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Background and Purpose: Several formulations of tacrolimus are available, but evidence of the benefit of changing to the most recent formulations is lacking. Tacrolimus intra-patient variability (tacrolimus IPV) is an emerging risk factor associated with poor graft outcomes after solid organ transplantations. Here, we examined the modifications of tacrolimus IPV after switching to a different formulation of tacrolimus.
Experimental Approach: We identified 353 solid organ transplant recipients that were switched in our center from immediate-release (IR-tacrolimus) or prolonged-release tacrolimus (PR-tacrolimus) to extended-release, LCP-tacrolimus (LCP-tacrolimus). Among them, 54 patients underwent at least 3 available tacrolimus blood concentrations before and after the switch, allowing us to investigate tacrolimus IPV.
Key Results: The switch was considered as a safe procedure since only four of the 353 patients presented a graft rejection after the switch, and no patient was hospitalized for tacrolimus overdose. The tacrolimus IPV estimated by the coefficient of variation (CV-IPV) was stable before and after the switch to LCP-tacrolimus (CV-IPV: 29.0% (IQR 25–75 (15.5; 38.5) before and 24.0% (15.8; 36.5) after the switch, p = 0.65).
Conclusion and Implications: Switching from IR- or PR-tacrolimus to LCP-tacrolimus is a safe procedure. However, the CV-tacrolimus IPV was not impacted by the change of formulation.
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INTRODUCTION
Tacrolimus is currently the cornerstone of immunosuppressive therapy after solid organ transplantations (Hart et al., 2019). However, it is characterized by a narrow therapeutic index, and a large interpatient variability (Kuypers, 2020). Furthermore, tacrolimus is also associated with intrapatient variability (IPV), requiring frequent measurements of tac concentration. A high IPV is an emerging risk factor after solid organ transplantations. It was suggested that IPV for tacrolimus may lead to periods of underexposure and overexposure, thus causing immune complications or drug-related toxicity. A high IPV was previously associated with poorer graft survival, the occurrence of de novo donor specific antibodies (DSAs), acute rejections, or calcineurin-inhibitors associated with kidney histological lesions (Sapir-Pichhadze et al., 2014; O’Regan et al., 2016; Rodrigo et al., 2016; Shuker et al., 2016; Vanhove et al., 2016; Goodall et al., 2017; Rahamimov et al., 2019).
Tacrolimus is available in several formulations: twice-daily immediate-release (IR-tacrolimus, initially Prograf®, Astellas Pharma, Tokyo, Japan, and thereafter generics), and more recently two once-daily formulations: a prolonged-release (PR-tacrolimus) formulation (Advagraf®, Astellas Pharma, Tokyo, Japan), and an extended-release (LCP-tacrolimus) formulation (Envarsus®, Chiesi Farmaceutici S. p.A, Parma, Italy). While the efficacy of these different formulations was confirmed by several previous studies (Barraclough et al., 2011; Tremblay et al., 2017), LCP-tacrolimus was associated with less fluctuations (defined as the ratio of the peak concentration minus the trough concentration over the average concentration) (Tremblay et al., 2017; Kamar et al., 2019). Tremblay and colleagues also previously demonstrated a higher exposure on a per milligram basis under LCP-tacrolimus comparing with IR- or PR-tacrolimus (Tremblay et al., 2017). This difference is explained by the use of Meltdose® technology which improves the solubility of tacrolimus allowing for better oral availability by dispersing tacrolimus in a polymeric matrix, and a progressive resorption of tac throughout the digestive tract (Grinyó and Petruzzelli, 2014). Nonetheless, the decrease in fluctuation was not associated with improved outcomes after transplantations, until now.
Tacrolimus formulation is considered as one of the causes of tacrolimus IPV. However, only scarce data exist regarding the impact of switching to LCP-tacrolimus on the tacrolimus IPV after solid organ transplantations for patients who previously received IR-tacrolimus or PR-tacrolimus. In this study, we retrospectively assessed the tacrolimus IPV in a cohort of heart, liver, lung, and kidney transplant recipients having converted to LCP-tacrolimus.
Patients and Method
All solid organ transplant patients having converted from IR-tacrolimus (Prograf®, Astellas Pharma, Tokyo, Japan) or PR-tacrolimus (Advagraf®, Astellas Pharma, Tokyo, Japan) to LCP-tacrolimus (Envarsus®, Chiesi Farmaceutici, Parma, Italy) between September 01, 2015 and February 01, 2020 were included in this retrospective study (n = 353). The patients’ characteristics are set forth in Table 1. Moreover, patient’s characteristics of the 54 patients in which the CV-IPV were assessed was detailed in Table 2.
