

[image: image1]
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Letermovir (LET) is a novel antiviral agent recently approved for cytomegalovirus (CMV) prophylaxis of renal transplant patients in Japan. However, its interactions with tacrolimus (TAC), an important immunosuppressant, remain ambiguous, warranting careful evaluation considering the unique genetic and physiological characteristics of Japanese patients. Therefore, in this study, we aimed to investigate the drug–drug interactions between LET and extended-release TAC (ER-TAC) in Japanese renal transplant patients via physiologically based pharmacokinetic (PBPK) modeling. We developed PBPK models for LET and TAC, including a new model for ER-TAC, using the Simcyp simulator. We also created a virtual Japanese post-transplant population by incorporating physiological parameters specific to Japanese patients, including CYP3A5 genotypes. Our model accurately predicted the pharmacokinetics of both immediate-release and ER-TAC co-administered with LET. In the Japanese population, LET significantly increased ER-TAC exposure, with the effect varying by CYP3A5 genotype. For CYP3A5*1 carrier, the area under the curve ratio ranged from 2.33 to 2.53, while for CYP3A5*3/*3 carriers, it ranged from 2.82 to 2.86. The maximum concentration ratio was approximately 1.50 across all groups. Our findings suggest reducing the ER-TAC dose by approximately 57–60% for CYP3A5*1 carrier and 65% for CYP3A5*3/*3 carriers when co-administered with LET for Japanese renal transplant patients. Moreover, the developed model incorporating population-specific factors, such as hematocrit values and CYP3A5 genotype frequencies, is a valuable tool to evaluate complex drug interactions and guide the dosing strategies for LET and TAC in Japanese patients. Overall, this study expands the application of PBPK modeling in transplant pharmacology, contributing to the development of effective immunosuppressive strategies for Japanese renal transplant patients.
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1 Introduction

Application of letermovir (LET), a novel antiviral agent initially developed for cytomegalovirus (CMV) prophylaxis of allogeneic hematopoietic stem cell transplant patients, has recently been expanded for CMV prophylaxis of renal transplant patients in Japan (Ishida et al., 2024). LET undergoes complex metabolism, mainly via glucuronidation by uridine 5′-diphospho-glucuronosyltransferase (UGT)-1A1/3, along with oxidative metabolism by cytochrome P450 (CYP)-3A4 (Menzel et al., 2021). It exhibits both inhibition and weak induction of CYP3A4 and inhibition of UGT1A1 (McCrea et al., 2019). Tacrolimus (TAC), an important immunosuppressant, is mainly metabolized by CYP3A4 and CYP3A5, along with glucuronidation by UGT1A4, and inhibits UGT1A1 (Laverdière et al., 2011; Sun et al., 2012). The metabolic profiles of LET and TAC, particularly LET’s effects on CYP3A4 and TAC’s metabolism by both CYP3A4 and CYP3A5, suggest potential drug–drug interactions (DDIs) when used in combination (Emoto et al., 2019). However, their combined effects, particularly in Japanese renal transplant patients (Satoh et al., 2008), remain unclear, warranting further investigation.

Although some studies have investigated the DDIs between LET and TAC (McCrea et al., 2019), comprehensive investigations in Japanese renal transplant patients are lacking. Moreover, only a few studies have assessed the interactions between extended-release (ER)-TAC and LET (Limaye et al., 2023). Effects of Japanese population-specific genetic polymorphisms, particularly of the CYP3A5*1 allele, on these drug interactions also remain unclear. Additionally, effect to LET metabolism, UGT1A1 inhibition by TAC requires further investigation. These knowledge gaps cause difficulties in dose adjustment of LET and TAC and treatment optimization of Japanese renal transplant patients. Comprehensive evaluation of the pharmacokinetic interactions of drugs is necessary considering the characteristics specific to Japanese patients. Therefore, in this study, we aimed to quantify the effects of LET on ER-TAC pharmacokinetics in Japanese renal transplant patients via physiologically based pharmacokinetic (PBPK) modeling.



2 Materials and methods


2.1 PBPK model development

PBPK models were developed using Simcyp simulator version 23 (Certara Inc., Sheffield, United Kingdom). For LET, we used a predefined Simcyp model that accounted for both CYP3A4 inhibition and induction. We extended this model by including the reported inhibition constant (Ki) of UGT1A1 (Menzel et al., 2023).

For TAC, we developed models for both immediate-release (IR) and ER formulations. These models were developed using previously reported in vitro and in vivo data (Emoto et al., 2019), including absorption rates, distribution volumes, clearance (CL) values, and enzyme kinetics of CYP3A4 and CYP3A5. For the ER-TAC model, we incorporated additional in vitro dissolution and permeability data (Sun et al., 2012; Mercuri et al., 2016; Loer et al., 2023).



2.2 Virtual population generation

We created a virtual Japanese post-renal transplant population by modifying the pre-existing healthy Japanese adult population data in Simcyp. We included physiological parameters specific to early renal transplant patients, such as hematocrit values, renal function indicators, and serum albumin levels. These parameters were derived from previously published data (Satoh et al., 2008) on Japanese renal transplant patients. We adjusted the abundance of CYP3A as previously described (Itohara et al., 2022).

To incorporate the effects of CYP3A5 phenotype in our PBPK model, we defined individuals carrying the CYP3A5*1 allele as expressers (extensive metabolizers, EM) and those with the CYP3A5*3/*3 genotype as non-expressers (poor metabolizers, PM) in Simcyp. CYP3A5 abundance values for expressers in various tissues (liver, small intestine, and colon) were set based on literature values (Itohara et al., 2022) or Simcyp default values when no specific abundance values were specified. For non-expressers (PM), the CYP3A5 abundance was set to 0. For simulations focusing on specific CYP3A5 phenotypes, we adjusted the frequency of CYP3A5 genotypes in the virtual population accordingly. In cases where no specific genotype distribution was required, we utilized the default CYP3A5 genotype frequencies provided in Simcyp’s built-in population models. Using these settings, we conducted analyses considering CYP3A5 genetic polymorphisms and phenotypes for each simulation scenario.



