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Background

Tacrolimus, a calcineurin inhibitor (CNI), is currently the first-line immunosuppressive agent in kidney transplantation. The therapeutic index of tacrolimus is narrow due to due to the substantial impact of minor variations in drug concentration or exposure on clinical outcomes (i.e., nephrotoxicity), and it has a highly variable intra- and inter-individual bioavailability. Non-adherence to immunosuppressants is associated with rejection after kidney transplantation, which is the main cause of long-term graft loss. Once-daily formulations have been shown to significantly improve adherence compared to twice-daily dosing. Envarsus®, the once-daily prolonged-release formulation of tacrolimus, offers the same therapeutic efficacy as the conventional twice-daily immediate-release tacrolimus formulation (Prograf®) with improved bioavailability, a more consistent pharmacokinetic profile, and a reduced peak to trough, which may reduce CNI-related toxicity. Envarsus® has been approved as an immunosuppressive therapy in adults following kidney or liver transplantation but has not yet been approved in children. The objective of this study is to evaluate the pharmacokinetic profile, efficacy, and tolerability of Envarsus® in children and adolescents aged ≥ 8 and ≤ 18 years to assess its potential role as an additional option for immunosuppressive therapy in children after kidney transplantation.





Methods/design

The study is designed as a randomized, prospective crossover trial. Each patient undergoes two treatment sequences: sequence 1 includes 4 weeks of Envarsus® and sequence 2 includes 4 weeks of Prograf®. Patients are randomized to either group A (sequence 1, followed by sequence 2) or group B (sequence 2, followed by sequence 1). The primary objective is to assess equivalency between total exposure (of tacrolimus area under the curve concentration (AUC0-24)), immediate-release tacrolimus (Prograf®) therapy, and prolonged-release tacrolimus (Envarsus®) using a daily dose conversion factor of 0.7 for prolonged- versus immediate-release tacrolimus. Secondary objectives are the assessment of pharmacodynamics, pharmacogenetics, adherence, gut microbiome analyses, adverse events (including tacrolimus toxicity and biopsy-proven rejections), biopsy-proven rejections, difference in estimated glomerular filtration rate (eGFR), and occurrence of donor-specific antibodies (DSAs).





Discussion

This study will test the hypothesis that once-daily prolonged-release tacrolimus (Envarsus®) is bioequivalent to twice-daily intermediate-release tacrolimus after pediatric kidney transplantation and may reduce toxicity and facilitate medication adherence. This novel concept may optimize immunosuppressive therapy for more stable graft function and increased graft survival by avoiding T-cell mediated and/or antibody-mediated rejection due to improved adherence. In addition, the study will provide data on the pharmacodynamics and pharmacogenetics of prolonged-release tacrolimus in children and adolescents.





Clinical Trial Registration

EUDRA-CT 2019-003710-13 and ClinicalTrial.gov, identifier NCT06057545.
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Introduction

From the first successful kidney transplant in 1954 to the current era of transplantation, there have been tremendous developments in transplant immunology and immunosuppressive therapy. Tacrolimus, a calcineurin inhibitor (CNI), is currently the first-line immunosuppressive agent in kidney transplantation. In children, the start dose of tacrolimus is conventionally determined based on body surface area or weight. Further dosing depends on monitoring of tacrolimus trough levels in blood. Non-adherence to immunosuppressants is associated with the development of T-cell-mediated and/or antibody-mediated rejection after kidney transplantation, which is the major cause of long-term graft loss. The therapeutic index of tacrolimus is narrow. The main goal is to reach/maintain the target blood concentration of tacrolimus without the risk of graft rejection or toxicity. It has already been shown that once-daily, rather than twice-daily drug formulations lead to a significant improvement in adherence (1). Therefore, it is expected that prolonged-release tacrolimus would lead to a more stable tacrolimus exposure and thereby provide a more reliable immunosuppression after kidney transplantation.

The once-daily formulation of tacrolimus (extended-release tacrolimus), Advagraf®, was designed to reduce the burden of daily pills compared to twice-daily Prograf®. A pediatric study has demonstrated comparable pharmacokinetics when immediate-release tacrolimus was converted to the prolonged-release formulation. The conversion was effective and well tolerated (2). Recently, a new prolonged-release tablet formulation of tacrolimus (Envarsus®) using MeltDose™ (US Patent No. 7,217,431), a drug delivery technology that enhances the absorption of fat-soluble drugs, was approved as an immunosuppressive medication after kidney and liver transplantation in adults, but it has not yet obtained approval in children (3). Studies in adults have shown that Envarsus® provides the same therapeutic efficacy as the conventional immediate-release formulation of tacrolimus (Prograf®) with improved bioavailability, a more consistent pharmacokinetic profile, and a reduced peak-to-trough profile, which may result in reduced CNI-related toxicity.