TABLE 1 | Mains characteristics of the patients included in the tacrolimus CV-IPV change after the switch to LCP-tacrolimus.
[image: Table 1]TABLE 2 | Mains characteristics of the patients converted to LCP-tacrolimus.
[image: Table 2]The cause of switch was identified on the basis of the patient record, and separated between 1) the side effect supposed to be related to tacrolimus formulation, and 2) a switch proposed by the transplant physician, due to modification of local practice in the number one choice of tacrolimus formulation.
The time from transplantation to conversion to LCP-tacrolimus was 36 (3–222) months in the total population, and 23.5 (12–44) months in the 54 patients in which CV-IPV was calculated.
All the patients followed an educational program during the first week after transplantation, concerning the timing of tacrolimus dosing, tacrolimus dosing and food intake, and the need to avoid herbal preparations or treatments classically associated with tacrolimus blood exposure interferences. During the follow-up after transplantation, additional sessions were proposed at the request of the clinician.
The switch to LCP-tacrolimus was performed with a dosage conversion factor of 1:0.7, from 1 day to the next. This conversion factor was applied by taking the total daily dose in patients under IR-tacrolimus or PR-tacrolimus.
In accordance to the French Ethics Law, the patients were informed that their codified data would be used for the study. According to the French Ethics and Regulatory Law (Public Health Code), retrospective studies based on the exploitation of usual care data are not required to be submitted to an Ethics Committee but they must be declared or covered by the reference methodology of the French National Commission for Informatics and Liberties (CNIL). The collection and computer processing of personal and medical data were implemented in order to analyze the results of the research. Toulouse University Hospital signed a Commitment of Compliance to Reference Methodology MR-004 of the French National Commission for Informatics and Liberties (CNIL). After evaluation and validation by the Data Protection Officer and in accordance with the General Data Protection Regulation, this study was deemed as meeting all the criteria, was recorded in the Register of Retrospective Studies of the Toulouse University Hospital (Register number: RnIPH 2020-84) and covered by the MR-004 CNIL Methodology (CNIL number: 2206723 v 0). This study was approved by Toulouse University Hospital and it was further confirmed that all ethical requirements were met in the above report.
Immunosuppressive Regimen
The tacrolimus target of the trough concentration (i.e., the concentration measured in a blood sample collected just before drug administration) was maintained in the 8–10 ng/ml range during the first year and then maintained in the 5–7 ng/ml thereafter, when associated with mycophenolic acid (MPA), leflunomide, or azathioprine. The tacrolimus target was adjusted in the 5–7 ng/ml range, when associated with everolimus (with a target of 3–5 ng/ml).
Patients received the same association of immunosuppressive treatments before and after the switch to LCP-tacrolimus.
In this cohort, no patients received a generic tac substitution.
Intrapatient Variability
Tacrolimus trough concentrations were measured in blood samples using a validated liquid chromatography-tandem mass spectrometry presenting a within-day and between-days precision of less than 15%, as previously described (Saint-Marcoux et al., 2011). Tacrolimus concentrations available at months 12, 9, 6, and 3 before and on the date of the switch to LCP-tac, and then at months 1, 3, 6, 9, and 12 after the date of the switch were analyzed.
Only patients with at least 3 tac C0 before and 3 tac C0 after the switch were included in the CV-IPV analysis.
As previously described (Kuypers, 2020), to avoid confounding factors associated with tac exposure during this period (e.g., the decrease of steroid doses, or the impact of anemia), the tacrolimus concentrations obtained during the first 3 months posttransplantation, as well as those obtained during hospitalization (except for outpatient admissions), were excluded.
To assess tacrolimus IPV before and after the switch, we excluded patients who were converted to LCP-tacrolimus before 6 months posttransplantation (n = 100). For those converted at months six posttransplant, or thereafter, only trough levels obtained after 3 months posttransplantation were considered for the calculation of tacrolimus IPV before the conversion.
Tacrolimus blood concentrations higher than 20 were reviewed and excluded if a doubt existed regarding the validity of the sampling time (i.e., when the blood sample was collected after the theoretical time of drug administration, the measured concentration was excluded as this value was likely located in the absorption phase). Moreover, included concentrations were considered to be at steady state as a 3-day interval was imposed between whatever drug-dosage modification and blood sampling.
