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Abstract

Purpose: Current clinical measurements for tumor treatment efficiency rely often on changes in
tumor volume measured as shrinkage by CT or MRI, which become apparent after multiple lines
of treatment and pose a physical and psychological burden on the patient. Detection of therapy-
induced cell death in the tumor can be a fast measure for treatment efficiency. However, there
are no reliable clinical tools for detection of tumor necrosis. Previously, we studied the necrosis
avidity of cyanine-based fluorescent dyes, which suffered long circulation times before tumor
necrosis could be imaged due to low hydrophilicity. We now present the application of
radiolabeled 800CW, a commercially available cyanine with high hydrophilicity, to image tumor
necrosis in a mouse model.

Procedures: We conjugated 800CW to DOTA via a PEG linker, for labeling with single-photon
emission-computed tomography isotope indium-111, yielding [*''In]in-DOTA-PEG,-800CW. We
then investigated specific ['''In]In-DOTA-PEG,-800CW uptake by dead cells in vitro, using both
fluorescence and radioactivity as detection modalities. Finally, we investigated ['''In]In-DOTA-
PEG4-800CW uptake into necrotic tumor regions of a 4T1 breast tumor model in mice.
Results: We successfully prepared a precursor and developed a reliable procedure for labeling
800CW with indium-111. We detected specific ['''In]in-DOTA-PEG,-800CW uptake by dead
cells, using both fluorescence and radioactivity. Albeit with a tumor uptake of only 0.37%ID/g at
6 h post injection, we were able to image tumor necrosis with a tumor to background ratio of 7:4.
Fluorescence and radioactivity in cryosections from the dissected tumors were colocalized with
tumor necrosis, confirmed by TUNEL staining.

Conclusions: [''"In]in-DOTA-PEG,-800CW can be used to image tumor necrosis in vitro and
in vivo. Further research will elucidate the application of ['!'In]in-DOTA-PEG,-800CW or other
radiolabeled hydrophilic cyanines for the detection of necrosis caused by chemotherapy or other
anti-cancer therapies. This can provide valuable prognostic information in treatment of solid tumors.
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Introduction

Necrotic tissue is typically found in pathophysiological
conditions and is absent in healthy individuals. Necrosis is in
most cases caused by lack of oxygen and characterized by loss
of cell membrane integrity. In many pathological situations,
necrosis can also be programmed like necroptosis, ferroptosis,
parthanathos, and pyroptosis [1]. Most prominent examples of
necrosis occur after myocardial infarcts and strokes, where the
affected tissues turn necrotic due to ischemic stress [2]. In
addition, solid tumors often have poor vascular quality,
resulting in reduced concentration of oxygen and nutrients in
the tumor center. This occurs even more in aggressively
growing solid tumors as the formation of new blood vessels
(angiogenesis) cannot keep up with the fast growth of the
tumor. Typically, the amount of necrosis per tumor volume is a
strong measurement for the aggressiveness of the tumor and
used by pathologists to determine the severity of the disease [3—
5]. In addition to intrinsic tumor necrosis, tumors develop
necrotic tissue when affected by anti-cancer chemotherapy or
radiotherapy [6].

The clinical evaluation of treatment response is normally
done using CT or MRI based on the RECIST criteria, which
endow clinical decision making on either treatment continua-
tion or alternation [7]. However, these guidelines have
significant shortcomings. The guidelines state that solid tumor
treatment response should be determined by means of tumor
size or volume reduction. However, this interpretation is prone
to human error, is time consuming, and often requires multiple
lines of treatment to become evident [8]. There is therefore an
unmet need for novel, time-resolved criteria for early assessing
the efficiency of cancer therapy treatment.

We and others have previously shown that the increase in
chemotherapy or radiotherapy-induced cell death, especially
necrosis, can be used as an early indicator for treatment
efficiency [9-12]. Effective chemotherapy will induce
significant tumor necrosis within days after a single line of
treatment, due to either programmed or secondary necrosis.
The latter is when massive apoptosis occurs and the few
tissue macrophages present are not able to timely remove the
apoptotic cells, which then become necrotic [6]. At the
moment, there are no appropriate clinical tools available that
allow noninvasive quantitative detection of tumor necrosis.
Such a tool could be a necrosis-avid contrast agent (NACA)
that specifically binds necrotic cells and can be traced in the
body using imaging techniques (e.g., MRI, PET, SPECT).