2.3 DDI simulations

We performed two types of DDI simulations following established PBPK modeling practices for DDI prediction in Table 1:

a. Comparison of the pharmacokinetics of IR-TAC and ER-TAC co-administered with LET: We simulated ER-TAC pharmacokinetics under the same conditions as those used for the validated model of IR-TAC with LET. We compared their pharmacokinetic parameters, taking into account CYP3A5 genetic polymorphisms, to determine the formulation-specific differences in their interaction with LET.

b. Evaluation of the pharmacokinetics of ER-TAC with and without LET in Japanese early renal transplant patients: We created two distinct virtual Japanese post-renal transplant populations based on CYP3A5 genotypes: one with only CYP3A5*1 carrier and another with only CYP3A5*3/*3 carriers. Using these populations, we simulated ER-TAC pharmacokinetics with and without LET for each genotype group to predict the extent of DDIs in these patient populations.



TABLE 1 Simulation conditions for drug–drug interaction studies.
[image: Table1]

In both simulations, we analyzed the key pharmacokinetic parameters, including the area under the curve (AUC), maximum concentration (Cmax), and CL values. Furthermore, we calculated the ratios of these parameters between the LET and TAC combination and TAC alone groups to quantify the extent of their interactions.



2.4 Model validation and data analysis

Next, the established models were validated by comparing the simulated pharmacokinetic parameters with published clinical data (Table 2) (Mancinelli et al., 2001; PMDA, 2008; McCrea et al., 2019). Observational data for model validation were extracted from the literature using the GetData Graph Digitizer 2.26 (Wojtyniak et al., 2020). We evaluated the model performance using the ratio of predicted to observed values. We used the following criteria adapted from previous studies: 0.8–1.25 = good predictions, 0.67–1.5 = reasonable predictions, and 0.5–2 = acceptable predictions (Guest et al., 2011; Emoto et al., 2019).



TABLE 2 Simulation conditions for model validation.
[image: Table2]

Next, we assessed whether the observed values were within the 5th to 95th percentile range of the simulated data generated by Simcyp. This range represents the variability in the simulated population and provides a more comprehensive view of model performance than point estimate alone.

We also performed visual predictive checks by comparing the simulated concentration–time profiles with the observed data from clinical studies. This qualitative assessment ensured that the model captured the overall pharmacokinetic behaviors of the drugs throughout the dosing period.

Pharmacokinetic parameters were calculated via non-compartmental analysis using Simcyp. To assess DDIs, we calculated the ratios of AUC, Cmax, and CL values for TAC co-administered with LET vs. TAC alone. Additionally, we assessed the magnitude of drug interactions by comparing the ratios of the IR- and ER-TAC formulations.

These analyses provided insights into the variability of drug behaviors among individuals, facilitating the comprehensive evaluation of model performance and extent of DDIs.



2.5 Ethical approval

This study utilized data and materials obtained solely from published literature. As no primary data collection or human subjects were involved, ethical approval was not required.




3 Results


3.1 PBPK model development and validation


3.1.1 LET model

We used the pre-validated LET compound file from Simcyp v23 as the base model. This model has been extensively validated and is widely accepted in the field. The only modification was the incorporation of the UGT1A1 Ki of 16 μM based on previous data (Menzel et al., 2023). Considering the robustness of the base model and minor modifications, further clinical trial simulations and visual predictive checks were unnecessary. The established model showed the comprehensive pharmacokinetic and metabolic profiles of LET and was suitable for DDI analysis.



3.1.2 IR-TAC model

We also developed an IR-TAC model using parameters from the literature (Table 3) (Emoto et al., 2019). We incorporated the CYP3A4/5 Ki (Loer et al., 2023) and UGT Ki (Sun et al., 2012) values from recent studies. The established model showed good predictive performance, with ratios of predicted to observed values for the area under the blood concentration–time curve from 0 to infinity (AUCinf), Cmax, time to reach Cmax (Tmax), and CL ranging from 0.77 to 1.25 (Table 4). Visual predictive checks demonstrated good agreement between the predicted and observed concentration–time profiles (Figures 1A,B), further validating the accuracy of the developed model.



TABLE 3 Parameters used for building immediate-release (IR)- and extended-release (ER)-tacrolimus (TAC) physiologically based pharmacokinetic (PBPK) models based on the literature.
[image: Table3]



TABLE 4 Comparison of the predicted and observed pharmacokinetic parameters for model validation.
[image: Table4]
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FIGURE 1
 Visual predictive checks for tacrolimus (TAC) physiologically based pharmacokinetic (PBPK) models. (A) Immediate-release (IR)-TAC model after intravenous administration. (B) IR-TAC model after oral administration. (C) Extended-release (ER)-TAC model. (D) Drug–drug interaction (DDI) simulation of IR-TAC with letermovir (LET). Solid lines indicate the predicted geometric mean concentration. Shaded regions indicate the 5th to 95th percentile range of simulated data. Observed data points are indicated by dots. Error bars in (D) represent the standard deviation in observed data.




