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Abstract

Although peptide radionuclide therapy (PRRT) using a somatostatin analog (SSA) radiolabeled with a beta-
emitter: [*""Lu]Lu-DOTATATE has shown a good clinical efficacy in neuroendocrine tumors (NETS), most of
the patients only achieved tumoral stabilization and rare but severe long-term hematological toxicities have been
reported. One of the promising options to improve PRRT is targeted alpha therapy. It is therefore essential to
propose animal models that can mimic systemic spread disease, especially microscopic disease such as early
stage of NET liver metastases to explore targeted alpha therapy. Herein, we report the evaluation of efficacy and
toxicity of [*°Ac]Ac-DOTATOC in an original preclinical murine model simulating the development of well-
characterized liver metastases of pancreatic NETs with SSTR overexpression. Methods: A mouse model of liver
metastases of pancreatic NETs was developed by intraportal injection of AR42J cells and explored using
[®*Ga]Ga-DOTATOC and [**F]F-FDG PET/MRI. Biodistribution study and radiation dosimetry of [**Ac]Ac-
DOTATOC were determined in subcutaneous tumor-bearing NMRI-nude mice. Efficacy and toxicity were
determined by intravenous injection of increasing activities of [*>Ac]Ac-DOTATOC 10 days after intraportal
graft. Results: Liver tumors showed a high uptake of [®Ga]Ga-DOTATOC and no uptake of [**F]F-FDG
confirming the well-differentiated phenotype. All groups treated with [?°Ac]Ac-DOTATOC showed a
significant increase in overall survival compared with DOTATOC-treated mice, especially those treated with the
highest activities: 53 days with 240 kBq (p=0.0001), and 58 days with 2x120 kBq (p<0.0001) vs 28 days with
non-radiolabeled DOTATOC. On blood tests, a transient and moderate decreased in white blood cells count after
treatment and no severe hepatic or renal toxicity were observed after treatment which was consistent with
pathological and radiation dosimetry findings. Conclusion: [*>Ac]Ac-DOTATOC exhibit a favorable efficacy

and toxicity profile in a mouse model of liver micrometastatic pancreatic NET.

Keywords: Neuroendocrine tumor, targeted alpha therapy, PET/MRI, actinium-225, somatostatin analogs.
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Text
Introduction

Neuroendocrine tumors (NETS) are a heterogenous group of tumors arising from the diffuse neuroendocrine
system. Gastro-enteropancreatic (GEP-NETS) are the most common primary tumor site with an increasing
incidence [1]. The overexpression of somatostatin receptors (SSTR), especially subtype 2 [2,3] has led to the
development of a phenotypical specific whole-body imaging using somatostatin analogs (SSA) [4]:
monophotonic scintigraphy using '*'Indiethylenetriamine-pentaacetic acid-octreotide (Octreoscan®) [5] then
hybrid positron emission tomography (PET) and computed tomography (CT) using *Ga-labeled SSA with better
performances [6,7].

At metastatic stage, GEP-NETs management range from wait and watch strategy to systemic treatment [8]. In
the last years, treatment of GEP-NETs has improved with the development of peptide receptor radionuclide
therapy (PRRT). Indeed, based on the same concept of tumor SSTR overexpression, therapy with SSA
radiolabeled with beta-emitters has emerged. The NETTER-1 trial published in 2017 has established PRRT with
[*"Lu]Lu-DOTATATE as a second line option for progressive midgut NETs in case of sufficient SSTR
expression which has led to FDA and EMA approvals in 2018 [8,9]. Although PRRT with beta-emitters has been
demonstrating good clinical efficacy and improved quality of life, most of the patients only achieved tumoral
stabilization with [*"'Lu]Lu-DOTATATE. Indeed, overall tumor response rates range from 6% to 33% of
patients. For example, in the NETTER-1 study, out of 111 patients treated with [*"’Lu]Lu-DOTATATE only one
achieved a complete response and 14 showed a partial response [9]. Furthermore, within two to three years,
disease progression occurs in approximately half of the patients, necessitating additional lines of treatment [9-
11]. Additionally, PRRT with ['’Lu]Lu-DOTATATE is generally well tolerated but severe long-term
hematological toxicity such as myelodysplastic syndrome and leukemia have been reported in close to 3% of the
patients [12,13].

