N

N

18F-Fluorination of Nitroimidazolyl-Containing Sultone: A
Direct Access to a Highly Hydrophilic Radiotracer for
High-Performance Positron Emission Tomography Imaging
of Hypoxia
Clémence Maingueneau, Anne-Elodie Lafargue, Stéphane Guillouet, Fabien
Fillesoye, Thanh T Cao Pham, Bénédicte F Jordan, Cécile Perrio

» To cite this version:

Clémence Maingueneau, Anne-Elodie Lafargue, Stéphane Guillouet, Fabien Fillesoye, Thanh T Cao Pham,
et al.. 18F-Fluorination of Nitroimidazolyl-Containing Sultone: A Direct Access to a Highly Hydrophilic
Radiotracer for High-Performance Positron Emission Tomography Imaging of Hypoxia. JACS Au, 2024, 4,
pp-3248 - 3257. <10.1021/jacsau.4c00546). <hal-04684007)

HAL Id: hal-04684007
https://hal.science/hal-04684007v1

Submitted on 2 Sep 2024

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

@ Autorisation
HAL

HAL Authorization


https://hal.science/hal-04684007v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Downloaded via CEA SACLAY on September 2, 2024 at 12:34:13 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

'8F-Fluorination of Nitroimidazolyl-Containing Sultone: A Direct
Access to a Highly Hydrophilic Radiotracer for High-Performance
Positron Emission Tomography Imaging of Hypoxia

Clémence Maingueneau, Anne-Elodie Lafargue, Stéphane Guillouet, Fabien Fillesoye,
Thanh T. Cao Pham, Bénédicte F. Jordan, and Cécile Perrio™

Cite This: JACS Au 2024, 4, 3248-3257 I: I Read Online

ACCESS | [ihl Metrics & More ’ Article Recommendations | @ Supporting Information
Hypoxia, characterized by nonphysiological levels of NO, 1([;;*]?:(')59 [‘SEAFLéJOSONlM
oxygen tension, is a key phenomenon common to the majority of NJ\NAN N el o
malignant tumors with poor prognosis. Many efforts have been NO, =/ Nsy
o ; : - SO;K
mad? to develop hypoxia imaging for dlagr}osm, staging, and N)\N’\/\w ceprLusonm "
monitoring of diseases, as well as for evaluating therapies. PET = [ °F 3.00
Imaging using '°F-fluoronitroimidazoles (i.e., ["*F]JFMISO as a ['*FIFMISO i
lead radiotracer) has demonstrated potential for clinical inves- °'|4° Hydrophilicity
tigations, but the poor contrast and prolonged acquisition times  LogDpnzs Imaging|contrast
(>2.5 h) strongly limit its accuracy and routine developments. Tumor

Here, we report an original ['®F]fluoronitroimidazole bearing a

sulfo group (['*F]JFLUSONIM) that displays highly hydrophilic properties and rapid clearance, providing high-performance hypoxia
specific PET imaging. We describe the synthesis and radiosynthesis of ['*FJFLUSONIM, its in vivo preclinical evaluation by PET
imaging in healthy rats and a rhabdomyosarcoma rat model, as well as its radiometabolization and histological studies.
["*F]JFLUSONIM was prepared in a single step by high yielding radiofluorination of a sultone precursor, highlighting the advantages
of this new radiolabeling approach not yet explored for radiopharmaceutical development. PET imaging experiments were
conducted by systematically comparing ['*F]JFLUSONIM to ['®F]EMISO as a reference. The overall results unequivocally
demonstrate that the developed radiopharmaceutical meets the criteria of an ideal candidate for hypoxia PET imaging—rapid and
efficient radiosynthesis, total stability, exclusive urinary elimination, high specificity for hypoxic regions, unprecedented tumor/
background ratios, short acquisition delays (<60 min), and promising potential for further preclinical and clinical applications.

hypoxia imaging, positron emission tomography, fluorine-18, nitroimidazole, radiotracer, cancer, rhabdomyosarcoma

reversible when oxygen is present. Thus, the radiotracers stand
out unchanged from normal cells, whereas they become
irreversibly trapped in hypoxic cells due to the in situ conjugation
of their reduced forms with enzymes and proteins. Although
["*F]JEMISO has been extensively studied in several preclinical
and clinical studies for cancer imaging, its suitability is limited
due to slow clearance, low tumor-specific accumulation, and
nonspecific washout. These factors result in poor imaging
contrast and necessitate long delays (>3 h) post-injection for
image acquisition. Images typically remained of poor quality and
required complex data processing for analysis."> A variety of 2-
nitroimidazole analogues with different clearance and hydro-
philicity characteristics, such as ['®F]fluoroazomycin arabino-

