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Abstract

:

Small molecules targeting aberrant anaplastic lymphoma kinase (ALK) are active against ALK-positive non-small-cell lung cancers and neuroblastoma. Several targeted tyrosine kinase inhibitors (TKIs) have been shown to interact with polyspecific organic cation transporters (pOCTs), raising concerns about potential drug–drug interactions (DDIs). The purpose of this study was to assess the interaction of ALK inhibitors with pOCTs and the impact of substrate-dependent inhibition on the prediction of DDIs. Inhibition assays were conducted in transporter-overexpressing cells using meta-iodobenzylguanidine (mIBG), metformin, or 1-methyl-4-phenylpyridinium (MPP+) as the substrate. The half-maximal inhibitory concentrations (IC50) of brigatinib and crizotinib for the substrates tested were used to predict their potential for in vivo transporter mediated DDIs. Here, we show that the inhibition potencies of brigatinib and crizotinib on pOCTs are isoform- and substrate-dependent. Human OCT3 (hOCT3) and multidrug and toxin extrusion protein 1 (hMATE1) were highly sensitive to inhibition by brigatinib and crizotinib for all three tested substrates. Apart from hMATE1, substrate-dependent inhibition was observed for all other transporters with varying degrees of dependency; hOCT1 inhibition showed the greatest substrate dependency, with differences in IC50 values of up to 22-fold across the tested substrates, followed by hOCT2 and hMATE2-K, with differences in IC50 values of up to 16- and 12-fold, respectively. Conversely, hOCT3 inhibition only showed a moderate substrate dependency (IC50 variance < 4.8). Among the substrates used, metformin was consistently shown to be the most sensitive substrate, followed by mIBG and MPP+. Pre-incubation of ALK inhibitors had little impact on their potencies toward hOCT2 and hMATE1. Our results underscore the complexity of the interactions between substrates and the inhibitors of pOCTs and have important implications for the clinical use of ALK inhibitors and their DDI predictions.
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1. Introduction


Anaplastic lymphoma kinase (ALK) is a neural receptor tyrosine kinase (RTK) in the insulin receptor superfamily that is predominantly expressed in the central and peripheral nervous system [1]. Mutations in the gene encoding ALK have been linked to multiple cancers, including the nucleophosmin (NPM1)-ALK fusion oncoprotein observed in anaplastic large-cell lymphoma (ALCL) and the echinoderm microtubule-associated protein-like 4 (EML4)-ALK in non-small-cell lung cancer (NSCLC), which significantly contribute to tumor cell cycle progression, migration, and evasion of apoptosis [2,3,4,5,6,7]. Furthermore, mutations in the intracellular kinase domain and gene copy amplifications resulting in aberrant ALK activity have also been reported, specifically in neuroblastoma (NBL) and NSCLC, respectively [1,4,8]. Given its pivotal role in these cancers, ALK was identified as an important therapeutic target. Multiple ALK inhibitors have since then been developed, including crizotinib, a tyrosine kinase inhibitor (TKI) approved by the US Food and Drug Administration (FDA) in 2011 and indicated for ALK-positive NSCLC [9]. Crizotinib is currently undergoing phase-3 clinical trials for NBL as an addition to standard chemotherapy [10]. Several other next-generation ALK inhibitors, such as brigatinib and lorlatinib, have been approved by the FDA for NSCLC [11]. Although none has been approved by the FDA for NBL, a recent phase-1 trial showed promising efficacy of lorlatinib against high-risk ALK-driven NBL [12].



Polyspecific organic cation transporters (pOCTs) belong to the family of human solute carrier (SLC) transporters, which facilitate the cellular influx and efflux of different drug molecules and toxins, as well as many endogenous organic cations [13,14]. This group contains the electrogenic-membrane-potential-driven organic cation transporters 1 to 3 (hOCT1, 2, 3) and the transmembrane-proton-gradient-driven multidrug and toxin extrusion proteins 1 and 2-K (hMATE1, 2-K). In humans, OCT1 is mostly expressed in the liver and localized basolaterally in hepatocytes, which facilitates cellular organic cation uptake [13]. OCT2 and MATE1/2-K are predominantly and respectively expressed on the basolateral and apical membrane of the renal proximal tubular epithelial cells (PTECs) in the kidneys, facilitating renal tubular secretion of organic cations [13,14,15]. OCT3 is broadly distributed throughout the body with relatively greater expression in the salivary glands, placenta, adrenal glands, skeletal muscle, and heart [16,17,18,19,20], and our group has previously demonstrated its role in drug uptake into some of these tissues [17,21]. Several commonly used cancer chemotherapeutic agents, including certain platinum compounds, such as cisplatin and oxaliplatin, as well as some anthracyclines, such as doxorubicin, are substrates for OCTs and/or MATEs [22,23,24]. Thus, these transporters can potentially participate in not only the tumor uptake of anticancer agents, but also in their disposition in normal tissues. For instance, our recent study suggested that the distribution of meta-iodobenzylguanidine (mIBG), a radiopharmaceutical used for targeted imaging and treatment of neuroendocrine tumors, is mediated by hOCT1 and 3 in normal tissues, while hOCT2 and hMATE1/2-K play a role in its renal elimination [25].



