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Abstract

Purpose—Single photon emission computed tomography (SPECT) radionuclide pairs having
distinct decay rates and different energy maxima enable simultaneous detection of dual gamma
signals and real-time assessment of dynamic functional and molecular processes in vivo. Here, we
report image acquisition and quantification protocols for a single molecule labeled with two
different radionuclides for functional SPECT imaging.

Procedures—LS370 and LS734 were prepared using modular solid phase peptide synthesis.
Each agent has a caspase-3 cleavable reporting motif, flanked by a tyrosine residue and a chelator
at the opposite end of molecule. Cell uptake and efflux were assessed in human MDA-MB-231
breast cancer cells. Biodistribution studies were conducted in tumor naive and orthotopic 4T1
metastatic breast cancer tumor mice. NanoSPECT dual-imaging validation and attenuation
correction parameters were developed using phantom vials containing varying radionuclide
concentrations. Proof-of-principle SPECT imaging was performed in MMTV-PyMT transgenic
mice.

Results—LS370 and LS734 were singly or dually radiolabeled with 1251 and 1111n or 99MTc. Cell
assays demonstrated 11-fold higher percent uptake (£<0.001) of [122]]L.S734 (3.6+0.5) compared
to [1251]LS370 (0.3+0.3) at 2 h. Following chemotherapy, cellular retention of [12°1]LS734 was 3-
fold higher (/<0.05) than untreated cells. Pharmacokinetics at 1 h postinjection demonstrated
longer blood retention (%ID/g) for [12511LS734 (3.2+0.9) compared to [12°1]LS370 (1.6+0.1). In
mice bearing bilateral orthotopic 4T1 tumors, the uptake (%ID/g) was 2.4+0.3 for [1251]LS734 and
1.2+0.03 for [125]]LS370. The iodinated tyrosine peptide residue label was stable under in vitro
conditions for up to 24 h; rapid systemic deiodination (high thyroid uptake) was observed in vivo.
Phantom studies using standards demonstrated deconvolution of radionuclide signals based on
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different gamma ray energies. In MMTV-PyMT mice imaged with dual-labeled [111In]-
[1251]LS734, the gamma signals were separable and quantifiable.

Conclusions—Image processing protocols were developed for quantitative signal separation
resulting from a caspase-3 responsive dual-radiolabeled SPECT probe. Crosstalk unmixing was
obtained for multiradionuclide NanoSPECT imaging. /n vitroand in vivo data demonstrated
structure—activity relationships for developing functional agents for ratiometric SPECT imaging.

Cancer; Apoptosis; Caspase; Programmed cell death; Radionuclide; SPECT,; Cleavable peptide

Introduction

There are many molecular processes involved in cancer progression. The development of
molecular therapies and imaging agents targeted to distinct pathological pathways has raised
hope for early cancer detection and individualized therapy. An important biomarker of
cancer is the diagnostic and prognostic family of proteases [1]. Although they play key roles
in normal human physiology, their aberrant expression in cancer results in many undesirable
effects such as an increase in tumor proliferation, metastasis, and resistance to therapy. As a
result, new targeted therapies have been developed for specifically inhibiting these enzymes
in cancer patients. A particularly interesting biochemical event is the migration of some
proteases to unusual extracellular or intracellular spaces under pathological conditions,
where they exert their cancer-supporting roles [2, 3]. In this regard, a combination of
quantitative detection of protein expression, localization, and functional status is required for
accurate cancer diagnosis and assessment of response to therapy.

Clinically, positron emission tomography (PET) and single photon emission tomography
(SPECT) are the molecular imaging techniques of choice because of their high sensitivity
and whole-body quantitative imaging capabilities [4]. Elegant methods have been developed
to improve /n vivo detection sensitivity of predictive enzymes by PET, including the use of
[18F]fluorothymidine to report cell proliferation via the activity of thymidine kinase-1 [5].
Despite the unique advantages of these nuclear imaging methods, their applications in
molecular imaging have been confined to receptor-targeted imaging of cancer [4] or indirect
reporting of the functional status of proteases /n vivo by use of radiolabeled inhibitors [6].
Currently, there are no nuclear imaging agents for assessing the functional status of
intracellular proteases /n vivo.