Hypoxia is an important hallmark of solid tumors and plays a
critical role in various cellular and physiologic processes,
including cell proliferation, angiogenesis, tumor invasion, and
metastasis.” It has also been shown to contribute to chemo- and
radiotherapy resistance associated with poor clinical prognosis.
It is well recognized that knowledge of the location, extent, and
reduction of hypoxia can provide valuable information for
adapting treatments and potentially improving therapeutic
outcomes, especially in radiotherapy and dose-painting
approaches.4_6 For many years, positron emission tomography
(PET) has proven to be a suitable noninvasive in vivo imaging
technique for detecting hypoxic tumor regions.”® Hypoxia
clinical PET imaging is mainly based on the use of 2-

nitroimidazole containing radiopharmaceuticals, e.g., '°F- June 25, 2024
labeled fluoromisonidazole (['*F]JEMISO) that remains the July 19, 2024
reference radiotracer for this purpose due to its well-establised July 19, 2024

prognostic potential.””~'* Nitroimidazolyl radiotracers have August 2, 2024

been shown to penetrate cells by passive diffusion and then
undergo a two-step reduction process, with the first step being
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Figure 1. Usual 2-nitroimidazole-based radiopharmaceuticals for clinical PET imaging of hypoxia and the rationale for the development of a new

hydrophilic sulfo analogue.
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Figure 2. (A) Synthesis and radiosynthesis of the investigated FLUSONIM; (B) preparative. HPLC (up, y trace; down, UV trace) for
["*F]FLUSONIM purification at the end of radiosynthesis; (C) quality control of ['*F]JFLUSONIM ready for injection (up, RadioHPLC analysis;
down, radio TLC analysis); (D) analytical RadioHPLC for stability studies of ['**F]JFLUSONIM in plasma (up, in vitro after incubation for 150 min at
37 °C in plasma; down, ex vivo after extraction of blood 150 min post-injection).

side (['®F]FAZA), ['*F]fluoroerythronitroimidazole (['*F]-
FETNIM), ['®F]fluoroetanidazole (['®F]FETA), ['®F]-
nitroimidazolyl-N-(pentafluoropropyl)acetamide (['*F]EFS),
['8F]flortanidazole (['**F]HX4), and more recently [**F]DiFA,
have been developed in an attempt to overcome these
disadvantages (Figure 1). Among these, [*F]HX4'*"** and
["*F]DIiFA**** offered higher contrast images compared to
those obtained with ["*F]FMISO, due to their rapid clearance
resulting from better water solubility properties. Also
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importantly with ['®F]DiFA, image acquisition delays post-
injection could be significantly reduced compared to those
required with ['*F]FMISO, and clinical developments remained
promising. As a consequence, the hypothesis that greater
hydrophilicity leads to better imaging quality was confirmed.
Thus, the development of new '*F-nitroimidazole derivatives
with superior hydrophilic properties was needed in order to
achieve high-performance hypoxia imaging for accurate and
routine clinical developments.

https://doi.org/10.1021/jacsau.4c00546
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Figure 3. Biodistribution by PET imaging of ['*FJFLUSONIM in the main organs after i.v. injection in healthy rats. (A) Fused PET/CT images. (B)

Time—activity curves. (C) Repartition at 15, 30, 60, and 150 min.

With its convenient 109.7 min half-life and almost exclusive
low-energy f* decay (63S keV), fluorine-18, in its no-carrier-
added, nucleophilic fluoride ([**F]F~) form, remains one of the
most practical nuclides currently in use for clinical PET
imaging.”**° An important feature in the development of '*F-
radiotracers for clinical applications is the ability to perform the
radiosynthesis in a one-step, fully automated, high-yielding, and
c¢GMP-compliant process, and in the shortest possible time.
Among the arsenal of available radiofluorination reactions using
['8F]F~ anion, aliphatic nucleophilic substitution of alkylsulfo-
nates (triflate, tosylate, mesylate, or nosylate) presents the
advantage of being a metal-free, user-friendly method, and serves
for the preparation of main radiopharmaceuticals used in clinical
settings, such as ['*F]FDG, ['®F]FMISO, and their analogues.
We previously reported, for the first time, the ring opening of
sultone by [“*F]fluoride as the cyclic version of sulfonate
displacement.”” This reaction was demonstrated to afford '*F-
fluorosulfonic acid salts in high yields under mild heating
conditions without any additives. Furthermore, the introduction
of a sulfo group into organic compounds is commonly used to
enhance their hydrophilicity.”® We then aimed to develop an
'8E-fluoronitroimidazole analogue bearing a sulfo group as a
potential highly hydrophilic radiotracer for hypoxia PET
imaging (Figure 1). The latter can be easily prepared from a
nitroimidazole precursor bearing a sultone moiety. We report
here the synthesis, radiosynthesis, and hydrophilic properties of
the designed radiopharmaceutical, as well as results for in vivo
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stability, biodistribution, and specificity for hypoxia by
preclinical PET imaging. We chose a rhabdomyosarcoma
model, previously well characterized as a hypoxic tumor and
used for ['*F]JFMISO and [“F]JHX4 evaluation.'’> We then
compared ["*F]JFLUSONIM to ['*F]EMISO, investigating the
uptake of the radiotracer over time and determining the tumor-
to-background ratios. We also performed histological, immu-
nostaining, and autoradiography experiments to correlate with
the in vivo experiment results.