A frequently described NACA is hypericin, a natural
product and photodynamic agent isolated from St. John’s wort,
which binds to necrotic cells by an unknown mechanism.
Therefore, this property has been utilized to image necrosis in
various necrosis models (e.g., necrotic myocardium or tumor
necrosis models) by radiolabeling hypericin with iodine [13,
14]. However, hypericin has certain limitations such as poor
water solubility, formation of aggregates, and difficult synthe-
sis and it is photosensitive [15, 16]. Moreover, it can cause
significant drug interactions [17].

Our group demonstrated that a certain class of near-
infrared fluorescent (NIRF) cyanine dyes binds to denatured
cytoplasmic proteins from cells that lost their membrane
integrity. These can therefore be used for SPECT imaging of
necrosis, via a radiometal-chelation chemistry approach [9,
11]. However, the HQ class of cyanines that we have used
was thermally unstable and henceforth was conjugated with
the non-linear DTPA chelator. DTPA allows indium-111
chelation at room temperature, but other DTPA-radiometal
complexes have low in vivo stability [18]. Moreover, HQ-
class cyanines are hydrophobic, leading to long circulation
times before reaching the target tissue. This is a limiting
factor for clinical translation since it is preferable to image
shortly after administration.

Here, we describe radiolabeling of 800CW, a cyanine
with improved water solubility and NIRF properties com-
pared to HQS5 (785-nm excitation, 800-nm emission of
800CW; and 683-nm excitation, 701-nm emission of HQS5)
[9]. The more redshifted wavelength of 800CW, compared
to HQ4 and HQ5, has deeper tissue penetration of up to 1—
2 cm and is henceforth favorable for in vivo applications,
especially in small animals or in superficial tissues like skin,
breast, and head and neck in humans [19]. However, for
whole body imaging, a more quantitative imaging technol-
ogy is needed like nuclear imaging using PET or SPECT.
For this reason, we conjugated 800CW, via a polyethylene
glycol (PEG) linker to DOTA, a widely applied chelator in
the clinic for radiolabeling with SPECT-isotope indium-111
[18]. We first characterized and determined the purity of
DOTA-PEG4-800CW (1) by HPLC and mass spectrometry.
Thereafter, a reliable radiolabeling procedure was developed
and we tested in vitro necrosis-avidity of DOTA-PEGy-
800CW with and without indium-111 labeling. After
validation, indium-111-labeled 1 (['''In]In-DOTA-PEG,-
800CW, from here referred to as ['''In]1) was tested in vivo
in the mouse 4T1 breast cancer model that spontaneously
develops tumor necrosis.

Materials and Methods

Materials

Reagents were purchased from Sigma-Aldrich (St. Louis,
MO, USA) unless stated otherwise. Solvents were purchased
from Honeywell Riedel-de-Haén™ (Seelze, Germany).
800CW-N-hydroxysuccinimide ester (2) was purchased from
Westburg BV (Leusden, The Netherlands). DOTA-PEGy-
NH, (3) was purchased from Chematech (Dijon, France).
["'"'In]InCl; from Mallinckrodt BV (Petten,
The Netherlands). 4T1-Luc2 cells were purchased from
PerkinElmer (Boston, MA, USA). Cell culture media was
obtained from Sigma-Aldrich (St. Louis, MO, USA) or
Gibco Life Technologies (Waltham, MA, USA). ESI-MS
analysis was performed on a TSQ Quantum Ultra system
equipped with a Surveyor Autosampler Plus and MS Pump
Plus from Thermo Fisher Scientific (San Jose, CA, USA).



Stroet M.C.M. et al.: In Vivo Evaluation of Indium-111-Labeled 800CW as a Necrosis-Avid Contrast Agent 1335

