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Abstract

Hypoxic cells dynamically translocate during tumor growth and after radiotherapy. The most
desirable direction for therapy targeting hypoxic cells is combining imaging and therapy
(theranostics), which may help realize personalized medicine. Here, we conducted cancer
radiotheranostics targeting carbonic anhydrase-IX (CA-IX), which is overexpressed in many kinds
of hypoxic cancer cells, using low-molecular-weight '"'In and Y complexes with a bivalent
ureidosulfonamide scaffold as the CA-IX-binding moiety (['''In/*°Y]US2).

Methods: The targeting ability of ['''In]US2 was evaluated by in vivo biodistribution study in CA-IX
high-expressing (HT-29) tumor-bearing mice. In vivo imaging of HT-29 tumors was carried out using
single photon emission computed tomography (SPECT). [*°Y]US2 was administered to HT-29
tumor-bearing mice to evaluate cancer therapeutic effects.

Results: ['''In]US2 highly and selectively accumulated within HT-29 tumors (4.57% injected dose/g
tumor at | h postinjection), was rapidly cleared from the blood pool and muscle after 4 h based on
a biodistribution study, and visualized HT-29 tumor xenografts in mice at 4 h postinjection with
SPECT. Radionuclide-based therapy with [*Y]US2 significantly delayed HT-29 tumor growth
compared with that of untreated mice (P = 0.02 on day 28, Student’s t-test), without any critical
hematological toxicity due to its rapid pharmacokinetics.

Conclusion: These results indicate that cancer radiotheranostics with ['''In/*Y]US2 provides a
novel strategy of theranostics for cancer hypoxia.
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Introduction

A key feature of many solid tumors is hypoxia,
which is caused by an imbalance between oxygen
supply and consumption [1-5]. Hypoxia arises due to
limitations of oxygen diffusion in tumors. The
microvasculature of tumors is abnormal and often
fails to maintain the oxygen pressure [6-8]. Hypoxic
tumors are closely associated with tumor
propagation, malignant progression, and resistance to

chemotherapy and radiotherapy. In addition, hypoxia
is also associated with a poor outcome regardless of
the treatment approach, indicating that it might be
one of the important cancer therapeutic targets [1-5,
8-12].

Dynamic changes in the extent and distribution
of hypoxia have been reported with high spatial
resolution [13]. In addition, radiotherapy might cause
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the translocation of the surviving cells towards blood
vessels after achieving survival, leading to tumor
recurrence [14]. Therefore, tumor microenvironments
are considered to change dynamically during tumor
growth and after radiation therapy [14]. Also, a
decrease in hypoxic cells caused by radiation-induced
reoxygenation has been observed [15]. On the basis of
these findings, simultaneous radiation intervention
with imaging of hypoxic cells is strongly desired for
cancer therapy targeting hypoxia, which can help
achieve personalized medicine. In the last few
decades, many theranostic agents targeting cancer
have been reported [16]; however, most of these were
based on nanoparticles with pharmacokinetic
limitations, including slow clearance from the blood
pool and non-target tissues, and non-specific organ
uptake, leading to high toxicity to several types of
normal tissues [16, 17]. In contrast, the development
of a theranostic approach using radiolabeled
low-molecular-weight agents with positron emission
tomography (PET) and single photon emission
computed tomography (SPECT) has attracted much
attention. For instance, the use of radiolabeled
prostate-specific membrane antigen inhibitors and
somatostatin analogs in radiotheranostics led to
excellent results in patients [18-21]; therefore, a
radiotheranostic concept using low-molecular-weight
agents is favorable.

Targeting a biomolecule of the hypoxia-induced
signaling cascade has been advocated as a useful
strategy for oncologic treatment [8, 11]. Hypoxia
regulates the expression of several proteins, including
one of the carbonic anhydrase (CA) isozymes, CA-IX,
through the hypoxia-inducible factor-1 (HIF-1)
cascade [1-5, 12, 22-24]. CA-IX catalyzes the reversible
hydration of carbon dioxide to a bicarbonate ion and a
proton [1-5, 12]. CA-IX is related to tumor cell growth
and survival by regulating the intra- and
extra-cellular pH with various proteins, such as
aquaporins and anion exchangers [1-5, 12, 23, 25, 26].
The expression of CA-IX is controlled by HIF-1a and
is markedly upregulated by hypoxia [1-4, 10, 27].
HIF-1o. is hydroxylated and ultimately degraded
through binding to the wild-type von Hippel Lindau
(VHL) tumor suppressor protein and subsequent
ubiquitination, reducing the expression of CA-IX [1-4,
10, 23, 27]. CA-IX expression is markedly increased in
many types of tumors, such as carcinomas of the
bladder [28], uterine cervix [29, 30], head and neck
[31], breast [32], lung [33], and kidney [34] tumors. In
addition, CA-IX is pathologically expressed in cancer
cells and is located at the cell surface. CA-IX is thus
considered to be an attractive target for both cancer
therapy and diagnosis. The radiolabeled antibody
G250 targeting CA-IX has shown potential for

PET/SPECT or radionuclide-based therapy [35-37];
however, its slow clearance from the blood pool leads
to a low signal-to-noise ratio on imaging and a high
toxicity due to the radiation burden. Many efforts to
develop low-molecular-weight agents for
therapeutics or diagnostics on CA-IX have been made
[38-47]. Recently, an acetazolamide derivative,
XYIMSR, was radiolabeled for imaging (11In/%Cu)
and therapy (7Lu). [77Lu]XYIMSR-01 showed
promising results regarding its therapeutic effect
[48-50].

Radiolabeled pharmaceuticals have been utilized
for various disease diagnoses and therapies. They
must undergo selective accumulation at the targeted
site. A radiotheranostic agent, specifically interacting
with a targeted biomolecule, is labeled with y- or
B+-emission radioisotopes for nuclear imaging
(SPECT or PET, respectively) and with B-- or
o-emission radioisotopes for radionuclide-based
therapy. One platform labeled with various
radioisotopes for each application is easily prepared
using a radiometallic chelate. Indium-111 (y-emitter)
and yttrium-90 (B~-emitter) have similar chelating
properties, and are suitable for SPECT imaging and
internal radiotherapy, respectively [51, 52]. The
concurrent employment of ™In and Y complexes
synthesized from the same radiolabeling precursor is
one of the strategies for radiotheranostics. In addition,
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid (DOTA) has been used as a metal chelator, which
forms a stable complex with "In, 2Y, and other
radiometals.

