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Abstract

:

KP46 (tris(hydroxyquinolinato)gallium(III)) is an experimental, orally administered anticancer drug. Its absorption, delivery to tumours, and mode of action are poorly understood. We aimed to gain insight into these issues using gallium-67 and gallium-68 as radiotracers with SPECT and PET imaging in mice. [67Ga]KP46 and [68Ga]KP46, compared with [68Ga]gallium acetate, were used for logP measurements, in vitro cell uptake studies in A375 melanoma cells, and in vivo imaging in mice bearing A375 tumour xenografts up to 48 h after intravenous (tracer level) and oral (tracer and bulk) administration. 68Ga was more efficiently accumulated in A375 cells in vitro when presented as [68Ga]KP46 than as [68Ga]gallium acetate, but the reverse was observed when intravenously administered in vivo. After oral administration of [68/67Ga]KP46, absorption of 68Ga and 67Ga from the GI tract and delivery to tumours were poor, with the majority excreted in faeces. By 48 h, low but measurable amounts were accumulated in tumours. The distribution in tissues of absorbed radiogallium and octanol extraction of tissues suggested trafficking as free gallium rather than as KP46. We conclude that KP46 likely acts as a slow releaser of gallium ions which are inefficiently absorbed from the GI tract and trafficked to tissues, including tumour and bone.
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1. Introduction


Following the discovery that the gamma-emitting radionuclide gallium-67 (67Ga) is taken up specifically in tumours (particularly lymphoma) [1], 67Ga has become valuable in nuclear medicine as an imaging agent for diagnosing lymphoma, inflammation, and infection using scintigraphy or single-photon emission computed tomography (SPECT) [2,3]. It is also being evaluated as a therapeutic radionuclide by virtue of its Auger–Meitner electron emissions [2,3,4]. The positron-emitting isotope 68Ga has also found widespread application in positron emission tomography (PET) [2]. The discovery also sparked interest in the potential of nonradioactive gallium as the basis of drugs for treatment of cancer and other disorders. The development of gallium-based drugs, primarily as anticancer agents, began with simple salts including gallium(III) nitrate (marketed as GaniteTM) [5], gallium(III) chloride [6], and gallium(III) citrate [7]. There is little chemical basis to distinguish between these forms from a pharmacology perspective—all contain hydrated and hydrolysed Ga3+ ions, and despite its formal description as gallium nitrate, the approved formulation of GaniteTM contains citrate. GaniteTM showed particular promise in clinical trials in patients with non-Hodgkin’s lymphoma [8] and bladder cancer [7,9] and is approved for treatment of malignancy-related hypercalcemia [9,10,11]. It is administered as an intravenous infusion. Gallium citrate (PanaecinTM) [12] is being evaluated in clinical trials as an inhaled formulation for the treatment of a variety of lung infections. Gallium chloride has been evaluated clinically and preclinically for treatment of various cancers [13,14,15]. A range of mechanisms of anticancer and other actions have been suggested, but most mechanistic investigations focus on the downstream consequences of interference with iron transport and metabolism related to the chemical similarity in ligand-binding characteristics between Ga(III) and Fe(III) [4,7,15,16,17,18].



These promising examples of therapy with gallium salts involved primarily intravenous administration. Oral administration would make the drugs more acceptable and would be expected to reduce toxic side effects. However, bioavailability of gallium in the blood after oral administration of gallium nitrate [11], citrate [19], and chloride [11,13,20] in animal models was very poor. The search for orally administered forms of gallium led to the evaluation of second-generation compounds: gallium tris(8-hydroxyquinolinate) (known as KP46 or AP002, Figure 1) and gallium tris(maltolate), both designed as more lipophilic compounds in the expectation of improved absorption [18]. In clinical trials, KP46 showed promise against renal cancer [21]; furthermore, as AP-002, it is currently in phase I–II clinical trials (national clinical trial identifier (NCT) 04143789) for patients with breast, lung, and prostate cancer and bone metastases. However, in vivo preclinical data suggest that it, too, has poor bioavailability [21,22], possibly related to its very low water solubility [23,24]. Ga-maltolate has higher water solubility than KP46, and its oral administration leads to levels of gallium in serum, mainly bound to transferrin, comparable to those achieved during GaniteTM infusion. Gallium maltolate is currently the subject of a clinical trial in glioblastoma (NCT04319276).



Despite numerous studies both in vitro in cancer cell lines and in vivo in rodent models, and despite the compilation of detailed and critical reviews [25], the absorption, speciation, pharmacokinetics, and trafficking of gallium after administration of KP46 and gallium maltolate remain poorly understood. KP46 shows cytotoxic activity in some cell lines when added directly to cultured cells [16,18,19,25,26,27,28,29,30], but since the speciation of gallium in vivo en route to the tumours is not fully elucidated, it is unclear whether direct treatment of cultured cells with KP46 is relevant to the in vivo and clinical context. Investigations of transchelation and binding of gallium to serum proteins, particularly transferrin and albumin, have given conflicting results: some works suggest transchelation of gallium from KP46 to transferrin and other data suggest hydrophobic association of the intact complex with apo-transferrin and albumin [31,32,33].
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Figure 1. Structure of tris(8-quinolinolato)gallium (III) (KP46) [34]. Left: mer-isomer; right: fac-isomer. 






Figure 1. Structure of tris(8-quinolinolato)gallium (III) (KP46) [34]. Left: mer-isomer; right: fac-isomer.
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Thus, despite clinical trials being in progress and some being completed, understanding of the absorption, speciation, and pharmacokinetics of KP46 and gallium maltolate in vivo and of the trafficking of gallium to tumours after their administration remains poor and must be improved if enhanced design and delivery of gallium drugs is to be achieved. It was briefly pointed out [25] that radionuclides such as 68Ga, mentioned above, could, in principle, be used to illuminate gallium trafficking in this context, but such studies have not been reported despite increased interest recently in the use of radionuclide imaging to study the biology of trace metals and metallodrugs [35,36,37]. Here, we describe for the first time the use of radionuclides 67Ga and 68Ga to help understand the speciation and trafficking of gallium administered in the form of KP46 in vitro and in vivo in a tumour-bearing mouse model using PET and SPECT imaging. The tumour cell line used here is the A375 human melanoma cell line, chosen because KP46 has been shown to be active against human melanomas [28] and because in our laboratory, A375 tumours in mice have shown significant avidity for i.v. injected 68Ga in the form of gallium chloride or acetate [38,39].




2. Results


2.1. Synthesis and Radiolabelling of KP46


Synthesis and characterisation of KP46 [22] and its radiolabelled forms were carried out as described in the Materials and Methods section below and in the Supplementary Materials. Detailed spectroscopic and chromatographic/radiochromatographic studies were carried out (also detailed in Supplementary Materials, Figures S1–S5) to ensure that the speciation and physicochemical characteristics of the various radiolabelled forms were homogeneous with those of the bulk samples of nonradioactive KP46 used in the biological experiments.



No-carrier-added (“tracer level”) [68Ga]KP46 and [67Ga]KP46 were produced by mixing 8-hydroxyquinoline with, respectively, 68Ga- or 67Ga-chloride in acetate buffer, resulting in efficient chelation, to form a radioactive lipophilic complex. The radioactive product was purified by elution with ethanol (recovering >90% of activity) from a disposable reverse-phase cartridge column and diluted with water. Radiochemical purity of the product was >98%, as determined by radio-iTLC (instant thin layer chromatography) with a mobile phase of CHCl3:CH3OH (95:5%, v/v) with Rf = 0.8–1.0 (using the same iTLC conditions, [68/67Ga]Ga-acetate/chloride showed Rf = 0, see Supplementary Materials, Figures S4 and S5). iTLC of the nonradioactive bulk samples of KP46, detected by the visible and UV-active yellow spot, showed the same Rf value of 0.8–1.0. [67Ga]KP46 behaved similarly (Supplementary Materials, Figure S5). The radiochemical purity was also confirmed by reverse-phase HPLC, in which radioactivity ([67Ga]KP46) coeluted with KP46, with an elution time of 16.6 min (gamma detection) and 16.1 min (UV); the difference matches the delay time between UV radioactivity and UV detectors, as shown in Supplementary Materials (Figure S5).




2.2. Distribution/Partition Coefficients (logD and logP) of [68Ga]KP46


As expected, [68Ga]KP46 proved to be highly lipophilic, with logD(octanol/PBS) and logP(octanol/water) values of 1.90 ± 0.19 and 2.33 ± 0.28, respectively. In contrast, [68Ga]gallium acetate proved, as expected, to be highly hydrophilic, with logD and logP values of −3.00 ± 0.3 and −3.20 ± 0.48, respectively (Supplementary Materials, Figure S6).




