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Abstract

:

We investigated nuclear medicine therapeutics targeting the L-type amino acid transporter 1 (LAT1). We previously reported that a nuclear medicine therapeutic drug using astatine 211 (211At), an alpha-emitting nuclide that can be produced in an accelerator and targets LAT1 as a molecular target, is effective. The seed compound was 3-[211At] Astato-α-methyl-L-tyrosine (211At-AAMT-OH-L). We used a unique labeling method. By changing the OH group of phenol to a methyl group, retention was successfully increased. It was also found that the amount of the L-isomer taken up by the D-isomer and L-isomer was clearly higher, and the L-isomer was superior as a therapeutic drug. Compounds in which the methyl group was replaced with an ethyl or propyl group were also examined, but their retention did not increase significantly. In fact, we observed increased non-specific accumulation and dynamics, suggesting that labeling may be off. In addition, 211At-AAMT-O-Me-L, which has a simple structure, was clearly superior in terms of uptake speed for several candidate compounds. As a result, we were able to develop a compound that can be easily labeled, has high specific radioactivity, is stable, and has a strong therapeutic effect.
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1. Introduction


Currently, we are developing an alpha-nuclear medicinal therapeutic agent using astatine-211 (211At), an alpha-emitting nuclide. 211At, which we use, is a nuclide that can be produced using an accelerator. Therefore, 211At has attracted particular attention in Japan as a labeling nuclide for alpha-emitting nuclear medicine. Compared with Actinium-225 (half-life: 10 days) and Radium-223 (half-life: 11.2 days), which are also attracting attention, 211At has a shorter half-life (7.2 h), which results in fewer side effects and a shorter hospitalization time for the patient. Numerous review articles have been published on the application of 211At in nuclear medicine drugs [1,2,3,4,5,6,7,8]. Therefore, the usefulness of 211At is widely known. Furthermore, 211At is a halogen nuclide that is relatively easy to label, and techniques for labeling various compounds are being investigated [9]. The use of compounds with short half-lives, such as astatine-211, as nuclear medicine therapeutics requires rapid labeling. Transport time must be considered in addition to labeling time if nuclides cannot be made in one’s own tissues. Osaka University is also developing an accelerator that is easy to install for convenient production [10].



To date, we have reported a nuclear medicine therapeutic drug that molecularly targets LAT1 [11,12], a cancer cell-type amino acid transporter. LAT1 was identified by Kanai et al. [13] and has been proven to be a useful molecular target for Positron Emission Tomography (PET) imaging because of its cancer specificity [14,15,16,17]. It is also an excellent molecular target that has been considered a potential target for Boron Neutron Capture Therapy (BNCT) therapy [18,19,20,21,22]. This research was conducted with the aim of developing a compound with a higher labeling efficiency and a higher accumulation rate in cancer tissues. First, we investigated the increase in lipid solubility to increase its ability to accumulate in tumor tissues. The selectivity of LAT1 is proportional to the size of its side chain [23], and its cellular uptake is inversely proportional. Next, we considered the specific radioactivity. This is because the study of efficient labels will not only be useful for future pharmaceuticals, but also enable the efficient use of nuclides. The alpha-methyl group is crucial for maintaining the selectivity of LAT1. In addition, the seed compound had some stability problems owing to the presence of a hydroxy group near the 211At labeling site. Therefore, we aimed to improve the stability and retention of the compound without altering its selectivity by modifying its side chain. Supplementary Figure S1 shows the compounds used in this study. Previously, we used the mercury method for labeling; however, in 2021, we developed a revolutionary method called the “Shirakami reaction”. This labeling method, discovered by the co-author Pf. Shirakami, is a method that replaces 211At with high efficiency by introducing boronic acid or pinacolborane into the site to be labeled and is safe as it does not require any special reagents [24].



There are two methods to impart LAT1 selectivity to compounds. One method is to introduce a bulky hydrophobic substituent at the 4-position of the aromatic ring in the side chain and the other is to add a methyl group to the α-carbon. In the former case, although it is possible to obtain high affinity, the transport activity decreases, and its properties as a blocker come to the fore, as with melphalan. In the latter case, it becomes LAT1 selective while retaining its transport activity. Based on this characteristic, we aimed to improve fat solubility by slightly elongating the side chains. First, the methoxy form of the seed compound was synthesized as a candidate compound. To optimize our compounds, we first compared them with the seed compound 211At-AAMT (211At-AAMT-OH-L) and candidate compounds. We then evaluated the optical isomers and compared the effects of the side-chain modifications to determine the optimal compound.




2. Results


2.1. Synthesis of 211At Labeled Chemicals


All precursors were labeled by “Shirakami Reaction” and purified using an HLB column (Waters Corp, Waltham, MA, USA). All structures are shown in Supplementary Figure S1. After purification, the solution was supplemented with 1% (v/w) of ascorbic acid. The retention time of (S)-2-amino-3-(3-(astato-211At)-4-methoxyphenyl)-2-methylpropanic acid (211At-AAMT-OMe-L) determined using High Performance Liquid Chromatography (HPLC) (concentration: 1 MBq/mL, Flow: 1 mL/min; absorbance = 226 nm) was 12.91 min. A COSMOSIL Packed 5C18-MS-II (4.6 mm × 150 mm) Column was used at 40 °C. Mobile phase A was 0.1% formic acid and B was acetonitrile (10–60%, 20 min). HPLC analysis revealed that it was a single-peak compound (Figure 1A). The stability of 211At-AAMT-OMe-L in its unpurified state was analyzed by thin layer chromatography (TLC). BAS IP MS 2025E (GE Healthcare Technologies Inc., Chicago, IL, USA) was used for imaging. Image data were collected using a TyhoonTM FLA-7000 (Cytiva, GE Healthcare Technologies Inc.). The eluent was a 1:2 mixture of water and acetonitrile, and the Rf ratio was 0.80. The compound showed almost no degradation after 24 h and 48 h (Figure 1B). Compounds labeled using the mercury method were unstable without the addition of an antioxidant (ascorbic acid) [12]; on the other hand, the data for 211At-AAMT-OMe-L shown in Figure 1B show that the compound made by the Shirakami reaction is stable. We also labeled 211At-AAMT-O-Me-D, 211At-AAMT-O-Et-L, and 211At-AAMT-O-Pr-L according to the same method. The labeling results are shown in Supplementary Figure S2. Optimization of the labeling conditions revealed that 211At-AAMT-OMe-L could be labeled using the smallest amount of raw material. Because optical isomers were only examined for 211At-AAMT-OMe-L and the remaining labeled products were all L-isomers, the DL notation was omitted when optical isomers were not compared. 211At-AAMT-O-Me-L in the crude product solution was detected at Rf = 0.80, yielding a radiochemical yield (RCY) of 81.3%. The radiochemical yield and purity of the purified product were 81% and 98%, respectively. 211At-AAMT-O-Me-D in the crude product solution was detected at Rf = 0.80, yielding a radiochemical yield (RCY) of 79.6%. The radiochemical yield and purity of the purified product were 79.6% and 99.9%, respectively. 211At-AAMT-O-Et-L in the crude product solution was detected at Rf = 0.80, yielding a radiochemical yield (RCY) of 85.5%. The radiochemical yield and purity of the purified product were 75.9% and 99.27%, respectively. 211At-AAMT-O-Pr-L in the crude product solution was detected at Rf = 0.80, yielding a radiochemical yield (RCY) of 78.0%. The radiochemical yield and radiochemical purity of the purified product were 78.0% and 99.52%, respectively.




2.2. Uptake Comparison Between Candidate Compounds


Each cell line was seeded in 24 wells at 1 × 105 cells/mL and allowed to become sub-confluent on the day of the experiment. Cells were washed with PBS (-) (Fujifilm Wako Pure Chemical, Osaka, Japan) prior to the addition of the compound, which was then replaced with uptake buffer [25]. After treating the cells with the same dose, they were collected at predetermined time points. The cell dose was measured using a γ-counter (Wizard2 2480; PerkinElmer, Waltham, MA, USA), and the protein content of the sample was determined. Protein content was measured using the BCA method, and the dose was corrected using the protein content (Protein Assay BCA kit, Fujifilm Wako Pure Chemical).



Comparison of uptake among the 211At labeled compounds confirmed that 211At-AAMT-O-Me-L showed the highest increase in uptake in accordance with a LAT1 expression (doxycycline concentration)-dependent manner (Figure 2A). A comparison of the time-dependent uptake of the compounds in PANC-1 cells also revealed that 211At-AAMT-OMe-L showed the highest uptake. Only 211At-AAMT-OMe-L showed a significantly higher uptake than the seed compound 211At-AAMT-OH-L (Figure 2B).