Drug–drug interactions (DDIs) involving transporters are of considerable clinical concern, as alterations in transporter function can influence the disposition, efficacy, and safety of the impacted drugs, often referred to as ‘victim drugs’. Numerous reported DDIs have been ascribed to the inhibition of hOCT2 and hMATEs in the kidneys [15,26,27]. Furthermore, OCT1 and 3 are involved in the hepatic clearance of cationic xenobiotics and endogenous substances, as well as in the intestinal absorption of many orally administered cationic drugs [17,28]. These findings highlight the importance of assessing clinically relevant DDIs mediated by transporters during drug development [13]. According to the guidelines published by the FDA and the International Transporter Consortium (ITC), if a new molecular entity (NME) is an in vitro inhibitor of certain relevant transporters and the ratio of its unbound maximal plasma concentration (Cmax) to its half-maximal inhibitory concentration (IC50) is greater than 0.1, further in vivo DDI assessment is recommended [13,29]. For pOCTs, most in vitro screens are conducted with well-established probe substrates such as metformin or 1-methyl-4-phenylpyridinium (MPP+). However, emerging evidence suggests that substrate-dependent inhibition can occur with pOCTs, possibly due to the interactions of inhibitors and substrates with multiple binding sites on the transporter protein [30]. For instance, our group previously observed that cimetidine, an OCT2 inhibitor, showed a 10-fold higher potency with atenolol as a substrate compared with metformin [31]. Another group also showed that inhibition of hOCT2 is highly substrate-dependent using cationic ionic liquids [32]. Evidently, hMATE1 is less impacted by substrate choice compared with hOCT2 [31,33], although conflicting results have been reported [32]. Currently, little information is available on substrate-dependent inhibition for hOCT1, hOCT3, and hMATE2-K.



Previous studies have shown that TKIs, including some ALK inhibitors, interact with pOCTs [34,35,36]. However, their reported inhibitory profiles and selected substrates vary among studies. Furthermore, these studies used either experimental compounds (e.g., 4–4-dimethylaminostyryl-N-methylpyridinium (ASP+) and MPP+) or non-cancer drugs (e.g., metformin) as substrates, which may not be suitable to predict pOCT-mediated ALK drug interactions due to substrate-dependent inhibition. Here, we systematically assessed the in vitro inhibitory effects of three selected ALK inhibitors, namely lorlatinib, crizotinib, and brigatinib, on hOCT1 to 3- and hMATE1/2-K-mediated transport of mIBG, which has a high chance of being used in combination with ALK inhibitors to diagnose and treat NBL and other neuroendocrine cancers [12]. The three ALK inhibitors were selected due to their significant potential in clinical translation to treat ALK-driven NBL, as (1) all three ALK inhibitors have been approved by the FDA for treating NSCLC and (2) all have demonstrated in vitro and in vivo activity against ALK-positive NBL cells [12,37,38]. Erlotinib, despite being an epidermal growth factor receptor (EGFR)-targeting TKI, was also included in the initial screening process due to its potential to treat NBL when combined with a B-cell lymphoma 2 antagonist [39]. Potent transporter inhibitors were further investigated by performing dose-dependent inhibition studies and determining their IC50 values. These studies were then performed using metformin or MPP+ as substrates to investigate the influence of probe substrate selection on inhibitor interactions with the transporters. Prediction of the in vivo inhibition of OCTs and MATEs for potent TKIs was also performed using the criteria defined and recommended by the FDA. Finally, while time-dependent inhibition has previously been observed in some transporters, such as the organic anion-transporting polypeptides (OATP) 1B1 and 3 [40,41], it remains unclear whether this holds true for pOCTs. Therefore, the effects of preincubation on the inhibition potencies of TKIs were also investigated with the major renal transporters OCT2 and MATE1.




