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Abstract

Ten years ago, a consensus report on the optimization of tacrolimus was published in this
journal. In 2017, the Immunosuppressive Drugs Scientific Committee of the International
Association of Therapeutic Drug Monitoring and Clinical Toxicity (IATDMCT) decided to issue

an updated consensus report considering the most relevant advances in tacrolimus
pharmacokinetics, pharmacogenetics, pharmacodynamics and immunologic biomarkers, with the
aim to provide analytical and drug-exposure recommendations to assist TDM professionals and

clinicians to individualize tacrolimus TDM and treatment.
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The Consensus is based on in-depth literature searches regarding each topic that is addressed in
this document. Thirty-seven international experts in the field of TDM of tacrolimus as well as its
pharmacogenetics and biomarkers contributed to the drafting of sections most relevant for their
expertise. Whenever applicable, the quality of evidence as well as the strength of
recommendations was graded according to a published grading guide. Following iterated editing,

the final version of the complete document was approved by all authors.

For each category of solid organ and stem cell transplantation, the current state of
pharmacokinetic monitoring is discussed and the specific targets of tacrolimus trough
concentrations (pre-dose samplg &e presented for subgroups of patients along with the

grading of these recommendations. In addition, tacrolimus AUC determination is proposed as the
best TDM option early after transplantation, at the time of immunosuppression minimization, for
special populations, and specific clinical situations. For indications other than transplantation, the
potentially effective tacrolimus concentrations in systemic treatment are discussed without

formal grading.

The importance of consistency, calibration, proficiency testing and the requirement for
standardization and need for traceability and reference materials is highlighted. The status for
alternative approaches for tacrolimus TDM is presented including dried blood spots (DBS),
volumetric absorptive micro-sampling (VAMS) and the development of intracellular

measurements of tacrolimus.

The association betwe@&YP3A5 genotype and tacrolimus dose requirement is consistent
(Grading' 2 A I). So far, pharmacodynamic and immunologic biomarkers have not entered
routine monitoring, but determination of residual NFAT-regulated gene expression supports the

identification of renal transplant recipients at risk of rejection, infections and malignancy (B 11).
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In addition, monitoring intracellular T-cell IFN-g production can help to identify kidney and

liver transplant recipients at high risk of acute rejection (B 1) and select good candidates for
immunosuppression minimization (B II). Although cell-free DNA seems a promising biomarker
of acute donor injury and to assess the minimally effectivef @crolimus, multicenter

prospective interventional studies are required to better evaluate its clinical utility in solid organ

transplantation.

Population pharmacokinetics (PopPK) models inclu@ig§3A5 andCYP3A4 genotypes will be
considered to guide initial tacrolimus dosing. Future studies should investigate the clinical
benefit of time-to-event models to better evaluate biomarkers as predictive of personal response,

the risk of rejection and graft outcome.

The Expert Committee concludes that considerable advances in the different fields of tacrolimus
monitoring have been achieved during this last decade. Continued efforts should focus on the
opportunities to implement in clinical routine the combination of new standardized
pharmacokinetic approaches with pharmacogenetics, and valid biomarkers to further personalize

tacrolimus therapy and to improve long-term outcomes for treated patients.

Keywords: Tacrolimus-personalized therapy, pharmacokinetics, biomarkers, pharmacogenetics,
pharmacodynamics, Consensus, immunologic biomarkers, graft outcome, graft injury, tacrolimus
target concentrations, methods standardization, new approaches in tacrolimus TDM, PopPK/PG

modeling.
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EXECUTIVE SUMMARY

This executive summary is an overview of the Consensus Report on TDM of Tacrolimus-
personalized therapy that synthesizes the key points and the grading of recommendations
regarding: tacrolimus exposure in different types of solid organ transplantation (SOT) and other
indications; the influence of pharmacogenetic variables and pharmacodynamic biomarkers in
achieving drug specific target concentrations, as well as the role of PK/PG and PK/PD models in

personal drug adjustment.

The new recommendations and knowledge regarding the previous consensus report in 2009 are
highlighted. During the last decade, there have been many changes regarding the clinical
management and TDM of tacrolimus. The goal of these changes was to minimize the adverse
effects, mainly nephrotoxicity, and improve its effectiveness. Several studies have evaluated new
target concentrations for tacrolimus significantly lower than those of the previous decade. In
addition, these therapeutic ranges for tacrolimus have been refined based on post-transplant time,

concomitant immunosuppressive medication and according to immunological risk.

With the changes in tacrolimus monitoring, there is a requirement for highly standardized,
specific, sensitive and robust methods that allow precise tacrolimus monitoring, even at low
concentration ranges (2-4 ng/mL). In addition, during this last decade, we have developed a new
approach from a pharmacological perspective of monitoring therapeutic drugs that includes not
only the pharmacokinetics but also some pharmacogenetic and pharmacodynamic variables,
since this combination can provide a more personalized treatment. Efforts have been made to
evaluate the influence of genetic polymorphisms on the initial dosing of tacrolimus and the
subsequent clinical effects such as the incidence of rejections in various populations in SOT.

Considering that similar concentrations of tacrolimus may produce different degrees of
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immunosuppression in treated patients, several groups have focused on evaluating the clinical
usefulness of pharmacodynamic and immunological biomarkers predictive of the risk of graft

rejection and clinical outcome.

Phar macokinetic M onitoring

Drug exposur e and within-patient variability of tacrolimus concentrations as a biomar ker

for therapeutic drug monitoring

Previous studies in SOT have shown a relationship between tacrolimus exposure and the risk of
acute rejection and drug-related adverse events. The AUC is considered the pharmacokinetic
exposure parameter best associated with clinical effects. Unfortunately, no prospective studies of
clinical outcomes have been conducted in adult and pediatric transplant recipients to investigate
properly the potential benefits of AY&; monitoring compared todguided therapy. However,

Co is used in most transplant centers for routine TDM of tacrolimus. The monitoring of
tacrolimus-AUC has been proposed especially in the early period post-transplantation, from time
to time to check the overall exposure, and when clinically indicated. Furthermore, the rather poor
correlation between and AUC translates into very variable AUG/@tios, which means that
patients with identical £may have very different AUG . Therefore, the authors suggest
evaluating this ratio at least once in the early period and once in the stable period, for each

transplant recipient.

Recent reports indicate that the within-patient variability of tacrolimus concentrations could be a
useful tool for optimizing the immunosuppressive therapy in SOT. Most of the time, the within-

patient variability is simply evaluated using the coefficient of variation (CV) of trough
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concentrations (€. The hypothesis is that significant variability of tacrolimus concentrations

may lead alternatively to underexposure and overexposure periods resulting in immune
activations with sub-clinical rejections accumulation favoring organ lesions and drug toxicity
associated with adverse events and organ damages. Furthermore, the intra-patient variability may
identify patients with low adherence and patients with particular pharmacokinetic profiles. To

date, none of the different tacrolimus formulations (immediate release, prolonged or extended
release) has been clearly reported to decrease pharmacokinetic variability of the drug when

compared to the other.

In this Consensus Report, it is explained for the first time that the intra-patient variability must
be evaluated; likewise, the monitoring of the/ @UC ratio is proposed, to identify those

patients that are good candidates to analyze AUC-Tac instead of C

Recommended tacrolimus target concentration rangesin solid organ transplantation.
Executive summary on tacr olimus exposur e recommendations
In kidney Transplant recipients:

1. In immunological low-risk patients, tacrolimus may be targeted tgod4:12 ng/mL (and
preferably to @7 ng/mL) when prescribed in combination with IL-2 receptor (IL-2R) blocker
induction therapy, mycophenolate and glucocorticoids (A I); ayaf @7 (month 0-2) and 2-4

(> month 2) ng/mL when combined with everolimus and glucocorticoids and induction therapy

(either Thymoblobuline or IL-2R blockers) (B II).

2. Tacrolimus Gtargets may be higher in adult patients at higher immunological risks. (B II).
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3. Although only supported by clinical experience céafyet range of 10-20 ng/mL may be

proposed for pediatric patients (C1 II).

4. A minimal AUG.12nthreshold of 150 ng.h/mL may be proposed for the twice daily
formulation in adults (B Il). AUC targets corresponding to differepta@ges were derived from
AUC-Cycorrelation studies in large adult patient populations, for the twice daily and once-daily

(Advagraf) formulations.

In liver transplant recipients:
Adults:

1. When prescribed in combination with mycophenolate or everolimus and corticosteroids,
tacrolimus may be targeted to a@ 6—-10 ng/mL during the first 4 weeks post-transplantation

and 5-8 ng/mL thereafter (A I).

2. Tacrolimus as a monotherapy, or when only associated with induction treatment, may require
a higher @ target (10-15 ng/mL during the first 3 months after transplantation and 5-10 ng/mL

afterwards) (C1 II).

3. A tacrolimus @ of 10-15 ng/mL may also be aimed for in patients on a corticosteroid-free

regimen (even beyond the 4th month after surgery) (C1 II).

For pediatric patients, there is not enough clinical evidence to make recommendations.
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In heart and lung transplantation:

The G ranges recommended almost 20 years ago must be revised (and probably lowered), as
they encompassed values between 15 and 20 ng/mL in the first weeks post-transplantation,
whereas recent studies have shown that the risk of acute kidney injury within-the first two weeks

post-transplantation was significantly increased fgr15 ng/mL (B II).

In bone marrow transplantation:

A Cy of 10-20 ng/mL may be targeted when tacrolimus is prescribed orally in combination with

methotrexate, in adults (B Il) as well as in children (B II).

For the use of tacrolimus on other indications, there is not strong enough evidence to make

recommendations (C2).

MEASUREMENT OF TACROLIMUS CONCENTRATIONS

This Consensus Report encompasses the advances made in the field of the analysis of tacrolimus
concentrations, with a critical discussion of pros and cons for each method, including new
monitoring strategies such as dried blood spots (DBS) and intracellular tacrolimus

concentrations. Stability of tacrolimus has been investigated using both patient blood samples
and spiked whole-blood samples. The stability of tacrolimus concentrations was proven for
samples stored up to 14 days at 22°C or 4°C, as well as at least 1 month at -20°C and 1 year at -

70°C.

The use of commercial whole blood-based tacrolimus calibrators is recommended to ensure

accurate measurements and to support the harmonization of results between laboratories.
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Analytical methods to deter mine tacrolimusin whole blood

Analysis of tacrolimus in whole blood is performed either by immunoassays or by liquid
chromatography-tandem mass spectrometry (LC-MS/MS), with both techniques being

represented in nearly equal proportions at measurement service providers worldwide.

Chromatographic methods

The majority of the LC-MS/MS assays (~75%) were multianalyte methods that allowed for the
simultaneous quantification of tacrolimus and other immunosuppressive drugs within one

analytical batch using whole blood samples.

High analytical selectivity and sensitivity, and the possibility for high throughput multianalyte
assays are important benefits of LC-MS/MS. Thus, this technique has met the evolving clinical
requirements for fast, accurate, and precise tacrolimus assays performing well at low
concentrations. Nevertheless, skilled laboratory management and trained staff are necessary to

establish and operate LC-MS/MS assays for routine TDM.

Sample preparation: Tacrolimus is measured in whole blood. Protein precipitation, solid-phase
extraction (SPE), and liquid-liquid extraction (LLE) have been reported as sample preparation
strategies prior to chromatography in LC-MS/MS assays including tacrolimus. Precipitation of
whole blood samples can be performed by either a stepwise or simultaneous addition of zinc

sulfate solution and organic solvent.

Chromatography: Chromatographic separation is commonly based on C18 (or C8) stationary
phases combined with mobile phases of water and methanol to which an acidified ammonium

buffer is added. The mobile phase constituents should be of LC-MS quality.
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Mass-spectrometry: The majority of tacrolimus LC-MS/MS assays apply electrospray ionization
(ESI) as the interface to get the sample compounds ionized and into gas phase. The conditions
for spraying, evaporation, ionization, and acceleration of tacrolimus ions into the mass-
spectrometer have to be optimized with respect to the specific instrument type. Several of the ion
source parameters are global in a multianalyte assay and, consequently, optimization of these
parameters may have to be prioritized for compounds yielding the lowest instrument response at
the lower limit of quantification (LLOQ) (usually sirolimus and everolimus when included in a

multianalyte assay for immunosuppressive drugs).

| mmunoassays

First generation assays have been replaced by improved tests. Currently a choice of
immunoassays is available (EMIT, ECLIA, others) and the Chemiluminescent Microparticle
Immunoassay (CMIA) has rapidly become a leader of immunoassay methodology for tacrolimus
due to lowbias vs. chromatography, imprecision even better than LC-MS/MS and close

agreement of results for clinical samples in proficiency tests.

Evaluation of the CMIA tacrolimus assay showed no interference with hematocrit, bilirubin or
total protein, but cross-reactivity yielding 94% with 31-O-desmethyl (M-II) and 45% with 15-O-
desmethyl (M-IIl) tacrolimus metabolites. The cross-reactivity with 13-O-desmethyl (M-1) and

12-hydroxy (M-1V) tacrolimus metabolites was negligible.
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NEW MONITORING STRATEGIES
Microsample based tacrolimus concentration monitoring

The use of DBS on filter cards and other microsampling are innovative, minimal-invasive sample
methods, which can replace traditional blood sampling for TDM of tacrolimus. This approach is
patient-friendly and can be implemented at home by the patient themselves, collecting very small
amounts of blood (typically 10-20 pL). The procedure is both cost and time saving, and it also
allows for multiple sampling within a dose interval, simplifying the determination of AUC.

Current challenges in microsample implementation include: extraction recovery, the hematocrit
effect, correlation between venous and capillary blood measurements, the quality of the blood

spot, risk of contamination, and sample stability.

New generation micro-sampling such as volumetric absorptive micro-sampling (VAMS) can
possibly mitigate some of the usual bias encountered with these methods, particularly the

hematocrit effect.

Intracellular and tissue tacr olimus concentration monitoring

Determining tacrolimus drug concentrations where it exerts its immunosuppressive effect might
be particularly relevant to achieve personalized therapy. Several groups have contributed to the
development of analytical methods to measure tacrolimus concentrations in peripheral blood
mononuclear cells (PBMC) of kidney, liver and heart transplant recipients. The large variability
reported in these studies highlighted the critical importance of pre-analytical and analytical steps
for intracellular concentration assays. Most analytical methods employed liquid chromatography

with tandem mass-spectrometric detection, but there are several analytical issues that have not
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yet been fully addressed. These methods must be appropriately standardized, harmonized, and

validated following international guidelines.

PHARMACOGENETICS

The association betwe@&@YP3A5 genotype and tacrolimus dose requirement is consistent and
has been observed among kidney, liver, heart and lung transplant recipients, both adult and
pediatric. Although genotyping has proven effective in predicting the starting dose of tacrolimus,
this has not influenced outcome of transplanted patients, provided appropriate use of TDM. As
the clinical benefit of popPK models is being investigated, the value of inclGYRgA

genotypes and potentially other genetic markers in such models may be re-evaluated.

Executive summary and practical recommendations

1. Patients expressing CYP3A5 require approximately 50% higher tacrolimus dose to reach the

target therapeutic range compared with non-expressors (A I).

Although there is evidence from a randomized-controlled clinical trial that basing the tacrolimus
starting dose on theéYP3A5 genotype may facilitate tacrolimus dosing, this has not been a
universal finding and there is currently no convincing clinical evidence that a pharmacogenetics-
based approach to tacrolimus dosing improves clinical outcomes after solid organ

transplantation.
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2. Of the many other candidate single nucleotide polymorphisms that have been studied,
CYP3A4*22 appears to be the most promising as it explains residual variability in tacrolimus

pharmacokinetics (B I, and C2 Il, for Caucasians, Asiatic and African origin populations).

PHARMACODYNAMIC BIOMARKERSFOR TACROLIMUSMONITORING
Drug specific phar macodynamic biomarkers
Calcineurin phosphatase (CaN) activity

The activity of CaN is determined in PBMC which requires cell isolation before the assay can be
performed. An inverse relationship between CaN activity in PBMC and CNI concentrations in
whole blood has been observed in patients after liver and kidney transplantation. Resuits from
vitro experiments indicate that, in contrast to cyclosporine, tacrolimus had a relatively Bigh EC
above the upper limit of the therapeutic range (20 ng/mL). This questions the relevance of CaN

activity as a pharmacodynamic marker for tacrolimus’ immunosuppressive effects.

NFAT regulated gene expression

The quantitative analysis of IL-2, IFiNand GM-CSF gene expression in whole blood is
established to quantify the inhibition of the transcription of NFAT-regulated genes, based on
samples collected at tacrolimugs &d peak concentrations (1.5 hour post-dose) after oral

administration of tacrolimus.
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NFAT-regulated gene expression has been performed in solid organ transplantation such as
kidney (adults and children), liver, heart, and lung transplant recipients, showing that monitoring
the residual NFAT-regulated gene expression could identify allograft recipients at higher risk of

infections or acute rejection.

The real-time polymerase chain reaction (RT-PCR) technique provides a highly reproducible,
and sensitive tool and can be set up with satisfactory analytical performance in a routine
molecular biological laboratory to be used in larger patient cohorts and in multicenter clinical
studies. NFAT-regulated gene expression has the potential to develop into a monitoring tool

complementing pharmacokinetics, especially in long-term renal allograft recipients.

Drug non-specific phar macodynamic biomarkers
Intracelular cytokines

Several studies have focused on the utility of intracellular expression of IL-2 apc$FN

prognostic biomarkers for the risk of acute rejection, as diagnostic biomarkers at the time of
rejection and as markers reflecting the efficacy and the safety of tacrolimus. Flow cytometry and
the enzyme-linked immunosorbent spot (ELISPOT) are the two mainly used methodologies. An
ongoing randomized multicenter European study (Biodrim; Health F2-2012-305147) is currently
evaluating the ELISPOT assay during tacrolimus minimization therapy in order to stratify renal
transplant patients into low and high responders. In stable liver transplant recipiemgts IFN-
expressing CD4and CD8 T-cells has been identified as surrogate markers for the risk of

rejection after withdrawal of long-term immunosuppressive treatment.
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For the validation of these biomarkers as early predictive biomarkers of the risk of rejection and
graft clinical outcome it is crucial to improve some methodological aspects and harmonize these

functional assays.
Donor-specific anti-HLA antibodies

Today, donor-specific anti-HLA antibodies (DSA) and the subsequent development of ABMR
are considered to be leading causes for graft loss. The development of standardized highly
sensitive solid-phase assays for detecting anti-HLA antibodies has significantly improved the
clinical utility. In kidney and heart transplantation, DSA is a biomarker of under-
immunosuppression, which may be caused by non-adherence but may also occur in both CNI-
free and CNI-minimization clinical protocols. Most physicians agree that tacrolimus (with

levels > 5ng/ml) is the CNI of choice in case of dnDSA, although no data from prospective

controlled multicenter studies are available.

Graft-derived cell-free DNA

Quantification of donor-derived cell-free DNA (dd-cfDNA) in recipient blood or urine has been
evaluated as a potential surrogate biomarker of acute injury in the donor organ but lacks the
specificity to distinguish between acute rejection and BK virus nephropathy injury. Plasma levels
of dd-cfDNA have been correlated with allograft rejection and outcome in renal transplant
recipients. In liver transplant recipients it has been demonstrated that Graft-derived cell-free
DNA (GcfDNA or d-cfDNA) quantification could be used to assess the minimally effective

trough concentrations of tacrolimus.
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Although dcfDNA seems to be a promising biomarkermhonitoring graft health after
transplantation, multicenter, prospective, obséowal and interventional studies will be
required to better define how it can be used amduete its clinical utility before considering it a

valid biomarker in solid organ transplantation.
Executive summary and practical recommendations

1. Determination of residual NFAT-regulated genpression supports the identification of renal
transplant recipients at higher risk of acute r#p@¢ opportunistic infections, malignancy, and

cardiovascular risk (B II).

2. Monitoring residual NFAT-regulated gene expressiomplements CNI pharmacokinetics as

an adjunct to guiding CNI therapy (B Il1).

3. Monitoring intracellular T-cell IEN-production (particularly by the enzyme—-linked immau
spot, ELISPOT, assay) before and early after tlansgtion can help to identify kidney and liver
transplant recipients at high risk of acute re@t{(B Il) and select good candidates for

immunosuppression minimization (B II).

Pharmacodynamic monitoring of tacrolimus therapy mat entered routine monitoring yet. To
advance in the process of validation of pharmacanya and immunologic biomarkers it is
crucial to improve and standardize methods. Theaal implementation of these biomarkers as

a complement to tacrolimus-TDM may have impact atignt and graft care.
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PK/PGx/PD modeling
Executive summary and practical recommendations

1. The utilization of popPK model based Bayesiamegors has shown improved target
achievement compared to standard TDM. While trozgyicentration is used in most transplant

centers for TDM of tacrolimus there is some evidetiat @ correlates poorly with AUE; 2.

2. The use of popPK model derived Bayesian estirndtased on limited sampling strategies
however provides AUC predictions with bias <5% andmprecision <20%. This seems to be
an applicable way to improve future tacrolimus TS compared to continue with standard
trough concentration based TDM, especially whersiciting home sampling with micro

sampling devices that currently are under valigatas presented above).

3. The authors recommend the integratio@@P3A5* 3 andCYP3A4* 22 genotype information,
when available, in future tacrolimus popPK modptenarily for the opportunity to optimize

initial dosing.

4. More pharmacokinetic-pharmacodynamic and PB/Rideting activities are required to

enhance the understanding of factors influenciimgazl outcomes in transplantation.

INTRODUCTION

Tacrolimus is among the most frequently used immsuppressive drug in solid organ
transplantation. Building on three decades of érpee and a large number of clinical trials, we
have arrived at the current principles for the mpliuse of this drug® These include
personalization of the dosing by frequent measunésnaf whole blood concentrations, in order

to apply target concentration ranges which havduglly been set at lower levels, based on the
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results from multicenter trials that investigatetious combinations of immunosuppressarits.
Although these immunosuppressive protocols havecesdithe first-year incidence of biopsy
proven acute rejections (BPAR) in renal and livangplant recipients to respectively 15% and
25% or lower, there is still room for improvemelmbportantly, there is a range of adverse events
which affect the quality of life and life expectgnaf transplant patients who need lifelong
immunosuppression. At the same time, we are facttdlavge numbers of patients who lost

their grafts due to antibody-mediated rejectiongsitikely due to under-immunosuppression.
Therefore, the search for methods that may reflerctonal drug response, to further optimize
and personalize tacrolimus dosing to obtain theekivossible individual exposure, is still

warranted.

