-cRADK (yellow-green colormap). The white arrows point to
the tumor locations.

As final control, two mice were co-injected with '7’Lu-DOTA-
cRGDfK and ""'In-DOTA-cRGDfK. No significant difference be-
tween tumor uptake of both tracers was observed (*’’Lu SPECT,
1.80 + 0.44%ID cm~3; V7 Lu y-counting, 2.54+0.91%ID g '; '"'In
SPECT, 1.5840.41%ID cm™3 ""'In y-counting, 2.65 4 1.21%ID
g '; Table 2).

2.4, Statistics

There are fewer degrees of freedom when a pair of tracers is
assessed in one animal, resulting in a statistical benefit requiring
fewer experiments, and therefore fewer animals, to obtain a
statistically relevant result. In Table 3, an approximation of this
effect is illustrated for normally distributed data with equal
variances, showing that, for the same statistical relevance, seven
animals are required in case of an independent (single-isotope)
test design, compared with three animals when a paired (dual-
isotope) test design is used.

Ranked testing was performed to analyze our data because a
normal distribution with equal variances could not be ensured
owing to the limited sampling size [n =8; Kruskal-Wallis test for
single-isotope (unpaired) and the Signed-Rank test for dual-
isotope (paired)]. Based on the single-isotope studies, a statistical
relevant difference between tumor uptake of radiolabeled cRGD
and cRAD was obtained with a p-value of 0.0209 in eight experi-
ments. With the same amount of experiments in dual-isotope
setting, a decrease in p-value was obtained to a p-value of
0.0071. The same statistical relevance was obtained for the sin-
gle- and dual-isotope data quantified from SPECT imaging and
y-counting, showing that the difference in tissue-uptake percen-
tages between the two methods does not influence the statistics
when ranked testing is used. In this paper we show that, by using
the dual-isotope approach, the number of animal studies re-
quired for quantification of the net-targeting effect of new mo-
lecular imaging tracers can be significantly reduced.

wileyonlinelibrary.com/journal/cmmi
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807777
451 B % ID/cm’® Lu-DOTA-cRGD | Test design Required sampling Example
40k (1% ID/g "Lu-DOTA-cRGD | size (n)
3111 2 5b, ¢ 2.4 g2 b
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05 significance level, for example 5%; 1 — f5, power of the test,
) for example 90% — f3, 10%; s, standard deviation, for example
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o 0F 1 SPECT system and tested it for quantification of the biodistribu-
E 25 4 tion and tumor uptake of the angiogenesis tracer cRGD com-
§ 20l pared with its control cRAD. Single- and dual-isotope SPECT
T 1 imaging as well as biodistribution data obtained with y-counting
& 45} - showed tumor uptake of cRGD and no significant tumor uptake
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; that cRAD is a valid nonspecific control for cRGD with respect to
05F specific targeting of the o, 35 receptor. Furthermore, the radionu-
= clide used for radiolabeling of both peptides did not influence
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Figure 7. Biodistribution results 1h post co-injection of (a) 1.32 nmol animal. Provided that co-injection of both tracers does not affect
77| 4-DOTA-cRGDfK and 1.32 nmol "' 'In-DOTA-cRADfK (n=5) and (b) their individual blood half-life and biodistribution, this approach
132nmol '77Lu-DOTA-cRADfK and 1.32nmol '"'In-DOTA-cRGDfK  provides an ideal internal reference and excludes any inter-
(n=4) from SPECT (%ID cm ™) and y-counting (%ID g~ ). animal variations and physiological changes, as well as reducing

Table 2. Summary of in vivo experiments
DOTA-cRGDfK DOTA-cRADfK  Amount of peptide (nmol)  n*  Tumor-uptake (%ID cm3) Tumor-uptake (%ID g_1)
771y 0.26 2 1.214+0.28° 6.46 + 1.86°
7Ly 132 2 0.97 +£0.19° 2414056