In recent years, different protocols combining different immunosuppressive agents have been used in pediatric kidney transplantation with changes over time and large variability between centers and countries (4). The choice of the immunosuppressive regimen is based on efficacy trials as well as personal expertise. Patient stratification to immunosuppressants has rarely been based on the risk of viral infection or metabolic disease but is often tailored to the individual immunologic risk of rejection. To summarize the few randomized pediatric trials on immunosuppression, tacrolimus appears to have advantages over cyclosporine A in pediatric kidney transplantation, steroid-free protocols are feasible in low-immunologic risk, and induction therapy with interleukin-2 (IL-2) receptor antagonists may not be beneficial in a standard-risk population (5). It is therefore important to find the best combination of immunosuppressive agents that optimizes allograft survival by preventing acute rejection while limiting agent toxicities (6).

The inter-individual differences in tacrolimus exposure in pediatric patients are related to patient characteristics, such as weight, age, and laboratory parameters such as hematocrit (Hct), concomitant medications, and pharmacogenetic diversity of the CYP3A4/A5 genes (7). As for intra-patient variability, several factors have been identified, including interactions with concomitant medications and food, diarrhea, and interchangeable administration of generic tacrolimus formulations. There is a wide range of tacrolimus intra-patient variability in adult and pediatric populations from < 5 to > 50%, with average values of 15–30% (7, 8). It needs to be recognized that high tacrolimus intra-patient variability is an important prognostic risk factor after solid organ transplantation (7, 8).

Data on the pharmacokinetics of immediate-release tacrolimus versus prolonged-release tacrolimus in the pediatric population are scarce and not available for immediate-release tacrolimus versus extended-release LCT-tacrolimus. Vondrak et al. showed a 1.3 to 1.9 increase in tacrolimus Tmax for prolonged-release tacrolimus versus immediate-release tacrolimus in pediatric solid organ transplant recipients (9). The main finding of this study was that systemic exposure (AUC0-24) was lower for the early post‐transplant period for the prolonged‐release formulation which equalized by 1 month after transplantation. These findings were consistent with those reported in de novo adult transplant recipients (9, 10). In adult transplant recipients, the switch from immediate-release tacrolimus to extended-release LCPT tacrolimus was safe and resulted in a 12.5% to 16% increase in the tacrolimus trough level over total daily dose ratio, indicating improved bioavailability (11, 12). Despite the finding that tacrolimus trough levels remained within the standard reference range for most patients (11), the coefficient of variation for the intra-patient variability did not change significantly after the switch from immediate-release tacrolimus to extended-release LCP tacrolimus (13).

The objective of this study is to evaluate the pharmacokinetic profile, efficacy, and tolerability of Envarsus® in children and adolescents aged ≥ 8 and ≤ 18 years to assess its potential role as an additional option for immunosuppressive therapy after pediatric kidney transplantation.





Methods/Study design

The study is designed as a randomized, prospective crossover trial. Patients receive two treatment sequences. Sequence 1 includes 4 weeks Envarsus® and sequence 2 includes 4 weeks Prograf®. A daily dose conversion factor of 0.7 for prolonged- versus immediate-release tacrolimus is used. Patients are randomized to either group A (sequence 1, followed by sequence 2) or group B (sequence 2, followed by sequence 1) with a wash-out period of 4 days between the two sequences. The trial design is summarized in Figure 1. The total study duration per patient (including the build-up periods) is approximately 9 weeks from visit 1. Risks and burdens for study participants have been minimized so that participation in the study over the planned 9-week duration will not exceed routine burdens. The total study duration (first patient first visit: FPFV to last patient last visit: LPLV) will be approximately 20 months, including a recruitment period of approximately 18 months.




Figure 1 | Study design. Sequence 1: 4 weeks Envarsus®. Sequence 2: 4 weeks Prograf®. The exact timepoints of study visits are given in Table 2. At the beginning of the washout period, the medication administered in the first treatment sequence is discontinued and the other medication is started so that a stable build-up is secured.



The primary objective is to assess whether the tacrolimus area under the curve (AUC0-24) concentration in blood samples collected before and 1.5, 2.0, 4.0, 6.0, 8.0, 12.0, 13.5, 14.0, 16.0, 20.0, and 24.0 hours after administration in compliant patients without any protocol deviations is bioequivalent between twice-daily immediate-release tacrolimus (Prograf®) therapy and once-daily prolonged-release tacrolimus (Envarsus®) therapy using a daily dose conversion factor of 0.7 for prolonged- versus immediate-release tacrolimus. Envarsus® is available in 0.75, 1.00, and 4.00 mg capsules.