In September 2017, the Immunosuppressive Drughfa@geCommittee (ISDs SC) of the
International Association of Therapeutic Drug Monihg and Clinical Toxicology (IATDMCT)
decided to prepare an updated Consensus Repoi distuss the most recent advances in
therapeutic drug monitoring (TDM) of tacrolimus-penalized therapy. The aim was to improve
the standards of practice, and to highlight theptal of new methods and principles that may

provide individualized therapy and improve patieate.

Ten years ago a consensus report on the optimizatitacrolimus was presented in this
journal® This report pointed to the rather poor correlatietween tacrolimus trough
concentrations and outcome, especially with aajextion, and recommended area under the
concentration-time curve (AUC) measurements forenmecise monitoring. Furthermore, due to
a high degree of pharmacokinetic and pharmacodynbetiveen-patient variability, the use of
pharmacogenetic and immunologic biomarkers shoelddmsidered and properly evaluated in

prospective, multicenter clinical trials. To suppmharmacokinetic dose individualization,
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limited-sampling strategies have been introducedompanied by population pharmacokinetic
models or calculations using Bayesian forecastingIn the meantime, the use of mass-
spectrometry in assays to measure tacrolimus Ras taver in routine clinical monitoring in
many centers. This has led to a modification otfica for efficient processing of large numbers
of sample¥’ whereas some problems related to analytical dpiegihave also been eliminatéd.
Furthermore, new assays have provided opporturidiemeasurement in other matrices, such as
peripheral blood mononuclear cells and dried bigpaks. It should be noted that to improve the
prediction efficacy of monitoring, pharmacodynarmaid specific immunological biomarkers
strongly associated with the mechanism of actiotaafolimus have been assessed in several

clinical trials®®

In this new document, the Expert Committee, comgjsif thirty-seven international experts in
the fields of TDM of tacrolimus and its pharmacoegrs and biomarkers, present a broad
consensus on the current recommendations to acbpiraal personalization of tacrolimus
therapy. The consensus is based on in-depth literatsearch and detailed Expert Committee
discussions about pharmacology, pharmacokinetiatoramg (for once daily and twice daily
formulations), analytical methods, standardizatad new TDM approaches. Calcineurin (CaN)
phosphatase activity measurement and a new cofarggtarmacodynamic monitoring of
calcineurin inhibitors (CNI), nuclear factor of aeted T-cells (NFAT)-regulated gene
expression as well as non-specific pharmacodynémicarkers (intracellular cytokines and
chemokines production) have also been introducdddlanumented for tacrolimus, and their
potential as a supplement to blood concentratioason@ments is discussed. With respect to
pharmacogenetics, the significanceOMP3A5 variants has been investigated in detail in kidney

liver, heart and lung transplant recipients ancess\population pharmacokinetic (popPK)
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models includingCYP3A5 genotype have been developed for tacrolimus. Dienpial
contribution of other genetic factors, suchC33A4* 22 and the efflux transporter adenosine

triphosphate-binding cassette subfamily B memb@BICB1 gene), is summarized.

These recommendations and evaluations are oufiomed| discussed topics. Of note,
recommended tacrolimus target concentrations dneediefor each type of organ transplant.
Moreover, for pharmacodynamic biomarkers and phaoganetics, a systematic weighing of
the quality of evidence and strength of recommeadataccording to the Grading of
Recommendations Assessment Development and Exaiuatis donéTable 1) 2
Furthermore, this Consensus Document will incorfgotiae recommendations concerning the
clinical utility of combining tacrolimus pharmacaoigtic TDM with pharmacogenetic and
pharmacodynamic biomarkers to better prevent agjgetion, subclinical rejection, drug-

related adverse events and graft dysfunction.

This Consensus Report will support all professismalolved in the management of patients
treated with tacrolimus in transplantation and otimical settings and aims to improve both
standards of practice in pharmacological tacrolifD$ (pharmacokinetic/pharmacogenetic/

pharmacodynamic) and personalized patient care.
TACROLIMUSPHARMACOLOGY
M echanism of action

Tacrolimus (known also as FK-506) binds to an imophilin FK506 binding protein (FKBP)
which constitutes the main therapeutic mechartfsine tacrolimus-FKBP complex inhibits the
activity of CaN, a serine threonine phosphataséchvblays an important role in interleukin 2

(IL-2) promoter induction after T-cell activatidh.*® This process inhibits the translocation of a

23/137

medlive.cn http://guide.medlive.cn/


http://guide.medlive.cn/
http://guide.medlive.cn/

family of transcription factors of activated T-cellt leads to reduced transcriptional activation
of cytokine genes for interleukins (IL-2, IL-3, W-1L-5), tumor necrosis factor (TNF-o),
interferon-gamma (IFN), and granulocyte-macrophage colony-stimulatiregdia((GM-CSF).

Finally, proliferation of T lymphocytes is reduc&d?’
Indications (registered and off-label)

The approved indications for tacrolimus vary bymioy and formulation. With regards to organ
transplantation in adult and pediatric patients,dhginator’s immediate release or intravenous
formulations obtained market approval in the USAthe prophylaxis of organ rejection in
patients receiving allogeneic liver, kidney or hegansplants. In Europe, it is approved also for
the treatment of allograft rejection resistantr&atment with other immunosuppressive
medicinal products. In Japan, where the drug wasldped, additional approvals were granted
for lung, pancreas, allogeneic small bowel trangslaas well as for the prophylaxis of graft
rejection and graft vs host disease (GVHD) in boraerow transplantation. In Latin America, it
is also approved for the treatment of severe and acute rejection and the prevention of

GVHD.

The indications for prolonged or modified releaserfulations are somewhat more restrictive
(except Graceptor in Japan): in the USA, Astagrainly approved for the prophylaxis of organ
rejection in kidney transplant patients in comhbioratvith other immunosuppressants. Envarsus
has the additional restriction that patients shd@@donverted from tacrolimus immediate-
release formulations. In Europe, Advagraf and Eswsare approved for kidney and liver
transplantation but not for heart transplantatamell as for the treatment of allograft rejection

but only in adults.
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Tacrolimus has also been registered for a varieogteer non-transplant indications across
countries. In Europe, Protopic is registered fertieatment of eczema by topical administration
on the skin. In Japan, oral tacrolimus is apprdeedhe treatment of interstitial pneumonia
associated with polymyositis and dermatomyositidJtuguay, it is indicated for refractory

rheumatoid arthritis, refractory atopic dermatéigl refractory uveitis.

Interestingly, regional indications become off-labge in the other parts of the world, such as:
hematopoietic stem cell, lung or small bowel trdasgation, to which one can add rare
composite tissue transplantations (face, handetam or refractory auto-immune diseases, not
only those approved in Uruguay or Japan, but &lsoriore common psoriasis, lupus nephritis,

inflammatory bowel diseases, etc.
Phar macokinetics of tacrolimus

Oraltacrolimus is rapidly absorbed, with a peak conediain attained within 0.5-1 hour, but it
has a flat absorption profile in some liver traasplrecipients with absorption that seems to be
independent of bilé"' % The poor dissolution of tacrolimus in gastric ps¢administration with
food, erratic gastrointestinal motility, extenswme-systemic metabolism by CYP3A enzymes in
the gut wall and liveand activity of the efflux-pump P-glycoprotein (B;g¢ncoded byABCB1
gene) are relevant factors that contribute to Hrébility in absorption. The mean oral

bioavailability is 259>

Binding of tacrolimus to red blood cells (RBC, ab86%) is concentration-dependéhtn
plasma, it is approximately 99% bound to plasmagims such as;-acid glycoprotein, albumin
and for a very small part to lipoproteins. Bloothgma tacrolimus concentration ratios range
from 13-114 (mean =15) and are dependent on hentaf@asma protein and tacrolimus

concentratior

25/137

medlive.cn http://guide.medlive.cn/


http://guide.medlive.cn/
http://guide.medlive.cn/

Tacrolimus is metabolized mainly by CYP3A4 and C¥B3n liver and gut wall, with a

minimal contribution of CYP3A?* Up to 15 metabolites are formed by mono and di
demethylation, hydroxylation and to some degreemlination of demethylation and
hydroxylation. The major metabolites of tacrolinare the 13-O-desmethyl tacrolimus (M-1) and
the 15-O-desmethyl tacrolimus (M-IIl). 13-O-desmgtiacrolimus (M-1) has 10% of the activity
of tacrolimus while the 31-O-desmethyl tacrolimisI{) has similar activity to the parent drug
but the concentrations are low-to-not-detectablesitients™ *° Tacrolimus is highly lipophilic,
has a low clearance and approximately 95% of itebwdites are eliminated by the biliary route.
Less than 1% of unchanged tacrolimus is eliminatedrinary and biliary route¥. The terminal

elimination half-life of tacrolimus has a rangeween 4-41 hour&’

Using PK modeling as described in a separate selater in this paper, apparent clearance and
central volume of distribution as 24.0-28.5 L/h atd6-158.2 L, respectively, have been
reported for adult kidney transplant recipiefit&YP3A5 genotype, weight, hematocrit and post-
operative day were identified to affect tacrolintlsarance. The between-individual variability
for clearance and central volume of distributiors\64% and 110% In another study, the

mean between-occasion variability in tacrolimusad@ce was 17% at 6-12 months post renal
transplantatiori? Circadian variation with tacrolimus pharmacokinstivas reported, with a
lower bioavailability at nighif; but a lack of circadian variability, either wigarly or

maintenance tacrolimus therapy, has also beenteepor

Clearance is two-fold higher following pediatrigdr transplantation, with a shorter terminal
half-life (11.5+/-3.8 hours¥ In pediatric liver transplantation, a linear irase of tacrolimus
clearance up to 21 days post-surgery was repdttEdereafter, tacrolimus clearance decreased

up to a period of one year after transplantatfofhe apparent clearance decreased with time
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after transplantation due to an increase in hermagd albumir? In pregnancy, an apparent
decrease imy-acid-glycoprotein, albumin and RBC resulted irB&a3increase in the total
tacrolimus clearance and 100% increase of the unb@raction of tacrolimus, compared to the

postpartum periodf

Temporary elevation of tacrolimus trough concerdret (about 2-fold and more) has been
observed in patients with diarrh&a® This may be because intestinal Pgp activity isairga in

patients with persistent diarrhea, leading to iasegl bioavailability?

Reduction in thelose of corticosteroids, from the early post-tréaspmonths to one year after
transplantation, contributes to a decrease in liawus clearance, facilitating a reduction in the
tacrolimus dosé> *°Variability of tacrolimus exposure in African Aniean patients compared
to Caucasian and Asian patients has been repaiteds attributed to ethnic differences in
CYP3AS5 and P-gfi* In the section on Pharmacogenetics in this revieapast, present and

future of pharmacogenetic testing for tacrolimull e discussed.
Drug-drug and drug-food interactions

Compounds which affect CYP3A enzyme activity org?ragediated transport may influence
tacrolimus concentrations in blood. Drug-drug iat#ions of clinical importance are
summarized ifT able 2, based on review®: **Drugs that are known inhibitors of CYP3A4/5/7
include calcium antagonists, macrolide antibioting others as listed irable 2. One group of
drugs that have demonstrated profound inhibitio@8P3A enzymes is the triazole
antifungals** *°In individual cases large increases in tacroliexgosure have been reported, as
exemplified by voriconazol& At initiation of therapy with these drugs, an imiiae tacrolimus
dose reduction is recommended, as maintainingattrelimus dose and waiting for a tacrolimus

concentration after a couple of days is likely anige significant toxicity.
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More recent reviews have focused on potent intenastbetween tacrolimus and the
antiretroviral agents used for the treatment of ifécted transplant recipients. Among these
drugs are classes that inhibit and induce, respytithe CYP3A enzymes and the P-gp
transporter. This knowledge is also important fer $election of the most appropriate anti-HIV

regimen to combine with immunosuppressive treatrffent

The direct-acting antiviral agents for HCV infectioan also produce drug interactions with
tacrolimus:®°! Considerable modifications of tacrolimus dose Hasen recommended for

combination with other regimens of the direct agtamtivirals against HCV.

In contrast, as listed in Table 2, drugs that a@kn inducers of CYP3A include rifampin,
antiepileptic drugs, some HIV antivirals and impmity also the glucocorticoid®.** These

drugs enhance CYP3A activity, increase the rata@blimus metabolism and lead to a decrease
of tacrolimus concentration that if passing unredienay fall below the recommended

therapeutic rangewhich would put a patient at risk for graft rejeat If in the first months after

kidney transplantation the prednisolone dose iduaby tapered, this affect tacrolimus
exposure. In this setting, a rise in serum creai@s a result of increasing tacrolimus

concentrations may be misinterpreted as a reje@iywing corticosteroid tapering.

The consumption of solid food when taking oral dosktacrolimus can decrease both the rate
and extent of drug absorption from the Gl tracEhis food-effect is most pronounced after a
high-fat meaP* Therefore, the drug label recommends taking taore on an empty stomach,
or at least 1 hour before or 2 to 3 hours afteealnt-ood-drug interactions with tacrolimus
include grapefruit and grapefruit juiceSt. John’s wort is a known inducer of the CYP34And

has been shown to decrease tacrolimus exposueaahtransplant recipients.
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Consequently, foods and drugs that are known & #ie activity of drug metabolizing enzymes
should be used with caution during tacrolimus thgrand the use of herbal medications should
be avoided. The use of concomitant medications t&itholimus may put a patient at risk of

toxicity or sub-therapeutic blood concentratidhs.
Galenic formulations & generics

Tacrolimus is now also available in immediate ordified release pharmaceutical forms for oral
administration (tablet or capsule). The Advagrafi@gmnged release once daily formulation was
developed to increase treatment adherence, ultiyrateling to better prevention of graft
rejection. Recently, a new prolonged-release tantd formulation hamed Envarsus was
developed utilizing so called "solid solution” delry technology. Envarsus presents higher
bioavailability and as a consequence needs to imenatered in comparably lower doses based
on 0.75 mg, 1 mg and 4 mg tablets (correction faat®@.7). A potential benefit of this

formulation is that less-fluctuating tacrolimus centrations have been observéd.

Tacrolimus is a narrow therapeutic index drug (N)['1Beveral generic formulations for Prograf
have been registered since patent protection ekphdst of tacrolimus brand names worldwide
is currently counting 258 products, all formulasancluded and mostly due to the large number
of immediate release generfésThe lack of worldwide harmonization in the regision of

generic drugs, especially with respect to the Gatior bioequivalence, has resulted in regional
differences in the availability of tacrolimus geiosr For the once daily tacrolimus formulations
patent protection was still in place at the timeewlthe present document was written, and

generic formulations based on these technologiésbtentered the market yet.
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Part of the transplant community has been, andsttoncerned that the pharmacokinetic
properties of generic tacrolimus formulations maytdo different from those of the innovator
product, in all or in subgroups of special popwas such as patients with cystic fibrosis or
elderly patient§® Various national or international transplant steghave published
recommendations regarding the implementation oédgemmmunosuppressive drugs in the
transplant field' ®*Typically they recommended caution with the Usgerferic
immunosuppressive drugs until more robust clindzh are available and adequate regulatory
safeguards are instituted. One of the main concgassthat bioequivalence demonstrated in
healthy volunteers may not be representative dfalsplant recipients. In the literature there are
a large number of published studies on comparibetween one or more generic formulation
and the Prograf formulatidti.Endpoints of these studies often include pharmiaetik
parameters, including bioequivalence. Some stuasesinclude clinical endpoints, such as acute
rejection or renal function. For the latter endp®iihe sample size is often too small and the
confidence intervals are too wide to conclude wéethe substitution to generic formulations is
safe or unsafe. For studies that focused on phakreagtic endpoints, a major problem is the
higher variability in transplanted patients compiai@ healthy volunteers. In registration studies
using healthy volunteers, standardized conditiare specialized research unit are the norm.
However, studies in transplant patients are typiclbject to a less controlled research
environment with ensuing variability. One of theail exceptions is the prospective, replicate
dosing, partially blinded, randomized, 3-treatménperiod crossover bioequivalence study that
was conducted at the University of Cincinnati itigrats with kidney (n = 35) or liver transplant
(n = 36). In this study it was concluded that tieeljuivalence demonstrated for tacrolimus in

healthy volunteers also translates to those reugiikidney or liver transplaft.in contrast to
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this population with a median age of 52 years fdn&y and 57 years for liver transplant
recipients, another study included 28 Norwegiamlré&ansplant recipients with median age 69
years (range 60-78 years); In this study bioegeive criteria were not m&Another example

is the immediate release generic Limustin whicbne study including pediatric renal transplant
recipients demonstrated very low bioavailabilityrggared to the originator formulation
(Prograf)°® Further experiments by these authors showedkatharmaceutical characteristics
of this generic was dissimilar to the original dikély explained the reduced tacrolimus

exposure in children.

It is unlikely that large prospective trials comipargeneric and innovator tacrolimus
formulations in newly transplanted patients willdmnducted’ We consider generic tacrolimus
as an attractive therapeutic option, especialljeinovo transplant patients. As a standard of
practice, the treatment should be guided by TDM, simultaneously controlled for safety and
efficacy. Conversions from innovator drug to geoer from one generic to another generic
version need to be performed under careful momitpoif drug exposure and only after adequate
instructions to the patient. In view of the riskroistakes caused by patient confusion, it is
important to limit the number of conversions fromedormulation to another as much as

possible.
PHARMACOKINETIC MONITORING
Evidence-based phar macokinetic monitoring for tacrolimusin specific clinical situations

Relationships between tacrolimus exposure andniegaitoutcomes have been amply reported.
The AUC can be regarded as the exposure metritabssciated with tacrolimus clinical
effects, but no prospective study has been conductadult or pediatric transplantation to

investigate the potential benefits on clinical ames of between-dose AUC monitoring over
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therapy guided by trough concentrationg(i@. concentration in samples drawn immediately
before dose). £is much easier to obtain and used in most transpknters for routine TDM.
The monitoring of tacrolimus AUC has been propossgkcially in the early period post-
transplantation to check the time evolution of dlverall exposure and when clinically indicated
(e.g. to investigate suspected tacrolimus adversetsffecto guide immunosuppression
minimization). Furthermore, in different conditigriie AUC/G ratio is influenced by the post-
transplantation time-period, the CYP3A5*3 genotYpand can be drastically modified in
patients with decreased intestinal motility or @éased absorptior.(. diabetes mellitus, ileus,
cystic fibrosis, bariatric surgery, gastrectomylectomy), in patients exposed to strong
pharmacokinetic drug-drug interactiorg( on anti-HIV, azole antifungal drugs) or in patients
with other sources of tacrolimus metabolism deficie The rather poor correlation between C
and AUC translates into very variable AUG/@atios, which means that patients with identical
Co may have very different between-dose AUC. Intemgbt, tacrolimus AUG_,4ncorrelated
better with G4, than G for both twice-daily and once-daily tacrolimusdafUCy. 121 correlated
better with G, than G for twice daily tacrolimus. The authors concludledt G, can only be a
correct proxy of the overall exposure if blood séimpis perfectly timed® However, this ratio
was found to be very stable with time in individahd the authors suggested evaluating this
ratio at least once in the early period (first nmyraind once in the stable period (after three

months) for each transplant recipiéht.

This section summarizes the updated recommenddtomscrolimus exposure in each type of

solid organ transplantation as well as in othericl applications.
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Phar macokinetic monitoring in kidney transplantation
Tacrolimus exposure, efficacy and toxicity

Since the previous consensus paper on tacrolimid, nly a few studies have investigated
the relationships between tacrolimus exposure laadisk of acute rejection or toxicity. In the
large Genomics of Deterioration of Kidney Allogr&tilure (DeKAF) study in adult patients
over the first 6 months after transplantation, ehcly/mL decrease in tacrolimug was
associated with a 7.2% increased risk of acutetieje (p = 0.03f* A smaller study in low-
immunological risk patients without steroids andhsa moderate dose of mycophenolic acid
concluded that £should be maintained >7 ng/mL during the firstny@est-transplantatioff.
However, a pooled analysis of three other randotizentrolled clinical trials found no
relationship between tacrolimug &nd biopsy proven acute rejection (BPARTwo rather old
and small observational studies respectively shoaeinificant association between
tacrolimus AUG 1o, and acute rejection, with mean values of 157 ng.hh patient with AR
and 215 ng.h/mL in patients withdtjtand efficacy thresholds to avoid BPAR of 150 fglh

for tacrolimus AUG.1onand 45 mg.h/L for mycophenolic acid AdGn "

Evidence is even more limited in pediatric patieAtsetrospective study of 58 children showed
that a lower frequency of chronic kidney diseas# @ecreased graft function was observed

when G was maintained & 10 ng/mL in the first three months after transpation”®

Tacrolimus exposure has been more consistentlyciaed with the incidence of adverse
events,” "but overall, the studies which investigated tHatienship between tacrolimus
exposure and the risk of AR and toxicity were oftetnospective and/or included limited

numbers of patients and/or involved co-medicatdifferent from those used nowadays.

33/137

medlive.cn http://guide.medlive.cn/


http://guide.medlive.cn/
http://guide.medlive.cn/

Recommended tacrolimus target concentration ranges

Based on the current evidence, it is not possthtfecommend a single target tacrolimus
concentration rangeRather, the tacrolimus target exposure has befamedeempirically and
depends on the perceived risk of acute rejecti@ntime after transplantation and the co-
medication used. In the United States and in Eynapeolimus combined with mycophenolate
is the backbone of immunosuppressive drug prototoinost centers, patients also receive
induction therapy (either T-cell-depleting antibdtigrapy or.interleukin (IL)-2 receptor
blockers) and glucocorticoidé The best evidence for such regimens was provigietid
SYMPHONY randomized, controlled clinical tridihich showed that 75% of the low-
immunological risk patients in the tacrolimus amhich performed best) had a tacrolimus C
between 4 and 11 ng/mL in the first month aftengpantation, between 4 and 10 ng/mL later
on, and between 4 and 9 ng/mL between 6 and 12hsd6till, as mentioned above, a more
recent study advised against<7 ng/mL in a similar low-risk populatiofi.Also, different
targets may be aimed for when tacrolimus is combimigh T lymphocyte-depleting antibody

therapy or in higher risk patients.