HPLC analysis was performed on a system from Waters
(Milford, MA, USA) with a quaternary pump, a 2998 PDA
detector, a radio detector consisting of a Nal crystal detector
with a Canberra Osprey-DTB, and dedicated software.
Solvent A was water +0.1 % v/v TFA, and solvent B was
ACN+0.1 % v/v TFA. HPLC method A is Gemini Cig
semi-preparative column (10 x 250 mm, 5 pm, Waters) and
a gradient profile of 0—1 min 20 % B in A, 1-25 min to
30 % B at a flow rate of 3.0 ml/min. HPLC method B is
Symmetry C;g analytical column (4.6 x250 mm, 5 pm,
Waters) and a gradient profile of 0—1 min 10 % B, 1-20 min
towards 60 % B at a flow rate of 1.0 ml/min. HPLC method
C is Symmetry C;g analytical column (4.6 x 250 mm, 5 pm,
Waters) and a gradient profile of 0—1 min 22 % B, 1-20 min
towards 51 % B (solvent A was 0.2 M Tris-HCI1 buffer
pH 8.5+ 10 % MeOH and solvent B was MeOH) at a flow
rate of 1.0 ml/min. Autoradiography was performed using
super resolution phosphor screens and a Cyclone® Plus
system (Perkin Elmer, Waltham, MA, USA). NIRF imaging
was performed on an Odyssey flatbed scanner system
(800 nm channel, laser intensity 5.0; Li-Cor, Lincoln, NE,
USA). Bioluminescence imaging (BLI) was performed in an
IVIS-Spectrum imager (Perkin Elmer). SPECT/CT images
were obtained with a VECTor-5, equipped with a high-
sensitivity 3.0-mm pinhole collimator (MILabs, Utrecht,
The Netherlands). The mages were analyzed with Pi-Mod
(version 3.901) and visualized in VivoQuant (version 2.50,
patch 3). Activity was accurately quantified on a Wizard 3",
1480 vy-counter (Perkin Elmer). Histochemical dead cell
staining was performed using the DeadEnd™ Colorimetric
TUNEL System (Promega, Madison, WI, USA) and subse-
quent imaging on a NanoZoomer 2.0HT digital slide scanner
(Hamamatsu, Hamamatsu City, Japan).

Synthesis DOTA-PEG ,-800CW (1)

Compound 2 (5.0 mg, 4.4 pmol) was dissolved in DMSO
(50 pl) and added to a mixture of DOTA-PEG4-NH, (3,
3.1 mg, 3.8 pmol) and DiPEA (1.78 pl, 10.1 pumol) in
DMSO (200 pl). The resulting solution was stirred overnight
at room temperature. Subsequently, the mixture was directly
purified over semi-preparative HPLC, method A (tg 14 min),
yielding a green solid (4.1 mg, 55 %). The purity was >
99 % as determined by HPLC, method B (tg 10.1 min,
Supplementary data 1). ESI-MS: m/z calculated for
C72H103I\13C)25S4Jr was 1607.59. m/z found was 802.67
[M-3H]*; 534.75 [M-4H]*".

Synthesis Reference Compound in-DOTA-PEG 4
800CW (“In-1)

Compound 1 (430 pg, 250 nmol) was added into a conical
vial, and quenchers were added to mimic reaction conditions
of radiolabeling (gentisic acid and sodium ascorbate with a
final concentration of 3.5 mM). The reaction was buffered to

pH 4-4.5 with sodium acetate (53.6 pl, 2.5 M) and diluted
with Milli-Q water to a final reaction volume of 135 pl.
Then, InCl; (375 nmol, native indium ICP standard in
0.05 M HCI) was added, and the sealed vial was heated to
70 °C for 30 min. The vial was allowed to cool to room
temperature and DTPA (4 mM, 5 pl) was added to complex
remaining indium. The conversion yield was >99 % as
determined by HPLC, method B (tg 9.5 min, Supplementary
data 2). ESI-MS: m/z calculated for C;,H;9oNgO»sS4In" was
1719.47. m/z found was 860.19 [M+H]*".

Radiolabeling

Into a conical vial, gentisic acid and sodium ascorbate (both
50 mM in 10 pl) were added to 1 (1.4/14/70 ng; 0.8/8.0/
40 nmol; for low, medium, or high dose, respectively) to
prevent radiolysis [20]. The reaction was buffered to pH 4—
4.5 with sodium acetate (1 pl, 2.5 M) and diluted with Milli-
Q water for a final reaction volume of 135 ul. Then,
['"'In]InCl; (80 MBq) was added and the sealed vial was
heated to 70 °C for 30 min. The vial was cooled to room
temperature for 5 min, and DTPA (4 mM, 5 pul) was added.
Radiochemical purity (RCP) of ['''In]1 was >95 % as
determined by HPLC, method C (tz 14.1 min). Radiochem-
ical yield was determined by an instant thin-layer chroma-
tography (iTLC-SG paper, Aligant, eluent: 10 % w/v NH4Ac
to MeOH 9:1, ['"'In]JIn-DTPA eluted to top of paper and
[""'In]1 remained at the baseline).