2. Materials and Methods


2.1. Chemicals and Reagents


MIBG, crizotinib, lorlatinib, and glyburide were purchased from Sigma-Aldrich (St. Louis, MO, USA). Erlotinib was kindly provided by Dr. Rheem Totah. Brigatinib was purchased from MedChemExpress (Monmouth Junction, NJ, USA). [14C]metformin (112 mCi/mmol) and [3H]1-methyl-4-phenylpyridinium (MPP+, 80 Ci/mmol) were purchased from American Radiolabeled Chemicals, Inc. (St. Louis, MO, USA). Acetonitrile (ACN) and formic acid (liquid chromatography with tandem mass spectrometry (LC-MS/MS)-grade) were obtained from Thermo Fisher Scientific (Rockford, IL, USA). Reagents for cell culture were purchased from Invitrogen (Carlsbad, CA, USA).




2.2. Cell Culture


The cell culture protocol was as previously described [20,31]. In brief, Flp-In human embryonic kidney (HEK) 293 cells stably transfected with hOCT1 to 3, hMATE1/2-K, and empty pcDNA5/FRT vector (mock cells), previously established in our laboratory [20,31], were maintained and cultured in Dulbecco’s modified Eagle’s medium enriched with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin/100 μg/mL streptomycin (1X P/S), and 150 μg/mL hygromycin B. Cells were cultured in a 37 °C incubator with 5% CO2. Culture flasks were coated with 0.01% poly-D-lysine (PDL) to enhance the attachment of cells.




2.3. Inhibition Screening and Uptake Assays in HEK293 Cells


Uptake assays were performed as previously described [25]. In brief, cells were seeded on PDL-coated 96-well plates and grown to at least 90% confluency. On the day of the experiment, cells were first washed with 200 μL of prewarmed Hank’s balanced salt solution (HBSS) buffer (Thermo Fisher Scientific, Rockford, IL, USA) 3 times. For hMATEs-transfected cells, the pH of the HBSS buffer was adjusted from 7.4 to 8.0 to facilitate inward substrate uptake by establishing an outward-facing proton gradient. Measurement was carried out after an incubation period of 2 min at 37 °C at an mIBG concentration of 1 µM. Experiments began with the addition of 100 μL of HBSS buffer in the presence or absence of an inhibitor. For the initial screening, 20 μM of the inhibitor was used. For the determination of IC50 values, a range of 12 concentrations, generated through 1:1 serial dilution from 100 μM (100, 50, 25, 12.5, 6.25, 3.12, 1.56, 0.78, 0.39, 0.20, and 0 μM), was used. The percentages of organic solvent in the incubation buffer with substrates and inhibitors were normalized accordingly and kept below 0.5%. Uptake was stopped by aspirating the incubation buffer and washing the cells with 200 μL of ice-cold HBSS at least 3 times. The cells were then lysed using 200 μL of 10% ACN containing 50 nM glyburide (internal standard) per well, and 20 μL of the lysates were diluted 1:10 in 10% ACN for mIBG quantification. For [14C]metformin and [3H]MPP+, assays were performed in the same manner as for mIBG, but the cells were instead lysed with 100 μL of 1 M NaOH for 1 h at 37 °C and subsequently neutralized with 100 μL of 1 M HCl, of which 150 μL of the total cell lysate was used for total radioactivity analysis using a Tri-Carb Liquid Scintillation Counter (Perkin Elmer, Waltham, MA, USA). For preincubation assays, cells were preincubated with the TKIs in HBSS for 30 min before the initiation of substrate uptake.




2.4. Quantification of mIBG by LC-MS/MS


Due to concerns about rapid iodine isotope decay (t1/2 ~ 13 h for 123I and 8 days for 131I), nonradioactive mIBG was used and quantified by LC-MS/MS as previously described [25]. Briefly, an Agilent 6410 Triple Quad mass spectrometer coupled with an Agilent 1290 series HPLC system (Agilent Technologies, Santa Clara, CA, USA), operated in positive electrospray ionization mode (ESI+), was used for the mIBG quantification. Ten microliters of the diluted cell lysate samples at 4 °C with internal standards were injected through a Zorbax Eclipse Plus C18 column (2.1 mm × 50 mm, 1.8 µm) (Agilent Technologies, Santa Clara, CA, USA) maintained at room temperature. For the mobile phase, 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B) was used. A 5 min ballistic gradient detailed as follows was used for the compound elution: 3% B from 0 to 0.1 min, 3% B to 90% B from 0.1 to 2 min, 90% B from 2 to 3 min, 90% B to 3% B from 3 to 3.1 min, and 3% B from 3.1 to 5 min. The mass-to-charge (m/z) transitions used were 276.1 → 217.0 for mIBG and 494.1 → 369.0 for glyburide.