Differences in optical isomers were examined using the LAT1 overexpression system in HEK293 cells, and there were no significant differences in specific uptake, suggesting comparable performance in in vitro experiments (Figure 3A). We also confirmed a study using cancer cells and found that in cancer cells, the L-isomer was taken up more and the D-isomer was taken up less (Figure 3B).




2.3. Distribution Differences Between Candidate Compounds In Vivo


Table 1 shows a comparison between the seed compound 211At-AAMT-OH-L and the candidate compound 211At-AAMT-O-Me-L. Both compounds were L-isomers. The major difference in the comparison of distribution is the reduced accumulation in the bone, including the bone marrow, cecum, and pancreas. Conversely, the accumulation was higher in the salivary glands, lungs, spleen, and stomach. By 24 h later, the residual amount in the tumor was not large in both compounds, but it was confirmed that the residual amount in the tumor was higher with 211At-AAMT O-Me-L than 211At-AAMT-OH-L.



First, the distributions of the D- and L-isomers were compared between ICR and normal animals. Table 2 shows the data at 1 h and 3 h after injection. Both compounds accumulated in the thyroid gland, salivary glands, and stomach at the 1 h point, but the thyroid and salivary gland accumulation was lower at 3 h. The accumulation in the stomach remained high, but the dose in the small intestine was higher. The largest difference in the distribution of the optical isomers was in urinary excretion: at the 1 h point, more of the L-isomer was excreted, but at the 3 h point, more of the D-isomer was excreted. In ICR mice as normal animals, the accumulation of both compounds in the thyroid and stomach is higher. Accumulation in the thyroid was high at the 1 h point (D-isomer in thyroid: 8.06 ± 3.56; L-isomer in thyroid: 13.12 ± 1.72) but was suppressed to a low level at the 3 h point (D-isomer in thyroid: 0.42 ± 0.20; L-isomer in thyroid: 0.60 ± 0.16). Comparing the blood doses, the D-isomer dose increased faster in the blood and then decreased because of urinary excretion. The L-isomer dose was almost unchanged in the blood at the 1 and 3 h points, suggesting that retention was higher for the L-isomer. Accumulation in the thyroid and stomach was low in carrier animals. The blood dose was higher for the L-isomer at both the 1 and 3 h time points, and the %ID/g in the tumor tissue was clearly higher for the L-isomer.



The distribution data of the optical isomers in the PANC-1 tumor-bearing model are listed in Table 3. Comparing the D- and L-isomers, the L-isomer accumulation was higher at both 1 and 3 h. Although tumor accumulation is affected by the number of blood vessels infiltrating the tumor tissues, LAT1 is expressed on cancer cells and the number of formed stromal cells. The L-isomer showed higher accumulation in tumors than under the same tumor conditions. The amount of excretion was also higher for the D-isomer in the tumor-bearing model.



We changed the side chain in the methyl group (211At-AAMT-OMe-L) to an ethyl group (211At-AAMT-OEt-L) with the aim of increasing accumulation in tumors. The distribution data in ICR mice or nude mice (PANC-1 tumor-bearing model) were shown in Table 4. In ICR mice, the accumulation of 211At-AAMT-O-Et-L in non-specific organs was very high, and side effects were feared (Table 4). In nude mice, tumor accumulation and non-specific accumulation in non-tumor organs were also higher (Table 4). 211At-AAMT-O-Pr-L was constructed for the same purpose as that of 211At-AAMT-O-Et-L. 211At-AAMT-O-Pr-L was investigated in the same manner as 211At-AAMT-O-Et-L. Increased accumulation was observed in the thyroid gland, salivary glands, and stomach. In the PANC-1 tumor-bearing model, increased accumulation was observed in the pancreas and spleen (Table 5).




2.4. Excretion Differences Between Candidate Compounds In Vivo


Urinary excretion levels were also examined (Supplementary Table S1). Comparing the D-isomer and L isomer of 211At-AAMT-O-Me from ICR mice, the D-isomer; 24.84 ± 13.03% ID, L-isomer; 33.69 ± 1.26% ID at 1 h after injection. D-isomer; 71.36 ± 4.67% ID, L-isomer; 23.99 ± 2.40% ID at 3 h after injection. From PANC-1 tumor bearing mice, D-isomer; 35.24 ± 8.70% ID, L-isomer; 20.40 ± 0.76% ID at 1 h after injection. D-isomer; 47.38 ± 3.19% ID, L-isomer; 3.23 ± 0.67% ID at 3 h after injection. In tumor-bearing models, the amount of excretion was smaller than that in normal mice. We have already reported that, in the presence of target cancer tissue for administered drugs, retention in the cancer tissue results in reduced excretion compared with normal animals. These results were confirmed by our previous study [26]. The same was also observed for feces, but very little was excreted in the feces. The results were as follows: from ICR mice, D-isomer; 0.06 ± 0.03% ID, L-isomer; 0.004 ± 0.003% ID at 1 h after injection. D-isomer; 0.02 ± 0.01% ID, L-isomer; 0.02 ± 0.01% ID at 3 h after injection. From PANC-1 tumor bearing mice, D-isomer; 0.25 ± 0.12% ID, L-isomer; 0.002 ± 0.001% ID at 1 h after injection. D-isomer; 0.75 ± 0.46% ID; L-isomer; 0.07 ± 0.03% ID at 3 h after injection.




2.5. Anti-Tumor Effect in Xenograft Model


See Figure 4 for a comparison of the anti-tumor effects of the compounds in the PANC-1 tumor model (Figure 4). Mice in the control group were euthanized when the tumor size exceeded 10% of their body weight. Tumor growth was suppressed after 7 to 10 days. Compounds with higher accumulation in tumor tissues tended to have greater therapeutic efficacy, but there was no significant difference between the compounds.



No significant differences were observed between the compounds in the PANC-1 tumor bearing model, and all compounds showed anti-tumor effects.





3. Discussion


To compare the time of accumulation in tumors, 211At-AAMT-OH-L and 211At-AAMT-O-Me-L were compared in terms of their accumulation in tissues after 24 h (Table 1). Labeling was performed using the “Shirakami reaction”. Both compounds were eliminated from the body after 24 h, but 211At-AAMT-O-Me-L remained 2.6 times more accumulated in the tumors than 211At-AAMT-OH-L. In addition, the blood intensity was 22 times higher. In contrast, 211At-AAMT-OH-L remained in the thyroid (5.2-fold), pancreas (4.1-fold), cecum (3.2-fold), and femur, including the bone marrow (5.7-fold), and was thought to induce side effects more easily than 211At-AAMT-O-Me-L (Table 1). Because 211At-AAMT-O-Me-L was found to be a superior labeling compound, we next compared its optical isomers. ICR mice were used as normal animals, and comparisons were made 1 and 3 h after administration. The results showed that 1 h after administration, astatine itself is known to have a higher accumulation rate [27] in the thyroid gland, stomach, and urine, and the L-isomer was found to have a higher accumulation rate. However, looking at the localization after 3 h, accumulation in the thyroid gland was very low, confirming that it was transient. In addition, the urinary D-body content exceeded 70% after 3 h, suggesting that the D-isomer was rapidly excreted in the urine (Table 2). A similar study was conducted using tumor-bearing mice. Compared with normal animals, the blood intensity increased 3.9-fold in the D-isomer and 5-fold in the L-isomer. In contrast, accumulation in the thyroid gland and stomach was lower. The accumulation in tumors was 3.25 ± 1.39 %ID/g at 1 h and 3.84 ± 2.10 %ID/g at 3 h for the D-isomer, whereas it was already 7.83 ± 0.30 %ID/g at 1 h and 10.29 ± 0.88 %ID/g at 3 h for the L-isomer, showing that the L-isomer was superior to the D-isomer at all time points. The L-isomer content was higher than that of the D-isomer at all the time points (Table 3). It is well known that the D- and L-isomers of amino acids behave differently throughout the body. For PET probes, the D-isomer is considered desirable because of its low non-specific accumulation [28]. However, the D-isomer is not used as a substrate in vivo [29]. We aimed to develop highly functional compounds for nuclear medicine therapeutics, and while specificity is necessary, a certain amount must be taken up by the tissues. Our results confirmed that the L-isomer was suitable for uptake into tumor tissues using the amino acid therapeutic probe.