Tacrolimus in combination with everolimus therapgsanvestigated in the TRANSFORM
randomized, controlled clinical trifff.It showed that in transplant recipients at mildrtoderate
immunological risk, everolimus plus low-exposurertdimus (target gof 4-7 ng/mL (months
0-2), 2-5 ng/mL (months 3-6) and 2-4 ng/mL theredfts non-inferior to mycophenolate plus
standard-exposure tacrolimus (targgto€8-12 ng/mL, 6-10 ng/mL and 5-8 ng/mL,
respectively) for a binary composite end point assg immunosuppressive efficacy and

preservation of graft functiof.
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There has been no new study in support of tacraiexposure targets in pediatric kidney
transplant recipients. As a reminder, the recomragois are to start with an initial tacrolimus
dose of 0.15 mg/kg twice a day, to achieye@ncentrations between 10 and 20 ng/mL during

the first 2 months after transplantation and betw®and 10 ng/mL thereaft&t,

Concerning between-dose AUC targets, a minimaktiolel of approximately 150 ng.h/mL in
adult kidney transplant recipients emerges fronoifig two studies published: "> However,
based on exposure measurement in very large nurabpasients on twice-daifyor once-
daily’ tacrolimus formulations, between-dose AUC targeies were derived from the
different G targets proposed for low-, standard--and highpstents. For twice daily
tacrolimus, the corresponding A& Co-ranges proposed were: 75-140 ng.h/mL for 3-7
ng/mL; 100-190 ng.h/mL for 5-10 ng/mL; 140-210 rgh for 8-12 ng/mL; and 180-270
ng.h/mL for 10-15 ng/ml® For once-daily tacrolimus (Advagraf), the corrasgiog AUGCy.24n
target ranges proposed were: 150-275 ng.h/mL §&Tng/mL; 180-350 ng.h/mL for 5-10
ng/mL; 260-400 ng.h/mL for 8-12 ng/mL; and 310-4igbh/mL for 10-15 ng/mL’® Importantly,
for a given @range, 3 tighter time-adjusted AUC ranges were @gseg (for 0-3 months, 3-12
months and > 12 months post-transplantation), lsecthe correlation between AUC angl C
changes over the first 12 months post-transplamtdtr both formulations, owing to the natural
decrease in tacrolimus apparent clearance ovetirtinesperiod. The AUC ranges proposed

above correspond to the combination of the 3 tinjasted ranges.
Phar macokinetic monitoringin liver transplantation
Tacrolimus exposure, efficacy and toxicity

AUC is considered to be the pharmacokinetic exposutex best associated with clinical

effects. Therefore, the monitoring of tacrolimus @Uas been proposed, when clinically
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indicated, but routine monitoring of tacrolimugg@ncentrations is usual practice for
outpatient$. In case of combination therapy of tacrolimus vethticosteroids and either
mycophenolate or everolimus, a tacrolimyo{6 to 10 ng/mL should be targeted from day-1
and over the first 4 weeks of treatment, followgdattarget of 5 to 8 ng/mf:2 8*#Waiting 6
weeks before targeting 5 to 8 ng/mL in combinatiotth mycophenolic acid may be considered
as an alternative, as the evidence in favor ofdhget change at 4 weeks is weak. With such
immunosuppressive regimeng 10 ng/mL seem to offer little additional advantagéerms of
reduced allograft rejection, but result in a higrete of renal dysfunctiof?. Also, G <5 ng/mL
should be avoided, mainly during the first monthtlaey may lead to worse long-term
outcomes? Tacrolimus given as monotherapy or only associefédinduction treatment may
require higher gtargets (10-15 ng/mL during the first 3 month&aftansplantation and 5-10
ng/mL afterwards), although there is some evidemdavor of minimized targets with such
regimens tod”*° Similarly, higher targets (10-15 ng/mL even beytimel 4th month after
surgery) may be aimed for in case of corticostefaad treatment. In general, though, C

value >15 ng/mL should be avoid&dLiver function usually becomes stable 3 weeks-post
transplantation. TDM after this period may therefbe reduced in frequency beyond this point

in time, if patient condition and/Jevels are stable.

Although there are limited data regarding optimat&get range(s) in pediatric liver transplant
patients, a retrospective study of 72 pediatricepéd aged 0.5-17.6 years indicated that adverse
events such as nephrotoxicity were associatedhiggier tacrolimus gduring maintenance
therapy (median tacrolimus,@ patients with or without adverse events: 8.@ 48 ng/mL,

respectively)?
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Phar macokinetic monitoring in thoracic transplantation
Tacrolimus exposure, efficacy and toxicity

Data on tacrolimus pharmacokinetics and TDM in &lear transplantation are limited. All
studies were conducted in <25 adult patients, excepne in 45 heart transplatitand another

in 78 lung transplant recipients.

Tacrolimus dose after thoracic transplantatiorsigally adjusted based o @vels, mainly
targeting the ranges proposed almost 20 yearsaadadiney and liver transplant recipients: 15-
20 ng/mL for the first 2 months, 10-15 ng/mL fronomths 3-6, and 8-10 ng/mL after 6 months
following heart transplantatidnand 10-25 ng/mL for the first 2 weeks, 10-20 nighor the next

6 to 10 weeks, and 10-15 ng/mL thereafter in luagdplantatiorl® These @ targets were never
formally revised. Moreover, as these targets hatdéeen associated with any type of assay for
blood concentration measurement, they should leepréted and implemented in routine clinical
practice with caution, and further research is reed refine them® Two recent studies

explored the relationship between tacrolimgs@ acute kidney injury, in he¥rand in lung®
transplantation, respectively, and showed thatitkeof acute kidney injury within the first two

weeks post-transplantation was significantly inseggfor G>15 ng/mL.

As in other solid organ transplantations, tacroBrAWC rather than single concentrations may
be used for TDM. A wide range of correlation coaént values betweeny@nd AUG.1, have
been reported’%?Only one study in heart transplantation has evatuthe relationship
between AUC and outcont&: The AUG,.1, after the first oral dose was significantly lovirer
patients who experienced acute rejection comparéabse who did not (Als. 168 h.ng/mL, p

= 0.012), but no information was provided on wheuta rejection occurred. Unfortunately, no
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prospective studies have been conducted so faApmadic transplantation to compared different

AUC,.1- targets, or to compare AUC monitoring with @onitoring?®
Phar macokinetic monitoring in bone marrow transplantation
Tacrolimus exposure, efficacy and toxicity

Graft-versus-host disease (GVHD) remains one of the main canfsgsatment-related mortality
after allo-hematopoietic stem cell transplantafid®CT). The concomitant administration of a
CNI (tacrolimus or cyclosporine) and short-term ine¢texate is one of the standard regimens

used to prevent GVHD.

Randomized controlled trials in both adult and padi patients have suggested that the
combination of methotrexate and tacrolimus mayugeesor to methotrexate and cyclosporine to
reduce acute-GVHD (aGVHDJ**%Tacrolimus is generally administered by continubus
infusion beginning on the day prior to allogeneimsplantation at a dose of 0.03 mg/k§/d-*®
When patients are able to tolerate oral administmathe factor used for tacrolimus dose
conversion from intravenous to oral administratianies between 1:3 and 1%.In most

clinical trials and retrospective studies, thgt&get concentration was between 10 and 20
ng/mL %8 10 1HA retrospective cohort study of 120 consecutiveltgoatients undergoing first
allogeneic HSCT found a lower risk of grade 2-4 BGJn patients with tacrolimus mean C

of >12 ng/mL over the first week post-grafting, vehower tacrolimus concentrations at weeks
2, 3 and 4 were not associated with a higher imidef aGvHD? Tacrolimus G target

ranges of 10-30 or 10-40 ng/mL have also been tegddt **4 but the incidence of

nephrotoxicity was very hidf and significantly increased fo,&20 ng/mL!**
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Few studies have evaluated tacrolimus concentréigets in children undergoing HSCT. A
Japanese retrospective study of tacrolimus combaigdmethotrexate (97 children aged 0.4-18
years) found that mean tacrolimus concentratiorisrgmL during continuous infusion over

the first 4 weeks (i.e., not really representat¥éhe steady-state concentration) were associated
with an increased risk of aGVHD and poorer surviValAnother retrospective study, where
tacrolimus was combined with mycophenolic acid ¢60dren aged 0.4-21 years) found that a
mean tacrolimus concentration <10 ng/mL during we&kas associated with increased

incidence of aGVHD?®

Phar macokinetic monitoring in other diseases where tacrolimusis prescribed.
Tacrolimus is also prescribed (off-label in mostes for several auto-immune diseases.
Atopic dermatitis

A topical tacrolimus ointment is effective agaiafpic dermatitis (or atopic eczent&)lt did
not lead to relevant systemic tacrolimus exposuiadults:*®in children aged 2-17 years dif,
or in infants aged <2 yeaf& In adults, 94% of tacrolimus blood concentratiomse <1 ng/mL

and the highest value at any time point in anygpativas 1.38 ng/mt®

A small proof-of-concept, non-comparative studyastigated the safety and efficacy of
sequential therapy with short term oral tacrolirtmachieve rapid disease control followed by
maintenance with topical tacrolimus 0.1% ointmenthie treatment of severe atopic
dermatitis'** Over the first 3 weeks of the study, all patieetived oral tacrolimus as
monotherapy. Topical tacrolimus was then addeti¢mtal treatment in weeks 4 to 6. After

week 6, patients were treated with only topicatdamus. Clinical improvement was noted in
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about 2/3 of the patients. The average whole btaowlimus levels were 8.1 ng/mL at week 1,

7.7 ng/mL at week 3, and 5.5 ng/mL at week 6.

Psoriasis

In patients treated with tacrolimus following retr@nsplantation, remarkable improvements in
incidental psoriasis have been not&dTacrolimus may be more suited than cyclosporire to
patient population with increased cardiovasculsk ¥ However, there is no evidence in favor
of a tacrolimus concentration target range for itikcation. Topical tacrolimus has been
suggested as a suitable treatment for more locapgeriasis, such as facial, genital, and

intertriginous psoriast$®, requiring no TDM sincé systemic drug exposurelieen shown to be

low.
Lupus nephritis

The standard of care for the induction treatmemurofiferative lupus nephritis remains
mycophenolate mofetil and cyclophosphamide. CNésoaly recommended as a second line
alternative given their side effects, especialljAgian populationd® However, a Bayesian
network meta-analysis found that a maintenancénteat with tacrolimus in patients with
biopsy-proven lupus nephritis class Ill, IV, or \élged the best chance of preventing renal
relapse as well as the lowest risk of withdrawals tb adverse events and leukopenia, as
compared to mycophenolate mofetil, azathioprine@mibphosphamidé?® Tacrolimus dose
was titrated to achieve a6f 4-6ng/mL in 34 Chinese patients,and a Gof 6-10 ng/ml in the

first and second month and 4-8 ng/ml thereafter Thai study?®

In pediatric patients, a single center clinicabstiound that once daily tacrolimus at 3 mg/day,

resulting in Gbetween 1.5 and 7.5 ng/mL, improved the serologiaehmeters, the lupus
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activity index and reduced the need for steroidsatients aged 9-25 years. However, no
significant relationship between treatment effex bBlood concentration was noted over the 2-

year study period?®

A meta-analysis of 23 clinical studies, all perfexdrnn Asian populations, showed that in most
studies, tacrolimus dose was titrated to achie@g\alues of 5-10 ng/ml in the first and second
months, and 4-7 ng/ml thereafté? Still, the ‘optimal’ tacrolimus blood trough comteation

has yet to be determined, and the targets usedl&aety been chosen to avoid toxic effetts.
Finally, the positive results of tacrolimus in Asipatients cannot be extrapolated to other

ethnicities.
I nflammatory bowel disease

In a recent review, tacrolimus and infliximab apeesto be equally safe and effective in the
short-term treatment of active ulcerative coltfisTacrolimus oral dose was generally adjusted
to achieve Glevels of 5-10 ng/mL thereafter. In a study of @ignts with moderate to severe
active ulcerative colitis two target tacrolimus centrations (5-10 and 10-15 ng/mL) and a
control group on placebo were compared double-hlitif Clinical improvement was observed
significantly more often in the tacrolimus highgat range group. Brure al.*** recommended
frequent monitoring of whole blood tacrolimus comirations, since efficacy and toxicity are

dose-dependent.

Tacrolimus has also been investigated in pedipatents with inflammatory bowel disease. A
prospective multicenter trial including 13 pediafiatients aged 6-20 years with oral tacrolimus
started at a dose of 0.1 mg/kg twice daily and sgbently adjusted to achievg &ncentrations
between 10 and 15 ng/mL found that 69% of patissgponded to oral tacrolimus within 14

days>*® A single center, retrospective study of 18 pettigiatients aged 1-16 years, given
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tacrolimus at a starting dose of 0.1 mg/kg/dosedwdaily and subsequently adjusted to a target
Coof 10-15 ng/mL for the first 2 weeks and 7-12 ng/thkreafter, concluded that in patients
with steroid-resistant colitis, tacrolimus was dalpaof inducing short- to medium-term

remission but yielded no long-term benéift.
Executive summary on tacrolimus exposur e recommendations

In kidney Transplant recipients

1. In low-immunological risk patients, tacrolimusybe targeted to: ay©f 4-12 ng/mL (and
preferably to @7 ng/mL) when prescribed in combination with liteteptor (IL-2R) blocker
induction therapy, mycophenolate and glucocortisg#ll); or a Gof 4-7 (month 0-2) and 2-4
(> month 2) ng/mL when combined with everolimus ghetocorticoids and induction therapy

(either Thymoblobuline or IL-2R blockers) (B II).
2. Tacrolimus Gtargets may be higher in adult patients at higmenunological risks. (B 1)

3. Although only supported by clinical experiena&ytarget range of 10-20 ng/mL may be

proposed for pediatric patients (C1 II)

4. A minimal AUG.12nthreshold of 150 ng.h/mL may be proposed for theawlaily
formulation in adults (B II). AUC targets corresplimg to different @ ranges were derived from
AUC-Cy correlation studies in large adult patient popolagi for the twice daily and once-daily

(Advagraf) formulations.
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In liver transplant recipients

For adult patients:

1. When prescribed in combination with mycophemtateverolimus and corticosteroids,
tacrolimus may be targeted to a@ 6—10 ng/mL during the first 4 weeks post-trdastation

and 5-8 ng/mL thereafter (A ).

2. Tacrolimus as a monotherapy, or when only aasetiwith induction treatment may require a
higher G target (10-15 ng/mL during the first 3 months aftansplantation and 5-10 ng/mL

afterwards) (C1 II).

3. A tacrolimus @ of 10-15 ng/mL may also be aimed for in patiemtsaaorticosteroid-free

regimen (even beyond the 4th month after surg&$)I().
For pediatric patients, there is not enough clintks@dence to make recommendations.

Heart and lung transplantatiothe G ranges recommended almost 20 years ago must isedev

(and probably lowered), as they encompassed vakigagen 15 and 20 ng/mL in the first weeks
post-transplantation, whereas recent studies Hawersthat the risk of acute kidney injury
within the first two weeks post-transplantation wagificantly increased for&15 ng/mL (B

).

Bone marrow transplantationy ©f 10-20 ng/mL may be targeted when tacrolimysréscribed

orally in combination with methotrexate, in adyBsll) as well as in children (B II).

In the other conditions in which tacrolimus is stimes employed, there is not strong enough

evidence to make recommendations (C2).
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Within-patient variability of tacrolimus exposure as a biomarker for therapeutic drug

monitoring

In addition to the tacrolimus blood concentratitselif, its within-patient (between-occasion)
variability might also be a valuable tool for optzing immunosuppressive therapy in solid
organ transplantatiolt/ ***Within-patient variability can be simply evaluatesing the

coefficient of variation (CV) of at least three secutive Gmeasurements in a given time

period. To date, none of the different tacrolimaisrfulations (immediate release, prolonged or
extended release) clearly shows lower within-pateyarmacokinetic variability than the
others™*® *!Sjgnificant variability of tacrolimus concentrati®during immunosuppressive
treatment may lead alternatively to underexposancecwverexposure periods and represent a risk

of treatment failure.

The first suggestions to consider the within-patieariability as a potential biomarker of
treatment outcome were reported in kidney transatam?® The CV of tacrolimus €beyond 6
months post-transplantation was found to be a medeant biomarker of tacrolimus toxicity
and immunosuppressive efficacy than the sel&* € **Patients with high exposure variability
were confirmed to be at higher risk of developiigjdiogic kidney lesion$!® graft loss**? and

of poorer long term outcomé3.1*4**®Most of the studies conducted in kidney transjaiton
included patients with stable treatment (at leasioBiths after transplantation), in a period when

adherence may be regarded as a strong determinaithm-patient variability.

In liver transplantation, whether in the early poperative period (days 8 to 30) or at mid-term
(after 6 months), the within-patient variability taicrolimus concentrations was related to patient
outcome™*" **8|n adult patients, early within-patient variahilibetween day 8 and day 30) was

associated with long term graft and patient suiéval with complications such as
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nephrotoxicity, cardiotoxicity and neurological &tse events, meaning that early interventions
may be undertaken to reduce variabilityln pediatric patients, the link between withinipat
variability, calculated from month 6 of tacrolimungtiation, and biopsy-proven acute rejection
was first found in retrospective studies and latarfirmed prospectively, whereas there was no

relationship with graft or patient survivif. *4°

Very recently, similar results have been reporteldaart transplantation. The within-patient
variability was calculated retrospectively betweeonth 3 and month 12 and a high CV turned

out to be an important risk factor for the onsetapéction’**

Evaluating the within-patient variability of@alues during tacrolimus treatment should be
further considered in the clinical management ¢éifisargan recipients. Early identification of at-
risk patients, with higher within-patient variabjli may allow implementing actions aimed at

reducing this variability and preventing its cliaiconsequences.
Executive summary on within-patient variability of tacrolimus exposure

Within-patient variability of tacrolimus concenti@s has emerged as a potential tool to predict
adverse events during follow-up of kidney, liveddreart transplant recipients, but has not
entered routine monitoring yet (B Il). Evaluatioihvathin-patient variability can easily be
implemented to improve therapeutic drug monito(dl). The use of within-patient variability

has not been validated prospectively and the tirofrdetermination has to be defined.
MEASUREMENT OF TACROLIMUS CONCENTRATIONS
Sample stability

Short and long-term stability of tacrolimus andritajor metabolites (MI, MIl, MIll) have been

investigated using both patient blood samples amolevblood samples spiked with these
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substances. Stability of the measured tacrolimuaseuatration was proven for samples stored up
to 14 days at 22°C or 4°C, as well as at least ftat -20°C and 1 year at -70°€°MlI, Ml

and MIIl were found to be stable for at least 3glayambient temperature, 1 month at -20°C
and 12 months at -80°€.*'Three freeze-thaw cycles were possible withoutmomising the
quantitative result® **'These cycles also had no effect on the unboumdliacis

concentration, but this fraction increased by > 38%amples stored for 6 months at -86°€.

The authors concluded that samples should beilthaggd when fresh to study the unbound

tacrolimus concentration. For long-term storagepitepared ultrafiltrates can be frozen at -80°C.

Stability of tacrolimus concentrations was alscestigated in some alternative sample matrices.
For example in peripheral blood mononuclear c&®4 T- and CD19 B-cells), stability was
demonstrated for up to 3 months at both ambienpézature and -30°¢>in oral fluid ambient
temperature (no exact time was mentioned) andgaoud month at -80°¢** and in human bile
samples over 20 hours at-ambient temperature amohéhs at -80°C>° After 3 freeze and thaw

cycles no loss of tacrolimus concentration was ofggkin oral fluid or bile.

Extended stability of tacrolimus in DBS sampleshgdiifferent grades of Whatman® paper
(Whatman, Kent, UK) has been reported. For exampl&/hatman 31 ET CHR paper
tacrolimus concentrations were consistent overa®& avhen stored at either 22 °C or 37*°¢
over 30 days on Whatman 903 Protein Saver Cargsrgteratures ranging between -20 °C and

25 °C and at least 5 days at 60*°C.
Analytical methodsto deter minetacrolimusin whole blood

More than 60% of the requests for measurement wiunosuppressive drug concentrations in
clinical laboratories concerns this drug. Becaub®was recommended with the introduction

of tacrolimus in the early 1990s, many analyticatmods determining tacrolimus concentrations
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have been developed and established for clinicaices* These methods offer different
advantages but may also suffer a variety of disaihges->® Analytical laboratories face a
number of alternatives when choosing the methotdishaost appropriate for their local
circumstances. Analysis of tacrolimus in whole lbla® performed either by immunoassays or
by liquid chromatography-tandem mass spectromé&@yNIS/MS), with both techniques being

represented in nearly equal proportions at measmeservice providers worldwida?
Chromatographic methods

In a 2013 international survey, 53 % of TDM laborats reported that LC-MS/MS was used as
their routine tacrolimus methdd’ About 60% of the LC-MS/MS procedures was labosator
developed tests (LDT), whilst the remainder wastam kits launched on the market by the
diagnostic industry. The majority of the LC-MS/MSsays (~75%) was multianalyte methods
that allowed for the simultaneous quantificationtagfrolimus and other immunosuppressive

drugs within one analytical batch, using a wholsobl samplé>°

High analytical selectivity and sensitivity, ane thossibility for high throughput multianalyte
assays are important benefits of LC-MS/MS. Thus, téchnique has met the evolving clinical
requirements for fast, accurate, and precise tawwslassays performing well at low
concentrations. The ease of use and robustness-M$/MS instruments and also the
combination with automated or semi-automated sap@paration have gradually been
improved and further facilitated the widespreadlangentation in clinical laboratories.
Nevertheless, skilled laboratory management andapetrained staff are necessary to establish
and operate LC-MS/MS assays for routine TDM. Furtieee, for LC-MS/MS, a rather large

upfront financial investment is necessary.
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The design, validation and continuous quality emsce of immunosuppressive drug LC-MS/MS
assays are critical for routine performance andedlespects have recently been reviewed by the
IATDMCT Immunosuppressive Drugs Scientific Comnatté The process of LC-MS/MS-

based quantification of tacrolimus in clinical sdegpcan be divided into sample preparation,
chromatographic separation, mass-spectrometrictgmieas well as detection, data processing

and validation, finally leading to reportable resul

Sample preparation: Tacrolimus is extensively distributed into red lazells and so it is
measured in whole blood. Ethylenediaminetetraaeeiidc (EDTA) is the preferred
anticoagulant? Protein precipitation, solid-phase extraction ($RBd liquid-liquid extraction
(LLE) have been reported as sample preparatiotegies prior to chromatography in LC-
MS/MS assays including tacrolim&¥. The sample preparation and chromatography shauld b
designed to balance each other: clean extractsatty simple and fast chromatography,
whereas crude extracts should be compensated fmoby thorough chromatographic clean-up

and separation to avoid impairment of the MS/Mpoese.