7Ly 0.26 2 0.11 £ 0.09° 0.17+0.16°

7Ly 132 2 0.00 & 0.00° 0.26+0.01°
"Mn 1.32 2 0.75+0.14° 2344 2.09°

MR 1.32 2 0.08 +0.06° 0.41+0.33°
771y "R 132 5 1544092 0.17+£0.08°  3.40+047 0.18+0.13°
"R 771y 132 4 150+ 0.72% 026 £0.05°  2.94+0.31% 0.24+0.13°
7Ly, "Min 132 2 1.80+0.44°% 158 £041°  2.54+091% 2.65+1.21°
2n =number of animals
byalue + SD.
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the amount of animals required. We recently showed the value
of this dual-isotope approach in the design of matrix metallopro-
teinase tracers (8) and currently apply it in the development of
new molecular imaging ligands.

4. EXPERIMENTAL

4.1. Dual-isotope optimalization

The "In/"’Lu combination was analyzed and optimized,
measuring crosstalk severity and sensitivity for different energy
window settings. All measurements were performed on a small
animal SPECT/CT system (nanoSPECT/CT®, Bioscan, USA)
equipped with four detector heads and converging nine-pinhole
collimators (pinhole diameter, 1mm; maximum resolution,
0.8mm) (32,33).

The amount of initially measured crosstalk was minimized by
optimizing the acquisition energy windows for both radionu-
clides. The crosstalk was quantified in form of a crosstalk factor,
which was defined as:

71 =71 — Ay andy,’ =7y, — By,

with A and B being crosstalk factors from radionuclide y, to
radionuclide y; and y; to y, respectively. The factors used for
phantom studies were determined by placing a known amount
of one radionuclide in the scanner (y,, approximately 20 MBq,
>100 kcounts per projection in 120-360 ), and acquire the sig-
nal using the energy window settings for both radionuclides.
The crosstalk factor (A) was defined as the ratio between the
amount of counts measured in the window for radionuclide y,
and the amount of counts measured in the window of radionu-
clide y,. Besides overlap of the emission peaks, the crosstalk fac-
tors depend on the amount of Compton scattering. As Compton
scattering and attenuation effects increase under in vivo condi-
tions, the crosstalk factors were determined again in mice to
allow in vivo studies.

The crosstalk factors measured for the '''In/'”’Lu settings that
were optimal in sensitivity and minimized in crosstalk in both
phantoms and in vivo are shown in Table 1. The first setting con-
sisted of four separate energy windows: a 20% window around
171keV (from 153.9-188.1keV) and a 15% window around
245keV (226.6-263.4keV) for '"'In-acquisition, and two 20%
windows around 113 keV (101.7-124.3 keV) and 208 keV (187.2-
228.8 keV) for '”’Lu-acquistion. In the second acquisition setting,
the "’Lu energy window around 113 keV was removed since
this window was highly affected by the '''In signal. Furthermore,
all windows were reduced in size to 10% around 171 keV (162.5-
179.6 keV), 10% around 245keV (232.8-257.3keV) and 10%
around 208 keV (197.6-218.4 keV). As expected, in the second ac-
quisition setting, the sensitivity for both radionuclides was re-
duced compared with the first acquisition setting by 81% and
38% for ""'In and '”’Lu respectively. In order to compensate
for the loss in sensitivity, the scan times were increased when
using setting 2. The crosstalk remaining after adjusting the energy
acquisition windows was partly removed using proprietary cross-
talk removal software of the manufacturer (InVivoScope version
1.39, background clean function disabled, Bioscan, USA), which
utilized the user-defined crosstalk factors to subtract counts
originating from radionuclide 7y, in the acquisition window of
radionuclide y, and vice versa.

The dual-isotope acquisition and crosstalk removal protocols
were tested in phantoms by simultaneous scanning of four
phantoms containing known amounts of mixed '"'In and '”’Lu
[vial 1, 100% ""'In (~7.7 MBq); vial 2, 78% '"'In and 25% '"’Luy;
vial 3, 75% '"’Lu and 25% '"'In; vial 4, 100% '"’Lu (~25.7 MBq),
Supporting Information, figure 11. The separate activities detected
by SPECT were quantified before and after crosstalk removal. The
quantification error was calculated for each setting. Based on these
results, energy window setting 2 was considered favourable over
energy window setting 1 and was therefore used during further
experiments (Supporting Information, figure 2).