211At-AAMT-O-Et-L and 211At-AAMT-O-Pr-L showed lower cellular uptake when LAT1 expression increased. Because these compounds are more liposoluble than 211At-AAMT-O-Me-L, simple diffusion through the lipid bilayer may occur. Therefore, it is thought that compounds that were specifically taken up once may not be retained in the cell (Figure 2A). Although 211At-AAMT-O-Me-L had noticeably higher cellular uptake (Figure 2B), this was only an in vitro study, and the results showed that 211At-AAMT-O-Me-L had a faster rate of cellular uptake. Retention time in tissues is also relevant to therapeutic effects. Therefore, it may not be correlated with the therapeutic effect in vivo. A comparison of the D- and L-isomers showed similar levels of uptake in the HEK293 cell system (Figure 3A), but more uptake of the L-isomer was observed in the experiment using the cancer cell line PANC-1 (Figure 3B). This suggests that LAT1 expressed in HEK293 cells was artificially expressed and might have been less functional than that expressed in cancer cells. It was also reported that membrane proteins, such as integrin, were complexed with LAT1, and their complexes might reinforce the function of LAT1. Furthermore, the D-isomer amino acid was not utilized in vivo. This might be the reason for the differences in uptake by the cell line.



Next, we examined compounds with a methyl group replaced by an ethyl group in ICR mice, and the accumulation of 211At-AAMT-O-Et-L in the thyroid and stomach was very high, and the amount of accumulation was even higher at 3 h than at 1 h. In particular, the accumulation in the stomach at 3 h was very high at 38.74 ± 10.11 %ID/g (Figure 4A). In contrast, in the tumor-bearing model, the accumulation in the stomach was 33.25 ± 8.36 %ID/g at 1 h but this decreased to 18.47 ± 2.59 %ID/g at 3 h (Figure 4B). Both ICR and carrier cancer models showed high accumulation in the spleen and pancreas; the reason for these accumulations might be physiological accumulation, since LAT1 expression is found in the pancreas in rodents more than in humans. The spleen might be a possible physiological accumulation of 211At owing to the dehalogenation of the compounds. The accumulation in tumors was 5.64 ± 0.91 %ID/g after 1hr and 5.24 ± 1.39 after 3 h, indicating high tumor retention. We also examined compounds in which the methyl group was replaced by a propyl group. In ICR mice, the accumulation of 211At-AAMT-O-Pr-L in the thyroid and stomach was very high, especially at 3 h, and even higher than that at 1 h, at 32.05 ± 3.31 %ID/g in the stomach (Table 5). In contrast, in the carcinoma-bearing model, accumulation in the stomach was 7.31 ± 0.30 %ID/g at 1 h but this increased to 20.60 ± 1.34 %ID/g at 3 h (Figure 4B). The differences in accumulation by the model may be due to strain differences. Histopathological evaluation is necessary to determine whether the differences are due to tumor metastases. The accumulation in tumors was 5.91 ± 0.27 %ID/g at 1 h and 9.45 ± 0.82 %ID/g at 3 h, indicating a higher accumulation in tumors. No significant differences in tumor growth inhibition were observed among the compounds (Figure 4).



Toxicity studies were performed using 211At-AAMT-O-Me-L, which appeared to have the highest safety profile based on pharmacokinetic results. Labeled material was administered to ICR mice (male and female) at a dose of 1 MBq/mouse with a clear therapeutic effect, and samples were collected the day after administration and 5, 14, and 28 days later for blood and pathological examination. The results indicated that no effects were observed on the day after administration, and although hematopoietic disorders originating from radiation exposure were observed five days after administration, they were subsequently cured (Supplementary Table S2).



In an artificial evaluation system using HEK293 cells, 211At-AAMT-O-Me-L was also the best. The amount of uptake was proportional to the expression level of LAT1, the speed of uptake was the fastest, and the short half-life of 211At (7.2 h) was advantageous for its rapid uptake property. From the experimental results regarding compound uptake in an artificial system using HEK293 cells, 211At-AAMT-OMe-L, which correlates with the expression level of LAT1, was the best. It also exhibited the highest stability. However, some may not consider other compounds inferior. Looking only at the anti-tumor effects, they were almost the same in the PANC1 model, and the amount of uptake may be higher depending on the cancer type. If we focus on tumor-only accumulation rates, both 211At-AAMT-O-Et-L and 211At-AAMT-O-Pr-L have reasonably good accumulation rates; however, these labeled substances have high accumulation rates in non-specific organs. Although the exact affinity needs to be determined by crystal structure analysis or cryo-electron microscopy, the advantages of 211At-AAMT-OMe-L are significant, at least in biological experiments. When considering its use as a drug, there is no doubt that the stability of the labeled compound and the ease of labeling must be considered.



211At-AAMT-O-Me-L showed rapid uptake into cells and was very stable. In addition, there was less adsorption on the experimental equipment. Labeling requires only a very small amount of the compound, and the labeling efficiency is high. It also has the simplest structure among candidate compounds. Therefore, we used 211At-AAMT-O-Me-L as the hit compound. This compound has been shown to be effective in any cancer that expresses LAT1, regardless of cancer type. The limitations of this study were that the models were limited to one tumor-bearing model for a comparison of the compounds, we did not look at the fine distribution in the time course of all compounds, we did not compare dose-dependent therapeutic effects, and the toxicity evaluation of 211At-AAMT-O-Me-L is still in progress. We plan to proceed with clinical applications targeting pancreatic cancer and other tumors with high LAT1 expression levels.




4. Materials and Methods


4.1. Chemical Synthesis


We presented an optimized design as precursors for astatine labeling using “Shirakami Reaction” [14], and asked Kishida Chemical Co., Ltd. (Osaka, Japan) to synthesize them. Water was used as the solvent for the precursor, with boronic acid as a substituent. For the precursor with pinacolborane as the substituent, 7% NaHCO3, known as Meylon (Otsuka Pharmaceutical, Tokyo, Japan), was used as the solvent.




4.2. Nuclide Manufacturing


Astatine-211 (211At) was produced at cyclotron facilities at RIKEN (Wako, Japan) and Research Center for Nuclear Physics at Osaka University (Osaka, Japan). The bismuth deposited on aluminum was irradiated with an α-particle beam. 211At was then separated and purified from the irradiated Bi target by dry distillation using the automated dry distillation system, COSMiC-Mini VTRSC2 (Nihon Mediphysics Business Support, Hyogo, Japan), and collected as an aqueous solution [30]. This system was based on previously reported dry separation methods [31].




4.3. Chemical Labeling


All the precursors were labeled with 211At. We mixed aqueous 211At solution with the precursors, added KI as a carrier, and labeled with the “Shirakami reaction”. The mixtures were incubated with KI at 50 °C for 50 min. The labeled product was purified using an Oasis HLB column (WatersTM, Milford, MA, USA) and its quality was evaluated by high-performance liquid chromatography (HPLC) and thin layer chromatography (TLC).




4.4. High-Performance Liquid Chromatography and Thin Layer Chromatography


The radiolabeled products and reference compounds were analyzed by HPLC (LC-20AD, Shimadzu Corp., Kyoto, Japan) using a reversed-phase column (Cosmosil Packed Column 5C18 MSII, 4.6 mm × 150 mm, Nacalai tesque, Kyoto, Japan). The samples were eluted using a mixture of Formic Acid and ACN at a flow rate of 1.0 mL/min. The eluate was monitored by a radio-activity flow detector (Gabi star, Elysia-raytest, Angleur, Belgium) and a UV detector (226 nm). Thin-layer chromatography was performed as already described. For thin-layer chromatography (TLC), BAS IP MS 2025E (GE Healthcare Technologies Inc., Chicago, IL, USA) was used for imaging. Image data were collected using a TyhoonTM FLA-7000 (Cytiva, GE Healthcare Technologies Inc.). A 1:2 mixture of water and acetonitrile was used as the eluent.




4.5. Cell Culture


The PANC-1 cell line was obtained from the RIKEN Cell Bank and maintained in RPMI 1640 medium (Fujifilm Wako Pure Chemical, Osaka, Japan) supplemented with 10% inactivated fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA). Mock/HEK293, LAT1/HEK293, and LAT2/HEK203 cells were kindly provided by Dr. Kanai [32]. Cell lines controlling LAT1 expression were constructed using the Tet-on system. HEK293 cells were obtained from the RIKEN Cell Bank and maintained in E-MEM (Fujifilm Wako Pure Chemical) supplemented with 10% inactivated fetal bovine serum (Thermo Fisher Scientific) and non-essential amino acids (Fujifilm Wako Pure Chemical). The expression vectors were purchased from VectorBuilder, Inc. (Kanagawa, Japan). The purified viral particle genes were transfected into HEK293 cells. Drug selection and cloning of the cell line (Tet-LAT1/HEK293) were performed. Drug selection was performed using puromycin (Fujifilm Wako Pure Chemical Industries) and hygromycin (Fujifilm Wako Pure Chemical).