We used the coefficient of variation (CV) to compare the intrapatient variability before and after the switch to LCP-tacrolimus. The CV-IPV was calculated as follows: CV-IPV (%) = (standard deviation/mean tac trough-level concentration) × 100.
Immunological Analyses
The presence of de novo DSAs was investigated systematically at months 3 and 12 posttransplant, and 1 year after the switch to LCP-tacrolimus. Furthermore, additional anti-HLA DSA testing was performed in the event of graft dysfunction, and suspicions of graft rejection. The presence of DSAs was tested using the Labscreen™ Single Antigen technology (One Lambda, Canoga Park, CA). The Labscreen™ Single Antigen determined the specificity of Class I HLAs in A/B/Cw and Class II in DR/DQ/DP IgG antibodies in the recipients' sera (centrifuged at 10,000 g for 10 min) as per the manufacturer’s instructions. The presence and specificity of the antibodies were then detected using a Labscan 100®, and the mean fluorescence (baseline value) for each sample in each bead was evaluated. A baseline mean fluorescence intensity value of >1,000 was considered positive.
Pathological Analysis
All the rejection episodes were biopsy-proven, and classified according to the adapted Banff classification (Demetris et al., 1997; Demetris et al., 2000; Drachenberg et al., 2011; Haas et al., 2014; Demetris et al., 2016; Bruneval et al., 2017; Haas et al., 2018).
Statistical Analysis
The reported values represent the means (±SD) or medians (ranges) when appropriate. Proportions were compared using the chi-squared, or Fisher’s exact test when necessary. Quantitative variables were compared using the Mann–Whitney nonparametric test. A p-value of <0.05 was considered statistically significant. All the statistical analyses were performed on GraphPad PRISM v8.0 or XLSTAT v19.01.
RESULTS
CV-IPV Evaluation Before and After the Switch
During the follow-up, 54 patients underwent at least 3 available tac blood concentrations, before and after the switch (Table 1). The mean number of tac C0 included in the analysis was 4 ± 0.7 before, and 4 ± 0.7 after the switch. The median CV-IPV was of 29.0% (IQR 25–75 (15.5–38.5)) before the switch and of 24.0% (15.8–36.5) after (p = 0.65) (Figure 1A). Twenty-six of the 54 (48%) presented a higher CV-IPV with LCP-tacrolimus in comparison to the results obtained before the change of formulation. We did not find any difference concerning the transplanted organ, patient age, gender, reason leading to conversion, time between transplantation and conversion, immunosuppressive strategy, or renal function, in these patients comparing with those for which CV-IPV decreased post switch (Additional Supplementary Table S1). The CV-IPV was unchanged before and after the conversion in the 45 patients who were given triple therapy by tac-MPA and steroids (30% (IQR 25–75 (17.5–39.0) and 27% (IQR 25–75 (18.0–38.5), p = 0.84) (Figure 1B). The CV-IPV was unchanged before and after the conversion in the 14 patients who received PR-tacrolimus (29.0% (IQR 25–75 (18.0–42.0)) and 23% (IQR 25–75 (14.0–34.0), p = 0.63), as well as in the 40 patients who received IR-tacrolimus (29 (13–38) and 24% (IQR 25–75 (17–39), p = 0.79).
[image: Figure 1]FIGURE 1 | (A-B). CV-tacrolimus IPV in patients treated with IR or PR-tacrolimus and converted to LCP-tacrolimus. IR-tac, immediate-release tacrolimus; PR-tac, prolonged-release tacrolimus; LCP-tac, extended-release LCP-tac; MPA, Mycophenolic acid. Results are presented as mean with SD.
The CV-IPV was similar in kidney transplant patients (28.0% (IQR 25–75 (18.3–33.3)) before and 25.5% (IQR 25–75 (19.5–38.5)) after, p = 0.88), or liver transplant patients (26.0% (IQR 25–75 (13.0–41.0)) before and 24.5% (IQR 25–75 (12.5–33.5)), p = 0.70). No statistical difference was observed when comparing the CV-IPV according to the transplanted organ, kidney or liver (p = 0.90 before the conversion, and p = 0.38 after the conversion). The CV-IPV was not influenced by recipient sex, serum creatinine, or recipient age (additional Figure 2).