The dual-isotope protocol was tested in vivo in BALB/c nu/nu
mice using free radionuclides as tracer. The biodistribution of
"In and "7Lu was measured separately in single-isotope SPECT
studies and compared with the biodistribution measured with
dual-isotope SPECT after co-injection. The radiopharmaceuticals
were dissolved in physiological Tris(hydroxymethyl)amino-
methane buffer (100 pl, pH 7.38) or in phosphate-buffered saline
(100 pl) and injected into the tail vein. In case of the dual-isotope
scans, the radionuclides were either pre-mixed and co-injected
(100 pl) or administered with two separate injections (50 pl each)
into the same tail vein. For '”’Lu-scans, approximately 40 MBq
activity was injected as opposed to 10 MBq for '''In-scans to
compensate for the difference in y-abundance. Animals were
killed by cervical dislocation 3h after injection and imaged
post-mortem to have a direct comparison between imaging
and biodistribution data at this time point.

After image reconstruction, VOIs were selected around se-
lected organs and tissues using both SPECT and CT data. All VOIs
were drawn in triplicate and averaged to minimize drawing var-
iation. Detected counts in the VOIs were converted to Becquerel
using a quantification factor that was calculated at the start of
each study using a known amount of the radionuclide of inter-
est. The biodistribution results from SPECT were expressed as
percentage injected dose per volume (%ID cm~3). After scan-
ning, the animals were dissected and the radioactivity in blood,
heart, lung, liver, spleen, left kidney, muscle and thigh bone
was measured using a y-counter (Wizard 1480, Perkin Elmer,
The Netherlands) using the multiple isotope counting mode.
Control experiments showed that the average deviation in
dual-isotope '"'In/"’Lu counting from single-isotope '''In or
"7Lu counting was <2% for both radionuclides. Radioactivity
uptake in the tissues was calculated as percentage injected dose
per gram of tissue (%ID g~ "). These values were compared with
the radioactive uptake as quantified from SPECT imaging.

4.2. «,fB3 Targeting
4.2.1.

DOTA was conjugated to cRGDfK and cRADfK for radiolabeling.
Acetyl-protected cRGDfK or cRADfK (2mg, 2.6 pmol in 400 pl
H,O; Absinth Services B.V. The Netherlands) was deacetylated
using hydroxylamine solution (1 m, 1.9 ml). After 30 min at room
temperature, the deacetylated cRGDfK or cRADfK was combined
with maleimido-mono-amide-DOTA solution (4 mg, 5.2 umol in
2.7 ml H,0; Macrocyclics, USA). The reaction mixture was shaken
overnight at room temperature to form cRGDfK-DOTA or
cRADfK-DOTA (Fig. 1b). The desired product was purified using
preparative reversed-phase high-performance liquid chromatog-
raphy (RP-HPLC) to a purity of >98%, freeze-dried and dissolved
in Millipore-purified water.

DOTA-peptide conjugation
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4.2.2. Radiolabeling

An aliquot of cRGDfK-DOTA or cRADfK-DOTA solution (1.9 pl,
1.4 nmol) was added to '7’LuCl; (100 MBq) or '"'InCl5 (50 MBq)
in ammonium acetate buffer or sodium acetate buffer respec-
tively (300 pl, 0.2m, pH 5.5). The crude mixture was shaken at
T=353K for 30 min before the reaction was quenched by adding
10 ul of a 10 mm EDTA solution. Typically, in these conditions ap-
proximately 80% labeling yield was obtained for both peptides
with both radionuclides. The radiolabeled peptides were purified
by solid-phase extraction on Cg Sep-Pak cartridges (Waters, USA).
The product was eluted in two 100 ul fractions of 30% ethanol in
Millipore-purified water. The fractions were pooled and concen-
trated to 80 pl under a stream of nitrogen. Ammonium acetate
buffer (0.25 v, pH 8.0) was added to adjust the pH to 7.2.