Unlike PET, where all annihilation photons detected have the same energy (511 keV), which
precludes simultaneous discrimination of multiple PET radionuclides from the same tracer,
SPECT has multiradionuclide-resolving power. This is because the gamma cameras used in
SPECT can acquire projection data simultaneously from two or more radionuclides in
separate energy windows with resolution exceeding that of micro-PET [7]. In addition to
differences I the emission energies, radionuclides amenable for SPECT imaging have
sufficiently long half-lives for timely transportation, and can be produced on site via
generators. The long half-lives of commonly used SPECT radionuclides, such as °™MTc (&5,
6.02 h), 1231 (#, 13.2 h), 1251 (£, 59.4 days), and 111In (#,, 2.8 days), make them
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suitable for incorporation into slow clearing biomolecules such as peptide conjugates,
antibodies, and nanoparticles [8]. This compatibility of the biological half-life of the
bioconjugates with the radioactive half-life of the elements results in improved signal to
background ratios. Conceptually, radio-labeling a protease substrate with two SPECT
compatible radioisotopes that emit gamma rays at different energies could provide a new
approach for molecular imaging of protease activities v/a ratiometric SPECT imaging. For
this approach to be successful, gamma ray(s) of the chosen nuclides should have minimal
overlapping signal in the acceptance energy windows to minimize “crosstalk.” For practical
reasons, this is not always achievable, leading to the use of radionuclides with significant
crosstalk that must be removed in a quantifiable and reproducible manner. Another
immediate challenge is to ensure the dual radio-labeling of a single substrate for ratio-
SPECT imaging. In the proposed strategy, the selective hydrolysis of an amide bond by the
targeted protease will result in the trapping of one radionuclide in cells, while the other
radionuclide is effluxed.

Based on these considerations, we have developed a molecular framework for developing
and using dual radionuclide-labeled SPECT imaging agents for the molecular imaging of
aberrant intracellular or extracellular proteases. Determining therapeutic response can help
identify nonresponders at early time points, giving an opportunity to apply an alternative and
potentially more effective treatment [9]. In this study, we demonstrated the application of the
method by targeting intracellular executioner caspases responsible for induction of
apoptosis, and thus are useful for monitoring the early response of tumors to treatment [10,
11]. Two caspase-3 cleavable peptides were radiolabeled with different SPECT
radionuclides and evaluated 7 vitroand in vivo with single or dual SPECT isotopes, 12°1
with 99MTc or 111n, Acquisition parameters for small animal NanoSPECT imaging were
developed for real-time dual-isotope SPECT image analysis. Results demonstrate the
potential of using multiradionuclide-resolving power of clinically useful SPECT for
noninvasively monitoring treatment response.

Materials and Methods

The chelator DOTA-tris(t-Bu ester) was purchased from Macrocyclics (Dallas, TX, USA).
Acetic anhydride, N, A-diisopropylethylamine, trifluoroacetic acid (TFA), acetonitrile
(ACN), piperidine, anisole, and dimethylformamide (DMF) were purchased from Sigma
Aldrich (St. Louis, MO, USA). All the Fmoc amino acids, hydroxybenzotriazole (HOB),
and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU)
were purchased from AAPPtec (Louisville, KY, USA). Na [12°1]lodide was ordered from
American Radiolabeled Chemicals, Inc. (St. Louis, MO, USA), [111In]InCl5 was ordered
from Nordion Inc. (Ottawa, ON, Canada), and 9*MTc was obtained from Mallinckrodt
Pharmaceuticals, St. Louis.

Synthesis of LS370 and LS734 and radiochemistry are described in the supplemental file.

