UNIVERSITATbe

BARCELONA

Study of the Influence of a Combination
of Pharmacogenetic Variables on Tacrolimus Exposure:
A Population Pharmacokinetic Approach

Franc Andreu Solduga

©0Ce

Aquesta tesi doctoral esta subjecta a la llicencia Reconeixement- NoComercial —
Compartirlgual 4.0. Espanya de Creative Commons.

Esta tesis doctoral esta sujeta a la licencia _Reconocimiento - NoComercial — Compartirlqual
4.0. Espafia de Creative Commons.

This doctoral thesis is licensed under the Creative Commons_Attribution-NonCommercial-
ShareAlike 4.0. Spain License.




[JNIVERSITAT o

i+ BARCELONA

UNIVERSITAT DE BARCELONA

FACULTAT DE FARMACIA | CIENCIES DE L’ALIMENTACIO

STUDY OF THE INFLUENCE OF A COMBINATION OF PHARMACOGENETIC
VARIABLES ON TACROLIMUS EXPOSURE: A POPULATION
PHARMACOKINETIC APPROACH.

Doctorand: FRANC ANDREU SOLDUGA

Directora: HELENA COLOM CODINA
Co-Directora: NURIA LLOBERAS BLANCH

2017



UNIVERSITAT b
i+ BARCELONA

FRANC ANDREU SOLDUGA

UNIVERSITAT DE BARCELONA

FACULTAT DE FARMACIA | CIENCIES DE L’ALIMENTACIO

PROGRAMA DE DOCTORAT DE RECERCA, DESENVOLUPAMENT | CONTROL
DE MEDICAMENTS.

STUDY OF THE INFLUENCE OF A COMBINATION OF
PHARMACOGENETIC VARIABLES ON TACROLIMUS EXPOSURE: A
POPULATION PHARMACOKINETIC APPROACH.

Memoria presentada per Franc Andreu Solduga per optar al titol de doctor
per la universitat de Barcelona

FRANC ANDREU SOLDUGA

2017



[JNIVERSITAT o

BARCELONA

FRANC ANDREU SOLDUGA

HELENA COLOM CODINA, Doctor in Pharmacy and Chemistry and Professor
at the Pharmacy and Pharmaceutical Technology and Physical Chemistry at
the Faculty of Pharmacy and Food Sciences at the University of Barcelona
and NURIA LLOBERAS BLANCH, Doctor in Pharmacy and IDIBELL clinical
researcher

CERTIFY

That FRANC ANDREU SOLDUGA, graduate in Pharmacy by the University of
Barcelona, has carried out under our direction, in the Biopharmacy and
Pharmacokinetics Unit, Department of Pharmacy and Pharmaceutical
Technology and Physical Chemistry at the Faculty of Pharmacy and Food
Sciences, University of Barcelona as well as in the Laboratory of
Experimental Nephrology University Hospital of Bellvitge, the research
work to elaborate his Doctoral Thesis “STUDY OF THE INFLUENCE OF A
COMBINATION OF PHARMACOGENETIC VARIABLES ON TACROLIMUS
EXPOSURE: A POPULATION PHARMACOKINETIC APPROACH” and through
this writing signature they authorize its presentation to achieve the Degree
of Doctor by the University of Barcelona.

Helena Colom Codina Nuria Lloberas Blanch

Director of the Thesis Co-Director of the Thesis



28 [JNIVERSITAT e

FRANC ANDREU SOLDUGA

BARCELONA
ACKNOWLEDGEMENTS

Voldria agrair aquesta Tesi a les meves directores de Tesi per a tota I'ajuda
en coneixements i paciencia per poder publicar-la. Pero també voldria
dedicar-li una mencio especial seglients persones:

Als meus pares, sense el seu suport en tots els sentits mai hauria estat
possible haver arribat fins aqui.

Al Dr. Joaquim Vallés, mentor d’aquesta tesi, alli on sigui mai estarem prou
agraits.

A I'Eli, per aguantar-me en tota aquesta ultima etapa. Sense tu 'empenta
final no hauria estat possible. T'estimo.

Als meus companys de Laboratori, els que encara hi sén i els que ja han
marxat: Gema, Laura, Marc, Elena, Inés, Maria, Nuria, Cristian, Roser,
Sergi, Pere. Gracies per tot, han estat moment

Als meus companys de feina per donar-me forces, en particular al meu ex-
jefe Angel, perd també al Dani, Xavi, Laura, Mari, Merce, Mar i Bibi entre
d’altres.

| per ultim, a la resta de familia, amics i companys que han ajudat
directament o indirectament en aquest treball de moltes maneres
diferents.



[JNIVERSITAT o

FRANC ANDREU SOLDUGA

BARCELONA
TABLE OF CONTENTS
DEFINITIONS AND ABBREVIATIONS 6
Chapter | INTRODUCTION 7
1. RENAL TRANSPLANTATION 8
1.1 Immunosuppression in renal transplant 8
1.1.1.  Calcineurin Inhibitors (CNIs): Tacrolimus and Cyclosporine 12
1.1.2. Mycophenolic acid (MPA) 14
1.1.3.  mTOR inhibitors 14
2 TACROLIMUS IN RENAL TRANSPLANT 16
2.1 Pharmacokinetics 16
2.1.1  Absorption 16
2.1.2  First pass effect and bioavailability 16
2.1.3  Distribution 17
2.1.4 Elimination 18
2.2 Pharmacogenetics 18
2.3 Therapeutic Drug Monitoring of Tacrolimus 21
3 PHARMACOMETRICS 24
3.1 Population Pharmacokinetics 24
3.1.1  Maximum a Posteriori Bayesian Estimation 26
3.2 Tacrolimus Population PK Models 28
HYPOTHESIS 39
OBJECTIVES 40
LIST OF ORIGINAL ARTICLES 41
Chapter Il: DEVELOPMENT OF A POPULATION PK MODEL OF TACROLIMUS FOR ADAPTIVE DOSAGE
CONTROL IN STABLE KIDNEY TRANSPLANT PATIENTS 42

Chapter Ill: THE COMBINATION OF CYP3A4*22 AND CYP3A5*3 SNPS DETERMINE TACROLIMUS DOSE

REQUIREMENT AFTER KIDNEY TRANSPLANTATION

53

Chapter IV: A NEW CYP3A5*3 AND CYP3A4*22 CLUSTER INFLUENCING TACROLIMUS TARGET

CONCENTRATIONS: A POPULATION APPROACH

64

Chapter V: GENERAL DISCUSSION

78

Chapter VI: CONCLUSIONS

87

REFERENCES

88




i+

[JNIVERSITAT o

BARCELONA

DEFINITIONS AND ABBREVIATIONS
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1. RENAL TRANSPLANTATION

Kidney transplantation is the treatment of choice for patients with end-stage chronic
kidney disease, with better survival rates and quality of life than patients on long-term
dialysis 1. Renal Transplant is annually increasing reaching in 2015 a total of 2095 renal

transplants in Spain according to the Spanish National Transplant Organization.

Advances in immunosuppression have driven kidney transplantation from a scientific
curiosity to the optimal treatment for patients with end stage kidney disease. Declining
rates of acute rejection have led to improvements in short term kidney transplant
survival, culminating in incrementally better long term patient and allograft outcomes.?
However, long-term results remain suboptimal, immunosuppressant-related

nephrotoxicity and chronic allograft rejection are the main causes of allograft loss>.

1.1 Immunosuppression in renal transplant

Immunosuppression management is not a one-size-fits-all practice. Many factors
influence selection of a given regimen, the principal goal being to balance the benefit of
rejection prevention against risk of over-immunosuppression. We believe that choice of
aregimen should be guided by overall efficacy in addition to immunological and medical

risks in individual patients or subpopulations.

Recipients from renal transplant required lifelong administration of immunosuppressive
medications to prevent organ rejection. Advances in kidney transplantation have
occurred despite relatively few immunosuppression options. Attributing outcome
improvement to specific therapies is best appreciated as an evolution through 4

consecutive eras.

Despite excellent short-term outcomes following kidney transplantation, long-term
graft function and survival remain suboptimal as half-lives are currently estimated at

only ~11 years®. Early post-transplant identification of those individuals at highest risk
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for developing late graft failure could permit targeted and individualized therapies

aimed at improving long-term outcomes.

The immunosuppressive strategies over the past three decades to reduce the incidence
of allograft rejection and side-effects of the drugs, and to improve long-term graft and
patient survivals. Despite these advances, there is lack of clear evidence of improvement
of long-term graft survival because chronic allograft injury continues to cause late renal

allografts losses

Thus, the immunosuppressive therapy plays a key role to minimize rejections after solid
organ transplantation. The widespread basis for immunosuppression in renal transplant
is to use multiple drugs to work on different immunologic targets. The use of a multidrug
regimen allows for their different pharmacologic activity at several key steps in the T-
cell activation or proliferation to lower dosages of each individual drug, thus producing

less drug-related toxicity.*

There are three main differentiate clinical immunosuppressive phases during the post-

transplant treatment: induction; maintenance and rescue therapy (Table 1).

Table L. Classification of immunosuppressive agents according to clinical applications.

Induction agents Maintenance agents Rescue agents
Polyelonal and monoclonal | Caloneunn inbibitors: Mild o moderate cellular rejeenon:
antibodies: Cyelosporme Corticosteroids
ATG Tacrolmus
QRT3
Alemuzumaky
Fatusarmab
Intedeukin-2 receptor an- | Ant-metabohtes: Moderate 1o severe cellular rejecnon:
LAOnISLs: Acathioprine Polyelonal and monoclonal anubodses:
Basihamab Mycophenolate mofenl ATG
Daclzumaby OKT3
Methylpredmsolone m-TOR mhibators: Acute antibody-mediated rejection:

Sarolimus Immunoglobuling

Everolimus Rutuximab

Bortezomub
Eeulizurmab

Mewer agents:

Co-stimulaton blocker: Belatacept

Protemn kinase C mbibiror: Sotrastaunn

JAK 3 nhibator: Tolaciiub

(Kumar A, Shrestha BM. 2016)°
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In renal transplant, induction therapy consists on to the administration of high doses of
immunosuppressants at the time of transplantation, generally prior to organ
reperfusion. The goal of induction therapy is to prevent acute rejection during the early
posttransplantation period by providing a high degree of immunosuppression at the
time of transplantation. Induction therapy is often considered essential to optimize
outcomes, particularly in patients at high risk for poor short-term outcomes. All of the
induction immunosuppressive agents currently used are biological agents and are either
monoclonal (muromonab-CD3, daclizumab, basiliximab, alemtuzumab) or polyclonal
(antithymocyte globulin [equine] or antithymocyte globulin [rabbit]) antibodies. No
standard induction immunosuppressive  regimen  exists for  patients
undergoing renal transplantation. Antithymocyte globulin (rabbit) is the most
commonly used agent, whereas basiliximab appears safer. The choice of regimen

depends on the preferences of clinicians and institutions®. (see table 1)

Rescue agents are used when a transplant rejection is diagnosed. Rejection is identified
as acute cellular rejection or acute antibody mediated rejection. Mild cellular rejection
used to be treated with corticosteroids, whereas moderate and severe acute cellular
rejection is typically treated with rATG. While, the antibody mediated rejection is
treated with plasmapheresis, intravenous immunoglobulins and rituximab. Finally, if a
refractory antibody mediated rejection is present a proteasome inhibitor (bortezomib)

and C5 inhibitor (eculizumab) are used.

Maintenance immunosuppressive therapy is administered to all renal transplant
recipients to prevent acute rejection and renal allograft lost. Although an adequate level
of immunosuppression is required to dampen the immune response to the allograft, the
level of chronicimmunosuppression is decreased over time (as the risk of acute rejection
decreases) to help lower the overall risk of infection and malignancy. These risks directly

correlate with the degree of overall immunosuppression.

10



EOS [UNIVERSITAToe
1M ; FRANC ANDREU SOLDUGA
il BARCELONA
The major immunosuppressive agents that are available in various combination
regimens’~. The current golden standard of immunosuppressive drug treatment after
kidney transplantation, i.e., a combination therapy of tacrolimus and mycophenolate

mofetil (MMF), is effective but fraught with side effects™®.

Figure 1. The different Inmunosuppressive drug targets on the T-Cell

MHC-II + peptide

Gl IL-2R AbJ

TC
cna | D4 m‘“m
Ciclosporin | caicineurin l
Tacrolimus - ( ToR ) Sirolimus
‘ Everolimus
NFAT Cyclin/COK

1\

cDz8

T cell

I

Cytokine mRNA
eg. IL-2

Nucleus

APC: Antigen Presenting Cells; IL-2: Interleukyne 2; MHC-Il: Major
Histocompatibility Complex class II; MMF: Mycophenolate Mofetil; NFAT: Nuclear
factor of activated T-cells; TCR: T-Cell Receptor; TOR: Target of Rapamycin.

(Jon A Kobashigawa and Jignesh K Patel. 2006)1

11
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1.1.1. Calcineurin Inhibitors (CNIs): Tacrolimus and Cyclosporine

The CNIs Tacrolimus (Tac) and Cyclosporine (CsA) both binds to different cytoplasmic
proteins (cyclophilin and FK binding protein-12 for CsA and Tac, respectively) inhibiting
the calcineurin phosphatase. This inhibition prevents the dephosphorilation and
translocation of a nuclear factor of activated T-cells (NFAT) involved in the transcription

of several cytokine genes that promote T-cell activation and expansion.®

CsA'? is nowadays almost not prescribed and it is not recommended to switch between
formulations. Furthermore, CsA is currently being outclassed by Tac due to its better
efficacy. In fact many different hospitals centers have established a Tac-based

maintenance therapy during the last decade.

Tacrolimus'® was approved by the regulatory agencies during the mid ‘90s to prevent to
graft rejection in transplant recipients. Over the last decade tacrolimus has become the
calcineurin inhibitor of choice for the prevention of rejection in renal transplantation.
Tacrolimus exerts its immunosuppressive effects by binding to the intracellular protein
FKBP-12 to form an inhibitory complex that blocks the phosphatase activity of
calcineurin. A chain of events leads to a complete inhibition of translocation of nuclear
factor of activated T-cells, thus preventing cytokine gene transcription and, ultimately,
inhibition of T-lymphocyte activation and proliferation. The extensive use of tacrolimus
in renal transplantation, coupled with the potential for non-compliance with a standard
twice-a-day dosing regimen, has led to the development of a once-daily tacrolimus

formulation.

CNIs treatment should be initiated immediately before the chirurgical procedures®3. The
most relevant side effects of CNIs are acute and chronic nephrotoxicity, as well as

neurotoxicity, hypertension, hyperlipidemia, and posttransplantation diabetes.

As the use of CNIs have significantly reduced the outcomes in the early stages of renal
transplant. Two main studies CAESAR and ELITE-SYMPHONY studied the efficacy and
safety of CNIs. CAESAR study '* a multicentric study using 536 de novo transplant

12
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patients focused in the use of CsA. Three groups were defined: (1) standard-dose
cyclosporine, (2) daclizumab induction with low-dose cyclosporine (target CsA Co 50—
100 ng/mL), and (3) daclizumab induction with low-dose cyclosporine, which was
withdrawn at 6 months. Concomitantly, all groups received MMF and prednisone. The
conclusions of the study were that CsA withdrawal groups presented a higher frequency
of BPAR and graft damage, while low-dose CsA was not inferior to standard-dose CsA in

terms of BPAR or adverse events.

The ELITE-SYMPHONY study >1® was also a multicentric study using 1645 renal
transplant patients. This study focused into four different immunosuppressive
therapies: (1) standard-dose cyclosporine (target cyclosporine trough, 150-300 ng/mL
for 3 months, followed by 100-200 ng/mL), (2) daclizumab induction with low-dose
tacrolimus (target tacrolimus trough, 3—7 ng/mL), (3) daclizumab induction with low-
dose SRL (target sirolimus trough, 4-8 ng/mL), or (4) daclizumab induction with low-
dose CsA (target cyclosporine trough, 50—-100 ng/mL). All patients received MMF and
Prednisone as concomitant therapy. The study showed that Tac treated group had
better renal function and graft survival compared with the other immunosuppressive
therapies even after three years of follow-up. Furthermore, SRL treated group
presented higher adverse events compared to the other treatment groups. The
conclusion of this study group is that using Tac low-dose provided the best efficacy and
safety profile in renal transplant. Results of these two previous studies lead to suggest
by Improving Global Outcomes (KDIGO) group that tacrolimus should be the first-line
CNI used.t3

13
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1.1.2. Mycophenolic acid (MPA)

Mycophenolic acid (MPA) is the principal antiproliferative drug used as coadjuvant to
CNI in the maintenance treatment in renal transplantation. The introduction of MPA in
the last two decades has manifestly prevailed over the use of azathioprine, especially

due to the specificity in the inhibition of the T-cell proliferation.

MPA mechanism of action is by inhibiting inosine monophosphate dehydrogenase, a
vital enzyme in the de novo pathway of guanosine nucleotide synthesis. Inhibition of
this enzyme prevents the proliferation of most cells that are dependent on the de novo
pathway for purine synthesis, including lymphocytes. Specifically, the inhibition of

inosine monophospate dehydrogenase, arrests cell cycle in the S phase.®

MPA was firstly presented as a prodrug Mycophenolate Mofetil (MMF)!” and afterwards
it was presented in enteric-coated mycophenolate sodium (EC-MPS)!8. The
recommended starting dosage for MMF is one gram given twice daily, and 720 mg given
twice daily for the enteric-coated mycophenolate sodium that is the equimolar
equivalent of MMF which may lead to the recommended target exposure AUC between
30 and 60 mg-h/L. Principal adverse events related to MPA are urinary tract infection,

pain, hypertension and diarrhea.

1.1.3. mTOR inhibitors

The mTOR inhibitors sirolimus?!® and everolimus?® are macrolide antibiotics that inhibit
lymphocyte activation and proliferation. Intracellularly, both drugs form a complex with
FKBP-12 that binds to and modulates the activity of mTOR, a key regulatory kinase in
cytokine-dependent T-cell proliferation®. The modulation and inhibition of mTOR stops
the cell-division cycle in the G1-to-S phase. Furthermore, the hematopoietic and

nonhematopoietic cells-lines are affected by both mTOR inhibitors

The oral dosage of sirolimus?®® for patients with low to moderate immunological risk of
rejection is a loading dose of 6 mg and then a 2 mg daily and for patients with high

14
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immunological risk of rejection it is recommended a loading dose of 15 mg and then a5
mg daily dose. Everolimus?®® dosage is 0.75 mg twice daily without loading dose

administered in conjunction with CsA and corticosteroids.

Early posttransplant complications in particular the potential to prolong or increase the
occurrence of delayed graft function, as well as poor wound healing, lymphocele
formation, pneumonitis, and mucositis, have limited the de novo use of sirolimus??.
Everolimus presents a similar adverse event profile compared to sirolimus. The principal
adverse events recorded for mTor inhibitors (Sirolimus and Everolimus) are peripheral
edema, hypertriglyceridemia, hypertension, hypercholesterolemia, increased

creatinine, constipation and headache among others

15
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2 TACROLIMUS IN RENAL TRANSPLANT

Tacrolimus displays a considerable interpatient and intrapatient variability associated
with its pharmacokinetics (PK) (ADME: Absorption, distribution and elimination
(metabolism and excretion) processes), pharmacogenetics, however little is known
about the magnitude of the pharmacodynamic (PD) variability of tacrolimus. Multiple
factors have been identified as contributors of variability as a consequence of its

complex pharmacokinetics.

2.1 Pharmacokinetics

2.1.1 Absorption

Tacrolimus is a lipophilic drug with rapid absorption, however in many cases it has a
significant lag time prior to absorption, this causing large variability after its oral
administration?2. Studies in pig mucosa have shown that Tacrolimus is mainly absorbed
in the duodenum and jejunum 22. Overall, peak concentrations are observed between
0.5 and 1 hour post-administration, however, slower absorption processes and
secondary peaks can occur due to variability in either the gastric emptying, that strongly
impacts the rate and extent of intestinal absorption, or in the dissolution rate at the
lumen due to its high lipophylicity. In that sense, it should be noted that tacrolimus
belongs to Class Il of the biopharmaceutic classification system, showing low solubility

and high lipophilicity 2.

2.1.2 First pass effect and bioavailability

Tacrolimus presents a poor and variable bioavailability (Mean value of 25% and ranging
from 5% to 95%)%4. The main contributing factors to this low and variable bioavailability
are: i) a low solubility, ii) a pre-systemic metabolism through intestinal and hepatic
CYP3A iii) a drug efflux into the lumen by the PgP of which it is substrate iv) CYP3A and

PgP genetic polymorphisms.

16
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In effect, the P-glycoprotein (Pgp) present in the gut might lower intracellular
concentrations of tacrolimus in the enterocyte by pumping absorbed drug back out into
the intestinal lumen? resulting in variable pass of tacrolimus into systemic circulation.
In fact, the presence of Pgp in the gut wall and the high affinity of some CYP3A
substrates to this transporter are postulated to reduce the potential for saturating the
enzymes, thus increasing first-pass metabolism for compounds which otherwise would
have saturated CYP3A2%%. However, the Pgp effect on tacrolimus first pass is yet
controversial as some pre-clinical studies indicated the non-relationship between Pgp

and tacrolimus first pass?”-28.

Pre-systemic metabolism through intestinal CYP3A is another of the principal causes of
the observed variability in biovailability. A study in renal transplant patients 2° showed
that in the absence of ketoconazole, a potent CYP3A inhibitor in the gut and liver,
tacrolimus first pass metabolism was about 47% higher than in presence of it. This
confirms the contribution of CYP3A to the extensive and variable metabolism of

tacrolimus in the gut.

2.1.3 Distribution

Tacrolimus binds extensively to erythrocytes in blood, while in plasma, it is mainly bound
to al-acid glycoprotein and to a lesser extent to albumin as well as to other minor
proteins3%-32, Highly variable plasma protein binding has been reported among hepatic
transplant patients with mean unbound fractions of 0.47%, ranging from 0.07 to 0.89%.
Distribution to erythrocytes is temperature and concentration-dependent and results in
blood to plasma ratios ranging from 15 to 35 among patients?®.This is the reason why
whole blood concentrations are used when investigating Tac pharmacokinetics and

TDM.