The goal was to investigate the impact of replacing a hydroxyl
group in the *F-nitroimidazole radiotracers with a charged sulfo
function for PET imaging. We then designed FLUSONIM (for
FLUoroSulfONItroiMidazole) based on the structure of HX4
characterized by the lowest Log p-value of —0.69 reported so
far.”” FLUSONIM incorporated a metabolically stable 1,2,3-
triazole moiety between the 2-nitroimidazole group and the
fluorosulfonic acid salt entity (Figure 2A). Its radiolabeling was
planned as a one-step process by nucleophilic radiofluorination
of the sultone precursor 1 prepared from commercially available
2-nitroimidazole 2 and butane sultone 3. 2-Nitroimidazole 2 was
converted to the chloro derivative 4°° and then to the azido
compound $ by alkylation with chlorobromethane followed by
substitution with sodium azide. The treatment of butane sultone
3 with n-butyl lithium, followed by propargyl bromide, led to

https://doi.org/10.1021/jacsau.4c00546
JACS Au 2024, 4, 3248—-3257
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Figure 4. PET Imaging in the rhabdomyosarcoma model (1 = 8). (A) Fused PET/CT images hidden from elimination organs and time activity curves
for ["*F]FMISO. (B) Fused PET/CT images and time activity curves for ['*F]JFLUSONIM. (C) Tumor-to-muscle ratio results for ['*F]FMISO and

['®F]FLUSONIM (*P < 0.05).

alkynylsultone 6.*" The Cu-catalyzed cycloaddition reaction of
alkynylsultone 6 with azide $ afforded sultone precursor 1. The
fluorination of sultone 1 to FLUSONIM was carried out with
either TBAF or KF in the presence of kryptand K,,, (Kryptofix)
quantitatively. The radiosynthesis of ["*F]JFLUSONIM was
performed by radiofluorination of sultone 1 with a classically
prepared K*F/K,,,/K,CO; complex in acetonitrile at 110 °C
for 15 min. Conversions were above 90%. Purification by semi-
preparative HPLC using a 1:9 ethanol/NaH,PO, (10 mM)
mixture as an eluent afforded formulated, ready-to-injection
["*F]JFLUSONIM (Figure 2B). The fully automated process
provided ['*F]JFLUSONIM with an activity yield of 49 + 8%
(not decay corrected, calculated from cyclotron produced
['®F]fluoride, n > 12) in under 45 min from end-of-
bombardment (EOB). The quality control revealed high
radiochemical purity (>99%, Figure 2C) and a molar activity
of >500 GBq/umol (13 Ci/umol). The one-step process in
addition to the easy separation of sultone precursor 1 and
["*F]JFLUSONIM due to their high polarity differences, as well
as the short total radiosynthesis time, made the production
highly efficient for imaging developments.