3.1.3 ER-TAC model

Next, ER-TAC model was developed based on the IR-TAC model, with modifications to the absorption parameters, using published in vitro and in vivo data on ER formulations (Mercuri et al., 2016; Loer et al., 2023). The established model exhibited good accuracy, with prediction ratios ranging from 1.00 to 1.17 for the area under the blood concentration–time curve from 0 to 24 h (AUC0-24), Cmax, and Tmax values (Table 4). Visual predictive checks showed that the model accurately captured the ER pharmacokinetic profile, with the observed data points falling within the predicted 5th to 95th percentile range (Figure 1C).



3.1.4 DDI simulation of IR-TAC with LET

DDI model was validated using clinical trial data (McCrea et al., 2019). The simulation accurately predicted the interaction between IR-TAC and LET, with predicted/observed ratios of AUCinf, Cmax, and CL ranging from 0.74 to 1.30 (Table 4). Visual predictive checks showed that most of the observed concentration–time data points fell within the predicted 5th to 95th percentile range (Figure 1D). However, a slight discrepancy was observed in Tmax, with some values falling outside the predicted range. However, this minor discrepancy in Tmax did not significantly impact the overall drug exposure and was considered acceptable for the predictive use of the model. Despite the minor inconsistency, the overall visual fit between the predicted and observed profiles was good, supporting the validity of the model for DDI predictions.




3.2 Population model development


3.2.1 Japanese post-renal transplant population

We created a virtual Japanese post-renal transplant population by modifying the pre-existing healthy Japanese adult population in Simcyp. We used the published data for early renal transplant patients (Satoh et al., 2008) and adjusted the following physiological parameters: serum creatinine (1.27 mg/dL; CV: 34.09%), serum albumin (4.1 g/dL; CV: 25.87%), and hematocrit (30.1%; CV: 14.38%).

Next, we adjusted for the abundance of CYP3A enzymes (Itohara et al., 2022). The mean hepatic and intestinal CYP3A5 abundance were reduced from 82.3 to 20.5 pmol/mg protein and from 20.5 to 7.97 pmol/whole gut, respectively, to accurately reflect the actual physiological state of Japanese patients during the early post-renal transplantation period.




3.3 DDI simulations


3.3.1 IR vs. ER-TAC with LET

We compared the DDI effects of LET on IR-TAC and ER-TAC using an established PBPK modeling approach, as previously described (Wang et al., 2019). The simulation conditions are presented in Table 1. AUCinf ratio (with LET/alone) was 3.26 (95% confidence interval: 2.95–3.61) for IR-TAC and 2.72 (95% confidence interval: 2.48–2.99) for ER-TAC, resulting in an ER/IR ratio of 0.83 (Table 5). This result suggests slightly weaker DDI effects of LET on ER-TAC than on IR-TAC. No significant effect of CYP3A5 genotype was observed on the DDI between IR-TAC and ER-TAC.



TABLE 5 Comparison of pharmacokinetic parameters for IR vs. ER-TAC with LET.
[image: Table5]

Further analysis of CL values (Table 6) revealed similar inhibition patterns for both formulations in the liver, with a CYP3A4-mediated CL reduction of approximately 53% for both IR-TAC and ER-TAC co-administered with LET. In the small intestine, inhibitory effect on CYP3A4-mediated CL was slightly more pronounced for IR-TAC (47% reduction) than for ER-TAC (48% reduction). Notably, LET had minimal impact on CYP3A5- and UGT1A1-mediated CL of both formulations in all examined tissues.



TABLE 6 Hepatic, small intestine, and colon intrinsic clearance of TAC with or without letermovir (LET) via different pathways.
[image: Table6]



3.3.2 ER-TAC with LET in the virtual Japanese post-renal transplant population

In the virtual Japanese post-renal transplant population, co-administration of LET and ER-TAC significantly changed TAC pharmacokinetics, with the effects varying by CYP3A5 genotype and sex (Table 7). For CYP3A5*1 carrier, the AUCinf ratio (ER-TAC + LET/ER-TAC alone) was 2.33 for males and 2.53 for females, indicating a substantial increase in overall TAC exposure. In CYP3A5*3/*3 carriers, this effect was even more significant, with ratios of 2.86 for males and 2.82 for females. Concurrently, Cmax ratio ranged from 1.49 to 1.51, suggesting a moderate increase in peak TAC concentration. CL ratio decreased to 0.43 and 0.40 for male and female CYP3A5*1 carrier, and 0.35 for both male and female CYP3A5*3/*3 carriers, indicating a marked reduction in TAC elimination.



TABLE 7 Comparison of pharmacokinetic parameters for ER-TAC with and without LET in Japanese early renal transplant patients, stratified by CYP3A5 genotype and sex.
[image: Table7]





4 Discussion

Using a novel PBPK model for ER-TAC, this study revealed two key findings related to the DDIs between LET and TAC in Japanese renal transplant patients.

The first key finding was that the PBPK model accurately predicted the pharmacokinetics of both IR and ER-TAC formulations when co-administered with LET, representing the first report of ER-TAC modeling using Simcyp. Our model development is particularly significant considering the increasing recommendations for the use of ER-TAC in renal transplantation (Kuypers et al., 2013). Our model exhibited excellent predictive performance for ER-TAC, with AUC0-24 and Cmax prediction ratios of 1.12 and 1.14, respectively (Table 4), highlighting its reliability.