In Vitro Dead/Alive Cell Uptake Assay Fluores-
cence

4T1-Luc2 cells were cultured in RPMI-1640 medium
containing 10 % fetal bovine serum and 1 % penicillin at
37 °C under a humidified atmosphere with 5 % CO,. The
cells were seeded in a black 96-well plate with transparent
bottom (typically 1.0 x 10* cells per well) and grown until
70-80 % confluency. Then, from half of the wells, the
medium was removed, the cells were killed with EtOH (4 pl,
70 %) and washed once with PBS. The live cells in the other
half of the wells were washed with PBS, and subsequently,
all cells were incubated for 15 min with or without 800CW
or it conjugates (100 nM in culture medium) as indicated.
The cells were washed thrice with PBS, fixated with 4 %
formalin, and the whole plate was imaged on the Odyssey.
This experiment was performed in triplicate.

In Vitro Dead/Alive Cell Uptake Assay Radioac-
tivity

4T1-Luc2 cells were seeded in two 12-well plates (1.0 x 10°
cells per well) and grown until 70-80 % confluency. After
incubation, the medium was removed from half of the wells,
after which the cells were killed with EtOH (50 ul, 70 %)
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and washed once with PBS. The live cells were washed with
PBS, and subsequently, all cells were incubated for 1 h at
37 °C with or without the radiotracers (3.3 MBg/nmol,
100 nM in 400 pl culture medium). Then, the cells of one
plate were washed twice with PBS, detached with 1.0 M
NaOH, and collected in tubes for y-counting. The cells of the
other plate were washed twice with PBS; the whole plate
was imaged on a phosphor screen (2 h) and the Odyssey.
This experiment was performed in triplicate.

Animals

All animal experiments were approved by the Animal
Welfare Committee and conducted in accordance with
accepted guidelines. Female BALB/cAnNRj-nude mice (6
to 8 weeks old) were housed in ventilated cages in groups of
four to six mice and were provided standard laboratory
animal food pellets and water ad libitum. A week after
arrival, 1.0 x 10* 4T1-Luc2 cells suspended in 15 ul
matrigel: PBS (1:1) were injected bilaterally on the
shoulders. Tumor growth was monitored every 3 days with
a caliper. After 2 weeks, mice were injected with p-luciferin
(150 mg/kg, i.p. injection). Ten minutes later, BLI was
performed for 30 s with an open filter under isoflurane
anesthesia (4 % induction, 1.5 to 2 % maintenance in 100 %
0. All groups consisted of three mice with bilateral tumors.

SPECT Imaging

Tumor-bearing mice received an intravenous injection of
[""'In]1 (20 MBg, labeled to 0.2, 2, or 10 nmol, 200 pl PBS)
in the tail vein. At 6 and 24 h post injection (h.p.i.), SPECT/
CT imaging was performed under isoflurane anesthesia,
while the body temperature was maintained constant. Static
images of the 5-cm axial field of view were obtained over a
total scan time of 28 min and 20 s, followed by a 2-min full
body CT. Dynamic scans were obtained over a total duration
of 1 h with 30 timeframes, directly after injection of ['''In]1.

Acquired images were reconstructed using SR-OSEM
with 9 iterations and 128 subsets on a 36 x 36 x35 mm
matrix with 0.80 x 0.80 mm isotropic voxels. The images
were further analyzed in Pi-Mod and VivoQuant. Regions of
interest were manually drawn around the tumors, heart, and
muscle. Subsequently, the percentage of injected dose (%ID)
and the tumor to background ratio (TBR) were determined.

Urine Analysis

Excreted urine was collected at 1 h.p.i. and frozen in liquid
nitrogen. The urine was then thawed, precipitated with an
equal volume of ACN, centrifuged at rcf: 16100xg for
15 min, and the supernatant was analyzed by radio-HPLC.
As a control for the processing, 1 MBq of the NACA in PBS
was treated in a similar way as the urine.

Ex vivo Analysis

After imaging, the blood, tumors, skin, pancreas, liver,
spleen, small intestines, colon, ovaries, kidneys, lungs, heart,
muscle, bone, lymph nodes, and brain were collected and
weighted, and activity was accurately quantified in a y-
counter. After counting, the tumors were frozen in liquid
nitrogen and adjacent 10-um cryosections of tumor centers
were prepared for autoradiography, NIRF imaging, and
TUNEL staining.

Statistics

All data are expressed as the mean +standard deviation
(SD). Significance was determined with F-test and two-
tailed ¢ test in Microsoft Excel 2010.