In the present study, we synthesized an
M]n/%Y-]labeled compound with the aim of creating a
novel cancer theranostic agent targeting CA-IX. Using
this radiotheranostic agent, we demonstrated clear
and selective in vivo imaging of a CA-IX-expressing
tumor with SPECT, and the delay of
CA-IX-expressing tumor growth without any critical
hematological toxicity in model mice. This success in
cancer diagnosis and therapy with the MIn/%Y
complex suggests a novel strategy for cancer
radiotheranostics for hypoxia, leading to personalized
medicine.

Methods

Chemistry and radiolabeling

The details of the syntheses of MIn/%Y
complexes and the corresponding 113/15In complexes
based on ureidosulfonamide are available in
Supplementary Material.

Cell culture
HT-29 and MDA-MB-231, which are human
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colorectal cancer cell lines and human breast cancer
cell lines, respectively, were purchased from
Sumitomo Dainippon Pharma (Osaka, Japan). RCC4
plus VHL (RCC4-VHL) and RCC4 plus vector alone
(RCC4-VA), which are human renal cell carcinoma
cell lines (RCC4) stably transfected with
pcDNAS3-VHL (VHL-expressing vector) and pcDNA3
(empty vector), respectively, were purchased from DS
Pharma Biomedical (Osaka, Japan). Cells were
maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Thermo Fisher Scientific, Massachusetts,
U.S.A)) supplemented with 10% heat-inactivated fetal
bovine serum (Thermo Fisher Scientific), 100 U/mL
penicillin, and 100 pg/mL streptomycin in a 5%
COy/ air incubator at 37 °C.

Animals

All animal experiments were performed in
accordance with our institutional guidelines and were
approved by the Kyoto University Animal Care
Committee. Male BALB/ c-nu/nu nude mice and male
ddY mice were purchased from Shimizu Laboratory
Supplies (Shizuoka, Japan).

Under anesthesia with isoflurane (2% in an air
mixture), BALB/c-nu/nu  nude mice were
subcutaneously inoculated with MDA-MB-231 cells (1
x 107 cells/mouse), in 150 uL. of DMEM and Geltrex
(Thermo Fisher Scientific) at a 1:1 ratio, in the left
flank. Fifteen days later, HT-29 cells (1 x 107
cells/mouse) were also subcutaneously injected into
the right flank of MDA-MB-231 tumor-bearing mice.
Tumor-bearing mice were used for studies when
tumors reached a diameter of approximately 10-15
mm. For the radionuclide-based therapy study,
BALB/c-nu/nu nude mice were subcutaneously
inoculated with only HT-29 cells (5 x 10¢ cells/ mouse)
in the right flank. All efforts were made to minimize
suffering.

Western blotting assay

Cultured cells (HT-29, MDA-MB-231,
RCC4-VHL, and RCC4-VA) were incubated at 37 °C
in an atmosphere containing 5% CO. and 21% O;
(normoxic conditions) or 1% O (hypoxic conditions)
for 24 h. After cell washing with phosphate-buffered
saline (PBS) (pH 7.4) (Thermo Fisher Scientific) three
times and scraping with a cell scraper, the cell pellet
was obtained by centrifuging the lysate (400 xg, 3
min). To prepare tumor samples, the HT-29 and
MDA-MB-231 tumors were removed from the
tumor-bearing mice, and they were dissociated with a
rod on ice. One tablet of protease inhibitor cocktail
tablet (Roche Diagnostics, Basel-Stadt, Swiss
Confederation) was dissolved in a mixture of (5x) cell
culture lysis reagent (Promega, Wisconsin, U.S.A.) (1

mL) and H>O (4 mL), and 0.5 mL of this solution was
added to the cell (HT-29, MDA-MB-231, RCC4-VHL,
and RCC4-VA) pellet and tumor (HT-29 and
MDA-MB-231) lysate. After centrifuging (12,000 xg,
10 min), the protein concentration of the supernatant
was determined using BCA Protein Assay Kit
(Thermo Fisher Scientific). Equal amounts of protein
(10 pg) were loaded onto a polyacrylamide gel
(e-PAGEL HR; Atto, Tokyo, Japan), separated by
electrophoresis, and transferred to a polyvinylidene
fluoride membrane (Immobilon-P Membrane; Merck,
Hessen, Germany). After three 5-min incubations in
0.05% PBS-Tween 20 (PBST), the membranes were
blocked with 5% skim milk powder (Nacalai Tesque,
Kyoto, Japan) in PBST for 1 h at room temperature.
Incubation overnight with a primary rabbit IgG
monoclonal anti-human CA-IX antibody (ab108351,
1:5,000 dilution; Abcam, Cambridgeshire, U.K.) was
performed at 4 °C. As a control, a primary rabbit IgG
monoclonal anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) antibody (14C10, 1:1,000
dilution; Cell Signaling Technology, Massachusetts,
U.S.A)) was used. Subsequently, the membranes were
incubated in PBST for 5 min three times, and then
incubated with secondary anti-rabbit IgG horseradish
peroxidase conjugated antibody (W401B, 1:5,000
dilution; Promega) at room temperature for 1 h. After
three 5-min incubations in PBST, antibody binding
was determined wusing a chemoluminescence
detection system (ChemiDoc Touch Imaging System;
Bio-Rad, California, U.S.A.). The results were
analyzed using Image]J [53].

In vitro cell binding assay

HT-29, MDA-MB-231, RCC4-VHL, and
RCC4-VA cells were incubated in 12-well plates (2 x
105 cells/well) at 37 °C in an atmosphere containing
5% CO; for 24 h. After incubation, cells were then
incubated at 37 °C in an atmosphere containing 5%
COz and 21% O (normoxic conditions) or 1% O»
(hypoxic conditions) for another 24 h. After removing
the medium, ["MIn]US1 or [MIn]US2 (20 kBq,
80.2-130.7 GBq/pmol for ["MIn]USI1 and 104.0-112.8
GBq/pmol for [MIn]US2) in the medium (1 mL) was
added to each well inside the hypoxic chamber
(miniMACS Anaerobic Workstation; Don Whitley
Scientific, West Yorkshire, U.K.), and the plates were
incubated under normoxic or hypoxic conditions for 2
h. Nonspecific binding was evaluated by the addition
of acetazolamide (50 pM). After incubation, each well
was washed with 1 mL of PBS (pH 7.4) (Thermo
Fisher Scientific), and the cells were lysed with 1 M
NaOH (0.5 mL x 2). Radioactivity bound to cells was
measured using a y counter (Wallac 1470 Wizard;
PerkinElmer, Massachusetts, U.S.A.). The protein
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concentration was determined using BCA Protein
Assay Kit (Thermo Fisher Scientific).