The second key finding was that the co-administration of LET with ER-TAC significantly increased the TAC exposure in the virtual Japanese post-renal transplant population, with the effect varying by CYP3A5 genotype, while the impact of sex was minimal (Table 7). For CYP3A5*1 carrier, the AUCinf ratio (ER-TAC + LET/ER-TAC alone) ranged from 2.33 to 2.53, while for CYP3A5*3/*3 carriers, it ranged from 2.82 to 2.86. Concurrently, Cmax ratios ranged from 1.49 to 1.51 across all groups. The European Society for Organ Transplantation guidelines on the therapeutic drug monitoring of TAC emphasize AUC as a key indicator of TAC efficacy in transplant patients (Brunet et al., 2019). The observed AUCinf ratio indicated that the ER-TAC dose should be reduced by approximately 57–60% (1–1/2.33 = 0.57 to 1–1/2.53 = 0.60) CYP3A5*1 carrier, and 65% (1–1/2.82 = 0.65 to 1–1/2.86 = 0.65) for CYP3A5*3/*3 carriers when co-administered with LET to maintain therapeutic efficacy. In practical terms, this indicates multiplying the standard ER-TAC dose by a factor of 0.40–0.43 for CYP3A5*1 carrier and 0.35 for CYP3A5*3/*3 carriers in the presence of LET. The magnitude of this dose adjustment indicates the need for careful therapeutic drug monitoring and individualized dosing regimens when using medication combinations for Japanese renal transplant patients. Although our model provides general guidance, it should always be used in conjunction with patient-specific factors and clinical responses to make effective dosing decisions. Furthermore, the significant interactions between ER-TAC and LET indicate the need for personalized immunosuppressive therapy approaches for Japanese renal transplant patients.

Notably, interactions of LET with ER-TAC differed from those of LET with IR-TAC. DDI simulations indicated a smaller increase in ER-TAC exposure compared to IR-TAC exposure when co-administered with LET (Table 5). Even when the same dose of TAC is administered, differences in AUC between ER and IR formulations have been observed, likely due to variations in the rate and extent of TAC release in the small intestine (van Gelder et al., 2024). ER-TAC, designed to release the drug more slowly, may result in lower peak concentrations, thereby reducing the degree of CYP3A4 inhibition by LET in the small intestine (van Gelder et al., 2020). On the other hand, this discrepancy cannot be fully explained by the differences in CYP3A5 genotypes and the CYP inhibition rates or abundances (Tables 5, 6). Absence of P-glycoprotein (P-gp) data in our model may have contributed to this unexpected result, suggesting the presence of unknown factors influencing drug interactions, similar to previous reports (Saeki et al., 1993; Hebert, 1997). Our findings highlight the complexity of DDIs, warranting further investigation of the mechanisms underlying formulation-specific interactions.

This study’s results are consistent with those of previous reports on the inhibitory effects of LET on CYP3A4 enzyme (Menzel et al., 2023). However, the magnitude of drug interaction in this study exceeded the typical threshold for clinically significant DDIs (Guest et al., 2011). This finding is especially relevant for Japanese patients owing to the higher frequency of CYP3A5-expressing individuals (CYP3A5*1 allele carrier) in this population than in Caucasians (Satoh et al., 2008). Approximately 50% of Japanese individuals express CYP3A5, which typically results in low TAC exposure due to increased metabolism (Barry and Levine, 2010). Our results, as shown in Table 7, suggest that the effect of LET co-administration on TAC exposure may differ based on CYP3A5 genotype. Although not statistically significant, we observed a trend towards a greater increase in AUC for CYP3A5*3/*3 carriers compared to CYP3A5*1 carrier when LET was co-administered. This observation aligns with the understanding that CYP3A5*3/*3 individuals rely more heavily on CYP3A4 for TAC metabolism, potentially leading to a more pronounced effect of LET’s CYP3A4 inhibition. These findings underscore the importance of our model to predict DDIs in Japanese renal transplant patients. TAC is known to inhibit CYP3A4 and UGT1A1 enzymes, which could potentially affect LET’s pharmacokinetics. Analysis of CL values indicated that the effects of ER-TAC on CYP3A4 and UGT1A1 enzymes did not differ significantly from those of IR-TAC (Table 6). This finding, combined with information from the Japanese LET package insert indicating a minimal impact of IR-TAC on LET pharmacokinetics, suggests that the interaction between ER-TAC and LET is primarily unidirectional. The dose of LET should not be reduced to prevent LET-resistant CMV (Alain et al., 2020). Decreased enzyme inhibition by ER-TAC is possibly due to its ER formulation, which results in low peak concentrations and weak enzyme inhibition. However, these findings need to be validated in future clinical studies to fully elucidate the complex pharmacokinetic interactions between different TAC and LET formulations in diverse patient populations. Here, our model accounted for the effects of hematocrit values on TAC pharmacokinetics, being particularly beneficial for renal transplant patients. Previous studies have suggested that low hematocrit values, often observed in transplant patients, lead to increased TAC CL (Undre and Schäfer, 1998). This physiological change can contribute to differences in TAC pharmacokinetics between healthy individuals and renal transplant patients, further emphasizing the importance of population-specific modeling to accurately predict DDIs.

Our study demonstrates that co-administration of TAC with LET significantly increases TAC exposure, with AUCinf ratios ranging from 2.33 to 2.86 and Cmax ratios from 1.49 to 1.51 for different CYP3A5 genotypes (Table 7). This increase in ER-TAC exposure raises important clinical considerations. TAC is characterized by a narrow therapeutic index, necessitating careful therapeutic drug monitoring (TDM) to maintain efficacy while minimizing toxicity (Brunet et al., 2019). In renal transplant recipients, achieving and maintaining optimal TAC exposure is particularly challenging due to the dynamic nature of the post-transplant period (Nguyen et al., 2023). The increased TAC exposure observed with LET co-administration may elevate the risk of TAC-related adverse effects, including nephrotoxicity, neurotoxicity, and metabolic disturbances (Xie et al., 2022). Moreover, the required TAC dose to maintain therapeutic levels varies significantly based on the time post-transplantation, with higher doses typically needed in the early post-transplant period and lower doses during maintenance therapy (Satoh et al., 2008). This variability, coupled with the increased exposure due to LET, underscores the need for vigilant monitoring and dose adjustment of TAC when used concomitantly with LET in renal transplant recipients.