2.3. In Vitro [68/67Ga]KP46 Binding to Serum Proteins


Binding to apo-transferrin (apo-Tf) and human serum albumin (HSA) was probed by size exclusion chromatography using small cartridge columns, from which both apo-Tf and HSA (controls, detected by UV absorbance at 280 nm) eluted in fractions 3–5 (1.5–2.5 mL, Supplementary Materials, Figure S7). Incubation of [68/67Ga]gallium acetate with apo-Tf led to elution of radioactivity exclusively in fractions 3–5, indicative of complete binding of gallium to apo-Tf (Figure 2). In contrast, [68/67Ga]KP46, after similar incubation with or without apo-Tf, eluted in fractions 12–23, with almost no radioactivity eluted in fractions 3–5 (Figure 2).This indicates that the radiogallium largely remains as small molecules with little tendency to undergo transchelation to apo-Tf and that intact [68/67Ga]KP46 does not strongly associate with apo-Tf even after a 48 h incubation. When incubated with HSA, [68Ga]gallium acetate showed partial binding to protein (eluting in fractions 3–5 as well as in later fractions (5–17), see Figure 2). Incubating [68Ga]KP46 under these conditions led to about 16% of radioactivity coeluting with HSA, with the remainder eluting in fractions 12–23 (Figure 2). Thus, both ionic gallium and KP46 showed evidence of partial binding of gallium to HSA. An increase in column residual activity was noticed with time (see Figure 2), particularly in the apo-Tf experiments. This might be related to the formation with time of insoluble gallium hydroxide that was retained in the column.




2.4. Cellular Uptake of [68Ga]KP46


Upon incubation in vitro with cultured A375 cells in DMEM medium containing foetal bovine serum (FBS), both [68Ga]KP46 and [68Ga]Ga-acetate exhibited accumulation in cells after 1 h (that is, both tracers led to a higher concentration of radiogallium within cells than in the medium). When corrected for nonspecific binding of radioactivity to the vessel walls in the absence of cells, [68Ga]KP46 showed significantly higher cellular uptake (2.55% ± 1%) than [68Ga]gallium acetate (1.0% ± 0.08%) (p < 0.01) in A375 cells (Figure 3A). These data lead to an estimation of intracellular-to-extracellular concentration ratios of 14 ± 6 for [68Ga]KP46 and 6 ± 4 for [68Ga]Ga-acetate (Figure 3B).




2.5. PET Imaging and Biodistribution of Intravenously Injected [68Ga]KP46 and [68Ga]Ga-Acetate in Mice


The biodistribution of [68Ga]KP46 and [68Ga]Ga-acetate, each at tracer (no-carrier-added) concentrations, was determined in NSG mice bearing A375 human melanoma xenografts over a period of four hours (a limit imposed by the 68 min half-life of 68Ga) after intravenous administration, by PET/CT imaging. Injection of [68Ga]gallium acetate led to the visible uptake of 68Ga in the tumour by four hours, rising to ca. 6% ID/g. This was accompanied by increasing uptake in the joints and urinary bladder during this period (Figure 4A)—a biodistribution pattern typical of 67/68Ga salts [38]. Injection of [68Ga]KP46, on the other hand, led to no visible tumour accumulation of 68Ga during the four-hour PET/CT scan post-i.v. injection; instead, radioactivity was taken up largely in the liver, with subsequent translocation into the intestines, and in the myocardium (Figure 4B). The ex vivo biodistribution of both tracers at four hours confirmed the PET observations and showed significantly higher tumour uptake after injection of [68Ga]gallium acetate (6.1 ± 2.4%ID/g) than [68Ga]KP46 (2.6 ± 0.9%ID/g) (Figure 4C and Supplementary Material, Table S1). Additional ex vivo biodistribution data for [68Ga]KP46 at 2 h p.i. are shown in Supplementary Materials (Figure S8 and Table S1).




2.6. Four-Hour PET Imaging and Biodistribution of Orally Administered “Tracer” and “Bulk” [68Ga]KP46 in Mice


In the imaging protocol we developed, imaging prior to 4 h postadministration was not performed to avoid general anaesthesia in the hours after administration, which adversely affects gastric emptying and translocation through the gut. Both tracer (no-carrier-added, group C) and bulk, pharmacologically relevant doses of [68Ga]KP46 (group D) were investigated. After the oral administration of [68Ga]KP46 as a tracer, PET/CT images showed an uptake pattern consistent with rapid transit from stomach to small and large intestine (Figure 5). Despite the expectation that the liver would be the main initial repository (delivered via the portal circulation) for radioactivity absorbed in the intestines, very little liver activity, or indeed activity in any other tissues, was observed. Ex vivo biodistribution results (Figure 5 and Supplementary Material, Table S1) supported these PET/CT results, showing uptake in the large intestine (61.7 ± 21.5%ID/g) and small intestine (12.8 ± 4.1%ID/g) and only very low activity in liver and urine.



After the oral administration of [68Ga]KP46 combined with KP46 (“bulk”, group D), the PET/CT images showed an uptake pattern similar to that of the tracer-level administration, with high 68Ga activity in the large intestine (56.5 ± 21.4%ID/g), small intestine (18.4 ± 5%ID/g), and stomach (11.9 ± 8.1%ID/g). Other tissues showed little 68Ga uptake. Negligible activity was delivered to the tumour (0.5 ± 0.3%ID/g). Because of the bulk pharmacological dose administration, analysis of 69Ga in the tissues by ICP-MS was possible. This analysis showed a similar biodistribution pattern to that of the 68Ga, indicating that 68Ga was reliably tracking the bulk nonradioactive gallium (Supplementary Materials, Figure S9). 69Ga was seen mostly in the large intestine (23.7 ± 9.2%ID/g) and a negligible amount of 69Ga was absorbed from the gut and delivered to the tumour (0.17 ± 0.1%ID/g).



To address the question of whether the [68Ga]KP46 was chemically intact after 4 h within the digestive tract and in blood serum and urine, the lipophilicity of 68Ga in these tissues from mice in group C was measured by octanol extraction (Figure 6). This approach exploits the knowledge that intact KP46 is efficiently extracted into octanol, whereas 68Ga salts (e.g., acetate) are retained in the aqueous phase. 68Ga in the serum and urine samples displayed hydrophilic behaviour (98.6% ± 1.5% and 98.2% ± 1.7%, respectively, was found in the aqueous phase). Most of the activity in the stomach (82.9% ± 10.7%), small intestine (80.7% ± 19.4%) and large intestine (83.7% ± 8.8%) contents was present in solids and not extracted into either phase (Figure 6A). After removal of these solids, solvent extraction of the liquid phase showed the majority of radioactivity in the aqueous phase (76.8% ± 8.7% for stomach, 95% ± 2.5% for small intestine, and 95.5% ± 4.2% for large intestine) (Figure 6B). This suggests the 68Ga had been to a significant extent converted to a hydrophilic form such as ionic gallium.




2.7. Twenty-Four- and Forty-Eight-Hour PET Imaging and Biodistribution of Orally Administered “Tracer” and “Bulk” [67Ga]KP46 in Mice


Because the time scale of in vivo experiments with 68Ga was limited by its short half-life (68 min), investigations of the biodistribution of orally administered KP46 were repeated using the longer-lived (78.3 h) 67Ga gamma-emitting radionuclide 67Ga. SPECT imaging with 67Ga enabled the in vivo fate of gallium to be tracked for 4, 24, and 48 h, both at tracer-only level (group E) and bulk pharmacological level (group F). In both groups, SPECT/CT images at the four-hour time point were consistent with the four-hour [68Ga]KP46 PET study described above, with radioactivity largely confined to the stomach and intestines (Supplementary Materials, Figure S10). At 24 h, however, significant differences emerged between the “tracer level” group and the “bulk level” group. In the “tracer level” group (E), SPECT/CT imaging showed little radioactivity in any organs, and the vast majority of radioactivity had been excreted in faeces (as evident from both the SPECT scans and radioactivity measurements of the cage contents as well as animal tissues). In the “bulk level” group (F), on the other hand, faecal excretion was significantly delayed, and a much higher fraction of radioactivity remained in the body. This delay allowed time for absorption of some 67Ga from the gut and translocation to other tissues; although substantial radioactivity remained in the intestines, measurable amounts appeared in the liver, joints, and tumour (Figure 7). Because of low levels of 67Ga retained within the “tracer level” group E animals, imaging was not continued, and the animals were culled after imaging at 24 h. Ex vivo biodistribution of radioactivity in these animals (Table S1) confirmed the SPECT/CT results and showed that a considerable amount of activity was in faeces (3.0 ± 2.9%ID/g).



Mice in the “bulk level” group were imaged again 48 h postadministration of the [67Ga]KP46. By this time, although much of the radioactivity had been excreted in faeces, the images showed visible uptake in tumour, liver, and joints (Figure 8A). After imaging, these animals were culled and ex vivo biodistribution was determined (Figure 8B, Table S1), providing data that were consistent with the 48 h SPECT imaging: there was significant uptake in bone (2.55 ± 1.82%ID/g), liver (1.34 ± 1.01%ID/g), and tumour (1.57 ± 0.48%ID/g).



Serum and urine from the “tracer level” group (E) were subjected to octanol extraction 24 h postadministration to determine the fraction of 67Ga that may have survived in the form of [67Ga]KP46 after absorption from the gut. Less than 6% of serum radioactivity, and less than 3% of urine activity, was extracted into the octanol phase, indicating that very little of the absorbed 67Ga was in the form of intact [67Ga]KP46 by 24 h.



Tissues harvested from the “bulk level” group (group F) after imaging and ex vivo radioactivity measurement at 48 h were digested and analysed by ICP-MS to determine 69Ga levels. The analysis showed the highest 69Ga levels in the intestines and faeces but also detectable levels in the tumour and liver (Supplementary Materials, Figure S9). Although not all tissues were analysed due to failure to completely digest into solution, the lack of major discrepancy between 69Ga levels measured by ICP-MS and 67Ga levels measured by gamma counting suggests that 67Ga acts as a reliable tracer for overall gallium distribution when [67Ga]KP46 is coadministered orally with KP46.