Biodistribution study in model mice

A saline solution (100 pL) of [WIn]US1 or
[MMIn]US2 (40 kBq, 206.3 GBq/ pmol for [ In]US1 and
59.5 GBq/umol for [MMIn]US2) was directly injected
into the tail vein of HT-29 and MDA-MB-231
tumor-bearing mice (n = 5 each time). For in vivo
competition studies, tumor-bearing mice were
injected with [MIn]US1 or ["In]US2 (40 kBq, 206.3
GBq/pmol for [MIn]US1 and 59.5 GBq/pmol for
[("In]US2) and acetazolamide (10 mg/kg) in saline
(100 pL) concurrently. The mice were sacrificed at 1, 4,
8, and 24 h postinjection. The blood, spleen, pancreas,
stomach, intestines, kidneys, liver, heart, lungs, brain,
HT-29 tumor, MDA-MB-231 tumor, and muscle were
collected. Each organ was weighed and the
radioactivity was measured using a y counter
(PerkinElmer). The % injected dose/g of samples was
calculated by comparing the sample counts with the
count of the initial dose.

Analysis of stability in mouse plasma

The blood (5 mL) was collected from 10 ddY
mice and centrifuged (1,200 xg, 10 min) in venous
blood collection tubes (Becton, Dickinson and
Company, New Jersey, U.S.A.). The plasma (200 uL)
was separated and ["1'In]US2 (185 kBq, 194.5-390.4
GBq/umol) was added to it. The solution was
incubated at 37 °C for 1, 4, 8, and 24 h. After the
addition of MeCN (200 pL), it was centrifuged (10,000
xg, 5 min). The supernatant was filtered with a
Cosmonice Filter (S) (0.45 pum, 4 mm) (Nacalai
Tesque), and the filtrate was analyzed by
reversed-phase high-performance liquid chroma-
tography (RP-HPLC). In addition, the radioactivity of
the filter was measured wusing a y counter
(PerkinElmer).

Analysis of radiometabolites in model mice

A saline solution (100 pL) of [""In]US2 (4.5 MBq,
570.9-1383.9 GBq/ umol) was directly injected into the
tail vein of HT-29 tumor-bearing mice (n = 5 for the
blood and tumor). For the analysis of
radiometabolites in the blood, after the mice were
sacrificed at 1 h postinjection, the blood was collected
and centrifuged (1,200 xg, 10 min) in venous blood
collection tubes (Becton, Dickinson and Company) to
separate the plasma. MeCN (200 pL) was added to a
tube containing the plasma (200 pL) and centrifuged
(4,000 xg, 5 min). The supernatant was filtered with a
Cosmonice Filter (S) (0.45 pum, 4 mm) (Nacalai
Tesque), and the filtrate was analyzed by RP-HPLC.
For the analysis of radiometabolites in the HT-29

tumor, after sacrifice at 1 and 24 h postinjection, the
HT-29 tumor was removed from the mouse and
homogenized in test tubes containing tris-buffered
saline (500 pL) using a homogenizer (POLYTRON PT
10-35; KINEMATICA, Lucerne, Swiss Confederation).
MeCN (500 pL) was added to a tube containing the
homogenized tumor and centrifuged (4,000 xg, 5
min). Then, MeCN (500 pl) was added to the
supernatant and it was centrifuged (4,000 xg, 5 min).
The supernatant was filtered with a Cosmonice Filter
(S) (0.45 pm, 4 mm) (Nacalai Tesque), and the filtrate
was analyzed by RP-HPLC.

Biodistribution study in normal mice

The details of the biodistribution study in
normal mice with [MIn]US2 are available in
Supplementary Material.

SPECT/CT

A saline solution (150 pL) of [M1In]US2 (30 MBgq,
538.5-893.6 GBq/ umol) was directly injected into the
tail vein of HT-29 and MDA-MB-231 tumor-bearing
mice (n = 3). For in vivo competition studies,
tumor-bearing mice were injected with ["11In]US2 (30
MBgq, 538.5-893.6 GBq/umol) and acetazolamide (10
mg/kg) in saline (150 pL) concurrently (n = 3). The
HT-29 and MDA-MB-231 tumors in the same mouse
were of equal volume (218.0 £ 58.9 mm?, calculated
using the formula: V = [length x (width)?]/2). The
mice were anesthetized by isoflurane (2% in an air
mixture) and were placed on a heating pad (36 °C) to
maintain the body temperature throughout the
procedure. SPECT and CT images were collected
using the U-SPECT-II system (MILabs, Utrecht, the
Netherlands) with 1.0-mm pinhole collimators
(SPECT conditions: 60 min x 1 frame; CT conditions:
accurate full angle mode in 60 kV/615 pA) at 1, 4, 8,
and 24 h postinjection. SPECT images were
reconstructed using the OSEM method (8 subset, 1
iteration) with a 0.8-mm Gaussian filter.

Ex vivo autoradiography with model mice

A saline solution (150 pL) of ["MIn]US2 (15 MBq,
205.6-262.8 GBq/umol) was directly injected into the
tail vein of HT-29 and MDA-MB-231 tumor-bearing
mice (n = 3). Subsequently, a saline solution (100 uL)
of pimonidazole hydrochloride (100 mg/kg)
(Hypoxyprobe, Massachusetts, U.S.A.) was directly
injected into the tail vein of the mice at 3 h
postinjection of [ In]US2. The mice were sacrificed at
4 h postinjection of [MIn]US2. The HT-29 and
MDA-MB-231 tumors were immediately removed,
embedded in Super Cryoembedding Medium
compound (SECTION-LAB, Hiroshima, Japan), and
then frozen in a dry ice/hexane bath. Sections of 10
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um were cut and exposed to a BAS imaging plate (Fuji
Film, Tokyo, Japan) for 10 h. Autoradiographic
images were obtained using a BAS5000 scanner
system (Fuji Film). After autographic examination, the
same sections were stained with hematoxylin and
eosin (H & E).