It is important to note that our study focused on the oral formulation of LET at its approved fixed dose of 480 mg daily (240 mg when co-administered with cyclosporine). This fixed-dose regimen is the standard clinical practice, designed to minimize the risk of resistance development. However, as highlighted by Wang et al. (2019), LET’s effects on TAC pharmacokinetics may be dose-dependent, and blood exposure could vary significantly between oral and injectable formulations. Our study did not investigate the time- and concentration-dependent CYP3A inhibitory effects of LET, which represents a limitation of our current work. While the fixed-dose regimen simplifies clinical use, it also limits our understanding of dose-related effects. Further research is needed to elucidate these aspects, particularly on the assumption that different dosage forms and dose adjustments. Such investigations could provide valuable insights for optimizing LET use in various clinical scenarios, including both oral and intravenous administration in transplant recipients, while maintaining the benefits of a standardized dosing approach.

This study has some limitations. The developed model was based on in vitro data and published literature. Although parts of it was validated against available clinical data, the component for Japanese early renal transplant patients was developed using a bottom-up approach. Prospective clinical trials are necessary to confirm its predictions. Additionally, the model does not account for all potential variability factors, such as comorbidities or concomitant medications, that may be observed in real-world transplant populations. Another notable limitation is the discrepancy in Tmax prediction with our model, possibly due to the absence of P-gp data. Therefore, future studies incorporating P-gp kinetics are necessary to improve the accuracy of the model in predicting drug absorption profiles. However, the discrepancy in Tmax values did not significantly affect the overall drug exposure, as both AUC and Cmax predictions were accurate. Moreover, although hematocrit values were included in our population model, the effect of hematocrit changes on TAC pharmacokinetics could not be comprehensively evaluated, warranting further research and model refinement. Nevertheless, the established model provides a framework to predict DDIs in Japanese renal transplant patients, serving as a valuable tool to optimize immunosuppressive therapy for these patients.



5 Conclusion

In this study, PBPK modeling was performed to investigate the DDIs between LET and TAC in Japanese renal transplant patients, taking into account CYP3A5 genotypes. We successfully developed and validated a novel PBPK model for ER-TAC that accurately predicted its pharmacokinetics when co-administered with LET. Our simulations revealed a significant increase in ER-TAC exposure when co-administered with LET in a virtual Japanese post-renal transplant population, with the effect varying by CYP3A5 genotype. For CYP3A5*1 carrier, the AUCinf ratio ranged from 2.33 to 2.53, while for CYP3A5*3/*3 carriers, it ranged from 2.82 to 2.86. Cmax ratio was approximately 1.50 across all groups. Therefore, when LET is co-administered with ER-TAC for Japanese renal transplant patients, ER-TAC dose should be reduced by approximately 57–65%, depending on the CYP3A5 genotype, to maintain its therapeutic efficacy. These specific insights, which are currently absent from Japanese package inserts, can aid in managing complex drug interactions and optimizing immunosuppressive therapy for Japanese renal transplant patients. Our findings highlight the importance of careful monitoring, consideration of CYP3A5 genotypes, and individualized dosing strategies when using medication combinations for Japanese renal transplant patients. The observed differences in DDI profiles between the IR-TAC and ER-TAC formulations further underscore the importance of formulation-specific considerations in treatment. Moreover, incorporation of population-specific factors, such as hematocrit values, in the developed model facilitates the accurate prediction of drug interactions in renal transplant patients. Overall, this study expands the application of PBPK modeling in transplant pharmacology and suggests methods to optimize immunosuppressive therapy for renal transplant patients.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

Ethical approval was not required for the study involving humans in accordance with the local legislation and institutional requirements. Written informed consent to participate in this study was not required from the participants or the participants’ legal guardians/next of kin in accordance with the national legislation and the institutional requirements.



Author contributions

TM: Visualization, Validation, Software, Resources, Methodology, Investigation, Conceptualization, Writing – review & editing, Writing – original draft. HK: Validation, Software, Methodology, Conceptualization, Supervision, Writing – review & editing. YF: Writing – review & editing, Supervision. MS: Writing – review & editing, Supervision. TK: Supervision, Writing – review & editing. YH: Supervision, Software, Resources, Project administration, Methodology, Investigation, Funding acquisition, Conceptualization, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by a grant from the Ministry of Health, Labour and Welfare, Japan (grant number 22HA1004).



Acknowledgments

Certara UK Ltd. (Simcyp Division) granted access to the Simcyp simulator through a sponsored academic license (subject to specific conditions). We used ChatGPT-4o by OpenAI and Claude 3.5 Sonnet by Anthropic to draft and refine the manuscript. These AI tools were used for suggestions to improve the language and structure of the text. All content has been reviewed and approved by the authors.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Alain, S., Feghoul, L., Girault, S., Lepiller, Q., Frobert, E., Michonneau, D., et al. (2020). Letermovir breakthroughs during the French named patient Programme: interest of monitoring blood concentration in clinical practice. J. Antimicrob. Chemother. 75, 2253–2257. doi: 10.1093/jac/dkaa135 

 Barry, A., and Levine, M. (2010). A systematic review of the effect of CYP3A5 genotype on the apparent oral clearance of tacrolimus in renal transplant recipients. Ther. Drug Monit. 32, 708–714. doi: 10.1097/FTD.0b013e3181f3c063 

 Brunet, M., Van Gelder, T., Åsberg, A., Haufroid, V., Hesselink, D. A., Langman, L., et al. (2019). Therapeutic drug monitoring of tacrolimus-personalized therapy: second consensus report. Ther. Drug Monit. 41, 261–307. doi: 10.1097/FTD.0000000000000640 