4.6. Animal Model


4.6.1. Normal Animal Model


ICR mice (male, 5 weeks old) were purchased from Japan SLC (Shizuoka, Japan) and acclimated for one week prior to use. The doses in the distribution experiments were as follows: 211At-AAMT-O-Me-L (0.407 ± 0.005 MBq/mouse, 31.64 ± 0.76 g, n = 6), 211At-AAMT-O-Me-D (0.351 ± 0.004 MBq/mouse, 31.44 ± 0.94 g, n = 6), 211At-AAMT-O-Et-L (0.685 ± 0.010 MBq/mouse, 24.14 ± 3.31 g, n = 6), 211At-AAMT-O-Pr-L (1.09 ± 0.06 MBq/mouse, 26.33 ± 0.39 g, n = 6)




4.6.2. Xenograft Model


BALB/c nu/nu mice (male, 5 weeks old) were purchased from Japan SLC (Shizuoka, Japan) and subcutaneously transplanted at a density of 1 × 107 cells/mouse. PANC-1 cells that reached the logarithmic growth phase were transplanted subcutaneously by mixing a 1 × 108 cells/mL cell suspension with an equivalent volume of Matrigel (Corning, Corning, NY, USA) to obtain 1 × 107 cells per mouse. Experiments were performed after the size of the transplanted tumor had exceeded 50 mm3. The doses in the distribution experiments were as follows: 211At-AAMT-OH-L (0.501 ± 0.011 MBq/mouse, 19.91 ± 0.59 g, n = 3) and 211At-AAMT-O-Me-L (0.384 ± 0.003 MBq/mouse, 19.18 ± 0.38 g, n = 6 for Table 3), 211At-AAMT-O-Me-L (158.10 ± 2.94 kBq/mouse, 19.27 ± 0.64 g, n = 6) and 211At-AAMT-O-Me-D (135.08 ± 2.35 kBq/mouse, 18.64 ± 0.97 g, n = 6), 211At-AAMT-O-Et-L (0.682 ± 0.011 MBq/mouse, 20.25 ± 1.41 g, n = 6), 211At-AAMT-O-Pr-L (0.927 ± 0.020 MBq/mouse, 21.74 ± 0.37 g, n = 6).



In the treatment experiments, the following doses were administered; 211At-AAMT-OH-L (1.02 ± 0.02 MBq/mouse, 19.73 ± 0.38 g, n = 3) and 211At-AAMT-O-Me-L (1.01 ± 0.02 MBq/mouse, 20.23 ± 0.17 g, n = 3), 211At-AAMT-O-Et- (1.02 ± 0.02 MBq/mouse, 19.63 ± 0.24 g, n = 3), 211At-AAMT-O-Pr-L (1.02 ± 0.01 MBq/mouse, 18.07 ± 0.24 g, n = 3), and control mice (20.33 ± 0.03 g). Observations were conducted three times a week, and tumor size and weight were measured.





4.7. Statistical Analysis


The results are expressed as mean ± standard error. Comparisons between the groups were performed using unpaired t-tests in Microsoft Excel (version 2016). For multiple comparisons among the three groups, Bonferroni correction was performed. Differences were considered statistically significant at p < 0.05.





5. Conclusions


There are three advantages of the molecular targeting of LAT1 for the treatment of cancer. First, LAT1 is highly correlated with the degree of cancer progression, and compounds that molecularly target LAT1 are likely to be taken up in large amounts in correlation with LAT1 expression [33,34,35,36,37,38,39]. Thus, compounds targeting LAT1 are selectively incorporated into cancers with a high degree of progression, and high therapeutic efficacy can be expected [40,41,42]. Second, there is a high correlation between LAT1 expression and cancer motility or metastatic potential [43]. In other words, it is possible to treat both primary and metastatic tumors simultaneously. Third, a high expression of LAT1 has been observed in all types of cancer [44,45,46,47,48,49]. This may allow for the treatment of multiple and potential cancers. Second, there are three advantages to using short-lived α-ray nuclear medicinal therapeutic agents. α-Rays have a short range; therefore, there is little radiation exposure to the surrounding environment. Second, nuclear medicine therapeutic agents are injectable, which means that they are less invasive. This means that they are more likely to be used by patients who are not physically strong. Surgery is the mainstay of cancer treatment; however, there is a great need for patients whose quality of life is reduced by resection. Thirdly, 211At has a short lifespan. The short lifespan of 211At is expected to shorten the hospitalization period among nuclear medicine therapeutic agents [50,51,52]. The constitutional criteria for patients undergoing nuclear medicine treatment were compiled by the ICRP approximately 20 years ago [53,54] but should be revised considering the recent development of new nuclear medicine therapeutic agents.



211At-AAMT-OMe-L was found to be the best compound for use as a nuclear medicine therapeutic agent with LAT1 high selectivity. In this study, PANC-1 was used as a tumor-bearing model, but further studies are needed to expand the indications for other cancer types and to investigate safety issues in the future.




6. Patents


The results obtained in this study were also applied to patents in Japan and a PCT application (WO/2024/063095).








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms252212386/s1.





Author Contributions


Conceptualization, K.K.-N. and Y.S.; methodology, K.K.-N.; validation, K.K.-N. and Y.S.; formal analysis, K.K.-N.; investigation, K.K.-N., K.H., S.F. and Y.S.; resources, Y.K. (Yuichiro Kadonaga), K.O., A.T., H.H. and M.M.; data curation, K.K.-N.; writing—original draft preparation, K.K.-N.; writing—review and editing, T.W.; visualization, K.K.-N.; supervision, Y.M., A.S., Y.K. (Yoshikatsu Kanai) and K.F.; project administration, K.K.-N.; funding acquisition, K.K.-N. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported in part by a Grant for Basic Science Research Projects from the Sumitomo Foundation and the Foundation for the Promotion of Cancer Research. This research was also supported in part by AMED under Grant Number JP23ym0126809 and JSPS KAKENHI Grant Numbers JP21K07619 and JP18K07323.




Institutional Review Board Statement


Approval of the research protocol by an institutional review board: N/A; Registry and Registration No. of the study/trial: N/A; Animal Studies: This study was approved by the Dean of Graduate School of Science, Osaka University after a review by the Institutional Animal Care and Use Committee (Permission number: 2020-02-0) and carried out according to the Osaka University Graduate School of Science, Animal Experimentation Regulations.




Informed Consent Statement


Not applicable.




Data Availability Statement


Can be found within the article.




Acknowledgments


The authors thank H. Egawa for technical assistance with the experiments. We also thank A. Saito-Kawakami and N. Jinno for lending expertise in the application of HPLC techniques. Finally, we are grateful to the referees for their helpful comments. We would also like to thank N. Sato, A. Nambu, Y. Shigekawa, Y. Kanayama, H. Shimizu, for their technical assistance with the production of 211At at the RIKEN RI Beam Factory.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Rabiei, M.; Asadi, M.; Yousefnia, H. Astatine-211 Radiopharmaceuticals; Status, Trends, and the Future. Curr. Radiopharm. 2024, 17, 7–13. [Google Scholar] [CrossRef]

	



Dong, T.; Zhang, Z.; Li, W.; Zhuo, W.; Cui, T.; Li, Z. Synthesis Principle and Practice with Radioactive Iodines and Astatine: Advances Made So Far. J. Org. Chem. 2024, 89, 11837–11863. [Google Scholar] [CrossRef]

	



Vanermen, M.; Ligeour, M.; Oliveira, M.C.; Gestin, J.F.; Elvas, F.; Navarro, L.; Guérard, F. Astatine-211 radiolabelling chemistry: From basics to advanced biological applications. EJNMMI Radiopharm. Chem. 2024, 9, 69. [Google Scholar] [CrossRef] [PubMed]

	



Higuchi, T.; Chen, X.; Werner, R.A. Navigating new horizons: Prospects of NET-targeted radiopharmaceuticals in precision medicine. Theranostics 2024, 14, 3178–3192. [Google Scholar] [CrossRef]

	



Gao, J.; Li, M.; Yin, J.; Liu, M.; Wang, H.; Du, J.; Li, J. The Different Strategies for the Radiolabeling of [211At]-Astatinated Radiopharmaceuticals. Pharmaceutics 2024, 16, 738. [Google Scholar] [CrossRef]

	



Tanudji, J.; Kasai, H.; Okada, M.; Ogawa, T.; Aspera, S.M.; Nakanishi, H. (211)At on gold nanoparticles for targeted radionuclide therapy application. Phys. Chem. Chem. Phys. 2024, 26, 12915–12927. [Google Scholar] [CrossRef] [PubMed]

	



Uehara, T. Chemical Design of Radiohalogenated Agents Using Neopentyl Structure. Yakugaku Zasshi 2024, 144, 285–290. [Google Scholar] [CrossRef] [PubMed]

	



Kleynhans, J.; Ebenhan, T.; Cleeren, F.; Sathekge, M.M. Can current preclinical strategies for radiopharmaceutical development meet the needs of targeted alpha therapy? Eur. J. Nucl. Med. Mol. Imaging 2024, 51, 1965–1980. [Google Scholar] [CrossRef]