Caspase-3 Mediated Hydrolysis of [125]]LS370

[12511L.S370 was dissolved in caspase buffer {100 mM NaCl, 50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, 10 mM DTT, 1 mM ethylenediaminetetraacetic acid, 10 %
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glycerol, and 0.1 % 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate, pH
7.4} at concentrations varying from 2.5 to 20 uM. Caspase-3 (Cal Biochem) was added to
the radioactive peptide solution at a final concentration of 290 pM. These solutions were
allowed to react at 37 °C for 180 min and were sampled every 30 min. Substrate hydrolysis
was monitored by radio-high-performance liquid chromatography (Vydac, C-18, 4.6x250
mm, 1 ml/m, A=H,0, 0.1 % TFA, B=ACN, 0.1%TFA; 10-90 % B, 30 min, linear gradient)
of these time point samples. Comparison to a standard caspase-3 substrate (Ac-DEVD-pNA)
and calculation of the enzyme kinetic parameters were carried out as previously described
[12].

Cell Uptake and Efflux Studies With [1251]LS734 or [1251]LS370

Tissue culture protocol is described in the supplemental file. MDA-MB-231 cells used for
the uptake and efflux assay were grown on 24-well tissue culture plates until they were 80—
90 % confluent with ~250,000 cells per well. A two-component chemotherapeutic regimen
was used that has been shown to initiate apoptosis in breast cancer cells and xenografts [13,
14]. The experimental treatment group of cells was treated with 10 ng/ml of SN-38 (7-
ethyl-10-hydroxycamptothecin, Sigma Aldrich) for 24 h. Then, the SN-38 was removed, and
the second chemotherapeutic drug, UCN-01 (Sigma Aldrich), was introduced at a
concentration of 1 UM in 0.1 % BSA per well. At this point, respective radioactive solutions
([*2517LS734 or [1251]L.S370, 0.02 ug per well; specific activities: [12°1]LS370—40x106
MBg/mmol; [1251]LS734—10x10% MBg/mmol) were added to treated and control groups.
The solutions were added drop-wise into the wells and gently mixed to ensure homogeneous
distribution. The final volume per well was 240 pl, and the plates were incubated at 37 °C

(5 % COy) for 2 h. After incubation, the supernatant (fraction 1) was collected, and the cells
were washed twice with 250 ul of cold serum-free media. The washed cells were incubated
again for 1 h in serum-free media at 37 °C (5 % COy), and at 1 h, the supernatant was
collected (fraction 2). Fraction 2 represents the cell efflux, which is the amount of
radioactivity released from cells after the 2 h uptake. After collecting the supernatant,
Solvable (PerkinElmer) was added to facilitate efficient scraping of the cells. The scraped
cells (fraction 3) were collected in microfuge tubes. The radioactivity in each fraction was
measured in a well counter (Packard Il gamma counter).

Animal Biodistribution Studies

All animal studies were conducted according to guidelines on the humane care and use of
laboratory animals under protocols approved by the Animal Studies Committee at
Washington University School of Medicine. For tissue biodistribution studies, syngeneic
breast tumor models were prepared via bilateral orthotopic implantation of luciferase-
transfected 4T1 mouse mammary carcinoma cells (4T1/uc, 5x10° cells per tumor) in the
mammary fat pads of 6-week-old, female Balb/c mice (NCI, Frederick, MD, USA). Studies
were conducted when the tumors reached about 3 mm maximum diameter (~10 days).
Healthy female Balb/c mice (/=4 per time point) were anesthetized with 1-2 % vaporized
isoflurane and injected viatail vein with 0.185 MBq of [1251]LS370 or [1251]LS734 (specific
activities: [12°1]LS370—40x108 MBg/mmol; [12°1]LS734—10x10% MBg/mmol). At 1 h
postinjection, mice were killed. Organs of interest were removed and blotted dry. The
radioactivity was measured in a gamma counter (Packard Il gamma counter). Diluted
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standard doses (1:100) were prepared and counted along with the samples. Data points were
corrected for radioactive decay. The percent injected dose per gram of tissue (%1D/g) was
calculated.