Blood distribution and protein binding of tacrolimus vary significantly over the post-
transplantation period, leading to changes in its unbound fraction 32. In fact, the increase

33

of tacrolimus whole blood concentrations observed in several studies could be

attributed to an increase in erythrocyte levels over the post-transplantation period as

17
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the clinical condition of the patients improved. Thus, the erythrocyte fraction remains

the main reservoir for tacrolimus in blood.

2.1.4 Elimination

Elimination of tacrolimus occurs mainly by metabolism in the liver. Tacrolimus is
considered a restrictive clearance drug. The mean total blood clearance is of 37.5
ml/min, about 3% of the liver blood flow. Renal clearance is less than 1% of the total

blood clearance. The elimination half-life is about 12 h (ranging from 4 to 41 h)34%,

Metabolism occurs in the liver, through the cytochrome P450, in particular, the CYP3A
enzymes subfamily?* 34 (CYP3A4 and CYP3AS5 isoforms). In contrast to cyclosporine,
CYP3A5 may play a more dominant role in the metabolism of tacrolimus than CYP3A4.
Among all the formed metabolites in renal and liver transplant patients?%3¢ (demethyl-,
demethylhydroxy-, didemethyl-, didemethylhydroxy- and hydroxy-tacrolimus),
demethyl- and demethylhydroxy tacrolimus are the most prevalent representing the 3%

and 10 % of the Tacrolimus AUC, respectively 2.

Tacrolimus metabolites are mainly excreted in bile (90 %)3*, while the urinary excretion
is only around 2.4%%*. Metabolites blood concentration increases3’ when a biliary

obstruction takes place.

2.2 Pharmacogenetics

During the last years, different SNPs have been found to explain the variability on
Tacrolimus pharmacokinetics. The CYP3A4 and CYP3A5 subfamilies are the most
attributed to Tacrolimus metabolism. The two CYP3A isoforms contribute to the high
variability in the Tacrolimus PK 3. A variation in a single nucleotide (SNPs) at a specific
position in the genome, may lead in the CYP3A genome to different Tacrolimus

exposure.

18
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A SNP in the CYP3A5 (rs776746) was strongly associated with CYP3A5 protein
expression. Individuals carrying at least one CYP3A5*1 allele ( wild-type allele) were
found to express large amounts of CYP3A5 protein, whereas individuals homozygous for
the CYP3A5*3 allele did not express CYP3AS5 protein. In this sense, kidney transplant
recipients carrying at least one CYP3A5*1 allele (CYP3AS expressers) required a higher
tacrolimus dose to reach the target whole-blood concentration than CYP3A5 non-
expressers (i.e. patients homozygous for the CYP3A5*3 allele) 443, Nevertheless, the

CYP3A5*3/*1 SNP alone does not explain the major variability in Tacrolimus exposure.

The CYP3A4*1B SNP (rs2740574) is another polymorphism also related to tacrolimus
pharmacokinetics. Although there is a higher dose requirement for patients presenting
this variant allele, the CYP3A4*1B SNP has not been a consistent finding and the clinical

applicability is questioned #4.

In the recent years, the CYP3A4*22 (rs35599367; C>T) in intron 6 has an allele frequency
of around 5 % in Caucasians. The T-variant allele has been linked to reduced CYP3A4
mRNA expression and lower in vitro CYP3A4 enzyme activity®. CYP3A4*22 is associated
with reduced kidney function in CNIs-treated kidney transplant patients. Subsequently,
in 185 cohort of renal patients, Elens et al that patients carrying the T-variant allele
presented a lower tacrolimus dose requirement than C-homozygous patients?®.
Therefore, CYP3A4*22 is an important marker for identifying reduced metabolism of

CYP3A4 drugs based on inheritable factors.

In vitro studies showed that the catalytic activity towards Tacrolimus is 1.6-fold higher
for CYP3A5 than for CYP3A4. Furthermore, in vitro data demonstrated that the
importance of CYP3A5*3 allelic status is dependent on the concomitant CYP3A4 activity
and that the relative contribution of CYP3A4 or CYP3A5 to Tac metabolism depends on
the amount of each counterpart®’*. In this sense, Elens et al showed that the
CYP3A4*22 SNP is not correlated to the CYP3A5*3 and according to the functional
defect associated with CYP3A variants, the CYP3A genotypes were classified in 3

different clusters?®®:4?;

19



[JNIVERSITAT o

BARCELONA

FRANC ANDREU SOLDUGA

- Extensive metabolizers: patients carrying a CYP3A5*1 allele and with the

CYP3A4*22 CC genotype

- Intermediate _metabolizers: patients either CYP3A5 expressers carrying a

CYP3A4*22 T-variant allele or CYP3A5 non- expressers with the CYP3A4*22 CC
genotype

- Poor metabolizers: patients CYP3A5 non-expressers carrying a CYP3A4*22 T-

variant allele.

For Tacrolimus exposure, extensive metabolizers (EM) require a higher Tac dose than
intermediate metabolizers (IM) who, at their turn, require higher Tac dose than poor
metabolizers (PM). The CYP3A4*22 has also been statistically significant when included
in new dose-algorithm®%°1. However, the CYP3A4*22 due its poor prevalence®?, in
particular the poor metabolizers phenotypes, not all research groups could have

confirmed this finding>3.

The Nicotinamide adenine dinucleotide phosphate (NADPH)-CYP oxidoreductase (POR)
is another SNP related to Tac exposure. Different polymorphism in the POR gene affects
to the CYP-POR complex leading to alterations in the CYP activity®*. Recently, it has been
described that POR*28 (rs1057868; C>T) may affect the dose-requirements. CYP3A5
patients carriers of T-allele for POR*28 required a higher dose than patients CYP3A5
expressers of POR*28 CC homozygous allele®>*¢. On the other side, the CYP3A5 non-

expressers are not affected by the POR*28 SNP for Tacrolimus dose-requirement*3.

The Pgp ABCB1 3435T variant allele was associated with 2-fold lower levels of Pgp in the
duodenum, and resulted in 50% higher plasma concentration of digoxin. This effect
would be explained by less Pgp presence on the apical surface of the membrane would
remove less drug from the cells, resulting in increased bioavailability. Anglicheau et al
postulated that these SNPs are associated with Tac PK variations in renal transplant
recipients®’. On the other side, the ABCB1 expression in the brush border of proximal
tubular epithelial cells and more distally in the renal tubule may contribute to renal
elimination, whereas ABCB1 expression at the canalicular surface of hepatocytes

controls excretion into bile>8°°,
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Finally, other new SNP have been described by their influence on Tac metabolism such
as the human pregnane X receptor (PXR; encoded by NR112)6%6 3 nuclear transcription
factor that regulates the expression of CYP3A and ABCB1; the peroxisome proliferator-
activated receptor (PPAR)-a genetic determinant of CYP3A4 activity®?; or special sub-

population such as the CYP3A4*1G SNPs in Chinese transplant patients®3.

2.3 Therapeutic Drug Monitoring of Tacrolimus

An optimal immunosuppressive therapy is essential for the graft survival. The key point
of immunosuppressive agents, with narrow therapeutic index, such as Tacrolimus, is to
exhibit the desired therapeutic effect with an acceptable tolerability within a narrow

range of blood concentrations®.

As it has been previously described, the high variability in TAC PK leads to an increased
risk of therapeutic failure if these agents are used at the same dose in all the renal
transplant patients®. Therefore, the principal objective for the clinicians is to achieve
the optimum equilibrium between therapeutic efficacy and the incidence and severity
of adverse events. Understanding and acknowledging all individual factors that
influence Tac pharmacokinetics (i.e. patient’s age, body weight, pharmacogenomics,
concomitant medication, biochemical factors) can help to find the correct Tacrolimus

dose for each patient thus reducing the adverse events.

During the last two decades, the high correlation between Tacrolimus blood
concentrations and clinical outcomes have supported the use of therapeutic drug

monitoring (TDM)®4.

TDM is universally applied to guide tacrolimus dosing. In most transplant centers
tacrolimus (predose) concentrations are measured frequently, especially in the early
phase after transplantation. Target concentrations have been empirically defined from

multiple ranges from 5 to 12 ng/mL3. Therefore, the time that patients are exposed to
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sub- or supratherapeutic tacrolimus concentrations is therefore likely to be limited. In
most cases, TDM helps to correct any (genetically, biochemical or demographic) inter-

individual differences in drug exposure.

However, pharmacodynamic variability due to either genetic or other factors should not
be dismissed, although, low attention has been focused on it yet. In daily clinical
practice, transplant physicians are confronted with patients who experience toxicity
despite having tacrolimus concentrations within what is considered the therapeutic
window. Likewise, certain patients may reject their grafts at (supra)therapeutic
tacrolimus concentrations, while others do not reject at lower exposure. The genetics
of the pharmacodynamics of tacrolimus have hitherto been less well-investigated than

the genetics of tacrolimus pharmacokinetics.

Multiple studies stress the importance of between- and within-patient variability in
Tacrolimus disposition, related to pharmacokinetics PK and pharmacogenetics PG546,
However, the relationship between Tacrolimus whole blood concentrations and efficacy
or toxicity has not yet been fully established. In any case, TDM is a key factor to maintain
Tacrolimus exposure within therapeutic range, thus avoiding chronic under or over

exposure, that is essential for graft survival and limiting adverse events®.

The best measure of Tacrolimus exposure is the area under the curve (AUC) which
correlates the best with all outcomes. However, it requires an intensive sampling so that
is very difficult to be implemented in the clinical routine and very difficult to be

financially justified®’.

As consequence, two different valid and major strategies for monitoring Tracrolimus
exposure have been currently applied in the hospital transplant units: trough

concentrations (Co) monitoring or limited sampling strategy (LSS).

- Different clinical studies have demonstrated a variable but high correlation
between Tacrolimus trough concentrations (Co) and Tacrolimus AUC values.

Thus, supporting the use of Cp as surrogate of Tacrolimus exposure.

22



[JNIVERSITAT o

BARCELONA

FRANC ANDREU SOLDUGA

Nevertheless, some limitations may apply to this approximation, the high inter-
individual and intra-individual variability associated with Co, as well as, its

tendency to increase with post-transplantation time.

- Another strategy consists on the estimation of AUC from a limited sampling
strategy (from 2 to 4 blood samples during the first 8 hours post-dose). Several
authors have validated their own sampling strategies (cites) based on at least
one sample close to the trough concentration (Co or Cs), and one sample close

the peak concentration (Ci, C3, C3).

Due to its practicality and cost-effectiveness, the Co strategy is nowadays the most

common used in the clinical practice.

However, TDM remains an incomplete tool. It requires achieving the steady state
conditions before applying any dose change which may have already passed three days,
depending on Tac half-life. Understanding which covariates influence Tac PK would be
the first step through dose individualization. In fact, it is important to quantify the
influence of each covariate on Tac PK variability. To better adjust and predict Tacrolimus
exposure new PK tools, such as population pharmacokinetics (PPK), have been
developed to provide information on typical PK parameter values and variability
associated with these values within the population. Furthermore, PPK models can offer
how specific patient covariates such as age, weight or genotype influence the PK of a

drug.

The main alternative is to use a PPK model in a Maximum A Posteriori Bayesian (MAPB)
forecasting technique to estimate total drug exposure based on a limited number of
drug—concentration measurements generally taken in the first few hours of the dosing
interval, for patient convenience. The prerequisite for efficient Bayesian estimation is
the availability of an accurate pharmacokinetic model to obtain unbiased and precise

estimates of the individual and population parameters.
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3 PHARMACOMETRICS

The term Pharmacometrics first appeared in 1982, and since then its importance in
making decisions and optimizing in drug development and pharmacotherapy, has been
widely recognized. Nowadays pharmacometrics is defined as the science of developing
and applying mathematical and statistical methods to characterize, understand and
predict drugs’ pharmacokinetics and pharmacodynamics, biomarkers and outcomes®®.
In a clinical scenario pharmacometrics can contribute to design safe and effective dosing
regimens for use in a patient population. In the last decades, the advent of population
pharmacokinetic-pharmacodynamic modeling approaches has represented a major

development for this discipline.

3.1 Population Pharmacokinetics
Population pharmacokinetics is defined as the study of variability in drug concentrations

between individuals under the same standard dosage regimen®. Population
pharmacokinetics seeks to identify the measurable pathophysiologic factors that cause
changes in the dose-concentration relationship and the extent of these changes so that,
if such changes are associated with clinically significant shifts in the therapeutic index,

dosage can be appropriately modified.

In classical pharmacokinetic studies a sufficient number of samples must be collected
for the PK analysis to be performed on an individual subject basis, whether the aim of
the analysis is simply the computation of noncompartmental parameters or it is the
estimation of the parameters from a PK model through nonlinear regression or other
numerical analyses techniques. This is unfeasible when only sparse data are available
such as in the case of traditional therapeutic drug monitoring, with dose assessment
following the collection of few concentrations. Development of nonlinear mixed effects
models for pharmacokinetic data has supposed to be a significant contribution for
pharmacometrics. These models were firstly developed by Sheiner and Beal®®7! and
implemented in NONMEMZ® and subsequent softwares. This has enhanced the ability to:

i) evaluate sparse data, ii) pool rich and sparse data, iii) pool data from different studies,
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subject, doses, and other experimental conditions and iv) simulate new circumstances

of drug product use.

On the other hand, classical PK analysis require two steps as follows: firstly, the
individual PK parameters by non-compartmental or compartmental analysis must be
estimated and then, a statistical analysis should be performed to know the mean
tendency of PK parameters in the population as well as the associated variability. In a
second step, a multivariate analysis is required to find potential correlations between
plausible covariates and the calculated PK parameters. Apart from the fact that rich data
are required, the principal disadvantages of the two-step analysis are, overestimation
of variability associated with the PK parameters and no discrimination between inter-

and intra-patient variabilities.

Although these methods have been used for a long-time, they have been replaced by

one-step population PK analysis. A population PK analysis allows:

e To estimate the typical value of the PK parameters from the study population

e To quantify the magnitude of the variability related to these PK parameters
between the study subjects.

e To identify demographic (body weight, age, sex), pathophysiological (hepatic or
renal function), pharmacogenetics (Single Nucleotide Polymorphism), or
concomitant drug-related factors that may influence or explain the variability
found between the study subjects.

e To quantify the magnitude of the unexplained or error variability in the study
population (within individual day-to-day or week-to-week kinetic variability

and/or that due to errors in dosage or concentration measurements).

Many mathematical-statistical methods have been developed to build PPK models to be
later implemented in the clinical practice for therapeutic drug monitoring. These
methods can be classified, from a statistical point of view, based on the distribution of

the PK parameters, as parametric or non-parametric. Parametric methods assume a
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normal or log-normal distribution of the PK-parameters, whereas non-parametric

methods do not make any assumption with regard to the data distribution

NONMEM®’? is one of the most commonly used NONlinear Mixed Effects Modelling
tool in population pharmacokinetic — pharmacodynamic (PK/PD) analysis. The software
was developed by the NONMEM® Project Group at the University of California, San
Francisco. The fit of drug concentrations (or dependent variable) and independent
variable data by models is performed using nonlinear regression methods. Furthermore,
mixed effects refer to the model parametrization that combines fixed and random
effects. In particular, the fixed effects (THETA) correspond to the PK parameters as well
as the regression coefficients of the covariates included in the model to describe part of
the unexplained interindividual variability. On the other hand, the random effects
correspond to the unexplained interindividual variability (ETA) reflecting the difference
between an individual’s parameter value and the population value, and also to the
variability (EPSILON) reflecting the difference between the observed data for an
individual and the model’s prediction (also known as residual error)’3’4. The nonlinear
mixed effects modeling allows the simultaneous analysis of the data to determine the
fixed (PK parameters) as well as the random effects (interindividual variability and

residual error).

3.1.1 Maximum a Posteriori Bayesian Estimation

The population pharmacokinetic analysis, provides prior information about values of
typical PK parameters and variability associated with them and about the predictive
factors of such variability within the target population. It has shown to be a useful tool
to better predict Tacrolimus exposure in each patient when compared to weighted
nonlinear least squares regression methods. The process starts by considering the
population PK parameters provided by the model as prior information. Then, new data
from the patient is considered and the individual a posteriori PK parameters are
predicted by using the Maximum A Posteriori Bayesian (MAPB) forecasting technique.
This can be feasible from a limited number of drug—concentration measurements as
required in the clinical setting. MAPB estimation has been increasingly used in the past
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decades for estimating individual pharmacokinetic parameters. MAPB analysis is
derived from Bayes theorem, that introduced the concept that prior information can be
combined with new observed data’. The fitting procedure minimizes the square
difference between the measured concentration and its estimate (weighted by the
reciprocal of its variance) and at the same time minimizing the squared difference
between each population PK parameter and each MPA Bayesian posterior estimate for
that patient (weighted by the variance of the model parameter values). Thus, the best
overall fit to both types of data will get the MPA Bayesian posterior model for each
individual patient. The credibility of the two types of data will determine where the fit
will go. A precise analytical assay will pull the fit towards the patient’s data. A very
uniform population model will pull the individual parameters towards the population
prior parameters. Moreover, for individuals with scarce data, the estimates of the
individual’s parameters will be weighted more by the population parameters than the
influence of their data. The individual parameters will shrink then towards the
population values, this phenomena called as shrinkage. The extent of shrinkage has
consequences on individual predicted parameters and individual predicted
concentrations. Then, optimal study designs and analytical assays will be the
prerequisites to achieve robust population pharmacokinetic models for unbiased and

precise Bayesian estimation when minimum one observation per patient is available.

BOF — Z (Cobs — Cest)2| N z l(POP par — Pipar)?

Var Conc est Var POP par est

Despite of this, the major advantage of MAPB estimation with respect to weighted
nonlinear regression methods, is the flexibility to calculate individual pharmacokinetic
parameters from limited and sparse blood samples. Pre-specified time-points for
concentration measurements are not mandatory, this making the logistics easier in the
outpatient setting. MAPB estimation is the most common method used in TDM for dose
individualization. In addition, MAPB estimation is also commonly used to design optimal
(OSS) or limited sampling strategy (LSS). A LSS is the best combination of concentration-
time points which will provide the most accurate estimation of one or more individual

PK parameters or exposure indices (AUC)’® when compared to full sampling strategies.
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3.2 Tacrolimus Population PK Models

Several Tac population pharmacokinetic models developed using the non-linear mixed
effects methods have been reported in adult renal transplant patients (See Table
below). Zhao et al ”? have revised and externally evaluated some of them. This allowed
to compare models differing in i) analytical methods used for measurement of
concentrations used to develop the model, this being a relevant aspect to be taken into
account when a published model is going to be applied as support during the TDM ii)
number of Patients/samples included iii) identified covariates as predictors of
interindividual variability, among other aspects.

Up until now, the majority of them were based on a two-open compartment model with
first order absorption. Some models tried to better characterize the delayed absorption
process of Tac using transit compartment models (i.e. Erlang distribution model). Most
of the models included inter-occasion variability associated with the main PK
parameters to better describe PK variability of parameters from one occasion to
another. In general, the models achieved to include all well-known clinically plausible
covariates such as demographical (age, weight, fat free mass), biochemical
(hematocrit33), the type of Tac formulation’’, CYP3A5 414278 and CYP3A4%67980
genotype, which may explain the Tac PK variability. Some of them also considered the
inclusion of post-transplant time (POD) although this variable is considered as a
surrogate for many time-dependent factors such as albumin, HCT, corticosteroids dose,
among other confusing factors. The dose-dependency in clearance was also
incorporated in two of the revised models (posar les dues cites) by Zhao et al”® Although
the real cause of non-linearity could not be elucidated it was rather related to the POD
alterations in absorption due to recovery of gastrointestinal function, the activity of P-
glycoprotein, and CYPA3 or concentration dependent—binding to erythrocytes among

others.

Analyzing all the information which they provide, the most relevant aspects (model type,
population PK parameters and model variability explanation) are highlighted in the table

below. It is worth noting that the most influential covariate in all of them when assayed
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was the genetic polymorphisms of CYP3A. The prediction-based and simulation-based
performances were evaluated for all the models. The population prediction error
calculation as accuracy measure allowed to know the credibility of using the population
PK parameters as priors and normalized prediction distribution errors (npdes), indicated

the feasibility of the model to be used for new scenario simulations.

According to these results, so far, the population PK model that was reported by Storset
et al®® was superior to the others regarding to prediction capability but did not show
appropriate capability to be used for simulations. It is worth noting that this model
included the most relevant well-known clinically covariates, thus indicating, that dosage
of Tac based on hematocrit, CYP3A5 polymorphism and demographic characteristics (fat

free mass and/or age) could lead to a better Tacrolimus exposure.
Therefore, further investigation is still required to better explain interindividual

variability and to identify the confusing factors leading to the well-known POD influence

in Tac PK.
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Table 2. Summary of the Most Relevant Published Tacrolimus Population Pharmacokinetic Models.

No. of Patients Pharmacokinetic model PK Parameters Model Variability
Benkali et al®?
IV ke =15 %
IIVCL/F=30%
ktr =6.5h1
IV V1/F=26%
CL/F = (B:/HCT) L/h
IIVQ/F=63%
Absorption: Erlang model with 3 transit compartments. 0, =863
32 model building 10V ki =24%
Disposition: 2-Compartment model with first-order elimination V1/F=147L
IOV CL/F=27%
V2/F=500L (fixed)
IOVV1/F=71%
Q/F=60L/h
Prop RE =10 %
Add RE = 1.5ng/mL
Benkali et al?!
ktr=3.3h1

CL/F = 0 (1 +B,)C¥385 /h

0,=19 IV ker =52 %
29 model building 0,=1.15 IIVCL/F=35%
+ Absorption: Erlang model with 3 transit compartments. V1/F=486L IV V1/F=53%
12 external Disposition: 2-Compartment model with first-order elimination K12=0.13 h-1 IV K12 =54%
evaluation K21 =0.09 h-1 Prop RE=8%
CYP3A5 =0 for CYP3A5 non- Add RE =0.7ng/mL
expresser

CYP3AS5 =1 for CYP3AS expresser
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Table 2. Summary of the Most Relevant Published Tacrolimus Population Pharmacokinetic Models. (cont.)

PK Parameters

FRANC ANDREU SOLDUGA

Woillard et al82

Model Variability

73 model

building

Absoprtion: Erlang model with 3 transit compartments.