The adjacent sections were immunostained by
anti-CA-IX antibody, anti-pimonidazole antibody, or
anti-CD31 antibody. For immunohistochemical
staining of CA-IX and CD31, the sections were
incubated with 4% paraformaldehyde (Wako Pure
Chemical Industries, Osaka, Japan) for 20 min. After
two 5-min incubations in PBS, they were incubated in
3% hydrogen peroxide (Nacalai Tesque, diluted with
methanol) for 15 min. The sections were incubated in
PBS for 5 min twice, and then incubated with
anti-CA-IX primary antibody (ab108351; Abcam,
dilution 1:100 with PBS) or anti-CD31 primary
antibody (ab28364; Abcam, dilution 1:12.5 with PBS)
at room temperature for 90 min. After two 5-min
incubations in PBS, the sections were incubated at
room temperature for 60 min with a solution of a
horseradish peroxidase-labeled polymer conjugated
with  anti-rabbit secondary antibody (Dako,
California, U.S.A.). Subsequently, the sections were
incubated in PBS for 5 min twice, and then incubated
with diaminobenzidine (Merck) as a chromogen for 5
min. After washing with water, the sections were
observed under a microscope (FSX100; Olympus,
Tokyo, Japan). For immunohistochemical staining of
pimonidazole, Histofine Mousestain Kit (Nichirei
Biosciences, Tokyo, Japan) was used according to the
manufacturer’s specifications. The primary antibody
incubation was performed with anti-pimonidazole
primary antibody (Hypoxyprobe, dilution 1:12.5 with
PBS) at room temperature for 60 min.
Diaminobenzidine (Merck) was used as a chromogen.
The sections were observed under a microscope
(Olympus).

Radionuclide-based therapy

A saline solution (100 pL) of [*Y]US2 (7.4, 3.7, or
1.85 MBq, 495.0-859.5 GBq/pmol) or saline (100 pL)
as a control was directly injected into the tail vein of
the HT-29 tumor-bearing mice (n = 6 for each dose).
The tumor volume and body weight were measured
three times a week until 4 weeks after the injection of
[2Y]US2. The tumor volume was calculated as
described in SPECT/CT, and compared with the
initial value (on day 0) to calculate the relative tumor
volume. The initial tumor volumes (on day 0) for the
0, 1.85, 3.7, and 7.4 MBq [*Y]US2 groups were 68.9 +
7.1,63.2+43,60.7 £12.0, and 52.5 £ 4.2 mm? (mean £
standard error), respectively. The myelotoxicity of
radionuclide-based therapy was assessed using the

peripheral blood cell counts. The blood was obtained
from the tail vein of each mouse. A blood sample (2
pL) was diluted with Turk’s solution (0.01% gentian
violet and 1% acetic acid) at a 1:50 ratio and 1%
ammonium oxalate at a 1:1,250 ratio for white blood
cell and platelet counts, respectively. Cells were
counted using a light microscope (EVOS XL Core Cell
Imaging System; Thermo Fisher Scientific) and a cell
counter (Cell Counter model R1; Olympus). Cell
counts were performed three times a week until 4
weeks after the injection of [*Y]US2, and compared
with the initial value (on day —4) to calculate relative
blood cell counts.

Statistical analysis

Student’s t-test was used to assess the
significance of differences. Differences at the 95%
confidence level (P < 0.05) were considered
significant.

Results

Chemistry and radiolabeling

The synthesis of precursors for 1In/9Y labeling
and the corresponding 113/115In complexes based on
ureidosulfonamide is outlined in Scheme S1-2. At
first, N1,N7-di-protection of cyclen was performed
using N-(fert-butoxy-carbonyloxy)succinimide [54].
As shown in Scheme S1, DOTA-bis(tert-butyl)ester 5
was obtained with a favorable yield (73%) from cyclen
according to a previous report [54]. The intermediate
4-isocyanatobenzenesulfonamide for the wureido-
sulfonamide backbone was prepared by treating
4-aminobenzenesulfonamide  with  1,1’-carbonyl-
diimidazole, and then the product was directly used
for the coupling reaction with 1,4-phenylenediamine
to form 6 at a 23% yield [55]. After the amide coupling
of 5 with ureidosulfonamide 6 in the presence of
1-hydroxybenzotriazole (HOBT) hydrate, 1-ethyl-3-
(dimethylaminopropyl)carbodiimide (EDC) hydro-
chloride, and triethylamine in dimethylformamide,
hydrolysis of the product with trifluoroacetic acid
(TFA) gave 7 and 8 at 21 and 17% yields, respectively.
The 13/15In complexes 9 and 10 were prepared by
reacting the corresponding precursor with 113/115InCl;3
in 2-(N-morpholino)ethanesulfonic acid (MES) buffer
(0.1 M, pH 5.5) (Scheme S2). Heating was necessary to
complete the reaction. The TH NMR, 3C NMR, and
MS were consistent with the assigned structures.

M]n-labeling was carried out by incubating the
corresponding precursor with "InCl; in 0.1 M MES
buffer (pH 5.5) at 90 °C (Figure 1 and Scheme S3).
After purification by RP-HPLC, [MIn]US1 and
[MMIn]US2 were obtained with high radiochemical
purity (> 95%) as determined by RP-HPLC
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Figure 1. Radiolabeling of [111In]JUSI, [111In]JUS2, and [?9Y]JUS2. (A) Chemical structure and typical HPLC profile of [!!!In]JUS1. (B) Chemical structure and
typical HPLC profile of [!"In]JUS2. (€) Chemical structure and typical HPLC profile of [*0Y]US2. The analyses were performed on a Cosmosil Cig column
(5Cis-PAQ, 4.6 x 250 mm) with a solvent of H2O/MeCN/TFA [90:10:0.1 (0 min) to 60:40:0.1 (30 min)] as the mobile phase at a flow rate of | mL/min.