These results may be attributed to the characteristics of beta-particles, which are low linear-energy transfer
(LET) particles (0.2 keV/pum), with a relatively long path through the tissue (1-10mm). Tumor cell death
primarily occurs through DNA single strand breaks while DNA double strand breaks and ionization are less
frequent [14]. Furthermore, healthy cells surrounding the targeted tumor cells are also exposed to radiation,
which can contribute to toxicity [15]. For all these key reasons, there is a need to develop new

radiopharmaceuticals capable of improving overall survival and tumor response.
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Alpha-particles, composed of two neutrons and two protons, have a greater mass and a double-positive charge,
along with a high energy range of 4 to 10 MeV, in contrast to beta-particles. This increased mass and charge
result in limited tissue penetration (50-100 um) and a higher linear energy transfer (LET) of 50-230 keV/um,
inducing complex and irreparable DNA double-strand breaks. Alpha-particles deposit significantly more energy
along their path compared to beta-particles. These characteristics account for their strong cytotoxic effects, while
sparing surrounding healthy tissues [14,16].

One promising alpha-emitter is ?°Ac which has a half-life of nearly 10-days and a long decay scheme that
generates four alpha-particles contributing to a potential high tumor cytotoxicity [17]. Tumor responses have
been reported using compassionate injections of **’Ac-labeled SSA in patients with metastatic NET in
progression after PRRT with beta-emitters [18,19] and two studies in animal models of subcutaneous tumors
have further shown promising results. First, Miederer et al. found that, in a model of pancreatic NET that 12 to
20kBq [**Ac]Ac-DOTATOC reduced tumor growth with improved efficacy compared to [*’Lu]Lu-
DOTATOC, as well as lower toxicity. Nonetheless, mice injected with activities above 30kBq developed chronic
nephropathy [20]. The efficacy of [*°Ac]Ac-DOTATATE was also reported in another subcutaneous model of
carcinoid lung tumor overexpressing SST2, albeit with different toxicity profile and in particular no renal
pathological changes up to 111kBg.[21].

However, based on their physical properties, the optimal setting for alpha-particles therapy is probably the stage
of micrometastases, early relapse, or the stage of minimal disease observed after surgical treatment or induction
therapy in an attempt to eradicate residual tumor cells. But this context of treating patients earlier, with
potentially longer survival implies acceptable and limited toxicity. New preclinical models are therefore
essential, and the subcutaneous tumor-graft mouse models proposed to date, while convenient, are not the most
relevant to evaluate alpha-particles therapy of NETS at these stages of the disease. Indeed, despite their initially
slow progression, a notable proportion of NETs advance to later stages. Among these, liver involvement stands
out as the most frequent occurrence, significantly compromising patient prognosis [22,23]. It is therefore
essential to propose animal models that can mimic systemic spread disease, especially microscopic disease such
as early stage of NET liver metastases.

The aim of the present study was thus to evaluate efficacy and toxicity of [*>Ac]Ac-DOTATOC in an original
preclinical murine model simulating the development of well-characterized liver metastases of pancreatic NETS

with SSTR overexpression.
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Materials and methods

Cell line

AR42] is a rat pancreatic amphicrine cell line derived form an acinar cell carcinoma provided by American Type
Culture Collection (ATCC ®), Manassas, VA (lot 63848927) which strongly express SSTR2, chromogranin A
and synaptophysin. Cells were grown in Dulbecco's Modified Eagle Medium (DMEM, Gibco®) supplemented
with 20% heat-inactivated fetal calf serum (PAA Laboratories®), 2mM L-glutamine (Gibco®), penicillin (1000
u/mL) and streptomycin (Img/mL) (Gibco®). They were maintained at 37°C in a 5% CO, humidified air

atmosphere.

Animals

All animal experiments were carried out in accordance with the European directive 2010/63/EU on the
protection of laboratory animals and its transposition into French law (decree n 2013-118) and were conducted
on the Experimental Therapeutic Unit platform (SFR Frangois Bonamy, IRS-UN, University of Nantes, license
number: D44-278). The study was approved by the Ethics Committee of French Ministry of Higher Education
and Research (protocol no. APAFIS#22777). Female NMRI-nude (nu/nu) mice aged 8 to 12 weeks old
(Janvier®, Le Genest St lle, France) were housed under standard condition in ventilated cages (5 mice per cage)
under sterile and pathogen-free conditions with free access to food and water ad libitum. All animal experiments,
whether subcutaneous or intraportal grafts, were performed with AR42J cells that had undergone 13 passages or
fewer. To confirm in vivo phenotype stability preliminary histopathological studies on hepatic tumors to confirm

SSTR2 expression have been performed. Methods and results are available in the Supplementary Information.