Dual 125]-111|n Nuclides SPECT Imaging Phantom and Animal Imaging

Results

Phantom studies were designed based on the half-life decay of 1231 [#,=sg 4 days; X-ray:
~27.3 keV (145.2 %)] and 11In [#,,=2.8 days; X-ray, ~23 keV (82.5 %) and y-ray, 171 keV
(90.6 %), 245 keV (94.1 %)]. The data were acquired in two energy windows, a low-energy
window for 125] (25.2-30.8 keV) and a second encompassing the two high energy peaks

of 111In (140-260 keV) using the NanoSPECT/CT system (Bioscan). As a consequence of
this dual-labeling strategy, 12°I measurements were contaminated with 111In activity due to
overlap in the X-ray energy and contamination from down scatter (photons emitted by the
higher energy isotope in the energy window of the lower energy isotope). Therefore, a
strategy for unmixing of the overlapping gamma ray energy signals was formulated. An
unmixing strategy based on the makeup of signals in each collection window (M, and M)
was developed:

M, =e, [1] +e, . [In]+C, ,, [In] and M,

1
=€n [In] +Chon @
with g and e, representing the detection efficiencies for 1251 and 111In in their respective
window and e,x the efficiency for detecting the indium X-rays in the 12°In window. Cjps|
and Cj»jp are the cross-talk contamination factors from 11in into the 125 window and from
1251 into the 111In window. Under these conditions, &,x cannot be separated from Cips).
Ci>n should be small. G5, is the sum from the down scatter from the 171 and 245 keV
gamma rays and X-rays efficiency of 111In in the 1251 window. Therefore:

[In]:(elj\[h; - CIQI;;‘Z\II)/(e €1, — Cror, O, ) and [I]

I In 19In ~In9y

:(JMI - CIIJQIAIIn)/eI

The phantoms were made of two ampoules containing a calibrated amount of 111In (87 uCi)
and 125 (76 pCi). The three-dimensional (3D) regions-of-interest (ROIs) were drawn to
encompass the entire ampoules. The dual-isotope SPECT/CT imaging in spontaneous breast
cancer model is described in the supplemental text.

Data analysis and statistics are described in the supplemental file.

Synthesis of Caspase-3 Containing Peptide Biomolecules for Imaging Apoptosis

The primary consideration of the molecular design is to ensure that each molecule can be
labeled with two energetically different SPECT radionuclides. Thus, the basic structural
framework consists of a peptide substrate for the target protease and reactive motifs to
selectively incorporate the radionuclides at opposite ends of the peptides. Cleavage of the
peptide substrate will alter the biodistribution profiles of the ensuing fragments. By
determining the kinetics of each radiative fragment following cleavage, a ratiometric SPECT
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technique can be developed to report the activity of target enzymes. In this study, we
designed molecular imaging probes that are sensitive to the activity of the executioner
caspases (caspase-3/7). These caspases, which are upregulated in the early phase of caspase-
mediated cell death, recognize and cleave the tetrapeptide motif, DEVD (aspartic acid—
glutamic acid—valine—aspartic acid). To illustrate the concept, we designed two molecular
imaging agents, LS370 and LS734 (Fig. 1), containing this motif. Both peptides were
prepared by modular solid-phase synthesis. LS370, which contains only nine amino acid
peptide sequence, is a simple model of the dual radiolabeled molecular imaging agent for
ratiometric SPECT. It consists of DEVD peptide flanked by a tyrosine group for 125]
labeling and —Lys—-Gly—Cys— group for 99MTc labeling. The more elaborate analogue,
LS734, was designed to generate disparate molecular features upon enzyme cleavage to
facilitate ratiometric SPECT data analysis. LS734 comprises 21 amino acids and consists of
three functional components: (a) a cell internalizing (positively charged) amino acid
sequence capable of accommodating stable 111In [Gly—-Arg-Arg-Arg—Orn—-Arg-Arg-Lys—
Lys—-Arg-Lys—(-DOTA)-NH5], (b) a caspase-3 cleavable DEVD peptide sequence, and (c) a
hydrophobic peptide sequence containing Tyr group for labeling with 1251 (Ac-Tyr-Leu-
Ala-lle-Ahx—Pro—Ala). All the peptides were obtained in high purity (>95 %) by high-
performance liquid chromatography and characterized by liquid chromatography—mass
spectrometry. Upon cleavage, LS734 is expected to dissociate into 125]-labeled hydrophobic
and 11In-labeled hydrophilic fragments, with distinct biodistribution profiles. Conceptually,
the high disparity between the hydrophobic and the positively charged hydrophilic peptide
fragments ensures a relatively higher efflux rate of one of the fragments from cells
undergoing caspase-mediated apoptosis than the other component. Optimization of the
biological transport profiles can be achieved by incorporating molecules that facilitate active
efflux of one fragment.