Results
Synthesis and Radiolabeling

Precursor 1 was successfully synthesized via an amide
coupling reaction between 2 and 3 (Fig. 1). After purifica-
tion, 4.1 mg (55 % yield) of precursor was isolated as a
green solid, with a purity of >99 % (HPLC), and was stored
in titrated aliquots of 15.6 nmol at —20 °C.

The RCP and RCY of ['"'In]1 were >95 % with molar
activities achieved up to 200 MBg/nmol. The antioxidant
gentisic acid and ascorbic acid in the reaction mixture
stabilized radiochemical purity. After 2 days at room
temperature (10 MBqg/nmol/200 pl), RCP was >95 %
(Supplementary data 3). All in vitro and in vivo experiments
were executed within 3 h after radiolabeling.

In Vitro Dead/Alive Cell Uptake

We further examined the effect of the metal chelation and
indium labeling on the necrosis avidity of 800CW in dead or
alive 4T1-Luc2 cells. Based on fluorescent signal from the
cells after washing, the uptake of 800CW and its conjugates
was determined (Fig. 2a).

The following conditions were tested: In-DOTA-PEG,-
800CW (N*“In-1), labeled with non-radioactive indium;
DOTA-PEG,4-800CW which was heated at 70 °C for
30 min (1*) [20], untreated 1, 800CW-carboxylate (4),
DOTA-PEG4-NH, (3) as a negative control, and medium
for background subtraction. The experiment was performed
in triplicate (Fig. 2a). Based on the fluorescent signal, we
found that neither the procedures required for radiolabeling
nor the indium complexation of 800CW had a significant
effect on uptake by dead cells (Fig. 2b).

Later, we determined the ['''In]1 uptake by dead cells
and used ['''In]In-DOTA-PEG,-NH, (['''In]3) as a nega-
tive control. The wells were washed, and the whole plate
was imaged on a phosphor screen for visualization of the
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Fig. 1 Synthesis of DOTA-PEG4-800CW. a DOTA-PEG,-NH, (3), DiPEA, DMSO, rt., 16 h, yield 55 %. b NaAc, gentisic acid,

sodium ascorbate, H,0O, 70 °C, 30 min, RCP >98 %.

radioactivity and on the Odyssey (Fig. 2c¢) for quantification
of the fluorescence. The fluorescent signal from the dead
cells was a 67-fold stronger than that from the live cells
(Fig. 2d). As expected, no fluorescence signal was observed
from the ['''In]3-treated wells. Simultaneously, a second
plate was prepared, from which the cells were collected from
the wells after incubation and washing. The radioactivity
was measured in a y-counter for accurate quantification of
the radioactivity uptake (Fig. 2e). There was no uptake of
['"'In]3 by dead or alive cells, however a 23-fold higher
uptake of ['''In]1 by dead cells as compared to live cells.

SPECT Imaging and Ex Vivo Analysis

['"'In]1 was administrated in female nude mice inoculated
with 4T1-Luc2 breast cancer cells, which develop rapidly
growing tumors with spontaneous necrotic cores. The
necrotic core was first confirmed by BLI since 4T1-Luc2
cells express luciferase. As a result, necrotic tumors showed
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a ring-shaped BLI signal from their viable outer rim and a
much lower signal from the center (Supplementary data 4)
[9].

In the first in vivo experiment, we evaluated the dose
range in which the tumors could be imaged. Therefore, three
doses of 1 (i.e.,, 0.2 nmol, 2.0 nmol, and 10 nmol; from here
referred to as low, medium, and high dose) with a constant
amount of radioactivity (i.e., 20 MBq) per injection were
tested. At 6 and 24 h.p.i., SPECT/CT imaging was
performed. Then, the animals were euthanized and the
organs and tumors were collected for biodistribution and
histological analysis.