Disposition: 2-Compartment model with first-order elimination

ki = (61 6,FORM) h-1
0.=3.34
6, =1.53
CL/F = 63 ((HCT/35)% (8s°YP345) L/h
05 =21.2
0,=-1.14
05=2.0
V1/F= B¢ (87 FORM) |
h6 =486
h7 =0.29
V2/F=271L
Q/F=79L/h
FORM = 0 patient received Advagraf®;
FORM = 1; patient received Prograf®
CYP3AS5 =0 for CYP3A5 non-expresser, CYP3A5 =1 for

CYP3AS5 expresser

IV ke = 24 %
IV CL/F =28 %
IV V1/F=31%
IV V2/F=60%
IV Q/F=54%
10V ki =33%
IOVCL/F=31%
IOV V1/F=75%
Prop RE=11.3%
Add RE =0.71ng/mL
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Table 2. Summary of the Most Relevant Published Tacrolimus Population Pharmacokinetic Models. (cont.)

No. of Patients Pharmacokinetic model PK Parameters Model Variability

Musuamba et al®3

ka =0.45 h-1
Lag time=0.1h
CL/F =01+ CYP3A5 + ABCB1 + (HCT/21) 6, L/h
IV ka =91%
61 =16.3
IIV Lag time = 61 %
0, =20.6
IIVCL/F=32%
65 model Absorption: first order + lag time V1/F=86.4L
IIVV1/F=55%
building Disposition 2-Compartment model + first order elimination V2/F=11151L
IV V2/F=48%
Q/F=58.2L/h

Prop RE = 13%
Where CYP3A5 = 0 for CYP3A5 non-expresser
Add RE = 0.88ng/mL
CYP3AS5 =15.4 for CYP3AS expresser

ABCB1 = 0 for CC-GG-CC non-carriers
ABCB1 = 7.6 for CC-GG-CC carriers
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Table 2. Summary of the Most Relevant Published Tacrolimus Population Pharmacokinetic Models. (cont.)
No. of

Pharmacokinetic model PK Parameters Model Variability
Patients

Zuo et al”®

ka = 3.09 h-1 (fixed)
CL/F = 01 (HCT/27.9) ®2CYP3A L/h
0:=26.6
0, =-0.451
Vd/F = 1090 L IWVCL/F=242%
- CYP3A = 1.21 for CYP3A5*1/*1 or CYP3A5*1/*3 + IV Vy/F =58.5%

161 Absorption: first-order absorption
CYP3A4*1/*1G or CYP3A4*1G/*1G genotype; Prop RE=19.8%

(Chinese) Disposition: 1-Compartment model with first order elimination
- CYP3A =0.982 for CYP3A5*1/*1, CYP3A5*1/*3 or Add RRE = 1.47 ng/mL
CYP3A4*1/*1 genotype;
- CYP3A =0.77 for CYP3A5*3/*3, CYP3A4*1/*1G or
CYP3A4*1G/*1G genotype;

- CYP3A = 0.577 for CYP3A5*3/*3 or CYP3A4*1/*1

genotype
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Table 2. Summary of the Most Relevant Published Tacrolimus Population Pharmacokinetic Models. (cont.)

No. of Patients Pharmacokinetic model PK Parameters Model Variability

Han et al®*

ka=3.43 h1
Lag time = 0.25 h (fixed)
CL/F=6; (1 + 6, (POD-9.6)) 65 CYP3A5 L/h

0:=219 IV CL/F=40.9%
Absorption: first-order absorption 0,=0.0119 IV ky =112%
102 Disposition: 1-Compartment model with first order elimination 0;=0.816 IV Vd/F=59.1%
Vd/F =205L Prop RE = (2 =3.75)

- CYP3AS5 =1 for CYP3AS5 non-expresser
- CYP3AS5 = 0 for CYP3AS5 non-expresser

POD: Post-Operative Days
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ka, sub-study 2 = 0.38 ht
Lagtime=0.22 h

Lag time, substudy 2 =0.81 h
CL/Fn = 019 -(FFM/60)°7> L/h
010=20.5

V1/Fn = 011 -(FFM/60) L

01,=1071L

No. of
Pharmacokinetic model PK Parameters Model Variability
Patients
Storset et al3?
F = [81+ (1-61)/(1+POD/8,) )] [1 + B4/(1 + POD/ 85) *°)]
.[87+ (1-87)/(1 + AGE/ 6g)°°] - CYP3A5
91 =2.04 (Fmax,early)
0, = 2.5 (Fearly,50) IV V1/Fn=14%
03 = 9.4 (Hillrearly) IV V2/Fn=52%
04 = 0.28 (Fmaxate) IV Q/Fn=86%
11V B¢ (Hill =113%
05 = 31 (Flate,50) 6 (Hillpiate) o
Absorption: first-order absorption, with a lag- time. A study- | 8¢g= 2.5 (Hillgjate)
Corr (CL/Fn, Q/Fn) =
specific absorption rate and lag time improved the data fit 87 = 0.43 (Fmin,age—females) or 0.66 (Fmin age—males)
’ ’ 0.74
69 of substudy 2 08 = 47 (Fage,50)
Disposition: 2-Compartment model with and first-order _ :
P P 89 =-14 (Hillage) IOV Fn=16%
elimination. 1
ka=1.18h 10V k, =60%

Prop RE=16.7%
Study 2 factor = 0.56
Study 3 factor =0.72
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V,/Fn = B, -(FFM/60) L

01, = 424

Q/Fn = 813 -(FFM/60)%7° L/h
B;3=37.3

Where CYP3AS5 = 0.51 for CYP3AS5 expresser

CYP3AS =1 for CYP3A5 non-expressers.

See details on paper for Bioavailability (F) coefficients

Tacrolimus whole blood values were standardised to a HCT value of 45 % (see

paper for details).

FFM: Fat free mass, POD: Post-Operative Days
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elimination.

CL/F = 02 (FFM/59)°75 L/h (CYP3A5 non-expressers)
02=21.2

V1/F =03 (BMI/26) L

03 =177

V2/F = 04 (FFM/59) L

04 = 3707

Q/F =85 (FFM/59)°7 L/h

05=19.5

No. of
Pharmacokinetic model PK Parameters Model Variability
Patients
Asberg et al®>

F =0.63 (CYP3AS expressers)

F = 1{CYP3AS non-expressers) Inter-Quartile Ranges provided:

ka=1.04 h*

Lag time = 1.0 h (first week)
F=0.12

Lag time = 0.15 h (week 2—-4)
ka =1.27

Lag time = 0.59 h (after first month) a

CL/F = 81 (FFM/59)°75 L/h (CYP3A5 expressers) Lag time = 1.55 (first week)

Absorption: first-order absorption, with a lag- time 61=26.7 Lag time = 0.46 (week 2—4)
69 Disposition: 2-Compartment model with and first-order Lag time = 0.57 (after first month)

CL/F =13.2 (CYP3AS expressers)
CL/F =11.0 (CYP3AS5 non-
expressers)

V1/F =295

V2/F =7736

Q/F=323

FFM: Fat free mass, BMI: Body Mass Index
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Table 2. Summary of the Most Relevant Published Tacrolimus Population Pharmacokinetic Models. (cont.)

No. of Patients Pharmacokinetic model PK Parameters ‘ Model Variability
Bergmann et alg®
ka=0.35h?
Lagtime =0.44 h
CL/F = 81 - B26™35 - (1+ 83 (HCT - 0.33)) - (WT/70)°75 - (1 + B4 (POD - 22.7)) L/h IIVka = 47.6 %
81=25.5 IIVCL/F=29.5%
62 =1.60 IIVV1/F=46.8%
63=-1.01 IIVV2/F=89.4%
Absorption: first-order absorption, with a lag- time
04=-0.21 IOVCL/F=29.9%
173 Disposition: 2-Compartment model with and first-order
V1/F = 85 (1 + 66 (PredCmax,unbound - 155.5)) L IOV V1/F = 126.5%
elimination.
65=113.0 Corr (V1/F, ka) =0.677
06=0.28 Corr (V1/F, V2/F) =-0.049
V2/F=1060L Corr (ka, V2/F) =-0.013
Q/F=67.9L/h Prop RE = 18.3 %
CYP3AS5 = 0 for CYP3AS non-expresser, otherwise CYP3A5 = 1;
POD max at 90 days; PredCmax,unbound is Cmax free prednisolone (nmol/L)

FFM: Fat free mass; BMI: Body Mass Index; WT: Body Weight; POD: Post-Operative Days;
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HYPOTHESIS

The calcineurin inhibitor Tac is used to prevent acute rejection after renal transplant.
Unfortunately, the clinical use of Tac is complicated by its considerable toxicity, narrow

therapeutic window, and high interindividual pharmacokinetic variability.

Therapeutic drug monitoring is commonly applied to individualize Tac therapy in renal
transplant recipients using trough concentrations. When concentrations are out of the
target range, the physicians roughly estimate what should be the appropriate change of
dose. Despite trough concentrations are the most used exposure parameters, the AUC
correlates better with the clinical outcomes. In the clinical setting, an AUC tiered-dosing
is not feasible, thus an alternate approach is that based on limited-sampling strategy by
means of Bayesian prediction. In this sense, the use of a PPK model can assist for the
first dose calculation at the start of treatment but also for dose adaptation based on

predefined target by means of MAPB forecasting technique, supporting TDM.

Several Tacrolimus PPK models have been published that includes the CYP3A5
polymorphism to explain part of the interindividual variability. However, recent
discovery of new SNPs has led to further investigations on that file aiming to reduce the

unexplained interindividual variability in Tacrolimus exposure.
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OBJECTIVES

The main objective of the present work was to design a population-based Bayesian
prediction tool for initial dose calculation and dose adaptation during the post-

transplant period through:

1. Characterizing the Tacrolimus population PK using an intensive sampling and
confirming the best limiting sampling strategy to be applied during dose
adaptation.

2. To deeply Investigate in tacrolimus pharmacogenetic predictors of
interindividual variability

3. Implementing new genetic information as well as other clinical factors to
generate a refined population pharmacokinetic model reducing unexplained

variability.
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Development of a Population PK Model of Tacrolimus
for Adaptive Dosage Control in Stable Kidney
Transplant Patients

Franc Andreu, PharmD,*f Helena Colom, PhD,* Josep M. Grinyo, MD, PhD,} Joan Torras, MD, PhD,1
Josep M. Cruzado, MD, PhD,} and Nuria Lloberas, PhD}

Background: Tacrolimus pharmacokinetics (PK) presents a high
vmhhqhhmmlhamcmmmorm:mdyn
to: (1) develop a popul kinetic (PPK) model for
umlmmndwmmmemmncmmhmwmcvmwuy
of tacrolimus PK in renal trassplant paticats; and (2) to establish
2 new Bayesian estimator that can casily and routinely be applied in
the hespital. A new PPK model may allow efficacy 1o be optimized,
improve dose regimens, minimize side effects, and decrease the cost
of extensive area under the curve (AUC) monitoring.

Methods: PPK analysis of the full PK profiles of 16 paticats on §
occasions was performed with NONMEM 7.2 Biochemical varia-
bles (hematocrit, hemoglobin, aspartate aminotransferase, and
others) were analyzed.

Results: A 2-open-compartment model with interoccasion variabil-
ity best descnbed the PK of 1 Three transit compartments
provided the best description of the absorption process. The
hematocrit, aspartate aminotrunsferase, and alanine aminotransferase
were not significant in the i lysis. External validstion
with 91 patiests proved the good predictability of the model with
3 bias and precision of 0.37 meg/L (CT 95%, -0.11 to 1,20 meg/L)
and 0.38 mog/L (C1 95%, 0.02 w0 1.21 mcg'l), respectively. A
limited sampling strategy using | sampling point at predase (trough
concentrations) showed 2 good performance in AUC, |3, estimation
with a comrelation between AUCq, and AUC, g, blas and impeeci-
sion of r* = 0.75, 6.78% (range, — 16.26% to 30,06%) and 1.42% (1IC
95%, 0.14%-3.619%), respectively.
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Conclusions: The PPK model developed provides reliable prior
information for Bayesian adaptive control of dosage regimens of
tacrolimus to achicve the desird AUC goals in stable renal
transplant patients.

Key Words: tacrolimus, Phammacometrics, renal transplant, thera-
(Ther Drug Monir 2015;37:246-255)

INTRODUCTION

Tacrolimus s a calcineurin inhibitor that forms the
comerstone of provoking immunosuppression to prevent
allograft rejection in solid organ and bone marrow transplant
patients.' It has a narrow therapeutic index and large intra-
individual and interindividual variabilities, particularly in the
carly posttransplant period, which have mostly been attrib-
uted to its pharmacokinetics (PK)." An emratic absorption pro-
mlmbmnpmedlhrmolmbmofm
lipophylicity.” First-pass cffect occurs both at the intestinal
wall and liver because of the CYP3A isoforms and efflux
transport proteins (ABCB1)* and cause variable bicavailabil-
ity ranging from 5% to 93%.° Once in the blood stream,
tacrolims is highly bound (up to 99%) both to red blood
cells and to a-1 glycoprotein.® Therefore, the presence of
a low hematocrit and a-1 glycoprotein could explain an
mcrease of tacrolimus clearance related to its hepatic extrac-
tion rate values, ranging from 0.566 1o 0.598.° A large vari-
ation in distribution volume values has also been observed
(from 0.97 to 104.8 Likg).*

Metabolism by CYP3A4 and CYP3AS results in 15
different metabolites that are then excreted through the biliary
route; less than 1% of the remains
unchanged.' Variable and long half-life values have also been
previously reported (3.5-50 hours®). All this has led to the
mmormmmwummmspm.

vm*tl. hematocrit, age, liver function, and polymor-
phisms™®* as predictive factors of tacrolimus PKs. As is
widely known, thempeutic drug monitoring (TDM) is essen-
tial for dosc tailoring and the success of renal transplant.
Although area under the curve (AUC) has been reported to
be the best predictor of efficacy for tacrolimus,” ' the good
comelation between AUC and trough concentrations
(Cogr)™"* has resulted in considering TDM, based on

Ther Drug Monit * Volume 37, Number 2, April 2015
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C..,,.,,.. as the exposure measurement to reduce tacrolimus
toxicity with optimal immunosuppression.

According to the 2009 European Consensus Conference
by the Committee on Tacrolimus Optimization Recommenda-
tions, ™ target tacrolimus trough levels should be of $-15 ng/ml
in the carly phase after transplantation, 5-10 ng/mL in the long-
term treatment, and AUC, 5, between 150 and 200 ng/mL-h.
The population phammacokinetic (PPK) approach is a powerful
and helpful tool for TDM. It allows one to identify and include
the predictive factors related 1o organ functions and interactions
smnﬁmmfammnadmwm"“mum

minimizing
rotoxicity' "% and finally, it can decrease the cost of managing
the dosage regimen.

Sﬂuﬂm""mdnmthe?ﬂ(ofm
limus in renal transplant patients. Initially, clearance changes
over time were reported on the first models design.'*™ Later
on, study by Benkali et al*** and others™*** reparted hemato-
crit as a predictive factor of variability in tacrolimus clearance.
The CYP345*3 genotype™ ** and the ABCBI genotype™ have
since been reported to influence tacrolimus clearance.

The aim of this study is to develop @ PPK model of
tacrolimus using a nonlinear mixed-effect h. We use
data from the Symphony PK Study’’ to identify the factors
that contribute to a description of tacrolimus PK variability in
renal transplant patients. A PPK model of tacrolimus will also
permit useful maximum a posteriori probability Bayesian
adaptive control and individualization of its dosage regimens
in the clinical care of patients.

METHODS

Patients’ Data Collection

The tacrolimus concentration-time data from 16 renal
transplant paticats of the PK substudy of the Symphony study
were used retrospectively.®* The patients recerved doses of 1-
4 mg of tacrolimus (Prograf) combined with
mofetil, daclizumab, and corticosteroids. Details of the crite-
mfowpmuusclecnon.mnemaﬂocmmdlmmo-
suppressive comedication have been published previously.”
Tacrolimus dosages were adjusted to target concentrations
between 3 and 7 ng/mlL.. Blood samples were collected before
and 20, 40, and 75 minutes and 2, 3, 4, 6, 8, 10, and 12 hours
posudmnnmnononthcscvuuhdaylndﬂwﬁm.m
sixth, and twelfth month after transplantation. Demographic
characteristics, biochemical parameters, and coimmunosup-
pressive medication (doses and concentrations) were recorded
oueachomsion.Twolimoouwmiommmeumd

using enzyme immunoassay EMIT methods in a Cobas Mira
mmlym(DudeBehrmhloAlb.CA) The interussay
imprecision had coefficients of variation of 7.96%, 4.98%,
and 5.12% at a level of 5, 11, MZZWmL.mvechw:lL
and the lower limit ofqmmﬂanon was 1.22 ng'mlL.
Retrospectively, 91 tacrolimus at predose (0 hours)
were recorded as an external group, 91 renal transplant
patients during the first-year posttransplant treated with the
same criteria as the model-building group. These data were

Copyright © 2014 Wolters Kluwer Health, Inc. All rights reserved.
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used to evaluate the predictive ability of the model. This
substudy was conducted in accordance with the Declaration
of Helsinki and the guidelines of the International Conference
on Harmonization Good Clinical Practice (ICH-GCP) and
wmunapmuofmzloalemcsmmmwmunmoml
review board at each center.**

GENOTYPING OF ABCB1 POLYMORPHISMS

For genotyping, we obtained DNA from the same 16
renal lmnsphnl pm& Patients were genotyped for single
(SNPs) in ABCBI gene; exon
12:1236C>T (rs1128503), exon 21:2677 G>T (ns2032582),
and the exon 26:3435 C=>T (1s1045642). DNA was extracted
ﬁomapmphualwu&bbodslmplcmngthcwmcmo-
mic DNA Punfication Kit (Pmnep Corporation, Sydney,
Australia) and was stored at —80°C. Genotyping procedures
wuepaﬁmndwﬁhlheMmARRAY SNP genotyping sys-
temn (Sequenom Inc, San Diego, CA). The method involves
multiplex polymerase chain reaction and single base extension
assays, designed by the AssayDesigner software (Sequenom
Inc), and followed by mass spectrometry analysis with the
Bruker Autoflex MALDI-TOF mass spectrometer (Bruker
Daltonics, Billerica, MA). Spectral output was analyzed and
checked using MassARRAY Typer 3.4 software (Sequenom
Inc). The genotyping platform is at the Spamish National
Genotyping Center's facilities at Santiago de Compostels
University.

PPK Analysis

The PPK analysis was performed using the nonlinear
mixed-cfiects model approach implemented in NONMEM
software (version 7.2; ICON Development Solutions, Hanover,
MD) using Perl-Speaks-NONMEM (PsN) (version 3.5.3%;
available at hitp:/psn.sourceforgenet) and the R package
(Xpose 4.2.0). The first-order conditional estimation method
with interaction was used throughout all the modeling process.

One-, two-, and three-open-compartment models with
linear elimination were fitted 10 the concentration-time data.
The zero-order, first-order with or without lag time, and tran-
sit compartment kinctics were tested to establish which best
described the absorption process, The transit absorption com-
partments were assessed by fixing its number from 1 to 10,
and the option providing the lowest minimum objective func-
tion value (MOFV) was selected. The models were parame-
terized im terms of rate constant (Ka),
distributional clearance (CLp), apparent volumes of distribu-
tion (V), elimination clearance (CL), and mean transit time
(MT), when the transit models were implemented, The trans-
fer rate constant (K.) was defined from the number of transit
compartments and the MT. Interindividual varability (1TV)
and interoccasion varability (IOV)*' were both described
using exponential error models, assuming log-normal distri-
butions were tested in all the PK parameters, The covanance
between parameters was studied during the modeling process.
Additive, proportional, and combined (ie, additive and pro-
portional) error models were tested to establish which best
described the residual (RE) vanability. To statistically distin-
guish between nested models, the likelihood ratio test, based

247

44



UNIVE RSITAToe

’ﬁ;!\l BARCELONA

FRANC ANDREU SOLDUGA

Andreu e1 al

Ther Drug Monit * Volume 37, Number 2, April 2015

on the reduction of the minimum objective function value
(MOFV) was used (AMOFV: 2 log likelibood, approximate
x° distribution). A significance level of P < 0.005 come-
sponding to AMOFV = —7.879 for 1 degree of freedom
was considered. For nonhierarchical models, the most parsi-
monious model with the lowest MOFV according to the
Akaike information criterion was chosen.™ The decrease in
MOFV (-2 x log likelihood), parameter precision expressed
as relative standard emror (%), reductions in 1TV associated
with parameters, n- and e-shrinkage values,™ model comple-
tion status, and visual inspection of goodness-of-fit plots were
also considered for model selection.

Covariate Analysis

The effect of all clinically meaningful covariates was
tested on model parameters using the forward stepwise
approach,* The covariates evaluated were body weight, body
mass index, age, sex, creatinine clearance calculated using the
Cockroft-Gault formula as a measure of renal function, plasma
albumin concentration, liver enzymes aspartate aminotransfer-
ase (AST) and alanine aminotransferase (ALT), total bilirubin
(TBIL), hemoglobin, hematocrit, and red blood cells, The
influence of continuous covariates on the PK parameters was
tested systematically by an established modeling approach
according to cither a power function (Equation 1), an exponen-
tial function or a linear relationship.

cov )\ %oV
Covnuﬁu) '
where, 6, is the typical value of the jth PK parameter for
a patient with the median covariate value in the population
(COVmedian), and 8COV is the change in InTVP; per unit
change in In (COV/COVmedian).

The categorical covariates, such as sex or polymor-
phism, were tested in their respective parameters as mdicated
in Equation 2, where Z values represent cach level of the

m,-:o.( 1

TVP =8 for Z=0, 2
TVP =86, for Z=1,

Covariates were initially explored by univaniate analysis
and then by forward inclusion and backward elimination
procedures. Significance levels of 5% (AMOFV = —3.841
units) and 0.1% (AMOFV = 10.8 units) were considered
during the forward addition and backward elimination steps.
Only covariates providing a reduction of IIV associated with
parameters of at least 10% were considered clinically relevant
and were retained in the model. Model completion status and
visual inspection of goodness-of-fit plots were also evaluated
for model selection.