	



Timperanza, C.; Jensen, H.; Bäck, T.; Lindegren, S.; Aneheim, E. Pretargeted Alpha Therapy of Disseminated Cancer Combining Click Chemistry and Astatine-211. Pharmaceuticals 2023, 16, 595. [Google Scholar] [CrossRef]

	



Koay, H.; Fukuda, M.; Kanda, H.; Nakao, M.; Yorita, T. Conceptual design of central region for high-temperature superconducting skeleton cyclotron (HTS-SC). In Proceedings of the Cyclotrons’19, Cape Town, South Africa, 23–27 September 2019; pp. 279–283. [Google Scholar]

	



Watabe, T.; Kaneda-Nakashima, K.; Shirakami, Y.; Liu, Y.; Ooe, K.; Teramoto, T.; Toyoshima, A.; Shimosegawa, E.; Nakano, T.; Kanai, Y.; et al. Targeted alpha therapy using astatine (211At)-labeled phenylalanine: A preclinical study in glioma bearing mice. Oncotarget 2020, 11, 1388–1398. [Google Scholar] [CrossRef]

	



Kaneda-Nakashima, K.; Zhang, Z.; Shimoyama, Y.; Shimoyama, A.; Kabayama, K.; Watabe, T.; Kanai, Y.; Ooe, K.; Toyoshima, A.; Shirakami, Y.; et al. alpha-Emitting cancer therapy using (211) At-AAMT targeting LAT1. Cancer Sci. 2021, 112, 1132–1140. [Google Scholar] [CrossRef] [PubMed]

	



Kanai, Y.; Segawa, H.; Miyamoto, K.; Uchino, H.; Takeda, E.; Endou, H. Expression cloning and characterization of a transporter for large neutral amino acids activated by the heavy chain of 4F2 antigen (CD98). J. Biol. Chem. 1998, 273, 23629–23632. [Google Scholar] [CrossRef]

	



Ohshima, Y.; Hanaoka, H.; Tominaga, H.; Kanai, Y.; Kaira, K.; Yamaguchi, A.; Nagamori, S.; Oriuchi, N.; Tsushima, Y.; Endo, K.; et al. Biological Evaluation of 3-[18F] Fluoro-α-Methyl-D-Tyrosine (D-[18F] FAMT) as a Novel Amino Acid Tracer for Positron Emission Tomography. Ann. Nucl. Med. 2013, 27, 314–324. [Google Scholar] [CrossRef]

	



Wiriyasermkul, P.; Nagamori, S.; Tominaga, H.; Oriuchi, N.; Kaira, K.; Nakao, H.; Kitashoji, T.; Ohgaki, R.; Tanaka, H.; Endou, H.; et al. Transport of 3-fluoro-L-α-methyl-tyrosine by tumor-upregulated L-type amino acid transporter 1: A cause of the tumor uptake in PET. J. Nucl. Med. 2012, 53, 1253–1261. [Google Scholar] [CrossRef] [PubMed]

	



Hanaoka, H.; Ohshima, Y.; Yamaguchi, A.; Suzuki, H.; Ishioka, N.S.; Higuchi, T.; Arano, Y.; Tsushima, Y. Novel 18F-Labeled α-Methyl-Phenylalanine Derivative with High Tumor Accumulation and Ideal Pharmacokinetics for Tumor-Specific Imaging. Mol. Pharm. 2019, 16, 3609–3616. [Google Scholar] [CrossRef] [PubMed]

	



Nozaki, S.; Nakatani, Y.; Mawatari, A.; Shibata, N.; Hume, W.E.; Hayashinaka, E.; Wada, Y.; Doi, H.; Watanabe, Y. 18F-FIMP: A LAT1-specific PET probe for discrimination between tumor tissue and inflammation. Sci. Rep. 2019, 9, 15718. [Google Scholar] [CrossRef]

	



Wongthai, P.; Hagiwara, K.; Miyoshi, Y.; Wiriyasermkul, P.; Wei, L.; Ohgaki, R.; Kato, I.; Hamase, K.; Nagamori, S.; Kanai, Y. Boronophenylalanine, a boron delivery agent for boron neutron capture therapy, is transported by ATB0,+, LAT1 and LAT2. Cancer Sci. 2015, 106, 279–286. [Google Scholar] [CrossRef]

	



Seneviratne, D.; Advani, P.; Trifiletti, D.M.; Chumsri, S.; Beltran, C.J.; Bush, A.F.; Vallow, L.A. Exploring the Biological and Physical Basis of Boron Neutron Capture Therapy (BNCT) as a Promising Treatment Frontier in Breast Cancer. Cancers 2022, 14, 3009. [Google Scholar] [CrossRef]

	



Järvinen, J.; Pulkkinen, H.; Rautio, J.; Timonen, J.M. Amino Acid-Based Boron Carriers in Boron Neutron Capture Therapy (BNCT). Pharmaceutics 2023, 5, 2663. [Google Scholar] [CrossRef]

	



Hirano, F.; Kondo, N.; Murata, Y.; Sudani, A.; Temma, T. Assessing the effectiveness of fluorinated and α-methylated 3-boronophenylalanine for improved tumor-specific boron delivery in boron neutron capture therapy. Bioorg. Chem. 2024, 142, 106940. [Google Scholar] [CrossRef]

	



Fujimura, A.; Yasui, S.; Igawa, K.; Ueda, A.; Watanabe, K.; Hanafusa, T.; Ichikawa, Y.; Yoshihashi, S.; Tsuchida, K.; Kamiya, A.; et al. In Vitro Studies to Define the Cell-Surface and Intracellular Targets of Polyarginine-Conjugated Sodium Borocaptate as a Potential Delivery Agent for Boron Neutron Capture Therapy. Cells 2020, 9, 2149. [Google Scholar] [CrossRef]

	



Chen, S.; Jin, C.; Ohgaki, R.; Xu, M.; Okanishi, H.; Kanai, Y. Structure–activity characteristics of phenylalanine analogs selectively transported by L-type amino acid transporter 1 (LAT1). Sci. Rep. 2024, 14, 4651. [Google Scholar] [CrossRef] [PubMed]

	



Shirakami, Y.; Watabe, T.; Obata, H.; Kaneda, K.; Ooe, K.; Liu, Y.; Teramoto, T.; Toyoshima, A.; Shinohara, A.; Shimosegawa, E.; et al. Synthesis of [211At]4-astato-L-phenylalanine by dihydroxyboryl-astatine substitution reaction in aqueous solution. Sci. Rep. 2021, 11, 12982. [Google Scholar] [CrossRef] [PubMed]

	



Shi, Z.; Kaneda-Nakashima, K.; Ohgaki, R.; Xu, M.; Okanishi, H.; Endou, H.; Nagamori, S.; Kanai, Y. Inhibition of cancer-type amino acid transporter LAT1 suppresses B16-F10 melanoma metastasis in mouse models. Sci. Rep. 2023, 13, 13943. [Google Scholar] [CrossRef] [PubMed]

	



Kaneda-Nakashima, K.; Zhang, Z.; Nagata, K.; Shirasaki, K.; Kikunaga, H.; Yamamura, T.; Ooe, K.; Warabe, T.; Toyoshima, A.; Yoshimura, T.; et al. Dispersion of Alpha-Nuclides during Animal Experiments. Radiat. Saf. Manag. 2021, 20, 29–38. [Google Scholar] [CrossRef]

	



Watabe, T.; Kaneda-Nakashima, K.; Liu, Y.; Shirakami, Y.; Ooe, K.; Toyoshima, A.; Shimosegawa, E.; Fukuda, M.; Shinohara, A.; Hatazawa, J. Enhancement of 211At uptake via the sodium iodide symporter by the addition of ascorbic acid in targeted α-therapy of thyroid cancer. J. Nucl. Med. 2019, 60, 1301–1307. [Google Scholar] [CrossRef]

	



Yang, Q.; Zhu, W.; Ren, C.; Ji, H.; Wang, D.; Liu, Y.; Li, F.; Du, Y.; Liu, Y.; Huo, L. Biodistribution and radiation dosimetry of D-isomer of 4-borono-2-[18F] fluoro-phenylalanine: A comparative PET/CT study with L-isomer in healthy human volunteers. Nucl. Med. Biol. 2021, 94–95, 32–37. [Google Scholar] [CrossRef]

	



Tang, T.; Gill, H.S.; Ogasawara, A.; Tinianow, J.N.; Vanderbilt, A.N.; Williams, S.P.; Hatzivassiliou, G.; White, S.; Sandoval, W.; DeMent, K.; et al. Preparation and evaluation of L- and D-5-[18F] fluorotryptophan as PET imaging probes for indoleamine and tryptophan 2,3-dioxygenases. Nucl. Med. Biol. 2017, 51, 10–17. [Google Scholar] [CrossRef]