[ F]FLUSONIM exhibited octanol/water and octanol/buffer
(pH 7.4) partition coefficient values of Log P = —3.00 + 0.03
and and Log D = —3.23 + 0.05, respectively (Figure 2A). These
values were much lower than those of all other radiotracers
developed so far, including the structurally closest ['*F]HX4
(Log P of —0.69),"" and confirmed the highly hydrophilic
character of ['"*F]JFLUSONIM, in accordance with the presence
of the sulfo group. RadioHPLC and radioTLC analyses showed
that ["*FJFLUSONIM was recovered totally unchanged after
incubation for 180 min at 37 °C, both in the formulation
medium and in plasma (Figure 2D).
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[*8F]FLUSONIM was first evaluated in healthy Wistar rats to
assess radiotracer biodistribution, elimination, and in vivo
stability. We performed dynamic PET imaging over 150 min,
followed by microdissection at the end of the PET acquisition
(Figure 3). During the initial 30 min, the radioactivity was
rapidly distributed throughout the body, with the highest
concentration observed in the kidneys, where the mean standard
uptake values (SUV,..) reached 13.5 at 30 min. The
radioactivity uptake was much lower in all other organs, with
the order of uptake being as follows: intestine, liver, lung, spleen,
colon, stomach, heart, bone, and muscle (SUV,.,, < 2).
Penetration into the brain was almost nonexistent. From 60 min
onward, the radioactivity levels declined dramatically in all
organs, showing no retention of ['*F]JFLUSONIM, including in
the kidneys (SUV,.. < 1). The radioactivity was mostly
recovered in the bladder (SUV,,,, ~ 45), demonstrating a
predominant route of elimination via urine rather than
hepatobiliary pathways, which is in total accordance with the
highly hydrophilic property of ['*F]JFLUSONIM. At 60 min
after injection, the total excretion of ['*F]JFLUSONIM was 60%
(% ID), with approximately 58% (% ID) excreted via urine and
only about 2% (% ID) into the gallbladder. For comparison, at
60 min post-injection, ['"*F]DiFA was recovered in urine and
gallbladder at >62% and 32% (% ID), respectively, in EMT6
tumor-bearing mice.”’

Thus, the overall results revealed a very rapid clearance of
["*F]JFLUSONIM from normal tissues and the blood pool,
making it highly distinct from ['®F]JFMISO but similar to
['®F]HX4 and ["*F]DiFA. In vivo stability of [**F]FLUSONIM
was also confirmed by radioHPLC analysis of serum samples
collected 150 min post-injection. Intact ['*F]JFLUSONIM was
recovered as the sole radioactive product detected (Figure 2D),
demonstrating that no metabolism occurred. The high in vivo

https://doi.org/10.1021/jacsau.4c00546
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Figure 5. Perfusion vs hypoxia imaging in the rhabdomyosarcoma model (n = 8). Fused PET/CT images were hidden from elimination organs at early
and late times for ['*F]FMISO (A) and for ["*F]JFLUSONIM (B). TACs for ["*F]EMISO (C) and ["*F]ELUSONIM (D). TMRs for [ '*F]EMISO (E)
and ["®F]JFLUSONIM (F). Voxel-by-voxel correlation between early (perfusion) and late (hypoxia) uptakes for [*F]JFMISO (G) and
[**F]JFLUSONIM (H). Comparison of TMRs for [**F]JFLUSONIM and ["*F]EMISO (J, J).

stability of ["*F]JFLUSONIM was consistent with its renal

clearance, similar to what was observed for ['*F]HX4'*"> and

['*F]DiFA.>

We evaluated the specificity of ['"*F]JFLUSONIM for hypoxia in
the rhabdomyosarcoma WAG/Rij rat model'® and compared it
with ['®F]JFLUSONIM and ["*F]FMISO in the same animals
using a dynamic PET imaging schedule for 180 min. Each animal
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received a dose of ["*F]JFLUSONIM and then ['*F]EMISO at
intervals of 24 or 48 h. The data obtained from ['*F]FMISO
PET imagm% were totally consistent with literature results
(Figure 4A)."” ['®F]JFMISO uptake was higher in the whole
tumor compared to muscle (used as a reference healthy tissue)
at all time points. The TAC for the whole tumor displayed a
rapid entry in the early phase due to perfusion, followed by a
slight decrease until approximately 20 min, and then by a plateau
with SUV,,.,, around 1, indicating ['*F]FMISO retention in
hypoxic cells. In contrast, the TAC for muscle showed a low
progressive increase for the first 20 min, and then a negative
slope to give SUV ., of approximately 0.45 at 180 min post-
injection in accordance with the slow clearance. Thus, tumor—
muscle ratios (TMRs, calculated from SUV,,,, values)
increased progressively with time to reach only 2.6 at 180 min
(Figure 4C). ["*F]JFLUSONIM displayed different accumu-
lation patterns compared to ["*F]JFMISO (Figure 4B). The
TAC: for both whole tumor and muscle showed a rapid uptake
of ['"*F]JFLUSONIM in the first 5 min, followed by a progressive
decrease. The uptake levels (SUV,,,) in both tumor and
muscle were lower for ["*F]JFLUSONIM compared to
['*F]JFMISO throughout the acquisition, in connection with
the faster clearance of ['*F]JFLUSONIM relative to
['8F]FMISO. However, the uptake differences between tumor
and muscle were much higher for ['*F]JFLUSONIM compared
to ["*F]JFMISO in the range of 15 to 60 min pi, especially at
around 30 min corresponding to the maximal TMR of 3.4
(Figure 4C). This value was exceptionally high, indicating higher
TMRs for ['*F]JFLUSONIM compared to ["*F]JFMISO and
much shorter times after injection. It is noteworthy that
["®F]HX4 displayed similar TAC and TMR profiles compared
to ['8F]JFLUSONIM, but the time scale and the TMR values for
['"*F]HX4 were far less advantageous.'> These preliminary data
foreshadowed ['*F]JFLUSONIM as a promising radiopharma-
ceutical for hypoxia PET.