[image: Figure 2]FIGURE 2 | (A): Correlation between CV-IPV (%) and recipient age, before and after conversion to ER-LCP tacrolimus (the Pearson correlation was r= 0.0009, p=0.48 for IR our PR-tac, and r=0.002, p=0.73 with ER-LCP tacrolimus). (B): CV-tac IPV according to the recipient gender before and after the switch to ER-LCP tacrolimus. IR-tac, Immediate-Release tacrolimus; PR-tac, Prolonged-Release tacrolimus; ER-tac, Extended-Release LCP-tac Results are presented as mean with SD. (C): Correlation between CV-IPV (%) and serum creatinine (μmol/L), before and after conversion to ER-LCP tacrolimus (the Pearson correlation was r=0.0002, p=0.90 for IR our PR-tac, and r=0.05, p=0.10 with ER-LCP Tacrolimus).
The CV-IPV was 36.0% (IQR 25–75 (31.0–44.0) before the switch and 29.0% (IQR 25–75 (22.0–39.0)) after in patients switched during the first year posttransplant (p = 0.20). For the patients switched after 1 year the CV-IPV was 24.0% (IQR 25–75 (13.0–34.0) before and 23.0% (IQR 25–75 (15.0–36.0) after the switch (p = 0.96). To note the CV-IPV before the switch was significantly higher in patients that were switched before 1 year than the others (36.0% (IQR 25–75 (31.0–44.0) in patients switched before 1 year, and 24.0% (IQR 25–75 (13.0–34.0), in patients switched after 1 year, p = 0.03).
The Switch From IR- or PR-Tacrolimus to LCP-Tacrolimus Is Safe
A switch from IR-tacrolimus (n = 234, 66%) or PR-tacrolimus (n = 119, 34%) to LCP-tacrolimus was performed in 353 patients (Table 1). Sixty-seven (19%) patients were converted during the first 6 months posttransplant, and 101 (28.6%) during the first year posttransplant. The reason of tacrolimus formulation change was mainly driven by a local protocol (n = 262), or motivated by tacrolimus side effects (tremor in 80 patients, headaches and behavior changes in seven patients, and digestive disorders in seven patients).
The two-thirds of the cohort were kidney transplant recipients: eighty-six (37%) were from living donors, 35 (15%) and 47 (20%) were ABO-incompatible kidney transplants and HLA-incompatible kidney transplants, respectively.
The evolution of tac posology before and after the switch is set forth in Figure 3. As expected, the tacrolimus dose was lower with LCP-tac in comparison to IR-tac or PR-tac (median dose 6.5 (IQR25-75 (5.3–8.3)) mg/d and 3 (IQR25-75 (2.0–4.8)) mg/d before and after the switch, respectively, p < 0.0001). The initial posology of LCP-tacrolimus was unchanged at month one in 288 (81.6%) patients. No patient was hospitalized for a tacrolimus overdose during the year following the switch.
[image: Figure 3]FIGURE 3 | Evolution of tacrolimus dose (mg/d) during the year before and after the switch from IR-tacrolimus or PR-tac to LCP-tacrolimus. IR-tac, immediate-release tacrolimus; PR-tac, prolonged-release tacrolimus; LCP-tac, extended-release LCP-tac. Results are presented as mean with SD.
During the first year after the conversion to LCP-tacrolimus, four patients (1.1%) presented a biopsy-proven acute rejection. Two liver transplant recipients presented a moderate (n = 1) or severe (=1) T cell–mediated rejection, respectively, 4 and 3 months after the switch (16 and 9 months posttransplant). One heart-transplant recipient presented a moderate T cell–mediated rejection, 1 month after the switch (10 months posttransplant). One kidney transplant recipient presented a mixed rejection with an occurrence of de novo DSA 3 months after the switch, and 9 months posttransplant. It should be noted that all these patients were previously on IR-tacrolimus, and the switch to LCP-tacrolimus was motivated by tacrolimus blood concentration variability in 3 of the four patients.
Four recipients (1.1%) presented de novo DSAs after the switch to LCP-tacrolimus: two kidney-transplant recipients presented anti-class II DSAs 3 and 8 months post switch (11 and 9 months posttransplant), and two liver transplant recipients presented anti-class II DSAs, 4 and 8 months post switch (16 and 36 months posttransplant).
Thirty-two (9%) patients stopped LCP-tacrolimus less than 1 year after they started the treatment: 21 patients presented neurological (n = 16) or digestive (n = 5) adverse events, six patients presented a tacrolimus blood concentration higher than the target with the lowest posology available, 3 patients were switched to a CNI belatacept-free based regimen because of an impaired kidney function, and two patients lost their graft.