Precipitation of whole blood samples can be peréatioy either a stepwise or simultaneous
addition of zinc sulfate solution and organic salvédnnesley and Clayton developed a protocol
in which five volumes deionized water was added/ole blood before step-wise addition of
zinc sulfate 0.1 mol/L and methanol. Apparently tater hemolysis step improved the
extraction efficiency and lowered the imprecisidnihe tacrolimus measurements in clinical
samples® This extraction protocol was further validated$sgeret al. as part of a

standardized multianalyte LC-MS/MS assay: 50 pL BRhole blood was added to 250 pL
water and 750 pL methanol:zinc sulfate 0.1 molAlY2hen vortex mixed at room temperature

and centrifuged at 4 °€? The water hemolysis step and subsequent predgitaith methanol:
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zinc sulfate may be regarded as state-of-the athie type of sample preparation. However,

visual inspection of the precipitate is recommended

Chromatography: The hydrophobic nature of tacrolimus makes it fl&tdor reversed-phase
chromatography. Conditions for chromatographic sspan are commonly based on C18 (or
C8) stationary phases combined with mobile phatester and methanol to which an acidified
ammonium bufferég. formic acid plus ammonium acetate) is adtfédhe mobile phase
constituents should be of LC-MS quality. Tacrolingisetained on a C8/C18 analytical column
with methanol content up to approximately 50 %hia mobile phase, thereby allowing the
separation of less hydrophobic compounds. Furthgtaarolimus can be eluted with adequate

peak symmetry by increasing the methanol conte&t 89 %* 1°2Some chromatographic

compromises may be necessary when cyclosporimelisdied in the assay, because the latter
demands highly optimized conditions to obtain atagle peak shapes. Column temperatures, in
the range 35 °C to 75 °C, may be used to facilpatk narrowing, also allowing a higher flow

rate due to reduced back-pressure.

Online extraction with two-dimensional chromatodrajs a widely used strategy for clean-up
before directing the extracts into the mass-spewter. The prepared matrix is then injected on
an extraction column with large particles and a-tamganic mobile phase is pumped at a high
rate (turbulent flow). Subsequently, the systentdwas to a high-organic mobile phase which
back-flushes tacrolimus from the extraction coluand through an analytical columif.Such
online clean-up techniques may be applied to apotdntial ion suppression effects on the

signal intensity and also to minimize contaminaidthe mass spectrometer.

The chromatography of tacrolimus should be desigoedinimize co-elution with compounds

causing ion suppression/ ion enhancement. TracKitige time intervals with potential signal
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suppression/ enhancement (post-column infusionnamtoring the retention times for

glycerophosphocholines will guide such achievemdnting assay developmefif: 1¢4

Mass-spectrometry: The majority of tacrolimus LC-MS/MS assays applgotiospray ionization
(ESI) as the interface to get the mobile phaseestland sample compoundsinto gas ph%se.
The conditions for spraying, evaporation, ionizafiand acceleration of tacrolimus ions into the
mass-spectrometer have to be optimized with regpebe specific instrument. Several of the

ion source parameters are global in a multianagtay and, consequently, optimization of these
parameters may have to be prioritized for compowmeding the lowest instrument response at
the lower limit of quantification (LLOQ) (usuallyrslimus and everolimus when included in an

multianalyte immunosuppressive drugs assay).

Sample matrix components will potentially influertbe evaporation and ionization efficiency of
tacrolimus (ion suppression or enhancement). Pregoaple preparation and chromatographic
separation is mandatory to minimize such matrieaf on the analyte response. Highly
sensitive mass-spectrometers enable less impaaaiix effects since they allow less biological
matrix per sample to be loaded into the systems.denerally recommended to use a stable
isotope-labeled internal standard (SIL-1S) to carrariations throughout the assay procedure,
including compensation of matrix effects. There@mmercially available SIL-IS for

tacrolimus €g. °C, D,-TAC).

Selective reaction monitoring (SRM) is applied tacrolimus quantification, usually with the
positively charged ammonium adduct as precursofriora 821.5) and product ion set at m/z

768.5'° The corresponding mass transitions should be fasete IS.

Assuring adequate quality of clinical tacrolimus LC-MS/MS assays. The use of commercial

whole blood-based tacrolimus calibrators is recomuied to ensure accurate measurements and
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to support the harmonization of results betweenratories. Indeed, 78% of TDM laboratories
have reported the usage of commercial tacrolimlisrators!®® Preferably the quality control
samples should be sourced independently from tiitratrs. Tacrolimus measurements should
be based on a multilevel calibration curve andaper calibration model with adequate

weighting should be applied. Natural tacrolimugaegpes may contribute to the IS response when
a SIL-IS is used and a nonlinear calibration custveuld be considered in such cases: Also, there
may be tacrolimus impurities in the IS solution @e&ting an analyte response in tacrolimus-free

samples. Impurity interferences like this shouldb&anced against requirements for the LLOQ.

Reproducibility of the peak integration can be @aduwith automated data processing using
custom-adjusted algorithms in the instrument saftwalanual integration should generally be
avoided but, if necessary, it should be justified @ocumented in each case. Since the MS/MS
signal intensity may fluctuate over time on annmstent, it is useful to include daily testing of

the absolute assay response to verify that regemésrfor the LLOQ are fulfilled.

Hospital TDM laboratories may receive tacrolimusipées from both in-house and outpatient
clinics and the requirements for the turnarouncetimill often be different depending on the
clinical setting. LC-MS/MS assays should be dedigiwemeet a turnaround time of
approximately 3 hours for in-house tacrolimus sasphlternating injections into two LC-
channels coupled to a single MS/MS allow overlagmihromatography and can be used as a
strategy to obtain a reduced batch run-titheaboratories performing therapeutic monitoring of
tacrolimus should perform adequate assay validatrarerification before implementation of the
assay as a routine service. They should adhenmetdgdined acceptance criteria for analytical

performance of their routine runs and participatesternal proficiency testing (P¥.

I mmunoassays
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Tacrolimus TDM has benefited extensively from immainemical methods since the drug was
introduced into clinical practice. First generatassays including the PRO-Trac Il ELISA
(DiaSorin), the Microparticle Enzyme Immunoassaye(®) produced by Abbott and the
Cloned Enzyme Donor Immunoassay (CEDIA) origingltgduced by Microgenics,
subsequently Thermo Fisher, were replaced by ingut¢ests. Currently a choice of

immunoassay is available.

EMIT: The Enzyme Multiplied Immunoassay Technique (EM§T9ffered by Siemens
(formerly Dade-Behring) from the early 2000s. Tksay may be performed on several
analyzersd.g. Vital Viva - different models, Roche Cobas Miraiffekent models and Integra,
Beckman Synchron LX20, Bayer Advia 1650, Abbott Aitect c8000, Hitachi 90&c). The

EMIT reagents suffer from cross-reactivity withr@onus metabolites, resulting in significant
overestimation of tacrolimus concentrations ingtsamples as compared to LC-MS/MS,
reaching up to 30-36%6: *°°It has also been noted that another factor carttrip to the bias
could be nonspecific cross-reactiviPoor LLOQ ranging between 2.8 ng/mL and 4.6 ng/mL
has been reportéf! ***suggesting that EMIT is not reliable for monitaitacrolimus
concentrations below about 3.0-5.0 ng/mL. Le®gl. reported total imprecision of 13.7% and
6.0% for tacrolimus concentrations of 3.4 and I@AmnL, respectively®’ Commonly observed
poor repeatability of determinations between amaytruns, as well as a wide dispersion of the
results by EMIT seen in proficiency testitig*®®were partially related to reagent instability afte
opening and method calibration at a particular tatoyy. Currently, use of EMIT for tacrolimus

monitoring is steadily diminishing.
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ACMIA: Another assay from Siemens is the Antibody-Conggdlagnetic Immunoassay
(ACMIA) developed for the Dimension analyzer familyjhis application, which has been
available since 2007 for general biochemistry aretly, had the advantage of no manual

pretreatment step.
The LLOQ for ACMIA was reported as 2.5-5.36 ngAtf* "

A mean positive bias of 1.78 £ 1.51 ng/wvd. LC-MS/MS was found in patient samples by
Tempestilliet al.>™ and practically no bias (+1.7%) by Cangeral.*’* Total imprecision o
12.9%* "% *"4was reported. Tempestitit al. observed the influence of albumin on tacrolimus
concentrations and suggested the risk of inappatgyi low tacrolimus dosage in low albumin

patients."® However, ACMIA results were not affected by hengaitovalues:’™ *"®

Interestingly, the method's main asset becameiitsapy disadvantage. No pretreatment could
lead to lower accuracy and to an overestimatiaim®fesults in as many as 1% of patient
samples’® *""In some patients the assay was affected by endagesiood constituents (incl.

heterophilic or ant-galactosidase antibodies) giving falsely elevatsdiits:’> *"*

Recently, the manufacturer has made modificattGhwhich are expected to resolve the
problem. The “new” ACMIA for tacrolimus is charadteed by an improved LLOQ of 0.86
ng/mL, fitting well with recent TDM requiremenfsnegligible bias of 1.7% to LC-MS/MS and

total imprecision 0&£5.5%"8 If the modified ACMIA proves resistant to erronsaesults, it

could be an attractive tool for tacrolimus TON.

CMIA: The Chemiluminescent Microparticle Inmunoassay (8Mtas developed by Abbott
for a family of Architect analyzers. After receigifrDA approval, the CMIA can be used for

routine tacrolimus TDM in US clinical laboratori&8.The first analytical step is a manual
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pretreatment of a whole blood sample in order &xipitate proteins and extract tacrolimus into
a supernatant, followed by immunoassay. Evaluaifadhe CMIA tacrolimus assay showed no
interference with hematocrit, bilirubin or totabpein*®® *™* *¥put cross-reactivity yielding 94%
with 31-O-desmethyl tacrolimus (M-I11), and 45% witB-O-desmethyl tacrolimus (M-111)
tacrolimus metabolites. The cross-reactivity wiiQ-desmethyl tacrolimus (M-I) and 12-

hydroxy tacrolimus (M-1V) metabolites was negligbl*

Functional sensitivity (CV = 20% of the fitted cewof 0.5 ng/mL-*? '8 *¥%ven Jower than the
manufacturer's claim (0.8 ng/mL) was reported. HereCV <10% was noted only beyond 1
ng/mL tacrolimus concentratidfi’ In Wallemacq's multicenter study, the total CMIA

imprecision was<8.2% using QC materidlS and it was<8.8% using samples of Chinese renal

transplant patients as reported by Li efaSaint-Marcowet al. noted 4.4 + 0.2%sias vs. LC-
MS/MS in pooled clinical samples, whereas in 2 il sites involved in Wallemacq's
comparison, the bias was reported as +0.51 an@+snL " %*The assay rapidly became a
leader of immunoassay methodology for tacrolimus ua comparatively lowias vs.
chromatography, imprecision even better than LCMANd close agreement of results for

clinical samples in proficiency testing data.

ECLIA: The Electrochemiluminescence Immunoassay (ECLIA¢&}s) is a semi-automated
diagnostic assay developed by Roche for use imdyfaf Cobas e analyzers to monitor
tacrolimus in whole blood samples. A comprehenstuely has been conducted in five centers in
Europe to evaluate the performance of ECLIA forddmus determination. Three different
models of Cobas analyzers (e 411, e 601, e 602 usard®® The manufacturer declares that the
assay shows no interference from bilirubin, hem#taar total protein, and that cross-reactivity

is 70% for metabolite M-Il but no detectable crosaetivity with tacrolimus metabolites: M-I,
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M-Il and M-1V. A study by Shipkova showed methaddarity between 0.5 and 40 ng/mL,

functional sensitivity (CV<20%) was 0.3 ng/mL, and C¥10% was at 0.8 ng/mt® Within-
run imprecision wass 8.9%; laboratory-to-laboratory imprecisiciil2.1%. This performance

was confirmed in more recently published stud?®s-*Funget al. reported total imprecision of
3.9-9.4%"" Whilst the ECLIA tacrolimus assay has a shortedysis time (18/s. 30 min) than
the CMIA, it uses a higher sample volume (380200 pL), a factor to be considered when

choosing the assay best suited for a particularbry®> 18712

Immunoassays under evaluation: A new test for tacrolimus monitoring, the Quantitat
Microsphere System (QMS) Tacrolimus Immunoassay been introduced recently by Thermo
Scientific (Fremont, CA, USA). Method descriptionaell as its clinical evaluation is available
in a publication by Leungt al.*®® They found that the assay is free from interfeesinom
bilirubin, hemolysis and lipemia. The method wasoréed as linear up to 30 ng/mL with a
LLOQ at 0.7 ng/mL (CV = 14.4%). Imprecision waststhas 3.9-8.1% and 4.7-10.0% (within-
run and between-run, respectively). A comparisoderizetween QMS and LC-MS/MS

measures in 145 patient samples showed a bias.®hgimL%°

A similar type of assay, latex agglutination tuibidtric immunoassay (LTIA, Nanopia TDM
Tacrolimus assay kit) from Sekisui Medical has biested in Japan. LTIA was compared to
three other IAs (CMIA, ECLIA and ACMIA) by Akaminet al.**° In this evaluation, LTIA had
the best profile for cross-reactivity with threejordacrolimus metabolites (M-I, M-Il and M-
), and yet LTIA presented the highest bias (8Lifg)/mL) which was additionally influenced
by CYP3A5 genotype and hematocrit valti@ Further investigations are necessary to judge

whether the LTIA tacrolimus assay is suitable mrolimus TDM.
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The evolution observed over more than 20 yeartafoolimus immunoassays shows improved
specificity, precision, limit of quantification, agell as time of analysis and automation. Thus,
the new generation of immunoassays is increasaglglternative to LC-MS/MS methods in

tacrolimus monitoring.
Consistency of tacrolimus results generated by different analytical methods

Method inconsistency may have an impact on patiarg for several reasons including but not
limited to its effect on clinical decisions and grdosing. It also has an impact on long-term
outcomes for patients and on the correctness fsgctive analysis of clinical data or the
interpretation of pooled data from clinical triagsice these analyses may be used for regulatory
purposes or to establish clinical decision poifte range of immunoassays available for
tacrolimus each shows a different spectrum of ereastivity to tacrolimus metabolites and
different susceptibilities to interactions with &egphilic antibodies and endogenous factors such
as hematocrit or albumirt.Therefore, dealing with the issue of consisterfagsults generated
with different methods is not easy. A recent staflthe performance of current tacrolimus
immunoassays among Japanese hospitals demonsangiedbetween-laboratory variability even
when using samples spiked with the dttijThe very low level of method harmonization with
laboratory developed tests (LD esg. the majority of LC-MS/MS methods) presents further
obstacles. According to data from the Analyticalv@®s International (ASI) Proficiency

Testing (PT) program collected between 2014 and 2Bihures 1A and 2A) the ratio between

the maximum and minimum averages of the conceatratietermined by different methods
when analyzing the same samples was about 1.3Fbld.was true both for spiked and pooled
patient samples. However, considering the withirthoé CV (%) found for each of the different

peer groupgFigures 1B and 2B) a much greater difference between minimum and mmaxi
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191 eyaluated, under “real-world”

reported results can be anticipated. Recently Aglainal.
clinical conditions, the effect of a change in gtiahl methodology from CMIA (run on an

Abbott Architect system) to a kit based LC-MS/MSthwal (Waters TQD Acquity mass-
spectrometer with Mass Trak) on patient classificaccording to the tacrolimus concentration.
Although a good analytical performance has beenodsimated for both of these methods in the
past'®? %3the results of this study demonstrated that 40%atient samples were discordantly
classified by the two methods when the appliedagpeutic ranges were 2 ng/mL wide. The
discordance rate improved to 3% when the widttheftarget range was increased to 4 ng/mL. A
change in patient classification due to lack of pambility between methods might lead to the
patient receiving either an insufficient dose amecting the organ, or receiving a high,
potentially toxic dose. Although introducing labmmg- (or method-)specific target ranges may
be a helpful approach to attenuate the impact nvdmn-method differences on patient
classification, this approach may pose a hiddemeiamarticularly when laboratories need to

change the methodology at short notieg.(due to problems with reagent supply) or when

transplant physicians have to simultaneously im&tnesults provided by different laboratories.

The narrow therapeutic index of tacrolimus setisgént requirements for the performance of
analytical methods. For instance, estimation bieteht approaches that try to take into account
the within-individual biological variability of preose tacrolimus concentrations shows that an
adequate application of a 4-5 ng/mL wide targetceotration range would require analytical

imprecision and bias of 6% eachH* '**As discussed in recently published IATDMCT

recommendations for proper analytical performdhard demonstrated Figures 1 and 2,
such goals are hardly achievable in current roulid® services. Targeting of even more

narrow therapeutic ranges for clinical purposesnsgeevith reference to current analytical
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practices, unrealistit’® The recommended achievement of between run ingioecof at leasg
10% with a total error of 15% (among other performance characteristics Qldhme

considered obligatory for tacrolimus analytical hets to rate them as acceptaile.

Furthermore, to properly deal with patient non-adhee issues that are particularly critical in
transplantation not only method precision but #teoability to measure very low concentrations

is important. The recommended LLOQ for tacrolimaus L ng/mL, and can be achieved

currently by LC-MS/MS methods, the ECLIA, and CMiéchniques; as well as the newest
generation of ACMIA. The measurement range of tiSQnethod as reported by the
manufacturer can theoretically also cover suchdoncentrations, but the imprecision observed
in PT programs is broader than those of the latiethods [Figure 1B). Hence, between-method

consistency in analytical sensitivity is lackingto

Last but not least, the fact that tacrolimus ispried as a long-term therapy clearly highlights
the importance of consistent analytical performasfomethods and laboratories over long
periods of time. However, as can been sedfigare 1, long-term inconsistency with analytical
methods over time is still an issue, and the withigthod variability of the bias to the same
spiked concentrations frequently reached 15% aed ewre when looking at the interquartile

ranges.

In summary, when looking back to the early yearsofolimus TDM, a continuous
improvement of method performance can be seen. eawthe analytical performance of
currently available methods still varies broadlyiethneeds critical consideration when

implementing or changing TDM services for tacrolgnu

Method calibration and proficiency testing
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In the case of tacrolimus analytics, there are ipielPT programs available (both national and
international) with the College of American Patlg#ts (CAP) scheme and the programs
formerly run by ASI (now provided by LGC) being m@g®pular. Results from these programs
have been used in the past to reveal analytichlgmus and their caus€S When choosing a PT
program it is important to consider whether speasnigased on human whaole-blood spiked with
tacrolimus metabolites, real patient material fimamsplant recipients and blank samples
without tacrolimus and metabolites are part ofdistributions by the program. Such samples are

important to check for matrix effects on the accyraf the measuremetit.

In general, users can check on accuracy using piairty prepared calibrators or controls or
compare their results with those given by PT datatunately, since 2013, a higher order whole
blood reference material for tacrolimus has beeilavie commercially (ERM-DA110a) and
listed in the database of the Joint Committee faic@ability in Laboratory Medicine (JCTLM).
Because commercially available calibrators androtsare in general traceable to this material
their use in routine services is preferable to cedine risk of calibration bias. Participation i P
is particularly supportive if own results can bengared not only to the peers but also to results
traceable to a higher order reference method, hemavfortunately this possibility is still not
available for tacrolimus. In this situation, compan to results generated with the LC-MS/MS
technique (the LC-MS/MS participant group) can padevsome helpful information when
evaluating immunoassays. However, the drawbackisehat the LC-MS/MS group is not
consistent® and the level of validation as well as the ovenalility performance management
at the participating analytical sites are unknoWmerefore, for the evaluation and verification of
immunoassays accuracy, confirmation of their resuging a fully validated LC-MS/MS as a

reference and real (not pooled) patient sampladvsed before application to routine services.
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Acceptance criteria for such between-method corapas have been recommended by the

IATDMCT Immunosuppressive Drugs Scientific Comnetté
a. A linear regression slope within +10% of theotietical value of 1.0.
b. A linear regression intercept not significardlfferent from zero.

c. A standard error for the estimate, SYX0% of the average of the therapeutic concentrsition

Figures 1 and 2 summarize data regarding the performance of cthyresed tacrolimus

methods as collected between 2014 and 2017 (aftentroduction of ERM-DA110a) from the
ASI PT program. They show that, although, the bfamethod means when compared to spiked
target concentrations (4, 8 and 12 ng/algure 1A) lies with few exceptions (EMIT at 4

ng/mL) within a range of £10%, it varies broadlytween distributions. When comparing the
performance of immunoassays with pooled patienpés(Figure 2A) versus the LC-MS/MS
group, all of them showed some overestimationgmre@ment with published data generated with
non-pooled patient sampl&S: 1%°In contrast to the EMIT and QMS assays, the median

overestimation with the CMIA, ECLIA, and ACMIA wasl0%.

Looking at the long-term method-specific percent@yes (both for spiked and pooled patient
samples), they clearly favor LC-MS/MS, CMIA, and [HE& methods compared to ACMIA,
QMS and EMIT(Figures 1B and 2B). Moreover, the percentage CVs of the first grolup o
methods seems not to be concentration-dependectninast to the methods of the second
group, for which much broader within-group variélibt the lowest concentration (4 ng/mL)
compared to 8 and 12 ng/mL was identified. Durimg dbservation period the CMIA and
ECLIA methods demonstrated better long-term prenighan the very heterogeneous LC-

MS/MS group.
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All these results underline the strengths of PT @emhonstrate that there is without doubt a high
potential for improvement of tacrolimus analytiogtirther standardize method and laboratory

performance.
Standar dization of tacrolimus TDM

The applicability and reliability of analytical figes generated by laboratories is strongly linked
with data quality, particularly their accuracy. $lgeneral remark holds true for any kind of
measurement service and is not limited to clinycedlevant entities such as tacrolimus.
Laboratory medicine adopted relatively early theegal metrological concept of traceabilty;

197 and established a close relationship with natiamettological institutes. By founding the
Joint Committee for Traceability in Laboratory Meidie (JCTLM) located at the International
Bureau of Weights and Measur&8chemical and biological entities in laboratory it have
been raised to the same level of international iste1scy and used classical Sl units for

measuring time, weight, and length.