Intraportal tumor graft procedure

Twenty minutes before the procedure starts, mice received a standard dose of 0.1mg/kg (50uL) buprenorphine
subcutaneously. They were anesthetized by an intra-peritoneal injection of a ketamine and xylazine
hydrochloride mixture (100 mg/kg Ketalar® ketamine, 10 mg/kg 2% Rompun®, CentraVet France) at a volume
of 100pL per 10g of mouse. Anesthesia was checked by pinching the hind paw. Corneal protection was applied
(Ocrygel, CentraVet, France).

After a short laparotomy, 1x10° AR42J cells suspended in 100uL Phosphate-Buffered Saline (PBS) solution
were injected into the portal vein through a 29G needle as described by Frampas et al [24]. As post-operative

pain after laparotomy was judged “severe”, analgesia included 15pg/kg (50uL) buprenorphine subcutaneously
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for 3 days combined with 5 days of non-steroidal anti-inflammatory drugs in drinking water (meloxicam
2mg/kg/d, Metacam®, Boehringer Ingelheim France).
Post-operative monitoring was performed daily, and animals were sacrificed in case of marked distress signs, a

weight loss greater than 20% of initial body weight, icterus, or ascites.

MRI and PET/MRI imaging

Mice were anesthetized 5 min prior to acquisition with 5% isoflurane using oxygen as a carrier then placed on a
heated sled and kept sedated with 3 to 4% isoflurane with a suitable mask during the imaging experiment.
Magnetic resonance imaging (MRI), hybrid positron emission tomography (PET) and magnetic resonance
imaging (PET/MRI) studies were performed with a 3.0 T system provided by RS2D with a HALO 3.0 PET
insert provided by Inviscan at the Center for Applied Multimodal Imaging (CIMA, Nantes, France).

The following sequences were used for all MRI sessions: 3D T1-weigted coronal rapid acquisition with
relaxation enhancement (RARE) (TE = 12.06ms, TR = 769ms, 80x40x31 mm FOV, 5 averages, 31 slices,
0.8mm thickness with 0.2ms gap between slices, 450x144x31 matrix), 3D T2-weigted coronal RARE (TE =
64.49ms, TR = 5000ms, 78x32x27.9mm FOV, 6 averages, 31 slices, 0.8mm thickness with 0.1ms gap between
slices, 450x144x31 matrix) with and without fat-saturation.

The HALO 3.0 PET spatial resolution was 1.0mm, the field of view was 40mm axial. The PET images 3D T1
weighted RARE images were simultaneously acquired and were reconstructed with the 3D-OSEM algorithm (3-
dimensional ordered-subsets expectation maximization algorithm).

PET and MRI images were converted into DICOM format and processed with OsiriX Medical Imaging software
(version 11.0.1, Pixmeo, Bernex, Switzerland).

Concerning phenotypical imaging studies, 5 mice were injected intravenously with 5 MBq [*Ga]Ga-DOTATOC
and imaged by PET/MRI 1 hour after the injection This study was performed at day 23 to be sure to visualize
macro-tumors in the liver to characterize their phenotype. The same mice, at day 25, were fasted for 4 hours then
injected intravenously with 4 MBq [**F]F-FDG and imaged one hour later. DOTATOC radiolabeling with *Ga

is described in the Supplementary Information.

[**Ac]-DOTATOC alpha-therapy
DOTATOC radiolabeling with **Ac, ex-vivo biodistribution and dosimetry are described in the

Supplemental Information.
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A preliminary dose-limiting study was performed using a single i.v. injection of [?°Ac]Ac-DOTATOC at 20kBq
(n=3), 40kBq (n=3), 80kBq (n=4), 120kBq (n=3) and 180kBq (n=4) in non-grafted female NMR-nude (nu/nu)
mice.

On the evidence of these results (Supplemental Fig. 3, 4), an efficacy study was then carried using [*°Ac]Ac-
DOTATOC with a single i.v. injection of 120kBqg (n=9), 180kBq (n=9), 240 kBq (n=11) at Day 10 after
intraportal tumor graft (microscopic disease) or as two i.v. injections of 120kBq (n=11) at Day 10 and Day 23
after graft. The control group have received i.v. injection of non-radiolabeled DOTATOC (n=10). Finally, the
total mass of DOTATOC (5.3 ug) injected into each mouse was identical, the mixtures being adjusted with
unlabeled peptide when necessary.

Animals were monitored every two to three days. Tumoral volumes were assessed by MRI every week and
before sacrifice and delineated using OsiriX Medical Imaging software (version 11.0.1, Pixmeo, Bernex,
Switzerland).