A fast and easy-to-use liquid chromatography-tandem mass spectrometry (LC-MS/MS) method for the determination and quantification of tacrolimus in whole blood was developed and validated. The used method was based on an already published work for the determination of immunosuppressants in serum and plasma (7). Modifications consisted of the use of a different biological matrix (whole blood) with sample preparation and an extraction protocol of commercially available standards and control samples. Sample preparation was based on protein precipitation. A volume of 100µL of whole blood was admixed with 200µL of isotopically labeled internal standard and 200µL zinc sulfate heptahydrate, shaken on a Vortex mixer for 30sec., and pre-dispersed using an external ultrasonic bath for 10min at room temperature, with subsequent centrifugation at 4 000 × g for 15 minutes at 6°C. The analytical performance data of the assay is as follows: Recovery rate: Tacrolimus: 97.9% (2.00 µg/L) and 103% (20.00µg/L); lower limit of quantification (LLOQ in µg/L): 0.56 µg/L tacrolimus; upper limit of quantification (ULOQ in µg/L): 100.0 µg/L tacrolimus. Precision (intra-day-assay): analyte CV in % (at a concentration in µg/L), n=10 per conc.-level: Tacrolimus 3.5 (2.6); 3.4 (7.3); 2.5 (16.7); 1.6 (34.2). Precision (inter-day-assay): analyte CV in % (at a concentration in µg/L), n=10 per conc.-level: Tacrolimus 5.5 (2.6); 3.8 (7.3); 3.7 (16.7);.6 (34.2).

Secondary objectives are to assess Tacrolimus Cmax, efficacy (pharmacodynamics) in terms of residual expression of nuclear factor of activated T-cell (NFAT)-regulated gene expression, potential influence of pharmacogenetics, trough levels and doses of immediate-release tacrolimus (Prograf®) compared to prolonged-release tacrolimus (Envarsus®), cumulative tacrolimus dose, adherence, adverse events (including tacrolimus toxicity and biopsy-proven rejections), biopsy-proven rejections, differences in estimated glomerular filtration rate (eGFR) (Chronic Kidney Disease in Children (CKiD) formula) from baseline, microbiome analyses, and occurrence of donor-specific antibodies (DSA).

To determine the contribution of genetic factors for interindividual pharmacokinetic variability of tacrolimus exposure observed during the study, genetic variants in CYP3A5, CYP3A4, and ABCB1 will be assessed in all children.




Study drugs




Prograf® and Envarsus


Prograf® and Envarsus® contain the active ingredient tacrolimus. Tacrolimus is an immunosuppressive drug that reduces T-cell activity by binding to a cytosolic protein (FKBP12); it specifically and competitively inhibits calcineurin, leading to a calcium-dependent inhibition of T-cell signaling pathways (14, 15).

Prograf®, the immediate-release formulation of tacrolimus, exhibits significant inter- and intra-individual variability in absorption due to interactions with food and concomitant medications and the cytochrome P-450 system, which is subject to functional polymorphisms. In addition, Prograf® has rather low bioavailability due to poor water solubility and pre-systemic gastrointestinal metabolism (16, 17). In humans, tacrolimus has been shown to be absorbed throughout the gastrointestinal tract. Available tacrolimus is generally absorbed rapidly.

Envarsus® is a prolonged-release formulation of tacrolimus and was approved by the European Medicines Agency (EMA) in 2014. It is currently indicated for the prophylaxis of transplant rejection in adult kidney or liver allograft recipients and treatment of allograft rejection in adult patients refractory to other immunosuppressive drugs but, to date and in contrast to Prograf®, it has not been officially licensed for use in children. The prolonged-release formulation results in an extended oral absorption profile with an average time to maximum blood concentration (Cmax) of approximately 6 hours (tmax) at a steady state. The oral bioavailability of Envarsus® is approximately 40% higher than the same dose of the immediate-release tacrolimus formulation Prograf® in kidney transplant patients (18). There is a strong correlation between AUC0-24 and steady-state whole blood trough levels for Envarsus®. Therefore, monitoring of whole blood trough levels provides a good estimate of systemic exposure (19).

In the systemic circulation, tacrolimus binds strongly to erythrocytes resulting in an approximately 20:1 distribution ratio of whole blood/plasma concentrations. In plasma, tacrolimus is highly bound (>98.8%) to plasma proteins, mainly to serum albumin and α-1-acid glycoprotein (20). The half-life of tacrolimus is comparatively long and variable. In healthy subjects, the mean half-life in whole blood is approximately 30 hours (21). It was found that, following intravenous and oral administration of 14C-labeled tacrolimus, most of the radioactivity was excreted in the feces (22).

Tacrolimus has a narrow therapeutic index. Tacrolimus levels below this recommended range carry the risk of graft rejection, while levels above the range are associated with increased toxicity such as opportunistic infections, nephrotoxicity, diabetes, tremor, hypertension, and malignancies (23–25). The improved bioavailability of Envarsus®, which allows once-daily dosing, results in lower inter- and intra-patient variability of drug absorption, with reduced peak-to-trough fluctuation and earlier achievement of a stable tacrolimus profile, as demonstrated in healthy volunteers (26). Envarsus® shows an improved pharmacokinetic profile compared to Prograf® with significantly lower peak levels. Therefore, it may be advantageous in terms of toxicity (27).