Radiochemistry

The achieved specific activities were as follows: [1251]LS370, 40-50x108 MBg/mmol;
[1251]LS734, 6-10x108 MBg/mmol; and [111In]LS734, 12x108 MBg/mmol. The specific
activity of [12°1]-[111In]LS734 was 3x10% MBg/mmol. We also determined the specific
activity of [99MTc]LS370 from the purified [1251]-[9°™T¢]LS370. Based on a specific
activity of 50x10% MBg/mmol of 125]-L.S370, the specific activity of 2°™Tc in [122]]-
[9°MT¢]LS370 was calculated. After 72 h of decay, 0.02 % of 9°MTc remained, but this
fraction did not have a significant impact on the 12%In counting window (15-75 keV). Based
on the sum of the counts per minute (CPM) from fractions 10-12 and the counting efficiency
(0.679 CPM/DPM; see Supplemental Fig. 1), the calculated specific activity of 99mTc in
[1251]-[9®MT¢]LS370 was 17x1010 MBg/mmol. This value is in good agreement with the
literature reported maximum specific activity of 99mTc, which is ~20x1019 MBg/mmol
[15].

Dual [125]]-[111In] Nuclide SPECT Imaging Phantom

The data were acquired in two energy windows, one at 30 keV of 1251 and a second
encompassing the two high energy peaks of 111In (171 and 245 keV). The consequence of
this dual-labeling strategy is that 1251 measurements are contaminated with 111In activity due
to overlap in the X-ray energy and contamination from down scatter. Based on the unmixing
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strategy described in “Materials and Methods,” efficiency and cross-contamination factors
were determined by scanning of the calibration phantoms containing known activities of 125]
and 111In (Fig. 2; Tables 1 and 2). The 3D ROIs drawn on the entire ampoules and unmixed
images were calculated by the arithmetic on the images, not from the ROI data.

Caspase-3 Mediated Hydrolysis

Figure 3 shows that [1251]LS370 eluted at 19.5 min, and in the presence of caspase-3, the
cleaved fragments eluted at 12.5 and 13 min. The presence of two radiolabeled peaks on the
radiochromatogram suggests the formation of dimer caused by the expected oxidation of the
thiol group to form intermolecular disulfide bond. However, the dimer readily converts back
to single molecules under the high reducing conditions such as used to prepare the 99mTc
chelate. Kinetic analysis of caspase-3 activation with [1221]LS370 using a radionuclide
detector (radio-high-performance liquid chromatography) gave a Ky and Aqat 0f 15£3 uM
and 1.02+0.06 M s~1, respectively. These parameters compared favorably with a standard
caspase-3 substrate Ac-DEVD-pNA (Ky=11 uM and kg5 =2.4 M s71), demonstrating that
the radiolabeled peptide was recognized by caspase-3.