	



Naka, S.; Ooe, K.; Shirakami, Y.; Kurimoto, K.; Sakai, T.; Takahashi, K.; Toyoshima, A.; Wang, Y.; Haba, H.; Kato, H.; et al. Production of [211At] NaAt solution under GMP compliance for investigator-initiated clinical trial. EJNMMI Radiopharm. Chem. 2024, 9, 29. [Google Scholar] [CrossRef]

	



Wang, Y.; Sato, N.; Komori, Y.; Yokokita, T.; Mori, D.; Usuda, S.; Haba, H. Present status of 211At production at the RIKEN AVF cyclotron. In III-3. Radiochemistry & Nuclear Chemistry; RIKEN Accelerator Progress Report; RIKEN Nishina Center for Accelerator-Based Science: Saitama, Japan, 2019; Volume 53, p. 192. [Google Scholar]

	



Khunweeraphong, N.; Nagamori, S.; Wiriyasermkul, P.; Nishinaka, Y.; Wongthai, P.; Ohgaki, R.; Tanaka, H.; Tominaga, H.; Sakurai, H.; Kanai, Y. Establishment of stable cell lines with high expression of heterodimers of human 4F2hc and human amino acid transporter LAT1 or LAT2 and delineation of their differential interaction with α-alkyl moieties. J. Pharmacol. Sci. 2012, 119, 368–380. [Google Scholar] [CrossRef]

	



Watanabe, T.; Sanada, Y.; Hattori, Y.; Suzuki, M. Correlation between the expression of LAT1 in cancer cells and the potential efficacy of boron neutron capture therapy. J. Radiat. Res. 2023, 64, 91–98. [Google Scholar] [CrossRef] [PubMed]

	



Tulipan, A.J.; Salberg, U.B.; Hole, K.H.; Vlatkovic, L.; Aarnes, E.K.; Revheim, M.E.; Lyng, H.; Seierstad, T. Amino acid transporter expression and 18F-FACBC uptake at PET in primary prostate cancer. Am. J. Nucl. Med. Mol. Imaging 2021, 11, 250–259. [Google Scholar]

	



Rivera, C.N.; Watne, R.M.; Brown, Z.A.; Mitchell, S.A.; Wommack, A.J.; Vaughan, R.A. Effect of AMPK activation and glucose availability on myotube LAT1 expression and BCAA utilization. Amino Acids 2023, 55, 275–286. [Google Scholar] [CrossRef] [PubMed]

	



Jakobsen, S.; Nielsen, C.U. Exploring Amino Acid Transporters as Therapeutic Targets for Cancer: An Examination of Inhibitor Structures, Selectivity Issues, and Discovery Approaches. Pharmaceutics 2024, 16, 197. [Google Scholar] [CrossRef]

	



Vettermann, F.J.; Diekmann, C.; Weidner, L.; Unterrainer, M.; Suchorska, B.; Ruf, V.; Dorostkar, M.; Wenter, V.; Herms, J.; Tonn, J.C.; et al. L-type amino acid transporter (LAT) 1 expression in 18F-FET-negative gliomas. EJNMMI Res. 2021, 11, 124. [Google Scholar] [CrossRef]

	



Saito, Y.; Soga, T. Amino acid transporters as emerging therapeutic targets in cancer. Cancer Sci. 2021, 112, 2958–2965. [Google Scholar] [CrossRef] [PubMed]

	



Singh, N.; Ecker, G.F. Insights into the Structure, Function, and Ligand Discovery of the Large Neutral Amino Acid Transporter 1, LAT1. Int. J. Mol. Sci. 2018, 19, 1278. [Google Scholar] [CrossRef]

	



Hayashi, K.; Anzai, N. Novel therapeutic approaches targeting L-type amino acid transporters for cancer treatment. World J. Gastrointest. Oncol. 2017, 9, 21–29. [Google Scholar] [CrossRef]

	



Zhang, J.; Xu, Y.; Li, D.; Fu, L.; Zhang, X.; Bao, Y.; Zheng, L. Review of the Correlation of LAT1 with Diseases: Mechanism and Treatment. Front. Chem. 2020, 8, 564809. [Google Scholar] [CrossRef]

	



Häfliger, P.; Charles, R.P. The L-Type Amino Acid Transporter LAT1—An Emerging Target in Cancer. Int. J. Mol. Sci. 2019, 20, 2428. [Google Scholar] [CrossRef]

	



Janpipatkul, K.; Suksen, K.; Borwornpinyo, S.; Jearawiriyapaisarn, N.; Hongeng, S.; Piyachaturawat, P.; Chairoungdua, A. Downregulation of LAT1 expression suppresses cholangiocarcinoma cell invasion and migration. Cell Signal. 2014, 26, 1668–1679. [Google Scholar] [CrossRef] [PubMed]

	



Higuchi, K.; Sakamoto, S.; Ando, K.; Maimaiti, M.; Takeshita, N.; Okunushi, K.; Reien, Y.; Imamura, Y.; Sazuka, T.; Nakamura, K.; et al. Characterization of the expression of LAT1 as a prognostic indicator and a therapeutic target in renal cell carcinoma. Sci. Rep. 2019, 9, 16776. [Google Scholar] [CrossRef] [PubMed]

	



Marshall, A.D.; van Geldermalsen, M.; Otte, N.J.; Anderson, L.A.; Lum, T.; Vellozzi, M.A.; Zhang, B.K.; Thoeng, A.; Wang, Q.; Rasko, J.E.; et al. LAT1 is a putative therapeutic target in endometrioid endometrial carcinoma. Int. J. Cancer 2016, 139, 2529–2539. [Google Scholar] [CrossRef] [PubMed]

	



Ozawa, T.; Rodriguez, M.; Zhao, G.; Yao, T.W.; Fischer, W.N.; Jandeleit, B.; Koller, K.; Nicolaides, T. A Novel Blood-Brain Barrier-Permeable Chemotherapeutic Agent for the Treatment of Glioblastoma. Cureus 2021, 13, e17595. [Google Scholar] [CrossRef] [PubMed]

	



Storey, B.T.; Fugere, C.; Lesieur-Brooks, A.; Vaslet, C.; Thompson, N.L. Adenoviral modulation of the tumor-associated system L amino acid transporter, LAT1, alters amino acid transport, cell growth and 4F2/CD98 expression with cell-type specific effects in cultured hepatic cells. Int. J. Cancer 2005, 117, 387–397. [Google Scholar] [CrossRef] [PubMed]

	



Nakazawa, N.; Sohda, M.; Ide, M.; Shimoda, Y.; Ubukata, Y.; Kuriyama, K.; Hara, K.; Sano, A.; Sakai, M.; Yokobori, T.; et al. High L-Type Amino Acid Transporter 1 Levels Are Associated with Chemotherapeutic Resistance in Gastric Cancer Patients. Oncology 2021, 99, 732–739. [Google Scholar] [CrossRef] [PubMed]

	



Cai, L.; Kirchleitner, S.V.; Zhao, D.; Li, M.; Tonn, J.C.; Glass, R.; Kälin, R.E. Glioblastoma Exhibits Inter-Individual Heterogeneity of TSPO and LAT1 Expression in Neoplastic and Parenchymal Cells. Int. J. Mol. Sci. 2020, 21, 612. [Google Scholar] [CrossRef]

	



Ohshima, Y.; Sudo, H.; Watanabe, S.; Nagatsu, K.; Tsuji, A.B.; Sakashita, T.; Ito, Y.M.; Yoshinaga, K.; Higashi, T.; Ishioka, N.S. Antitumor effects of radionuclide treatment using α-emitting meta-211At-astato-benzylguanidine in a PC12 pheochromocytoma model. Eur. J. Nucl. Med. Mol. Imaging 2018, 45, 999–1010. [Google Scholar] [CrossRef]

	



Xie, L.; Zhang, L.; Hu, K.; Hanyu, M.; Zhang, Y.; Fujinaga, M.; Minegishi, K.; Ohkubo, T.; Nagatsu, K.; Jiang, C.; et al. A 211At-labelled mGluR1 inhibitor induces cancer senescence to elicit long-lasting anti-tumor efficacy. Cell Rep. Med. 2023, 4, 100960. [Google Scholar] [CrossRef]

	



Feng, Y.; Meshaw, R.; Zhao, X.G.; Jannetti, S.; Vaidyanathan, G.; Zalutsky, M.R. Effective Treatment of Human Breast Carcinoma Xenografts with Single-Dose 211At-Labeled Anti-HER2 Single-Domain Antibody Fragment. J. Nucl. Med. 2023, 64, 124–130. [Google Scholar] [CrossRef]

	



International Commission on Radiological Protection. Release of patients after therapy with unsealed radionuclides. Ann. ICRP 2004, 34, 1–79. [Google Scholar]

	



International Atomic Energy Agency (IAEA). Release of Patients After Radionuclide Therapy; Safety Reports Series; IAEA: Vienna, Austria, 2009; no. 63. [Google Scholar]








[image: Ijms 25 12386 g001] 





Figure 1. (A) HPLC analysis of 211At-AAMT-OMe-L. 211At-AAMT-OMe-L was purified by an HLB column before HPLC analysis. (B) TLC analyses of 211At-AAMT-OMe-L. Samples were collected 0, 24, and 48 h after labeling with 211At. (a) immediately after labeling, (b) 24 h after labeling, and (c) 48 h after labeling. 