Trough Concentration Prediction Ability

The predictive performance of the model developed
was assessed in 91 external patients (external evaluation data
set). Afler fixing the parameters at the final model, the
maximum a posteriori probability Bayesian estimates of
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tacrolimus » were obtained. The observed concentra-
tions (Obs) of the external data set were compared with the
comresponding individual predictions (Ipred) given by the
final model. Thnp«formmcemevnlwedmmofbus
[median prediction error (ME), Equation 3] and imprecision
[root median squared prediction error (RMSE), Equation 4,
also expressed as coefficient of variation] and its correspond-
ing 95% confidence intervals, in accordance with the method
proposed by Sheiner and Beal

ME = median (obs — Ipred), 3

RMSE:median(\/(le—lpued]z ) 4

Internal Evaluation
To evaluate the predictive performance of the final
model, a predictioncorrected visual predictive check (pre-
deorrVPC)™® was also performed based on 1000 simulated
replicates of the original data set. Furthermore, the reliability
of the results of the analysis was also determined as the
inverse of the cumulative density function, normalized pre-
diction distribution error (NPDE),” after 1000 simulations of
the original data set, The observed and simulated prediction
discrepancies should be within the 95% confidence prediction
interval (CI) uniformly distributed between 0 and 2. To deter-
mine the adequate tacrolimus exposure predicted by the
maodel, a simulation of 50 replicates of the original data sct
was performed, Subsequently, simulated and observed expo-
sures given by the AUC 2, values were calculated by the
analysis and compared between cach other

(posterior predictive check).™

Anmpnmcmc resampling bootstrap procedure with
replacement of 200 replicates was also performed. The
median (B, and the 95% confidence interval (CI) of each
parameter were cstimated, and their relative deviation (RD)
(Equation 5) from those estimated for the original dataset (6.)

was evaluated.
RD = 1oo(°i ":""“). 5

Limited Sampling Strategy

From the model developed, a limited sampling strategy
(LSS) was established for clinical use to predict AUCq 12,
accurately and precisely using a limited number of samples.
The validated final model and all the parameter estimates
were used as prior information. Only a combination of 1, 2,
or 3 sampling times at predose (Co) and during the first 4
hours postdose was tested to minimize inconvenience for the
patients and due to clinical constraints,***** From all the
combinations, the best was selected on the basis of its pre-
dictive performance with regard to the Bayesian estimation of
the AUC of blood concentrations of tacrolimus versus time
from 0 to 12 hours after dose (AUCq 1 22). The performance of
the Bayesian estimation was cvaluated through: (1) the

Copyright © 2014 Wolters Kluwer Health, Inc. AU rights reserved,
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Pearson correlation coefficient test between the AUC pre-
dicted by the LSS (AUC s3) and the AUC predicted by the
mllsmpling(AUCM).and(Z)tbcbias(mdimpaeeunge
prediction error, Equation 6) and nnpmnon (RMSE, Equa-
tion 7) between AUC, g5 and AUCy,; given by the median
and the Sth and 95th percentiles.

AUCqg — AUCLsg)

MPPE = medlm(lOOx AUCan

RMSE = mednn( [AuCLss ~ Auc,.,,,)’). 7

Simulations

To establish the optimal dose for target AUC, 3, val-
ues of 150-200 ng/mL-h as recommended by European Con-
sensus 2009,' an estimation of the doses required to reach
this target based on the population clearance (16.5 L/'h) was
performed. Thus, S00 simulations at initial fixed doses of 2.5,
2.8, 3, and 3.3 mg were performed and the results compared
between doses in terms of AUCq_ a0,

RESULTS

Baseline Characteristics

Five hundred ninety four tacrolimus concentration-time
data values from the 16 renal transplant patients were simul-
tancously analyzed in the PPK analysis. Demographical and
biochemical characteristics are summarized in Table 1. An
increase of creatinine clearance from day 7 to | year after

1. Demographic, Clinical, and Genetic Characteristics
of lhe Studied ation
Globaal Median (Min-Max)

Number of paticmts 16
Weight, kg 68 (35-104)
Age.y 36 (31-72)
Geader (male/fernale) 10:%6
Clew,® mil/min 522 (116-122.5)
Plasma albamin, g/l Q2 (3340
ALT, UL 224 (60-3180)
AST UL 18.5 (6.6-104.0)
Scrum TBIL, mg/dL 047 (0.17-1.22)
Hemoglobin, gidl 12.3 (7.3-6.5)
Hesatocrit 0.37 (023-049)
Concomitant medication

MMF doses, mg twice dally 1000
MDRI polymorphism

C3435T *CIT m

Cl236 ~CTT) m

G2677 (*GIT) 7

C3435T (PCTT) » ABCE! polymorphiisen CIIST C covviers versus TT.
*CLon = creatinine clearance calouluad by Coclooft-Gaslr.
MMF « mycopbesalate malfetil

Copyright © 2014 Wolters Kluwer Health, Inc. All rights reserved.
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transplantation was observed. Biochemical vaniables such as
ALT, AST, and TBIL showed stable values except for those
of 3 patients who presented moderate hepatic impairment.
Hematocrit and albumin levels were highly homogeneous
throughout the whole population with median values of
037 and 42 gL, respectively. Conceming C3435T,
CI1236T, and G2677T MDR1 SNP, 7 of 16 patients presented
the CT or GT SNP, 3 of 16 presented the TT SNP, and for 6
patients, no information was available.

During the first 3 months, tacrolimus daily doses ranged
from 4.3 to 5.8 mg. Median trough levels achicved at day 7,
month I, and month 3 were 8.1, 7.7, and 7.1 ng'mL,
respectively. Only 6 of 594 concentrations (1.0%) were
below the limit of quantification. Concentration-time profiles
of tacrolimus are presented in Figure 1. Tacrolimus reached
its peak concentration around | hour afier dose, followed by
a quick decay phase from 2 to 4 hours after dose, and finally
a slower decay phase from 5 to 12 hours afler dose, The
median AUC,, ;,,, value of tacrolimus calculated by the non-
compartmental analysis was 129.3 ng/mL-h, A good correla-
tion (r = 0.86, P < 0.001) was found between observed
C,,,..., (Cu)mdmnhmexponnevnhm(AUCo_m) esti-

mated using the noncompartmental approach (Fig. 2).

PPK Analysis
PPK Model

A two-open-compartment model combined with 3 transit
absorption compartments and 10OV of CL best described the
concentration versus time data (MOFV = 1809.65). The inclu-
sion of the 10V associated with CL significantly decreased the
MOFV (AMOFV = —304.425, P < 0.001) and reduced the
1V by 9.3%. The 3 transit compartment absorption model
best described the absorption process. Residual emmor was best
described by a i emor model. The different PK
parameters estimated from the selected base model are pre-
sented in Table 2. The w-shrinkage values were 5.50%,
11.00%, 12.36%, and 13.39% for IIVCL, IIVKa, IIVMT,
and IOVCL, respectively, The e-shrinkage was 6.06%. The
Kolmogorov-Smimov test showed noemality for all parameters
(P = 0.05). Plots of population predicted concentrations and
individual predicted concentrations versus observed concentra-
tions (see Figure, Supplemental Digital Content 1) did not
present any remarkable bias. Conditional weighted residuals
were randomly spread around zero, and no trend was detected
in the plot.

Diagnostic plots of empirical Bayes estimates of PK
pmminmebuicmodclagai:mallmecmguialmd
continwous covariates indicated no relevant differences
between sex or any trends with body weight, body mass
mdex.agc,uwmnecleanme. lasma albumin concentra-
tion, hvwmzymcs(ASTlndALT)(MOFV = 1807.16, RE =
20,7%), TBIL (MOFV = 1805,76, RE = 20.7%), hemoglobin,
hematocrit (MOFV = 1806.88, RE = 20.7%), red blood cells
(MOFV = 1806.66, RE = 20.7%), or influence of time
(MOFV = 204333, RE = 24.9%).

From all the covanates, the inclusion of TBIL as
a power relstionship in tacrolimus clearance significantly
reduced the OFV (—3.89, P < 0.05), bat it was not
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FIGURE 1. Whole-blood concentration-time
(postdose) of tacrolimus after an oral 04 -
administration of 0.5-4 mg tacrolimus twice A

Open circles: observed ; solid line: |
welghted smoothing of the scatterplot data. High
variability was observed in all cases.

considered as clinically relevant because the reduction in IV
associated with clearance was less than 10%.

The percentages of predicted Cy.p values that fell
within the therapeutic interval (3-7 ng/mL) from 1000
simulated data sets like the original after 3 mg fixed doscs
were compared between the base model and covariate
(TBIL) model. The percentage of therapeutic Cpg,gn for

Time after dose ()

the TBIL model (31.33% for TBIL under 0.5 mg/dL and
13.81% for TBIL above 0.5 mg/dL) did not improve with
respect to the base model (26.28%). Despite the fact that
the statistical significance of bilirubin was confirmed,
there was no major clinical impact of this covanate, and
as a consequence, the base model remained the final
model.

AUCvsC, .

400

FIGURE 2. Correlation between AUC and Cog,gn- 50
Circles: observed tacrolimus AUC,, , 5, calculated

.
*  Coserved e
e T corwen chserved 1~0 B8 wimadated 0 58

by

tacrolimus Cypugn; Crosses: simulated tacrolimus
AUCq ¢z calculated by noncompartmental anal-
ysis versus simulated tacrolimus Cegugh.
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TABLE 2. Tacrolimus PPK Estimates for the Final Model

Fimal Model,
Estimate Bootstrap Analysis,

Parameter Units (RSE®S) Median (95% C1)
Disposit

parameters

CL Lh 16.50 ¢10.9) 1647 (13.64-19.75)

Ve L 989 219) 10.30 (1.81-17.08)

Cly Ly 35.56 (7.8) 3549 (30.09-41.81)

vy L 526.03 (18.0) S41.08 (3K248-974.67)
Absomption

parameters

Ka h! 047 7.7) 0471 (0A02-0.617)

MT ] 0.83 ¢Jo.0) 0.538 (0.604-1,105)

NN - 3 [fxed) 3 [fixed)

K, h! 361 (—) 158 (271497
Imesindivideal . 2

and vanabilitics

Vo % 29 24) 28 (22-36)

Ve % 39 /44 36 (16-34)

Ve % 35 39 33 (15-46)

UV % 3247 31 (11-44)
Residual

varigblity

Propomicnal % 21 (20 21 (17-26)

sed rexidual varishil 4 a2 coelf

of veriatica. AHNM&MM&MNWWMM
salic numbers in parerhesss

CL, Clo, Ky, ab consare. Ko,
tansfer mne consuor; NN, naober of maask conpammens; V., mmlm\
periphen] volume

Trough Concentration Prediction Ability

An acceptable accordance between the observed
(Obs) and individual predicted (Ipred) concentrations
was found. The median values and the 5th and 95th
percentiles of bias and precision were 0.37 meg/L (—0.11-
1.20 meg/L) and 0.38 meg/L. (0.02-1.21 mcg/L), respec-
tively. The 95% confidence intervals included the zero,
suggesting that the model has good predictive power with
a cocfficient of variation of 6.13% for the predicted value
for Ceuugh. The goodness-of-fit of the trough concentration
prediction (Fig. 3) revealed a slight underprediction of the
results.

Internal Validation

The bootstrap of 200 resamplings (Table 2) confirmed
the good accuracy of the PK parameters estimates. All the final
model estimates were within the 90% Cl of the bootstrap val-
ues. The relative deviation of the bootstrap was less than 4.14%
for all the parameters. The high correlation (r = 088, P <
ooon found between predicted AUC, 5, and predicted

(Fig. 2) was in agreement with the results obtained from
me"&meddm(obsavedwcommmw
thus confirming the descriptive capacity of the model. The
prediction-corrected visual predictive check (Fig. 4) showed
that the model describes the mean tendency of the entire data

Copyright © 2014 Wolters Kluwer Health, Inc. All rights reserved.
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well, although a slight overestimation was found. Overpredic-
tion of variability was observed in both confidence intervals of
the 5th and 95th percentiles corresponding to the simulated
data, mainly at late postdose times, A slight tendency 1o over-
wednawasmwpamdmlhmwmyofﬂnsmm

between the simulated and observed data for the 1000
simulations from the final model displayed as a histogram
and dispersion plot with confidence intervals (Fig. 5). The
density of predictive model discrepancies (NPDE) followed
a theoretical normal distribution, with no extreme values, indi-
cating that the variance of the final model estimations was
normal. Discrepancy emors between simulated and observed
concentrations had a homogeneous distribution around NPDE =
0, without any specific tendency. A box-plot of cbserved ver-
sus predicted AUCq_; 2, distributions of the posterior predictive
check mdicated predictive capacity (see Figure,
Supplemental Digital Content 2). The median of simulated
AUCn.m.wle 18 ng/mL-h value: within the Sth and 95th
percentiles of the observed AUC,, ;z, median value, 129.3
(76.8-209.5) ng/mL-h, with no statistical significance in
# logtransformed parametric test (P > 0.05).

Limited Sampling Strategy
IntamsofﬁchUCHaemnﬁmpafmum.ofnﬂ
the possible LSS combinations, the 2 strategies that provided

the best performance in AUC estimation were a two sampling
point strategy (at predose and %0 minutes) and a one sampling
point strategy at predose. A good correlation was found
bawemﬂleAUlemdlhAUC“sinbodlmu(ﬁ=
0,86 versus r* = 0,75, respectively), Regarding the bias, the
median was 4.04% (range, —13.30% to 16.18%) for the 2
sampling point strategy versus 6.78% (range, —16.26% to
30.06%) for the | sampling point strategy. The imprecisions
were RMSE = 0.81% (0.15%-2.5%) and RMSE = 142%
(0.14%-3.61%), respectively. Two individual concentration-
time curves for 2 different time periods predicted with the

jan forecast from the predose sampling strategy are
shown in Figure 6.

Simulations

Table 3 summanizes the exposures given by AUC val-
ues after 500 simulations of different dose regimens: 2.5, 2.8,
3.0, and 3.3 mg. Median AUCs increased from 151.4 10 199.9
ng/mL-h with the initial doses targeted between 2.5 and 3.3
mg. Furthermore, all median AUCs were within the 150-200
ng/mL-h target. Of all the initial doses simulated, 3 mg
showed the highest AUCq 2, percentages within the theoret-
ical 150-200 ng/mL - h target for patients similar to those used
to develop the PPK model.

DISCUSSION
This study provides a clinically applicable PPK model
that helps to quantify interpatient and intrapatient variability
and to identify the characteristics that may influence the PK of
tacrolimus. The full PK profiles of tacrolimus in renal trans-
plant patients were best described by a two-compartment
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TIOUPn CONCanTation predicton atiity
1)

FIGURE 3, Coodms-of-ﬁt for the trough

concentration predictl . Bold line: | .

weighted smoothing of the scmtplot data; solid - - - -

fine: identity line. eyt e

model with first-order absorption kinetics and lag time given
by 3 delayed-transit compartments.

PPK studies including transit models to describe the
absorption process are scarce in the literature. This could be

Tacrolimus pcVPC: 95% PI

LA A LAl

e |

PR |

2 4 3 8 10 12
Time after dose (h)

FIGURE 4. Prediction-corrected visual predictive check corre-
sponding to tacrolimus whole-blood concentrations versus
time (hours after last dose) profiles. In general, median (solid
line), 95th and Sth percentiles (dashed lines) of the ob-
servations, as well as the 90% confidence intervals for the
median, the 5th and 95th percentiles of the simulated profiles
(covered by the light red and blue areas, respectively) are
superimposed In each graph.
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due to the lack of sufficient data required for this purpose
ing the lnmrmxdy,uploSnnm
compartments were includadinuequenlgl\ny

tribution model. The K., value of our study (K. = 3.61 per
hour and n = 3) was also similar to the value reported by
Benkali et al*' (K, = 6.5 * 0.4 per hour). This transit com-
partment model provided a good description of the absorption
process and precision in the parameter estimates (relative
standard error << 10%). The observed delay in the absorption
process should be expected for a drug with high lipophilicity
(log £ = 3.3) and poor water solubility (4 meg/mL)* such as
tacrolimus, which slows down its ion in the gut. The

jon clearance value found in this study (16.5 = 1.8 L/
h) was comparable with previous studies (13.2-40.5 L'h from
Antignac et al,™ 33 = 11.3 L'h from Staatz ctal,' 29 = 02
L/ from Musuamba et al,” and 28 * 4 L'h from Benkali
et al’’). This should be expected given that similar popula-
tions were included in all these studies. The estimated total
distnibution volume was 535.92 L, indicative of extensive
- distributs

The low observed [IV associated with CL, Ka, and MT
was in accordance with the uniformity of the population in this
study. Inclusion of the IOV of the cleamance significantly
improved the model and reduced the [TV, These results agree
with other clinical PPK models reported recently in the
literature.*' 4" The magnitude of the IOV associated with
CL was 29% lower than [IV, and similar with respect to the
10V values reported by Benkali et al’* (28%), Woillard et al™
om;mumanﬂ(wmmmdmormova
of such 2 magnitude benefits dose adjustment based on
occasions and could lead to improved efficacy and

Nomof:hephymloghllyplmsiblcmmhdb
a significant reduction of variability in clearance and central

compartment distribution volume. Previous stixdies had reported

ha‘mlocn.” prednisone Jevels,*' and the ABCB1" the CYP3
A5*37* and the ranscriptional control of the human pregnane

Copyright © 2014 Wolters Kluwer Health, Inc. AUl rights reserved,
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Q-0 plot varsus N9, 1) for npde

FIGURE 5. NPDE. Upper left panet Q-Q plot of
the matrices based on observation and simulation
versus theoretical N (0,2). The line y = x is shown
to help evaluate the adequacy between theoretical
and both observed and simulated distributions.

Upper right panel: distribution of NPDE. Lower left
panel: NPDE versus time from the start of the
treatment. Lower right panel: NPDE versus pn—
dicted tacrolimus concentrations. Dashed lines:

95% prediction Interval for a normal distribution.
Bold blue points: observed NPDE values. Solid
lines: the Sth, 50th, and 95th tiles of the
observed NPDE values. Light blue areas: 90%
confidence intervals for the Sth and 95th percen-

10t 2 3

-3 2

tiles of the NPDEs from simulated data, Light red
area: 90% confidence interval for the median of
the NPDEs from simulated data.

memrpolymphms’"‘umpmbcﬁmo:#wn
tacrolimus clearance Furthermore, Xue et linked
mmmmuumwmmum
peripheral distribution volume. In this study, neither red blood
count nor hematocrit reduced the 1TV associated with tacrolimus
clearance, The median value of hematocrit of our population was
37% (27%-49%), whereas the authors who reported a significant
effect of hematocnit on CL reported values of 28.6% (21%—
39%)."" Although compamable ranges were found, in our case,

patients showed stable hepatic function, a very namow range of
variation was observed in biochernical covariates indicative of
hepatic impairment, such as ALT or AST, when tested on CL.
Therefore, no statistically significant influence was found. In
contrast, in liver transplant patients,* both AST and ALT have
been reported in a larger range of values and reduced the tacro-
limus CL variability,

Bilirubin was the only statistically covariate
i CL (AOFV = —3.89, P < 0.05), but it was not clinically
significant. However, the reduction of the IV, was oaly

Tacrolmus blood concenuration (ugll) P

0 2 . [ 8 0 2 0 2 4 6 B w12
Tiems sher dose ()

FIGURE 6, Predose LSS. Observed concentrations (square dots) and maximum a posteriori Bayesian predicted concentrations

with the predose concentration (solid line) versus time (hours) after last dose for 2 different sampiles from a patient: (A) at week 1

(B) at month 3. In both cases, the model predicts the observed concentration with only the predose information with optimal

accuracy.
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TABLE 3. 500 Tacrolimus AUC; ;2 Simulations After
Different Initial Doses Looking for an AUC Target Between 150
and 200 ng/mL-h

AUCe o <150 ng/ =200 ng/
Dose,  Median (SD),  mL'h, Between 1030d  ml b,
mg ng/mL-h % 200 ng/mL -k, % %
25 1514 (8317 49 23 28
23 1696 (98.2) 40 29 37
0 181.7 (105.3) s 28 a2
13 199.9 (115.5) 28 22 50

5.12%, and it did not result in much more consistent PK
parameters, thus it was not retained in the model. In fact,
changes in bilirubin are not only a consequence of hepatic
impairment, so it was not considered an adequate predictive
covariate of CL to be used for target AUC intervention. Sim-
ulations performed after fixed doses of 3 mg with the bilirubin
covaniate model versus the final selected model without this
covanate showed that inclusion of bilirubin had a very low
impact on the percentage of the Cyy., falling within the
therapeutic target range. The limited number of patients used
mtheoommmddbuﬂdmgwﬂdbemponﬁblefoﬂhe
nonstatistically significant results.

A group of external patients (n = 91) was available for un
extemal validation. The results indicated an acceptable predictive
capacity of Coyeg With a coefficient of variation of 6.13% with
better precision than Passey et al”’ The goodness-of-fit plot
showed a slight underprediction with a bias of 0.37 ng/mL that
would not result in a major clinical impact. Nevertheless, sparse
data from the extemal validation group could hide some mis-
specifications of the model. Moreover, lesuhsoﬁhcmuml
validation techniques applied (NPDE,”” visual predictive
M”WMWM“M“&”WM

between observed and simulated data, indi-

the parameters was < 20%, this suggests a comect informative
distribution of variability, which is important for empirical Bayes
estimates. Moreover, the good CL population estimate and the
low degree of [TV obtained support the appropriatencss of the
Pmmdd&vndbma-ﬂiv“cmm-lm
paticnts, with charactenistics similar to our study population, and
therefore AUC, 4, related to tacrolimus efficacy.'™'* Thus, this
maodel could be very helpful for dose tailoring during TDM.
Based on the PPK model, devised simulations of PK
profiles after different initial doses allowed us to evaluate the
percentage of patients with exposures within an AUC target
of 150-200 ng/mL-h, These initial doses are in accordance
with those currently used in clinical practice. The 3 mg initial
dose included the highest AUC, 1, percentage within the
theoretical range; although an initial 77% of pa-
tients were still outside the target, the dose adjustment during
TDM using the model would reduce this percentage.
Moreover, this study supports the development of
a Bayesian adaptive control of dosage regimens as a means
of estimating the individual PK parameters and the AUC; 5,
on the basis of a routinely applicable limited sampling schedule.
A two-point strategy (0-hour predose and 90-minute postdose)
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Jed 10 an accurate estimation (bias, 4.04%; range, ~13.30% ©
16.18%; and imprecision, 0.81%) of the tacrolimus exposure,
which is compatible with clinical practice. In the LSS, | sam-
pling point at predose also showed an acceptable estimation of
the AUCq 1, and better accuracy than Benkali et al® with
a narower bias of 6.78% (range, —16.26% to 30.06%) versus
3% (range, —51% to 110%) and imprecision (1.42% versus
19%). Considering that expericnce indicates the logistic incon-
venience of TDM for some patients, 1 sampling point would be
& good LSS to minimize such problems. Thus, Bayesian fore-
mngﬁmmemmphgmnaﬂowmm
tion of AUC, considered to be the best predictor of efficacy,''
and consequently, dose adjustment will not be based on empir-
ummm«mmm&rmm
tration intervention will improve efficacy and safety without
any extra cost

In conclusion, the PPK model devised provides reliable
prior information for implementation in Bayesian adaptive
control of dosage regimens of tacrolimus to achieve desired
AUC values, Futher studies with increased number of patients
could allow to successfully include clinically plausible
covariates such as hematocrite or polymorphisms to have
more accurate adaptive dosage control of tacrolimus, Addi-
tionally, studies of different new polymorphisms that may
affect tacrolimus exposure should also be considered to be
implemented for future PPK models.
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The combination of CYP3A4*22 and CYP3A5"3
single-nucleotide polymorphisms determines tacrolimus dose
requirement after kidney transplantation

Nuria Lloberas®, Laure Elens®®, Ines Llaudé®, Ariadna Padullés®,

Teun van Gelder'9, Dennis A. Hessellnkf Helena Colom®, Franc Andreu®,
Joan Torras?, Onol Bestard®, Josep M. Cruzado®, Salvador Gil-Vernet?,

Ron van Schaik™* and Josep M. Griny6**

Introduction Tacrolimus (Tac) has a narrow therapeutic
mmmwwm
variability. As a result, over-i ion and under-
Immunosuppression are frequently omomund in daily
clinical practice. Unraveling the impact of genetic
polymorphisms on Tac pharmacokinetics may help to refine
therapy. In this study, the associations of single-nucleotide
polymorphisms (SNPs) in drug-metabolizing enzymes
(CYP3A) with Tac pharmacokinetics were investigated in
renal transplant recipients.