In order to further investigate the specific accumulation of the
radiopharmaceuticals in hypoxic tumor regions, we distin-
guished between the early phase uptake, typical of tumor
vascularization and perfusion, and accumulation in the later
period characteristic of hypoxia (Figure 5)°**° As previously
described in other tumor models,>” the accumulation of
["*F]JFMISO was located on the outer periphery of the tumor
at early stages (0—2 min) and deeper within the tumor at later
times (160—180 min) according to tumor heterogeneity (Figure
SA). ['"®F]FLUSONIM displayed a similar pattern of accumu-
lation, with the difference being the late phase occuring earlier
(40—60 min) compared to ["*F]JFMISO (Figure SB). Figure S
brings together the refined results for the comparison of the
perfusion zone (early times) and hypoxia regions (late phase)
for both ['®F]EMISO and ['*F]FLUSONIM in terms of TACs,
TMRs, as well as hypoxic/perfused regions ratios (HPRs) and
correlations. The TACs for the perfusion zone for both
['8F]FMISO and ["*F]JFLUSONIM followed the expected
pattern, indicating no specific retention, namely a rapid increase
in the first minute followed by a sharp decrease (Figure SC,D).
As a consequence, the TMR:s for the perfusion zone in function
of time rapidly (from 25 min) dropped to 1 for ['*F]FMISO,
indicating no significant contrast (Figure SE). For ['®F]-
FLUSONIM, TMRs reached 1 later (beyond 60 min) (Figure
SF). The difference in hydrophilicity between ['*F]FMISO and
["*F]FLUSONIM could explain this phenomenon. The TACs
for the hypoxic zone were different for [8F]FMISO and
["*F]JFLUSONIM (Figure SC, D). They reflected those of the

3253

whole tumor, corrected from the perfusion zone. Thus, TMRs
slowly increased with time for ['®F]JFMISO until reaching a
value of approximately 4 at 180 min (Figure SE), whereas TMRs
over 4 were reached between 20 and 60 min for ['®F]-
FLUSONIM (Figure SF). A downward trend was observed in
the correlation between early versus late uptakes for both
["*F]JFMISO and ["*F]JFLUSONIM (Figure SH and G); and in
all cases, the differences of TMRs between perfusion and
hypoxic zones and between ['"*F]FMISO and ['*F]FLUSONIM
were statistically significant for the three time periods (0—S, 40—
60, and 160—180 min) (Figure SI). The evolution of HPRs in
over time for ['®F]FLUSONIM and ["*F]FMISO was close to
the curves of TMRs, with statistically significant differences
noted between 30 and 60 min (Figure 5J). The overall findings
supported specific properties of ['*F]JFLUSONIM for hypoxia
with unmatched performance in terms of imaging contrast and

delay.

To confirm hypoxia specificity of ["*F]JFLUSONIM, we
performed ex vivo histology and autoradiography studies at 30
and 60 min post-injection to examine the relationship between
["*F]JFLUSONIM accumulation and CA-IX hypoxia staining
(Figure 6).”>**3> Hoechst coloration and hematoxylin and

Hoechst

D Normoxic area

Surface staining

Hypoxic area D Necrotic area

Radioactivity level

(%) (DLU.10*/mm?)
Region

Hoechst CA-IX 30 min 60 min
Normoxic 92.6+1.6 8.243.1 81.00+5.47 31.99+2.32
Hypoxic 59.4+2.7  20.5+1.3 162.3749.19 75.3845.01
Necrotic 30.2+2.2 NA 5.64+0.89 37.88+3.86

Figure 6. Histological, immunostaining, and autoradiography results
for tumor sections of rhabdomyosarcoma rats.