Hematological, kidney and liver toxicities were assessed at Day 10, 21, 35, 49 after therapy in all treated mice.
In the control group blood sample were collected at Day 10, 21 and 29. Blood samples were collected from the
retroorbital sinus in EDTA tubes (15uL for hematological analysis) and Lithium-Heparin tubes (100uL for
biochemical analysis) after a local anesthesia with 1% tetracaine. Hematological parameters were determined
using an automated quantitative analyzer (Element HT5, scil Animal Care, Altorf, France) and biochemical
parameters using an automatic biochemistry analyzer (Element RC, scil Animal Care, Altorf, France). Liver
toxicity was determined by measurement of alkaline phosphatase (ALP), alanine aminotransferase (ALT) and
total bilirubin (TBIL). Kidney toxicity was determined by measurement of blood urea nitrogen (BUN) and
creatinine.

Endpoints were weight loss > 20% of initial body weight, marked distress signs, lethargy, total tumoral liver >

1000mm?® as evaluated by MRI, ascites, icterus, or digestive hemorrhage.

Kidney anatomopathological analysis

Both kidneys were collected from 10 control and 15 treated mice (5 in the 240 kBq group and 10 in the 120x2
kBq group). Three-micrometers-thick tissue sections of formalin-fixed, paraffin-embedded (FFPE) bilateral
kidneys were stained with hematoxylin—eosin-saffron (HES) and adjudicated under light microscopy by a

veterinary pathologist. Semiquantitative scores of kidney lesions (0 to 5 points for no lesion to severe and diffuse
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lesion) was established thanks to the classification INHAND (International Harmonization of Nomenclature and

Diagnostic Criteria for Lesions in Rats and Mice) [25].

Statistical analysis

Statistical analyses were performed using Prism 9.3.0 (GraphPad Software, Inc., San Diego, CA, USA). All data
are presented as median or mean * standard deviation. Survival curves were compared using a log-rank (Mantel—
Cox) test. For toxicity analysis, a two-factor ANOVA followed by a Sidak’s multiple comparison test was

performed.



234  Results

235  Animal model development

236 A first group of 15 mice was grafted by intraportal injection of 1x10° AR42J tumor cells to investigate the
237 development of the disease without any treatment. After the surgery, mice lost weight, but never more than 10%
238 of their initial body weight. Mice regained their initial weight in 7.7 + 2.9 days on average (Supplemental Fig.
239 4, A). By Day 12, all mice had recovered their initial weight or more.

240 MRI allowed to follow the development of the tumors in the liver over the period leading up to the death of the
241 animals (Fig. 1). Liver tumors appeared hyperintense in T2-weighted sequences and hypointense in T1-weighted
242 sequences. The first liver tumors appeared as early as Day 15 and we could detect liver tumors as small as 0.8
243 mm, confirmed by follow-up. The median detection time of the first tumor by MRI was 20 days and the median
244 overall survival without any treatment was 28 days (Supplemental Fig. 4, B, C). Mice were sacrificed mainly
245 because of weight loss (n=4), jaundice (n=8) or digestive occlusion (n=3).

246

247

248

249 Fig. 1 MRI follow-up of the same mice over-time (T2-weigted coronal RARE with fat saturation). Day 7, 15, 21 and 28. Red
250 arrows: liver tumors. White arrows: gallbladder.
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Characterization of tumor phenotype

[®Ga]Ga-DOTATOC and [**F]F-FDG PET/MR were successively performed in a group of 5 mice (Fig. 2, A, B,
C). On the [**F]F-FDG-PET/MRI images, no uptake was observed in liver tumors whereas these tumors
exhibited high uptake of [®Ga]Ga-DOTATOC. Every tumor detected by MRI showed a high uptake of
[®*Ga]Ga-DOTATOC, with the exception of one mouse that had a single tumor with a longest axis of 1.1 mm.
All other tumors were > 2.0 mm or confluent.

These results confirmed the well-differentiated phenotype in vivo, with overexpression of SSTR and a relatively
slow glucose metabolism. These data are also consistent with [®Ga]Ga-DOTATOC and [“*F]F-FDG

biodistribution at 1h p.i. (Supplemental Fig. 5 and Supplemental Table 1).

1.5 x10° Bq/mL

. [¢*Ga]Ga-DOTATOC

0Bg/mL

1.0 x10° Bq/mL

! 0 - I [8F]F-FDG
‘ /

0Bg/mL

Fig. 2 Multiple slices of the same mice explored with A. [*.Ga]Ga-DOTATOC PET/RMI at Day 23, B. MRI T2 weighted coronal
RARE with fat saturation at day 23 and C. [18F]F-FDG PET/MRI at Day 25. Red arrows: liver tumors, white arrows: kidneys,
white asterisks: bladder. Black asterisk: heart.