Participants and methods In a cohort of 272 kidney
transplant recipients, associations between functional
genetic variants (CYP3A44°22 and CYP3A5'3) and dose-
adjusted predose Tac concentrations (C.) and dally doses of
I’.cl!dmi—?“lsondi 3,6 and 12 months after renal
transplantation were lusted. Patients were genotyped

(43.5%) compared with EM (0%) at days 5-7 after
transplantation (P=0.01). About 30% of EM had
subtherapeutic exposure (C; < 5ng/ml) at days 5-7 after
transplantation (P=0.001).

Conclusion The combined CYP3A4 and CYP3AS genotype
of renal transplant recipients has a major influence on the
Tac dose required to reach the target

exposure. Pharmacogenetics and Genomics 00:000-000
Copyright £ 2017 Wolters Kiuwer Health, Inc. All rights

and 2017, 00:000-000

mm‘dmwlwwmmf”“mS%
allelic status: poor (PM) (CYP3A4"22 carriers with
CYP3A5"3/3), intermediate (IM) (CYP3A4*1/°1 with
CYP3A5*3/°3 or CYP3A4' 22 carriers with CYP3AS*1
carriers) and extensive CYP3A-metabolizers (EM)
(CYP3A€ 1/°1 and CYP3AS'1 cariers).

Results EM had an 88% lower dose-adjusted C, compared
with IM. PM had a 26% higher dose-adjusted C, compared
with IM. The percentage of patients with supratherapeutic

Tac exposure (Cy > 15 ng/ml) was significantly higher in PM

Introduction

Nowadays, 1-year graft survival of kidney transplants is
excellent, mainly as a result of potent, cakcincurin inhi-
bitor (CNI)-based, immunosuppressive therapy [1,2].
Tacrolimus (Tac) has now largely replaced ciclosporin as
the CNI of choice. Its clinical use is considerably com-
plicated by a high degree of toxicity, including acute and
chronic nephrotoxicity. In addition, Tac has a narrow
therapeutic window and has a highly variable and
unpredictable pharmacokinetic behaviour both between

Supplemental cighal content s assiable for the aticle. Dveot URL crators
wnhwmimmmmnlhmlwmmdh
artichs on Ba pomal's wetssle || h 0 o),

17446072 Copynght © 2017 Wolters Kluwer Health, ho. All nghts resoreed.
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R 88 ber 2018 Accepled 7 Jum 2017

and within individual patients. “This wide interpaticnt
variability renders therapeutic drug monitoning (TDM) a
necessity. Achievement of therapeutic exposure, asses-
sed by predose concentratons (C.,) is of paramount
importance during the carly period after transplantation
[3). TDM is thus mandatory and commonly applied in
clinical settings for "I'ac dose adjustment bur, similar to
any other reactive strategy, TDM is not supportive in the
critical first days after therapy initiation. Indeed, the use
of predictive factors 0 move towards a proactive
approach by the inclusion of pharmacogenctic markers
could aikd dose opuamization mainly during the early
period mransplantation when the pharmacokinetic steady
state is not yee achieved [4,5)

DO 10,106V FPC.0000000000000290
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As the pancipal protagonists of CNI pharmacokinetic
fate in h drug. bolizing ymes, efflux
pumps and target site genes constitute promising tracks
for integrating a pharmacogenetic and personalized dos-
ing strategy into chinical practice. An understanding of
the influence of genetic factors on CNI pharmacokinetics
(PK) should enable the outlining of the opumal immu-
nosuppressant drug combination and estimating the
optimal starting dose for a particular individual, Te also has
the potential o help in the eary identification of paticnts
with an increased risk of drug inefficacy andjor side
effects. In particular, Tace and cyclosporine are known to
be substrates of the cywochrome P450 (CYP) 3A sub-
family [6], which includes three functional members:
CYP3A4, CYP3AS and CYP3A7. Both CYP3A4 and
CYP3AS5 are implied in CNI oxidative metabolism, with,
for Tac, CYP3AS being the more efficient caralyst over
CYP3A4 7). The activity of CNIl-membolizing iso-
enzymes vanies markedly between individuals and
appears 1o be explained, in part, by the presence of cer-
win single-nucleotide polymorphisms (SNPs) in the
CYP3AY and CYP3AS genes [8,9).

In-vitro studies showed that the catalytic activity towards
Tac is 1.6-fold higher for CYP3AS than for CYP3AS.
Furthermore, in-vitro data showed that the importance of
CYP3A5*3 allelic status is dependent on the concomitant
CYP3A4 acuvity and that the relative contribution of
CYP3A4 or CYP3A5 w Tac mewabolism depends on
the amount of ecach counterpart [10,11]. Therefore,
individual SNP analysis (CYP3AS*3 and CYP3IA9*22)
influencing Tac PK resulted worth to combine.

The contribution of these two genetic variants to the
observed interindividual PK variability has been swudied
through the years. The CYP3A5*3 vaniant is the predominant
allcle in many populations, and the majority of Caucasians
(80%) lack the functional CYPIAS protein [12-16) CYP3IAS
expressers require approximately two-fold higher Tac doses
o reach the same blood exposure compared with CYPIAS
nonexpressers in any populaton studied [17-27)

Recently, it has been shown that CYPIAS*22 carriers had
higher Tac €y during the first week after tunsplantation
and had more supratherapeutic Gy These effects were
independent of the CYP3A5*3 genotype 7). However,
other authors did not find an association between
CYP3A4*22 and Tac dose-adjusted €y [16].

FRANC ANDREU SOLDUGA

ABCB! gene required higher Tac doses than camiers of
at Jeast onc mutated allele 3435T [32,33). Contradictory
data have been published on ABCCZ vanants —24C>T,
1249G > A and 3972C > T [34,35]. Although the influence of
three SLOOIBI SNP  (SLOOIBI-1118IG>A, NRiI2
11156A > C and 111937 > C) on PK pammeters and in liver
tansplant patients has not been observed [17], data on the
effect of these SNPs in renal wansplant patients are lacking.

The primary objective of the present investigation was to
study the assocation between different SNPs in the
recipient's genome and Tac exposure as assessed by Tac
Cy measured at regular time intervals during the first
12 months after kidney transplantation. In addition, the
contribution of the different SNPs towards clinical out-
comes was explored.

Participants and methods

Patient population

“T'he protocol of the present retrospective and observational
study was approved by the Rescarch Ethics Committee
of our centre and all patients included provided written
informed consent (PR 142/12).

Adult deccased and living donor kidney transplant reci-
pients were recruited berween 2005 and 2012 at the
Renal Trnsplant Unit of the Bellvitge University
Hospital (Barcelona, Spain). All patents were treated
with an immunosuppressive drug regimen consisting of
oral Tac (Prograf; Astellas Pharma Europe Led., Stines,
UK) administered in two equally divided doses in com-
bination with 0.5-1.0 g mycophenolate mofesil (Cellcepr;
Roche, Basel, Switzerland) ewice daily. A Tac onal loading
dose of 0.1 mglkg/day was started on the day of trans-
plantation and subsequendy adjusted to achieve the
predefined rget whole-blood &, range of 5-10 ng/ml.
The target Tac G was equal for all patients, irrespective
of the need for induction therapy, Clinkcians adjusted the
Tac evening dose t achieve a predefined rtarger con-
centration range, on the basis of the previous moming Gy
value, and an equally divided daily dose was then recal-
culated for the following day (new dose =rmarger Gy
measured Cyx daily dose). No pharmacokinetic model-
ling progmm was used to predict dose requirements.
Patients using once-daily Tac formulations and patients
treated with interacting drugs were excluded [36].

Induction themapy varied depending on the perccived

Duta suggest that other tansporters such as Poglycop

which is encoded by ABCB/ [6], and mulidrug resistance-
associated protein 2 encoded by ABCECZ [28] (and onganic
anion trnsporting polypeptide-C (encoded by SLOOIRT),
may be important in T'ac disposition [29-31). Compared with
CYP3A SNP, the information on the association between the
PK of Tac and SNPs in ARCC2 and SLCOIBT s limitesd and
unexplained pharmacokinetic vamability may be explamed
by these genetic varants, Some studics observed that renal
and hver transplant recipients homaozygous for the 343500

logical nsk and was also used for kidneys from
extended criteria donors. Induction therapy (anti-thymocyte
gobulin (Thymoglobulin: Genzyme Europe, Naarden, the
Nethedands), basilixamab (Simulect; Novartis farmaceutica,
Camberley, UK) or dacliaimab (Zenapaxp: Roche) was used
in the case of increased immunological risk. In addidon, all
patients received intraopenitive glxcocorticoids according to
the local protocol (500 mg intmvenous methylprednisolone
prereperfusion and 125 mg on day 1), which was followed by
15 mg/day oral prednisone until month 1. Then, prednisone
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55



B8 [UNIVERSITATo: FRANC ANDREU SOLDUGA

il BARCELONA

was mpered progressively over several months o either a
daily maintenance dose of 5 mg or complete discontimstion.
Serum creatinine concentrations (pmol/l) and estimated
glomerular filtrution rates (eGFR; caleulated using the
Chronic Kidney Discase Epidemiology Collaboration
formula), Tac G (ng/ml) and Tac daily doses (mg/day
and mg/kg/day) were retrieved from the medical files at
the following time points: days 5-7, day 151 2, day 30+ 2,
month 3+ 7 days, month 6+ 7 days and month 127 days
after tansplantation (as renal function measure). Dose-
adjusted Cg were calculated by dividing the G by the total
daily dose. Demographic characteristics (age, sex, ethnicity
and weight) of the patients were recorded and patients
were followed for up to 12 months after transplantation.

Chinical outcome variables that were assessed were renal
function (¢GFR), delayed graft function (DGF) and graft
loss. DGF was defined as the need for dialysis therapy
within the first postoperative week. Graft loss was defined
as return to dialysis or retransplantation (patients with
surgical complications and recipients from living donors
were excluded from the analysis).

Tacrolimus concentration measurements

Samples were analysed using cither the validated enzyme
mudtplied snmunaassay technique with 2 quantfication limat
of 2 ng/ml and a lincarity over the range of 2 and 30 ng/ml
until March 2011. From Apeil 2011, samples were analysed by
a validated ultne-perdformance liquid chromatography-mass
spectrometry with a limit of quanification of (L6 ng/mi and
lincarity over the range of 0.6 10 44 ng/ml. The conrelation of
both methods used for Tac analysis (Bguid d:mmmpqﬂ:y—
mass spectrometry and enzyme  multiplied  immuncassay
technique) was assessed aooonﬁng w Passing and Bablok [37].
There was a good comel both techniques, with
a slope value of 11093 (95% conﬁdcnu: meerval; 1.0714-
1.1538) and an intersection y-axis vakie of 02073 (95% con-
fidence intervalk — 00385 w —0.3857).

Genotyping

Genomic DNA was extracted from a peripheral whole-blood

ample wing the Wizard Genomic DNA Purification Kie

(Promega Corporation, Sydney, Australia) and was stored
-~ 80°C.

For the gcnowping. allclic discrimination reactions were

ofi d using specific TagMan (Applx:d Biosystems,
Foster Cun. California, USA) genotyping assays on an
ABI PRISM 7500 Fast Real-Time PCR Systems
(Applicd Biosystems) using 20 ng genomic DNA and
according to the manufacturer's instructions. Briefly, the
PCR cycle consisted of an initial step of I min at 60°C,
followed by a denaturation step at 95°C for 30s and 40
cycles with 95°C for 3 5 and 60°C for 305, The final post-
PCR read was made in 1 min at 60°C, The volume for
cach reaction was 12yl consisting of 5pl TagMan
GTXpress Master Mix  (Biosystems, Foster  City,
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California, USA), 0.125 pl of TagMan SNP genotyping
assay (80 x ) (Applied Biosystems, Foster City, California,
USA), containing the primers (4 pmol) and the probes
(16 pmolfl), and 20 ng genomic DNA. The assays used
had already been validated by direct sequencing in the
Department of Clinical Chemistry of the Emsmus
Medical Center (Rotterdam, the Netherlands), which was
in charge of the genetic analyses for the current project.

Recipicnts  were for CYP3A4*22 C>T
(rs35599367), CYPIAS*I G > A(rs776746), POR*28C>'T
(rs1057868), ABCET 34350 > Trs1045642), ABCLZ = 24C>"T
(rs17216163), ABCCZ 1239G > AI2273697), ABCCZ 45KG > A
(s8187710), SLCOIBI*IB 388A > G(n2306283), SLOOIBIMS
321 T>Clrd14056) and SLOOIRT 699 G > Als7311358),
According 1w the funcoional defear associtaed with CYPIA var-
s [38], we gathered CYP3A genotypes and chissified patienes
into three different dustess: poor (PM) (CYPIAS 22 camiers
weh CYPIAS*IMF), inemediare (IM) (CYPFAS P with
CYPIAS*3P3 or CYPIAS*22 camiers with CYPIAS*] camiers)
and extensive CYP3A-metbolzers (EM) (CYPIA*I#] and
CYP3AS*] camiers)

Statistics

Statistical analysis of the pamary endpoint included the
entire population. Initally, lincar models were constructed
o explore the effect of categoral vanables such as geno-
type or sex as well as several continuous varables such as
haematocrit levels and age, considered fixed factors, on the
dose per weight-adjisted € values (expressed as ng/ml/mg/
day/kg of body weight), ‘The log-transformed values of the
dependent vasiable (dosc-adjusted ) were wsed in all sta-
tistical tests. The ovenall effect of the CYP3A genotype and
all the continuous covanates on the dependent vanable,
taking into account interdependent responses from the same
patient through the different assayed oceasions vanability (at
7, 15, 30, 90, 180 and 365 days after ransplant), was assessed
by the mixed lincar models implemented. Differences
between patients at bascline were modelled by assuming
different mndom intercepts for cach patient. Seatistical ana-
lysis of secondary objectives (outcome endpoints) included
Kruskall-Wallis and {“Mann-\Whitney test and z-eest for
categoncal varables and was camied out excluding hving
donoe kidney transplant recipients o compare a homo-
geneous popubstion. Pearson 7-test was also performed o
compare the observed genotypic  frequencies  with
Hardy-Wemberg expectations. All analyses were camied out
in the R statstical package, version 3.2.2. (R Core Team,
Vienna, Austria).

Resuits

A rtotal of 272 adult recipients of a deceased or a living
kidney donor (mean age: 51+ 15 years) were included in
the present study (Table 1). The majority of the patients
(87.7%) received additional antibody induction therapy
consisting of anti-thymocyte globulin (s =88), basilix-
imab (v =127) or dachzumab (0= 14).
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Tatle 1 Ovarall characteristics of recipients (n = 272)

Fincipirt charsctenstcs o twl
Sex imakafomale) (7= 272} 179 (650153 (34.2)
Woght (pa 271) 6356413066
Heghe (0= 260) 169.40+61.81
EMI (n=288) 25162480
Age (am 278} 51115
Number of traceplent {n= 272
] 217 (veal
2 s 162
23 11 (4)
mm’ﬁ-(n-m
Dabatc mephropathy 14 (5.9)
Glomenslonaphnite s s
WW a8 (18
77 (208
Wcurqd—- 33 (1204
Hypertursive nepheopety 1452
CMY (ywaino) [n =268} 215 (B0.HVE1 192}
Total HLA memaiches {0« 206)
0 622)
' 728
2 24 (9.0
2 91 (342
a 06 (323
L] as (o0
6 4015
Type of donoe {o=272)
Ducecasnd 232 (863
Lwving 40 (147
Induction therapy (= 261)
Nore 320123
AIG 88 (33.7}
Busfoomal: 127 (48.7)
Daclumab 14 (54)

The nivwatn anahyms was caried cut using logirassformed vikons of the
Gapendont virable and ANOVA was Po statisic used.

ANCVA, analysis of veriance; ATG, ans-thymocyte globuls; CMY, cylomegal-
wirus; MLA, human leukocyte ansgen

Demographic and  physiologic data of all included

ents are ized in Table 1. Pharmacokinenc
dm including T'ac &y (ng/ml), daily doscs (mg/day), daily
doses per body weight (mg/kg), dose-adjusted € (ng/ml/
myg/day) and dose per weight-adjusted & (ng/ml/mg/ky/
day) at six different time points (days 5-7, day 15, months
1, 3, 6 and 12) during the first year after transplantation
are presented in Table 2.

Genotyping results/genotype frequencies

Allelic frequencies of the SNPs investigated in the 272
recipicnts are shown in Table 3, Frequencices observed in
the present study were in accordance with reported allele
frequencies in a Caucasian population and did not devi-
ate from Hardy-Weinberg distribution, All patients were
of Caucasian ethnicity.

The frequencies of the CYPIAS*1/*1 and *1/*22 geno-
types were 242 (91.0%) and 24 (9.0%), respectively. The
CYP3A5*1/*3 and *3/*3 genotypes were observed in 42
(15.8%) and 223 (84.2%) patients, respectively. No
CYPIAS*I/*1 or CYP3A#*22/*22 homozygous paticnts
were detected, The vast majority [23 out of 24 (95,8%))
of the CYP3A#*22 camticrs were nonexpressers for

FRANC ANDREU SOLDUGA

both C€YP3A allclic statuses and using the previously
published CYP3A genotype-based classification system
[40], 23 Tac recipients were classified as PM, 198 rea-
picnts as IM and 41 as EM.

Influence of polymorphisms on Tac exposure and dally
dose

Considenng the entire follow-up penod, CYPIAS*[*22
showed higher dose-adjusted € compared with CYPIA I
wikltype patients, with sutisucully significant differences
from days 3-7 w month 6 (Supplementary Fig. SIA,
Supplemental digital coneent 1, Apfilints. kew.com(FPCIB24S5),
CYPIASif*] patienes peesented 2 32% decreased Tac
dosc-adjusted C compared with CYPIASIM22 patients, In
addition, CYPFA5*3/43 had sgpificantly higher dosc-adjusted
G dwimtbcmnmstm!y;zuxl(‘ﬂ’.ﬂ?lf‘];mknu

da 51% o i Tac dose-adjusted ) compared
wnh CYP3AS*3/#3 patients  (Supplementary  Fig,  SIB,
Supplemental digital coneene 2, Aupfilimls feve.com/FPO/B246).

The influence of the CYPIA combined genotype on Tac
dose-adjusted €y showed that the differences between
the three CYP3IA genotype clusters were significant dur-
ing the entire first post-transplantation year (Table 2),
EM had 61 and 46% decreased Tuc dose-adjusted &,
compared with PM and IM, respectively (Fig, 1b), and
received a higher dose [Supplementary Figs S2ZA
(Supplemental digital content 3, upfilinks. fevw.com/FPC|
£247) and S2B (Supplemental digital content 4, Aupy/
links bwa.com/FPCIB248)). Plots of concentration over
time and dusc per vm;dn-ad,umd  over time by CYP3A

genotype cl are sh in Fig. 12 and ¢, respectively.

None of the ABCBI 34350 > T, ABCC2 - 24C > T, ABCC2
1249 G>A, ABCCZ 4544G>A, SLOOIBI 388A>G,
SLCOIBE 521T> €, SLCOIB3 699G > A alleles wested in
this study population correlated with dose-adjusted G
(Supplementary Table 1, Supplemental digital content 5,
heaplflinks. hew.com/FPCIB249).