Measurement procedure accuracy is achieved threnglring specificity of the applied
methods. These methods are the responsibilitydwisual laboratory units offering defined
measurement services. Total error or measuremeettaimty calculation$®?* can be used to
investigate the error components associated wélptbcesses of measuring, namely bias and
precision which do combine up to the accuracy wieasurement systeftf. Error budgets may
be used to estimate the expected total error (Tgwcombines systematic error components
(associated with bias) and stochastic (randomy eomponents (associated with precision).
They can be either calculated by “top-down” or that-up” approaches. Whereas bottom-up
approaches are used in the assessment of refereasirement systerffs,top-down

approaches allow the monitoring of systems in reutiseg.g. either individual users or global
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measurement services. For tacrolimus, a recendoap: investigation showed that this
approach, either using single laboratory validatiata or proficiency testing data, gave identical
results*®® Different top-down approaches to estimate measeménmcertainty of whole blood
tacrolimus mass concentration values meet the agsaity criteria set up by a recent

IATDMCT guidance papet*

If individual laboratories use the same test pplgie.g. an automated immunoassay,
traceability of locally applied calibrators to andustrial master calibration” is usually assured
and guaranteed by the assay vendor. The veedpoperating under FDA clearance or within
the framework of an obtained IVD-CE certificatidigs responsibility for the trueness, lack

of bias of the local calibration to this master calibratidhe expected assay precision is also
stated by the assay producer, local deviationsd@tven numbers must be carefully monitored,
since they increase the total error of an assayudh deviations exceed (definable) thresholds,
the local laboratory should ensure the assay vetattes corrective actions.g. running an
additional service, changing a pipetting wetit) to prevent the occurrence of irregular analytical
errors?®* If a laboratory has decided to develop an “in leoassay” (LDT), the responsibility for
maintaining the trueness and precision of a measemeservice is entirely the responsibility of
the individual laborator$’® Failure can be minimized if the trueness of treagss kept under
control by using commercial calibrator materiatstie past it has been impressively shown that
this approach minimizes the risk of between-lalmseimprecision for both 25-OH vitamin’Ef
and tacrolimus?? which improves the comparability of patient resuibtained by individual

laboratories.

In the current global situation, with several FDgpeoved / IVD-CE certified tacrolimus

measurement systems on the market and at leastdsrbonal calibrator material vendors
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serving the LTD community, one has to assume tiaatrtieness between this tacrolimus TDM
measurement platform realizations is limited. Rieficy datgFigures 1A and 2A) supports
this assumption? emphasizing the need for traceability of indivitiaarolimus measurement

services beyond the industrial or commercial catidor systems.

LGC, a National Measurement Institutes of the UWhKengdom, took up this challenge some
years ago and presented two certified referencermal to the public: ERM-DA110a; a whole
blood matrix containing tacrolimus in 2014 (secaydagher order reference material) and, in
2017, ERM-AC022a, which is pure tacrolimus (nedtssance, primary higher order reference
material). ERM-AC022a was characterized by quantgad\NMR but it is not clear which
reference method was applied for value assignrserde the primary reference method has not
been disclosed, as has been done in other fieisioe steroid hormone measuremefits®®
However, ERM-AC022a and ERM-DA110a are both lidigdhe JCTLM, implying that the
responsible JCTLM working group has reviewed thmres associated with both, and concluded
that they are in accordance with the JCTLM regatef®® Nevertheless, the availability of peer
reviewed reference methods for tacrolimus is lomgrdue. Unfortunately, in the whole field of
ISD-TDM, only one such method has been presentddtavas for cyclosporin&-’ Within the
Scientific Division (SD) of the IFCC (InternationBéderation of Clinical Chemistry), a work
group (WG-ID) was founded in 2018 to focus on atés in this field, including the generation

of reference materials and the placement of ap@atgpreference procedures for

immunosuppressive drugs including tacrolimtfs.

New TDM approaches
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It should be noted that all of these new TDM apphes were made possible by important
analytical improvements developed during the lastde i(e. sensitive and precise liquid

chromatography with tandem mass-spectrometry).
Microsample based tacrolimus concentration monitoring (DBS and other s)

DBSs on filter cards and volumetric absorptive misampling are innovative, minimal-invasive
sample methods, which can replace traditional bksdpling for the TDM of
immunosuppressive drugs but can also be usedrfomder of other applications. This approach
is patient-friendly and can be implemented at hby#e patient themselves, collecting very
small amounts of blood (typically 10-20 pL). Th@@edure is both cost and time saving, and it
also allows for multiple sampling within a doseeinal, enabling the determination of a patient's
AUC. The AUC reflects patient's systemic drug expesMicro sampled AUC determinations
have advantages in special populations such astenmediatric and older patients, in whom
venipunctures are difficult and the blood volumattban safely be collected is limited.
Furthermore, in a busy out-patient clinic it isikigeally difficult to draw multiple blood samples
throughout a 12-24 hours dosing-interval. Thustdarolimus TDM, a microsample approach is

particularly appealing.

Preanalytical and analytical requirements and pitfalls: Microsample methods require extensive
validation with some criteria beyond the usual reowendations for analytical method
validation?** ?*3This approach also requires sufficient analytseaisitivity because of the low
volume of blood collected. The use of microsampléh dried blood is a destructive method
meaning that the complete sample is used for th/sis and no confirmation of drug
measurement can be conducted using the same samlyieising parallel samples. Current

challenges in microsample implementation includedsa not limited to: extraction recovery,
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matrix effect on blood volume (hematocrit effecrrelation between venous and capillary
blood measurements, the quality of the blood sjsk,0f contamination, and sample stability.
These issues require additional validation stepishave to be properly addressed during method
validation?** New generation microsampling such as volumetrgpgttive microsampling

(VAMS) can possibly mitigate some of the usual l@asountered with these methods,
particularly hematocrit effeét® Several DBS methods for tacrolimus TDM have been
published. These methods are often multiplexed atiler immunosuppressive drugs and may
include creatinine determination, which is of partar relevance in kidney transplantatfofi*®

To date, microsample validation is only addressesi fiew guideline&™: #2°

Future developments and clinical perspective: The use of micro-sampling for tacrolimus TDM
needs to be cross-validated with established TDMegies based on venous EDTA whole
blood, to determine whether this approach is slétidy clinical purposes. One of the main
advantages over established sampling proceduréadiaiimus TDM is the potential to improve
the patient’s quality of life. One study has beenducted recently in transplanted children. In
parents and children completing the satisfactiomesy all but one reported preference for DBS
sampling over venous blood sampliff§Clinical performance of microsampling in routine
practice should also be evaluated in various tlansgettings. Analytical performance together
with patient training to ensure appropriate sangplality and motivation will be key factors for

the implementation of micro-sampling in clinicabptice.
Intracellular and tissue tacr olimus concentration monitoring

TDM of immunosuppressive drugs results in a deer@agacute cellular rejection (ACR) rates as
well as a decrease in treatment-related toxiciytigularly the nephrotoxic effects of the CNi.

However, despite intensive use of TDM, the glohdtomes of transplantation appear to be only
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marginally improved? This has led pharmacologists to develop newer w@pptimize drug
treatment, including measuring the concentratiomafunosuppressive drugs directly at their
site of action. Currently, standard TDM of tacralisns based on the measurement of drug
concentrations in whole-blood. Determining tacraigmrug concentrations where it exerts its
immunosuppressive effect, in the T-cell or, forghical reasons, in peripheral blood
mononuclear cells (PBMC), might be particularlyekeglnt. Moreover, measuring tacrolimus
directly in graft tissue may be of interest asiteasonable to expect that local concentrations
better reflect drug effect. Interest in such apphes has been strengthened by observations of
the weak relationship between intracellular and le/ftidood tacrolimus concentrations in
patients following various types of transplantatisaggesting potential added vafd&?*°A

study confirming the link between intracellular@ionus concentrations and patient outcomes
following liver transplantation suggested that thésv TDM approach was a valuable optféh,
but definitive clinical verification and validatiaiemain to be generated. The work conducted on

this topic has been reviewed recertiy??®

Preanalytical and analytical requirements and pitfalls: The first investigations evaluating
intracellular concentrations of tacrolimus were aweted in the 1990s. Several groups have
contributed to the development of analytical methtmdmeasure tacrolimus concentrations in
PBMC of kidney, liver and heart transplant recipgen® 222 224222229 2%ha |arge variability
reported in these studies highlighted the criticgdortance of pre-analytical and analytical steps
for intracellular concentration assays. These nugthmoust be appropriately validated following
international guidelines and be sufficiently sdasito quantify low intracellular concentrations,
especially in the setting of immunosuppressant mization protocols. Most analytical methods

have involved liquid chromatography with tandem saggectrometry detection. Normalization
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of the concentrations measured is also neededanbecachieved based on the number of cells,
on the mean corpuscular volume of cells for PBMyased on the sample weight for tissues.
There are several potential issues that have ridiegn fully addressed, such as tacrolimus
passive or active transport across the cell menedoafore cell separation, equilibrium
modifications during cell separation or washingpstand the risk of sample contamination with
red blood cells. Proper evaluation of the impaataxth of these potential issues has to be
conducted as these may cause measurement bias.i3laecrucial need for practice
harmonization for the TDM of intracellular tacrolisiconcentrations. Moreover, to date, no

quality control programs exist.

Relationship with whole blood concentrations: Early studies to evaluate the relationship
between whole blood and cellular concentrationsarfolimus have reported a lack of
correlation?*****However, as the approach is further refined, radtte better correlations has
emerged. Notably, a recent study conducted ingeelpopulation of stable kidney transplant
recipients (n = 213) showed a linear relationst@pveen whole blood and intracellular
tacrolimus concentrations, although agreement ketviee two concentrations remained modest
(r = 0.67)?** Among factors influencing tacrolimus compartmeitlon in cells, the role of P-
gp (or ABCB1) has already been identified as ardatent of tacrolimus efflux andBCB1
genotype relates to intracellular tacrolimus expest! Other factors may include the circulating
free-fraction (influenced by protein binding andreocrit), and the intracellular expression of
CYP3A5/4%** More research must be carried out to further exeplioe role of these factors in
the high variability of immunosuppressive efficafytacrolimus. A more detailed knowledge of
such factors may also allow the identification wbgopulations of patients who may benefit

from alternative TDM strategies, such as intradatimeasurement of tacrolimus.
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Clinical evidences and future perspectives. To date, the most convincing proof of concept gtud
was reported by Wallemacq's group in Belgitifiin a study conducted in 90 liver transplant
recipients treated with tacrolimus monotherapyy tteported a relationship between tacrolimus
concentrations in PBMC as well as in liver biopaygples and histological rejection grade
determined at day-7 post-transplantation, wherdasderblood concentrations were not
associated with the severity of rejectf6AThe results of this study suggested that intratzel
tacrolimus concentrations early after liver traaspation seem to be related to rejection risk and
severity. The lack of a relationship between whied tacrolimus concentrations and clinical
outcome during this early period may be a goodaent for using intracellular tacrolimus
concentrations as a biomarker of immunosuppresbivg effect. Another observational study
highlighted the case of a liver transplant recipexperiencing an ACR while having the lowest
intracellular tacrolimus exposure-among study paraints®>? However, the definitive evidence
for the relevance of intracellular tacrolimus camications as a longitudinal biomarker usable for
clinical practice with standard immunosuppressegmens is still lacking. The time-consuming
pre-analytical sample work up makes this approachptex and still requires extensive
validation. Another perspective could be obtaingarulti-variate mathematical modeling
predicting intracellular concentrations, basedrameasing experience in genetic polymorphism,
together with a better understanding and identificeof covariates influencing intracellular
tacrolimus concentrations. Besides intracellulaasoeement, determining the tacrolimus free-
fraction also appears to be an appealing apprddst.unboundi(e. the pharmacologically

active moiety) fraction of the drug might be ofargst in reflecting immunosuppressive drug
effect. This newer way of TDM should also be inigeed but is still at an early stage of

development®? ?**Finally, it should be mentioned that the analgsigacrolimus in oral fluid
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samples has been investigated. One study concthdethe correlation with whole blood
concentrations was poor and due to several probiemathodological problems could not be
recommende®* A more recent report indicated that some of timeblems could be
overcome, however, blood contamination may stifiepa problefff® and this kind of sampling

seems to not have gained any further interestrso fa
PHARMACOGENETICS

After oral administration, tacrolimus is metabotizey gastrointestinal and hepatic cytochrome
P450 (CYP) 3A isoenzymes, predominantly CYP3A4 @NdP3A5 (other members of the
CYP3A family are CYP3A7 and CYP3A43). The main emeyinvolved in tacrolimus

biotransformation is CYP3A5, with CYP3A4 havingaaver efficiency for catalysis’®

The expression of CYP3AS is largely determined @geatic polymorphisms, with only 15-25%
of Caucasians expressing CYP3A5 at a detectabé [Eie main genetic factor responsible for
this is an intron 3 single-nucleotide polymorphi€NP;CYP3A5* 3, rs776746, g.6986A>G)
which causes aberrant splicing, resulting in theeabe of protein and, thus, CYP3A5
activity.?” #*®|ndividuals with at least on@YP3A5* 1 allele (defined as the “wild-type” allele)
are classified as CYP3A5 expressda¥P3A5* 1/*1 or CYP3A5* 1/*3). The minor allele
frequency (MAF) ofCYP3A5* 3 varies widely across different ethnicities, resgitin significant
differences in CYP3A5 expressi¢hable 3). Another rare SNP located in exonGYP3A5* 6,
rs10264272, g.14690G>A) has also been shown tdt iedass of functional CYP3A5

activity 2’

Until recently, and in contrast to CYP3A5, no conm&NP in theCYP3A4 gene could be
related to CYP3A4 activity and to explain the sfgaint between-individual variability in

CYP3A4 activity. However, in 2011, Wang et al., derstrated that an intron 6 SNP
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(CYP3A4* 22, rs35599367, C>T) significantly influenced CYP3Adpatic expression,
suggesting that this SNP may be a biomarker foptkdiction of the response to drugs

metabolized by CYP3A%*®

In addition to CYP3A4 and CYP3AS5, the efflux trangier ABCB1 also plays a role in
tacrolimus pharmacokinetié8> ***Over the last decade, more than 50 SNPs have been
identified inABCB1.2** 2**The three most common SNPs in the protein-encagigipn are
rs1128503 (1236C>T, Gly412Gly), rs2032582 (2677@% Rla893Ser/Thr), and rs1045642
(3435C>T, lle1145lle¥** ***These three SNPs (with a MAF of around 50% in @siams) are
in strong linkage disequilibrium (LD) and have béavestigated extensively. Other less
frequent SNPs have been described and, potentaltyexplain part of the between-individual
variability observed in the expression and/or fiorebf ABCB1. Of particular interest, the
ABCBL1 1199G>A coding SNP located in‘exon 11 (rs2229198latively frequent, with a
reported allelic frequency of about 6% in the Caisrapopulation. This SNP is associated with
a serine to asparagine substitution at positionid@0cytoplasmic loop of ABCB1 which is
involved in substrate recognition and with intréwalr accumulation of tacrolimus in HEK293

and K562 recombinant T-cell liné%

A SNP in the gene encoding P450 oxidoreductBEMR( 28; rs1057868, C>T, Ala503Val) has
been associated with an increagedivo CYP3A activity using midazolam as a drug préffe.
Because tacrolimus is metabolized by CYP3A isoemsyrthis SNP might affect tacrolimus

pharmacokinetics.

Finally, two different SNPs in peroxisome prolifemaactivated receptor alpha (PPAR
(rs4253728 G>A and rs4823613 A>G) have been showmfluence CYP3A4 activity botin

vitro andin vivo.?*®
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Phar macokinetic-Phar macogenetic relationshipsin kidney transplantation

In relation to pharmacokinetic parameters and T2Mas been clearly demonstrated that the
CYP3A5* 3 variant is the main genetic factor influencingtdicnus dose requirement (defined as
the dose-adjusted, whole blood pre-dose concemrtrati G) in stable renal transplant recipients,
both in the early and late phase after transplamtdte. several weeks to months after
transplantation}*®?*' Since the original publication, this genetic assiion has been confirmed
in a large number of studf@éand meta-analysfS> ?**Based on these observations, dose
adjustments have been proposed for the first tacnsl dose after kidney transplantation,
according to th€YP3A5 genotype of the recipient, with a doubling of taerolimus starting
dose in patients who are CYP3A5 expressors (cayirieast one wild-typ€YP3A5* 1

allele)®*° Indeed, genotype-based adjustment of the inéidlimus dose has already proven
useful, with a greater proportion of patients réaghhe therapeutic concentration range shortly
after transplantatiofr® Such a pre-emptive strategy, without additionaledadaptation (only
based orCYP3A5 genotype) during the first four days after traagption, has been proven to
be safe and easy to implemét{tThe level of evidence of this pharmacogenetic-
pharmacokinetic association justified a specificgline from the Clinical Pharmacogenetics
Implementation Consortium (CPIEY However, the benefit in terms of reaching theesed
tacrolimus exposure earlier with the use€CdP3A5 genotype-based dosing has not been a

universal finding®® and no trials have so far demonstrated improvieitel outcomes.

BesidesCYP3A5* 3, CYP3A4 activity has also been shown to be an mapb factor influencing
tacrolimus dose requirement and clearance in temasplant patientS To a lesser extent than
CYP3A5* 3, CYP3A4* 22 has been shown to influence tacrolimus dose-astjyste-dose

concentrations and dose requirements in stablé tramsplant patients. 2°2A similar approach
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to genotype-based dose adjustment has been proptbetie advice that botGYP3A5*3 and
CYP3A4*22 should be taken into consideratidnUpdated guidelines for the tacrolimus starting
dose based on the recipien€¥P3A5 andCYP3A4 combined genotyp@ able 4) have been
validated through popPK modellii§* **However, the clinical utility of this approachlkti
remains to be proven in prospective studies befaan be included in a future revised version
of the CPIC guidelines.

Although numerous studies have shown no influe@&BE&B1 genotype on tacrolimus

pharmacokinetic parametefs: 2 2°% 28’some studies and/or meta-analyses have repoeakl w

8 289mainly during the first month after transplantatf®’ In those,

but significant associatiort
latter publicationsABCB1 3435 CC patients were reported to have a loweoliaws
concentration-to-dose ratio and a higher dose remnt for tacrolimus compared with patients
having the CT and TT genotype, although no genebgsed dose adjustments have been
proposed according #8BCB1 genotype of the recipient. An explanation for ek of the
anticipated correlation betwe&BCB1 variants and tacrolimus pharmacokinetics coulthibe

the expression and the function of ABCB1 is higldyiable and is influenced by several factors,

including non-genetic factoré!

It is interesting to note th&BCBL1 genotype has been shown to influence intracellular
tacrolimus concentrations, particularly in PBMQwdéed, 3435T and 1199A carriers had a
significantly higher intracellular tacrolimus comtgation compared with homozygous wild-type
patients, suggesting a reduced ABCB1 activity tasdacrolimus in PBMCs of patients with
theseABCBL variants®’? Theoretically, such effects ABCB1 genotype on PBMC
concentrations could influence pharmacodynamickauit any significant impact on whole-

blood pharmacokinetic parametéfs.
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In addition, in relation to pharmacokinetic paraengetand TDM, it has been demonstrated that
patients carrying at least oROR* 28 allele have a higher tacrolimus dose requirenteant t
those not carrying thigllele POR* 1/*1), but this association was only found in CYP3A5
expressor’*?’’Only one study reported no association betwR@R genotype and tacrolimus
pharmacokinetic parameteér§.Going one step further, another study, which coréid that the
POR* 28 allele was associated with increasesdivo CYP3AS5 activity towards tacrolimus in
CYP3AGS expressors, also showed th@R* 28 homozygosity POR* 28/*28) was associated
with a significantly higher CYP3A4 activity towartscrolimus in CYP3AS5 non-expressaéfs.
Up until now, no specific genotype-based dose adlieists have been proposed according to
recipient’'sPOR genotype but, based on the consistency of thésdkaidata, future

recommendations could inclu@P3A5* 3, CYP3A4* 22 andPOR* 28 genetic information.

Finally, tacrolimus dose-adjusted pre-dose coneéintrs were not different depending on
peroxisome proliferator-activated receptor alpiR*ARA genotype in a cohort of 241 Caucasian
kidney transplant patients® In another study (n = 177), a limited effect (1B#gher tacrolimus

concentration) was observed in flRARA variant allele carriers’*

Phar macogenetic-Phar macodynamic relationshipsin kidney transplantation

FK-binding protein-12 (FKBP-12), the principal bind protein for tacrolimus, is
polymorphically expressed. The same holds tru€tiX and the nuclear factor of activated T-
cells (NFAT), which is the main downstream targe€aN (reviewed in Pouchet al.?®%. In an
invitro study, it was demonstrated that genetic polymarpkiin the genes encoding proteins of
the CaN pathway were associated with the inhibiggfgcts of tacrolimu$®* However, in a

study including 160 kidney transplant recipients statistically significant associations between
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these genetic variants and tacrolimus pharmacodigsamas demonstratétf Taken together,
the limited available data do not suggest a clilyjigalevant effect of genetic polymorphisms in

FKBP-12, CaN and NFAT and tacrolimus pharmacodyeami
Phar macogeneticsin liver transplantation

CYP3A isoenzymes are expressed in both the livéitla@ intestine. Both organs contribute to
the pre-systemic metabolism of tacrolimus but,kenbther forms of solid organ transplantation,
the hepatic enzyme content is determined by thedgenome in liver transplantation whereas

the intestinal content is determined by the genohtke recipient.

The association between tacrolimus pharmacokinatidstheCYP3A5 genotype of both the
intestine (recipient) and the liver (donor) hasrbassessed in living-donor liver transplantation
(LDLT) and in deceased-donor liver transplantatiSome studies have demonstrated that donor
and recipienCYP3A5* 3 genotypes are of major influence for tacrolimusobl concentration to
dose ratio (C/D) which séerves as an index of clezeand tacrolimus dose requireni&ht®
whereas other authors have suggesteddiranr CYP3A5* 3 seems to contribute more than the
recipient?®® 2’Of note, the lowest (C/D) ratio values were se&emboth donor and recipient
were CYP3A5 expressofs %28 %A meta-analysis combining data from living- andesed-
donor liver transplantation (694 donor & recipigehotypes) confirmed that both the genotype
of the donor and recipient are important in detaing the C/D ratio. Th€YP3A5 genotype of

the recipient, the determinant of intestinal gepetyhas the greatest influence on tacrolimus
dose requirement in the immediate post-transplanb@, whereas the donor genotype, affecting

hepatic expression, becomes more important afeefirtst few weeks>

Another study, which included more than 400 LDLEesfrom Japan suggested that the

CYP3AS5 genotype of the recipient was more important tihan of the grafted liver as an
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indicator of systemic tacrolimus exposure for astes weeks after transplantatfdhThe
increasing role of the don@YP3A5 genotype with time is compatible with the progresdiver
graft recovery and growth. Of note, in this stuldgre was a higher frequency of acute cellular
rejection among patients receiving a liver witheaist oneCYP3A5* 1 allele compared to those
receiving a liver with th€YP3A5* 3/* 3 genotype, suggesting an association between local
(intrahepatic) concentration of unmetabolized tlenas and rejection. This effect of donor and
recipientCYP3A5 genotype is apparently independent of the tacidiformulation. This
association was reported in two studies in stabde transplant recipients treated with the once-

daily tacrolimus formulatioR®* 2%

Opinion is divided on the association of tRéP3A5 genotype with the nephrotoxicity of
tacrolimus. In both liver and heart transplantatiomas reported that CYP3A5 expression in the
kidneys could play a role in the individual susdapty to the nephrotoxic effects of
tacrolimus®®?°*Another report suggested that expression of CYP@AbBoth the graft liver

and the intestine of the recipient) may result mgher incidence of infectious complications in
LDLT recipients. The exact mechanism for these daapons related to excessive
immunosuppression is unclear but it was postuldtatithese may relate to differences in

tacrolimus metabolisift® 2%’

Only a few studies have been conductecC¥R3A4* 22 in liver transplantation. In stable liver
transplant recipients, Moesal. found no association between this SNP and the
pharmacokinetics of the once-daily formulationaxfrblimus (considering both the donor and
the recipient genotype$}’ The CYP3A4* 22 SNP was also investigated among Asian patients
but was not identified in this populati6ff.Results from adult liver transplant recipients

receiving a twice-daily formulation of tacrolimuave shown that don@YP3A4* 22 genotype
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influences tacrolimus pharmacokinetics; a substargduction in tacrolimus dose was required
in the first weeks after transplantation to achitarget concentratiorfS® 3°°In addition, donor

and recipienCYP3A4* 22 genotypes seem to have opposite effects, withnabsef effect of the
combined recipient and donor statuses on tacroli@Dsratio valu€® In pediatric liver
transplantation, a popPK study suggested thatgharant clearance of tacrolimus decreased by
29% when a graft carried@YP3A4* 22 allele (with no effect of the recipient genotypehis

effect was quantitatively similar to that obserwiedhe case a donor liver expressing CYP3A5
(i.e. an increase of 30% for apparent clearaitellowever, comparison between pediatric and
adult liver transplant patients is difficult singeung transplant recipients have a higher liver
graft to body weight ratio, leading to a highertdicnus apparent clearance and dose

requirement.