eosin staining of tumor sections were also performed to identify
heterogeneity of tumors. Hoechst distribution was predominant
in peripheral tumor regions typical of normoxic perfused zones
with high nuclear densities (92.6 + 1.6%). In the depths of the
tumor, low nuclear density regions (32.2 + 2.2%) were found
and assigned to necrotic zones. Hypoxic areas were located at
the interface where nuclear densities were intermediate (59.4 +
2.7%). A similar repartition was mirrored in the hematoxylin and
eosin image. CA-IX staining areas were observed in all tumor
slices, with a heterogeneous distribution across the sections as
previously reported for the rhabdomyosarcoma tumor model.*
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CA-IX staining was the highest (20.5 + 1.3%) in identified
hypoxic regions and low (8.2 + 3.1%) in normoxic zones.
Autoradiography images revealed a heterogeneous spatial
distribution of radioactivity consistent with CA-IX staining.
Hypoxic zones displayed a significantly higher uptake of
['F]FLUSONIM than the normoxic and necrotic zones at
both 30 and 60 min. Radioactivity levels were globally higher at
30 min than at 60 min, in agreement with uptake kinetics. Thus,
the good correlation between autoradiography and immuno-
histochemistry was in agreement with the specific retention of
["*F]JFLUSONIM in hypoxic tissues. It is noteworthy that under
the same technical conditions, distribution of ['*F]FAZA in
squamous carcinoma tumor sections was homogeneous for 30
min pi. Correlation between ['*F]JFAZA distribution and
density of hypoxic cells was significant only from 2 h pi.*®

Tumors excised 60 min post-injection of ['*F]JFLUSONIM
were analyzed by radioHPLC. After treatment, we found that
>85% of the radioactivity in the tumor homogenates was
recovered in the low-molecular-weight fractions. The amount of
radioactivity covalently binding to the macromolecule fraction
was negligible. Similar results were found with ['8F]FMISO and
["*F]DiFA.”” RadioHPLC analysis of the low-molecular-weight
fraction revealed the formation of new radioactive products
without any traces of ['*F]JFLUSONIM (Figure 7). The
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Figure 7. RadioHPLC of tumor extract at 60 min (top) vs
rom the quality control (bottom).
¥E]FLUSONIM from the quality 1 (b

radiometabolites were more polar than the parent radiotracer,
suggesting transformations according to the well-established
reductive processes of the 2-nitroimidazolyl compounds in
hypoxic cells.* Such a result further underscores the hypoxia
specificity of ['*F]JFLUSONIM.

Although a variety of '*F-radiolabeled nitroimidazole derivatives
have been successfully involved in hypoxia PET imaging for both
preclinical and clinical applications, a novel radiopharmaceutical
that gives high contrast images within short acquisition delay
post-injection was still missing for both diagnostic and cancer
therapy purposes. Here is described ['*F]JFLUSONIM that was
designed to contain a sulfo group to provide high hydrophilic
properties and, consequently, a rapid clearance. High yielding
radiosynthesis of ['*F]JFLUSONIM was performed in a one-step
process by radiofluorination of a sultone precursor easily
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obtained from commercially available products. ['®F]-
FLUSONIM was shown to exhibit rapid clearance from healthy
organs and rapid urinary elimination in accordance with its high
hydrophilicity as well as high in vivo stability outside hypoxic
conditions. More importantly, PET imaging studies in the
rhabdomyosarcoma model combined with histology demon-
strated that ["*FJFLUSONIM exhibited high specific uptake in
hypoxic tumor regions at less than 60 min post-injection. Thus,
hypoxia PET imaging using ['*F]JFLUSONIM provided
unprecedented performances in terms of TMRs and acquisition
delays. The overall results unequivocally demonstrate that
['®F]FLUSONIM meets the criteria of an ideal candidate for
hypoxia PET imaging, showing significant promise for
preclinical and clinical applications. Current efforts are focused
on extending ['*F]JFLUSONIM PET imaging to other hypoxic
cancers in view of clinical transfer.

Full descriptions of chemical and radiochemical syntheses, as well as the
analytical techniques used, are provided in the Supporting Information.
Unless otherwise noted, all reagents were obtained commercially and
used without further purification. Fluorine-18 was generated at the
Cyceron center.

FLUSONIM was synthesized in four steps from 2-nitroimidazole 2
(57% overall yield, gram scale). For detailed methods and the
characterization of each compound, see the Supporting Information.