Overall, mixed-model analysis for repeated measure-
ments for the 12 months of follow-up showed that PM
had a saatistically significantly lower Tac dose-adjusted
€y after adjusting for age, sex and hacmatocrit level
compared with IM patients. In contrast, EM had a sta-
tistically significantly higher TAC d §j | C after
adjusting for age, sex and hacmatocrt level compared
with IM. About 53% of Tac weight-adjusted dose vana-
bility was explained within patient and time (data not
shown); adding €YP3A reduces the variability explained
within patient to 45% and finally, after adjusting by age,
sex and hacmatocrit, the % of varability explined by
patient effect was 40% (Table 4). However, a population
pharmacokinetic model developed with these patients
showed that T'ac disposition in renal plant recipients
included the CYP3A5%T and CYPIAS*22 genotype, age
and hacmatocrit [41]. EM had 88% a lower Tac dose-

CYP3AS5 as reported previously [39]. When combining

djusted C, o d with IM (P<0.001). PM had 26%

Copyright © 2017 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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body weight and dose-adjusted C; at days 57, day 15 months 1, 3, 6 and 12 after

por
transplantation in the entire study population and considering the CYP3A combined genotype

Unnaarinte
A rocipients studked Modan vales aralyse
CYF3A PM CYP3A EM CYP3AM
N Modan S0 w5 i g e P~
Cq (et fekepa 5-7) 264 840 497  899-1020 1386 8.70 a6s 0.000
Cy (ng'md fekoy 18) 263 840 LEL) w24-10m 1126 798 as0 anoo
Cy (np'md Imonth 1) 266 8% 444 073-900 2 0 s00 ooes
Cy (np'm¥ imonth 3 2% 780 330 a7 an T80 790 onre
Cs (ngnd imonth 6) 232 710 ast 708-799 660 840 750 0115
Cs (np'ed fmonth 12) 211 80 2086 8.55-736 620 890 620 0230
Domn (mglday) ictay 5-7) 261 a0 435 756-838 600 800 700 0000
Doso (mgfday) iday 18 206 700 aba 01-766 400 820 600 0000
Dose (mgiday) imonth 1) 263 800 asr 624711 400 980 .00 0000
Dose (mgidey) Imonth 3) us 400 an 406-579 300 10.00 400 0000
Dose (mg/day) imonth 8) 226 400 302 430-519 300 850 400 0000
Desn (mgfday) maonth 12) 200 400 280 a96-478 295 800 4.00 0000
Dosn-adpstec C, ing/miimg/eg/ 258 7823 5% Base-11068 1704 427 0233 Q000
day) (days 5-7)
Doso-adpsted 200 9129 10163 1078-13283 14280 8059 w203 0000
) (day 15)
Dessadjusted Cg legimiimghy! 258 9408 10147  11120-138.08 12551 5854 856 0000
cay) (morth 1]
o Ingimimg/ig! 43 1L 11212 13226-10048 18200 83.70 124,08 0000
day) (month 3]
[ Co Ingimiimging/ 221 11822 13061 13491-160.562 17080 5637 13020 0000
day) Imonth 6]
Domnadisted G, frgimiimgfhg/ 191 11685 10505 13716.16740 14580 7820 12673 6.000
cay) [month 12)
CL confdence nterv; EM, bobzer: IM. i P, poor
“Unvariate anatysis Kruskal-Walls feot
higher TAC dosc-adjusted €, compared with IM  Discussion

(P<0.001). Estimated means for dose-adjusted € were
147.7, 111.3 and 56.2 for PM, IM and EM, respectively.

The p of pati with supratherapeatic € at days
5-7 after transplantation (Cy> 15 ng/ml), considering
CYP3A genotype clusters status, was significantly higher
in PM patents (43.5%) compared with EM (0%)
(P=0.01) (Fig. 2). Subtherapeutic values (€ <3 ng/ml)
were observed in 26.8% of EM ar days 5-7 after wrans-
plantation, showing a delay in achieving the trget Tac
exposure in the carly penod after transplantation
(P=0.001, Fig. 2 and Table 3). Although there were
difference in the concentrations reached  between
patients during the first week after transplatation, the
majoiry of patients achicved the target within 15 days
(Fig. 2).

Influence on dinical outcome

Renal function was not statstically significantly different
between CYP3A5 expressers and nonexpressers. No sta-
tstically significant differences were observed in creatinine
values, eGFR, the incidence of DGF and acute rejection
between the diff CYP3A g pe groups. Graft boss
occurred in 22 patients, 8.8% of EM, 8.7% of IM and 21.1%
of PM. These differences were not statistically significantly
different  between groups  [Supplementary  Tables 2
(Supplemenal digital content 6, Aup:flfimitsfase.com/FPCY
B250) and 3 (Supplemental digital content 7, Awp:ffiinés.
ks com/FPCIB251)).

Copyright © 2017 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

The aim of the present study was to evaluate the com-
bined influence of CYPIAS*22 and CYPIA5*3 SNPs on
the PK of T'ac throughout the first post-transplant year.
We found that Tac PK, as assessed by the dose needed to
reach  adeq drug  exj was influenced by
CYP3A4*22 and CYP3A5*3 SNPS. In addition, we
showed the utility of defining genotype clusters accord-
ing to the CYPIA genotype to predict differential dose-
adjusted Tac Gy In particular, patients classified as EM
were shown to have a lower mean Tac exposure during
the entire study period, which might, over time, lead to
subtherapeutic exp and its quences such as
the development of donor-specific anti-HLA antibodies.

The CYP3A5*3 allele has been recognized widely as the
main genetic factor influencing Tac PK. Patients not
expressing CYPIAS require two-fold lower Tuc doses to
reach the same concentrations compared with carriers of
at least one CYP3A5*! functional allele [42]. This
observation has been translated into a promising clinical
message as, in a prospective randomized trial, Therver
and colleaguesreported that the proportion of patients
reaching the target Tac € (1015 ng/ml) was significantly
higher in the CYP3A5 genotype adapred-dose group
(43.2%) compared with the control group receiving a
standard, badyweight-based dose (29.1%) [43]. In a more
recent climical trial [35], this was, however, not confirmed,
In the present study, it is confirmed that patients with
the CYP3IA5*3/*3 genotype had significantly higher
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Table 3 Recipient allelic frequencies

o (%)

CYPaAs'22

CYPaAE 1™ 242 1910

CYP3AL' 122 24 (0.0}

CYP3A4*2222 o
CYPAA5'3

CYP3AS 11 L]

CYPaAS'1 "3 42 sl

CYPaAS"a"3 223 |B&2)
CYP3A genotype clustars

CYP3A PM 23 188}

CYPSA IM 198 (758)

CYP3A EM LEL
POR"Z8

POR*t™1 149 |56.0¢

POR*t~28 98 (36.1)

POR"28~28 21 (79
ABCB1 3435CT

o 84 (317

cr 131 (¢0.4)

m 50 189}
ABCC2 24CT

oC 162 (805}

cr 06 (322}

” 186 60}
ABCC2 1240GA

GG 187 1628

GaA 86 (323

AR 13 6891
ABCC 24944GA

GG 226 (B6.3}

GA 361137
SLCO181 388A0AA 25 (20.4)

AG 45 [524)

GG 15 (176
SLCO1BY I21TC

m 58 |67.4)

T 27 131.4)

oC 12
SLCO1ED 699GA

GG 623}

GA 53 (200)

AL 208 (72.7)

dose-adjusted & throughout the fiest post-transplant
year, indicating that, because of a functional defect in
CYP3A5 activity, a lower dose is sufficient to reach the
same blood concentrutions as CYPIAS expressers.

CYP3A#* 22 was originally described by Wang and col-
leagues, who showed that carniers of the defective allele
required lower statin doses to control lipid levels com-
pared with CYP3AS*1/*/ individuals. They also char-
acterized i vty the functional defece linked o the
CYP3A4*22 inton 6 SNP by showing an allele-specific
decrease in CYP3A4 hepatic mRNA production and a
lower microsomal CYP3A4-driven activity, Elens o al
[40] reported that carriers of CYP3A4*22 SNP needed
lower T'ac doses to reach the target ¢ compared with
CYP3A¢*I/*] patients in de-novo kidney transplant

3 The diffe between the different geno-
rypc groups were observed at carly follow-up tme points
after transplantation, but not at later time points, This has
been confirmed by other investigators who found higher

FRANC ANDREU SOLDUGA

mean T'ac Gy in CYPAIAS*22 carriers at months 3 (13.8
vs. 109 ng/ml) and 6 (12.7 vs. 9.4 ng/ml) after transplant
[42]. However, some other studies did not find an asso-
ciation between the CYPIAS*22 allele and Tac G, in
renal transplant recipients [35,43). This difference might
be because of genertic dlffcrcnccs berween cohom and
differences in post-transpl ppressive drug
protocols, ‘The present study confirmed this influence
when considering carly tme points (ie. 5-7 days after
transplantation) but, in addition, showed that differences
were still present ar months 3 and 6 after renal trans-
plantation. A post-hoc analysis of Tactique trial showed
that the CYP3A#*22 allcle was important o identfy
patients at risk of supratherapeutic exposure [39]. Three
days after the start of Tac administration (i.¢. 10 days
after surgery), only 11% of the CYPIAS*22 camiers were
within the target range of Tac G, whereas among the
CYP3A4*1/* ] carriers, 40% were within the target range.
Accordingly, the investigators concluded that casiers of
CYP3A4*22 often reach supratherapentic concentrations
and they assigned an important predictive value to this
allele in determining the right Tac starting dose when
combined with the CYFPFAS genotype informanon,

Some authors have described that the combined e
score of CYPIAY and CYP3AS polymorphlsms could
facilitate rapid dose adjustment of Tac [44,45). This
strategy is also included in a population pharmacokinenic
study {41] o aid Tac dosc refinement in routine. On
combining both CYPIA alleles into a bolism status
(PM, IM or EM) and defining three clusters as proposed
by Elens & al. [38,40], the differences between groups on
Tac dosc-adjusted concentrations were amplified. As
shown in Fig. lc, almost all differences were statistically
significant, also at later time points. These results are in
agreement with those of a previously published report
[46] where €YP3A genotype clusters were studied in a
smaller cohort of renal transplant recipients (r = 49) who
were weated with cither Tac or cyclosporine. In this
study, in which patients were studied ~8 vears after
transplantation, the same differences in Tac dose
requirement were observed bcmcn the three CYP3A
genotype ¢l Our | di that the con-
sideration of the combined CYP3A4 and CYPIAS geno-
type could help to better predict Tac exposure during the
first 6 months after renal transplantation and mighe aid
Tac dose optimization. EM had 2 47% decreased Tac
dosc-adjusted Cy compared with IM. In contrast, PM had
2 36% higher Tac dosc-adjusted €y compared with IM.
These observations indicated that dose adjustment on
the basis of the combined CYP3AS and CYPIAS genotype
could increase the number of patients within the ther-
apeunic target, specifically during the first weeks after
transplantation. ‘This dosage fine-tuning has the ultimarte
potcmial to impmvc the graft outcome of transplantation
b) mnmmmng the drug exposure-related toxicity and

I exf Supporting this  hypothesis,

Copyright © 2017 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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Table 4 Rew and adjusted association of CYPIA with Tac C; dose and weight adjusted (mixed regression model: n= 275 and 1448

Sardercired §) baw) £ vakio (raw) Standardend §f ladusted! #vale ladustea)
CYP3A intermodale . poor 043 0.0052 048 0.0011
CYPAA infurmodiate v high -096 «<0.0001 -0.90 < 0.0001
Tewe {30 dupal 047 <0000t 0.0 00001
Sex [mabel - - 018 0085t
Ago 10 years - - 023 <0.0001
Hasmatocrit - - 0.1 < 0.0001
A poor expresson of CYP2A in relason 10 an - with @ higher Tec dose and a hgher eapression of CYP3 in selation to an intosmeciale

whanmmmmwdnmummmmmnmmm-m
ndapencactly with 3 hghar Tac cose.

in the present study, it was observed that the risk of @ In addition, a significant delay in reaching the rarget Tac
supratherapeutic G (>15 ng/ml) was significantly hldlet s was observed in EM, About 29.7% of these patients
for PM than for EM (0%) at day 5-7 after | had subth ic Oy (<S5ng/ml) levels at day 5-7.
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Percantage of patient with Co>15 ng/mL &

Oy &7 Duy 3%

Month 1

Month 3 Month 12

CYP3A genatype clusters

W Poor babs a

wn

Parcantage of patient with Co<S ng/mL &

Day &7 Day 1% Month | Month 3 Month 6 Month 12
CYPIA genotype clusters
" Poor a abalu | Mgh metatolaen

Dsstribution of patients on the basis of tacrobmus (Tac) exposse achieved at month 1 after sransplartation. (a) percentage of patients with Ca>18eg/mi

and (b) percentage of patients with C0 <8 ng/ml

Table 5 Proportion of patients at days 5-7 with tacrolimus concentrations less than 8 or more than 18 ng/ml|

Hgh metaboizors (%) nermedate metaboizers () Poor metabokzers %) LR
Co<Bngiml 268 106 0 12.2
Co> 18 ngmi 0 125 435 138
Axsocutons of geoeSc varmsts and i Tac cose aduased Cy,

However, as this s a retrospective analysis, we believe
that to validate the recommended starting doses, a pro-
spective mandomized-c lled trial is Jed to evalu-
ate the risk/benefit ratio of a combined CYPIAHCYPIAS
genotype-based Tac dosing stmtegy,

The stdy has limitations. First, it includes only
Caucusian patients and there might be differences in
CYP3A genotype cluster activity with other cohorts. The
second limitation is the relatively low number of PM and
IM, which reduces the statistical power and restricts the
evaluation of potential confounding factors. However,

despite the relatively low number, we could detect a
significant influence of this on the Tac concentrations,
probably reflecting a very strong impact of the CYFP3A
genotype clusters,

The initial T'ac dose on the basis of multiple genotype
statuses is being considered in some transplantation
centres. However, data reported to date on the possible
bencfit of such an a prion genotyping strategy are still not
very clear, In our study, we did not observe any differ-
ences in the clinical outcome. In this sense, the Tactique
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trial showed that the reduced time to achieve adequate
concentrations in the genotype-based Tac dosing group
was not translated into a better clinical response [47].
Nevertheless, as has been discussed by different experts
in the field [48], the particular design of the study might
not accurately reflect a usual kidney transplant popula-
tion as they included only patients at low immunological
risk for acute rejection and several patients received
mduction thempy in addition to high mycophenolate

fetil doses. C quently, the introduction of Tac was
delayed until day 7 after transplantation.

In contrast, T'ac starting dose on the basis of an indivi-
dual’s CYP.)AS genotype (GBD) did not increase the

of pati in target compared with the stan-
dard dose |49l The pmpomon of patients with sub-
peutic and suprath ic Tae G was comparable

between both groups and GBD did not improve the
clinical outcome. “The main reason for these obscrvations
is that the GBD does not explain all vanability in Tac PK.
Therefore, there is sull unexplained PK vanability and
other genetic variants might explain the residual vana-
bility in Tac dose requirement. Interestingly, in the
study of Thervet and colleagues, even if the Tac starting
dose was defined according to CYPIAS expression status,
some patients still presented 1'ac € beyond the ther-
apeutic range after 3 days of Tac therapy. Accordingly,
and as explained above, reanalysis of Tactique dam to
weight the potental additional explicative value of
CYP3A#*22 w elucidate the ongin of this remaining PK
variability was carried out [39]. As expected, they found
that CYP3A$*22 camiers are more at risk of suprather-
apeutic concentrations than noncarsiers, even if that
study had a very particular design not focused on the
influence of CYPIAS*22 camicr status. We believe that
future  prospective  studies with  pre-transplantation
genotype-based Tac dosing should include not only
CYP3A5*3 burt also CYP3AS*22. Furthermore, the wue
clinical benefit remains tw bc tested in appmpmmcly
designed prospective randomized trials to d the
influence ofgcrmypc combinations on clinical outcome.

Conclusion

We show that the CYP3A4*22 and CYPFAS*3 alleles are
all associated independenty with Tac exposure during
the first year after transplantation, CYPIAS*//*22,
CYP3A5*3/*3 and PM patients had lower dose require-
ments to achieve the target concentrations. Our study
provides ang s for impl ion of the combined
CYP3A4 and CYP3A5 genotype status when deciding on
the initial Tac dose.
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Abstract

Background Single nucleotide polymorphisms (SNPs) in
the CYP3AS and CYP3A4 genes have been reported to be
an important cause of variability in the pharmacokinetics of
tacrolimus in renal transplant patients. The aim of this
study was to merge all of the new genetic information
available with tacrolimus pharmacokinetics to generate a
more robust population model with data from renal trans-
plant recipients.

Methods Tacrolimus exposure data from 304 renal trans-
plant recipients were collected throughout the first year
after wansplantation and were simultancously analyzed
with a population pharmacokinetic approach using
NONMEM® version 7.2.
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Results The tacrolimus whole-blood concentration versus
time data were best described by a two-open-compartment
model with inter-occasion vaniability assigned to plasma
clearance. The following factors led to the final model,
which significantly decreased the minimum objective
function value (p < 0.001): & new genotype cluster vari-
able combining the CYP3AS*3 and CYPiA4*22 SNPs
defined as extensive, intermediate, and poor metabolizers;
the standardization of tacrolimus whole blood concentra-
tons to @ hematocrit value of 45%; and age included as
patients <63 years versus patients >63 years. Extemal
validation confirmed the prediction ability of the model
with median bias and precision values of 1.17 ng/mL (95%
confidence interval [CI] -3.68 to 4.50) and 1.64 ng/mL
(95% CI 0.11-5.50), respectively. Simulations showed
that, for a given age and hematocrit at the same fixed dose,
extensive metabolizers required the highest doses followed
by intermediate metabolizers and then poor metabolizers,
Conclusions Tacrolimus disposition in renal transplant
recipients was described using a new population pharma-
cokinetic model that included the CYP3AS*3 and
CYP3A4*22 genotype, age, and hematocrit.

Key Points

This is the first population PK study combining
CYP3AS and CYP3A4 genotype, age, and
hematocrit that influence tacrolimus concentrations
in renal transplant recipients,

This & externally validated prediction model to
propose new clear dosage guidelines for each
genotype.

A Mis
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1 Introduction

Tacrolimus is the most frequently used drug to prevent
solid-organ transplant rejection and is mostly combined
with anti-proliferative agents and glucocorticoids [1, 2].
Tacrolimus is a narrow therapeutic index drug that requires
individual dose titration to achieve a satisfactory balance
between maximum efficacy and minimum toxicity (3, 4).

The pharmacokinetic profile of tacrolimus is character-
ized by a high degree of inter- and intra-individual varni-
ability [5]. Although tacrolimus is rapidly absorbed in the
gastrointestinal tract, it has a poor bioavailability (17%) (6]
that ranges from 5 to 93% [2, 7). This is mainly attributed
1o the pre-systemic metabolism of tacrolimus by cyto-
chrome P450 (CYP) 3A and to P-glycoprotein-mediated
efflux [§]. Tacrolimus binds extensively to erythrocytes,
while in plasma it is mainly bound to «,-acid glycoprotein
and albumin [2, 9, 10]. Multiple factors have been identi-
fied as sources of tacrolimus pharmacokinetic variability,
including demographic characteristics, food intake, drug-
drug interactions, hepatic dysfunction, and hematocrit
[9, 11-14]. Two single nucleotide polymorphisms (SNPs)
in the CYPIA4 and CYP3AS genes (CYP3A4*22 and
CYP3A5+*3) have also been reported as important causes of
inter-individual variability (IIV) [15-19).

The large variability observed in tacrolimus pharma-
cokinetics makes therapeutic drug monitoring (TDM)
essential to optimize tacrolimus dosing. The achievement
of therapeutic exposure, routinely assessed using predose
concentrations (Cp), is crucial during the early period after
transplantation [20]. However, TDM support is less accu-
rate during the first critical days as a consequence of sub-
stantial changes in some individual characteristics and is
limited by the time delay needed to ensure attainment of
pharmacokinetic steady state before performing any dosage
adjustment. Pharmacogenetic markers have been shown to
assist in improving dose individualization (21, 22). How-
ever, whether a patient has the CYP3A genotype is
unknown at the time of drug prescription. Ensuring that
patients are within the therapeutic tacrolimus concentration
range is relevant in the first days post-transplant when the
nisk of rejection is highest, Thus, the optimization of initial
tacrolimus dosing using a pharmacokinetic model includ-
ing the predictors of pharmacokinetic variability might
help to improve the clinical outcome of transplantation.

A previous study by our group [23] showed that clus-
tering patients according to both CYP3A4*22 and
CYP3AS5*3 allelic status defined their metabolic status
quite accurately. Extensive metabolizers (EMs) had a lower
dose-adjusted tacrolimus C, than poor metabolizers (PMs)
or intermediate metabolizers (IMs).

Until now, oaly a few studies on population pharma-
cokinetic (popPK) models for dose individualization of

A Adis

tacrolimus have been reported. These models included
variables such as age, hematocrit [24), the type of tacroli-
mus formulation [25], and the CYP3AS [15, 18, 26] and
CYP3A4 [27-29] genotype. Some of these models included
several of these variables but none considered all of them
together in the same popPK model. Recently, the impor-
tance of CYP3AS*3 and CYP3A4*22 as principal SNPs
influencing tacrolimus metabolism was confirmed in a
large cobort of renal transplant patients [27, 30, 31]. Our
group developed a preliminary popPK model of tacrolimus
in stable kidney transplant patients, However, the limited
sample size did not allow inclusion of genetic information
in the final model [32]. The aim of the present study was to
include all the newly available genmetic information oa
tacrolimus pharmacokinetics to generate a more robust
population model in a larger cohort.

2 Methods
2.1 Patients and Immunosuppressive Therapy

Adult renal transplant recipieats treated with an immuno-
suppeessive drug regimen of oral tacrolimus (Prograf®;
Astellas Pharma Europe Ltd, Staines, UK) twice daily in
combination with 0.5-1.0 g/day of mycophenolate mofetil
(MMF) (Cellcept™; Roche, Basel, Switzerland) were
included. No Bayesian prediction approach was used for
dose tailoring. Demographic and bicchemical characteris-
tics were followed and recorded from week 1 to month 12
post-transplantation.

For external evaluation data, immunosuppression con-
sisted of a combination of tacrolimus with MMF or
mycophenolate sodium and corticosteroids, For TDM
purposes, the tacrolimus C, was determined on a daily
basis during hospitalization,

22 Study Design and Datasets

The discovery cohort consisted of a total of 304 paticnts.
Seven patients in this cohort participated in the pharma-
cokinctic sub-study of the Symphony study [33] and were
intensively sampled, Samples for tacrolimus concentration
measurements were collected before and 15 and 30 min
and 1,2, 3,4, 6,8, and 12 h after oral dosing on day 7 and
months 1, 3, 6, and 12 post-transplantation. The second
group consisted of 297 patients who participated in a ret-
rospective pharmacogenetic study carried out between
2005 and 2012 at Bellvitge Hospital (Barcelona, Spain). C;,
was measured on days 7 and 15 and months 1, 3, 6, and 12
after transplantation [23).

External evaluation data were obtained from 59 adult
deceased donor renal transplant recipicats who were
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prospectively recruited between July 2007 and January
2009 at the Cliniques Universitaires St Luc (Brussels,
Belgium) and followed during the hospitalization period as
previously described [30, 34].

2.3 Tacrolimus Measurement

For the model-building group, until March 2011 samples were
analyzed by a validated enzyme-multiplied immunoassay
technique with a quantification limit of 2 ng/mL and a lin-
carity over the range of 2-30 ng/mL, From April 2011, a
vahidated ultra-performance liquid chromatography mass
spectrometry with a limit of quantification of 0.6 ng/ml. and a
linearity over the range of 0.6-44 ng/ml. was used.