2.5. Data Analysis


The uptake experiments were conducted in technical triplicate and repeated independently 3 times with cells from different passages. For LC-MS/MS, instrument navigation and raw data processing and analysis were performed with Analyst software 1.6 (AB Sciex, Framingham, MA, USA). The lower limit of quantification (LLOQ) of mIBG was 0.1 nM, and the calibration curve was linear up to 8 μM. Non-linear regression was used to fit the data on GraphPad Prism 7.0 (GraphPad Software Inc., La Jolla, CA, USA) to generate graphs and calculate parameters. For the dose-dependent inhibition assay, the IC50 values of inhibitors were calculated with the equation below:


  v = Bottom +   Top − Bottom   1 +        I      IC   50        h     



(1)




where v is the rate of substrate uptake with inhibitor, Bottom is the baseline value at 100% inhibition, Top is the rate of substrate uptake without inhibitor, [I] is the inhibitor concentration, IC50 is the half-maximal inhibitory concentration, and h is the Hill coefficient.





3. Results


3.1. Inhibitory Screening of Selected TKIs on the Uptake of mIBG by hOCT1-3 and hMATE1/2-K


Erlotinib, lorlatinib, and brigatinib were used at a relatively low concentration of 20 μM for the initial screening to determine their inhibitory effects on the transport of mIBG by hOCT1-3 and hMATE1/2-K. Data for crizotinib are not shown here, as it was screened previously [25]. At the tested concentration, erlotinib and lorlatinib did not inhibit mIBG uptake by any of the transporters by more than 50% (Figure 1). In contrast, brigatinib potently inhibited mIBG uptake by hOCT3 and hMATE1 by more than 80% and by hOCT1 by more than 50%.




3.2. Dose-Dependent Inhibition Profile and IC50 Determinations of Selected TKIs on the Uptake of mIBG Mediated by hOCT1-3 and hMATE1/2-K


Subsequent dose-dependent inhibition studies were conducted, and the IC50 values for brigatinib and crizotinib were determined, with substrates being used at concentrations much lower than their corresponding Km values. Brigatinib inhibition of hOCT3 was 14-fold and at least 100-fold more potent than that of hOCT1 and hOCT2, respectively, and its inhibition of hMATE1 was at least 50-fold more potent than of hMATE2-K (Figure 2 and Table 1). The IC50 values determined for hMATE1 were eight-fold lower than those for hMATE2-K, indicating that crizotinib is more selective towards hMATE1 (Figure 3D,E and Table 1).




3.3. Brigatinib and Crizotinib Inhibition of hOCTs and hMATE2-K Is Highly Dependent on the Substrates Used


Dose-dependent inhibition studies of hOCTs and hMATEs were performed with crizotinib and brigatinib as inhibitors and metformin and MPP+ as substrates. At the tested concentrations, significant substrate-dependent inhibition was observed for both brigatinib and crizotinib (Figure 2 and Table 1). Metformin was shown to be the most sensitive substrate to inhibition among the three substrates, followed by mIBG and MPP+. The dependency was most pronounced in hOCT1, where brigatinib was approximately 15-fold and 22-fold more potent and crizotinib was approximately 8-fold and 21-fold more potent when metformin was used as the substrate rather than mIBG or MPP+, respectively (Table 1). Brigatinib was not a strong inhibitor of hOCT2. The IC50 curves of hOCT2 for brigatinib were not completely captured, and the IC50 values cannot be accurately determined for MPP+. Nevertheless, substrate-dependent inhibition was apparent (Figure 2B). Crizotinib was approximately 2-fold and 16-fold more potent towards hOCT2 when metformin was used as the substrate rather than mIBG or MPP+, respectively (Figure 3 and Table 1). Substrate-dependent inhibition for hOCT3 was the least pronounced among the three hOCTs, with differences in IC50 values varying up to 3-fold for brigatinib and 5-fold for crizotinib. For hMATE2-K, IC50 values for mIBG and MPP+ could not be accurately determined due to weak inhibition. Regardless, substrate-dependent inhibition was observed. Brigatinib was approximately 4-fold and 10-fold more potent and crizotinib was approximately 5-fold and 12-fold more potent when metformin was used as the substrate rather than mIBG or MPP+, respectively (Table 1). Interestingly, the influence of substrate was minimal for hMATE1. The differences in IC50 values were below two-fold for both brigatinib and crizotinib across all three tested substrates (Figure 2 and Figure 3 and Table 1).