Figure 1. (A) HPLC analysis of 211At-AAMT-OMe-L. 211At-AAMT-OMe-L was purified by an HLB column before HPLC analysis. (B) TLC analyses of 211At-AAMT-OMe-L. Samples were collected 0, 24, and 48 h after labeling with 211At. (a) immediately after labeling, (b) 24 h after labeling, and (c) 48 h after labeling.



[image: Ijms 25 12386 g001]







[image: Ijms 25 12386 g002] 





Figure 2. Comparison of uptake between the labeled compounds. (A) Relation between uptake ratio and LAT1 expression level. Uptake ratios were compared between LAT1-Tet/HEK293 cells. The Y-axis represents the uptake ratio, and the X-axis is concentration of Doxycycline (Dox) (TaKaRa Bio, Shiga, Japan). The collection time was 30 min after treatment. The expression of LAT1 increased with increasing amounts of Dox. (B) Comparison of uptake in PANC-1 cell line. The collection times were 0.5, 1, 5 and 10 min after treatment. 
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Figure 3. Comparison of intracellular uptake of 11At-AAMT-O-Me L-isomer and 211At-AAMT-O-Me D-isomer of 211At-AAMT-O-Me. (A) Uptake in Mock/HEK293, LAT1/HEK293, and LAT1/HEK293 cell lines. (B) Uptake in PANC-1 cells. The y-axis represents %ID/mg protein. BCH: -Amino-2-norbornanecarboxylic acid. BCH was treated at 20 mM. ** p < 0.01, *** p < 0.001. 
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Figure 4. Anti-tumor effects in the PANC-1 xenograft model. (A) Tumor sizes. (B) Body weights. Each group consisted of three mice. All data are presented as means ± standard errors. 
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Table 1. Comparison of tissue distribution between 211At-AAMT-O-Me and 211At-AAMT-OH in nude mice (PANC-1 tumor model) 24 h after injection.
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	OH
	O-Me





	Brain
	0.68 ± 0.16
	0.13 ± 0.04



	Thyroid
	11.65 ± 4.36
	9.37 ± 3.33



	Salivary glands
	0.42 ± 0.17
	13.65 ± 5.31



	Heart
	2.29 ± 1.20
	1.29 ± 0.42



	Lung
	1.90 ± 0.55
	4.43 ± 1.76



	Liver
	1.02 ± 0.60
	0.92 ± 0.15



	Stomach
	1.84 ± 0.81
	8.89 ± 2.65



	Small intestine
	0.09 ± 0.01
	1.49 ± 0.29



	Colon
	1.03 ± 0.34
	1.69 ± 0.15



	Kidney
	0.07 ± 0.02
	1.67 ± 0.49



	Pancreas
	2.39 ± 2.03
	0.59 ± 0.17



	Spleen
	0.72 ± 0.22
	3.12 ± 2.06



	Testis
	0.57 ± 0.44
	1.18 ± 0.25



	Blood
	0.04 ± 0.02
	0.88 ± 0.23



	Bladder
	1.01 ± 0.10
	0.55 ± 0.13



	Bone
	4.29 ± 3.90
	0.75 ± 0.18



	Tumor
	0.71 ± 0.46
	1.86 ± 0.39



	Cecum
	6.60 ± 2.78
	2.09 ± 0.41







All the data are presented as %ID/g (n = 3). All data are presented as mean ± standard error. OH; 211At-AAMT-OH-L, O-Me; 211At-AAMT-O-Me-L. All groups consisted of three mice.













 





Table 2. Comparison of tissue distribution between the D-isomer and L-isomer of 211At-AAMT-O-Me in ICR mice.
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1

	
Hour

	
3

	
Hour




	
D-Isomer

	
L-Isomer

	
D-Isomer

	
L-Isomer






	
Brain

	
0.15 ± 0.01

	
0.32 ± 0.02

	
0.04 ± 0.00

	
0.10 ± 0.02




	
Thyroid

	
8.06 ± 3.56

	
13.12 ± 1.72

	
0.42 ± 0.20

	
0.65 ± 0.16




	
Salivary glands

	
4.67 ± 1.03

	
7.16 ± 1.54

	
0.96 ± 0.16

	
1.77 ± 0.19




	
Heart

	
3.20 ± 1.26

	
2.01 ± 0.15

	
0.43 ± 0.20

	
0.34 ± 0.02




	
Lung

	
2.84 ± 1.11

	
6.42 ± 1.52

	
0.69 ± 0.28

	
1.34 ± 0.32




	
Liver

	
0.58 ± 0.11

	
1.11 ± 0.10

	
1.34 ± 0.47

	
2.57 ± 0.17




	
Stomach

	
6.34 ± 2.74

	
13.65 ± 2.40

	
8.08 ± 3.50

	
16.96 ± 1.89




	
Small intestine

	
2.66 ± 1.23

	
1.82 ± 0.08

	
5.33 ± 2.18

	
3.91 ± 0.20




	
Colon

	
2.54 ± 1.55

	
0.93 ± 0.13

	
0.95 ± 0.59

	
0.80 ± 0.12




	
Kidney

	
1.48 ± 0.39

	
2.47 ± 0.24

	
0.73 ± 0.15

	
1.11 ± 0.15




	
Pancreas

	
2.38 ± 1.36

	
1.52 ± 0.17

	
0.42 ± 0.28

	
0.19 ± 0.04




	
Spleen

	
2.92 ± 1.49

	
5.01 ± 1.42

	
0.42 ± 0.14

	
0.80 ± 0.19




	
Testis

	
1.84 ± 0.23

	
2.31 ± 0.04

	
0.31 ± 0.02

	
0.52 ± 0.06




	
Blood

	
1.90 ± 0.57

	
1.57 ± 0.10

	
0.38 ± 0.16

	
1.17 ± 0.24




	
Bladder

	
10.62 ± 8.22

	
7.10 ± 1.15

	
0.19 ± 0.11

	
0.10 ± 0.01




	
Bone

	
0.93 ± 0.35

	
1.33 ± 0.16

	
0.28 ± 0.11

	
0.53 ± 1.31




	
Thymus

	
1.89 ± 0.90

	
2.03 ± 0.50

	
0.18 ± 0.06

	
0.14 ± 0.03




	
Cecum

	
0.47 ± 0.19

	
0.85 ± 0.04

	
0.50 ± 0.23

	
0.95 ± 0.11








All the data are presented as %ID/g (n = 3). All data are presented as means ± standard errors. All groups consisted of three mice.













 





Table 3. Comparison of tissue distribution between the D-isomer- and L-isomers of 211At-AAMT-O-Me-L in nude mice (PANC-1 tumor model).






Table 3. Comparison of tissue distribution between the D-isomer- and L-isomers of 211At-AAMT-O-Me-L in nude mice (PANC-1 tumor model).





	