[**F]Fluoride was produced via the'*O(p,n)'®F nuclear reaction by
irradiating '®0- enriched water with an 18 MeV proton beam from an
IBA Cyclone 18/9 cyclotron. At the end of bombardment, an aqueous
solution of [ '*F]fluoride was delivered to a TRACERIab FXFN module
(GE). ["®F]fluoride was trapped on a Sep-Pak Light QMA and then
eluted into the reaction vessel using 0.8 mL of a solution of potassium
carbonate (K,CO5, 1.76 mg) and Kryptofix (K,,,, 10.5 mg) in water
(350 pL) and acetonitrile (450 uL). The resulting [**F]KF/K,,,/
K,COj; complex was dried by azeotropic distillation under vacuum and
helium flow by heating at 90 °C for 10 min. Following the drying step of
['"*F]fluoride, the sultone precursor 1 (5.2 mg) preliminarily dissolved
in acetonitrile (1.2 mL) was added into the reaction vessel and heated at
110 °C for 15 min. After this time, the reactor was cooled to 45 °C and
the crude reaction mixture was diluted with water (2 mL).
["*F]FLUSONIM was isolated by semipreparative HPLC (Macherey-
Nagel Nucleodur C18 Pyramid column 5 ym, 10 X 250 mm; mobile
phase: ethanol/NaH,PO, (10 mM), 1:9; flow rate, 3 mL/min; A = 280
nm). ['"*F]FLUSONIM was collected between approximately 23—25
min in 5—7 mL fractions, ready to use for in vivo injection.

The Log P and Log D, , values were measured by using a standard shake
flask method. Approximately 0.148 MBq of formulated ['*F]-
FLUSONIM (10 uL, concentration of 14.8 MBq/mL) was added
into a hemolysis tube containing a 1:1 mixture (2 mL) of water or
phosphate buffer pH 7.4 (0.01 M) and 1-octanol. The hemolysis tube
was shaken at 25 °C for 40 min and then centrifuged at 4000g for S min.
Three aliquots (100 uL each) withdrawn from the organic and buffer
layers were gamma-counted. The experiment was carried out in
triplicate.

Formulated ['®F]FLUSONIM was incubated at 37 °C up to 180 min
and then analyzed by radioHPLC. Aliquots of formulated ['*F]-
FLUSONIM were also added to plasma samples from rats. After
incubation at 37 °C up to 180 min, plasma samples were centrifuged
(4024g, 10 min, 4 °C) and then analyzed by radioHPLC.
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The animal investigations were conducted in accordance with the
current European directive (2010/63/ EU) as incorporated into
national legislations, and protocols were approved by the French
(#10773) and Belgian (UCL/2014/MD/026) committees on animal
ethics. In vivo experiments were performed using healthy male Wistar
rats (309 + 19 g, n = 10, in-house breeding stock) and
rhabdomyosarcoma tumor-bearing male adult WAG/Rjj rats (226 +
17 g before implantation, n = 11, Charles River). Tumor implantations
were performed under anesthesia with a mixed solution of ketamine and
xylazine at a dose of 80 and 10 mg/kg, respectively, as previously
described.*® All animals were housed in groups of two or more under a
12-h light/12-h dark cycle with access to food and water ad libitum. The
general condition of the animals was monitored daily, and tumor
growth was measured 3 times per week with a caliper. Rats were
included in the study when tumor reached a volume of 3 cm® (width X
length? X 7/6) to ensure reproducible degree of hypoxia.’*Tumor
follow-up was terminated before reaching the ethical end point of 10%
of the body weight.** Animals were maintained under isoflurane
anesthesia throughout all experimental procedures (induction, $%;
maintenance, around 2.5%, with 70% N,0/30% O, ). Body temperature
was maintained close to 37.5 °C using a feedback controlled system,
and a catheter was inserted into the tail vein for radiotracer
administration ([**F]JFMISO: 23.7 + 2.5 MBgq; ["*F]FLUSONIM:
23.2 + 3.0 MBq). Animals were euthanized at the end of the procedure
by decapitation under deep anesthesia (isoflurane 5%).

Stability of [**F]JFLUSONIM in blood was checked at 15, 30, 60, and
150 min post-injection. Blood samples (= 2.5 mL) were collected via
intracardiac puncture, heparinized, and centrifuged (4024g, S min, 4
°C). Plasma was then separated, mixed with an equivalent volume of
acetonitrile, and centrifuged again (4024, 10 min, 4 °C). Supernatants
were filtered (0.4S yum PVDF), concentrated under nitrogen flow at 40
°C, and then analyzed by semipreparative radioHPLC. Each samples
were weighted, and the radioactivity was counted at different stages,
before and after centrifugation and filtration (Cobra 2 Gamma counter,
PerkinElmer). Acetonitrile extraction yields were about 85% and
filtration yields were >95%.