Results from these studies revealed controveratal do further studies are needed to better
evaluate the apparently limited influence@fP3A4* 22 that might be masked by the more

dominant effect o€YP3A5* 3 on tacrolimus pharmacokinetics.

Regarding CYP2C19 status and its influence on liacus exposure, liver transplant patients
with aCYP2C19 defect genotype have a higher risk of clinicalgngficant drug-drug
interactions between tacrolimus and drugs whosemmagtabolic pathway involvesYP2C19,

such as omeprazole and lanzopraZ6lend voriconazolé&®

As for other types of transplantation, the assamidbetween variouABCB1 SNPs and
tacrolimus pharmacokinetics and pharmacodynamitigentransplantation is debated. The
mean tacrolimus gcorrelated significantly with ABCB1 messenger nboleic acid (MRNA)
expression in PBMC and the ABCB1 messenger rib@nuelcid (mMRNA) expression level in

the small intestine was associated with acute tiejecisk and one-year graft survivif

76/137

medlive.cn http://guide.medlive.cn/


http://guide.medlive.cn/
http://guide.medlive.cn/

Phar macogeneticsin heart transplantation

As in other solid organ transplant populationsefiect of the defectiv€YP3A5*3 allele on
tacrolimus dose-requirement is also well establisheneart transplant recipients. In fact, 7
different candidate-gene association studies tldis SNP to differential tacrolimus exposure
regardless of the period after transplantatiorherdesign of the study.€. longitudinal or cross-
sectional)’®***°It has also been consistently reported that th®liaius dose required by
CYP3AS5 expressors to achieve the target therapeutic riareggproximately 2-fold higher when
compared t&CYP3A5 non-expressors. However, it is estimated that ablyut 25% of the
variability in tacrolimus dose requirement is expéal by a patient’€YP3A5 genotype, which is
slightly lower than the value observed among tmalréiansplant population. This observation

suggests that other pharmacogenetic markers masiexart of this residual variability.

So far, only two studies have assessed the effebe€YP3A4* 22 allele on tacrolimus dose
requirement in adult heart transplant recipientse first of these studies was characterized by a
cross-sectional design with a relatively small nemtf patients (n = 76f2 In contrast to
observations made in kidney and liver transplaotatno significant association was found
between th€YP3A4* 22 SNP and tacrolimus dose requirement, even if timebinedCYP3A4
andCYP3A5 genotype was studied. In the second study no assochbetweerCYP3A4
genotype and tacrolimus dose requirements was\aasdrdowever, only on€YP3A4* 22
carrier was detected among the 52 tacrolimus-tigzgart transplant recipiert€.In contrast, in
a cohort of 60 pediatric heart transplant reciggeittwas observed th@yYP3A4* 22 carriers
needed a 30% lower tacrolimus dose to reach simdposure compared wiYP3A4*1/*1
patients>’’ This study was characterized by a longitudinalgfes which 13 time-points were

analyzed during the first 2 weeks after transpléoria This more rigorous design might explain
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why the difference was significant despite the lmywmber of patients included in the analysis.
The differences were even more significant whereptg were categorized into the different
CYP3A genotype clusters. It was demonstrated that CYR3% metabolizers required 17% less
tacrolimus compared with intermediate metabolizerd 48% less than extensive metabolizers.
These findings suggest that the combiGa®3A4 andCYP3A5 genotype can provide useful

information to guide tacrolimus immunosuppressherapy after heart transplantation.

As for other solid organ transplantation populaditime majority of studies have not reported a
clear association betwe&BCB1 genotype and tacrolimus pharmacokinetics or dose
requirement among heart transplant recipié?it§°®-*%°%: 3% minor association between the
ABCB1 1236C>T SNP and tacrolimus dose requirement wasrabd in a mixed cohort of 60
heart transplant recipiefitsin which 36 SNPs were investigated in relatiothi efficacy,

safety and pharmacokinetics of immunosuppressivgsjincluding tacrolimus (n = 23). In this
small study, it was shown that patients homozydouthe 1236C allele had a lower tacrolimus
Co/D than carriers of the 1236T variant allele, altplo this difference was not statistically

significant.

Only one study in heart transplantation has evatlilie association betweB@R*28 and
tacrolimus pharmacokinetidd’ In this study, associations between 7 SNPs ane-ddjsisted
tacrolimus G at 1, 3, 6, and 12 months after heart transplamtatere evaluated in 52 patients.
Carriers of thd?OR* 28 variant had a higher dose-adjusted tacrolimgiat@ll-time points but
the differences were only significant at monthg 3(0.025) and 6 (p = 0.047) after
transplantation. Interestingly, tHFOR* 28 effect was observed without consideration of the
CYP3A5* 3 allelic status, whereas in other forms of soligaor transplant the defect caused by

the POR* 28 allele was only apparent among CYP3AS5 expressors.
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Phar macogenetics in lung transplantation

As expected, among lung transplant recipie@¥?3A5* 1 carriers require higher doses of
tacrolimus to reach the target therapeutic rangsutihout the first post-transplant year,
suggesting that doubling the dose in CYP3A5 exprsssight also be an option in lung
transplantatiori*? This was confirmed in a popPK study in which therolimus clearance was
found to be 40% higher compared with non-expres¥aéth regard to the influence #BCB1
genotype, available data are limited but 2 studiggjested thaaBCB1 haplotypes associated
with high ABCB1 pump function are characterizedabpwer exposure to tacrolimus in adult
lung transplant recipients. The magnitude and #v&tion over time post-transplant of the
influence ofABCBL1 haplotypes on tacrolimus dose requirements werdefmitely
characterized in these two studies since the cehigete relatively small and a combined
analysis of all CYP3A5 and ABCB1 variants was. netfprmed>*? ***No study on the
association betweedYP3A4*22 and tacrolimus pharmacokinetics / dose requireratet lung

transplantation has been reported.
Executive summary and practical recommendations

The association betwe@&@YP3A5 genotype and tacrolimus dose requirements is stamgiand
has been observed among kidney, liver, heart amglthansplant recipients, both adult and
pediatric. Patients expressing CYP3AS require daast 50% higher tacrolimus dose to reach
the target therapeutic range compared with nonesgars (A 1). Although there is evidence
from a randomized-controlled clinical trial thatsliag the tacrolimus starting dose on an
individual’s CYP3A5 genotype may facilitate tacrolimus dosing, this hat been a universal
finding and there is currently no convincing clalievidence that a pharmacogenetics-based

approach to tacrolimus dosing improves clinicacountes after solid organ transplantation. Of
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the many other candidate SNPs that have been di@V@3A4* 22 appears to be the most
promising as it explains residual variability ictalimus pharmacokinetics (B Il, and C2 II, for
Caucasians, Asiatic and African origin populatiaespectively). We believe that future studies
should investigate the clinical benefit of popPKdals includingCYP3A5 andCYP3A4

genotype (and possibly other genetic markers)utdegtacrolimus dosing.
PHARMACODYNAMIC BIOMARKERSFOR TACROLIMUSMONITORING
Phar macodynamic biomarkersfor the action of tacrolimus

Pharmacodynamic biomarkers can be either drugfpecinon-drug specifié** In the case of
tacrolimus, drug-specific biomarkers are relateth®signal transduction pathways and enzyme
activities inhibited by the drug, whereas non-spetiomarkers reflect the inhibition of T-cell
activation and proliferation in general, includiegokine production. Pharmacodynamic
biomarkers can be determined either directly inlelidood, in whole blood stimulated with
mitogens, antibodies, in donor leucocytes or tipadty cells and in isolated lymphocytes, either
guiescent or stimulated. Pharmacodynamic biomarkssd to monitor tacrolimus

pharmacodynamic effects and activities are listebable 5 and illustrated in Figure 3.
Drug specific phar macodynamic biomarkers
Calcineurin phosphatase activity

Attempts to measure CaN activity to monitor theefffof tacrolimus have been pursued since
very early after the release of the drug. One efdarliest approaches was to follow the
dephosphorylation of a radioactively labeled pep&dbstrate by measuring the released™®

To avoid radio isotopes, a phosphorylated peptithstsate R 11 has been synthesized which can

be measured in its dephosphorylated state by HPt8owever, it turned out that this approach
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is less sensitive compared to the radiometric ntetiral recently an LC-MS/MS-based method
was published by Caet al.*'” All methods to measure CaN activity using a sytitheubstrate
suffer from non-specificity because other intradell phosphatases besides CaN also
dephosphorylate the peptide. Therefore, this n@eifip activity must either be measured
separately or subtracted from the assay readospemific inhibitors and CaN activators must be
added to the incubation mixtures to achieve a Gaddific result™® CaN activity is determined

in peripheral blood mononuclear cells (PBMC) whiefuires cell isolation before the assay can
be performed. Unfortunately, results from differaasays are reported in method specific units,
which make the comparison of data difficult. Sevgraups have measured CaN activity in
patients after liver and kidney transplantation,andjeneral, observed an inverse relationship
between CNI concentrations in whole blood and CetNigy in PBMC, but with a high
between-individual variability+>***A common observation witim vitro experiments is that, in
contrast to the CNI cyclosparine, tacrolimus doetsattain 100% inhibition of the enzyme even
at very high concentratiorfs’ 3?° %?in one study, the EG of tacrolimus was 26.4 ng/mL above
the accepted upper limit of the therapeutic rar@§eng/mL)>**° In line with this observation,
tacrolimus G have been shown to be without effect on the CaNigc>!’ This questions the
measurement of CaN activity as a pharmacodynamikenaf tacrolimus effect, particularly in
blood samples which are drawn as trough samplesirately before the next dose. However,
several groups observed an association betweera@ahty and clinical events such as
nephrotoxicity in liver transplant patients or rejection in kidney graft recipient&

Surprisingly, CaN measured by HPLC did not coreekgtall with intracellular tacrolimus

concentrations in PBMCS?
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There are contradicting results about the apprtgptiae point for PBMC isolation after
tacrolimus administration. Some authors observéiibeffects 2 hours after dosing, which
reflects tacrolimus peak concentrations, wherelasrstnoted a greater inhibition of enzyme
activity after 4 hourd® An intrinsic drawback of all pharmacodynamic ass@ymeasure
enzyme activities in isolated PBMC is the fact titet drug is lost during the isolation and
washing steps and that the cells are incubatedhomgphysiological environment. Furthermore,
CaN assays are not standardized and are, excapefaC-MS/MS method, barely validated in

terms of their analytical performantg.
Nuclear translocation of NFAT by flow cytometry

A downstream event of CaN is the translocatiorhefdephosphorylated NFAT to the nucleus.
NFAT is a family of transcription factors and NFA&s been reported to be particularly
sensitive to inhibition by tacrolimué? Intra-nuclear translocation of NFAT1 can be folemhby
flow cytometry image stream (AMNISY* *2°For this purpose, whole blood is stimulagsd

vivo with phorbol myristate acetate (PMA)/ionomycin & minutes and the nuclear
localization of NFAT1 is visualized in stimulateddanon-stimulated CD4and CD8 T cells
using an anti-NFAT1 antibody and 4',6-Diamidino{2eRylindole (DAPI) staining® Maguire

et al. observed in a small study with 3 renal transppetients an inverse correlation between
tacrolimus concentrations and nuclear translocaifddFAT13% The assay is time consuming,
requires special equipment and fresh blood samplethermore, it has yet to be thoroughly

validated.

Using multi-parametric flow cytometry, Nocetial. investigated the effect of tacrolimus along
the CaN pathway in lymphocytes in healthy humatigipants (n=35%° and in patients on the

waiting list for liver transplantation (n = 18} As described by Ifl.x models, increasing doses
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of tacrolimus proportionally inhibit NFAT1 translaiion as well as IL-2 and CD25 expression.
Moreover, IL-2 and CD25 response to the inhibitd™NFAT1 expression in PBMC nuclei

follow allosteric sigmoidal models, suggesting tiglynal translation along the CaN pathw&.

Between-individual variability was higher under rstimulated than under stimulated
conditions, as well as in the presence of tacradifiliiL-2*CD8" cells at tacrolimuskx showed
the highest tacrolimus between-individual variapjlsuggesting its usefulness as a biomarker of
individual effects integrating many different soegs®f regulation and variability. Multivariate
statistical analysis showed the influence of phaweganetic polymorphisms on tacrolimus

pharmacodynamic&?! 326

The aforementioned study also demonstrated théflgsof using non-stimulated PBMCs to
explore the CaN pathway under more physiologic it while integrating more variability
than in the equivalent stimulated statt/sThe largest variability was observed at tacrolimus
ICs0, Which is in line with the large between-individidifferences observed in clinical drug
effects among patients. NFAT1 translocation migifiect the degree of individual
immunological capacity, as Sommerer et al. and &hah, reported a correlation between
lower NFAT-regulated gene expression and incre&segiency of infection episodes in

transplant patients®: 22

NFATL1 translocation to PBMC nuclei promises to lmiaable candidate biomarker to monitor
tacrolimus pharmacodynamics after transplantatitmwever, further evidence in terms of

potential associations of the extent of NFAT1 tlacation with clinical outcomes is still needed.

NFAT regulated gene expression
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As CNI trough or peak concentrations are only nraally associated with clinical outcome, if at
all, several approaches to measure the biologecffiof CNI-based immunosuppression have
been developed, including the assessment of Cabpplatase activity, cytokine release and

gene expressiott>: 330-3%

Quantitative analysis of gene expression has bstbleshed to calculate the functional effects
of CaN inhibition, specifically the inhibition ohé transcription of NFAT-regulated genes in
peripheral blood!> 328 337:33%hjs assay is based on the quantitative analysis®, IFN-y and
GM-CSF gene expression in whole blood samples aelieat cyclosporine / tacrolimug,@nd
peak concentrations (2 hours for cyclosporine aBchurs for tacrolimus) after oral

administration.

The real-time polymerase chain reaction (RT-PCBYrigue provides a rapid, highly
reproducible, and sensitive tool for the quantiatinalysis of gene expressihThis method
can be semi-automated and standardized and pedamspecialized laboratories. Whole blood
samples are stable for 24 hours at 20 °C. Althaugirall gene expression is reduced upon
storage, the relative degree of NFAT inhibition e#ns stable during this period. NFAT-
regulated gene expression has shown low analyta@bility (less than 10%) in repeated
measurements. Whereas between-patient varialslitigh, within-individual variability is low

in patients on stable CNI doses and stable immipysssive co-medicatiohi® >3/

This assay can be set up with satisfactory analytierformance in a routine molecular
biological laboratory?® *3%3*# inearity, imprecision, and limit of quantificatipas well as
sample stability were investigated. A between-labmy comparison showed comparable
results®* The reproducibility of the NFAT-regulated gene egsion assay across laboratories

could facilitate the implementation of this assaythe pharmacodynamic routine monitoring of
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CNI in different centers. Therefore, this monitgritechnique could be used in larger patient

cohorts and in multicenter clinical studies.

NFAT-regulated gene expression has been performedlid organ transplantation such as
kidney (adults and children), liver, heart, andguransplant recipienf&® 333 33Beneficial

effects in the early post-transplant period wenaficmed, as well as in the long-term follow-up
after transplantatiof:® **% **However, most of the evaluations included mainegaallograft
recipients>® 328 3433%hese results summarized data on acute rejecpurtunistic

infections, malignancye(g. non-melanoma skin cancer), and cardiovasculaornsiutcome. In
observational, cross-sectional and prospectivecelirtrials, including one prospective case-
control study, monitoring of residual NFAT-reguldtgene expression has been proven as a tool
to reduce cyclosporin A therapy in stable renagitft recipient$™® ***In one prospective
randomized controlled clinical study, the novel magh of monitoring residual NFAT-regulated
gene expression led to a significantly reducediogeagcular risk and improved allograft
function in stable renal transplant recipients carefd to the standard monitoring by

cyclosporine trough concentratiofts.

In a considerable proportion of patients treatetth wacrolimus, the inhibition of NFAT-
regulated gene expression is lower compared t@sgorine treatment, possibly partially due to
a low relative increase of tacrolimus concentraiiom G to Crax""° The lack of CaN

inhibition in patients treated with tacrolimus Heeen described previously by direct
quantification of the enzyme activity’" %> *?'suggesting additional, as yet unidentified targets
of the drug. Nevertheless, several studies on ligars treatment showed that monitoring
residual NFAT-regulated gene expression could iflealiograft recipients at higher risk of

infections or acute rejectiofi® 34> 348349
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NFAT-regulated gene expression is a promising br&eran CNI therapy in regard to infectious
complications, malignancies, acute rejection amdiogascular risk. Within the last years, an
assay which detects NFAT-regulated gene expres&arnintroduced in clinical studies in
several transplant centers in Europe and USA wittoeraging results. The assessment of
residual expression of NFAT-regulated genes isramally-invasive, rapid, robust, and reliable
assay system, which has proven its validity andtpality in clinical and research settings. In
patients treated with cyclosporine or tacrolimuBAN-regulated gene expression has the
potential to develop into a monitoring tool complrting pharmacokinetics, especially in long-

term renal allograft recipients.
Dephosphorylated proteins

The inhibitory effect of tacrolimus on the phosphation of intracellular signaling molecules
can be measured by phospho-specific flow cytomatiiy-cells and their subsets. There are
scarce examples in which this approach has beeh Ose recent study by Kannegieteal.
followed the phosphorylation of p38 mitogen-actedgprotein kinase (MAPK), extracellular
signal-regulated kinase (ERK) and Protein kinag@|T) in CD3*, CD4" and CD8 T-cells3*?
In non-stimulated whole blood samples, p38 MAPK akd” were inhibited after kidney
transplantation in CD4and ERK in CD8cells in patients treated with a tacrolimus-based
immunosuppressive therapy. Stimulation of wholetlsamples with PMA/ionomycin revealed
lower phosphorylation of p38 MAPK and AKT in CDénd CD8 cells compared to samples
obtained before initiation of immunosuppressivadpg. Patients experiencing acute rejection
episodes, but on therapy with belatacept, showglaehiphosphorylation of ERK in both CD4
and CDS cells compared to patients without rejection. Aushfrom the same group expanded

monitoring of p38 MAPK, ERK, and AKT phosphorylatito CD14 monocytes in 20 kidney
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transplant recipients receiving a tacrolimus-basedunosuppressive regimen. However, no
association with clinical outcome or tacrolimus elasljustments was report&d A small
conversion study of a twice-daily to a once-dadynfulation of tacrolimus with 12 stable kidney
graft recipients was accompanied by the monitooig38 MAPK phosphorylation. After
conversion to the once daily formulation, a higpleosphorylation of 11.4% in CD4 -cells and
15.6% in CD8 T-cells was observed despite comparable tacroli@u$he authors considered
phosphoflow as a sensitive approach to asses$itenpcodynamic effects of tacrolimité An
advantage of phosphoflow cytometry is that no isellation is required. However, samples
should be freshly analyzed and experience withegblenique as well appropriate instruments are

required, which currently precludes a wider appioa
IL-2 mRNA expression and productionin leukocytes

The terminal downstream effector of the CaN pathisaiie cytokine IL-2, which can be
followed as a pharmacodynamic read-out of tacrddilmction by studying its mMRNA expression.
Alternatively, the intracellular formation can b@léwed in T-cells by flow cytometry or the
release from leukocytes into cell culture medrdn a study with 8 renal transplant patients
treated with tacrolimus, mycophenolic acid andastey, PBMC were isolated and stimulated
with-an anti-CD3 mouse monoclonal antibd@yThe authors observed an inverse association
between tacrolimus whole blood concentrations &r@l NRNA expression, the number of IL-2
producing CD2 T-cells and the extracellular IL-2 concentratidhVadafariet al. showed an
effect of theABCB1 genotype on intracellular IL-2 expression as aipla@odynamic read-out of
the tacrolimus effect on T-cells from kidney tralasp recipient$’ The ABCB1 3435CT SNP

has been shown to affect transporter activity, @whgtheCC genotype has been associated with
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a higher activity compared to tfid genotype. In turn, this leads to lower tacrolimus

concentrations inside the cells, which are assediaith less IL-2 expression.
Drug non-specific phar macodynamic biomarkers
ATP release from CD4" T-cells

T-cell activation can be assessed by a commerssalya(ImmuKnow, Viracor-IBT Laboratories,
Lee’s Summit, MO, USA) to follow ATP release frotmsulated CD4 T-cells. The assay has
been used to assess the pharmacodynamic effagitohgg from a twice daily formulation of
tacrolimus (Prograf) to a once daily formulatiord{fagraf) in simultaneous pancreas-kidney
graft recipient$>® Unlike the effects observed in kidney transplaattents on p38 MAPK
phosphorylatiori>? no significant effect was seen on the ATP produgtsuggesting an equal
pharmacodynamic effect of both formulaticiSimilar results have been reported before in
living donor liver transplant recipients. In a recent study involving liver transplant pati the
tacrolimus dose was individualized in 102 of 208gyds on the basis of the ImmuKnow assay
results. Tacrolimus doses were either reducedaeased by 25% when ATP concentrations
were <130 ng/mL (strong immune response) or >43th@dw immune response),
respectively. Patient survival was higher, anditicelence of infections lower in the
interventional arm compared to the 200 controls wiece dosed according to trough blood level
results only. Patients without adverse events imagkneral, a lower tacrolimus dose and trough

concentrationg>®
T-cell proliferation and surface activation markers

The impact of tacrolimus on inhibition of T-cellgtiferation was measures vivo by flow

cytometric quantification of the proliferation celliclear antigen (PCNA) in peripheral blood of
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heart transplant recipient®. Furthermore, in patients with chronic kidney disex vivo
peripheral blood analysis by flow cytometry showdubitory effects of tacrolimus on T-cell

proliferation after labelling with carboxylfluoresia diacetate succinimidyl ester (CFSE.