(Figure 1A-B). ['"In]US1 was synthesized at a high
radiochemical yield (89.2%). Moreover, the
radiolabeling reaction of [M"In]US2 was performed
using various solvents at room temperature, 60 °C, or
90 °C. As shown in Table S1, [1'1In]US2 was obtained
at an extremely low or a zero yield in all solvents at
room temperature. The "In-labeling reaction in 0.1 M
NaOAc buffer or 0.1 M MES buffer at 60 °C gave
[MIn]US2 at low yields (12.0% and 23.2%,
respectively), while the radiochemical yields using the
buffer of the lower concentration (0.01 M) were very
low. In addition, the In-labeling reaction at 90 °C
generated [1"1In]US2 in moderate yields (47.7-66.0%),
except for when using 0.01 M MES buffer as the
solvent (7.0%). Among them, [""In]US2 was obtained
with the highest radiochemical yield (66.0%) in 0.1 M
MES buffer at 90 °C. According to this result, [*0Y]US2
was prepared under this condition at a 48.8%
radiochemical yield. After purification by RP-HPLC,
[*Y]US2 was obtained with a high radiochemical
purity (> 95%) as determined by RP-HPLC (Figure
1C). The radiochemical identity of the ™1In/90Y
complex was verified by comparative RP-HPLC using
the corresponding 113/15In complex as a reference
(Table S2). The retention times between

Mn/%Y-labeled tracers and the corresponding
113/15In  complexes suggest that the desired
111n /90Y-labeled ureidosulfonamide derivatives were
successfully synthesized.

In vitro cell uptake

The CA-IX expression in HT-29, MDA-MB-231,
RCC4-VHL, and RCC4-VA cell lines under normoxic
and hypoxic conditions was confirmed by a Western
blotting assay before an in vitro cell binding assay.
Iwanov et al. reported that HT-29 expresses the CA-IX
gene, whereas MDA-MB-231 is negative, as
demonstrated in Northern blotting analyses [56]. A
high level of CA-IX expression was observed in the
HT-29 cell line under normoxic conditions, and this
expression level was enhanced by incubating under
hypoxic conditions. The fold increase over normoxic
conditions in HT-29 cells was 1.9 under hypoxic
conditions. However, almost no CA-IX expression
was observed in the MDA-MB-231 cell line under
normoxic conditions, and a slight increase in the
CA-IX expression under hypoxic conditions as
compared with normoxic conditions was observed
(Figure 2A). It is generally accepted that a deficit in
the VHL gene contributes to HIF-1 stabilization,
leading to a high level of CA-IX expression [1-5, 23].
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RCC4-VHL and RCC4-VA cell lines showed almost
no and a high level of CA-IX expression, respectively,
under both normoxic and hypoxic conditions (Figure
S1A). An in vitro cell binding assay was carried out
with these cell lines under normoxic and hypoxic
conditions (Figure 2 and Figure S1). As shown in
Figure 2B and Figure S1B, ["In]US1 showed no
marked uptake into any of the cell lines under
normoxic or hypoxic conditions (< 3% initial dose/mg
protein). The low-level correspondence of the in vitro
binding of [""In]USI to cells with CA-IX expression
might be due to the low affinity of ["In]US1 for
CA-IX. However, a significant increase in uptake into
HT-29 cells under hypoxic conditions as compared
with normoxic conditions was observed (2.91 and
0.775% initial dose/mg protein, respectively), which
was consistent with the results of Western blotting
assays. On the other hand, ['"In]US2 displayed a
higher uptake into all cell lines than ['1'In]US1 (Figure
2C and Figure S1C). Bivalency may maximize the
uptake of "n-labeled ureidosulfonamide derivatives
[57, 58]. The uptake of [""In]US2 under normoxic
conditions into CA-IX high-expressing cells (HT-29
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and RCC4-VA) (254 and 69.0% initial dose/mg
protein, respectively) was significantly higher than
that into CA-IX low-expressing cells (MDA-MB-231
and RCC4-VHL) (11.6 and 14.4% initial dose/mg
protein, respectively), suggesting the high selectivity
of [MInJUS2 for CA-IX. This selectivity was also
observed under hypoxic conditions (125, 16.9, 24.0,
and 74.3% initial dose/mg protein for HT-29,
MDA-MB-231, RCC4-VHL, and RCC4-VA cells,
respectively). The uptake of [MMIn]US2 into HT-29
cells was enhanced in response to hypoxia, as
observed for [MIn]US1. Moreover, the significant
decrease in uptake into CA-IX high-expressing cells
by the addition of acetazolamide, a classical CA
inhibitor, under both normoxic and hypoxic
conditions indicates the marked specificity of
[MMIn]US2 for CA. However, blocking studies
suggested a high nonspecific uptake of In
complexes (5-20% initial dose/mg protein for
[""In]US2). These findings indicate that [1"'In]US2 has
superior in vitro properties compared with those of
[MIn]UST.
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Figure 2. Cell binding assay with [11InJUS1 and ['''InJUS2. (A) Western blotting analysis of HT-29 and MDA-MB-231 cells under normoxic (N) and hypoxic
(H) conditions. GAPDH was used as a loading control. (B) In vitro uptake of [!''In]JUSI into cells. (C) In vitro uptake of ['"1In]JUS2 into cells. Values are expressed
as the mean + standard error of six independent experiments. *P < 0.05 as compared with uptake into HT-29 cells under normoxic conditions, tP < 0.005 as

compared with uptake into HT-29 cells under hypoxic conditions (Student’s t-test).
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In vivo tumor uptake

A biodistribution study was performed to
evaluate the in vivo uptake into the CA-IX-expressing
tumor in the model mice (Figure 3, Table S3 and
Table S4). HT-29 and MDA-MB-231 have been used
as CA-IX-positive and negative cell lines, respectively,
both in vitro and in vivo [59]. A high level of CA-IX
expression was observed in the HT-29 tumor lysate
from model mice, while weak CA-IX expression was
observed in the MDA-MB-231 tumor lysate in our
study (Figure 3A); therefore, HT-29 and
MDA-MB-231 tumors were used as CA-IX-positive
and negative ones, respectively, in vivo. Although
almost no CA-IX expression was observed in the
MDA-MB-231 cell line in vitro (Figure 2A), the in vivo
MDA-MB-231 tumor showed weak CA-IX expression
probably due to the hypoxic condition to some extent
in living mice. The bivalent ureidosulfonamide In
complex (["MIn]US2) showed significantly higher
accumulation in HT-29 tumors (4.57 %injected dose/g
at 1 h postinjection) than that in MDA-MB-231 tumors
(1.64 %injected dose/g at 1 h postinjection), indicating
a high specificity for CA-IX-expressing tumors in vivo.
A higher uptake in the HT-29 tumor than that in the
MDA-MB-231 tumor was observed at all times. The
radioactivity accumulation within the MDA-MB-231
tumor slightly increased from 1 to 8 h postinjection;
however, there was no significant difference (P = 0.06,
Student’s t-test). The blocking studies were carried
out at the latest time (24 h postinjection) to exclude the
possibility of nonspecific uptake. Specificity was also
demonstrated by the fact that radioactivity in the
HT-29 tumor at 24 h postinjection (1.72% injected
dose/g) significantly decreased on the coinjection of
acetazolamide (0.63% injected dose/g) (Figure 3D).
Blocking studies also indicated a decrease in
radioactivity within MDA-MB-231 tumors showing
weak CA-IX expression. Moreover, the HT-29
tumor/blood and HT-29 tumor/muscle ratios
increased with time and reached 10.78 and 7.75 at 24 h
postinjection, respectively, suggesting that [111In]US2
has favorable pharmacokinetics for the in wvivo
imaging of solid tumors (Figure 3E). Results
consistent with those of the in vitro cell binding assay
were obtained; in other words, the monovalent 111In
complex ([M"MIn]US1) showed a lower uptake and
selectivity for the HT-29 tumor (0.27-2.12% injected
dose/g at 1-24 h postinjection) (Figure 3B).