3. Discussion


A comparison of the chromatographic and radiochromatographic properties (iTLC and HPLC) of 68Ga- and 67Ga-labelled KP46 indicates that the labelled species can be expected to be a reliable tracer for the bulk KP46 drug. The in vivo experiments, where biodistributions of the radionuclides (using radioactivity measurements) and the nonradioactive gallium-69 were compared, indicated that the radionuclides were also reliable tracers for gallium administered as the KP46 drug in vivo. The additional detail of gallium distribution provided by radionuclide imaging, over and above the direct analysis of nonradioactive gallium in tissue samples, is therefore potentially highly informative. For example, using radionuclide imaging, the distribution of gallium can be studied at a range of different time points without adding to the number of animals, and additional insight is accessible into the biodistribution in tissues that would not typically be sampled ex vivo or that would be hard to sample ex vivo. For example, the SPECT images show that uptake in the bones is primarily in the joints. Thus, we conclude that 68Ga PET imaging and 67Ga SPECT imaging represent useful, and hitherto unexploited, tools with which to study the pharmacokinetics of gallium-based drugs. Subject to satisfactory dosimetric evaluation and regulatory approvals, this utility potentially extends to human studies, since these radionuclides are widely used in nuclear medicine, and human PET and SPECT scanners are widely available in hospitals.



It is acknowledged that the ability of a drug compound to be absorbed across the gastrointestinal barrier can usefully be predicted by measurement of its lipophilicity, e.g., by use of octanol extraction to determine the distribution/partition coefficient [5,23,39]. KP46 was first introduced as a lipophilic form in which to deliver gallium orally, and measurement of the octanol–water partition coefficient of the bulk drug spectrophotometrically, confirming its lipophilicity (logP(octanol/water) = 0.88), is described in the literature [23,25]. In the present work, the octanol–water partition coefficient was determined using radioactivity measurements at the tracer level, again confirming its lipophilicity but showing a much higher logP value (2.33 ± 0.28). We suggest that the origin of the difference lies in the different methods and conditions: bulk KP46 contains Ga3+ and 8-hydroxyquinolinate in a 1:3 ratio and is subject to dissociative equilibria in solution to form complexes with a higher Ga:8HQ ratio and which would consequently be positively charged and less lipophilic than the 1:3 complex. The apparent logP value determined spectrophotometrically using the bulk drug is therefore likely to be an underestimate of the true value for the 1:3 complex itself. The 68Ga measurement, on the other hand, was performed on a solution containing tracer (<nanomolar) levels of 68Ga but a large excess—more than a millionfold—of 8-hydroxyquinoline (a necessary consequence of the radiochemical synthesis). This excess is likely to suppress dissociation, ensuring that virtually all of the 68Ga is in the form of the 1:3 complex and hence more efficiently extracted into octanol, giving a higher logP that more closely reflects the lipophilicity of the 1:3 complex. This dissociative equilibrium is also suggested by other aspects of the physicochemical characterisation of KP46, including HPLC and mass spectrometry. It is likely to be an important consideration in understanding the absorption of the drug and its interaction with serum proteins. Reverse-phase gradient HPLC of KP46 with UV detection (Supplementary Materials, Figure S5) shows an unusual line shape suggestive of on-column dissociative equilibria: an unusually broad peak from 14 to 16 min merging into a sharp peak at 16.2 min. Mass spectrometry of the late (16.2 min), sharp part of this peak suggests that it represents primarily the 1:3 complex, (M + H+ 503.77 for the 71Ga isotope). By contrast, mass spectrometry of the earlier broad peak (14.1 min) shows no peak representing the 1:3 complex; instead, it shows predominantly uncomplexed 8HQ (M + H+ 146). Other minor peaks observed in mass spectra were consistent with the presence of complexes with lower Ga:8HQ ratios (e.g., 1:2, 2:5, see Supplementary Materials, Figure S3). Although MS alone cannot determine whether these species were present in solution rather than being formed during the electrospray ionisation process, its combination with the HPLC peak shape and the partition coefficient data strongly suggests that dissociative equilibria are important.



Radiogallium-labelled KP46 (68Ga initially, for short incubations, and 67Ga when extension to longer time points was required) proved useful in understanding interactions of the drug with serum proteins. These become relevant if KP46 is administered intravenously or is absorbed intact from the GI tract. Apo-transferrin (apo-Tf) and human serum albumin (HSA) are likely candidate proteins for binding to KP46 or gallium released from it: apo-Tf because, as an iron(III)-binding protein, it is known to bind with high affinity to Ga3+ in the presence of bicarbonate ions [15,33,40,41], and HSA because of its high abundance and known possession of binding sites for metals and lipophilic molecules.



In experiments with apo-Tf, while ionic Ga3+ (as its acetate salt) showed the expected almost complete binding to apo-Tf in the presence of bicarbonate, KP46 by contrast showed no evidence of gallium binding to apo-Tf. This shows that neither transchelation of gallium nor hydrophobic binding of the intact KP46 complex occurred under the conditions of the experiment. The elution time of the radioactivity matched that of KP46 controls (where protein was absent), suggesting that KP46 remains intact during the incubation. This result conflicts with previous studies of KP46 binding to apo-Tf in which extensive binding was observed using bulk nonradioactive KP46 [32,33,42] either with or without dissociation of the KP46 complex [31,32]. Again, we suggest that the differing methods and conditions may account for the apparent conflict. In the “bulk drug” approaches reported in the literature, the KP46 was presented to the protein as a stoichiometric compound with a Ga:8HQ ratio of 1:3, whereas in the radiotracer experiments, gallium was present at a very low concentration with 8HQ in very large excess. In the small volume of serum used, this excess may be sufficient to overcome the greater affinity of gallium for apo-Tf than for 8HQ and shift the equilibrium away from transchelation of gallium to apo-Tf. This argument is consistent with the view that, if KP46 is absorbed intact from the digestive tract into blood, dissociative equilibria become important in determining its pharmacokinetics and biodistribution.



Upon incubation with HSA, both [68/67Ga]KP46 and [68/67Ga]gallium acetate showed only weak protein association, consistent with the literature [33]. In the case of [68/67Ga]KP46, the HSA-binding data alone provide no indication of whether the binding is due to transchelation or a hydrophobic interaction between HSA and intact KP46; however, in light of the apo-Tf binding data, under these conditions, where dissociation of KP46 is suppressed by the presence of excess 8HQ, transchelation is unlikely [33,42]. Indeed, studies in the literature using NMR and XANES suggest a hydrophobic binding mechanism for association of bulk KP46 with HSA in vitro [32,43,44,45].



In vitro studies using the A375 cell line were conducted to compare the cellular uptake of [68Ga]KP46 with that of ionic gallium. No-carrier-added [68Ga]KP46 was used without addition of nonradioactive KP46. With the levels of activity used in these experiments, 68Ga concentration added to the media under these conditions was in the pM–nM range. Both [68Ga]KP46 and unchelated 68Ga ([68Ga]gallium acetate) were accumulated in cells, leading to higher radiogallium concentration within cells than in the medium. The fact that [68Ga]KP46 showed a significantly higher uptake (p < 0.01) compared to [68Ga]Ga-acetate is attributable to the lipophilicity of [68Ga]KP46, which allows cell entry by passive diffusion. This shows that transferrin-dependent or other specific transport mechanisms are not necessary for KP46 to deliver gallium into cells. The 8HQ complexes of 68Ga and 67Ga are known to be able to transport radiogallium nonspecifically into a variety of cells by virtue of their lipophilicity [2,4,46]. Indeed, this has been used as a method of radiolabelling cells for tracking their migration in vivo [46]. Unchelated gallium is also known to be taken up in cells via transferrin-mediated and possibly non-transferrin-mediated mechanisms [4,16,17,41,44]. In the media used here, which contain foetal bovine serum, bovine transferrin is present; the sluggish uptake of gallium acetate in cells can be accounted for by noting that although gallium binds to bovine transferrin with similar efficiency as it does to human transferrin, human transferrin receptor has relatively poor affinity for bovine transferrin. The presence of bovine transferrin, therefore, could have an inhibitory effect on the uptake of gallium ions into human cells by diminishing the availability of gallium for transport into cells via non-transferrin-mediated routes [47,48,49,50]. This inhibition would not affect the KP46-mediated transport into cells. The experiments show that if KP46 is absorbed intact from the digestive tract into blood and survives intact in blood en route to the tumour, it could deliver gallium into tumour cells.



A comparison of [68Ga]gallium acetate and [68Ga]KP46 biodistribution after intravenous injection at the tracer level using PET imaging and ex vivo tissue counting showed clear differences between the two. In the case of [68Ga]gallium acetate, steady clearance of 68Ga from the blood pool was observed, leading by 4 h to significant (visible above background in scans) uptake in the tumour and joints and urinary excretion. This is consistent with previous 68Ga and 67Ga imaging studies and with the accepted transferrin-dependent distribution pathways [2,4,17,38,44]. In contrast, i.v. administration of [68Ga]KP46 led to rapid blood clearance of 68Ga and uptake in the liver and myocardium within 30 min, with later translocation of radioactivity from the liver to intestines. This indicates that the [68Ga]KP46 remains intact without dissociation in blood for the brief period required to prevent 68Ga from distributing via transferrin binding. This is consistent with the in vitro serum behaviour of [68Ga]KP46 at tracer level, where the presence of excess 8HQ suppresses transchelation to transferrin. It must be noted that these conditions do not mimic those that result from the typical oral administration route of KP46 in clinical trials; instead, they indicate how KP46 might be expected to behave if absorbed intact from the digestive tract. Notably, the tumour is not among the organs receiving a significant fraction of 68Ga after intravenous administration of [68Ga]KP46, despite the demonstrated ability of [68Ga]KP46 to deliver 68Ga to tumour cells in vitro. We assume this difference between in vitro and in vivo behaviour is due to the rapid absorption of tracer by the liver in vivo, removing 68Ga from circulation too quickly to allow significant delivery to the tumour.