Regarding early T-cell activation markers, investigns involving renal transplant patients have
demonstrated that CD40L and CD69 are suppresséugdacrolimus immunosuppressiofi,
which was even more evident after conversion frgoiasporine to tacrolimu®’ In general,
tacrolimus treatment suppresses T-cell markers 820D95, CD154), co-stimulatory
molecules (CD28, ICOS) and adhesion molecules (Gbbgdatients after solid organ

transplantationgupplementary Table 1, http:/linkslww.com/T DM/A321),330. 359, 361-364

Tacrolimus immunosuppression also affects T-céegntiation into distinct effector cell types
like CD4", CD8" and Th17 cells. While the percentage of CBdd CDS8 T-cells has been
reported to be reducéff %> **Qwithout changing the CDACDS8" T-cell ratio®®’, the CD4
suppressor activity was enhané&tThe percentage of natural killer (NK) cells was affected
by tacrolimus treatment; however the NK cell peaidtion, NK cytotoxicity and cytokine
secretion in response to IL-2 were inhibited follogvtacrolimus treatmeri® In addition,
tacrolimus impaired IL-2 receptor and signal traresd and activator of transcription 3 (STAT3)
signaling and induced a downregulation of NK reoeqtwhich in turn induced proliferative and

functional defects of NK-cel¥® resulting in an impaired innate immunityy.

Investigation of the effects of T-cell activatioashits limitations. For example, the
immunosuppressive effects of tacrolimus are ragimdy once dosing is briefly interruptd%,

and it is unknown to what extent tacrolimus-impaifecell function may be altered by infection
or rejection of a transplanted org&i Furthermore, the effects of tacrolimus, which &d9- to

330
e

100-fold greater immunosuppressive potency thatosporine;” could be influenced by
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genetic variations. For example, a strong associddtetween tacrolimus pharmacodynamics and
polymorphisms in the genes encoding cyclophilirCAN catalytic subunit and CD25 has been
reported®?® Moreover, the pharmaceutical formulation of taicnols may result in different
concentration-time curves, which may impact T-eetivation. A study based on liver transplant
patients suggested that the originator formulatibtacrolimus may affect regulatory T-cell
(Tregs) differently than generic tacrolimus forntidas>°® Furthermore, switching between

once and twice daily tacrolimus formulations mafjtience drug efficac§>* ***The fact that T-
cell proliferation and activation measured by C28 CD71 expression trended higher after
conversion from mycophenolate mofetil to enteriated mycophenolate sodiuf?,suggests

that investigating the effects of tacrolimus on ioma function also needs to consider

immunosuppressive co-medication.
Intracellular cytokines

Based on its mechanism of action, the clinicaltytdf analyzing the expression of different
cytokines in lymphocytes, with a notable role onéll-response (CD4and CD8 T-cells), has
been evaluated to assess the individual effediscodlimus on the immune response after solid
organ transplantatioft: *"***Most studies published so far focused on the éethalar
expression of IL-2 and IFN; two cytokines that play a key role in the aciivatof the

allorespons@? 372374

From an analytical point of view, two methodologse mainly used: flow cytometry and the

enzyme-linked immunosorbent spot (ELISPOT).

Several studies have focused on the utility oficetlular expression of IL-2 and IS
prognostic biomarkers for the risk of acute remttias diagnostic biomarkers at the time of

rejection and as markers reflecting the efficaoy #re safety of tacrolimus. Until now, only a
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few multicentre prospective trials have been rembrMillanet al.*” evaluated the ability of
these biomarkers to predict the risk of acute tejadn 142 transplant recipients (63 liver/79
kidney) recruited from four Spanish centers. Changehe percentage expression of IL-2 in
CD8'CD6Y', IFN-y in CD4'CD69" and IFNy in CD8'CD69" were evaluated using flow
cytometry before transplantation and during one g#ier transplantation. The results
demonstrated that, in those patients who suffecateaejection, a significant increase of the

intracellular expression of these cytokines waseolel.

An ongoing randomized multicenter European studgdBm; Health F2-2012-305147) is
currently evaluating the utility of IFN-and IL-2 ELISPOT assay during tacrolimus
minimization therapy in order to stratify renalrtsplant patients into low and high responders.
The CTOT-01, a prospective, multicenter, observatistudy designed to determine the
diagnostic and prognostic utility of a panel of Ainmasive biomarkers for transplant outcomes
in renal recipients included IFNELISPOT analysis before and after transplantafltve same
group recently evaluated the adverse outcomesailsaus withdrawal in a cohort of non-
sensitized primary renal transplant recipients.|ysia of donor-reactive IFN-ELISPOT
correlated with the development of donor-specifitladies (DSA) and/or acute humoral

rejection in the tacrolimus withdrawal grotf.

Results from Boleslawskt al.>’” showed that percentage of CIZB8'IL-2* expression
(measured pre and post-transplantation) couldsagragate marker to identify patients treated
with tacrolimus or cyclosporine at high risk foruée rejection. In line with these results, Akoglu
et al.®®found that IL-2 production in COg-cells correlated with Banff score (Spearman’s rho
=0.81; p = 0.027) in adult liver transplant reeipiis treated with CNI. Ahmead al .*"

demonstrated that the frequency of C@&d CD8cells that synthesized IL-2 and IFN-
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correlated with the biologic effect of tacrolimuskidney and liver transplant patients. In stable
liver transplant recipients undergoing weaning fiammunosuppressive therapy, Millanal .3
%1 identified the percentage of IFNexpressing CD4and CD8 T-cells as surrogate markers for
the risk of rejection in stable liver transplantipgents after withdrawal of long-term
immunosuppressive treatment, using flow cytom&hand also irde novo adult liver transplant
recipients receiving tacrolimus, mycophenolic aaid prednison& Furthermore, the latter
study®** demonstrated that the analysis of the degreehdtfition of IFN< and IL-2 expression

in CD8" T-cells could be useful in identifying those pat&with a high susceptibility to
tacrolimus, avoiding unnecessarily high levelsnomunosuppression in this group. Patients with
an inhibition of these biomarkers lower than 40%rdythe ' week post-transplantation
developed acute rejection. Moreover the capacitghibit IFN-y during the ¥ week post-
transplantation was related to the severity of@cejection, in agreement with the results
reported by Akoglet al.>”® All together, these results suggest that measespgession of IL-2
and IFNy in lymphocytes may reflect the individual respotséacrolimus and may be useful

for dose adjustment. Recently, Noagtal.** investigated the CaN/NFAT pathway in a new
model of non-stimulated PBMC and its response ¢cei@sing tacrolimus concentrations. This
group reported that intracellular IL-2 expressioi€D4 T-cells correlated with tacrolimus

concentrations and, in agreement with other groapa,ge between-individual variability was

found, especially for IL-2 producing CD8ells.

Another intracellular cytokine that has been exgdioio evaluate tacrolimus effect on T-cell
activation is IL-17. This proinflammatory cytokimeproduced by the third subset of effector T-
cells named Th1%?To date, only a few studies have assessed thet efféacrolimus on Th17

| 383

responses. First, Abadghal.” evaluated by ELISPOT how tacrolimus and mycopheraalid
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interfere with IL-17 production. The main findingthis study was that both drugs are capable
of inhibiting Th17-related response. Mycophenoti@aeems to lead to an even stronger IL-17
suppression than tacrolimus. The combination ofopienolic acid with low doses of
tacrolimus tends to produce lower circulating ILi&Vels than after treatment with a
conventional dose tacrolimus given alone. Thusptaous minimization strategies might help
to better control Th17 immunity when mycophenobaas part of the immunosuppressive
therapy. Second, in a prospective sequential shadyding renal allograft recipients receiving
tacrolimus-based therapy, Chuetgl.*®* showed that Thi effector T-cells subsets were
decreased after transplantation due to the effatieammunosuppressive therapy, but not Th17
and IL-17-producing effector memory T-cells. Onesgible explanation for these discrepancies
between both studies was the difference in PBMCptiam in one study PBMC were sampled
from patients exposed to tacrolimus for along tamd who showed a stable clinical course,
while the second PBMC sampling was performed wighmonths after transplantation. More
recently Merinoet al.**demonstrated in aim vitro study that tacrolimus reduced the production
of IL-2 in memory T-cells, whereas it completelyibited naive T-cells, but the production of
IL-17 did not change significantly. Therefore, @onus seems to be more effective in

controlling alloreactive memory T-cells responsifilepotential rejection episodes.

In summary, the measurement of intracellular cytegj such as IFM-and IL-2, may reflect the
status of T-cell response and the immunomodulagfigct of tacrolimus in each transplant
patient, whereas the role of IL-17 requires furtineestigationTo advance in the process of
validation of these biomarkers as early predichim@narkers of the risk of rejection and graft
clinical outcome it is crucial to improve some neathlogical aspects. Thus, commercial and

common cellular reagent standards and panel ofiveat-cells €.g. pool of donor antigens that
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reflect the potential of organ donors) should bailable to further standardize and harmonize

these functional assays.

Donor-specific anti-HLA antibodies

With recent advances in the diagnostic armamemtatine understanding of the importance of
anti-human leukocyte antigen (HLA) antibodies hraseased®***The development of
standardized highly sensitive solid-phase assayddiecting anti-HLA antibodies has
significantly improved the clinical utility of thisiomarker to predict antibody-mediated
rejection (ABMR), and allograft injury in kidneyansplant recipients. However, current
methods have their limitations, and are only semuitjtative®*® Today, donor-specific anti-HLA
antibodies (DSA) and the subsequent developmeABMR are considered to be leading causes
for graft loss. The negative impact of de novo DEADSA) on long-term outcome after kidney
transplantation has been demonstrated in manyesttitii®’and it is estimated that 20-30% of
kidney allograft recipients will develop dnDSA afteansplantation. The detection of anti-HLA
DSA is widely implemented in clinical practice asimportant biomarker for the assessment of
pre-and post-transplant risks of ABMR and alloghads®® However, predictive capabilities of
this biomarker alone are limited in the individ&&t.3° 3®0Outcome in patients with dnDSA is
variable, with some patients rapidly developingta@BMR, while others having an indolent
clinical course for year€°3|t is thought that among other factors, differenbetween DSA
with regard to the complement-fixing capabilityGgubclass, concentration, affinity, and
avidity are responsible for the observed differemin outcomé&®®383%3n addition, the
presence of complement-fixing DSA may guide treatfiéand scoring systems with additional

clinical data improving its utility®> Although many questions on the predictive captidsiof
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DSA are under investigatidf, there is consensus that dnDSA constitute an itapbnon-

invasive biomarker after renal transplantation seglilar testing is recommend&g. 3¢

Despite the progress in diagnostics, there isnamett medical need with respect to therapeutic
approaches® and data on immunosuppression and in particular ata effects of tacrolimus
exposure on DSA are scarce. For two decades, irma®ls an integral part in
immunosuppressive protocols for immunologicallyfirgsk patients and in desensitization
protocols®®’ Despite lack of firm evidence, higher tacrolimxgesure is usually employed in
high-risk patients despite potential overimmunosapgion and toxicity concerns. Several
studies demonstrate, that poor adherence is arriamaisk factor for the development of
dnDSA 386388, 398. 39940 adherence may lead to “drug holidays”, to &l variable tacrolimus
trough levels, which might result in high withintj@at tacrolimus variability. Several
retrospective studies demonstrate a negative ingralng-term outcome in patients with high
within-patient tacrolimus variability” *°> **(see Pharmacokinetics Section). Similar to non-
adherence, physician-guided CNIs withdrawal mayltés the development of dnDSK® 4%?In
this regard, it isinteresting to note, that CNdséa no direct effect on B-cell proliferation and
function, thus effective suppression of the T-a&kraction with B-cells seems important for the
prevention of dnDSA%3 4%

So far only very few studies have investigateddmus levels with regard to the development
of DSA % 4%giill, retrospective studies have to be intergtetith caution, as bias by
indication may limit the conclusion: e.g. patientith low CNI levels may have been put on
purpose on low exposure (e.g. due to CNIs toxialgerly marginal kidney); or low exposure is
a consequence of non-adherence. Only one prospettidy®® of a steroid-free cohort treated

with 1.2-1.4g/d mycophenolic acid reported thaigydas with a 50% lower tacrolimus dose
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starting at month 4 after transplantation developede dnDSA (tacrolimus levels at month 6:

mean 4.1 vs. 6.7ng/ml). Obviously, more data aszled to address the important question.

Donor-specific antibodies (DSA) after heart traasphtion are integral to the development of
ABMR*Y’ which is, accompanied with graft failure, a majause of mortality up to 4098 or
even higher in terms of a late onset after heansplantatiof”® Furthermore, DSA also
evidently promote cardiac allograft vasculopatfyABMR rates of approximately 25<40%
occur in desensitized patients after heart transalen. Moreover, approximately 20-30% of
non-sensitized heart transplant recipients devetdpSA with associated ABMR in most cases.
Although an ISHLT consensus report on the manageofemntibodies pre- and postoperatively
in heart transplantatidt, well-designed studies in heart transplantatiensaarce, and
published results are mainly about retrospectinglsicenter experience as published
recently*'? Thus, strategies of monitoring and treatment oAD&ry widely among heart

transplant centers.

In general, DSAs develop as a result from inadeguaiunosuppression in the long-term after
heart transplantation or because of activatiorstdl@ished memory responses to allo-antigens in
sensitized heart transplant recipients. Consequeh# first step after detection of DSA is to
initiate or to intensify tacrolimus exposure as @l of choice’"® because tacrolimus

significantly decreases rejection compared to cmoine’'*

In summary, in kidney and heart transplantation B&#fe a biomarker of under-
immunosuppression, which may happen if patientqareadherent but may also occur in both
CNiI-free and CNI-minimization clinical protocols.ddt physicians agree that tacrolimus (with
trough blood levels > 5ng/ml) is the CNI of choinecase of dnDSA, although no data from

prospective controlled multicentre studies arelalbée.
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Graft-derived cell-free DNA

Quantification of donor-derived cell-free DNA (déiNA) in recipient blood or urine has been
evaluated as a potential diagnostic biomarker faftdgnjury**>*'’and acute rejectiott> 8
Results from Sigett al. demonstrate that serial monitoring of urinary idMA can be a
sensitive surrogate biomarker of acute injury i donor organ but lacks the specificity to
distinguish between acute rejection and BK viryshmepathy injury’*® More recently, plasma
levels of dd-cfDNA, from 102 kidney transplant r@ents, were correlated with allograft

rejection and outcome. The results suggest thafditA may be used to assess allograft

rejection (T-cell mediated as well as antibody-rageti) and injury?°

In a study including 10 adult liver graft recipisr@ellerichet al. investigated whether graft-
derived cell-free DNA (GcfDNA or d-cfDNA) quantifation could be used to assess the
minimally effective trough concentrations of tadanulis, they observed an increase in GCfDNA
of more than 10% at a tacrolimus cut-off of 6.8mig/*?* The authors concluded that measuring
GCcfDNA could be useful to establish effective tdionois concentrations in liver transplant
patients and to individualize immunosuppressivgdagimens. Later a prospective,
observational multicentric study including 107 adivler transplant recipient¥ showed that
monitoring GefDNA in plasma by droplet digital PG&RIPCR) based on a limited number of
predefined single nucleotide polymorphisms allovi@dcearlier and more sensitive

discrimination of acute rejection as compared wihventional liver function tests.

Although dcfDNA seems to be a promising biomarkerrhonitoring graft health after
transplantatiot?® multicenter, prospective, observational and irgational studies will be
required to better define how it can be used amduete its clinical utility before considering it a

valid biomarker in solid organ transplantation.
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Executive summary and practical recommendations

e Determination of residual NFAT-regulated gerpression supports the
identification of renal transplant recipients ajtrer risk of acute rejection,

opportunistic infections, malignancy, and cardi@dar risk (B II).

e Monitoring residual NFAT-regulated gene expi@ssomplements CNI

pharmacokinetics as an adjunct to guiding CNI i@ 111).

e Monitoring intracellular T-cell IFN-production (particularly by the enzyme—
linked immune-spot, ELISPOT, assay) before andyedter transplantation can help
to identify kidney and liver transplant recipieatshigh risk of acute rejection (B Il)

and select good candidates for immunosuppressiomziation (B II).

Pharmacodynamic monitoring of tacrolimus therapy iat entered routine monitoring yet. To
advance the validation of pharmacodynamic and inotogic biomarkers, it is crucial to
improve and standardize some methodological aspHutsclinical implementation of these
biomarkers as a complement of tacrolimus-TDM mayetatremendous impact in patient and

graft care.
PHARMACOKINETIC/PHARMACOGENETIC MODELING AND
PHARMACOKINETIC/ PHARMACODYNAMIC MODELING FOR TACROLIMUS
Population phar macokinetic modeling of tacrolimus

The pharmacokinetics of tacrolimus have been desdrextensively in the literature using one-
and two-compartmental disposition models with foxder elimination in 61% and 39% of
PopPK studies, respectiveif§/About a fifth of models incorporated a lag timedtscribe

delayed drug absorption, while a few studies attethfp describe a more complex absorption
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process using a gamma distribution to describaliserption rate and then to convolute it with a
single or multi-exponential impulse respofi§eThe integral of this function represents an
asymmetrical, S-shape absorption phase, the asymofewhich increases when the absorption
rate decreases, followed by drug distribution ie ontwo compartments and elimination from
the central compartment. An Erlang model with ayeaaf transit compartments has also been
proposed, which represent a special case of thengaalistribution, in which the exponent is an
integer that represents the number of transit coimgets that the drug has to cross to reach the
central compartmerit® Most models have been based on oral pharmacakinetves of whole
blood tacrolimus concentrations and most commadyalimus whole blood apparent clearance

(CL/F) was characterized.

Although the absolute bioavailability of tacrolimiigs been reported to be on average 25-
30%%°in four studies in which both intravenous and ptermacokinetic data for bid
tacrolimus were available, typical bioavailabil({fy) was estimated and reported to range from

7.3 10 19.79%7

Variability in tacrolimus whole blood apparent al@ace amongst transplant recipients in these
models was most commonly relatedX@P3A5 genotype (rs776746), patient hematocrit, patient
weight, corticosteroid dose, postoperative dayasiynificant reduction in hepatic function
(aspartate aminotransferase). Although co-medicasi@lso an important determinant of
tacrolimus disposition, most datasets did not dantdormation about the use of strong CYP3A

inhibitors or inducers?

Trough concentrations are used in most transpkamecs for the TDM of tacrolimus. Although
much easier to obtain and convenient for the pgati@monitoring seems far from the ideal

biomarker. Indeed, it has been shown that reje@iahtoxicity could occur even if they @as
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within the proposed therapeutic windo%?! As explained previously in the Pharmacokinetic

Section, there is some evidence that@relates poorly with AUE,.**" 4?8

An alternative to single time point measurementfilbiconcentration-time profiling to calculate
AUC is the use of a population PK model in a Maxim@ Posteriori (MAP) Bayesian
forecasting technique to estimate AUC based omigdd number of measurements, generally
taken in the first few hours of the dosing intenMAP Bayesian forecasting with use of this

population PK models can be a beneficial tool fanmate TDM*

Bias in the prediction of tacrolimus AUC using PopPKdurts has ranged from 15 to 10%
(assessed by mean prediction errors), imprecisioging from 0.81 to 40% (measured as root
mean squared error (RMSE) or mean absolute predietror (MAPE)) and R2 values ranged
from 0.27 to 0.99. About two thirds of MAP Bayesfanecasting models that used two or more

tacrolimus concentrations showias of 10% or less, but only 39% showed imprecison

10%?

Currently five tacrolimus formulations have beesaed in the transplant population
(intravenous, twice daily oral suspension, twicéydaral capsule, once daily oral capsule and
once daily melting dose) all with slightly diffetemodels and optimal limited sampling models.
The combination of sampling times at 0, 1 and I fipost dose consistently showed bias and
imprecision values of less than 15% with one exoapthe new prolonged tacrolimus melting
dose formulation requires sampling times of 0, & &2 hours after dose intake**°This
difference suggests that an alternative blood sagpplrocedure is required, such as dried blood

spot monitoring, in order to make AUC monitoringgeble for this formulation.

Phar macokinetic/Phar macogenetic modeling
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It is now well accepted th&YP3A5*3 (rs776746) genetic profiling is informative to dei

initial tacrolimus dosing>® **°and several popPK models includi@yP3A5 genotype have

been developed for tacrolimus, as summarized al#eutlined in the different previous
sections, pharmacogenetics may influence a largeopthe between-individual difference in the
clearance of tacrolimus or its intracellular distition. This influence might be quantified
through popPK modeling strategies. There are skadwantages of popPK modeling over other
pharmacogenetic analyses: (i) the ability to quwriie effect of covariables of interest and,
thereby, make quantitative assumptions about thgnimale of SNP effects on all
pharmacokinetics; (ii) it facilitates routine dasg#justments using MAP-BE and (iii) it enables
simulation studies, allowing dose recommendatfofigis approach has given rise to numerous
interesting studies but, except fo¥P3A polymorphisms, no clear conclusions can be drawn a
this stage, especially due to the ethnic diveisigllelic frequencies and the lack of large stadie

and/or unbiased data.