3.4. Impact of Substrate-Dependent Inhibition on the Prediction of DDI Potential for Brigatinib and Crizotinib


To assess whether the observed substrate-dependent inhibition by brigatinib and crizotinib could lead to different outcomes for the FDA-recommended in vivo DDI assessment, the unbound Cmax/IC50 values were calculated for each substrate. For brigatinib, varying in vivo study recommendations were noted: for hOCT1, it was a ‘Yes’ for metformin, but a ‘No’ for mIBG and MPP+ (Table 2). While the inhibition of hOCT3 and hMATE1 by brigatinib exhibited less pronounced substrate-dependent inhibition, all unbound Cmax/IC50 values exceeded 0.1, resulting in a consensus in recommendations across all substrates for in vivo DDI studies. For hOCT2 and hMATE2-K, the unbound plasma concentrations of brigatinib might be insufficient to elicit an in vivo inhibitory effect, but even though the recommendations obtained are the same for both transporters across the three substrates, the unbound Cmax/IC50 values are quite different. Similarly, the unbound plasma concentrations of crizotinib might not be sufficient to inhibit hOCT2 or hMATE2-K in vivo, but the unbound Cmax/IC50 values for hOCT2 and hMATE2-K are significantly different among the three substrates (Table 3). These findings suggest that substrate-dependent inhibition can potentially influence the DDI prediction outcomes for hOCT1, hOCT2, and hMATE2-K.




3.5. Effect of Preincubation on the Inhibitory Effects of Brigatinib and Crizotinib on hOCT2 and hMATE1


In clinical settings, an inhibitor drug might be administered to patients for a period before the victim drug (i.e., substrate) is given. While time-dependent inhibition has been previously observed in some transporters, such as the organic anion-transporting polypeptides (OATP) 1B1 and 3 [40,41], it remains unclear whether this also applies to pOCTs. Since hOCT2 and hMATE1 are the two major cation transporters that facilitate cationic drug elimination in the kidneys, we investigated how preincubation influenced the inhibition potencies of brigatinib and crizotinib on metformin uptake mediated by these transporters. Although a 30 min preincubation slightly increased the inhibitory potency of brigatinib and crizotinib for hOCT2, the increase was only around two-fold (Figure 4 and Table 4). The impact of preincubation on hMATE1 was minimal. These data suggest that pre-incubation has little impact on the inhibition potencies of ALK inhibitors for hOCT2 and hMATE1.





4. Discussion


Small molecules targeting aberrant ALK have been proven effective against ALK-positive NSCLC and NBL. These ALK inhibitors are often used alongside standard chemotherapy or other drugs to combat resistance, which subsequently raises concerns about potential DDIs. Here, we investigated the interactions between selected ALK inhibitors and pOCTs and determined whether their inhibition of hOCT1-3 and hMATE1/2-K was substrate- and isoform-dependent. Our results reveal that brigatinib and crizotinib potently and selectively inhibit hOCTs and hMATEs in an isoform- and substrate-dependent manner. Both hOCT3 and hMATE1 exhibit high sensitivity towards inhibition by brigatinib and crizotinib, regardless of the substrate used. Aside from hMATE1, substrate-dependent inhibition was observed for all other transporters, with varying degrees of dependency. These findings have multiple implications for the clinical use of ALK inhibitors in cancer patients and for in vitro to in vivo DDI predictions for pOCTs.



Radiolabeled mIBG serves as a therapeutic and diagnostic agent for neuroendocrine tumors, including NBL. Beyond tumor cells, mIBG is strongly accumulated in the heart, liver, and salivary glands, which can lead to unwanted toxicity in these normal tissues [42,43]. Our group previously demonstrated that mIBG uptake is facilitated by pOCTs, and these transporters play a crucial role in mIBG distribution into normal tissues [25]. Notably, OCT3 has been identified as the primary transporter facilitating mIBG into the heart and salivary glands [44]. We and others have thus proposed that inhibition of OCT3 could be a viable clinical strategy to improve the safety and tumor selectivity of mIBG in cancer patients [25,45,46]. Here, we showed that brigatinib exhibits potent and preferential in vitro inhibition of hOCT3 (Figure 2 and Table 1). While crizotinib has also been identified as a selective hOCT3 inhibitor [25], its unbound plasma concentrations might not be enough to inhibit hOCT3 in vivo, as predicted by its unbound Cmax/IC50 ratio (Table 3). Nonetheless, considering that ALK inhibitors have proven effective against high-risk ALK-positive NBL, and given that mIBG is taken up by NBL tumor cells via the norepinephrine transporter (NET) [47], combination therapy with mIBG and brigatinib could potentially lead to improved therapeutic outcomes.