For the validation coboet, tacrolimus €, values were
measured using a chemiluminescent microparticle
immuncassay on the Architect analyzer from Abbott
Diagnostics Laboratories (Abbott Park, IL, USA) {30, 34].

24 Genotyping

Genomic DNA was extracted from peripberal whole blood
using the Wizard®™ Genomic DNA Purification Kit (Promega
Corpoeation, Sydney, NSW, Australiz). For genotyping, an
allelic discrimination reaction was performed using specific
TagMan™ (Applied Biosysiems, Foster City, CA, USA)
genotyping assays for each SNP on an ABI PRISM 7500®
Fast real-ime PCR Systems (Applied Biosystems). All
patients were genotyped for CYPIAS*3 and CYPIA4*22.
According to the functional defect associated with
CYP3A variants [27], we classified paticnts into three dif-
ferent clusters of CYP3A metabolizers: PMs (CYP3A4*22
carriers with the CYPIAS*3/*3 genotype), IMs (CYP3A4*22
noa-carriers  with the CFPIAS*3/*3  genotype or
CYP3A4*22 carriers with the CYP3AS*1/*] genotype), and
EMs (CYP3A4*22 non-carriers and CYPIAS* | carriers).

2.5 Population Pharmacokinetic Analysis

A popPK analysis was performed with the non-lincar
mixed-effects model approach using NONMEM™ version
7.2 (ICON Development Solutions, Hanover, MD, USA).
Perl-Speaks-NONMEM (PsN) version 4.2 [34] (http://psn.
sourceforge.net/), R package version 3.1, and Xpose 4.2.0
were used for model evaluation. The first-order conditional
estimation method with interaction was used throughout
the modeling process.

One-, two-, and three-compartment open models with
linear elimination were fitted to the concentration-time
data, Zero-order, first-order with or without lag-time, and
transit-compartment kinetic profiles were tested to describe
the absorption process [35). IIVs and inter-occasion vari-
abilitics (IOVs) [36] defined by fitting exponential eror

models that assume log-normal distributions were tested.
Additive, proportional, and combined error models were
tested to describe the residual error (RE) variability. To
compare the different nested models statistically, the like-
lihood ratio test, based on the reduction of the minimum
objective function value (MOFV) a significance level of
p <0005 (change in MOFV [AMOFV] = -7879 for
1 degree of freedom) was considered. For non-hierarchical
models, the most parsimonious model with the Jowest
MOFV according to the Akaike information criterion
(AIC) was chosen [37]. The decrease in MOFV, parameter
precision expressed as percentage relative standard error
(RSE%), reductions in 11V associated with parameters, n-
and e-shrinkage values [38], model completion stats, and
visual inspection of goodness-of-fit plots were also con-
sidered for model selection and validation.

2.6 Covariate Analysis

The effect of all covariates was tested on model parameters
if the comparison could be consadered to be physiologically
and clinically meaningful. The covariates evaluated were
bodyweight, body mass index, age, sex, hemoglobin,
hematocrit and erythrocyle count, aspartate aminotrans-
ferase (AST). and alanine aminotransferase (ALT).
Although the influence of continuous covariates on the
pharmacokinetic parameters was tested systematically by
an established modeling approach according to linear,
exponential, or power-centered relationships, the power
function model (Eq. 1) was finally applied:

coy v
V8= 01 (G6vrnan) b
where 0, is the typical value of the jth pharmacokinetic
pasameter (TVP)) for a patient whose covariate value (COV)is
equal to the population median (COV . y.,,) and ACOV is the
change in InTVP, per unit change in In(COVICOV eutins)-
The categorical covariates (sex and polymorphisms)
were tested on their respective potentially influenced
pharmacokinetic parameters by calculating a  distinct
parameter for each category, Age was tested as a contin-
uous and categorical covariate (Eq. 2). For this purpose,
age was sorted into two age groups based on the third
quartile of the age distribution of the actual population:
patients <63 and >63 years old.

TVPj=0; for Z=0

TVP, = 0; 0 for Z=1 @

Hematocrit was also considered to explain residual
variability associated with total blood concentrations, as
described by Starset ct al, [24] (Eq. 3). A bias between
total tacrolimus concentrations and predicted total
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concentrations due to hematocrit levels was corrected by
linear standardizing of the total blood concemtrations with
regard to a hematocrit value of 45%.

C...zC,:C..xRxﬂ“v- 3)

where C,, is tacrolimus total concentration, C, is tacroli-
mus bound concentration, C,,. is the standardized con-
centration and R is the ratio between the maximum
concentration bound to erythrocytes (Cbg,,) and the
unbound concentration leading to half-maximum binding
(Cug) and H.. is hematocrit.

Covariates were initially explored by correlation and
univariate analysis and then using the forward inclusion
(p < 0.05) and backward elimination (p > 0.001) stepwise
procedures [39, 40], Significance levels of 5%
(AMOFV = -3.841 units) and O.1% (AMOFV =
10.8 units) were considered during the forward addition
and backward elimination steps, respectively. Only
covariates providing a reduction of IV associated with
parameters of at least 10% were considered clinically rel-
evant and were retained in the model.

2.7 External Evaluation

The predictive performance of the developed model was
assessed in the external evaluation dataset. The bias (me-
dian prediction error [MPE]; Eq. 4) and imprecision (root
median squared error [RMSE]; Eq. §) and their corre-
sponding 95% confidence intervals (Cls) were calculated in
accordance with Sheiner and Beal [41].

MPE = median (Obs — lye) (4)

RMSE = 1/ median (Obs — fees)* (5)

where I is individual prediction and Obs is observed.
28 Internal Evaluation

To evaluate the predictive performance of the final model,
a prediction-corrected visual predictive check (pred-
corVPC) [41] and a posterior predictive check (PPC) [42]
were carried out from 1000 simulations of the original
dataset. A non-parametric re-sampling bootstrap procedure
with replacement of 200 replicates was wsed to further
evaluate precision of model parameters.

2.9 Model-Based Simulations and Dosage
Guidelines Definition

The final popPK model was used to define the optimal

initial doses for different covariate combinations. Three
different scenarios were defined: PM, IM, and EM CYP3A

A Adis

metabolizess for patients either <63 or =63 years old
presenting hematocrit values established at 34%, which
corresponded to the overall median population value
observed. The age cut-off was based on the age distribution
of the actual population.

For each scenario, concentrations that would be
achieved after different initial target fixed doses of between
2 and 4 mg every 12 h were stochastically simulated and
evaluated | month after the start of the treatment. Five
hundred simulations were performed in cach case. Subse-
quently, percentages of patients with C;, values within the
therapeutic range after each dose regimen were computed
to establish the optimal dose with respect to the target C,,
window (5-10 ng/mL) [3].

3 Results
3.1 Patient Characteristics and Datascts

A total of 1891 tacrolimus whole-blood concentration
versus time values were simultaneously analyzed: 329
were obtzined from the intensively sampled group (n = 7
patients) and 1562 were C;; values obtained in the second
group (‘Cy group': n = 297 patients). In total, 83% of
values were C, values, Demographic, biochemical, and
genetic characteristics of the patients included in the model
are summarized in Tables 1 and 2. All patients were
Cancasian and genotyped for CYPIAS*3 and CYPIA4*22.
No differences in dose-normalized C, were found, and nor
were there any differences in biochemical and demo-
graphic characteristics between the intensive and €, groups
or among bioanalytical methods, During the study follow-
up, the median tacrolimus daily dose was reduced by 2 mg
after the first month post-transplant and the median C,
decreased by approximately 1 ng/ml. during this period. A
total of three tacrolimus concentrations (0.2%) were below
the lower limit of quantification. Both creatinine levels and
hematocrit changed significantly from the earlier post-
transplant stages to the later stages (paired ¢ test,
p < 0.0001),

3.2 Population Pharmacokinetic Analysis
3.2.1 Structural Model

The tacrolimus whole-blood concentration versus time data
were best described by a two-open-compartment model
with first-order absorption kinetics and a lag time, The
peripheral distribution volume (V) was fixed to 526 L w
properly estimate other population parametess.

10V and IV were both associsted with tacrolimus
clearance (CL). The IOV inclusion significantly reduced
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Table 1 Overall patien! characteristics

the MOFV (AMOFV = -368.519, p <0001) and
decreased the IV assoctated with CL (IIVy) by 83%. A

Characterisse Vadue
proportional error model best described the RE distribu-
Model-building group tion. The inclusion of two different REs for each group did
Nuber of paticots 304 not significantly decrease the MOFV (AMOFV = -6.785,
Sex (MF) 200104 p >0.005). The pharmacokinetic parameters estimated
Weight 68 (40-106) from the structural model are listed in Table 3.
Ago 52 (17-83)
Number of transplants 3.2.2 Covarlate Model
1 243 (8O%)
2 49 (16%) The most relevant covariate models are summarized in
) 12 (4%) Table 4, When covariates were entered in univariate
Primary kidecy disease analysis, neither bodyweight nor other demographical and
Diabetic nephropathy 16 (5%) hepatic variables provided a significant drop in the MOFV
Glomenlonepheitis 97 (32%) (p > 0.08).
Iaterstizial nepheitis S1(17%) The inclusion of hematocrit to predict a standardized
Unknown origm 88 (29%) tacrolimus concentration (Model 2) significantly reduced
Polycystic kidaey disease 36 (12%) the MOFV (AMOFV = -93.88, p < 0.001) compared with
Hyperteasive nephropathy 16 (5%) the structural model. PredcorVPC using hematocrit as an
CMV (yesino) 246 (81%¥58 (19%)  independent variable showed no systematic prediction

Toal HLA mésmaiches
7(2%)

error and confirmed the result of better prediction of the
model when hematocrit is included when compared 1o the

0
1 8%) structural model (data not shown).
2 27 (9%) The CYP3A5*1/*3 SNP sutistically significantly influ-
3 104 (34%) enced tacrolimus CL (AMOFV = -10.57 for Model 3,
4 98 (32%) p < 0.05), In contrast, CYPIA4*1/*22 was not statistically
s 55 (18%) significant (AMOFV = +53.11 for Model 4, p > 0,05). A
6 502%) cluster was created as a new covariate in accordance with
Polymorphisen® our previous pharmacogenetic study [23) combining both
CYP3AS*1/*3 (nin) 255049 SNPs. The inclusion of CLUSTER as a covariate (Model 5)
CYPAS*1/*22 (nin) 27529 significantly decreased the MOFV (AMOFV = -108.33,
CLUSTER p < 0.001) with respect to those models where CYPIAS*3
High metabolizer 47 (15%) and CYP3A4*22 were included separately. When age was
Intermodiste metabolizer 230 (76%) included as categorical covariate, i, patients <63 versus
Poar metsbolizer 27 9%) >63 years old (Model 6), the model fit was also statisti-
Exemal validation group cally significant when the age effect was targeted at
Number of patierms 9 tacrolimus CL (AMOFV = -22.27, p < 0.001).
Sex (MF) 21138 The inclusion of the genotype classification CLUSTER
Weight 72 (30-100) in the hematocrit model (Model 7) resulted in a significant
Age 53 (25-76) drop in MOFV (AMOFV = -9250, p < 0.001). The
Polymaoephism* inclusion of CLUSTER, hematocrit, and age together led to
CYPIAS*1*2 (nin) 4118 the final model, Model 10, which decreased the MOFV the
CYPIAS* 122 (nin) S48 most (AMOFV = -27.66, p < 0,001). Backward elimina-
CLUSTER tion of cither CLUSTER or hematocrit out of the final
High metabolizer 16 model resulted in a statistically significant increase of
Rvaediie nicabliess 2 AMOFV = +107.24 (p<0001) for Model 8 and
Poar metabolizer 0 AMOFV = 4+98.61 (p < 0.001) for Model 9, respectively.
D e i &b dnn o T il The parameter estimates of the final model are shown in

nember of cases for discoatinuoss variables
CMV cywomegalovirus, ¥ female, M male, max maximum, mbe minimes

* All polymarphisms respected the Hardy-Weinberg ogquilitcium. No
CYPIAS*11*] o CYPIAG*22*2E homoxygous panents were deseced

Table 3. The [TV 5 was reduced by 27.8% when compared
with the structural model. Conditional weighted residuals
were randomly spread around zero and no trend was

detected (Fig. 1). The bootstrap of 200 re-samplings
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Table 2 Demographic and bicchemical ch istics and penetic polymoephisms of the model-building and external evaluation paticets
Charactenistics Global Day ? Day 15 Manth 1 Moath 3 Momzh 6 Year |
Model building
Number of pagiesss (1) 304 281 5 - 268 Pt 208
Hemasocrit (%) 34 (18-59) 30 (21-%9) 0 (21-52) 37 (18-53) 39 (23-56) 40 (27-53) 39 (34-42)
Creatinine (umol/L) 128 (SB-953) 209 (71-953) 1S53 (73-637) 137 (S8-765) 126 (68-742) 124 (62-693) 125 (66-67%)
ALT (patL) 029 028 027 03s 0.30 33 030
(0.07-5.30) (Q1-261) (007-179)  (0.16-1.82) (021-530)  (0.18-1.73)  (0.27-048)
AST (ukavl) 031 045 30 030 35 37 030
(0.10-1.90) QI0-1590) (0.15-146)  (0.13-042) ©17-173)  (0.11-058)  (0.20-0.40)
Tacrolimus daily dose 6.0 (1-20) 7{1-20) 6(1-18) 4 (1-18) 4(1-14) 4 (1-16) 5(2-6)
(mg)

Tcrolimus Co (ng/ml) 7.7 (13-30.0)  8.5(1.5-254) 85 (20-00) 8£3(2.1-272) 76 (26-22%8) 72(1.3-210) 64(22-20.9)

Exlermal validation (& month 1)
Number of pasiesss (n) 59

Hemasocrit (%) NA NA NA

Cresginine (amol/L) 9.0 NA NA
(44.2-98.58)

Tacrulimus daily dose 5 (1.5-13)

(mg)

Tacrolimus Co (ng'ml.) 104 (4,8-26.6)

L]

NA NA NA NA

50 NA NA NA
(44.2-98.58)

5(1.5-13)

104 (4.8-266)

Data are shown as median (min-pmax) values for continucus variables and pumber of cases for discontinsoes variables

The median lisvas C; of the validats

group was slightly higher than that of the model-building group, probably because patients .‘m the

validation group were treated with higher tacrolimus doses than those given 1o the model-<developing group. No statistically significant

differences were found in dose-normalized C;, between the model-bullding and valldatice groups

ALT alsmine ami fi AST i fi Cop

max i min NA data not availabl

(Table 3) confirmed the good accuracy of the estimates of
the pharmacokinetic parameters. All final model estimates
were within the 90% CI of the bootstrap values. The rel-
ative deviation of the bootstrap median from the population
mean was less than 7.5% for all parameters. The pred-
corVPC (Fig. 2) showed that the model properly described
the mean tendency of the entire data. Some misspecifica-
tions were detected, such as a slight under-prediction on
the 95th percentile for Cp values. A slight trend to over-
prediction of variability was observed for the remaining
concentrations associated with the extensive population.

The PPC analysis (Fig. 3) for cach cluster level indi-
cated acceptable predictive capability, In all cases, the
medians of the simulated C, values were close to those of
the observed values (8,80, 7.80, and 7.00 vs, 8.51, 7.59, and
6.65 ng/mL for PM, IM, and EM, respectively) whea log-
transformed values were compared by means of a one-way
ANOVA (p > 0.05).

3.3 External Evaluation

An external dataset of 407 tacrolimus whole-blood G,
values from 59 patients was used to determine the pre-
diction ability of the model. The most relevant patient
characteristics are depicted in Table | and 2. Hematocrit
values were not recorded for these patients and they were

A Adis

imputed to 34% based on the overall median population
value observed for the developing dataset.

Good correlation between the observed and predicted C;
values from the external evaluation dataset was found
(Fig. 4). The data showed similar C; values between
observed and individual predicted values, Nevertheless,
individual predicted Cp values were slightly lower than the
observed Cp values. The median values and the Sth and
95th percentiles of bias and imprecision were 1.17 ng/ml,
(~3.68 10 4.50 ng/mL.) and 1.64 ng/ml (0.11-5.50 ng/mlL),
respectively. Based on a median C; of 8.2 ng/mlL, this
corresponded to a median emor of 20.1%.

3.4 Model-Based Simulations and Initial Optimal
Dose

The highest percentages of patiems with a C, within the
therapeutic range occurred after 4, 3, and 2 mg every 12 h
for EMs, IMs, and PMs, respectively, and hematocrit levels
were around 34% in all the cases. Hence, these would be
the optimal dose regimens to attain maximom target Cp,
coverage, with 44.2, 41 8, and 42.2% of patients, respec-
tively, within the therapeutic C, range (S-10 ng/mlL).
According to our simulations, the dose regimen would be
0.5 mg less for patients >63 years than for those <63 years
(Fig. 5).
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Table 3 Pharmacokinetic parameter estimates for the base and fisal models

Parameter Units Base model [estimate (RSE%)) Final moded [estimate (RSE%)] Bootstrup analysis (n = 200) [90% CI)
Disposition parameters
CL_High Lm 156 (6) .3 (6%) 185237
CL_Int Lh 12.5 (5%) 113144
CL_Pvor Lh 2.1 (%) 76-112
CL_AGE L -0.208 (16%) 0262 w0 -0.142
Ve L 6.72 (15%) 5.02 (18%) 3.67-20.86
CLy, Lh 37 Q2%) 4.2 (S0%) 12287
Vi L 526 (fix) 526 (fix) 526 (fix)
Absorption paramesers
k, h! 0.136 (5%) 0.138 (15%) 0.104-0.468
Lag time h 0.234 (12%) 0.243 (10%) 0.193-0.280
Imer-individual and inter jon varisbilites
0OVey % MT0%) 333 (9%) 244466
Vo ® 385 (5%) 27.8 (8%) 199-357
Residual vasiabikity
Proporionsd % 6(11%) 25 (11%) 20-9

The n-shrinkage values were 10% for IV, and 24, 22, 26, 32, 30, and 41% (from occasion | 10 6) for OV

CJ confidence interval, CL .y the change oa clearsnce for patients >63 years old, . High cl
intermedizte metsbolizers, CL_Poor clearance for Jow metabolizers, Vi
piphecl disnibetion vohine, &, ab ke 7

CL I ¥ for

ndivid:

for high metaboli

central dstribution volume, CLj, intercompirtmental clearance, V,
) varisbility - %

1 with cl

penp G o
vanability ssociated with clearance, RSE% percentape residual standard error

10V, i

Table 4 y of the i L lutive forward inclusion during model bullding

Tested Reference MOFV  AMOFV Covariate relaticaships Observations

model model

1 THTI4 Base model: TVCL = 6,

2 1 7193285 9388 Base model 4+ HCRT standarized p < 0.001; 4.34% of reduction in IV
associated with CL

3 1 T2657 1057  Base model 4 CYPIAS*Y p < 0001; $232% of redoczion in IV
associmed with CL

4 | 73025 45311 Base model + CYPIA4*22 p>008

5 1 TITES81 ~108.33 Base model + CYP CLUSTER p < 0.001; 37.39% of reduction in IV
associuted with CL

6 1 TAR6  -22.27 Base model + AGE p < 0001; 8.70% of reduction in IV
asscciated with CL

7 5 TO8681  -9250 Base model + HCRT standarized + CYP p < 0.001; 243% of reduction in IV

CLUSTER associnled with CL

8 5 TI6588 <1293  Base model + HCRT standardized + AGE p < 0.001; 26.8% increment of IV
associated with CL

9 ] TI57T25 -21.56 Base model + CYP CLUSTER + AGE p<0001; 1097% of reduction in 1TV
associated with CL

10 7 TOS864 2766 Base model + HCRT standardized + CYP p < 0001; 15.78% of redouction in [TV

CLUSTER + AGE associnted with CL

AMOFY change in mistmum objective function value, CL clearance, CYP cylochrome PAS0, HCRT hematocrin, 1TV inter-individual variability,
MOFV misimum objective functios value, TVCL clearunce typical value
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Fig. 1 Conditionsl Weighted
Reslduals (CWRES) vs Time .
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4 Discussion

This is the first popPK study combining CYPFAS and
CYP3A4 genotype clustering, age, and hematocrit that
demonstrates  that these factors influence tacrolimus

A Adis

of the CYP3A5*3 and CYP3A4*22 SNPs, two different
patient age categories (<63 and >63 years old), and
hematocrit were able to predict different tacrolimus elim-

Our previous study [32], a tacrolimus popPK analysis in
stable renal transplant patients using extensive sampling
data, provided a clinically applicable model for the tacro-
limus starting dose calculation. However, the small sample
size and homogeneity of this patieat group did not allow us
to include genotype or other covariates for initial and
Bayesian adaptive control of dose regimens in the model,
In addition, previous pharmacogenetic studies [23] identi-
fied CYP3AS*3 and CYP3A4*22 as the most relevant
polymorphisms involved in tacrolimus dose optimization,
which led us to develop this new popPK model.

The most relevant finding of the current study is that we
were able to appropriately define three different tacrolimus
population CL values according to a new combined CYP3A
genotype categorization previously described by our group
[23, 43] as PMs, IMs, and EMs, The three CL values
(205 £ 1.2, 12.5 £ 0.6, and 9.1 £ 0.6 L/h for EM, IM,
and PM patients, respectively) were estimated with good
precision (RSE <10%). The EM and IM CL values were in
line with those reported in the literature (21.2, 19, 21.2, and
17.9 L/h for CYP3AS noa-expressers and 23.2, 40.8, 26.7,
and 219 LM for CYP3AS expressers, respectively)
[22, 44-46). As expected, the lowest value was observed
for PMs, reflecting the effect of CYP3A4*22 allele carri-
ership. A value of 526 L was coasidered for V,, according
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Fig. 3 Boxploss of the distriby of d and cbserved log-
trazsformed Cy concentrations (PPC) for extensive (A), intermediate
(B) and poor metabalizers (C). The bald horizontal bars in the middle
show the medan values, wh e outer boundaries of the boxes

to our previous popPK study [32] in which an exteasive
sampling design allowed robust estimation of this param-
eter. The structural moded showed a low (<20%) shrinkage
linked to CL that suggests an exact distribution of the
variability associated with CL with no major bias to initiate
the covariate inclusion. The inclusion of IOV significantly
improved the model and was similar to that reported in
previous studies (29% [32], 35% [44], and 40% [26]). No
statistical significance was found when two different

represent the ranges of the 25th and 75th percenciles (smerquartle
ranges). The whiskers indicate the i and the misi values
of Cy,. Outliers are oot shown in these plots

additive components were tested taking into account bio-
analytical error.