Multiple popPK models describing the pharmacokmetfect ofCYP3A5*3 have been
developed so far in different types of transplaaotapopulations and, on average, they showed
that introducing th€YP3A5* 3 genetic status of the patient in the model explajpproximately
30% of the variability in the tacrolimus CL wheringsa parametric model approach® %4 292
301, 431447gtatistical considerations demonstrated thasit decreased the Akaike information
criteria (AIC) and improved the population and wdual predictions in non- parametric

models?> 447

In addition, confirming results observed in simpéadidate gene association studies, it seems
that popPK models includingYP3A4* 22 (rs35599367) are more accurate than those naigaki

this SNP into consideration. However, this SNP sesstevant in Caucasians not expressing
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CYP3AS5 only as it has been demonstrated a&3A4* 22 alone does not significantly improve
the performance of tacrolimus popPK modéfs***In contrast, two recent studies have shown
that includingCYP3A4* 22 genotype information beyor@yP3A5* 3 for clustering the patients
into poor (PM), intermediate (IM) and extensive (EMetabolizers improved the predictability
performance of such modéfs: *“**Indeed, almost 40% of the residual variability eaplained
by CYP3A clustering in a popPK study using a paraimepproact** whereas this clustering
strategy was associated with the highest reduatie? log-likelihood in a popPK study using a

non-parametric approacft

By performing dosage simulations with their popPEd®l, Andretet al. defined that the

highest percentage of patients with @thin the target therapeutic range (5-10 ng/mL)
occurred after 4, 3, and 2 mg every 12 hours fosEIMs, and PMs, respectively (for
hematocrit fixed at 34%}:* Consistently, Woillarat al. developed a double gamma absorption
model using a non-parametric approach (Pmetriciiding CYP3A4* 22/CYP3A5* 3 to refine

the initial dose requirement of tacrolimus. Mon@G simulations were performed leading to
the recommended starting doses of 0.07 mg/kg bigdor metabolizers, 0.13 mg/kg bid for
intermediate metabolizers and 0.2 mg/kg bid foersive metabolizers. These recommendations
have been approved recently and discussed anédafim discriminant analysis of principal
component. These proposed revisions are summarnzédure 4 and are in line with the CPIC
or Pharmacogenetics National French Network recamieséons?*° The principal difference
between the developed strategy based on popPKestadd CPIC recommendations consists of
decreasing the dose fGIYP3A4* 22 carriersCYP3A5 defectivesi.e. the so-called PM clusters,
and to allow up to 0.4 mg/kg/day prescribed toEM cluster. For these EM it is specifically

proposed to start therapy at 0.35 mg/kg/day aridrtber fine-tune these doses using TDM.
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Other SNPs of interest suchROR*28 (rs1057868) oCYP3A4* 1G (rs2242480), have also
been investigated and some researchers have @e@totimodel their impact on tacrolimus
pharmacokinetics variability using popPK modelswdwger, in comparison t6YP3A5* 3 or
CYP3A4*22, their effect on tacrolimus systemic exposure app# be clinically non-
significant, at least in the Caucasian populatiorcontrast, in the African population in which
CYP3A4*22 has not yet been described &YP3A5* 1 carriers are the majority, other SNPs
might still be important for explaining the resitipaarmacokinetic variability. In this particular
case POR* 28 status might be of interest to individualize therblimus dose among CYP3A5
expressors as tHOR* 28 allele has been noted to influence tacrolimus plaokinetics but
only in CYP3AS5 expressors. To our knowledge, noniée popPK studies reported to date has
explored that possibility in the African populatidn addition, in Asian patients, in whom the
number of CYP3A5 expressors is between those of&aans and Africans, it has been
demonstrated that the combined genotype of CYP3BR-Ras the only covariant significantly
related to the apparent clearance of tacrolimus.situation is less clear f&YP3A4*1G, found
exclusively in the Asian population. While this SN&s been associated with increased CYP3A4
activity and linked with tacrolimus pharmacokinetio simple association studies in ref{4l.
and hepatic transplantatiéf? this effect has not yet been observed in popP#ies(* limiting
the relevance of these associations. Many otheis$& ABCB1, NR112, IL10, PPARa) have
also been investigated in popPK models, but malsdy inclusion failed to demonstrate any
significant improvement of the model predictabibtyd/or applicability. ConcerningBCB1
SNPs, the popPK studies investigating the influeafd®BCB1 SNPs, such as the coding but
synonymous 3435C>T or even the nonsynonymous 11898xggest a limited impact of these

SNPs on tacrolimus blood exposure or bioavailabilitus, it is generally accepted tABCB1
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genotype is not likely to have a clinical value wle®nsidering systemic pharmacokinetic.
However, it seems th&BCB1 variants (associated with a decrease in its tiatispay explain
differences in tacrolimus tissue distribution andmmhinfluence the effective fraction of the drug

§46, 272

that is available to exert its immunosuppressita/igg in lymphocyte or its toxic effect

in the kidneys?

1453Unfortunately, none of the reported studies hasl @spopPK modeling
approach to analyze those intracellular pharmaetkimata. Hopefully, with the improvement

of analytical techniques, this domain will be mexgtensively explored in the near future.
Phar macokinetic/Phar macodynamic modeling

The number of studies addressing tacrolimus phavkiaetic-pharmacodynamic relationships
using modeling approaches is still very few comgdeethose related with pure PK modeling.
Similar to other therapeutic are&$,">>modeling and simulation methods for
immunosuppressive drugs in transplantation arei@rtar the quantitation and prediction for
new clinical scenarios. This has already beenmedlin the last biomarker consensus
document but very few advances have occurred since thepraved analytical techniques
have enhanced our ability to measure various bikenaithat could be related to CNI use. The
increasing knowledge of the underlying physiologrmoachanisms involved in CNI
pharmacodynamics could allow the transition froneepirical to a quantitative framework.
Development of pharmacokinetic-pharmacodynamic nsocteuld help to confirm the
underlying physiological mechanisms and to fad#itdne expansion and improvement of

immunosuppressive treatments.

The Supplementary Table 2, http://links.lww.com/TDM/A321 gives an overview of some of
the most relevant studies that have attempteddonahematical or statistical modeling

approaches in transplantation. Some of the soecph@rmacokinetic-pharmacodynamic studies
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found in the literature are based on correlatiets/ben pharmacodynamic-effects and drug
exposuré®*>8(and additional references of interest that acevshin Supplementary Table 2,
http://links.lww.com/T DM /A321),321: 340 348,355, 359, 375, 380, 381, 459fjle others have
considered the use of pharmacodynamic models, tst widely applied being the direct
inhibitory Emax model§'® 3% 322one of these cases applied the indirect respmosiels
proposed by Jusket al.*® or disease progression mod&iso account for changes in disease
unrelated to drug action. Most of the models wereetbped for descriptive purposes, without
the evaluation of their predictive capability bemegorted. Lately, some new pharmacokinetic-
pharmacodynamic models based on relationships beatleagitudinal measurements of drug

exposure and clinical outcomes have appearedtib@frts should be made to move forward

from the current scenario to modeling discrete ¢4t&°

In conclusion, more pharmacokinetic-pharmacodynamiat PB/PK modeling activities are still
required to enhance the understanding of factdhseincing clinical outcomes in transplantation.
In spite of possible inconveniences for routinaichl practice, optimal sampling study designs

are essential to allow robust conclusions.
Executive summary and practical recommendations

-The utilization of popPK model based Bayesiamestors has shown improved target
achievement compared to standard TfNWhile trough concentration is used in most
transplant centers for TDM of tacrolimus theredme evidence thatg@orrelates poorly with
AUC,.12. The use of popPK model-derived Bayesian estimdiased on limited sampling
strategies (LSS), however, provides AUC predictiaith bias <5% and an imprecision <20%.

This seems to be an applicable way to improve &utacrolimus TDM as compared to continue
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with standard trough concentration based TDM, d@aflgavhen considering home sampling

using microsampling devices that are currently undédation (as presented above).

-We strongly recommend the integration®fP3A5* 3 andCYP3A4* 22 genotype information,
when available, in future tacrolimus popPK modptanarily for the opportunity to optimize

initial dosing.

-More pharmacokinetic-pharmacodynamic and PB/PKeting activities are required to

enhance the understanding of factors influencimgaal outcomes in transplantation.
CONCLUSIONS

In this Consensus Report we have assessed thetienadfi best practice for the TDM of
tacrolimus to allow for personalized treatment. Ngge taken into consideration the influence of
standardized and harmonized analytical methodsglisas pharmacogenetic, pharmacodynamic
and immunologic biomarkers; and their ability to as early predictors of clinical events, such

as rejection or drug-related adverse events.

The first Consensus Report on optimization of thenas therap}’ confirmed that the TDM of
tacrolimus has a significant impact on patient nganaent. However, it was concluded that there
was the need to concentrate efforts on developidgeatablishing new standardized and
harmonized analytical strategies to fine-tune #uigdt concentrations to be achieved in adult and
pediatric populations, considering risk factorgnedication drug-interactions, and validated

biomarkers.

One decade later, the evolution of graft and patinical outcomes in transplantation remains
insufficiently studied in the context of personalizimmunosuppressive treatment early and

long-term after transplantation. Tacrolimus, indiferent formulations, remains and is
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considered the cornerstone of immunosuppressivaggeTacrolimus, mycophenolic acid and
steroids are the most commonly used treatment gatibis in solid organ transplantation.
However, our understanding of immunosuppressiactoeve personalized therapies is still

evolving.

For some time now, tacrolimus-related nephrotoxicés been considered to be a major risk
factor, and dose minimization was readily appliedm attempt to prevent kidney damage.
Currently, the histologic graft lesions are alsown to be attributed to other factors, one of the
main causes being an actively maintained allo-imiguSeveral studies have demonstrated that
it is essential to ensure consistent tacrolimuoedpe over-time and instead of aiming for very
low tacrolimus trough concentrations clinicians é&v put more emphasis on the prevention of
under-immunosuppression and a lower limit of 4 Hgbmgreater is suggested on most
indications. In the present Consensus Report, wegrpossible, the recommendations for
achieving specific target concentrations of taonok are based on the results obtained from
multicenter prospective clinical trials for differtetypes of solid organ transplantation in specific
cohorts of low or high immunological risk patierd¢so taking the combination with other
immunosuppressive drugs into consideration. Wighrdtent developments of novel sampling
techniques and improved dosing methaeg. popPK model-based Bayesian estimators), future
focus on finding optimal AUC target should be enghed. Few studies have evaluated the
optimal tacrolimus target concentrations in childumdergoing different types of clinical
transplantation or in adult and pediatric populagiavhen tacrolimus has been administered for
other clinical indications. So, there is still rodnbetter determine and adjust the optimal

tacrolimus target concentrations for each patieotg.
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When looking back on the last ten years of tacreinfiDM, there has been a continuous and
notable improvement of analytical assay performa8Seseral FDA approved and IVD-CE
certified tacrolimus measurement systems have induced, but only two standardized
calibrator materials are available. Tacrolimus g$seonsistencies may have a negative impact
on clinical decisions, drug adjustment, and patientomes, demonstrating the need for
traceability, the generation of standardized refeeematerials as well as the placement of

appropriate reference procedures for tacrolimusitoong.

When interpreting whole blood drug exposurg t{@get concentrations, AUC ranges) and
clinical trial outcomes, clinicians should keepgmimd the analytical aspectse the assay used
and the between-method bias) as well as pharmaetigeharacteristics associated with
tacrolimus disposition and effects. Furthermores iizell-known that immunosuppressive drugs
modulate the immune system of each patient differeAs tacrolimus is a narrow therapeutic
index drug, small variations in systemic exposae lead to substantial differences in the
pharmacodynamic response influencing graft anaephdlinical outcomes. The combined
knowledge of pharmacokinetics, with pharmacogesetigether with pharmacodynamic
biomarkers could provide further prognostic andyd@stic information regarding the risk of
rejection and condition of the allograft at earlieme points and allow anti-rejection therapy to
be adjusted at an early stage before severe gjafyiensues. Accordingly, the
recommendations of the Consensus Report regartiiagriacogenetics, pharmacodynamics and

immunological biomarkers are summarized as follows:

- The association betwe€&@YP3A5 genotype and tacrolimus dose requirement is radmtas
been observed among both adult and pediatric kidivey, heart and lung transplant recipients

(grading of recommendation A 1), but currently #né no convincing clinical evidence that a
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pharmacogenetics-based approach to tacrolimussgbsetion improves graft and patient
clinical outcomes after solid organ transplantat©viP3A4 * 22 genotype is associated with
residual variability in tacrolimus pharmacokinetibst further studies should investigate the

clinical benefit of some pharmacogenetic clusterscrolimus disposition and effect.

- Pharmacodynamic monitoring of tacrolimus therbpg not entered routine monitoring yet, but
NFAT-regulated gene expression is a candidate bicandor personal response to tacrolimus
and the identification of renal and liver transpleetipients at high risk of rejection and

infection (B 11).

- Monitoring intracellular T-cell IFN¢ production, (particularly by the ELISPOT-assaydvef
and early after transplantation, can help to idghkidney and liver transplant recipients at high

risk of acute rejection (B Il) and select good adates for immunosuppression minimization (B
).

The authors believe that future studies shouldicoatto investigate the clinical benefit of
PopPK models including pharmacogenetic phenotygeesiell as pharmacokinetic
/pharmacodynamic modeling and the potential aptidinaof such models into clinical routine, in

order to facilitate personalized tacrolimus dosing.

In conclusion, the Expert Committee emphasizedithatreasonable to expect that routine
monitoring of tacrolimus pharmacokinetics, combimeth pharmacogenetics and predictive
pharmacodynamic and immunologic biomarkers will iyodnd control risk factors, improve
long-term outcomes post-transplant as well as gradtpatient survival. There is a need to
harness the information we have generated, re-aahow we monitor tacrolimus

exposure/effect and graft outcomes by incorporageudy predictive biomarkers into
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multidisciplinary designed prospective robust dalitrials to support evidence for patient

stratification and immunosuppression guidance,auftieve timely regulatory approval.
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Figure L egends

Figure 1. Data from the Analytical Services Intéio@al (ASI) proficiency testing (PT) program

showing:

(A): Between-laboratory and between-method varitghaf the bias of reported to target

tacrolimus concentrations (4 ng/mL, 8 ng/mL anchgZmL).

(B): Between-laboratory and between-method impregisbserved with whole blood samples

spiked with tacrolimus to concentrations of 4 ng/r@8lng/mL or 12 ng/mL.

Included are 5-6 separate distributions of whotetlsamples spiked with tacrolimus and sent
to the PT participants between 2014 and 2017. Téthaods compared include liquid
chromatography-tandem mass spectrometry (LC-MS/M%;200 participants),
chemiluminescent microparticle immunoassay (CMI&1-1L60 participants),
electrochemiluminescence immunoassay (ECLIA, 1@a®icipants), antibody conjugated

magnetic immunoassay (ACMIA, 28-34 participantsgyene multiplied immunoassay
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technique (EMIT2000, 10-27 participants), and qiiaimte microsphere system (QMS, 8-13

participants).

Figure 2. Data from the Analytical Services Inté¢io@al (ASI) proficiency testing (PT) program
collected between 2014 and 2017 and demonstratengnethod-dependent between-laboratory
bias (A) and imprecision (B) using pooled samptesiftransplant patients on therapy with
tacrolimus. Included are 31 separate PT distrilmstioith a median tacrolimus concentration
(based on the results reported by the LC-MS/MS gro@1 8.7 ng/mL (range: 7.5 — 16.5 ng/mL).
The methods compared include liquid chromatographgem mass spectrometry (LC-MS/MS,
171-200 participants), chemiluminescent microphrtimmunoassay (CMIA, 131-160
participants), electrochemiluminescence immunoa@s@y.IA, 14-49 participants), antibody
conjugated magnetic immunoassay (ACMIA, 28-36 pgrénts), enzyme multiplied
immunoassay technique (EMIT2000, 10-27 participaiatsd quantitative microsphere system

(QMS, 7-13 participants).

Figure 3. Pharmacodynamic targets of tacrolimus

PI3K=Phosphoinositide 3-kinase; PIP3=phosphatidglitol (3,4) triphosphate; AKT=protein
kinase B; IKK=1kB kinase; NFkB=nuclear factor kaplpght-chain enhancer of activated B
cells; ZAP70=zeta chain associated protein kin@epODAG=diacyl glycerol; RAS=rat sarcoma
protein; RAC=GTPase; MEK=mitogen activated protairase kinase; MKK=dual specificity
mitogen-activated protein kinase kinase; p38MAPK8-p8togen activated protein kinase 3;

IP3=inositol-1,4,5-triphophate; NFAT=nuclear factdractivated T cells; C-RAF=RAF proto-
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oncogene serine/threonine-ptotein kinase; ERK=eathaar signal-regulated kinase;
FKBP12=FK binding protein 12; IFNy=inteferon gamn@yl-CSF= granulocyte macrophage

colony-stimulating factor.

Figure 4. Recommendations for initial tacrolimuselaccording to CYP-genotype.
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Table 1. Grading system for recommendations andkeece level used in the consensus document

Category, grade Definition

Strength of recommendation

A Good evidence to support a recommendation for:
-Specific target concentrations
-Biomarker (BM) monitoring

B Moderate evidence to support a recommendatian for
-Specific target concentrations
-BM monitoring

C1 Regardless of poor evidence, recommendation for:
-Specific target concentrations
-BM monitoring

C2 Poor evidence to support a recommendation for:
-Specific target concentrations
-BM monitoring

Quality of evidence

I Evidence from=1 properly randomized, controlled multicenter dalitrial using validated
methodology

I Evidence from=1 well-designed cohort or case-controlled non-ramded clinical trial, multiple time
series, standardized methodologies.
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1] Evidence from opinions of respected authoritiegsed on clinical experience, descriptive stydies

reports from expert committees

- Grading Guide. UpToDate Wolters Kluwer Health [web site] 2015. Availatde http://www.uptodate.com/home/grading-guide.
Accessed July 2015.

- Guyatt GH, Oxman AD, Vist GE, et al. GRADE: anerging consensus on rating quality of evidencestrehgth of
recommendationBMJ.2008;336:924

http://guide.medlive.cn/


http://guide.medlive.cn/
http://guide.medlive.cn/

Table 2: Drug interactions with tacrolimis™

Drug

Clinical Effect (Risk)

Aminogycosides
Amphotericin B
Cisplatin
Cyclosporine
Ibuprofen
Kanamycin
Antacids
Carbamazepine
Dexamethasone
HIV antivirals
Modafinil
Phenobarbital
Phenytoin
Pioglitazone
Rifabutin
Rifampin
Troglitazone
Bromocriptine
Chloramphenicol
Cimetidine
Cisapride
Clarithromycin
Clotrimazole
Cyclosporine
Danazol
Ditiazem
Elbasvir
Erythromycin

Additive or synergistic nephrotoxicity

Reduce tacrolimus concentrations (Transplant rieject

Increase tacrolimus concentrations (Toxicity

%
EhRE
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Esomeprazole
Ethinylestradiol
Fluconazole
Grazeoprevir
Itraconazole
Ketoconazole
Omeprazole
Methylprednisolone
Metoclopramide
Miberfradil
Nafazodone
Nicardipine

HIV Protease
Inhibitors
Theophylline
Troleandomycin
Verapamil
Voriconazole
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Table 3: Minor allele frequencies (by ethnic grotg)relevant tacrolimus biotransformation enzyraed transporters

EUR AFR AMR EAS SAS
CYP3A5*3, rs776746 0.94 0.18 0.80 0.71 0.68
CYP3A5*6, rs10264272 <0.01 0.15 0.02 <0.01 <0.01
CYP3A4* 22, rs35599367 0.05 <0.01 0.03 <0.01 <0.01
ABCBL1 3435T, rs1045642 0.52 0.15 0.43 0.40 0.57
ABCB1 1199A, rs2229109 0.03 <0.01 0.02 <0.01 0.01
POR* 28, rs1057868 0.30 0.17 0.28 0.37 0.35
PPAR, rs4253728 0.28 0.03 0.16 <0.01 0.10
PPAR, rs4823613 0.29 0.40 0.28 0.20 0.16

From 1000 Genomes Project data (http://www.intéonatigenome.org/), all populations have been dilito 5 super populations
accordingeUR, EuropeanAFR, African; AMR, Ad Mixed American (Mexican, Puerto Ricans, Colaams and PeruviansigAS,

East AsianSAS, South Asian
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Table 4: CYP3A combined genotype classificatioroading to

258

CYP3A4* 22 carriers CYP3A4*1/* 22 or *22/* 22)

CYP3A4*22 non carriers

CYP3A5*1 non carriers or
CYP3AS5 non expressers
(e.g.CYP3A5*3/*3)

CYP3A poor metabolizers
PM

CYP3A intermediate metabolizelisl

CYP3A5* 1 carriers or
CYP3AS5 expressers
(e.g.CYP3A5*1/*3 or*1/*1)

CYP3A intermediate metabolizersi*

CYP3A normal metabolizefM

*This category of CYP3A is very rare accordinglte telative MAF ofCYP3A5* 3 andCYP3A4* 22 in different ethnicities (see table

3)
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Table 5. Pharmacodynamic biomarkers and assaypiafto assess the effect of tacrolimus

Biomar ker

Assay

CaN activity

3P release from a synthetic phosphorylated peptide

Dephosphorylation of a synthetic peptide by HPLC

Dephosphorylation of synthetic peptide by LC-MS/MS

Dephosphorylated proteins in signal transductidhysays

Phosphoflow cytometry

Nuclear translocation of NFAT

Flow cytometry

NFAT regulated gene expression Real-time PCR
Intracellular cytokines and chemokines Flow cytamyet
Cytokine production by Tcells ELISPOT

T-cell subsets (regulatory-tells)

Flow cytometry, qPCR.

T-cell surface marker expression

Flow cytometry

T-cell proliferation

PCNA expression by qPCR, CSFE staining by flow mgtry

Graft derived celifree DNA

Digital droplet PCR

ATP release from CD4T-cells

Luminescence

ATP, adenosine triphosphate; CaN, calcineurin; GEaEboxylfluorescein diacetate succinimidyl edbNA, desoxyribonucleic acid;
ELISPOT, enzyme-linked immunospot; HPLC, High-Parfance Liquid Chromatography; NFAT, nuclear factbactivated Fcells;
LC-MS/MS, Liquid Chromatography-Mass Spectrometng dandem Mass Spectrometry; PCNA, proliferatingragclear antigen;
Real-time PCR, real-time quantitative polymerasatieaction; gPCR, quantitative polymerase chedction.
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Bias of method mean from target concentration (%)
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Method CV (%)
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Method imprecision; CV (%)
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TCR/CD3 Complex

C-RAF

MKK3/6 v
v MEK1/2
NFKB 1®@p38MAPKy~ ¥ i
®Erk1/2

| >
IL-2, IFN-y, GM-CSF
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4y, Universal dosing
! " standard recommended dose

(0.15 mg kg /day)

CYP3A5*3/*3
standard recommended
dose 0.15 mg/kg /day

CYP3A5*3/%3 + CYP3A4*22
0.14 mg/kg /day

CYP3AS*1/*3
1.5-2 times the standard dose
but do not exceed

0.3mg/i<g/day

CPIC

recommendations

CYP3AS*1/*1
1.5-2 times the standard dose
but do not exceed
Cr.3mgflkgfday

-

CYP3AS*3/*3 + CYP3A4*1/*1
0.2-0.25 mg /kg /day

l

Propc

Basedon P

C¥P3AS*1+ CYP3A4*1/*1
0.3-0.4 mg/kg /day

Copyrig %%9 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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