Imaging experiments were developed using an Inveon yPET/CT
scanner (Siemens Healthcare Molecular Imaging). Scans were
performed with an emphasis on the abdomen. Respiratory rate was
monitored during imaging sessions to ensure a stable and reproducible
anesthesia from one animal to another and between successive
acquisitions. Simultaneous injection of radiotracer and initiation of
PET acquisition were performed, data were acquired in list-mode, and
PET images were reconstructed using iterative OSEM3D/MAP
algorithm. Dead-time, random, scatter, and attenuation correction
(based on CT) were applied. Image analysis was performed with p-Mod
3.7 software (p-MOD Technologies). Briefly, PET and CT images were
coregistered and volumes of interest (VOIs) were semiautomatically
delimitated on the following organs: heart, lung, liver, muscle, bone,
kidney, entire bladder, and entire tumor, if available. Time activity
curves (TAC) were extracted from PET images and normalized as the
Standardized Uptake Value (SUV). Data were expressed as SUV, ...,
and tumor-to-muscle ratios (TMRs) were calculated from mean values
(see the Supporting Information for data expressed as SUV,,,).

After imaging, animals were euthanized by decapitation under deep
anesthesia (isoflurane 5%). Tumors as well as organs such as brain,
muscle, blood, plasma, heart, lung, liver, and bone were dissected.
Samples were weighed, and the radioactivity was measured in a y-
counter (Cobra 2 Gamma counter, PerkinElmer). Some tumors were
divided and immediately frozen for autoradiographic studies.

Tumor pieces were rapidly frozen by immersion in —40 °C isopentane
(Sigma-Aldrich) and sectioned in a cryostat (Leica CM3050; 20 ym
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thick slices). The slices were immediately exposed overnight to high-
performance storage phosphor screens, which were then scanned in a
Phosphor Imager Scanner (Cyclone; Perkin—Elmer, pixel size: 43.2 X
43.2 ym?). Phosphor imaging plates were read at a pixel resolution of 50
pum. After autoradiographic exposure, the same or adjacent frozen
sections were stained with Mayer’s hematoxylin and eosin (H&E;
Sigma-Aldrich). High-magnification images were imaged by light
microscopy (x50; Leica DMi8, pixel size: 1.3 X 1.3 um?), generating
paired data from H&E staining and digital autoradiograms. Remaining
adjacent slices were stored at —20 °C until immunofluorescent staining.
Slices were first pretreated by blocking the nonspecific binding (0.3%
Triton x100, and 3% bovine serum albumin (BSA) in phosphate buffer
saline (PBS) for 2 h at room temperature). Slices were then incubated
overnight with primary antibodies (Rabbit polyclonal Anti-CA-IX
antibody, 1.0 yg/mL, Novus Biological) with 0.3% Triton and 1% BSA
in PBS at 4 °C, followed by incubation at room temperature for 2 h with
fluorophore-labeled secondary antibodies (Donkey antirabbit IgG
conjugated with Alexa-Fluor 488, 10 pg/mL, Invitrogen). The cell
nuclei were counterstained with Hoechst 33342 (20 ug/mL, Sigma-
Aldrich). High-resolution images were acquired (X50; Leica DMi8
fluorescence microscope, pixel size: 1.3 X 1.3 um). These virtual slices
(n = 12) were then processed with Image] 1.51 software (http://
imagej.nih.gov/ij/) to quantify the Nuclear density (“Hoechst staining
surface”/“Total tissue surface” %) and the Hypoxic fraction (“CA-IX
staining surface”/“Total tissue surface” %). Regions of interest (ROI)
were manually delineated to identify hypoxic (high density of CA-IX
staining), necrotic (low density of CA-IX staining and low nuclear
density), and normoxic zones (low density of CA-IX staining and high
nuclear density). Same ROIs were then applied to digital autoradio-
grams with OptiQuant version 05.00 software (Packard Instrument
Co.). The optical quantification of radioactive slices was expressed in
digital light units per square millimeter (DLU.mm?) for RO, with the
subtraction of background autoradiogram signals.

After excision, tumor pieces were crushed in acetonitrile (1 mL per
gram of tumor) and centrifuged (4024g, 10 min, 4 °C). The
supernatants containing 80% of the initial tumor piece radioactivity
were filtered (0.45 um PVDEF). 95% of the radioactivity was recovered
after filtration. The samples were then concentrated under nitrogen
flow at 40 °C and analyzed by semipreparative radioHPLC. The
radioactivity of weighted samples was measured at different stages to
control process efficiency. Acetonitrile extraction yields were close to
90% for plasma and 80% for tumor, and filtration yields were greater
than 95%.

Data were reported as mean values + standard error of the mean

(SEM). Statistical data analysis was performed using a “one-way
ANOVA” followed by Tukey’s test with Prism 4.0 (GraphPad Software,
USA). P-values of <0.05 were considered statistically significant.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00546.

Detailed chemical synthesis description, 'H, *C, and '°F
NMR spectra, supplementary data, and figures (PDF)
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