PET imaging 4 h after oral administration of [68Ga]KP46, both at tracer level and as part of a bulk dose, showed that radioactivity was largely confined to the digestive tract, with very little absorption; the little activity outside the gut was present in the liver and urine, with no significant tumour uptake. This is indicative of very poor absorption of 68Ga by 4 h.



To determine whether more significant absorption occurs over a longer time period, similar studies were conducted with gallium-67. After oral administration of [67Ga]KP46 at a tracer level or combined with bulk KP46, SPECT imaging results after 4 h were consistent with those obtained with 68Ga: most of the activity remained in the gut, with minimal absorption and trafficking to tissues (Supplementary Materials, Figure S10). However, at the 24 h time point, the 67Ga distribution in the “tracer” and “bulk” groups diverged. [67Ga]KP46 administered at the tracer level showed little visible uptake in any organ (including tumour) in SPECT/CT images and had been largely excreted via faeces. Ex vivo tissue counting revealed small but measurable activity in tissues outside the digestive tract; the highest activity other than the digestive tract and faeces was found in the liver and tumour, followed by the skeleton. In contrast, the presence of a therapeutic bulk dose of KP46 delayed faecal excretion, and at 24 h, while much of the radioactivity still remained in the gut, SPECT scans showed translocation of a small but measurable fraction of 67Ga to other organs, including tumour. At this point, the biodistribution of 67Ga in tissues outside the digestive tract, particularly the activity in the joints, resembled that of i.v.-administered gallium acetate rather than that of i.v.-administered KP46. By 48 h, this distribution was further accentuated: most gut radioactivity had been eliminated by faecal excretion and by further absorption, leading to higher radioactivity concentration in tissues, including tumour, compared to 24 h. The highest activity was found in bone (mainly in joints as identified in SPECT scans), followed by tumour and then liver. Again, this is reminiscent of the biodistribution shown by gallium acetate rather than KP46, although the liver-to-tumour and liver-to-bone ratios were slightly higher than when 68Ga acetate was administered by i.v. injection. This difference should be viewed in light of the different delivery routes: i.v.-administered tracer reaches tissues/tumour after first passing through the pulmonary circulation, whereas orally administered tracer first passes through the portal circulation to the liver before redistribution to the pulmonary circulation and then other tissues. Hence, the liver has the greatest opportunity to capture the orally administered tracer. Attempts to determine the speciation of 68Ga at 4 h post-oral administration by octanol extraction showed no evidence of a significant lipophilic form of 68/67Ga in any nondigestive tissue including tumour; this is consistent with the conclusion that once absorbed from the gut, the gallium is handled similarly to gallium acetate rather than intact KP46. A similar analysis of the gut contents was attempted, but the majority of radioactivity was insoluble in both the octanol and aqueous layers, and amongst the soluble fraction, less than 20% was octanol-extractable, indicating that extensive hydrolysis and dissociation of KP46 had occurred in the stomach and intestines even by 4 h. Thus, it remains unclear whether the radioactive species absorbed from the gut is KP46 or ionic gallium. However, the octanol extraction of nondigestive tract tissues and the biodistribution of absorbed radiogallium strongly suggest that, at least from the point of passing through the liver, gallium is transported as if administered intravenously in the form of gallium acetate and is, hence, delivered to tissues via transferrin-dependent pathways. The inefficient absorption from the gut ensures that the gallium concentration in the circulation remains low and is unlikely, therefore, to overload apo-transferrin capacity for gallium binding.



The radiotracer and imaging data presented here complement previous studies using non-radioactive-gallium-based drugs and provide additional insight. In this study, we did not investigate the absorption of orally administered radiogallium salts. Our conjecture is that KP46 (which itself is poorly absorbed at best) dissociates in the digestive tract, releasing ionic gallium, which is then also poorly absorbed and largely excreted faecally. This is consistent with previous studies of absorption and excretion of orally administered gallium salts in mice. In a study of orally administered [67Ga]gallium citrate, between 87 and 100% of 67Ga was excreted in the faeces by 72 h [19,51]. Similarly, in mice receiving simultaneous single oral administration of bulk gallium chloride (100 nmol) and 0.037 MBq of 67Ga citrate, only 0.3 ± 0.08% of the original measured activity remained in the mice after five days [52]. The present study was primarily concerned with the trafficking of KP46, and the results are consistent with a previous study [22] in healthy mice given prolonged (2 weeks) daily oral doses of KP46. This study reported poor absorption, with the highest accumulation of gallium in bone (7.02 ± 3.14 µg/g, 0.16 ± 0.07%ID/g), followed by liver (3.55 ± 2.10 µg/g, 0.08 ± 0.04%ID/g) (there were no tumours in the study). This biodistribution, like that which we observed with [67Ga]KP46, indicates that once absorbed and in circulation, the biodistribution pathway matches the known behaviour of unchelated gallium rather than intact KP46. In particular, the biodistribution is not dominated by the high liver or myocardial uptake characteristic of intravenously injected KP46. None of the data presented here suggest that KP46 offers a significant advantage over water-soluble unchelated gallium in terms of absorption and bioavailability. Data are consistent with a model in which KP46 serves as a slow-release form of gallium, releasing ionic gallium in the gut, which is then absorbed rather inefficiently (most is excreted) and which then behaves like free gallium in the blood, with much of it quickly bound to the iron-binding sites of transferrin. However, the possibility cannot be excluded that KP46 is absorbed into the blood and quickly delivered to the liver via the portal circulation, where it is metabolised and rereleased into circulation as free gallium. There is no evidence that orally administered KP46 is delivered intact to tumours in vivo.



The very low delivery of gallium to tumours, shown by the present and previous studies with orally administered KP46, can be interpreted as an indication of the potency of gallium when it does reach the tumour in very small quantities in clinical trials that show effectiveness. Alternatively, its effect on tumours may not require delivery of Ga to tumours; for example, interference with delivery of essential iron to tumours may be implicated. However, all evidence shown here points to KP46 acting as a prodrug, releasing free gallium which becomes the absorbed and active species. The corollary to this mechanism, however, is that KP46 must also release 8-hydroxyquinoline in this process. The absorption, trafficking, and cytotoxicity of 8HQ do not appear to have been considered as a potential contributor to the anticancer properties of KP46. 8HQ has shown cytotoxic effect against multiple cancer cell lines [53,54], and hence, the idea that KP46 could act as a prodrug not only for gallium ions but also for 8HQ should be considered [53,55].




4. Conclusions


In summary, we can conclude that the use of radioactive gallium (68Ga and 67Ga), particularly in conjunction with PET and SPECT imaging, respectively, has a significant contribution to make in elucidating the absorption and trafficking of gallium drugs. Indeed, subject to dosimetry and regulatory evaluation, there are no significant barriers to extending imaging experiments from mice to humans as part of future clinical trials, since clinically usable 68Ga and 67Ga and clinical PET and SPECT scanners are widely available. Using 68Ga and 67Ga as tracers, we showed that when KP46 enters the circulation intact, the liver and myocardium are the primary targets, whereas ionic gallium primarily targets the joints and tumour. The biodistribution of gallium following oral administration of KP46 shows extremely inefficient absorption of gallium, and the biodistribution of the small fraction that is absorbed matches that of i.v.-administered ionic gallium and not that of i.v.-administered KP46. Hence, it can be concluded that the gallium arriving at the tumour is not in the form of KP46. In vitro protein-binding studies with radiogallium combined with octanol extraction studies of the stomach and intestine contents suggest that the dissociation occurs not in the blood but in the gut.




5. Materials and Methods


5.1. General


Reagents and consumables were purchased from Fisher Scientific/Chemical, Crawford Scientific, or Sigma Aldrich unless specified otherwise. Athymic nude nu/nu mice and NSG mice were purchased from Charles River UK Ltd. (Margate, UK). A375 human melanoma cells were purchased from the American Type Culture Collection (ATCC) and were cultured and stocked in our laboratory. 68Ga was obtained from a 68Ge/68Ga generator (Eckert & Ziegler, Braunschweig, Germany) by eluting with 5 mL of 0.1 M ultrapure hydrochloric acid and collected in 5 × 1 mL fractions. [67Ga]Ga-citrate was purchased from Mallinckrodt, The Netherlands. iTLC was carried out using Agilent’s silica-gel-impregnated glass microfibre 10 cm strips. Developed iTLC strips were scanned with a LabLogic miniscan TLC reader with positron (β+) or gamma (γ) detectors for 68Ga and 67Ga, respectively (data analysed with Laura 6 software), or by Cyclone Plus phosphor filmless autoradiography imager (analysed with Cyclone Plus 5.0 software). HPLC was implemented using an Agilent Eclipse XDB C18 5 μm 4.6 × 150 mm reversed phase (RP) column and Agilent 1200 series HPLC with ultraviolet (UV, 220 nm) and radioactivity (Elysia raytest) detection and Gina StarTM software version 5.8. Gamma counting of tissue samples was performed using an LKB Wallac 1282 Compugamma Gamma Counter. Mass spectrometry analysis was conducted with a Thermo Exactive HR mass spectrometer with electrospray ionisation (ESI), running Xcalibur version 2.2 software. Nuclear magnetic resonance (NMR) spectra were acquired on a Bruker Avance III HD NanoBay 400 MHz NMR spectrometer (AscendTM magnet) and analysed with Bruker Topspin 4.2 software. Inductively coupled plasma-mass spectrometry (ICP-MS) determination of gallium in tissues was conducted in the London Metallomics Facility at King’s College London using a PerkinElmer NexION 350D, with Syngistix version 1.0. LC/MS was acquired through an Agilent Eclipse XDB C18 5 μm 4.6 × 150 mm RP column on an Agilent liquid chromatograph (1200 Series) with UV detection at 254 nm, connected to an Advion Expression LCMS mass spectrometer with electrospray ionisation source. Analysis was performed with Advion Mass Express software (version 6.4.16.1). Elemental microanalysis (for C, H, N) was performed by London Metropolitan University’s elemental analysis service.