Regarding the high intra- and inter-patient variability of tacrolimus, increasing clinical evidence suggests that gut bacterial drug metabolism may play a crucial role (28, 29). Experimental results from our group demonstrated tacrolimus metabolization by ubiquitous bacterial species in vitro and showed that some strains could even metabolize up to 85% of the parent drug concentration (30). As explained above, the MeltDose™ drug delivery technology of Envarsus® results in higher bioavailability and more consistent pharmacokinetics. This is partly explained by the predominant release in the colon, where the prevalence of CYP3A is significantly lower than in the small intestine (31). As a result, the pre-systemic elimination of Envarsus® due to CYP3A metabolism is significantly reduced. As with the identification of pharmacogenetic factors, the stool microbiome might lead to a potential paradigm shift in the pharmacokinetics of tacrolimus and its respective drug formulations.






Inclusion/exclusion criteria

A total number of 30 Caucasian male or female children at four German study sites will be enrolled in this clinical trial. They will be enrolled if they meet the inclusion/exclusion criteria listed in Table 1. Dynamic randomization according to the method proposed by Signorini will be used to assign patients to the respective arm. The study will be randomized with a probability of 50:50. The total study duration (first patient first visit (FPFV) to last patient last visit (LPLV)) will be approximately 20 months, including a recruitment period of around 18 months. The study duration per patient will be approximately 9 weeks from visit 1.


Table 1 | Selection criteria.







Sample size calculation

The expected ratio of the geometric means of the AUC of Envarsus® vs. Standard tacrolimus is 0.9749. The standard deviation of the coefficient of variation is calculated as 0.303 derived from the corresponding CI (32). The variation coefficient (as the ratio of expected ratio and standard deviation) is then assumed as 0.311. With a two-sided standard error of 10% and the equivalence limits of 0.8 and 1.25 (corresponding to the EMA guideline), a sample size of 27 is calculated to reach a power of 80%. With a dropout of 10%, 30 patients are therefore required.





Study assessments

Patients will be seen and evaluated according to the flow chart given in Table 2. At the time of enrollment, participants are treated with Prograf® to prevent transplant rejection. Patients will be monitored regularly in the outpatient clinic. In this way, potentially eligible patients will be identified during routine outpatient visits.


Table 2 | Flow chart of study visits.



A complete physical examination including vital signs (blood pressure and pulse), weight, height, date, and time of visit will be documented at each visit. Screening evaluations will be performed within 6 weeks prior to the baseline evaluation to determine the patient’s eligibility to participate in the study. At each visit, the following laboratory measurements will be performed at the local laboratory: Cystatin C, eGFR (CKiD formula), hematology (including differential blood count), electrolyte (potassium, calcium, phosphate, and magnesium), human leukocyte antigen (HLA) and non-HLA-DSA, alanine aminotransferase (ALT), gamma-glutamyl transferase (yGT), creatine kinase (CK), hemoglobin A1c (HbA1c), blood gas analysis, creatinine, urea, hematology, electrolytes, lactate dehydrogenase (LDH), C-reactive protein (CRP), and tacrolimus trough level, and in urine: urea, glucose, creatinine, and albumin including pregnancy test. Tacrolimus trough levels (C0) will be determined at 12 hours after the last intake of Prograf® or 24 hours after the last intake of Envarsus®, respectively. Some special analyses will be carried out in the central laboratory in Cologne (pharmacokinetics; Laboratory for Therapeutic Drug Monitoring, University Hospital of Cologne, Germany) and Heidelberg (pharmacodynamics; Institute of Immunology, University Hospital of Heidelberg, Germany). The pharmacodynamic analysis will be based on the residual expression of NFAT-regulated genes. Gut microbiome analyses will be performed at the European Molecular Biology Laboratory (EMBL) in Heidelberg. Fecal samples will be collected at home 0-48 hours prior to the scheduled visit. Information on concomitant medication use is documented for each patient. Envarsus® (prolonged-release tablets containing tacrolimus (0.75, 1.00, or 4.00 mg)) should be taken orally once daily in the morning on a fasting state at 24-hour intervals. Prograf® (hard capsules containing tacrolimus in commercially available strengths) should be taken orally twice daily at 12-hour intervals, morning and evening, on an empty stomach; dosing according to the Summary of Product Characteristics.





Statistical methods

The primary objective of the study is to demonstrate the equivalency between total exposure and trough levels of both Prograf® and Envarsus® (with a daily dose conversion factor of 0.7) in compliant patients without any protocol deviations. Therefore, the primary endpoint is the full AUC0-24 of tacrolimus levels over 24 hours. The objective is to demonstrate that the 90% confidence interval for the ratio of the full AUC0-24 of Envarsus® (with a conversion factor of 0.7 for the daily dose) to Prograf® is within the acceptance interval of 0.8 - 1.25 (33). This interval has been chosen in accordance with the German Federal Institute for Drugs and Medical Devices. As a secondary analysis, whether the confidence interval is also within the narrower interval of 0.9 to 1.11 recommended for drugs with a narrow therapeutic index (NTI) will be checked (33).