Metformin, an oral hypoglycemic drug, is a primary treatment for type 2 diabetes, a condition that might share certain risk factors with cancer [48]. It has been shown that metformin, in combination with TKIs, yielded synergistic results in treating patients with advanced NSCLC who also have type 2 diabetes [49]. Ongoing clinical trials are investigating this combination (NCT03071705), suggesting that patients might potentially undergo combination therapy with TKIs and metformin. In the context of DDIs, this could have significant pharmacokinetic (PK) and pharmacodynamic (PD) implications. Metformin is not metabolized in the liver and is mostly eliminated unchanged in the urine through active tubular secretion facilitated by OCT2 and MATE1/2-K [50]. Therefore, concomitant administration of TKIs that potently inhibit OCT2 and/or MATE1/2-K with metformin could potentially reduce its renal clearance and change its PK profile. Additionally, metformin exerts its PD effects in the liver by lowering excessive glucose production via a reduction in gluconeogenesis [51], a process that is primarily rate-determined by the hepatic OCT1-mediated uptake of metformin. Thus, co-administration of metformin with TKIs that are also potent OCT1 inhibitors, such as brigatinib (Figure 2), might result in reduced efficacy of metformin and further complicate existing medical conditions.



Although both metformin and MPP+ are recommended by the ITC and the FDA as probe substrates for evaluating transporter-mediated DDIs toward OCTs and MATEs, substrate-dependent inhibition has been reported in the literature [30]. A previous study from our group indicated that with atenolol as a substrate instead of metformin, cimetidine acts as a more potent inhibitor towards hOCT2 [31]. To further investigate this phenomenon, we compared the inhibition profiles of crizotinib and brigatinib towards OCTs and MATEs with the three different substrates. Our data showed that the inhibition of hOCT1-3 and hMATE2-K by both crizotinib and brigatinib is substrate-dependent. Interestingly, hOCT1 showed the greatest substrate dependency, followed by hOCT2 and hMATE2-K. Conversely, substrate-dependent inhibition was relatively moderate for hOCT3. Among the substrates used, metformin was consistently shown to be the most sensitive to inhibition, followed by mIBG and MPP+ (Figure 2 and Figure 3). This is consistent with previously reported data from the literature and further supports the conclusion that substrate and inhibitor interactions are not restricted to a single binding site for pOCTs [30]. Instead, there are unique ligand interactions occurring at multiple high- or low-affinity cation binding sites in addition to allosteric interactions [52,53]. Consequently, the in vitro inhibition potency of a potential new inhibitor under investigation might be considerably influenced by the selected probe substrate and could lead to inconsistent recommendations for conducting in vivo DDI studies, as shown in Table 4. Therefore, it is important to consider and utilize not only one probe substrate, but two or more clinically relevant substrates for transporters that show significant substrate-dependent inhibition, as recommended by the FDA [29].



Unlike other pOCTs, the inhibition of hMATE1 by crizotinib and brigatinib is not influenced by the substrate (Figure 2 and Figure 3 and Table 1). This is consistent with previous findings from our group showing that cimetidine, pyrimethamine, and carvedilol all inhibited hMATE1-mediated uptake of atenolol or metformin with similar potencies [31]. Additionally, these results also agree with a study by Martínez-Guerrero et al. [33], where they utilized four structurally distinct organic cation substrates and showed that the identity of the substrate does not exert a significant influence on inhibitor interactions with hMATE1. Interestingly, a study conducted previously by the same group showed contradictory results suggesting that MATE1 inhibition is substrate-dependent [32]. Nonetheless, due to the structural diversity of TKIs and the complexity of ligand interactions with OCTs and MATEs, extending this result and conclusion from crizotinib and brigatinib to other TKIs for hMATE1 inhibition may not be appropriate. This stands as one major limitation of our study and further investigations are required with additional TKIs and structurally diverse substrates to evaluate whether inhibition of hMATE1 is independent of the substrate in use.



Time-dependent inhibition has been observed previously with OATP1B1 and 3 [40,41]. Clinically, an inhibitor or perpetrator may be administered for an extended period to attain steady-state concentrations in the system before a substrate (i.e., the victim drug) is given [54]. Therefore, there may be an underestimation of the inhibitory potential of test compounds in in vitro transporter assays if the substrate and the inhibitor are coincubated, which only allows simultaneous and direct interaction at the substrate binding site. For renal transporters, this is especially important, since they represent a major pathway for systemic drug elimination [27]. Our data show that preincubation of brigatinib or crizotinib had a minimal effect on their inhibition potencies for hMATE1 (Figure 4 and Table 4). Nonetheless, preincubation appears to trend towards a more potent effect for hOCT2. Further in-depth studies are needed to elucidate the impact of preincubation on inhibition potencies for pOCTs.