5.2. Synthesis of KP46


The synthesis of KP46 was based on a method previously reported by Collery et al. [22]. In brief, 1.175 g (8 mmol) of 8-hydroxyquinoline, dissolved in 10% acetic acid (40 mL), was added to 0.559 g (2 mmol) of gallium (III) nitrate [Ga(NO3)3.H2O]. The mixture was heated under reflux to 80 °C for one hour before being filtered, and the residue was washed sequentially with hot water, cold water, and diethyl ether. The final yellow solid compound was dried overnight at 100 °C in a drying oven (yield 0.6232 g, 1.2 mmol, 60%).




5.3. Preparation of “Tracer” [68Ga]KP46, [67Ga]KP46, and [68Ga]Gallium Acetate


68Ga complex formation with 8-hydroxyquinoline was performed according to a modified method used by Yano et al. [56], in which 200 µL of a solution of 8-hydroxyquinoline in ethanol (1 mg/mL) was mixed with 200 µL of sodium acetate (0.5 M in sterile H2O, pH = 9) and 100 µL (8–10 MBq) of 68Ga from the most radioactive generator eluate fraction. This mixture contained 2.76 mM 8-hydroxyquinoline and approximately 0.98 nM 68Ga in a total volume of 0.5 mL at the time of preparation, with pH = 5.5–6.0. [68Ga]Ga-acetate was prepared similarly, but we replaced the ethanolic 8-hydroxyquinoline ligand solution with ethanol only. For in vivo studies, higher activity and more concentrated samples of [68Ga]KP46 and [67Ga]KP46 were required, which were produced and concentrated by the following scaled-up method: for 68Ga-labelling, 1 mL of the highest-activity 68Ga generator eluate fraction (typically 240–270 MBq) was added to a mixture of 2 mL of 8-hydroxyquinoline in solution in ethanol (1 mg/mL) and 1 mL of sodium acetate (0.5 M in sterile H2O, pH = 9). The final mixture pH was 5.5. In the case of [67Ga]KP46 radiolabelling, after 67Ga citrate to 67Ga chloride conversion (see Supplementary Materials), 0.5 mL of 67Ga chloride solution was added to a mixture of 1 mL of freshly dissolved 8-hydroxyquinoline in ethanol (1 mg/mL) and 0.5 mL sodium acetate (0.5 M in sterile H2O, pH = 9). The final mixture pH was 5.5. The 68Ga and 67Ga mixtures were diluted (1:2 v/v) with sterile water and loaded into a Sep-Pak Light C-18 cartridge that had been preconditioned with 5 mL of ethanol and 5 mL of water. The radioactivity trapped on the cartridge was eluted with 500 µL of ethanol in 5 × 100 µL fractions (recovering >90% of the radioactivity in all cases), the most radioactive of which was diluted tenfold with phosphate-buffered saline. Radiochemical purity was evaluated by iTLC (CHCl3:CH3OH, 95:5%, v/v; [68/67Ga]KP46: Rf = 1; [68Ga]Ga-acetate: Rf = 0).




5.4. Preparation of [68Ga]KP46 and [67Ga]KP46 for In Vivo Oral Administration Studies


To prepare radiolabelled (68Ga and 67Ga) bulk KP46, the most active ethanolic fraction (40 μL) of [68Ga]KP46 and [67Ga]KP46 eluted from the C18 column (as described above for preparation of tracer-level solutions) was combined with a 20 mM KP46 solution in dimethylsulfoxide (20 μL) and a 0.4 g/mL solution of polyethylene glycol (PEG, to maintain solubility) in water (180 µL) and was made up to 400 μL with water (160 μL). The tracer-level samples for oral administration were prepared in the same manner but with 20 μL of KP46-free DMSO in place of the KP46 solution in DMSO. The samples were analysed by HPLC and radio-iTLC prior to use in animal studies to show that radiolabelled KP46 and KP46 behaved similarly.




5.5. Determination of the Distribution/Partition Coefficients (logD and logP) of [68Ga]KP46 and [68Ga]Gallium Acetate


Tracer-level [68Ga]KP46 and [68Ga]Ga-acetate solutions (5–20 µL, 0.3–0.5 MBq) were added to a pre-equilibrated mixture (500 µL/500 µL) of octanol/water (for logP measurement) or octanol/PBS (for logD7.4 measurement). Samples were vortexed for two minutes in a Multi Vortex Mixer V-32 (Grant Bio). From each layer, a sample of 200 µL was taken and its radioactivity measured using a gamma counter.




5.6. [68/67Ga]KP46 and [68/67Ga]Gallium Acetate Binding to Serum Proteins In Vitro


Solutions of human apo-transferrin (apo-Tf, 2 mg/mL) and human serum albumin (HSA, 50 mg/mL) (both purchased from Sigma Aldrich) were dissolved in aqueous NaHCO3 (5 mM, pH = 8) and PBS (pH = 7.4), respectively. An amount of 1 MBq of tracer-level [68Ga]KP46 (13–20 µL) or [68Ga]gallium acetate (20–25 µL) was added to 1.2 mL of the apo-Tf solution and to a similar apo-Tf-free NaHCO3 solution (control). Similarly, [68Ga]KP46 and [68Ga]gallium acetate solutions were added to 1.5 mL PBS containing HSA or HSA-free PBS (control). The samples were incubated for 60 min at 37 °C (pH = 7–7.5). From each mixture, 0.5 mL was loaded into PD MidiTrap G-25 size exclusion chromatography cartridges that were preconditioned with 8 mL of NaHCO3 (5 mM) (for apo-Tf binding) or PBS (for HSA binding). Fractions (0.5 mL) were collected and counted with a Wallac gamma counter. Protein absorbance at 280 nm was measured using a Nanodrop spectrophotometer. To investigate the speciation of the Ga–KP46 complex in the presence of apo-Tf at later time points (up to 48 h), the experiment was repeated with 67Ga.




5.7. Cellular Uptake of [68Ga]KP46 In Vitro


One million A375 (human melanoma) cells were suspended in 0.5 mL of Dulbecco’s Modified Eagle’s Medium (500 mL DMEM, low-glucose medium with 50 mL 10% FBS, 5 mL of L-glutamine, and 5 mL of penicillin and streptomycin) in 1.5 mL Eppendorf tubes. An amount of 10 µL of no-carrier-added [68Ga]KP46 or [68Ga]gallium acetate was added to the cell suspensions (giving a 68Ga concentration of ca. 20 pM) and to similar tubes containing medium but no cells (to check and compensate for adhesion of radioactivity to tubes). Samples were incubated for 60 min at 37 °C under 5% CO2 and then centrifuged (Sci Spin Mini) for three minutes at 1500 RPM. The supernatants were transferred to fresh Eppendorf tubes. The pellets were washed twice with 0.5 mL PBS, following the same centrifugation protocol, and washes were added to the supernatant tubes. Supernatants and cell pellets were measured using a gamma counter to determine the average activity in cell pellets as a % of the total activity for each sample. The intracellular-to-extracellular 68Ga concentration ratio was also estimated by correcting for the different volume of supernatant and cell pellet using an estimated spherical cell diameter of 17.5 μm, which leads to an estimated volume of the cell pellet (106 cells) of 2.8 μL.




5.8. In Vivo Studies


All animal experiments were performed in accordance with the Animals (Scientific Procedures) Act, 1986, with protocols approved by the Animal Welfare and Ethical Review Body for King’s College London under project and personal licences approved by the UK Home Office. Tumour xenograft studies were performed on female NSG mice or female athymic nude mice after injecting them subcutaneously in the right shoulder with 2.5 × 106 A375 cells in 100 µL of PBS. All in vivo studies were conducted between 14 and 24 days after inoculation, with tumour volumes between 100 mm3 and 580 mm3 (see Supplementary Materials, Figure S11).



Intravenous [68Ga]gallium acetate and [68Ga]KP46: NSG mice bearing A375 xenografts were fasted for 12–14 h before the start of the experiment. Mice were anaesthetised with isoflurane and injected with tracer level [68Ga]gallium acetate (group A, n = 5) or [68Ga]KP46 (group B, n = 5) (13–18 MBq, <200 μL) via the tail vein. Mice were kept under anaesthesia during PET/CT imaging for 4 h (see protocol below), then culled by neck dislocation. The organs were harvested, weighed, and gamma counted. Additional similar studies with athymic nu/nu mice were conducted similarly.