Cell-Uptake Assays

The goals of the cell-uptake studies were to (1) assess any changes in the structure—activity
relationship resulting from the modular and responsive probe design and (2) evaluate the
retention of the iodine containing hydrophobic peptide moiety in treated and untreated cells.
Metastatic human breast MDA-MB-231 cells were used to evaluate whether the amino acid
sequence modulation would enhance internalization, and how the probe would respond
(intracellular) postchemotherapy. In the untreated cells, there was a higher uptake (A<0.001)
of [1251]LS734 (3.6+0.5) than [12°1]LS370 (0.3+0.3) at 2 h postincubation at 37 °C (Fig. 4a).
The same trend was observed with the treated cells. The amount of iodinated fraction
released by the untreated and treated cells at 3 h (post 2 h incubation and removal of excess
activity) was used as a measure of the efflux activity. The results showed that higher amount
of activity was released from untreated cells compared to treated cells that had been
incubated with [1251]LS734 (£<0.001) (Fig. 4b).

Biodistribution

The structure—activity relationship was evaluated /n vivo by performing a tissue
biodistribution study in naive (Supplemental Fig. 2) and tumor-bearing Balb/c mice (Fig. 5).
At 1 h, [125]]LS734 circulated longer in blood as compared to [1251]LS370. The tumor/blood
ratios for both [1251]LS370 and [12°1]LS734 was 0.6+0.03. The tumor/muscle ratios were
similar as well but higher than the tumor/blood ratios, [1251]LS734 (2.2+0.1) and
[12511LS370 (2.1+0.3). Thyroid uptake was 73+21and 115+73 for [1251]LS370 and
[12511LS734, respectively.

Dual-SPECT Imaging of Spontaneous Breast Tumor Mouse Model After Injection of [123]]-

[111In]LS734

Based on the results obtained for the unmixing of 12°| and 111In detection windows in
calibration phantoms, a proof-of-principle /n vivo imaging study was performed using the
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dual radiolabeled [12°1]-[111In]LS734 to determine the tumor response to therapy in a
MMTV-PyMT transgenic mouse model of spontaneous breast cancer. Reconstruction of raw
data from both the low- and high-energy collection windows demonstrated differential
biodistribution of [1251]-[1111n]LS734 throughout the animal (Fig. 6). At early time points,
high uptake of an iodinated moiety, resulting from the deiodination of the parent compound,
was observed in the thyroid glands. Rapid clearance of 111In peptide conjugate was
indicated by high activity in the kidneys and bladder. Sequential analysis by unmixing of the
low-energy window further differentiated the biodistribution of 1251- and 111In-labeled
compound and its fragments. Some tumor-independent proteolysis of the compound is
expected due to minor activity of caspases and proteases in other tissues, particularly the
liver and the kidneys. Early clearance of the 1251-labeled moieties is evident by the relatively
high signal from the gastrointestinal tract in the low-energy window (Fig. 6¢). While the
iodine containing component was designed to be hydrophobic upon cleavable and separation
from the parent compound, the 111In containing fraction was conceptualized to be
hydrophilic following separation from the dual-labeled peptide. Although partial clearance
from the liver was observed, the high signal from the kidneys and bladder demonstrated
preferential renal to hepatobiliary clearance for the 111In containing fragments. SUV
analysis of the drug-treated and saline-treated tumors showed higher signal in the 111In
channel for the treated (SUV, 2.21) as compared to untreated (SUV, 1.44) tumor. The SUV
analysis in the 1251 channel was also quantifiable but confounded by systemic deiodination
(treated SUV, 0.19 and saline-treated SUV, 0.21). The ex vivo biodistribution corroborated
the /n vivo image analysis (Supplemental Fig. 3).