 Emoto, C., Johnson, T. N., Hahn, D., Christians, U., Alloway, R. R., Vinks, A. A., et al. (2019). A theoretical physiologically-based pharmacokinetic approach to ascertain covariates explaining the large interpatient variability in tacrolimus disposition. CPT Pharmacometrics Syst. Pharmacol. 8, 273–284. doi: 10.1002/psp4.12392 

 Guest, E. J., Aarons, L., Houston, J. B., Rostami-Hodjegan, A., and Galetin, A. (2011). Critique of the two-fold measure of prediction success for ratios: application for the assessment of drug-drug interactions. Drug Metab. Dispos. 39, 170–173. doi: 10.1124/dmd.110.036103 

 Hebert, M. (1997). Contributions of hepatic and intestinal metabolism and P-glycoprotein to cyclosporine and tacrolimus oral drug delivery. Adv. Drug Deliv. Rev. 27, 201–214. doi: 10.1016/S0169-409X(97)00043-4 

 Ishida, H., Goto, N., Imamura, R., Sasaki, H., Unagami, K., Futamura, K., et al. (2024). Letermovir safety and efficacy for cytomegalovirus prophylaxis in adult Japanese kidney transplant recipients: a multicenter, open-label, noncomparative phase 3 study. Clin. Exp. Nephrol. 28, 822–831. doi: 10.1007/s10157-024-02471-0 

 Itohara, K., Yano, I., Nakagawa, S., Yonezawa, A., Omura, T., Imai, S., et al. (2022). Extrapolation of physiologically based pharmacokinetic model for tacrolimus from renal to liver transplant patients. Drug Metab. Pharmacokinet. 42:100423. doi: 10.1016/j.dmpk.2021.100423 

 Kuypers, D. R. J., Peeters, P. C., Sennesael, J. J., Kianda, M. N., Vrijens, B., Kristanto, P., et al. (2013). Improved adherence to tacrolimus once-daily formulation in renal recipients: a randomized controlled trial using electronic monitoring. Transp. J. 95, 333–340. doi: 10.1097/TP.0b013e3182725532 

 Laverdière, I., Caron, P., Harvey, M., Lévesque, É., and Guillemette, C. (2011). In vitro investigation of human UDP-glucuronosyltransferase isoforms responsible for tacrolimus glucuronidation: predominant contribution of UGT1A4. Drug Metab. Dispos. 39, 1127–1130. doi: 10.1124/dmd.111.039040


 Limaye, A. P., Budde, K., Humar, A., Vincenti, F., Kuypers, D. R. J., Carroll, R. P., et al. (2023). Letermovir vs valganciclovir for prophylaxis of cytomegalovirus in high-risk kidney transplant recipients: a randomized clinical trial. JAMA 330, 33–42. doi: 10.1001/jama.2023.9106 

 Loer, H. L. H., Feick, D., Rüdesheim, S., Selzer, D., Schwab, M., Teutonico, D., et al. (2023). Physiologically based pharmacokinetic modeling of tacrolimus for food–drug and CYP3A drug–drug–gene interaction predictions. CPT Pharmacometrics Syst. Pharmacol. 12, 724–738. doi: 10.1002/psp4.12946 

 Mancinelli, L. M., Frassetto, L., Floren, L. C., Dressler, D., Carrier, S., Bekersky, I., et al. (2001). The pharmacokinetics and metabolic disposition of tacrolimus: a comparison across ethnic groups. Clin. Pharmacol. Ther. 69, 24–31. doi: 10.1067/mcp.2001.113183


 McCrea, J. B., Macha, S., Adedoyin, A., Marshall, W., Menzel, K., Cho, C. R., et al. (2019). Pharmacokinetic drug-drug interactions between letermovir and the immunosuppressants cyclosporine, tacrolimus, sirolimus, and mycophenolate mofetil. J. Clin. Pharmacol. 59, 1331–1339. doi: 10.1002/jcph.1423 

 Menzel, K., Kothare, P., McCrea, J. B., Chu, X., and Kropeit, D. (2021). Absorption, metabolism, distribution, and excretion of letermovir. Curr. Drug Metab. 22, 784–794. doi: 10.2174/18755453MTE05NDYa1 

 Menzel, K., Kuo, Y., Chen, D., Hartmann, G., Wang, Y., Cho, C. R., et al. (2023). Developing a mechanistic understanding of the nonlinear pharmacokinetics of letermovir and prospective drug interaction with everolimus using physiological-based pharmacokinetic modeling. Clin. Transl. Sci. 16, 1039–1048. doi: 10.1111/cts.13509 

 Mercuri, A., Wu, S., Stranzinger, S., Mohr, S., Salar-Behzadi, S., Bresciani, M., et al. (2016). In vitro and in silico characterisation of tacrolimus released under biorelevant conditions. Int. J. Pharm. 515, 271–280. doi: 10.1016/j.ijpharm.2016.10.020 

 Nguyen, T. V. A., Nguyen, H. D., Nguyen, T. L. H., Le, V. T., Nguyen, X. K., Tran, V. T., et al. (2023). Higher tacrolimus trough levels and time in the therapeutic range are associated with the risk of acute rejection in the first month after renal transplantation. BMC Nephrol. 24:131. doi: 10.1186/s12882-023-03188-0 

 PMDA. (2008). Summary of application documents for Graceptor®. Available at: https://www.pmda.go.jp/drugs/2008/P200800031/80012600_22000AMX01768_K105_1.pdf (accessed August 4, 2024).