The uptake in the tumors and kidneys were clearly visible
on SPECT images at 6 and 24 h.p.i (Fig. 3 a and b). The
SPECT signal from the tumors was quantified and showed
no significant difference in the total counts between high and
medium dose at 6 h.p.i. On the other hand, the total counts
were significantly lower in the low-dose group (44 kBg/ml)
compared to the high-dose group (61 kBg/ml, P=0.03,
Fig. 3c). However, no major differences were observed in

1: DOTA-PEG4-800CW
1*: DOTA-PEG4-800CW (Heated)
Nat[p1 ; Nat[p_DOTA-PEG4-800CW
[""In]1 : [Mn]In-DOTA-PEG4-800CW
3 : DOTA-PEG4-NH2
["MIn]3 : ["In]In-DOTA-PEG4-NH2
4 : 800CW-COOH
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w
1=

g
=}
I

=3
h

Bound activity (*1000 CPM)
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I

["n]3 (M1 (M3

Fig. 2 In vitro dead cell binding of 800CW. a Dead or alive 4T1-Luc2 cells in a 96-well plate, treated with either Na*In-1, 12
(heated at 70 °C for 30 min), 1, 4, 3, or culture medium. b Fluorescent signal from a, black bars indicate signal from dead cells
and white bars indicate signal from alive cells (1=9). ¢ Dead or alive 4T1-Luc2 cells in a 12-well plate, treated with either ['''In]1
or ['"In]3. The 800-nm channel is depicted in green, and the 700-nm channel is depicted in red, and below the corresponding
autoradiography signal. d, e Fluorescent signal (d) and bound activity (e) from wells in ¢. ns=no significant difference.
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and 24 h.p.i. (b). The dotted lines indicate field of view of SPECT images. ¢ Concentration of activity in tumor ROIs from SPECT
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SPECT signal, n=6. f Adjacent cryosections from a dissected tumor. From top to bottom: autoradiography, NIRF imaging, and

TUNEL staining. * for p <0.05; ** for p <0.01.

%ID between the three doses at 6 h.p.i. (Fig. 3d). At
24 h.p., no significant differences in either total counts or
%ID was seen between the three doses. Similarly, the
biodistribution studies also showed no significant differ-
ences in %ID/g between the three dose groups at 24 h.p.i.
(Fig. 4a), confirming these results. Even though the overall
uptake in the tumors was low, the tumors were clearly
visible on SPECT images due to high TBRs (Fig. 3e). The
TBR for the low-dose group was the highest (10:3),
followed by medium-dose group (7:4), and high-dose group
(4:2, P=0.087). At 24 h.p.i., however, there were no
significant differences between the three doses (Fig. 3c—e).
The uptake of the NACA into the necrotic regions of the
extracted tumor was confirmed by autoradiography, NIRF
imaging, and TUNEL staining of the cryosections (Fig. 3f).

Next, we evaluated the optimal time-point for imaging.
The NACA uptake in %ID/g was determined at 3, 6, 24, 48,
and 72 h.p.i. At each time-point, mice were euthanized and
the organs were collected to determine the biodistribution of
the NACA (Fig. 4). The tumor uptake did not increase over
time, and no significant differences were observed between
time-points. However, it can be noted that the NACA is

rapidly excreted from the body with 3%ID/g left in the
kidneys after 3 h. As a result, the tumor to blood ratios
increased over time, up to 29:7 at 72 h.p.i. (Supplementary
data 5).

We performed dynamic scans of the first hour after
injection of the NACA, in which we observed renal
clearance of most of the NACA in the first recorded frame
recorded 0—5 min post injection (Supplementary data 6). At
1 h.p.i., urine was collected and analyzed by radio-HPLC
(method C, 0.2 MBq injected, recovery >95 %). We
observed that >98 % of the activity eluted at 14 min
indicating that the NACA was excreted intact (Fig. 5).

Discussion

In a previous publication using the cyanines HQ4, HQS5, and
800CW, we demonstrated that we can image tumor necrosis
in mice using whole body NIRF imaging techniques [9]. For
clinical translation, we conjugated HQ4 with DTPA and
radiolabeled it with indium-111 for SPECT imaging and
showed that tumor necrosis could be imaged with good
TBRs [11, 21]. However, we foresaw that HQ cyanines are
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Fig. 4 Biodistribution of [''"In]1. a Biodistribution at 24 h.p.i. of three different doses of ['''In]1 (n=3). b Biodistribution of
["'In]1 (2 nmol, 20 MBaq) at five different time points after injection (n = 3).

sub-optimal for clinical translation because they are lipo-
philic and hence are cleared by the hepatic-intestinal route
and showed long blood circulation. Therefore, >24 h were
required for a good tumor to background ratio. This ratio is
in contrast to 800CW, which is a highly hydrophilic cyanine
that is cleared by the kidneys and has a good TBR after 3—
6 h [9]. Especially when using radiotracers, rapid clearance
is preferred to minimize radioactive exposure to the organs.
Therefore, in this study, we determined the use of 800CW as
a necrosis-specific probe for SPECT by radiolabeling with
indium-111. In order to do so, we conjugated 800CW with
DOTA, one of the most used chelators in the clinic. We
proceeded to test the necrosis avidity in vitro with our in-
house—developed dead cell assay. Based on the fluorescent
signal, the 800CW uptake by dead cells is not significantly
affected by conjugation with DOTA via a PEG, linker and
subsequent chelation of indium. This is in line with the
previous findings that 800CW could image necrosis when
conjugated with small molecule probes [9]. Moreover, we
found that 800CW was not degraded by the heating,
required for radiolabeling.