DISCUSSION
In this study, we found that 1) tacrolimus variability was stable for a majority of the patients before and after the switch from IR- or PR-tacrolimus to LCP-tacrolimus, and 2) the switch from IR-tacrolimus or PR-tacrolimus to LCP-tacrolimus is safe and well-tolerated.
Tacrolimus IPV was recently introduced as a promising clinical marker, associated with graft survival, the occurrence of acute rejections, the occurrence of de novo DSAs, or chronic immune-related lesions after kidney (Rodríguez-Perálvarez et al., 2012; Goodall et al., 2017; Rahamimov et al., 2019), heart (Gueta et al., 2018), lung (Gallagher et al., 2015), and liver transplants (Bello et al., 2018). Tacrolimus formulation is one of the main factors classically involved in tacrolimus IPV, such as nonadherence, drug–drug interactions, or gastrointestinal disorders (Kuypers, 2020). In the present study, we found that tacrolimus-IPV was stable in a large majority of the patients under IR-, PR-, or LCP-tacrolimus. Recently, Leino and colleagues investigated the tacrolimus IPV in a cohort of stable and highly adherent liver or kidney transplant recipients. They found a median tacrolimus IPV of approximately 15 (4.8–110) % and did not find any difference when comparing the CV per transplant type or IR-tacrolimus formulation. Furthermore, they did not find any factors associated with a high CV-IPV (>30%). Our results are consistent with this study, with a CV-IPV 29.0% (IQR 25–75 (15.5; 38.5)) before the switch and of 24.0% (15.8; 36.5) after (p = 0.65). Hence, other approaches to reduce tacrolimus IPV should be considered rather than formulation changes. Since other modifiable determinants of IPV are represented by food (mainly driven by timing and fat content) and drug interaction, but also by medical nonadherence, a regular therapeutic education could improve this point. Future studies to confirm this point are required. Moreover, genetic factors (CYP3A5 polymorphisms) have been associated with tacrolimus variability, and elaborating future studies targeting specific actions to reduce variability among CYP3A5 expressers are needed.
The safety of conversion to LCP-tacrolimus was previously investigated in a prospective, multicenter, phase III, non-inferiority study (Bunnapradist et al., 2013). The authors demonstrated in a cohort of 326 kidney transplant patients similar efficacy and failure rates between patients converted to LCP-tacrolimus and those who were maintained under IR-tacrolimus (Bunnapradist et al., 2013). Recently, Sánchez-Fructuoso and colleagues (Sánchez Fructuoso et al., 2020) investigated the safety of switching from IR- or PR-tacrolimus to LCP-tacrolimus in a retrospective cohort of 365 kidney transplant patients. Three months after the switch, no occurrence of biopsy-proven acute rejection, or kidney function impairment were reported (Sánchez Fructuoso et al., 2020). This is in line with our results, since in this large cohort of solid organ transplant recipients, 1 year after the switch only four patients developed an acute rejection, and four patients developed de novo DSAs.
This study has several limitations. First, it is a retrospective, non-randomized, observational single-center study. Although 353 patients were switched from IR-tacV or PR-tacrolimus to LCP-tacrolimus, only 54 patients were included in the analyses of tacrolimus IPV. This can be considered as an important limitation of the study. Nevertheless, we have chosen to analyze homogenous data by including the 54 patients who had undergone six trough-level measurements (3 before and 3 after the switch) in the same laboratory and with the same assay to avoid adding a confounding factor. In this homogenous population, we did not observe a significant modification in CV-IPV after the switch from the switch from IR- or PR-tacrolimus to LCP-tacrolimus. Our data should be confirmed in a larger cohort. Second, some other factors that can influence IPV have not been assessed in the retrospective study, that is, nonadherence (Vanhove et al., 2016), hematocrit level, and CYP3A4 and CYP3A5 genotyping. Nevertheless, since no specific intervention, such as therapeutic education, was performed after conversion from one formulation to another and since each patient was his own control, it is unlikely that these parameters could have changed our results. Third, unfortunately, we did not assess the quality of life after the switch. Fourth, due the small number of patients and relatively short follow-up, we were not able to assess the clinical impact of the reduction of IPV in patients with initially high CV-IPV. Further studies are required to assess the clinical outcome according to the modification of CV-IPV.
In conclusion, the switch from IR-tacrolimus or PR-tacrolimus to LCP-tacrolimus is safe and well-tolerated. In a small homogenous cohort of patients, the CV-tacrolimus IPV remained stable after the conversion from IR or PR to LCP-tacrolimus formulation.
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