Demographic and baseline characteristics will be summarized as absolute and relative frequencies (for categorical outcomes), median and interquartile ranges (IQR), or arithmetic means and standard deviation. Pharmacokinetic measures will be summarized as median, geometric mean, arithmetic mean and standard deviation, minimum and maximum, and coefficient of variation. The primary endpoint – full AUC0-24 – will be calculated from tacrolimus measurements after administration of the respective medication by linear interpolation between measurement time points (see Supplementary Material). It will then be analyzed using an ANOVA model on the log-transformed AUC0-24 values comparing Prograf® and Envarsus® with sequence, subject within sequence, and period as further fixed factors as suggested by the EMA guideline (33). A summary of the assessment of the primary objective in terms of the estimand framework is given in the Supplementary Material.

In addition to full AUC0-24 analysis, the following pharmacokinetic parameters will form part of the evaluation: C0, Cmax, tmax, and their corresponding coefficients of variation. Pharmacokinetic half-life and apparent clearance after oral administration of Envarsus® and Prograf® will be evaluated accordingly. Pearson’s correlation coefficients will be used to assess suitability and trough levels and AUC0-24 will be correlated.

Low NFAT expression indicates high immunosuppression and high NFAT expression indicates low immunosuppression. The tacrolimus effect is therefore complementary to the NFAT transcripts (E=1-NFAT%). The residual NFAT expression at each time point will be compared to the corresponding tacrolimus blood concentration to estimate the peak (Epeak) and trough (Etrough) effect. With the help of the sigmoid Emax model, the immunosuppressive effect will be estimated as the percentage of Emax (E=%Emax).

A test for univariate associations between changes in the gut microbial abundance profile will be performed during the switch from Prograf® to Envarsus® compared to changes during the pre- and post-switch time intervals (Wilcoxon test). We will also include Prograf® AUC0-24 and CYP3A genotypes as additional predictors in these models to quantify whether microbial AUC0-24 predictors are consistent or different between Prograf® and Envarsus® AUC0-24 and the extent to which gut bacterial drug metabolism is independent of host metabolism. We will attempt to identify gut microbial correlates of adverse events and rejection, but the analyses will be exploratory.

All persons performing the analyses will be blinded to the sequence order. The statistical analysis plan, in which all planned analyses are described in detail, is finalized before the database lock.






Discussion

Non-adherence to immunosuppressive therapy, particularly in adolescents, can lead to the development of T-cell-mediated and/or antibody-mediated rejections after kidney transplantation, which is the major cause of long-term graft loss.

Once-daily prolonged-release formulation Envarsus® has the potential to improve adherence but is not currently approved for use in adolescents under 18 years of age. Pro-Tac, our multi-center interventional trial, will test the hypothesis that once-daily prolonged-release tacrolimus (Envarsus®) is equivalent to intermediate-release tacrolimus and may result in improved drug adherence, a more consistent pharmacokinetic profile, and reduced peak-to-trough after kidney transplantation compared to twice-daily immediate-release tacrolimus formulation (Prograf®). This novel concept may optimize immunosuppressive therapy for more stable graft function and improved graft survival.




Ethics and dissemination

This trial is being conducted in accordance with the German Drug Law (AMG), the German Good Clinical Practice (GCP-V), the International Conference on Harmonization (ICH), GCP guidelines, and other applicable ethical and regulatory requirements. A favorable assessment from the International Electrotechnical Commission (IEC) and approval from the National Competent Authority (NCA) were obtained before the start of the trial. The trial has received a positive primary ethics opinion from the Ethics Committee of the University Hospital of Essen (21-10167-AF) and positive secondary ethics judgments from the Ethics Committees of the University Hospitals of Heidelberg, Hamburg, Cologne, and Essen.

Informed consent is obtained from all participating patients and their parents. Monitoring, audits, and inspections are performed for reasons of quality assurance and to verify that the study is conducted according to the protocol as well as to legal and regulatory requirements applicable to clinical trials.

The study is registered under EUDRA-CT 2019-003710-13 and ClinicalTrial.gov Identifier: NCT06057545.

The results of the study are planned to be published in a Pubmed listed open-source publication.





Trial status

The first patient was enrolled on 25th April 2023. To date (September 2023), four patients have been enrolled in Essen, Cologne, and Heidelberg.






Ethics statement

The studies involving humans were approved by Ethics committee of the Medical Faculty of the University of Duisburg-Essen. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.





Author contributions

SK: Writing – original draft. BT: Writing – original draft. TA: Writing – review & editing. MB: Writing – review & editing. BB: Conceptualization, Writing – review & editing. AB: Writing – review & editing. LE: Writing – review & editing. TG: Writing – original draft. SL: Writing – original draft. CM: Writing – original draft. JO: Writing – review & editing. AZ: Writing – original draft. LW: Writing – original draft. LP: Conceptualization, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The study is funded by Chiesi Germany GmbH.