Oral [68/67Ga]KP46: The protocol for oral administration experiments reported here was devised on the basis of pilot experiments described in Supplementary Materials (Figure S12). For short-term (up to 4 h) studies with 68Ga, awake (nonanaesthetised, to avoid suppressive effects of anaesthesia on digestive tract activity) mice that had been fasted for up to 14 h were given [68Ga]KP46 (5–13 MBq) (group C, “tracer”, n = 3) or [68Ga]KP46 and KP46 (5–8.5 MBq) (group D, “bulk”, n = 3) by oral gavage. The dose given orally to group D animals, prepared as described above, was 0.4 μmol in 400 μL, molar activity ca. 25 MBq/μmol. The mice were fasted for three hours before being anaesthetised and PET/CT scanned dynamically for one hour (see below for scanning protocol). After scanning, mice in both groups were culled by neck dislocation while still anaesthetised four hours post-oral administration for organ harvesting and gamma counting. Samples of blood, urine and contents of stomach, small intestine and large intestine (the organs/tissue with measurable activity; tumours were not included as they were insufficiently radioactive) from the mice in group C were used for octanol extraction (shake-flask method) to separate water-soluble (released) and lipid-soluble (intact KP46) 68Ga. Serum samples were prepared by placing blood samples in a serum separator tube (brand VS367954, Fisher Scientific Ltd., Loughborough, UK) and centrifuging at 3000 rpm for 10 min. Serum (200–300 µL) and urine samples (150–180 µL, taken from the excised bladders) were directly added to Eppendorf tubes containing a pre-equilibrated mixture of octanol (500 µL) and water (500 µL). The tubes were vortexed for two minutes on a Multi Vortex Mixer V-32 (Grant Bio). After separation of layers, a sample of 400 µL from each layer was transferred to fresh Eppendorf tubes and analysed with a gamma counter. Stomach content (72–77 mg), small intestine content (35–88 mg), and large intestine content (86–100 mg) samples from each mouse were analysed similarly by adding them directly to Eppendorf tubes containing a pre-equilibrated mixture of octanol (500 µL) and water (500 µL) before vortexing and centrifuging at 10,000 rpm for 10 min at 4 °C. From each layer, 430 µL was transferred to fresh Eppendorf tubes and analysed with a gamma counter; the solid residues were also counted. Tissues from mice in group D were used after radioactive decay for measurements of nonradioactive 69Ga content.



For long-term (up to 48 h) studies, a similar protocol was followed, but SPECT imaging using 67Ga was repeated at intervals up to 48 h instead of PET imaging up to only 4 h postadministration. Athymic nude nu/nu mice bearing A375 xenografts were fasted for 7–14 h and divided in two groups: E (n = 4) and F (n = 4). Awake (nonanaesthetised) mice were orally administered with [67Ga]KP46 (2–11 MBq, “tracer”, group E) or with [67Ga]KP46 and KP46 (1–11 MBq, “bulk”, group F, given 0.4 μmol KP46 with molar activity ca. 15 MBq/μmol) and fasted for three hours. Mice in both groups were then anaesthetised and SPECT/CT scanned (see scanning protocol below) for one hour. Mice were then allowed to recover and feed. At 24 h postadministration, mice were reanaesthetised and rescanned, then group E mice were culled while still anaesthetised, and tissues were harvested for ex vivo gamma counting. Group F mice, which showed sufficient remaining radioactivity for further scanning at later time points, were allowed to recover and feed after the 24 h scan, and they were reanaesthetised and rescanned 48 h post-oral administration before culling and harvesting of organs for gamma counting and 69Ga measurement by ICP-MS.




5.9. Scanning Protocols


PET/CT images were acquired with a nanoScan® PET/CT (Mediso Medical Imaging Systems, Budapest, Hungary) scanner operating in list mode using a 400–600 keV energy window and a coincidence window of 1:3. CT scans were acquired for anatomical reference and attenuation correction (55 keV X-ray, exposure time 1000 ms, and 360 projections and pitch 1). PET projection data were reconstructed using the Tera-tomo® software package provided with the scanner —a Monte Carlo-based fully 3D iterative algorithm with four iterations, six subsets, and 0.4 mm isotropic voxel size; corrections for attenuation, scatter, and dead-time were enabled. The data were then visualised and quantified using VivoQuant© v.2.50 (InviCro, Boston, MA, USA) software. SPECT/CT imaging was performed on a NanoSPECT/CT Silver Upgrade scanner (Mediso; 4 heads, 4 × 9 1.0 mm multipinhole collimators) in helical scanning mode using energy windows centred around 93.20 ± 20% keV (primary), 184.60 ± 20% keV (secondary), and 300.00 ± 20% keV (tertiary). CT images were acquired using 45 kVp tube voltage and 1000 ms exposure time in 180° projections. SPECT/CT data sets were reconstructed using the HiSPECT 1.4.2611 (SciVis, Gottingen, Germany) reconstruction software package using standard reconstruction with 35% smoothing and 9 iterations. Images were coregistered and analysed using VivoQuant v2.50 (InviCro, Needham, MA, USA).
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Author Contributions


Conceptualization, P.J.B., M.T.M. and A.M.F.D.; methodology, P.J.B., A.M.F.D., C.I., J.J.B., F.A.-S., J.E.B., J.B., A.R. and A.G.; writing—original draft preparation, P.J.B. and A.M.F.D.; writing—review and editing, all authors; supervision, P.J.B.; project administration, P.J.B.; funding acquisition, P.J.B. and A.M.F.D. All authors have read and agreed to the published version of the manuscript.




Funding


We acknowledge support from the Centre for Medical Engineering at King’s College London funded by the Wellcome Trust and EPSRC (203148/Z/16/Z), the Wellcome Multiuser Equipment Radioanalytical Facility funded by Wellcome Trust (212885/Z/18/Z), and the EPSRC programme for Next Generation Molecular Imaging and Therapy with Radionuclides (EP/S03279/1 ‘MITHRAS’). ICP-MS measurements were made possible by the London Metallomics Facility funded by Wellcome Multiuser Equipment grant 202902/Z/16/Z. Z.Y. and C.I. were supported by the NIHR Biomedical Research Centre award to Guy’s and St Thomas’s NHS Foundation Trust in partnership with King’s College London and King’s College Hospital NHS Foundation Trust. F.A.S. was supported by the CRUK City of London Centre Award [C7893/A26233]. J.J.B. was supported by a studentship from the MRC Doctoral Training Partnership at King’s College London. A.D. was supported by King Abdulaziz University and the Saudi Arabian Cultural Bureau in the UK. No other potential conflicts of interest relevant to this article were reported.




Institutional Review Board Statement


All animal experiments were performed in accordance with the Animals (Scientific Procedures) Act, 1986, with protocols approved by the Animal Welfare and Ethical Review Body for King’s College London under project and personal licences approved by the UK Home Office (licence number P9C94E8A4, issued 18 March 2019 and expiring 19 June 2022).




Informed Consent Statement


Not applicable.




Data Availability Statement


All data are provided within the published article or Supplementary Materials. Raw imaging data underpinning in this study are available on request from the corresponding author.




Acknowledgments


We thank Jana Kim and Francis Man for assistance with preclinical radionuclide imaging studies.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of this study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




Sample Availability


Not applicable.




References


	



Even-Sapir, E.; Israel, O. Gallium-67 scintigraphy: A cornerstone in functional imaging of lymphoma. Eur. J. Nucl. Med. Mol. Imaging 2003, 30, S65–S81. [Google Scholar] [CrossRef] [PubMed]

	



Blower, J.E.; Cooper, M.S.; Imberti, C.; Ma, M.T.; Marshall, C.; Young, J.D.; Blower, P.J. The radiopharmaceutical chemistry of the radionuclides of gallium and indium. In Radiopharmaceutical Chemistry; Lewis, J.S., Windhorst, A.D., Zeglis, B., Eds.; Springer Nature Switzerland AG: Basel, Switzerland, 2019; pp. 255–271. [Google Scholar]

	



Larson, S.M. Mechanisms of localization of gallium-67 in tumors. Semin. Nucl. Med. 1978, 8, 193–203. [Google Scholar] [CrossRef] [PubMed]

	



bin Othman, M.F.; Verger, E.; Costa, I.; Tanapirakgul, M.; Cooper, M.S.; Imberti, C.; Lewington, V.J.; Blower, P.J.; Terry, S.Y.A. In vitro cytotoxicity of Auger electron-emitting [67Ga]Ga-trastuzumab. Nucl. Med. Biol. 2020, 80, 57–64. [Google Scholar] [CrossRef] [PubMed]

	



Crawford, E.D.; Saiers, J.H.; Baker, L.H.; Costanzi, J.H.; Bukowski, R.M. Gallium nitrate in advanced bladder carcinoma: Southwest Oncology Group study. Urology 1991, 38, 355–357. [Google Scholar] [CrossRef]

	



Collery, P.; Millart, H.; Lamiable, D.; Vistelle, R.; Rinjard, P.; Tran, G.; Gourdier, B.; Cossart, C.; Bouana, J.C.; Pechery, C.; et al. Clinical pharmacology of gallium chloride after oral administration in lung cancer patients. Anticancer. Res. 1989, 9, 353–356. [Google Scholar]

	



Chitambar, C.R. Gallium-containing anticancer compounds. Future Med. Chem. 2012, 4, 1257–1272. [Google Scholar] [CrossRef]