Based on the results of in vitro and in vivo
uptake examinations, further evaluation was
conducted with [111In]US2 and [0Y]US2.

In vitro and in vivo stability

To confirm the validity of in vitro experiments,
the in vitro stability of [""1In]US2 was evaluated by

incubating it in mouse plasma at 37 °C for various
pre-determined times (Figure 4). The filter contained
almost no radioactivity, indicating that [1'In]US2
hardly bound to the plasma proteins. Almost all
[MIn]US2 existed as an intact form (> 96.4%) until 24 h
in vitro (Figure 4A). Moreover, we analyzed the
radiometabolites in the blood and HT-29 tumors after
the injection of [MIn]US2 into the HT-29
tumor-bearing mice. As shown in Figure 4B-C, most
[MIn]US2 existed as an intact form in both the blood
and HT-29 tumors at 1 h postinjection (81.4% and
84.4%, respectively). The in vivo stability was largely
influenced by in vivo metabolism unlike the in vitro
stability, leading to the difference between them (>
99.9% vs. 81.4% at 1 h, respectively). In addition,
HT-29 tumors removed at 24 h postinjection included
70.4% [MIn]US2, suggesting that it recognizes CA-IX
and remains bound to CA-IX with high in wvivo
stability (Figure 4C). Radioactive peaks other than the
intact [""In]US2 might indicate free "In according to
their retention times on RP-HPLC.

Biodistribution in normal mice

[(1In]US2 was administered to normal mice
(Table S5). ['"'In]US2 displayed rapid clearance from
the blood and muscle with time (0.10 and 0.22%
injected dose/g at 24 h postinjection, respectively),
suggesting its low background signal and
hematological toxicity during in vivo imaging and
radionuclide-based therapy, respectively, of solid
tumors. Moderate and persistent activity in the
kidney (7.11-11.39% injected dose/g at 1-24 h
postinjection) and moderate accumulation in the
stomach (8.05% injected dose at 1 h postinjection)
might raise the issue of nephrotoxicity and others.
Higher accumulation and retention in the kidney as
compared with those in the liver at all times indicated
the predominance of renal excretion, which may be
derived from its high hydrophilicity (log Pow = —2.81),
as shown in Table S2. Significant differences in
normal organs and tissues between normal and model
mice were observed, possibly due to the characters of
model mice, including deficits of the thymus and
T-cell function and having two more tissues (HT-29
and MDA-MB-231 tumors).

In vivo imaging with SPECT/CT

SPECT/CT images of tumor-bearing mice at 1, 4,
8, and 24 h postinjection with ["In]US2 are shown in
Figure 5. The CT-only and SPECT-only images are
shown in Figure S2. The maximum intensity
projections of the whole body are also shown in
Figure S3. Radioactivity outside the mouse in the
maximum intensity projection was derived from the
feces during the acquisition of SPECT images (Figure
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S3A). The HT-29 tumor injected into the right flank
was not visualized by [1'In]US2 at 1 h postinjection
(Figure 5B), which may derive from its low HT-29
tumor/blood ratio for imaging at that time (Figure
3E). Meanwhile, the HT-29 tumor was clearly
visualized with a high background ratio at 4, 8, and 24
h postinjection, with almost no signal from the
MDA-MB-231 tumor (Figure 5B), indicating the very
high in vivo selectivity of [MIn]US2 for CA-IX,
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consistent with the result of the biodistribution study
(Figure 3D). Simultaneous injection of an excess of
acetazolamide with [MMIn]US2 decreased the signal
level of radioactivity within the HT-29 tumor (Figure
5C), also indicating high selectivity against the CA-IX
low-expressing tumor. Fast clearance of [MIn]US2
from the blood and muscle may contribute to the
successful early imaging of tumors.
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Figure 3. In vivo biodistribution study with [11'InJUS1 and [!''InJUS2 in HT-29 and MDA-MB-231 tumor-bearing mice. (A) Western blotting
analysis of HT-29 and MDA-MB-231 tumor lysate in vivo. GAPDH was used as a loading control. (B) Radioactivity of representative extracted organs and tissues after
the intravenous injection of ['11InJUST in the HT-29 and MDA-MB-231 tumor-bearing mice (n = 5). (C) Ratios of radioactivity in the HT-29 tumor to that in the blood
and muscle in (B). (D) Radioactivity of representative extracted organs after the intravenous injection of [''1In]US2 in the HT-29 and MDA-MB-231 tumor-bearing
mice (n = 5). (E) Ratios of radioactivity in the HT-29 tumor to that in the blood and muscle in (D). Values are expressed as the mean * standard deviation of five mice.
*Coinjection of acetazolamide (10 mg/kg). tP < 0.05 each time, P < 0.001 (Student’s t-test).
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Figure 6. Ex vivo autoradiography with the HT-29 and MDA-MB-231 tumor-bearing mice after [1''InJUS2 administration. Typical ex vivo
autoradiograms of ['11In]JUS2 from the HT-29 (A) and MDA-MB-231 (B) tumors. The same sections were stained with hematoxylin and eosin (H & E). The adjacent
sections were immunostained with anti-CA-IX, pimonidazole, and CD31 antibodies. Scale bars, 500 um in (A) and 250 um in (B).