In summary, our results show significant substrate-dependent inhibition of hOCT1-3 and hMATE2-K, but not of hMATE1, and demonstrate the importance of probe substrate choice in the prediction of in vivo DDIs with ALK inhibitors. These results underscore the complex mechanisms of the interactions between substrates and inhibitors of pOCTs and provide evidence that warrants further investigation of potential transporter-mediated DDIs between TKIs and clinically relevant victim drugs.
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Figure 1. Inhibitory effects of erlotinib, lorlatinib, and brigatinib on meta-iodobenzylguanidine (mIBG) uptake mediated by human organic cation transporter 1 to 3 (hOCT1-3) and human multidrug and toxin extrusion protein (hMATE1/2-K). Intracellular accumulation of mIBG in human embryonic kidney 293 (HEK293) cells transfected with an empty vector (mock cells), hOCT1-3, and hMATE1/2-K, with and without 20 µM of the selected inhibitors, was quantified. Measurement was carried out after an incubation period of 2 min at 37 °C, at an mIBG concentration of 1 µM. The uptake of mIBG mediated specifically by transporters was calculated by subtracting the amount of mIBG (measured in pmol per mg of total protein) in mock cells from the amount of mIBG measured in transporter-transfected cells. Data are expressed as means ± SD from three independent experiments as a percentage of mIBG uptake without an inhibitor (control), and the uptake of mIBG with an inhibitor is compared with the control. Statistical significance was determined by performing an unpaired Student’s t-test with a Bonferroni correction for multiple comparisons (** p < 0.01; *** p < 0.001). 
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Figure 2. Dose-dependent inhibition of hOCT1-3 and hMATE1/2-K by brigatinib using mIBG, metformin, and 1-methyl-4-phenylpyridinium (MPP+) as substrates. Uptake of 1 µM mIBG, 8.9 µM [14C]metformin, and 1 µM [3H] MPP+ in the absence and presence of brigatinib was measured in vector, hOCT1 (A), hOCT2 (B), hOCT3 (C), hMATE1 (D), and hMATE2-K (E) expressing HEK293 cells after 2 min of incubation at 37 °C. The uptake of substrate mediated specifically by transporters was calculated by subtracting the amount of substrate (measured in pmol per mg of total protein) in mock cells from the amount of substrate measured in transporter-transfected cells. Data are expressed as means ± SD from three independent experiments as a percentage of substrate uptake without brigatinib (control). 
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Figure 3. Dose-dependent inhibition of hOCT1-3 and hMATE1/2-K by crizotinib using mIBG, metformin, and MPP+ as substrates. Data were measured and presented in the same manner as described in Figure 2. Crizotinib inhibition of hOCT1-3-mediated mIBG uptake was previously assessed in our lab and is referenced here for comparison (*) [25]. 
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Figure 4. The impact of preincubation on the inhibitory potencies of brigatinib and crizotinib on the uptake of [14C] metformin by hMATE1 (A,C) and hOCT2 (B,D). Uptake of 8.9 µM [14C] metformin in the absence and presence of brigatinib and crizotinib was measured in vector, hMATE1 (A,C) and hOCT2 (B,D) expressing HEK293 cells after 2 min of incubation at 37 °C following a preincubation period with the inhibitor for 30 min at 37 °C. The uptake of substrate mediated specifically by transporters was calculated by subtracting the amount of substrate (measured in pmol per mg of total protein) in mock cells from the amount of substrate measured in transporter-transfected cells. Data are expressed as means ± SD from three independent experiments as a percentage of substrate uptake without brigatinib or crizotinib (control). 
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Table 1. Half-maximal inhibitory concentrations (IC50), shown as means ± SD from three independent experiments, of brigatinib and crizotinib for hOCT1-3- and hMATE1/2-K-mediated metformin, mIBG, and MPP+ uptake.
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IC50 (µM)




	
Brigatinib

	
Crizotinib




	
Metformin

	
mIBG

	
MPP+

	
Metformin

	
mIBG

	
MPP+






	
hOCT1

	
1.12 ± 0.04

	
17.1 ± 0.6

	
25.1 ± 1.2

	
4.98 ± 0.15

	
40.3 ± 5.5 1

	
105 ± 3




	
hOCT2

	
30.2 ± 1.5

	
157 ± 11

	
>300

	
6.07 ± 0.34

	
14.3 ± 1.7 1

	
98.1 ± 4.8




	
hOCT3

	
0.85 ± 0.07

	
1.20 ± 0.03

	
2.54 ± 0.14

	
1.43 ± 0.11

	
2.14 ± 0.25 1

	
6.86 ± 0.20




	
hMATE1

	
1.67 ± 0.14

	
1.93 ± 0.15

	
2.03 ± 0.24

	
7.60 ± 0.26

	
6.73 ± 0.39

	
11.8 ± 0.4




	
hMATE2-K

	
38.3 ± 1.7

	
172 ± 17

	
>300

	
10.1 ± 0.3

	
55.4 ± 2.3

	
125 ± 4








1 IC50 values cited from [25].













 