	



Chitambar, C.R. Gallium nitrate for the treatment of non-Hodgkin’s lymphoma. Expert. Opin. Investig. Drugs 2004, 13, 531–541. [Google Scholar] [CrossRef]

	



Warrell, R.P.; Israel, R.; Frisone, M.; Snyder, T.; Gaynor, J.J.; Bockman, R.S. Gallium nitrate for acute treatment of cancer-related hypercalcemia: A randomized, double-blind comparison to calcitonin. Ann. Intern. Med. 1988, 108, 669–674. [Google Scholar] [CrossRef]

	



Smith, M. FDA approves ganite for hypercalcemia. Oncol. Times 2003, 25, 24. [Google Scholar] [CrossRef]

	



Lin, J.R.; Bekersky, I.; Brown, N.S.; Mong, S.; Lee, F.; Newman, R.A.; Ho, D.H. Normocalcemic effect of gallium nitrate in a hypercalcemic rat model. Cancer Res. 1995, 55, 307–311. [Google Scholar]

	



Woo, J.; Hearne, K.; Kelson, A.; Yee, L.; Espadas, C.; Truong, V.L. In vitro and in vivo nonclinical efficacy of AR-501 (gallium citrate). Open Forum Infect. Dis. 2019, 6 (Suppl. S2), S322. [Google Scholar] [CrossRef]

	



Collery, P.; Millart, H.; Pluot, M.; Anghileri, L.J. Effects of gallium chloride oral administration on transplanted C3HBA mammary adenocarcinoma: Ga, Mg, Ca and Fe concentration and anatomopathological characteristics. Anticancer. Res. 1986, 6, 1085–1088. [Google Scholar] [PubMed]

	



Collery, P.; Keppler, B.; Madoulet, C.; Desoize, B. Gallium in cancer treatment. Crit. Rev. Oncol./Hematol. 2002, 42, 283–296. [Google Scholar] [CrossRef]

	



Chitambar, C.R. Gallium and its competing roles with iron in biological systems. Biochim. Biophys. Acta-Mol. Cell Res. 2016, 1863, 2044–2053. [Google Scholar] [CrossRef]

	



Chitambar, C.R.; Antholine, W.E. Iron-targeting antitumor activity of gallium compounds and novel insights into triapine-metal complexes. Antioxid. Redox Signalling 2013, 18, 956–972. [Google Scholar] [CrossRef] [PubMed]

	



Weiner, R.E. The mechanism of 67Ga localization in malignant disease. Nucl. Med. Biol. 1996, 23, 745–751. [Google Scholar] [CrossRef] [PubMed]

	



Chitambar, C.R. The therapeutic potential of iron-targeting gallium compounds in human disease: From basic research to clinical application. Pharmacol. Res. 2017, 115, 56–64. [Google Scholar] [CrossRef]

	



Bellen, J.C.; Chatterton, B.; Pengjis, S.; Tsopelas, C. Gallium-67 complexes as radioactive markers to assess gastric and colonic transit. J. Nucl. Med. 1995, 36, 513–517. [Google Scholar]

	



Dudley, H.C.; Levine, M.D. Studies of the toxic action of gallium. J. Pharmacol. Exp. Ther. 1948, 95, 487–493. [Google Scholar]

	



Collery, P.; Jakupec, M.A.; Kynast, B. Preclinical and early clinical development of the oral gallium complex KP46 (FFC11). Met. Ions Biol. Med. 2006, 46, 521–524. [Google Scholar]

	



Collery, P.; Domingo, J.L.; Keppler, B.K. Preclinical toxicology and tissue gallium distribution of a novel antitumour gallium compound: Tris (8-quinolinolato) gallium(III). Anticancer. Res. 1996, 16, 687–692. [Google Scholar]

	



Rudnev, A.V.; Foteeva, L.S.; Kowol, C.; Berger, R.; Jakupec, M.A.; Arion, V.B.; Timerbaev, A.R.; Keppler, B.K. Preclinical characterization of anticancer gallium(III) complexes: Solubility, stability, lipophilicity and binding to serum proteins. J. Inorg. Biochem. 2006, 100, 1819–1826. [Google Scholar] [CrossRef]

	



Jatwani, S.; Rana, A.C.; Singh, G.; Aggarwal, G. An overview on solubility enhancement techniques for poorly soluble drugs and solid dispersion as an eminent strategic approach. Int. J. Pharm. Sci. Res. 2012, 3, 942–956. [Google Scholar] [CrossRef]

	



Timerbaev, A.R. Advances in developing tris(8-quinolinolato)gallium(III) as an anticancer drug: Critical appraisal and prospects. Metallomics 2009, 1, 193–198. [Google Scholar] [CrossRef]

	



Gogna, R.; Madan, E.; Keppler, B.; Pati, U. Gallium compound GaQ3-induced Ca2+ Signalling triggers p53-dependent and -independent apoptosis in cancer cells. Br. J. Pharmacol. 2012, 166, 617–636. [Google Scholar] [CrossRef]

	



Lessa, J.A.; Parrilha, G.L.; Beraldo, H. Gallium complexes as new promising metallodrug candidates. Inorg. Chim. Acta 2012, 393, 53–63. [Google Scholar] [CrossRef]

	



Valiahdi, S.M.; Heffeter, P.; Jakupec, M.A.; Marculescu, R.; Berger, W.; Rappersberger, K.; Keppler, B.K. The gallium complex KP46 exerts strong activity against primary explanted melanoma cells and induces apoptosis in melanoma cell lines. Melanoma Res. 2009, 19, 283–293. [Google Scholar] [CrossRef]

	



Jungwirth, U.; Gojo, J.; Tuder, T.; Walko, G.; Holcmann, M.; Schöfl, T.; Nowikovsky, K.; Wilfinger, N.; Schoonhoven, S.; Kowol, C.R.; et al. Calpain-mediated integrin deregulation as a novel mode of action for the anticancer gallium compound KP46. Mol. Cancer Ther. 2014, 13, 2436–2449. [Google Scholar] [CrossRef]

	



Wang, Y.; Mei, Y.; Song, Y.; Bachus, C.; Sun, C.; Sheshbaradaran, H.; Glogauer, M. AP-002: A novel inhibitor of osteoclast differentiation and function without disruption of osteogenesis. Eur. J. Pharmacol. 2020, 889, 173613. [Google Scholar] [CrossRef] [PubMed]

	



Hummer, A.A.; Bartel, C.; Arion, V.B.; Jakupec, M.A.; Meyer-Klaucke, W.; Geraki, T.; Quinn, P.D.; Mijovilovich, A.; Keppler, B.K.; Rompel, A. X-ray absorption spectroscopy of an investigational anticancer gallium(III) drug: Interaction with serum proteins, elemental distribution pattern, and coordination of the compound in tissue. J. Med. Chem. 2012, 55, 5601–5613. [Google Scholar] [CrossRef] [PubMed]

	



Enyedy, É.A.; Dömötör, O.; Bali, K.; Hetényi, A.; Tuccinardi, T.; Keppler, B.K. Interaction of the anticancer gallium (III) complexes of 8-hydroxyquinoline and maltol with human serum proteins. J. Biol. Inorg. Chem. 2015, 20, 77–88. [Google Scholar] [CrossRef]

	



Groessl, M.; Bytzek, A.; Hartinger, C.G. The serum protein binding of pharmacologically active gallium(III) compounds assessed by hyphenated CE-MS techniques. Electrophoresis 2009, 30, 2720–2727. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhang, W.; Li, Y. X-ray crystal structure of gallium tris-(8-hydroxyquinoline): Intermolecular π - π stacking interactions in the solid state. Chem. Mater. 1999, 11, 530–532. [Google Scholar] [CrossRef]

	



Imberti, C.; Lok, J.; Coverdale, J.P.C.; Carter, O.W.L.C.; Fry, M.E.; Capper, M.; Kim, J.; Firth, G.; Blower, P.J.; Sadler, P.J. Radiometal-labelled photoactivatable Pt(IV) anticancer complex for theranostic phototherapy. Inorg. Chem. 2023, in press. [Google Scholar]

	



Firth, G.; Blower, J.E.; Bartnicka, J.J.; Mishra, A.; Michaels, A.M.; Rigby, A.; Darwesh, A.; Al-Salemee, F.A.I.; Blower, P.J. Non-invasive radionuclide imaging of trace metal trafficking in health and disease: “PET metallomics”. RSC Chem. Biol. 2022, 3, 495–518. [Google Scholar] [CrossRef] [PubMed]

	



Bartnicka, J.J.; Blower, P.J. Insights into trace metal metabolism in health and disease from PET: “PET metallomics”. J. Nucl. Med. 2018, 59, 1355–1359. [Google Scholar] [CrossRef]

	



Imberti, C.; Adumeau, P.; Blower, J.E.; Al Salemee, F.; Baguña Torres, J.; Lewis, J.S.; Zeglis, B.M.; Terry, S.Y.A.; Blower, P.J. Manipulating the in vivo behaviour of 68Ga with tris(hydroxypyridinone) chelators: Pretargeting and blood clearance. Int. J. Mol. Sci. 2019, 20, 1496. [Google Scholar] [CrossRef]

	



Liu, Z.; Wang, S.; Hu, M. Developing Solid Oral Dosage Forms: Pharmaceutical Theory and Practice; Qiu, Y., Chen, Y., Zhang, G., Yu, L., Rao, V., Eds.; Elsevier: Amsterdam, The Netherlands, 2009; Volume 1, pp. 265–288. [Google Scholar]