Ex vivo autoradiography with model mice

An ex vivo autoradiographic examination was
performed using the HT-29 and MDA-MB-231
tumor-bearing mice to confirm the binding of
[MMIn]US2 to CA-IX in the tumors (Figure 6). The
tumors were removed at 4 h postinjection of
[MMIn]US2 for autoradiography. Hypoxic regions
within the tumor were confirmed by pimonidazole
administration and immunostaining. In the HT-29
tumor, the labeling pattern on autoradiograms of
[MIn]US2 was consistent with the CA-IX
immunohistochemical staining pattern observed in
the adjacent tumor sections (Figure 6A), indicating
the binding of [""'In]US2 to CA-IX in the HT-29 tumor.
In contrast, radioactivity distribution in the HT-29
tumor was different from the localization of hypoxic
regions and blood vessels confirmed by pimonidazole
and CD31 immunostaining, respectively. Ex vivo
autoradiographic experiments using the MDA-
MB-231 tumor were also carried out (Figure 6B). The
accumulation of [111In]US2 in the MDA-MB-231 tumor
was consistent with the distribution of CA-IX and
hypoxic regions, but not blood vessels, suggesting the
detection of CA-IX and hypoxia within the
MDA-MB-231 tumor by ["1In]US2.

Radionuclide-based therapy

Since we obtained encouraging results using
[MMIn]US2 for CA-IX imaging, radionuclide-based
therapy with [?Y]US2 targeting CA-IX was conducted
using HT-29 tumor-bearing mice (Figure 7). The
injected dose of [*Y]US2 ranged from 0 to 7.4
MBq/mouse. The radiotherapeutic effect was
evaluated by monitoring the tumor volume in mice
three times a week. As shown in Figure 7C, the values
of the relative tumor volume for mice administered
7.4 and 3.7 MBq of [*Y]US2 were significantly lower

compared with those with saline from days 12 and 23
onward, respectively, indicating that radionuclide-
based therapy with 7.4 and 3.7 MBq of [*Y]US2
delayed tumor growth. However, no significant
difference in the relative tumor volume was observed
between mice administered saline and 1.85 MBq of
[*Y]US2, suggesting that treatment with 1.85 MBq is
not effective for HT-29 tumors. The toxicity of
radionuclide-based therapy was evaluated by
monitoring the body weight and blood cell counts of
mice (Figure 7D-F). No marked change in the body
weight for mice was observed, indicating the low
toxicity of [*Y]US2 (Figure 7D). Slight decreases in
white blood cell and platelet counts were observed by
[*Y]US2 administration, especially in the group
receiving high-dose treatment; however, the
decreases were not critical, and these counts were
recovered within 3 weeks after the injection of the
NY-complex (Figure 7E-F).

Discussion

In mammals, 16 o-CA isozymes or CA-related
proteins with a different catalytic activity, subcellular
localization, and tissue distribution have been
reported. CA-IX is expressed at the extracellular
surface, while most CA isozymes are found
intracellularly [5, 12, 60, 61], indicating that
CA-IX-targeted drug permeability at the cell
membrane is a key factor of selectivity for CA-IX over
other isozymes. CA-XIl is also expressed by the cancer
cell surface in response to hypoxia; however, it shows
lower expression and catalytic activity as compared
with CA-IX [62]. We thus designed and synthesized
MIn/YY complexes comprised of two scaffolds of
ureidosulfonamide and DOTA as the CA-IX-binding
moiety and 1In/®Y chelator, respectively
(["In/?Y]US2). The bulky structure of the complexes
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may contribute to cell impermeability, resulting in
their inability to enter the cells and bind to cytosolic
CA isozymes, such as highly abundant CA-II,
according to Lipinski’s rule of five (molecular weight
> 500) [63]. To examine the effects of hydrophilicity
and CA-IX-ligand valency within complexes on
binding and biodistribution, we also prepared and
evaluated a monovalent ureidosulfonamide complex,
[11In]USL.

The CA-IX expression in HT-29 cells was much
higher than that in MDA-MB-231 cells under both
normoxic and hypoxic conditions in our study (Figure
2A); therefore, HT-29 and MDA-MB-231 cells were
used as CA-IX-positive and negative cells,
respectively, in vitro. However, the high level of
CA-IX expression in MDA-MB-231 cells under
normoxic conditions has been observed in several
studies [64]. The density-dependent CA-IX up-
regulation has been demonstrated for several cell lines
including MDA-MB-231 [65-67]. Culture conditions
with a high cell density might create a pericellular
hypoxic environment, leading to the accumulation of
HIF-1 and subsequently CA-IX expression. It is
difficult to control the pericellular microenvironment
completely; therefore, the poor reproducibility of
CA-IX expression in MDA-MB-231 cells has been
demonstrated [65]. VHL binds to HIF-la
hydroxylated by oxygen, leading to the degradation
of HIF-1la. and the subsequent prevention of CA-IX
expression; therefore, under hypoxic conditions,

analysis indicated almost no CA-IX expression in
RCC4-VHL cells under either normoxic or hypoxic
conditions (Figure S1A).

Ureidosulfonamide has a much higher affinity
for CA than non-substituted sulfonamide [45];
however, few imaging probes based on this scaffold
have been reported [44, 68, 69]. The bivalent
ureidosulfonamide derivative may show higher
affinity compared with any other previously reported
probes. As expected, the monovalent ureido-
sulfonamide complex with 11In showed a much lower
uptake into CA-IX high-expressing cells in vitro and
tumors in vivo than that of ["1'In]US2 (Figure 2B-C,
Figure 3B, D, and Figure S1B-C), suggesting the
occurrence of multivalent interactions [57, 58].
Although many nuclear imaging probes including a
sulfonamide group targeting CA-IX have been
reported over the past few decades, most of them
showed limited success regarding their uptake into
HT-29 tumors in vivo (< 2% injected dose/g) [41, 42,
46, 69-71]. More recently, a higher accumulation of
tracers in SK-RC-52 (CA-IX high-expressing) tumors
was reported [39, 50]; however, a higher CA-IX
expression in the SK-RC-52 cell line than that in HT-29
may largely contribute to the higher uptake of CA-IX
ligands in tumors [72]. [""In]US2 showed a higher
uptake in the HT-29 tumor than any previously
reported CA-IX-targeted imaging probes at 1-4 h
postinjection [41, 42, 46, 69-71]. Therefore, we
evaluated the utilities of [M11In]US2 and [*Y]US2 for
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Figure 7. Radionuclide-based therapy of HT-29 tumors in mice administered [9°Y]JUS2. (A) Procedure for a radionuclide-based therapy study. (B)
Schematic diagram of treatments and measurements in a radionuclide-based therapy study. (C) Ratios of the tumor volume for mice to that on the day of [%Y]US2
administration. (D) Ratios of the body weight of mice to that on the day of [*0Y]US2 administration. (E) Ratios of white blood cell counts of mice to that on the day
of [%0Y]US2 administration. (F) Ratios of platelet counts of mice to that on the day of [0Y]US2 administration. Values are expressed as the mean * standard error