 Saeki, T., Ueda, K., Tanigawara, Y., Hori, R., and Komano, T. (1993). Human P-glycoprotein transports cyclosporin A and FK506. J. Biol. Chem. 268, 6077–6080. doi: 10.1016/S0021-9258(18)53221-X


 Satoh, S., Kagaya, H., Saito, M., Inoue, T., Miura, M., Inoue, K., et al. (2008). Lack of tacrolimus circadian pharmacokinetics and CYP3A5 pharmacogenetics in the early and maintenance stages in Japanese renal transplant recipients. Brit. J. Clin. Pharmacol. 66, 207–214. doi: 10.1111/j.1365-2125.2008.03188.x 

 Sun, X. Y., Liu, X. Y., and Fang, Z. Z. (2012). Tacrolimus strongly inhibits multiple human UDP-glucuronosyltransferase (UGT) isoforms. Pharmazie 67, 804–808. doi: 10.1691/ph.2012.2509 

 Undre, N. A., and Schäfer, A. (1998). Factors affecting the pharmacokinetics of tacrolimus in the first year after renal transplantation. Transplant. Proc. 30, 1261–1263. doi: 10.1016/S0041-1345(98)00234-6 

 van Gelder, T., Etsouli, O., Moes, D. J., and Swen, J. J. (2020). Comparison of the impact of pharmacogenetic variability on the PK of slow release and immediate release tacrolimus formulations. Genes (Basel) 11:1205. doi: 10.3390/genes11101205 

 van Gelder, T., Gelinck, A., Meziyerh, S., de Vries, A. P. J., and Moes, D. J. A. R. (2024). Therapeutic drug monitoring of tacrolimus after kidney transplantation: trough concentration or area under curve-based monitoring? Br. J. Clin. Pharmacol. doi: 10.1111/bcp.16098 

 Wang, Y., Chen, D., Hartmann, G., Cho, C. R., and Menzel, K. (2019). PBPK modeling strategy for predicting complex drug interactions of letermovir as a perpetrator in support of product labeling. Clin. Pharmacol. Ther. 105, 515–523. doi: 10.1002/cpt.1120 

 Wojtyniak, J., Britz, H., Selzer, D., Schwab, M., and Lehr, T. (2020). Data digitizing: accurate and precise data extraction for quantitative systems pharmacology and physiologically-based pharmacokinetic modeling. CPT Pharmacometrics Syst. Pharmacol. 9, 322–331. doi: 10.1002/psp4.12511 

 Xie, D., Guo, J., Dang, R., Li, Y., Si, Q., Han, W., et al. (2022). The effect of tacrolimus-induced toxicity on metabolic profiling in target tissues of mice. BMC Pharmacol. Toxicol. 23:87. doi: 10.1186/s40360-022-00626-x 


Copyright
 © 2024 Maruyama, Kasai, Fukaya, Shiokawa, Kimura and Hamada. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Drug–drug interactions between letermovir and tacrolimus in Japanese renal transplant recipients simulated using a physiologically based pharmacokinetic model



		1 Introduction



		2 Materials and methods



		2.1 PBPK model development



		2.2 Virtual population generation



		2.3 DDI simulations



		2.4 Model validation and data analysis



		2.5 Ethical approval









		3 Results



		3.1 PBPK model development and validation



		3.1.1 LET model



		3.1.2 IR-TAC model



		3.1.3 ER-TAC model



		3.1.4 DDI simulation of IR-TAC with LET









		3.2 Population model development



		3.2.1 Japanese post-renal transplant population









		3.3 DDI simulations



		3.3.1 IR vs. ER-TAC with LET



		3.3.2 ER-TAC with LET in the virtual Japanese post-renal transplant population















		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/cover.jpg
’ frontiers = Frontiers in Microbiology

Drug-drug interactions between
letermovir and tacrolimus in
Japanese renal transplant
recipients simulated using a
physiologically based
pharmacokinetic model












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






OPS/images/fmicb-15-1480874-t004.jpg
UC,y (ng/mL*h) /h/kg or L/h)

Pred/Obs Pred/Obs Pred/Obs Obs. Pred/Obs
1 IRTAC, iv 339 21 106 2143 24 093 ND. N, ND. 0010 0016 087
2 IRTAC, po. 23 293 L10 4717 78 125 100 130 077 o021 025 081
3 ERTAC 1740 1508 115 755 68 L 303 260 L7 ND. ND. ND.
IRTAC with
4 - 908(749-1101) | 697(540-899) | 130(138-122) | S81(508-665) | SL5(441-600) | LIB(LIS-LI)  L04075-150) | 300(L00-500)  035(075-03) | 551(1660) | 738(440) 074263

[R-TAC, immediate-release tacrolimus; ER-TAC, extended-release tacrolimus; LET, letermovir; AUC,,,, area under the blood concentration-time curve from 0 to infinity; C,,.,, maximum concentration; Ty, time to maximum concentration; CL, clearance; Pred,
predicted value; Obs, observed value.
The “No.” column refers to the respective simulation numbers assigned in Table 2. AUC,y;, Cpnuy and CL values are represented as geometric means with 95% confidence intervals (95% Cls). T, values are represented as medians with ranges.





OPS/images/fmicb-15-1480874-t005.jpg
CYP3A5%1 CYP3A5*3/%3 No stratified

IR- ER- ER/IR IR- ER- ER/IR IR- ER- ER/IR
TAC+LET/ TAC+LET/ ratio TAC+LET/ TAC+LET/ ratio TAC+LET/ TAC+LET/ ratio
IR-TAC ER-TAC IR-TAC ER-TAC IR-TAC ER-TAC
alone alone alone alone alone alone

AUC,ratio | 229(201-2.62) | 190(1.69-213) 083 .51 (3. ) 278(264-326) 079 | 326(295-361)  2.72(248-299)
Cy ratio 45(133-157) | 145(133-159) 100 ¥ 164(155-169) 101 159(152-167)  159( 6)

-TAC, extended-release tacrolimus; LET, letermovir AUC,y, area under the blood concentration-time curve from 0 to infinity;

... values are represented as geometric means with 95% confidence intervals (95% Cls).