Conflict of interest

LP, JO, and LW received honoraria as speakers from Chiesi Germany GmbH.

The remaining 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. The study is an Investigator-initiated Trial and the University Hospital of Essen is the sponsor.

The authors declare that this study received funding from Chiesi Germany GmbH. The funder was not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneph.2024.1331510/full#supplementary-material




References

1. Butler, JA, Roderick, P, Mullee, M, Mason, JC, and Peveler, RC. Frequency and impact of nonadherence to immunosuppressants after renal transplantation: a systematic review. Transplantation. (2004) 77(5):769–76. doi: 10.1097/01.TP.0000110408.83054.88

2. Rubik, J, Debray, D, Kelly, D, et al. Efficacy and safety of prolonged-release tacrolimus in stable pediatric allograft recipients converted from immediate-release tacrolimus - a Phase 2, open-label, single-arm, one-way crossover study. Transpl Int (2019) 32(11):1182–93. doi: 10.1111/tri.13479

3. Rostaing, L, Bunnapradist, S, Grinyó, JM, Ciechanowski, K, Denny, JE, Silva, HT Jr, et al. Novel once-daily extended-release tacrolimus versus twice-daily tacrolimus in de novo kidney transplant recipients: two-year results of phase 3, double-blind, randomized trial. Am J Kidney Dis (2016) 67(4):648–59. doi: 10.1053/j.ajkd.2015.10.024

4. Tönshoff, B. Immunosuppressive therapy post-transplantation in children: what the clinician needs to know. Expert Rev Clin Immunol (2020) 16(2):139–54. doi: 10.1080/1744666X.2020.1714437

5. Pape, L, Lehner, F, Blume, C, and Ahlenstiel, T. Pediatric kidney transplantation followed by de novo therapy with everolimus, low-dose cyclosporine A, and steroid elimination: 3-year data. Transplantation. (2011) 92(6):658–62. doi: 10.1097/TP.0b013e3182295bed

6. Tönshoff, B, Tedesco-Silva, H, Ettenger, R, et al. Three-year outcomes from the CRADLE study in de novo pediatric kidney transplant recipients receiving everolimus with reduced tacrolimus and early steroid withdrawal. Am J Transplant. (2021) 21(1):123–37. doi: 10.1111/ajt.16005

7. Tahmaz, V, Wiesen, MHJ, Gehlsen, U, Sauerbier, L, Stern, ME, Holtick, U, et al. Detection of systemic immunosuppressants in autologous serum eye drops (ASED) in patients with severe chronic ocular graft versus host disease. Graefes Arch Clin Exp Ophthalmol (2021) 259(1):121–8. doi: 10.1007/s00417-020-04865-8

8. Prytuła, A. Tacrolimus exposure and intra-patient variability in paediatric and young adult kidney transplant recipients: one size does not fit all. Transpl Int (2020) 33(12):1648–9. doi: 10.1111/tri.13750

9. Kuypers, DRJ. Intrapatient variability of tacrolimus exposure in solid organ transplantation: A novel marker for clinical outcome. Clin Pharmacol Ther (2020) 107(2):347–58. doi: 10.1002/cpt.1618

10. Vondrak, K, Parisi, F, Dhawan, A, Grenda, R, Webb, NJA, Marks, SD, et al. Efficacy and safety of tacrolimus in de novo pediatric transplant recipients randomized to receive immediate- or prolonged-release tacrolimus. Clin Transplant. (2019) 33(10):e13698. doi: 10.1111/ctr.13698

11. Filler, G, and Bravo, M. Appreciating the need for greater understanding of the pharmacokinetics of drugs in children and adolescents. Pediatr Transplant. (2018) 22(8):e13312. doi: 10.1111/petr.13312

12. Budde, K, Rostaing, L, Maggiore, U, Piotti, G, Surace, D, Geraci, S, et al. Prolonged-Release Once-Daily Formulation of Tacrolimus Versus Standard-of-Care Tacrolimus in de novo Kidney Transplant Patients Across Europe. Transpl Int (2022) 35:10225. doi: 10.3389/ti.2021.10225

13. Sánchez Fructuoso, A, Ruiz, JC, Franco, A, Diekmann, F, Redondo, D, Calviño, J, et al. Effectiveness and safety of the conversion to MeltDose® extended-release tacrolimus from other formulations of tacrolimus in stable kidney transplant patients: A retrospective study. Clin Transplant. (2020) 34(1):e13767. doi: 10.1111/ctr.13767

14. Del Bello, A, Gaible, C, Longlune, N, Hebral, AL, Esposito, L, Gandia, P, et al. Tacrolimus intrapatient variability after switching from immediate or prolonged-release to extended-release formulation, after an organ transplantation. Front Pharmacol (2021) 12:602764. doi: 10.3389/fphar.2021.602764

15. Kino, T, Hatanaka, H, Miyata, S, Inamura, N, Nishiyama, M, Yajima, T, et al. FK-506, a novel immunosuppressant isolated from a Streptomyces. II. Immunosuppressive effect of FK-506 in vitro. J Antibiot (Tokyo). (1987) 40(9):1256–65.