of six mice. $P < 0.05 compared with untreated mice (Student’s t-test).
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Most of the previously reported theranostic
agents for cancer had a nanoparticle platform with
very slow pharmacokinetics [16, 17]. Moreover,
antibodies comprise a large portion of CA-IX-targeted
cancer nuclear imaging or radiotherapeutic agents
[35-37, 73]. Their marked retention in normal tissues,
such as the blood pool, for several days makes
imaging and radionuclide-based therapy difficult due
to a low signal-to-background ratio and a radiation
burden on normal tissues for a long time, respectively.
In contrast, our radiotheranostic agent (['"In/
W0Y|US2) with its low-molecular-weight showed rapid
pharmacokinetics (Figure 3D, Table S4 and Table S5)
with high uptake and specificity for CA-IX
high-expressing cells in vitro and tumors in vivo
(Figure 2C and Figure 3D). Although heating was
recommended for the radiolabeling of [MIn]US2
(Table S1), it displayed a very high stability both in
vitro and in vivo (Figure 4).

[MIn]US2 clearly visualized the HT-29 tumor
early in model mice using SPECT, with almost no
signal from the CA-IX-negative tumor in the same
mice (Figure 5B). Moreover, a signal from the HT-29
tumor was blocked with a CA inhibitor, indicating its
high in vivo specificity for CA (Figure 5C). However,
in vivo blocking studies also indicated the reduction of
radioactivity signals in normal tissues. This may be
due to the blocking of other CA isozymes, such as
CA-IV, which are expressed at the cell surface of
various organs and tissues [74], and the diuretic
action of acetazolamide. Moreover, the bio-
distribution study showed low ratios of radioactivity
accumulation within the tumor to those within other
normal tissues, such as the kidney and lung, making it
difficult to obtain a clear image of such types of
cancer. High uptakes into the kidney and lung might
be due to the expression of other CA isozymes on the
cell surface in these organs [74]. A recent report
suggested that the number of binding sites for CA
ligands in normal organs might be lower than in the
tumor, indicating the possibility of obtaining clearer
images by blocking binding sites in normal organs
with nonradiolabeled CA ligands at appropriate
doses [39]. The accumulation of radioactivity in the
HT-29 and MDA-MB-231 tumors was markedly
consistent with the localization of CA-IX; however, a
poor correlation between the accumulation of
[""In]US2 and hypoxic regions in the HT-29 tumor
was observed (Figure 6). Since the high level of CA-IX
expression in the HT-29 cell line was observed even
under normoxic conditions (Figure 2A), the
localization of hypoxia was not consistent with that of
CA-IX (["MIn]US2) in the HT-29 tumor (Figure 6A).
Unlike the HT-29 cell line, the MDA-MB-231 cell line
showed almost no CA-IX expression under normoxic

conditions (Figure 2A); therefore, the CA-IX
expression in the MDA-MB-231 tumor closely
corresponded with hypoxic regions (Figure 6B). The
weak CA-IX expression in the MDA-MB-231 tumor
was consistent with the Western blotting analysis
(Figure 3A).

Radionuclide-based therapy with [*Y]US2
significantly delayed HT-29 tumor growth without
any critical hematological toxicity compared with
untreated mice (Figure 7). [Y]US2 administration led
to the significant inhibition of HT-29 tumor growth
(Figure 7C). To our knowledge, this is the first report
demonstrating the therapeutic effect of radionuclide-
based therapy in HT-29 tumor-bearing mice. Almost
no hematological adverse event may occur due to its
rapid clearance from the blood pool (Figure 3D, Table
S4 and Table S5). Nevertheless, as demonstrated in
the biodistribution study, moderate radioactivity
accumulation within the normal organs, such as the
kidney, liver, and stomach, might cause toxicity in
such organs. In previous reports of radiotherapeutic
effects on cancer models using a *Y-labeled antibody,
such a level of radioactivity accumulation within the
normal organs caused no renal or hepatic dysfunction
[75, 76]. Therefore, the toxicity of [*Y]US2 in such
organs, if any, may be tolerable. Radionuclide-based
therapy with [YY]US2 targets CA-IX (hypoxia)
regions of tumors; therefore, combining it with
targeted therapy directed at well-oxygenated tumor
areas could lead to a more effective cancer therapy,
such as that achieving the remission or at least
shrinkage of tumors.

Conclusions

In conclusion, we developed novel
low-molecular-weight 1"In and Y complexes based
on a bivalent ureidosulfonamide scaffold ([In/
2YJUS2) for cancer radiotheranostics targeting CA-IX
overexpressed in hypoxic regions of tumors.
[MMIn]US2 showed specific binding to CA-IX
high-expressing cells in vitro and tumors in vivo, and
high in vitro and in vivo stability. In vivo-specific
detection of the HT-29 tumor in the mouse was
achieved using SPECT with [In]US2. Moreover,
[*Y]US2 administration significantly delayed the
tumor growth in cancer models as compared with
non-treated mice. Our study has revealed a novel
strategy for cancer radiotheranostics with [111In]US2
and [YY]US2 wused for SPECT imaging and
radionuclide-based  therapy with no critical
hematological toxicity, respectively, utilizing CA-IX,
leading to more effective, safer, and personalized
medicine for cancer patients.
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CA: carbonic anhydrase; CT: computed
tomography; DMEM: Dulbecco’s modified Eagle’s
medium; DOTA: 1,4,7,10-tetraazacyclododecane-1,4,7,
10-tetraacetic  acid; EDC:  1-ethyl-3-(dimethyl-
aminopropyl)carbodiimide; GAPDH: glyceraldehyde
3-phosphate dehydrogenase; H & E: hematoxylin and
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20; PET: positron emission tomography; RCC4-VA:
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photon emission computed tomography; TFA:
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