OPS/images/fmicb-15-1480874-t002.jpg
Population Age Proportion  Population Prandial References

range  of females  size state
(year)
Healthy 120 simulations
Infused 0.015mg/
1 iv Volunteers in 25.5-673 0417 =tzsubjecss " ND. Mancineli et al.
for
Simeyp =10 rils) i
IRTAC
Healthy 120 simulations
2 po volunteers in 25.5-673 0417 (n=12subjects;  5mgsingledose  Fasted Mancinelli et al.
Simeyp n=10 trials)
2766 Phase
200 simulations I single-dose study
Japanese patients 3mg/kg, single
3 ERTAC  po 20-39 0 (n=20 subjects; Fasted (3mg) [F-
in Simeyp dose
=10 trials) 506E-0001] [In
Japanese], PMDA
Multiple oral QD
doses of LET
Healthy 140 simulations | 480mg
IRTAC
4 po volunteers in 2654 1 (n=14subjects;  administered for  Fasted McCrea etal.
with LET
Simeyp =10 trials) 16 d with asingle
oral dose of TAC
Smgon day 8.

[R-TAC, immediate-release tacrolimus; ER-TAC, extended-release tacrolimus; LET, letermovir; QD, once daily; i; Intravenous; po, orally administered.
References: Mancinelli et al. (2001), McCrea et al. (2019), and PMDA (2008).





OPS/images/fmicb-15-1480874-t003.jpg
Parameter Value

Molecular weight (g/mol) | 804.0182

Physicochemical
Logp 33
parameters
Compound type Neutral
Fraction unbound in
0012
Blood-binding Senum
properties Blood-to-plasmaratio 35
Plasma binding protein  Human serum albumin
First-order model
£ 100
K 368
Lag time (hour) 043
ADAM
Absorption Solubility (pH) 0.01(7.4)
Permeability in Caco-2
658x10°
cells (cm/s)
Mean (CV9%) values
from the in vivo
Dissolved profile
dissolved profiles
reported in the literature
Minimal PBPK model
ki (170 0.68
Distribution Ko (1/) 0.1
Ve (Likg) 108
Predicted V., (L/kg) 17.1
CYP kinetic parameters
CYP3A4 Km (uM) 021
CYP3A4 Vo (pmol/min/ 45
pmol CYP)
Elimination CYP3A5 Km (uM) 021
CYP3AS5 sy (pmol/min/ 2e
pmol CYP) )
Renal clearance (mL/
0014
min)
CYP3A4K, (umol/L) 0.04
CYP3A4 K, (pmol/L) 266
CYP3A4 Ky (1/min) 03
Interaction
CYP3AS5 K; (pmol/L) 269
CYP3AS Ky (1/min) 021
UGTIAIK, (pmol/L) 47

IR, immediate-release; ER, extended-release; CYP, cytochrome P430; £, fraction available
from dosage form; k., first-order absorption rate constant; k., and k... first-order rate
constants describing the transfer of tacrolimus to a single adjusting compartment; ADAM,
advanced dissolution, absorption, and metabolismy; K., Michaelis-Menten constant; PBPK,
physiologically based pharmacokinetics V., maximum rate of metabolite formation; V..,
volume of single adjusting compartment; V., volume of distribution at steadly state using
issue volumes of a population of healthy volunteers; K, inhibition kinetic parameter; K,,
inactivation constant; K.o.., maximum inactivation rate constant.

For the dissolution profie, the 24-h values reached a plateau. Therefore, the same values as
the 16-h measurement values were used.






OPS/images/fmicb-15-1480874-t006.jpg
ClLint value (minimum value) CYP3A4 CYP3A5 UGT1AL

IR-TAC ER-TAC IR-TAC ER-TAC IR-TAC ER-TAC

Hepatic CLint of TAC (L/h) 88904 88921 760.5 760.6 355 354
Hepatic CLint of TAC with LET (L/h) 41557 41371 7603 760.5 355 354
Co-administration/alone ratio 047 047 1.00 100 1.00 100
SI CLint of TAC (L/h) 352 616 19 27 08 08
SI CLint of TAC with LET (L/h) 186 319 15 26 08 08
Co-administration/alone ratio 053 052 081 096 1.00 1.00
Colon CLint of TAC (L/h) 18 26 o1 01 00 00
Colon CLint TAC with LET (L/h) 23 25 01 01 00 00
Co-administration/alone ratio 131 094 083 099 ND. ND.

S1, small intestine; TAC, tacrolimus; LET, letermovir; CLint, intrinsic clearance.





OPS/images/fmicb-15-1480874-t007.jpg
ER-TAC + LET
Male ~ Female
AVCLGmlon) 63 5565
e/l on 913
) o m
cLam 107 9%

CYP3A51

ER-TAC + LET/ER-TAC ER-TAC +LET
ER-TAC alone
alone ratio

Male ~ Female Male Female Male  Female
w2 | mom W20 | 2B | en 7905
o 07 LSO | 1001 104 962
o w4 094075119 | 0MOs-11) | 392 405
216 n7s 043 (6000) 04(6596) i 635

CYP3A5+3/%3

ER-TAC alone

Male  Female
w0y e
69 o
a2 439
209 o4

ER-TAC + LET/ER-TAC

alone ratio
Male Female
2625320 2820246:329)
151043159 | 150(141-16)
095(065-116) | 094(053-196)
035 864) 035 (825
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