Ex vivo biodistribution of [**Ac]-DOTATOC

Ex vivo biodistribution study was performed on a group of 24 subcutaneous AR42J tumor-grafted mice and
macroscopic tumors were obtained in 19 of them.

[**Ac]Ac-DOTATOC showed favorable tumor uptake with 5.91 + 0.99 % IA/g as early as 5 min p.i. which was
then relatively stable between 1h and 24h. Rapid blood clearance of radiolabeled peptide was observed, with
blood activity concentration rapidly decreasing from 6.34 + 0.48 % IA/g at 5 min p.i. to 0.49 + 0.15 at 1h p.i. As
a SSA, [°Ac]Ac-DOTATOC displayed high accumulation in the kidney with 22.84 + 3.19 % IA/g at 5 min p.i.

but rapidly decreased to 5.47 + 0.79 % IA/g at 4h p.i. (Fig. 3, A). At 24h, tumor uptake and kidney uptake were

10
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similar with 3.31 £ 0.69 % IA/g in the tumor compared with 3.19 + 0.69 % IA/g in the kidney. Very low uptake
was observed in other organs, < 1 % IA/g as early as 1h p.i..

Finally, the tumor to tissue ratio was rapidly favorable (>1) in all organs as early as 1h p.i., particularly in the
liver (5.6 £ 0.25 at 1h p.i.) with the exception of the kidney, where the ratio was > 1 at 24h (Fig. 3, B). Complete

biodistribution data are presented in Supplemental Table 2.

11
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288 Fig. 3 A. Ex vivo biodistribution of [ZZSAC]AC—DOTATOC in AR42J tumor-grafted mice at 5min, 1, 4 and 24h. Values are
289 expressed as %IA/g + SD. B. Tumor:tissue ratio for selected organs at 1, 4 and 24h. Dotted line=1.
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Dosimetry
Dosimetry calculations for single injection of [**Ac]Ac-DOTATOC were performed based on ex vivo
biodistribution. The mean absorbed dose per MBq or for a single injection of the highest activity studies

(240kBq) are available in Table 1.

Table 1: Estimated absorbed doses to tissue/organs per MBgq or for a single injection of [225Ac]Ac—DOTATOC in AR42J tumor-

Mean absorbed dose + SD Mean absorbed dose + SD (Gy)

Organ/Tissue

(Gy/MBQ) for 240 kBq
Blood 05+0.1 0.1+0.0
Tumor 67.4+4.7 16.2+1.1
Liver 51.7+9.6 124+23
Kidneys 50.3+4.7 121+1.1
Intestine 23+0.2 0.6+0.1
Lungs 3.2+£03 0.8+£0.1
Muscle 0.1+0.0 0.0+0.0
Spleen 45+1.2 1.1+£03
Skin 3.3+0.3 0.8+0.1
Brain 0.6+0.2 0.2+0.1
Heart 2.7+05 0.7+0.1
Flat bone 32.7+95 7.8+23
Stomach 10.3+1.1 25+0.3
Pancreas 43+04 1.0+0.1
Salivary glands 2.1+0.3 05+0.1

grafted mice.

The tumor received the highest absorbed dose with 67.4 + 4.7 Gy/MBq followed by the liver and kidneys with
51.7 £ 9.6 Gy/MBqg and 50.3 + 4.7 Gy/MBq. With a single 240kBq injection, the mean absorbed dose to the
kidneys did not exceed 23 Gy. Tumor-to-tissue absorbed dose ratios were favorable in all organs (>1), especially

in the kidneys and liver with 1.3.

13
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Efficacy of [*°Ac]Ac-DOTATOC in pancreatic neuroendocrine tumor liver micrometastases mice.

Median time to detection of the first tumor by MRI in animals treated with non-radiolabeled DOTATOC was 21
days with an overall survival of 28 days, which was similar to previous non-treated control mice.

Compared with DOTATOC-treated mice, all groups of mice treated with [*°Ac]Ac-DOTATOC showed a
significant increase in overall survival: 53 days with 240kBq (p=0.0001), 58 days with 2x120kBq (p<0.0001), 43
days with 180kBq (p=0.015) and 43 days with 120kBq (p=0.0012) (Fig. 4, A). In terms of time to first tumor
detection on MRI, apart from the 120kBq group, all other groups showed a significant increased median time: 42
days with 240kBq (p=0.0027), 49 days with 2x120kBq (p=0.0004), and 35 days with 180kBq (p=0.0042) (Fig.
4, B).