Discussion

In the preclinical arena, optical imaging has been used to report a plethora of molecular
processes. With its diverse contrast mechanisms, optical imaging is amenable to high
throughput screening, real-time feedback, and highly sensitive detection schemes without
the use of ionizing radiation or expensive imaging systems. A unique feature of optical
imaging is the detection of the expression and the functional status of proteases with high
detection sensitivity using activatable reporter probes. Particularly, the commonly used
Forster resonance energy transfer (FRET) method for imaging proteases is attractive for
studying the functional status of these enzymes because of the near-zero background
fluorescence before enzyme activation, resulting in high detection sensitivity and specificity
[16-19]. Despite its enormous potential to unravel the molecular basis of diseases /in vivo,
the limited tissue penetration depth precludes using optical imaging techniques for
noninvasive imaging of deep-seated primary and metastatic tumors.

Although radionuclide signal cannot be quenched or amplified in the same manner as
fluorescence activatable probes, direct readout of protease activity can be achieved by
ratiometric SPECT approach. To accomplish this goal, we have designed a dual
radionuclide-labeled molecular probe and a SPECT imaging approach for quantitative
measurement of protease activity. Our approach is versatile, with potential application in
determining the functional status of both intracellular and extracellular proteases. Using a
caspase-3 cleavable peptide sequence, we demonstrated that the chemical scaffold on the
molecules can be used to alter the cellular internalization and efflux profile of the
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compounds. For example, the presence of positively charged amino acid residues in LS734
significantly enhanced cell internalization relative to LS370. Further, the ratio of retained
activity from the hydrophobic moiety of 1251-L.S734 was higher in the treated cells /7 vitro
versus nontreated cells.

Quantitative accuracy and statistical reconstruction for dual-SPECT isotopes was developed
using the available NanoSPECT image reconstruction software. The software design offers
select options for three parameters: background correction (in projection data) prior to
reconstruction (low, medium, and high), number of iterations (fast, standard, and fine
corresponding to 6, 9, and 21 ML-EM iterations), and the pixel size (0.2, 0.3, and 0.4 mm).
The standard parameters are low background correction, 9 iterations, and 0.3 mm pixel size.
The reconstruction software for the NanoSPECT was evaluated at various scan durations
(i.e., counting statistics) with various options within the reconstruction such as the
background clean (BC), smooth projection (SP), and smooth volume (SV) using a uniform
phantom. We demonstrated that the different levels of background correction (low, medium,
and high) did not make any difference in the image. Furthermore, the noise properties for
these parameters were identical, as seen on the images using the standard number of
iterations (9) and the standard pixel size (0.3 mm; see Supplemental Fig. 4). We postulated
that the background subtraction was needed to be used in conjunction with the BC option to
make a difference. We also observed that the BC option preserved the highest accuracy since
the mean ROI values at various scan durations match closely to the reference mean ROI
value (i.e., value obtained from the highest counting statistics) compared to the
reconstruction with the other options. However, at the lowest counting statistics, the BC
option produces the lowest accuracy. This is probably due to bias generated from the
background subtraction at low counts. In contrast, the default reconstruction with no
additional option produces the highest accuracy at the lowest counting statistics compared to
the rest. With regard to the coefficient of variation (STD/mean) of the ROI values
(Supplemental Fig. 5), the BC option showed the highest variation as expected, whereas the
SP option depicts the lowest.

The pharmacokinetic profile in rodents demonstrated the differences in the blood circulation
and tissue retention of the bioconjugates. Proof-of-principle animal imaging was performed
in the MMTV-PyMT transgenic breast cancer model using the phantom validated
customized attenuation and gamma-energy deconvolution SPECT/CT protocols. Cell studies
demonstrated differences in the uptake of the dual radiotracer between the treated and
nontreated groups. The iodine label was stable in the conditions used for the cell studies
(Supplemental Fig. 6). However, a key limitation of compound design was the