16. Scott, LJ, McKeage, K, Keam, SJ, and Plosker, GL. Tacrolimus: a further update of its use in the management of organ transplantation. Drugs. (2003) 63(12):1247–97. doi: 10.2165/00003495-200363120-00006

17.Prograf® SmPC. Available at: http://www.ema.europa.eu/ema/index.jsp?curl=pages/medicines/human/referrals/Prograf/human_referral_000055.jsp.

18.Advagraf® SmPC. Available at: http://www.ema.europa.eu/docs/en_GB/document_library/EPAR:Product_Information/human/000712/WC500022234.pdf.

19. Yu, M, Liu, M, Zhang, W, and Ming, Y. Pharmacokinetics, pharmacodynamics and pharmacogenetics of tacrolimus in kidney transplantation. Curr Drug Metab (2018) 19(6):513–22. doi: 10.2174/1389200219666180129151948

20. Cosio, FG, Amer, H, Grande, JP, Larson, TS, Stegall, MD, and Griffin, MD. Comparison of low versus high tacrolimus levels in kidney transplantation: assessment of efficacy by protocol biopsies. Transplantation. (2007) 83(4):411–6. doi: 10.1097/01.tp.0000251807.72246.7d

21. Venkataramanan, R, Swaminathan, A, Prasad, T, Jain, A, Zuckerman, S, Warty, V, et al. Clinical pharmacokinetics of tacrolimus. Clin Pharmacokinet (1995) 29(6):404–30. doi: 10.2165/00003088-199529060-00003

22.. Available at: https://www.ema.europa.eu/en/medicines/human/EPAR/envarsus.

23. Iwasaki, K. Metabolism of tacrolimus (FK506) and recent topics in clinical pharmacokinetics. Drug Metab Pharmacokinet (2007) 22(5):328–35. doi: 10.2133/dmpk.22.328

24. Mitamura, T, Yamada, A, Ishida, H, Fujihira, S, Ohara, K, Noguchi, H, et al. Tacrolimus (FK506)-induced nephrotoxicity in spontaneous hypertensive rats. J Toxicol Sci (1994) 19(4):219–26. doi: 10.2131/jts.19.4_219

25. Finn, WF. FK506 nephrotoxicity. Ren Fail (1999) 21(3-4):319–29. doi: 10.3109/08860229909085094

26. Nakatani, T, Uchida, J, Iwai, T, Matsumura, K, Naganuma, T, Kuratsukuri, K, et al. Renin mRNA expression and renal dysfunction in tacrolimus-induced acute nephrotoxicity. Int J Mol Med (2003) 11(1):75–8. doi: 10.3892/ijmm.11.1.75

27. Grinyó, JM, and Petruzzelli, S. Once-daily LCP-Tacro MeltDose tacrolimus for the prophylaxis of organ rejection in kidney and liver transplantations. Expert Rev Clin Immunol (2014) 10(12):1567–79. doi: 10.1586/1744666X.2014.983903

28. Tremblay, S, Nigro, V, Weinberg, J, Woodle, ES, and Alloway, RR. A steady-state head-to-head pharmacokinetic comparison of all FK-506 (Tacrolimus) formulations (ASTCOFF): an open-label, prospective, randomized, two-arm, three-period crossover study. Am J Transplantation. (2017) 17(2):432–42. doi: 10.1111/ajt.13935

29. Lee, JR, Muthukumar, T, Dadhania, D, Taur, Y, Jenq, RR, Toussaint, NC, et al. Gut microbiota and tacrolimus dosing in kidney transplantation. PloS One (2015) 10:e0122399. doi: 10.1371/journal.pone.0122399

30. Baghai Arassi, M, Zeller, G, Karcher, N, Zimmermann, M, and Toenshoff, B. The gut microbiome in solid organ transplantation. Pediatr Transplant. (2020) 24(7):6:e1386.

31. Zimmermann, M, Zimmermann-Kogadeeva, M, Wegmann, R, and Goodman, AL. Mapping human microbiome drug metabolism by gut bacteria and their genes. Nature (2019) 570:462–7. doi: 10.1038/s41586-019-1291-3

32. Thörn, M, Finnström, N, Lundgren, S, Rane, A, and Lööf, L. Cytochromes P450 and MDR1 mRNA expression along the human gastrointestinal tract. Br J Clin Pharmacol (2005) 60:54–60. doi: 10.1111/j.1365-2125.2005.02389.x

33.. EMA Guideline on the investigation of bioequivalence (Doc. Ref.: CPMP/EWP/QWP/1401/98 Rev. 1).




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.


Copyright © 2024 Karaterzi, Tönshoff, Ahlenstiel-Grunow, Baghai, Beck, Büscher, Eifler, Giese, Lezius, Müller, Oh, Zapf, Weber and Pape. 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.