Interestingly, the two groups treated with the same cumulated activity of 240kBq (single i.v. injection of 240kBq
at Day 10 or two i.v. injections of 120kBq: one at Day 10 and one at Day 23) were not different in terms of
overall survival (53 days and 58 days respectively, p=0.45) or in time to detection of the first tumor by MRI (42
days and 49 days respectively, p=0.16). However, when compared with lower activity group, mice treated with
two i.v. injections of 120kBq were the group with the best efficacy as it showed a significant increased overall
survival compared to 120kBq and 180kBq (p=0.0005 and p=0.024, respectively) as well as a significant longer
time to first tumor detection on MRI (p=0.0001 and p=0.006, respectively). Indeed, although mice treated with
one injection of 240kBq showed a significantly increased overall survival compared to 120kBq (p= 0.0041) and
a significantly longer time to detection of the first tumor on MRI (p=0.0041) this was not the case compared to

the 180kBq group (overall survival p=0.17 and detection of the first tumor p=0.077).
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Toxicity of [>Ac]Ac-DOTATOC in pancreatic neuroendocrine tumor liver micrometastases mice.

There was no significant loss in body weight after treatment in any of the groups. Weight loss never exceeded
10% in any group and by Day 23 after treatment (i.e. 33 days after graft), each mouse had recovered its initial
weight or more (Fig. 5, A).

The complete blood count did not show a significant decrease in red blood cells or platelets after alpha-therapy.
A transient and moderate decreased in white blood cells count after treatment, mainly due to a decrease in NK
cells was observed. A drop in platelet counts over time related to disease progression was observed, as was seen

rapidly in the DOTATOC group (Fig. 5, B, C, D, E).
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To assess hepatic and renal toxicities we compared ALP, ALT, TBIL and BUN before engraftment and 10 days
after alpha-therapy (D10). No acute hepatic or renal toxicity was observed at 10 days after treatment. At animal
sacrifice (END), median ALT and TBIL values in all groups, including the DOTATOC group, were significantly
higher than before tumor graft or at 10 days after treatment due to high tumoral liver burden leading to biliary
obstruction with icterus and hepatic cytolysis whereas BUN was not significantly different. (Fig. 6, A, B, C, D).
Kidney anatomopathological analysis showed no severe lesions, with a semi-quantitative score of 3 or
less per lesion. In each group, including the control group, one mouse had more lesions and a higher degree of
damage than the others (mouse #3 in the DOTATOC group, mouse #13 in the 2x120 kBq group and mouse #23
in the 240 kBq group, Supplemental Fig. 6). There was no correlation between the number and the severity of
histological lesions and the clinical condition of the animal at the time of sacrifice, neither with the creatinine
and BUN. Details of lesions and their evaluation for each mouse and group are available in Supplemental Table

3.
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Fig. 6 ALP (A), ALT (B), TBIL (C) and BUN (D) were assessed before graft, 10 days (D10) after alpha-therapy and at animal
sacrifice (END). Statistical results shown are significantly different compared to “before treatment” point, (*) p < 0.03; (**) p
<0.002; (***) p < 0.0002; (****) p < 0.0001). ALP: alkaline phosphatase; ALT: alanine transaminase; BUN: blood urea
nitrogen
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Discussion

Given the physical proprieties of alpha-particles, targeted alpha therapy seems a promising therapeutic approach
for micrometastases, early relapse or minimal residual disease. Preclinical studies using SSA radiolabeled with
225Ac have been previously performed using subcutaneous graft with macroscopic AR42J or H69 and H727
tumors [20,21]. In order to assess the efficacy and safety of a systemic treatment for GEP-NET, we aimed to
propose a pertinent model of pancreatic NET liver micrometastases. Indeed, intraportal tumoral cells injection is
an effective technique to rapidly induce liver metastases closely mirroring the pathophysiological progression
observed in human disease and was previously performed in other preclinical cancers models [24,26]. In this
study, we first demonstrated that it was possible to induce pNET liver metastases by intraportal injection and to
study the development of the disease associated with an overall survival of 28 days. Splenic injection is another
well-established method for inducing liver metastases. However, there are two potential drawbacks: either the
spleen is not removed and the size of the tumor in the spleen may hinder imaging of liver metastases (especially
for PET imaging due to a potential high uptake of the primary splenic tumor) or the spleen is removed in a
second surgical procedure thereby increasing the risk of mortality for the animal [27-29]. Another less
frequently encountered technique is orthotopic graft, particularly in the digestive tract and pancreas, followed by
a wait for spontaneous development of liver metastasis. But it requires a large primary tumor mass that can lead

to the death of the animal [30].