	



Jackson, G.E.; Byrne, M.J. Metal ion speciation in blood plasma: Gallium-67-citrate and MRI contrast agents. J. Nucl. Med. 1996, 37, 379–386. [Google Scholar]

	



Vallabhajosula, S.R.; Harwig, J.F.; Siemsen, J.K.; Wolf, W. Radiogallium localization in tumors: Blood binding and transport and the role of transferrin. J. Nucl. Med. 1980, 21, 650–656. [Google Scholar]

	



Abramski, J.K.; Foteeva, L.S.; Pawlak, K.; Timerbaev, A.R.; Jarosz, M. A versatile approach for assaying in vitro metallodrug metabolism using CE hyphenated with ICP-MS. Analyst 2009, 134, 1999–2002. [Google Scholar] [CrossRef] [PubMed]

	



Zhong, D.; Douhal, A.; Zewail, A.H. Femtosecond studies of protein-ligand hydrophobic binding and dynamics: Human serum albumin. Proc. Natl. Acad. Sci. USA 2000, 97, 14056–14061. [Google Scholar] [CrossRef] [PubMed]

	



Vallabhajosula, S.R.; Harwig, J.F.; Wolf, W. The mechanism of tumor localization of gallium-67 citrate: Role of transferrin binding and effect of tumor pH. Int. J. Nucl. Med. Biol. 1981, 8, 363–370. [Google Scholar] [CrossRef] [PubMed]

	



Gams, R.A.; Glickson, J.D. Serum inhibition of Ga-67 binding by L1210 leukemic cells. Cancer Res. 1975, 35, 1422–1426. [Google Scholar]

	



Gawne, P.; Man, F.; Blower, P.J.; de Rosales, R.T.M. Direct cell radiolabelling for in vivo cell tracking with PET and SPECT imaging. Chem. Rev. 2022, 122, 10266–10318. [Google Scholar] [CrossRef]

	



Chitambar, C.R.; Zivkovic, Z. Uptake of gallium-67 by human leukemic cells: Demonstration of transferrin receptor-dependent and transferrin-independent mechanisms. Cancer Res. 1987, 47, 3929–3934. [Google Scholar]

	



Larson, S.M.; Rasey, J.S.; Allen, D.R.; Nelson, N.J. A transferrin-mediated uptake of gallium-67 in tissue culture by EMT-6 sarcoma. I. studies in tissue culture. J. Nucl. Med. 1979, 20, 837–842. [Google Scholar]

	



Young, S.P.; Garner, C. Delivery of iron to human cells by bovine transferrin. Biochem. J. 1990, 265, 587–591. [Google Scholar] [CrossRef]

	



Sephton, R.G.; Harris, A.W. Brief communication: Gallium-67 citrate uptake by cultured tumor cells, stimulated by serum transferrin. J. Natl. Cancer Inst. 1974, 54, 1263–1266. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, A.; Chafetz, N.; Hollenbeck, J.; Hooser, W. The source of fecal gallium - clinical implications: Concise communication. J. Nucl. Med. 1978, 19, 1214–1216. [Google Scholar]

	



Valberg, L.S.; Flanagan, P.R.; Haist, J.; Frei, J.V.; Chamberlain, M.J. Gastrointestinal metabolism of gallium and indium: Effect of iron deficiency. Clin. Investig. Med. 1981, 4, 103–108. [Google Scholar]

	



Zhou, J.; Zhang, H.; Gu, P.; Margolick, J.B.; Yin, D.; Zhang, Y. Cancer stem/progenitor cell active compound 8-quinolinol in combination with paclitaxel achieves an improved cure of breast cancer in the mouse model. Breast Cancer Res. Treat. 2009, 115, 269–277. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, S.; Lin, Z.; Wang, X.; Lu, J.; Zhao, Y. Synthesis and cytotoxicity evaluation of panaxadiol derivatives. Chem. Biodiver 2020, 17, 543–548. [Google Scholar] [CrossRef] [PubMed]

	



Saadeh, H.A.; Sweidan, K.A.; Mubarak, M.S. Recent advances in the synthesis and biological activity of 8-hydroxyquinolines. Molecules 2020, 25, 4321. [Google Scholar] [CrossRef] [PubMed]

	



Yano, Y.; Budinger, T.F.; Ebbe, S.N.; Mathis, C.A.; Singh, M.; Brennan, K.M.; Moyer, B.R. Gallium-68 lipophilic complexes for labeling platelets. J. Nucl. Med. 1985, 26, 1429–1437. [Google Scholar] [PubMed]








[image: Molecules 28 07217 g002] 





Figure 2. Size exclusion elution (PD MidiTrap G-25) profiles of [68Ga]gallium acetate and [68/67Ga]KP46 in the presence and absence of apo-transferrin (apo-Tf) and human serum albumin (HSA). Vertical axis represents % of total activity eluted. (A) [68Ga]gallium acetate incubated for 1 h with and without apo-Tf in the presence of bicarbonate, showing essentially quantitative binding of 68Ga to apo-Tf; (B) [68Ga]gallium acetate incubated for 1 h with and without HSA, showing partial binding of radioactivity to HSA; (C) [67Ga]KP46 incubated in bicarbonate buffer over a period of 48 h, showing minor changes in elution profile, used as a control for (D) [67Ga]KP46 incubated with apo-Tf in the presence of bicarbonate, sampled over a period of 48 h, showing very minor binding of 67Ga to apo-Tf at later time points; (E) [68Ga]KP46 incubated for 1 h with and without HSA, showing significant binding of radioactivity to HSA. 
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Figure 3. Uptake of [68Ga]KP46 and [68Ga]gallium acetate in cultured A375 cells after one hour of incubation in DMEM media containing FBS (n = 3 independent experiments). (A) Expressed as % radioactivity added, uncorrected (left) and corrected (right) for radioactivity binding to the plate in the absence of cells; (B) expressed as ratio of intracellular to extracellular 68Ga concentration (using corrected data). Uptake of [68Ga]KP46 was significantly higher (** p < 0.01, unpaired two-tailed t-test) than that of [68Ga]gallium acetate. Data are reported as mean ± SD. 
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Figure 4. Biodistribution of 68Ga in NSG mice bearing A375 tumour xenografts on the right shoulder, during 4 h period after i.v. injection of [68Ga]gallium acetate (group A) and [68Ga]KP46 (group B). (A) Dynamic PET/CT images (maximum intensity projection) at different time points post-i.v. injection of [68Ga]gallium acetate; (B) dynamic PET/CT images (maximum intensity projection) at different time points post-i.v. injection of [68Ga]KP46. For both (A,B), the top panel shows dorsal aspect maximum intensity projections, and the bottom panel shows axial transverse sections. The white arrows show the position of the tumour. (C) Ex vivo biodistribution of [68Ga]Ga-acetate (group A, blue) and [68Ga]KP46 (group B, red) at 4 h post-i.v. injection. Values are expressed as mean ± SD (n = 5). Statistical analysis was performed for each organ using a t-test (black *). For the groups shaded with blue background, unequal variances were obtained (F test), and therefore Welch-adjusted t-test was also carried out (blue *). p values are defined as follows: * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001. 
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Figure 5. Biodistribution of 68Ga in nu/nu mice bearing A372 tumour xenograft 4 h after oral administration of [68Ga]KP46 (tracer level, group C; bulk level, group D), showing minimal absorption from gastrointestinal tract in both cases. (A) Exemplar PET/CT scans, group C; (B) exemplar PET/CT scan, group D. Both show PET/CT maximum intensity projections (T = tumour, S = stomach, I = intestines). (C,D) Ex vivo % injected dose/g (%ID/g) data for tracer (C) and bulk (D) administration, n = 3. Error bars show standard deviation. 
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Figure 6. Solvent extraction of 68Ga from organs of mice given oral tracer dose of [68Ga]KP46 (group C), 4 h postadministration. (A) % radioactivity remaining in solids during extraction of stomach and intestine contents with octanol and water. (B) % of soluble radioactivity in aqueous phase during octanol extraction. Samples of [68Ga]KP46 and [68Ga]gallium acetate are included as controls. Values are expressed as mean ± SD. 
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Figure 7. Biodistribution of 67Ga in nu-nu mice with A375 tumour xenograft, 24 h after oral administration of tracer level (group E) or bulk level (group F) [67Ga]KP46. (A) SPECT/CT scans, reconstructed as coronal maximum intensity projections with (inset) axial sections. T = tumour, L = liver, S = stomach, LI = large intestine. Left image shows that radioactivity had been largely eliminated from the bodies of group E mice by 24 h, and hence, mice in this group were sacrificed for ex vivo biodistribution rather than reimaged at 48 h. (B) Ex vivo biodistribution 24 h after tracer-level oral administration (group E), expressed as mean %ID/g. Error bars represent standard deviation (n = 4). 
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Figure 8. Biodistribution of 67Ga in nu-nu mice with A375 tumour xenograft, 48 h after oral administration of bulk level (group F) [67Ga]KP46. (A) SPECT/CT scans, reconstructed as maximum intensity projections with (inset) axial section. T = tumour. (B) Ex vivo biodistribution 48 h after tracer-level oral administration (group F), expressed as mean %ID/g. Error bars represent standard deviation (n = 4 except faeces, where n = 1). 
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