Both radiotracers solutions exhibited >95% radiochemical pu-
rity at the time of injection, as confirmed by radio-TLC and radio-
HPLC. Radio-TLC was performed on ITLC-SG plates (Pall, USA)
eluted in a 200 mm EDTA in physiological saline solution and an-
alyzed on a phosphor imager (FLA-7000, Fujifilm, Japan). Under
these conditions, '''In-EDTA and '”7Lu-EDTA migrated with R¢=
0.9 while the radiolabeled peptides remained at the origin (R;=
0.0). Radio-HPLC analysis was carried out on an Agilent 1100 sys-
tem equipped with a UV detector and a radioactivity Gabi detec-
tor (Raytest, Germany). The analyte was loaded on a C;g column
(Agilent, Eclipse XDB C;g, 150 x 4.6 mm, 5um particle size),
which was eluted with a linear elution gradient of 5-40% (v/v)
acetonitrile in water with 0.1% formic acid (1 mlmin~" for
11 min), starting with 3min of 5% acetonitrile in water. Free
radionuclide eluted from the column after 2.2 min, and radiola-
beled cRGDfK-DOTA and cRADfK-DOTA after 9.5 min. The solu-
tions injected in mice contained 1.32nmol of one peptide for
single-isotope experiments (100 pl) or 1.32 nmol of each peptide
(100 pl in total) for dual-isotope experiments.

4.3. Animal model

The dual-isotope protocol was tested in vivo in normal BALB/c
nu/nu mice. The specific «,f3 targeting effect of cRGD was
assessed and compared with the cRAD-peptide as the nonbind-
ing control. cRGDfK-DOTA and cRADfK-DOTA were both radiola-
beled with ""'In and '”’Lu achieving >95% radiochemical purity
and subsequently injected into tumor-bearing mice. The tumor
cell line UB7MG was chosen to establish tumor xenografts in
nude mice as this cell line is known to show significant overex-
pression of a,f}s-integrin receptors (34). Therefore, BALB/c nu/
nu mice (male, 11-15weeks old) were injected with approxi-
mately 5 x 10° U87MG cells (human, glioblastoma-astrocytoma,
ATCC, Manassas, USA) in phosphate-buffered saline (100 pl)
subcutaneously on the left or right flank. The mice were
imaged when the tumor reached a size of approximately
40-60 mm?.

The in vivo studies performed are listed in Table 2. Both pep-
tides were labeled with both radionuclides to study possible
effects of the respective radionuclide on tumor uptake and bio-
distribution. Two different peptide doses were assessed using
77Lu as radiolabel during the single-isotope studies (0.26 and
1.32nmol). For the single-isotope studies with ''In and the
dual-isotope studies with both '"'In and '””Lu, 1.32 nmol peptide
was used since this was the minimum dose required to obtain
sufficiently high activity for SPECT imaging using '"'In as radiola-
bel. The optimal imaging time point was determined to be 1h

after injection based on dynamic scans of the tumor uptake of
"7 u-DOTA-cRGDfK  and '”’Lu-DOTA-cRADfK (Supporting
Information, figure 3). During further experiments, mice were
sacrificed at this time point and imaged post-mortem to have a
direct comparison between imaging and biodistribution data at
this time point.

After SPECT and y-counting, the homogeneity of the activity-
uptake in the tumor was assessed by autoradiography using a
phosphor imaging system. Two tumors harvested from mice
administered with '7’Lu-DOTA-cRGDfK were sliced (slice thick-
ness =1 mm) and placed on a phosphor imaging plate for 2 h.
The activity distribution was imaged with 100 um resolution
using the same phosphor imager as for the ITLC plates. All
animal experiments were approved by the animal welfare com-
mittee of the Maastricht University (The Netherlands) and were
performed according to the U.S. National Institutes of Health
principles of laboratory animal care (35) and the Dutch national
law ‘Wet op de Dierproeven’ (Std 1985, 336).
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