Secondly, we successfully performed a follow-up with MRI and phenotypic characterization with [**Ga]Ga-
DOTATOC and [*®F]F-FDG PET/MRI. This in vivo characterization allowed to confirm SSTR overexpression
in a theranostic perspective before performing therapy studies. Indeed, SSTR expression in AR42J cells and
tumors is known and has been previously studied [31-33] , but to our knowledge this is the first time that a
comparison of [®Ga]Ga-DOTATOC and [**F]F-FDG by PET/MRI is carried out in a mouse model of NET liver
metastases. Our results, showing high uptake of [*Ga]Ga-DOTATOC but not [**F]F-FDG, confirm that we have
succeeded in producing a mouse model mimicking the well-differentiated phenotype encountered in the human
disease with SSTR overexpression and relatively slow glucose metabolism.

One of the original aspects of this study is the treatment injection 10 days after intraportal tumor engraftment,
before the development of macroscopic liver tumors. We aimed to study the specific context of residual disease
after a first line treatment or adjuvant treatment to eradicate remaining cancer cells to avoid relapse. Given their

characteristics which include the induction of double strand breaks and massive ionization, alpha particles are
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more effective than other cytotoxic agents and can overcome resistance to chemotherapy or PRRT with beta-
emitters [34,35].

In this model, [**Ac]Ac-DOTATOC DLT was not reached. Dose escalation showed that a cumulated activity of
240 kBq was the most effective in improving survival. Three mice survived until Day 100. All mice developed
tumors during follow-up except 2 in the groups treated with the highest activities (1 in 240kBq and 1 in
2x120kBq). One mouse in the 180kBq group developed tumors at Day 62 but managed to survive until the end
of the experimentation. The fact that tumor-free mice were observed exclusively in the groups treated with the
highest activities suggests that this occurrence is probably no mere coincidence but needs to be confirmed by

further studies given the limited number of animals.

The therapeutic effect of [**Ac]Ac-DOTATOC was associated with a moderate reduction in lymphocyte count,
but no change in platelets or red blood cells. Some mice exhibited thrombopenia at the point of death, mainly
due to the high tumor burden resulting in splenomegaly caused by intraportal hypertension. Similarly, we
observed in all groups (including the DOTATOC one) an increase in TBIL, ALP and ALT at the point of death,
caused by the high tumoral burden in the liver, leading to biliary obstruction and hepatic cytolysis. No liver

toxicity was observed 10 days after treatment injection.

A previous preclinical study using [**Ac]Ac-DOTATOC in mice bearing subcutaneous AR42J cell tumors
showed that nephrotoxicity was the main limiting factor with radiation induced kidney tubular necrosis at
activities greater than 30kBq [20]. In another study using [>Ac]Ac-DOTATATE in mice bearing subcutaneous
lung neuroendocrine cells tumors, no acute kidney damage was observed but chronic progressive nephropathy
occurred in mice that received >111kBq. The renal toxicity of PRRT is well-known and studied. It is mainly
explained by the fact that radiolabeled SSA are cleared via the kidneys and reabsorbed in the proximal tubular
cells resulting in a high radiation dose to the kidneys [36]. The main way to overcome this risk of nephrotoxicity
is the co-infusion with amino acids that blocks peptide tubular reabsorption [9,37]. However, in this study, we
confirmed the favorable biodistribution of [?°Ac]Ac-DOTATOC with a rapid clearance from blood and a renal
elimination but did not observe an increase in BUN with activities up to 240kBq during follow-up. Despite a
significant initial renal accumulation of up to 22.84 + 3.19% IA/g at 5 minutes, we did not observe renal toxicity
as demonstrated by biochemical parameters and histological analysis. Our dosimetric study revealed, at the
highest injected activity of 240 kBq, a mean absorbed dose of 12.1 + 1.1 Gy to the kidneys. There are very few