Glossary


 




OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        A multi-center interventional study to assess pharmacokinetics, effectiveness, and tolerability of prolonged-release tacrolimus after pediatric kidney transplantation: study protocol for a prospective, open-label, randomized, two-phase, two-sequence, single dose, crossover, phase III b trial

      

        		

          Background

        



        		

          Methods/design

        



        		

          Discussion

        



        		

          Clinical Trial Registration

        



        		

          Introduction

        



        		

          Methods/Study design

        

          		

            Study drugs

          

            		

              Prograf® and Envarsus



            



          



          



          		

            Inclusion/exclusion criteria

          



          		

            Sample size calculation

          



          		

            Study assessments

          



          		

            Statistical methods

          



        



        



        		

          Discussion

        

          		

            Ethics and dissemination

          



          		

            Trial status

          



        



        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



        		

          Glossary

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
0 1 2a 2b 3a 3b

Screening Baseline Build-up Sequence 1 Build- Sequence 2
period (A) or 2 (B) up period (A) or 1 (B)
(hospital stay (patients hos-
for AUCO- pitalized for
0-249) AUCO-24°)
Duration Within 6 weeks 1 day 4 days 4 weeks 4 days 4 weeks 11 days
before baseline (Day 1) (Day 2-5) /Day 6-33) (Day 34-37) (Day 38-65) (Day 66-76)
Visits Screening-Visit Baseline-Visit Build-up- AUCO0-24 Visit Build-up- AUCO0-240 End of
Visit 1 1 Visit 2 Visit 2 study Visit
(Hospital stay®) (Hospital stay®)
Day of visits Day 1 Day 4 (+/- 1 Day 19 (+/-7  Day36 (+/- 1 Day 51 (+/- Day 71
day) days) day) 7 days) (+1-5 days)
Informed Consent v
Inclusion/ v

Exclusion Criteria

Randomization v

Physical Examination'® v v v v v v

Baseline Characteristics' 4

Blood Values™ v v v v % v

Urine Values™ v 4 v v v v

Urine Pregnancy Test v 4 v v v v

Urine Volume 24h* v v v

Full AUC0-240-240-247 (serial v v

blood samples at 0, 1.5, 2, 4, 6, 8,

12, 13.5, 14, 16, 20, 24 h)

Pharma-cogenetic Analysis™ v

Trough Levels® v

Microbiome Analysis (feces, 4 v v v

urine, blood)*®

Study Drug Dispensing v 4

Switch to other 4 4

Imrnum:osuppres—sant3 (Day 2) (Day 34)

Concomitant Medication v v v v v v

Envarsus® Return® v v
(for Group A) (for Group B)

Adverse Events’ v 4 v v v v v

"*Complete physical examination, vital signs (blood pressure, pulse), weight, height, date, and time of visit.

"®Medical history including underlying disease, date of transplantation, type of transplantation (living donation/deceased donation), preemptive transplantation (yes/no), gender, date of birth,
and clinical assessment.

2Blood values: blood gas analysis, creatinine, urea, LDH, cystatin C, eéGFR (CKiD formula), HLA and non-HLA-DSA, ALT, yGT, CK, HbAlc, hematology (incl. differential blood count),
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Inclusion Criteria

1. Pediatric kidney transplant recipients (single-organ recipients).

2. Aged > 8 years but < 18 years who are receiving tacrolimus (Prograf®)
therapy and who are able to swallow tablets with a minimum dose of 0.75 mg/

day Envarsus®.

3. At least 6 months after transplantation.

4. Stable kidney function (delta eGFR < 10 ml/min/1.73 m? (CKiD formula) over
the last 3 months.

5. Women of childbearing potential who are practicing complete abstinence from
sexual intercourse (periodic abstinence and withdrawal are not acceptable) or
who have a sexual relationship with female partners only and/or with sterile
male partners; or women of childbearing potential who are sexually active with a
fertile male partner, who have a negative pregnancy test during screening and
who agree to use reliable methods of contraception from the time of screening,
during the study and for a period of 4 weeks following the last administration of
study medication; or women without childbearing potential defined as females
before menarche or at least 6 weeks after surgical sterilization by bilateral tubal
ligation or bilateral oophorectomy or hysterectomy or uterine agenesis.

6. Patient/parents/legal guardian(s) must be capable of understanding the
purpose and risks of the study.

7. Signed informed consent was obtained by the patient and parents/
legal guardians.

Exclusion Criteria

1. Coefficient of variation of tacrolimus trough levels > 0.35 over the previous
6 months.

2. Pregnancy/breastfeeding.

3. Unstable kidney function.

4. Hypersensitivity to any of the components of the medications used.
5. Not eligible for any reason according to the investigator’s evaluation.
6. Known positive HIV-1 or HCV test.

7. Participation in another clinical trial (other investigational drugs or devices at
the time of enrollment or within 30 days prior to enrollment).
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