	
1

	
Hour

	
3

	
Hour




	
D-Isomer

	
L-Isomer

	
D-Isomer

	
L-Isomer






	
Brain

	
0.15 ± 0.01

	
0.46 ± 0.00

	
0.10 ± 0.03

	
0.29 ± 0.01




	
Thyroid

	
0.14 ± 0.04

	
0.20 ± 0.02

	
0.14 ± 0.06

	
0.23 ± 0.04




	
Salivary glands

	
0.30 ± 0.10

	
0.58 ± 0.05

	
0.33 ± 0.13

	
0.78 ± 0.18




	
Heart

	
0.53 ± 0.08

	
0.86 ± 0.04

	
0.37 ± 0.03

	
0.76 ± 0.07




	
Lung

	
2.24 ± 0.89

	
5.16 ± 0.11

	
1.27 ± 0.40

	
5.10 ± 0.42




	
Liver

	
3.09 ± 0.39

	
4.92 ± 0.24

	
2.60 ± 0.07

	
4.62 ± 0.20




	
Stomach

	
1.43 ± 0.94

	
1.32 ± 0.06

	
1.29 ± 0.77

	
1.31 ± 0.32




	
Small intestine

	
2.05 ± 0.81

	
3.40 ± 0.36

	
1.48 ± 0.37

	
2.50 ± 0.42




	
Colon

	
0.85 ± 0.49

	
1.14 ± 0.27

	
0.40 ± 0.25

	
0.68 ± 0.23




	
Kidney

	
1.40 ± 0.56

	
3.56 ± 0.09

	
1.54 ± 0.86

	
2.29 ± 0.07




	
Pancreas

	
0.61 ± 0.44

	
0.58 ± 0.01

	
0.48 ± 0.35

	
0.36 ± 0.10




	
Spleen

	
1.70 ± 0.74

	
4.34 ± 0.79

	
1.81 ± 1.19

	
3.97 ± 0.59




	
Testis

	
1.05 ± 0.77

	
0.55 ± 0.02

	
1.64 ± 1.26

	
0.55 ± 0.11




	
Blood

	
3.52 ± 1.89

	
7.85 ± 1.17

	
1.92 ± 1.16

	
10.38 ± 2.28




	
Bladder

	
1.76 ± 1.64

	
0.06 ± 0.00

	
1.04 ± 0.97

	
0.09 ± 0.01




	
Bone

	
0.30 ± 0.12

	
0.68 ± 1.27

	
0.26 ± 0.12

	
0.51 ± 1.35




	
Tumor

	
3.25 ± 1.39

	
7.83 ± 0.30

	
3.84 ± 2.10

	
10.29 ± 0.88




	
Cecum

	
2.35 ± 1.73

	
0.46 ± 0.05

	
1.32 ± 0.96

	
0.43 ± 0.16








All the data are presented as %ID/g (n = 3). All data are presented as means ± standard errors. All groups consisted of three mice.













 





Table 4. Comparison of tissue distribution of 211At-AAMT-O-Et-L in ICR and nude mice (PANC-1 tumor model) 1 and 3 h after injection.






Table 4. Comparison of tissue distribution of 211At-AAMT-O-Et-L in ICR and nude mice (PANC-1 tumor model) 1 and 3 h after injection.





	

	
ICR

	
Mice

	

	
Nude

	
Mice




	
1 h

	
3 h

	
1 h

	
3 h






	
Brain

	
0.37 ± 0.07

	
0.13 ± 0.05

	
Brain

	
0.65 ± 0.11

	
0.36 ± 0.10




	
Thyroid

	
8.98 ± 4.12

	
20.22 ± 6.28

	
Thyroid

	
24.50 ± 4.40

	
31.26 ± 11.36




	
Salivary glands

	
7.08 ± 2.00

	
15.05 ± 7.81

	
Salivary glands

	
13.69 ± 2.13

	
19.70 ± 2.93




	
Heart

	
6.14 ± 3.75

	
1.87 ± 0.80

	
Heart

	
4.41 ± 0.46

	
5.15 ± 0.95




	
Lung

	
4.47 ± 1.34

	
4.93 ± 1.95

	
Lung

	
9.69 ± 1.20

	
10.67 ± 1.28




	
Liver

	
1.41 ± 0.33

	
1.06 ± 0.21

	
Liver

	
2.54 ± 0.28

	
1.93 ± 0.23




	
Stomach

	
19.50 ± 5.82

	
38.74 ± 10.11

	
Stomach

	
33.25 ± 8.36

	
18.47 ± 2.59




	
Small intestine

	
12.85 ± 7.35

	
3.21 ± 0.88

	
Small intestine

	
4.80 ± 0.63

	
3.23 ± 0.22




	
Colon

	
8.32 ± 4.87

	
1.75 ± 0.49

	
Colon

	
3.80 ± 0.50

	
3.63 ± 0.34




	
Kidney

	
4.70 ± 1.68

	
1.56 ± 0.13

	
Kidney

	
6.23 ± 0.94

	
3.74 ± 0.78




	
Pancreas

	
7.31 ± 4.45

	
1.20 ± 0.40

	
Pancreas

	
4.56 ± 0.82

	
2.01 ± 0.20




	
Spleen

	
2.90 ± 0.95

	
2.09 ± 1.08

	
Spleen

	
10.32 ± 4.17

	
13.31 ± 2.43




	
Testis

	
2.36 ± 0.28

	
1.20 ± 0.36

	
Testis

	
3.29 ± 0.07

	
3.32 ± 0.33




	
Blood

	
2.03 ± 0.61

	
0.87 ± 0.27

	
Blood

	
3.63 ± 0.43

	
2.23 ± 0.06




	
Bladder

	
53.22 ± 43.79

	
21.28 ± 15.54

	
Bladder

	
15.41 ± 4.39

	
12.03 ± 3.42




	
Bone

	
0.71 ± 0.32

	
1.00 ± 0.18

	
Bone

	
1.92 ± 0.21

	
1.41 ± 0.16




	
Thymus

	
1.14 ± 0.68

	
0.26 ± 0.17

	
Tumor

	
5.64 ± 0.91

	
5.24 ± 1.39




	
Cecum

	
0.68 ± 0.25

	
1.67 ± 0.24

	
Cecum

	
2.36 ± 0.52

	
2.80 ± 0.56








All the data are presented as %ID/g (n = 3). All data are presented as means ± standard errors. All groups consisted of three mice. h; hour.













 





Table 5. Comparison of tissue distribution of 211At-AAMT-O-Pr-L. A. Distribution in ICR at 1 h and 3 h after injection. B. Distribution in nude mice (PANC-1 tumor model) at 10 min and 1 h. All the data are presented as %ID/g.






Table 5. Comparison of tissue distribution of 211At-AAMT-O-Pr-L. A. Distribution in ICR at 1 h and 3 h after injection. B. Distribution in nude mice (PANC-1 tumor model) at 10 min and 1 h. All the data are presented as %ID/g.





	

	
ICR

	
Mice

	

	
Nude

	
Mice




	
1 h

	
3 h

	
10 min

	
1 h






	
Brain

	
0.25 ± 0.02

	
0.16 ± 0.01

	
Brain

	
1.01 ± 0.04

	
0.79 ± 0.13




	
Thyroid

	
23.08 ± 3.56

	
24.75 ± 3.77

	
Thyroid

	
9.74 ± 0.39

	
16.44 ± 1.16




	
Salivary glands

	
14.23 ± 3.16

	
11.39 ± 0.33

	
Salivary glands

	
11.89 ± 0.06

	
20.98 ± 3.26




	
Heart

	
3.14 ± 0.20

	
2.16 ± 0.18

	
Heart

	
9.66 ± 0.87

	
5.39 ± 1.06




	
Lung

	
6.54 ± 0.34

	
5.09 ± 0.43

	
Lung

	
18.16 ± 1.88

	
14.15 ± 1.78




	
Liver

	
1.18 ± 0.08

	
0.82 ± 0.14

	
Liver

	
3.67 ± 0.41

	
2.41 ± 0.24




	
Stomach

	
13.55 ± 2.66

	
32.05 ± 3.31

	
Stomach

	
7.31 ± 0.30

	
20.60 ± 1.34




	
Small intestine

	
1.83 ± 0.23

	
1.92 ± 0.12

	
Small intestine

	
6.80 ± 0.63

	
5.08 ± 0.53




	
Colon

	
1.35 ± 0.07

	
1.29 ± 0.25

	
Colon

	
4.56 ± 0.31

	
3.27 ± 0.46




	
Kidney

	
2.25 ± 0.19

	
1.93 ± 0.29

	
Kidney

	
10.29 ± 0.97

	
5.76 ± 0.67




	
Pancreas

	
2.55 ± 0.60

	
1.60 ± 0.31

	
Pancreas

	
10.85 ± 1.53

	
3.54 ± 0.49




	
Spleen

	
4.11 ± 0.11

	
3.56 ± 0.54

	
Spleen

	
11.84 ± 1.91

	
17.42 ± 6.48




	
Testis

	
3.66 ± 0.14

	
2.34 ± 0.42

	
Testis

	
3.54 ± 0.28

	
3.56 ± 0.41




	
Blood

	
1.77 ± 0.15

	
1.30 ± 0.12

	
Blood

	
4.33 ± 0.45

	
3.09 ± 0.25




	
Bladder

	
20.82 ± 5.36

	
5.37 ± 0.73

	
Bladder

	
18.24 ± 4.50

	
18.00 ± 0.97




	
Bone

	
1.79 ± 0.12

	
1.32 ± 0.12

	
Bone

	
3.50 ± 0.13

	
2.03 ± 0.45




	
Thymus

	
2.03 ± 0.28

	
1.76 ± 0.25

	
Tumor

	
5.91 ± 0.27

	
9.45 ± 0.82




	
Cecum

	
1.49 ± 0.14

	
1.13 ± 0.25

	
Cecum

	
3.35 ± 0.30

	
3.07 ± 1.06








All the data are presented as %ID/g (n = 3). All data are presented as means ± standard errors. All groups consisted of three mice. h; hour.
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