significant 1251 uptake in the thyroid tissue, most likely a function of normal as well as
tumor mediated physiologic deiodination caused by the labile carbon—iodine bond [20]. In
designing the dual radiolabeled imaging agent, we expected that the intracellular caspase-3
cleavage of the multifunctional molecular agent would result in the trapping of the 125]-
labeled hydrophobic component, while the 111In-labeled moiety will be cleared. Clearly,
deiodination confounded accurate systemic data analysis. In the 111In channel, the SUV
analysis of the drug- and saline-treated tumors showed higher signal for treated (2.21) versus
untreated tumors (1.44). In spite of /n vivo deiodination, quantitative ROl analysis of various
tissues in the 125] channel was feasible using the described algorithm. The proof-of-principle
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animal study and the phantom studies have laid the foundation for future noninvasive dual
radionuclide SPECT studies for imaging intracellular protease activity in response to
treatment using biostable imaging probes. We are currently designing imaging agents that
better shield the radio-halogen from systemic enzymatic cleavage [21].

Conclusion

We developed a new approach for imaging protease activity /7 vivovia a ratiometric SPECT
imaging strategy. The synthetic method is modular, which facilitates adaptation of the
method to monitor the activities of other diagnostic proteases. Attenuation correction
parameters for image reconstruction and quantitative analyses were optimized using
phantoms, and successfully implemented for multispectral SPECT image analysis. By
modeling the crosstalk between radioisotopes, the SPECT method provides quantitative
accuracy for determining the ratios of each radionuclide. This strategy can potentially be
adapted to current clinical imaging systems to provide a direct measure of diagnostic
molecular biomarkers of early response to therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Structures of LS370 (a) and LS734 (b).
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125 (20-40 keV) Min (170-250 keV) 129 (20-40 keV) M (170-250 keV)

Fig. 2.
Vials containing either 1221 or 111In were scanned with SPECT/CT. Raw (a, b) and unmixed

(c, d) images were constructed from signals collected in two energy windows (20-40 keV
and 170-250 keV).
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Fig. 3.
Radiochromatogram of [125]LS370 hydrolysis by caspase-3 (90 min). The [1251]LS370

eluted at 19.5 min. Cleaved fragments eluted at 12.5 and 13 min.
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Fig. 4.
a Cell-uptake of [12°1]LS370 and [1251]L.S734 after 2 h incubation in the presence and
absence of treatment. b Efflux profile of [12°1]LS734.
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Fig. 5.
Tissue bio-distribution of [1221]LS370 and [12°1]LS734 1 h after administration of 4—7 uCi

of the respective radiopharmaceutical.

Mol Imaging Biol. Author manuscript; available in PMC 2016 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Xu et al. Page 17

SUV (T): 0.19
SUV (C): 0.21
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SUV (C): 1.44

Fig. 6.

SF?ECT-CT images (single slice) after unmixing for high energy window for 111In detection
(170-250 keV) and for low energy window consisting of primarily 1251 activity (20-40
keV), collected at 4 h after injection of [11In]-[12°1]LS734. a, b 111In window: higher
activity was detected in the treated tumor (7) than the saline control treated tumor (C). The
kidneys (K) had highest signal followed by the liver (L) indicating fast clearance of the 111In
labeled probe and fragments. ¢, d 1251 window: activity was detected in both tumors,
presumably preferential retention of the lipophilic fragment although activity gastrointestinal
tract (G/) and thyroid glands indicates partial physiological deiodination, most likely a
function of normal as well as tumor mediated. Therefore, reported SUV values for 125]
include peptide-bound and free fractions. High activity in the liver and Gl indicates
hepatobiliary clearance of the lipophilic 12°1 fragments.
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Table 1

Total activity counts from calibration images (Fig. 2) after unmixing 1251 and 111In signals

Image 125 ampoule  In ampoule

125) 21.3 2.25
uy 0.10 56.5
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Table 2

Efficiency and cross-contamination factors

Factor Measured/nominal  Value

a 21.29/76 0.280
én 56.47/87 0.650
Gl 225187 0.026
Com  0.10/76 0.001

The efficiency values represent the calibrated activities measured in the iodine or indium windows divided by the known activity of the sample
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