From the in vivo imaging experiments, it was evident that
there was no significant difference in tumor uptake between
the tested doses. However, the TBR was greater in the group
that received a low dose (10:3) compared to medium dose
(7:4) and high dose (4:2). This confirms that even at low
doses it is feasible to image necrosis with 800CW. However,
we wanted to use the fluorescent signal, which could not be

detected at the low dose, for further confirmation. Hence, the
medium dose was selected for further experiments since a
clear fluorescent signal was obtained.

In order to increase the dose, while maintaining the
amount of activity injected (20 MBq) constant, the molar
activity was required to be reduced. The molar activity is an
important parameter that should be considered with radio-
pharmaceuticals that target receptors or proteins since there
is only a limited number of proteins available in the targeted
tissue. Decreasing the molar activity can result in a
saturation of the target protein, rendering a lower activity
uptake in the targeted tissue [22]. This effect is not observed
in the case of necrosis-avid cyanines. This could be due to
their binding to denatured cytosolic proteins, which are
highly abundant and unlikely to saturate [9].

Necrosis-targeting probes, such as hypericin, have been
successfully shown to target necrosis and also to deliver
local radionuclide therapy in the center of necrotic tumors
[14, 16]. However, certain limitations such as difficult
synthesis, poor water solubility, and toxicity effects have
been reported for these probes [15—17]. NIR cyanines like
800CW could be an interesting starting point for developing
novel clinical tools, since they have been applied in ample
preclinical and clinical applications. For instance, ICG, a
serum albumin-binding NIR cyanine, is the current golden
standard for visualizing tissue perfusion in the emerging
field of fluorescence-guided surgery [23]. Likewise, 800CW
has been applied in several clinical studies when conjugated



1340 Stroet M.C.M. et al.: In Vivo Evaluation of Indium-111—Labeled 800CW as a Necrosis-Avid Contrast Agent

1

(mV)
(98] S
O [oss.

ioactivity
(O]
()
=

.

rad

{ | i

0 4 8 12 16 20 24 28
time (min)

=
W
S
()

(§o)
-
)

100 |

|

radioactivity (mV)

|

|
4 | \
O ST, 0 R ST KOSPFIRETe "5 YOIV ) PO TINOINTME X RTTE O WAT IR

0 4 8 12 16 20 24 28
time (min)
Fig. 5 a HPLC chromatogram of ['"'In]1 from PBS. b HPLC
chromatogram of urine from mouse at 1 h.p.i.

to a tumor-targeting molecule without any reports of toxicity
induced by the cyanine itself [24, 25].

As compared to ['''In]In-DTPA-HQ4, ['''In]1 has a
faster clearance from the blood, which is mainly accommo-
dated by the renal system. This is most likely because of the
higher water solubility of 800CW. As a result, the
background signal dropped rapidly and SPECT/CT imaging
could be performed at 6 h.p.i. With ['''In]In-DTPA-HQ4,
imaging could only be performed 24 h.p.i. onwards. It
should also be noted that the tumor uptake of ['''In]1 was
lower than that of ['''In]In-DTPA-HQ4 but sufficient for
imaging the tumors [21].

Due to the rapid biokinetics, shorter lived radioisotopes
would be more suitable for imaging with 1. For instance, 1
could be labeled with PET-radionuclide gallium-68 [26].

Conclusions

We demonstrated that ['''In]1 can be used to image tumor
necrosis in mice. It is rapidly excreted from the body, and
the tumors can be imaged at high contrast at early time
points after injection. We showed the uptake of ['''In]1 into
spontaneous developing tumor necrosis in a mouse model
with 4T1-Luc?2 breast cancer. Future studies should elucidate

whether ['''In]1 can be used to image tumor necrosis, which
is induced by chemotherapy or other anti-cancer therapies.
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