Table 2. Prediction of hOCT1-3 and hMATE1/2-K DDIs for brigatinib following FDA-recommended criteria for in vivo drug–drug interaction (DDI) studies.
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Metformin

	
mIBG

	
MPP+






	
hOCT1

	




	
IC50 (µM)

	
1.12 ± 0.06

	
17.1 ± 1.8

	
25.1 ± 1.4




	
Brigatinib unbound Cmax/IC50 1

	
0.75

	
0.05

	
0.03




	
In vivo DDI study recommendation

	
Yes

	
No

	
No




	
hOCT2

	




	
IC50 (µM)

	
30.2 ± 1.8

	
157 ± 21

	
>300




	
Brigatinib unbound Cmax/IC50 1

	
0.03

	
0.005

	
<0.002




	
In vivo DDI study recommendation

	
No

	
No

	
No




	
hOCT3

	




	
IC50 (µM)

	
0.85 ± 0.08

	
1.20 ± 0.04

	
2.54 ± 0.15




	
Brigatinib unbound Cmax/IC50 1

	
0.99

	
0.70

	
0.33




	
In vivo DDI study recommendation

	
Yes

	
Yes

	
Yes




	
hMATE1

	




	
IC50 (µM)

	
1.67 ± 0.15

	
1.93 ± 0.21

	
2.03 ± 0.25




	
Brigatinib unbound Cmax/IC50 1

	
0.51

	
0.44

	
0.42




	
In vivo DDI study recommendation

	
Yes

	
Yes

	
Yes




	
hMATE2-K

	




	
IC50 (µM)

	
38.3 ± 2.0

	
172 ± 23

	
>300




	
Brigatinib unbound Cmax/IC50 1

	
0.02

	
0.004

	
<0.002




	
In vivo DDI study recommendation

	
No

	
No

	
No








1 Brigatinib unbound Cmax = 0.845 µM, from the multi-discipline review of ALUNBRIG (brigatinib) by the US FDA, was used for calculations.













 





Table 3. Prediction of hOCT1-3 and hMATE1/2-K DDIs for crizotinib following FDA-recommended criteria for in vivo DDI study.
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Metformin

	
mIBG

	
MPP+






	
hOCT1

	




	
IC50 (µM)

	
4.98 ± 0.20

	
40.3 ± 5.5 2

	
105 ± 5




	
Crizotinib unbound Cmax/IC50 1

	
0.02

	
0.002

	
<0.002




	
In vivo DDI study recommendation

	
No

	
No

	
No




	
hOCT2

	




	
IC50 (µM)

	
6.07 ± 0.36

	
14.3 ± 1.7 2

	
98.1 ± 6.4




	
Crizotinib unbound Cmax/IC50 1

	
0.02

	
0.007

	
<0.002




	
In vivo DDI study recommendation

	
No

	
No

	
No




	
hOCT3

	




	
IC50 (µM)

	
1.43 ± 0.11

	
2.14 ± 0.25 2

	
6.86 ± 0.27




	
Crizotinib unbound Cmax/IC50 1

	
0.07

	
0.05

	
0.01




	
In vivo DDI study recommendation

	
No

	
No

	
No




	
hMATE1

	




	
IC50 (µM)

	
7.60 ± 0.46

	
6.73 ± 0.68

	
11.8 ± 0.7




	
Crizotinib unbound Cmax/IC50 1

	
0.01

	
0.01

	
0.01




	
In vivo DDI study recommendation

	
No

	
No

	
No




	
hMATE2-K

	




	
IC50 (µM)

	
10.1 ± 0.3

	
55.4 ± 3.2

	
125 ± 6




	
Crizotinib unbound Cmax/IC50 1

	
0.01

	
0.002

	
<0.002




	
In vivo DDI study recommendation

	
No

	
No

	
No








1 Crizotinib unbound Cmax = 0.845 µM, from the pharmacology review of XALKORI (crizotinib) by the US FDA, was used for calculations. 2 IC50 values from [25].













 





Table 4. IC50 values, shown as mean ± SD from three independent experiments, of brigatinib and crizotinib for hOCT2- and hMATE1-mediated [14C] metformin uptake after a 30-min preincubation period at 37 °C.
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IC50 (µM)




	
Brigatinib

	
Crizotinib




	
Preincubation

	
Coincubation

	
Fold

Difference

	
Preincubation

	
Coincubation

	
Fold

Difference






	
hOCT2

	
15.5 ± 0.5

	
36.0 ± 1.1

	
2.3

	
3.64 ± 0.29

	
9.30 ± 0.77

	
2.6




	
hMATE1

	
0.97 ± 0.09

	
1.41 ± 0.06

	
1.4

	
5.28 ± 0.48

	
7.57 ± 0.59

	
1.4
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