data on murine kidney toxicity following TAT treatments. Back et al. [38] showed that there was no significant
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increase in BUN for kidney absorbed doses up to 15 Gy. Chan et al. estimated a kidney threshold absorbed dose
of 11 Gy (at this absorbed dose, 5% of the animals died before 90 days) following a treatment with [***Bi]Bi-
DOTATATE in mice [39] . Our results are consistent with these previous findings. In external radiotherapy, the
dose constraint to the kidneys is often estimated at 23 Gy, and initial PRRT studies were based on this constraint
[40]. However, these data are difficult to extrapolate to this systemic treatment. The dose rate in PRRT is
significantly lower than that in external irradiation and decreases over time due to the decay of the
radiopharmaceutical [41]. Furthermore, other parameters must be considered, such as the biodistribution of the
radiopharmaceutical in the kidneys and its residence time in this organ. Therefore, some authors prefer to use the
biological effective dose (BED) to the kidneys, which considers the biological half-life of the
radiopharmaceutical as well as the number of treatment cycles. This parameter is estimated at 40 Gy at the renal
level in the context of PRRT [42]. In their study with [**Ac]Ac-DOTATATE, Tafreshi et al. calculated a mean
absorbed dose to the kidneys of 6.8 Gy/MBq and 5.9 Gy/MBq to the liver, significantly lower than our data [21].
However, our dosimetric analysis is based on biodistribution comprising 6 time points ranging from 5 minutes to
9 days compared to 3 time points (24h, 48h, and 96h) in that article. Therefore, with their model, they found a
rapid decline in absorbed dose after the 96h time point, contrary to our data, explaining our dosimetry. Post-
therapeutic single photon emission computed tomography/computed tomography (SPECT/CT) imaging could be
an alternative method to achieve dosimetry, as demonstrated by Liubchenko et al. in prostate cancer patients
treated with [*°Ac]Ac-PSMA-I&T [43]. However, it remains challenging to perform due to low therapeutic
activities injected and the lack of well-established post-treatment imaging procedure, especially in pre-clinical
models. Another approach to performing imaged-based dosimetry could be the use of **Ac SPECT imaging as a

surrogate for **Ac prior to therapeutic injection [44].

These encouraging toxicity results suggest a potential clinical application of [*>Ac]Ac-DOTATOC in treating
minimal residual disease. In such a scenario, where patients are potentially already cured, significant treatment-
related side effects may not be justified.

To minimize damage to healthy tissue, cytotoxic treatments (including radiotherapy and chemotherapy) are
usually delivered in fractions. For instance, PRRT with [*”’Lu]Lu-DOTATATE is administered in 4-6 cycles
every 6-12 weeks [45]. In this study, a group of mice was treated with 2 fractions of 120 kBq over a 13-day
interval. The efficacy observed in this group, in terms of time to detection of the first tumor by MRI or overall
survival was not significantly different from the group treated with a single injection of 240 kBq. However, it is

interesting to note that both parameters were slightly and favorably delayed in the 2x120 kBq group, with no
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additional toxicity observed. These results require further investigation, particularly with a more extended dose

fractionation over time, which was not possible at the time of the study.

The first clinical experience using a SSA radiolabeled with **Ac was report by Ballal et al. in 32 patients with
metastatic GEP-NETs who were progressive or stable after [*''Lu]Lu-DOTATATE PRRT [18]. Patients
received 2 cycles of 100 kBg/kg of [“*Ac]Ac-DOTATATE by systemic injection with a two-month interval.
The results reported that [?*Ac]Ac-DOTATATE could overcome [*’Lu]Lu-DOTATATE resistance with a
disease control rate of 100% including 62.5% partial response and 37.5%. stable disease. The safety analysis
revealed that no grade I11/IV hematological, renal, or liver toxicities was observed but the median follow-up
duration was only 8 months. The absence of severe toxicity was then confirmed in 2021 by a retrospective study
which aimed to assess the maximum single cycle activity and cumulative activity which can be injected safely to
patients. After a de-escalation study they showed that treatment activities of 20 MBq with 4 monthly repetitions
and cumulative activity to 60-80 MBq were well tolerated [19]. These clinical studies already published and
those ongoing using SSAs radiolabeled with 225Ac underscore several current challenges that remain largely
unanswered. Questions persist regarding the optimal injected activity, the potential benefits of activity
fractionation and dose repetition, the ideal therapeutic sequence, and the importance of nephroprotective
treatment. Therefore, further preclinical studies are crucial to elucidate the underlying mechanisms and provide

initial demonstrations.

Herein, we successfully demonstrate the efficacy in terms of tumor delay and survival, and the safety of
[**Ac]Ac-DOTATOC in a new relevant model of pancreatic NET liver metastases with MRI follow-up during
experimentation. Since we did not reach a DLT in this model, further dose escalation and fractionation could be
an improvement, as our data tend to show better efficacy with 2x120kBg. This mouse model could also be useful
for assessing other potential treatments such as other radionuclide therapies targeting SSTR or the combination

of PRRT and other cytotoxic agents.
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