The novel CYPIA cluster as predictor of tacrolimus CL
contributed highly to a better description of the IV, with a
reduction of a 37.4% with respect to the structural model.
In recent years, the CYPFAS genotype has often been
proved to be a strong factor influencing of tacrolimus CL
[26, 47, 48]. CYP3A4*22, first described by Elens et al.
[49], was recently also shown by Moes et al, [48] w0
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Fig. 4 Boxplos of the dissribeni of predicied and observed
Cy concentrations from the extemal evaluation dataset The bold
horizonsal bars in the middle show the median values, whereas the
outer boundaries of the boxes represent the ranges of the 25th and
T5th percentiles (imerguanile ranges), The whiskers indiciee the
maximemn and the minimem values of Cy. Outlsers are not shown in
these plots

independently influence tacrolimus CL, as confirmed in our
previous pharmacogenetic study [23], despite the fact that
they could not demonstrate the CYP3A4*22 effect, proba-
bly due to the relatively small sample size of their

A3 peaie

Tac €, Concentration {ng/mt)

aad

tacrolimus-treated subgroup. Thus, merging both CYP3A
polymorphisms in a new cluster, defining three subpopu-
lations, improved characterization of the tacrolimus elim-
ination process.

To improve model predictability, patients were also
categorized according to age (<63 or =63 years oki). The
inciusion of age as a factor in the tacrolimus CL values
resulted in a statistically significant drop in the 1V, Our
model is the first to inclode age as a consideration for
tacrolimus dosing. This is in accordance with findings from
Jacobson et al. [50], in which calcineurin inhibitor trough
concentrations were more than 50% higher in older than in
young adults. In contrast, Asberg et al. [22] tested the
inclusion of age, assuming a linear decline in CL in
patients older than 50 years, but the covariate was not
retained in their final model.

The inclusion of hematocrit refined our model fit by
lincarly standardizing whole-blood concentrations to a
hematocrit of 45%. This strategy, first reported by Starset
et al. [24], was applied to our data and allowed prediction
of whole-blood concentrations closer to the observed data
by removing the vanability in blood concentrations due 10
the extent of hematocrit binding. This resulted in an
appropriate model for dose adjustment based on whole-
blood concentrations that overcomes the inconvenience
associated with monitoring free drug concentrations, which
can be highly time consuming and incur larger costs.
However, albumin could not be tested to evaluate its
influence on tacrolimus distribution.

a3 e

N

Tac Dase (mg / 12h)

Fig. 5 Boxplots of the distributions of sisnulsied C y
for extensive (red), intermediate (green) md poor bott (dlue)

the ranges of the 25th and 75th percenties (imerquartile ranges). The
hiskers ind) the i and the minémum values of Co

after 2, 3 and 4 mg/12h fixed dose either for patients <63 years old
(lefM) or 63 years old, The bold horizomsal bars in the middle show the
medisn valoes, wh the outer boundaries of the boxes represent
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Qutliers are mot shown in these plots. Red lines indicaste the
therapeutic interval of 5-10 ag/mL
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Until now, there have been no popPK models in the
literature using the combination of the cluster of
CYP3A5*3 and CYP3A4*22 polymorphisms, age, and
hematocrit to  describe tacrolimus pharmacokinetics.
According to our results, and assuming hematocrit values
around 34%, the EMs showed CL values of around 2.25-
fold higher than PMs, while the IMs had CL values around
1.37-fold higher than PMs,

The internal validation techniques (visual predictive
check and PPC) confirned the predictive capability of the
model, although a slightly over-predicted variability was
found for non-C,, values, This was also confirmed by the
external  validation, which showed acceptable bias
(1.17 ng/ml.) and imprecision (1.64 ng/ml) values for
predose tacrolimus coacentrations when compared with
other previously reported externally validated models. In
the current study, a median error of 20.1% for future pre-
dictions was found, which is similar to that described by
Libergall. [22]. These results confirmed the power of
this model for predicting individual tacrolimus CL values
using Co values with regard to the individual levels of
hematocrit, and the age and CYPIAS*3 and CYPIAS*22
SNPs of each patieat.

Although the relationship between CYP genotype,
dose requirement, and its clinical value remains to be
proven [51], Sterset et al. [52] successfully used a
computerized dose individualization to improve target
tacrolimus concentrations after renal transplant without
including CYP3A genotyping [52). However, Shuker
et al. [54] were not able to increase the number of
patients in the tacrolimus therapeutic range carly after
transplantation. In this study, a popPK model with
Bayesian prediction was not applied for the dose pre-
diction, suggesting that the inclusion of the CYP geno-
type in a popPK model might improve tacrolimus dose
optimization [53]. Furthermore, high tacrolimus 11V is a
risk factor for adverse events (54, 55), which a popPK
model with Bayesian prediction could take into account.

In our study, 60% of EMs, IMs, and PMs were within
the target minimum concentration. Simulations showed
that the CYP3A EMs cluster may require approximately
2-fold higher doses than PMs. Morcover, IMs may require
approximately 1.5-fold higher doses than PMs. These dose
recommendations confirm the results from our previous
study (23] in which PMs showed a higher percentage of
patients with supra-therapeutic €, values (C;, >15 ng/mL)
than did EMs. Our results simulated that, in order to
minimize the percentage of patients falling outside the
therapeutic range, different tacrolimus initial doses of 4, 3,
and 2 mg every 12 h for EMs, IMs, and PMs, respectively,
should be considered for those with a hematocrit level of
around 34% in all cases.

5 Conclusions

In summary, we have developed and validated a new
popPK model. This model includes individual patient
characteristics such as CYPIAS*3 and CYPIAS*22 geno-
type, age, and hematocrit to best describe tacrolimus dis-
position in repal transplant patients. Our popPK model
accuratcly cstimates the mean and individual tacrolimus
CL values using Bayesian forecasting and can be used as a
reliable tool for starting dose calculation and posterior dose
adjustment. Considering the importance of optimizing the
percentage of patients within the Cy target directly from the
start of the treatment, we have used this fully validated
prediction model to propose new clear dosage guidelines
for each genotype cluster. Testing the effect of ABCB/
diplotype in CYP3A4*22 carriers, as reported by Vanhove
et al. [56], in a more refined popPK model with an
increased cohort size including full/partial extensive sam-
plings before day 7 post-transplant might be of interest. A
future prospective clinical trial using our popPK model is
required to validate the contribution of CYPIAS*3 in
combination with CYP3A4*22 before initiation of and
during tacrolimus therapy.
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GENERAL DISCUSSION
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Nowadays, Tacrolimus, a calcineurin inhibitor is the cornerstone of most
immunosuppressive protocols for renal transplant. Tac is usually combined with
proliferation inhibitors such as mycophenolate. Although some efforts to find good
biomarkers for individualizing immunosuppressive therapy have been done®’,
physicians still rely on pharmacokinetic exposure measures, usually based on

therapeutic drug monitoring to individualize doses based on predefined target values.

As it has been reported there is a good correlation between tacrolimus exposure and
the clinical outcomes and this has supported the use of therapeutic drug monitoring®*.
However, Tac has low therapeutic index and large inter and intraindividual PK
variabilities. After many investigations, much is yet to know about dosages at the early
stages after transplantation and changes of them with time. Its high PK variability leads
to an increased risk of therapeutic failure®, particularly at the early stages of transplant.
On the other hand, from our research we learned that tacrolimus trough concentrations
correlated with total exposure is yet controversial being most desirable to implement
an AUC tiered-dosing. This is not feasible in the clinical setting; thus, an alternate
approach is that based on limited-sampling strategy by means of Bayesian prediction. In
this sense, the use of a PPK model can assist for the first dose calculation at the start of
treatment but also for dose adaptation based on predefined target by means of MAPB

forecasting technique, supporting TDM

Several PPK models have been reported describing the Tac PK and quantifying its
variability. In addition, the most relevant predictive factors of the PK variability including
demographic, clinical and genetic variables have been identified. However further
investigations, particularly on the influence of genetic polymorphisms are still required.
At the time the aims of the current work were planned, none of the existing models had
been externally evaluated, however a recent publication of Zhao et al. has shown that
among all the existing models only one can be recommended for prediction. Models
included the CYP3A5 polymorphism as the most influential covariate followed by
haematocrit and post-organ transplantation. Previous evidence of new a CYP3A4 SNPs

which is not correlated with the CYP3A5 led to further investigations to identify possible
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genetic combinations as better predictors of interindividual variability to be considered

for initial dose calculations and later for dose adaptations.

To fulfill these purposes, the first step of our work was to characterize the PK behavior
of Tac by developing a population PK model from data from an intensive sampling design
and in turn allowed to establish a limited sampling strategy. It is worth noting that the
intensive sampling also enabled a more physiological description of the delayed
absorption process reported for Tac in transplant patients?*. Of note, Tac shows a rapid
absorption due to its high lipophilicity (log P= 3.3)88, but delayed absorption can occur
due to reduced gastrointestinal motility after transplantation. Some models have also
been focused to obtain the most effective simplified blood sampling strategy to better
predict Tac exposure. Nevertheless, no studies got in the clinical and efficient application
of their respective models through the external validation, although recently Zhao et al.

89 have addressed this issue.

The requirement of confirming the best sampling strategy and necessity of aims of the
current thesis are focused on this line, our first study®® provided a clinically applicable
PPK model that helped, to quantify inter- and intra-patient variability and to identify the
characteristics that may influence the PK of tacrolimus. Full PK Tac profiles in renal
transplant patients were best described by a two-compartment model with first-order
absorption kinetics and lag time given by three delayed-transit compartments. PPK
studies including transit models to describe the absorption process are scarce in the
literature. Probably, due to the lack of sufficient data required for modelling the Tac
absorption phase. In our first model®®, up to three transit compartments were included
in a sequential way, coinciding with those estimated by Benkhali et al®* with the Erlang
distribution model. The Kt value of our study (Ki=3.61 h't and n=3) was also similar to
the value reported by Benkhali et al®! (K=6.5+0.4 h1). This transit-compartment model
provided a good description of the absorption process and adequate precision in the
parameters estimates (RSE<10%). The population CL value found in this first study
(16.5%1.8 L/h) was comparable with previous studies (13.2-40.5 L/h%, 33+11.3 L/h%?,
29+0.2 L/h78 and 28+4 L/h®%). This should be expected given that similar populations
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were included in all these studies. The estimated total distribution volume was 535.92

L, also in line with other studies was indicative of extensive tissue distribution.

The low observed IIV associated with CL, Ka and MT was in accordance with the
uniformity of the population in the present study. Inclusion of the 10Vc, significantly
improved the model and reduced the IIV. These results agree with other clinical
population PK models reported recently in the literature®.6378829394 The magnitude of
the IOV associated with CL was 29% lower than 1IVc. and similar with respect to the 10V,
values reported (28%°%, 35%%? and 40%78). The estimated value of IOVc  warns about the
inconvenience of the dose adjustment based on observations from more than one
previous occasion. Although the structural model showed a low shrinkage linked to CL,
the small sample size and the homogeneity of the patient group did not allow us to

include genotype or other demographical or biochemical covariates into the model.

To determine which was the best sampling strategy to assess exposure during TDM, a
LSS was applied for this first model. Thus, one sampling point at predose showed an
acceptable estimation of the AUCo-12n and better accuracy than Benkali et al®® with a
narrower bias of 6.78% (from -16.26% to 30.06%) vs 3% (from -51% to 110%) and
imprecision (1.42% vs 19%). Then, one sampling time at Co would be a good LSS and this

can make the logistics easier in the outpatient setting.

At the same time, further investigations culminated in new promising CYP3A SNPs, such
as CYP3A1*B and CYP3A4*22 that demonstrated to influence TAC exposure variability.
Despite our attempts in that sense, the few number of patients included in our first
Population PK model development, prevented the inclusion of the most relevant
genetics variables as predictors of variability in the model. This was the start point to
propose a new pharmacogenetic study to identify the most relevant findings postulated

in the literature related to Tac exposure.

The primary objective of the second paper®> was to evaluate the combined influence of
CYP3A4%*22 and CYP3A5*3 SNPs on the PK of Tac during the first post-transplant year.

We demonstrated that Tac PK, assessed by the dose needed to reach adequate drug
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exposure, was influenced by both CYP3A4*22 and CYP3A5*3 SNPS. In addition, we
demonstrated the utility of defining genotype clusters according to CYP3A genotype®®

to predict differential dose-adjusted Tac Co.

CYP3A5*3 allelic status remained the most significant parameter explaining the
observed differences, in accordance with the greater involvement of that isoenzyme in
the oxidative metabolism of Tac %°. Furthermore, in vitro data demonstrated that the
importance of CYP3A5*3 allelic status is dependent on the concomitant CYP3A4 activity
and that the relative contribution of CYP3A4 or CYP3AS5 to Tac metabolism depends on

the amount of each counterpart®’4,

This study confirmed as well the importance of recently reported CYP3A4*22 SNP*6°7
which patients required lower Tac doses to reach the target Co when compared with
CYP3A4*1/*1 patients in de novo kidney transplant patients. The CYP3A4*22 effect was
observed in our study at early time-points (i.e. 5-7 days after transplantation) but
additionally, showed that differences were still present at months 3 and 6 after renal
transplantation. This was in accordance with the retrospective analysis of Tactique trial
which showed that the CYP3A4*22 allele was important to identify patients at risk of

supra-therapeutic exposure®,

In addition, we demonstrated the utility of defining three genotype clusters (Poor,
Intermediate and Extensive metabolizers by Elens et al.*®) according to CYP3A genotype
to predict differential dose-adjusted Tac Co. In fact, the CYP3A genotype classification
according to both allelic status (i.e., CYP3A4*22 and CYP3A5*3 SNP) increased the
strength of this association. Patients classified as extensive metabolizers showed a lower
mean Tac exposure during the entire study period, which might over time lead to sub-
therapeutic exposure. It could have consequences in the development of donor-specific

anti-HLA antibodies.

Our results indicated that the consideration of the combined CYP3A4 and CYP3A5
genotype could help to better predict Tac exposure during the first 6 months of renal

transplant and might assist Tac dose optimization. Extensive metabolizers had a 47%
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decreased Tac dose-adjusted Co when compared to intermediate metabolizers. In
contrast, poor metabolizers had a 36% higher Tac dose-adjusted Co when compared to
intermediate. These observations indicated that dose adjustment based on CYP3A
combined polymorphisms could increase the number of patients within the therapeutic
target concentrations, specifically during the first months after transplantation. This
dosage fine-tuning has the ultimate potential to improve the graft outcome of
transplantation by minimize the drug exposure-related toxicity and sub-therapeutic
exposure. Supporting this hypothesis, in this second study it was observed that the risk
of a supra-therapeutic Co (>15 ng/mL) was significantly higher for poor metabolizers
(45.3%) than for extensive metabolizers (0%) at day 5-7 after transplantation. In
addition, a significant delay in reaching the target Tac Co was observed in extensive
metabolizers. About 29.7% of these patients had infra-therapeutic Co (<5 ng/mL) levels
at day 5-7.

In summary, this second study showed that the CYP3A4*22 and CYP3A5*3 alleles are all
independently associated with Tac exposure during the first year after transplantation.
Poor metabolizers patients related to the cluster of CYP3A4*1/*22 and CYP3A5%*3/*3,
had lower dose requirements to achieve the target concentrations. It provides proofs
for implementation of the combined CYP3A4 and 5 genotype status when deciding on

the initial Tac dose.

This information provided by the second study with a bigger cohort of renal transplants
patients, lead to joint these new data with those from intensive sampling patients of the
first cohort. Combining data from both studies allowed to refine the previous model

taking it as starting point.

In the third study®® three different Tac subpopulation CLs according to the new
combined CYP3A genotype cluster*®®® (poor, intermediate and extensive metabolizers)
were estimated as previously mentioned. The three values of CL (20.5+1.2, 12.5+0.6 and
9.11+0.6 L/h for extensive, intermediate and poor metabolizer patients, respectively)
were estimated with good precision (RSE<10%). The extensive and intermediate CL

values were in line with those reported in the literature (21.2, 19, 21.2 and 17.9 L/h for
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CYP3A5 non-expressers; and 23.2, 40.8, 26.7 and 21.9 L/h for CYP3A5 expressers for
82848593  respectively). As expected, the lowest value was observed for poor
metabolizers, reflecting the effect of CYP3A4*22 allele carriership. A value of 526L was
considered for peripheral distribution volume according to the first study®® where the
extensive sampling design allowed a robust estimation of this parameter. The base
model showed, like our first model, a low (<20%) shrinkage linked to CL that suggests an
exact distribution of the variability associated with CL with no major bias to initiate the
covariate inclusion. The inclusion of IOV significantly improved the model and was
similar to that reported in our previous model as well as in other studies [29% *°, 35% 82
and 40% ’8]. No statistical significance was found when two different additive

components were tested accounting for the bioanalytical error.

The novel CYP3A cluster as predictor of Tac CL highly contributed to a better description
of the 11V with a reduction of a 37.4% with respect to the base model. As mentioned in
the second study, the CYP3A5 genotype has been commonly proved as a strong factor
influencing Tac CL®.78100 and the CYP3A4*22 as described by Elens et al. 1% also
influences Tac CL despite the fact that other study from Moes et al could not
demonstrate the CYP3A4*22 effect probably due to their relatively small sample size of
Tac-treated subgroup!®. Thus, merging both CYP3A polymorphisms in a new cluster,
defining three subpopulations, improved and confirmed the characterization of the Tac

elimination process.

To improve model predictability, patients were also categorized per age (<63 or 263 year
old). The inclusion of age in the Tac CL resulted in a statistically significant drop of the
IIV. Our model is the first including age to be considered for Tac dosing. This result was
in accordance with findings from Jacobson et al*®2 which CNI troughs concentrations
were more than 50% higher in older than young adults. In contrast, Asberg et al 8 tested
the inclusion of the age assuming a linear decline of CL in patients older than 50 years,

but the covariate was not retained in their final model.

Hematocrit refined our model fit by linearly standardizing whole-blood concentrations

to a hematocrit of 45%. This strategy, firstly reported by Stgrset et al. 33, was applied to
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our data allowing to better predict whole-blood concentrations closer to the observed
data by removing the variability in whole-blood concentrations due to the extent of
hematocrit binding. This resulted in an appropriate model for dose adjustment based on
whole-blood concentrations that overcomes the inconveniences associated with free
concentrations monitoring which can be highly time consuming and occasioning larger
costs. However, similarly to other models reported the body weight did not resulted

statistically significant.

Until now, there are no PPK models in the literature using the combination of the cluster
of CYP3A5*3 and CYP3A4*22 polymorphisms, age and hematocrit to describe Tac PKs.
According to the results obtained in this refined PPK model and assuming hematocrit
values around the 34%, the extensive metabolizers showed CL values around 2.25-fold
higher than poor metabolizers, meanwhile the intermediates had CLs around 1.37-fold

higher compared to poor metabolizers.

The internal validation techniques used (VPC, PPC and NPDE) confirmed the predictive
capability of both models, although a slightly over-predicted variability was found for
non-predose concentrations in the second model. The predictive capability was also
confirmed by respective external validations in both models using different Co Tac
concentrations. When compared to other previously reported externally validated
models, both models indicated an acceptable bias and imprecision of 0.37 ng/mL and
0.38; and bias 1.17 ng/mL and imprecision 1.64 values for the first and second model,
respectively. The median errors of 6.1% and 20.1% for future predictions were found
similar to described by Asberg et al 8. These results confirmed the power of both models
for predicting individual Tac CL values using pre-dose concentrations using for the
second model the individual levels of hematocrit, the age and the CYP3A5*3 and

CYP3A4*22 SNPs of each patient.

Stgrset et al successfully used a computerized dose individualization improving target
Tac concentrations after renal transplant without including CYP3A genotyping!®.
However, Shuker et al*®® was not able to increase the number of patients in Tac

therapeutic range early after transplantation. In this study, a PPK model with Bayesian
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prediction was not applied for the dose prediction suggesting that the inclusion of CYP
genotype in a PPK model might improve Tac dose optimization 1%. A very limited
number of PPK studies®>'% have included a CYP genotype combination in their models
and their relationship between CYP genotype, dose requirement and its clinical value
still remains to be proven®’. More precisely, the improvement obtained in PK levels
considering the CYP genotype might not have a relevant impact on its long-term clinical
endpoints which might become controversial'®*. On the other hand, a high Tac IV has
been recently proven as a risk factor for adverse events 108199 This might be a key point

that using a well

In this third study, 60% of extensive, intermediates and poor metabolizers were within
the target minimum concentration in accordance with the percentages out of the
therapeutic interval obtained second study obtained. Simulations showed that CYP3A
extensive cluster may require about 2-fold higher doses compared to poor metabolizers.
Moreover, intermediates may require about 1.5-fold higher doses compared to poor
metabolizers. These dose recommendations confirm the results from the second study®
of this thesis describing that poor metabolizers showed a higher percentage of patients
with supra-therapeutic Co, (Co>15 ng/mL) compared with extensive metabolizers. Our
results simulated that, to minimize the percentage of patients falling outside the
therapeutic range, different Tac initial doses of 4, 3 and 2 mg every 12 hours for
extensive, intermediate and poor metabolizers, respectively should be considered for a

hematocrit levels around the 34% in all the cases.

This final refined model including all explained genetic, demographic and biochemicals
covariates could be a useful tool to demonstrate a better dose optimization using MAPB
analysis compared to the actual empirical dosage. Next step would be to perform an
external evaluation to prove that the model can predict adequately the AUC as a better
surrogate marker of efficacy. A clinical trial is ongoing to prove if the Tac dose

adjustment by PPK modelization is better than the actual clinical routine of tac TDM.
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Chapter VI

CONCLUSIONS

1. A Tacrolimus population PK model was designed to characterize accurately the
population absorption phase as well as quantify the inter and intra-individual
variability.

2. The first population PK model led to obtain an optimal sampling strategy using
only trough concentrations for dose tailoring through Bayesian prediction.

3. The CYP3A4*22 and CYP3A5*3 alleles are all independently associated with Tac
exposure during the first year after transplantation. Proofs that a combined
CYP3A4 and 5 genotype cluster is of relevant importance when deciding on the
initial Tac dose.

4. Poor metabolizers patients related to the cluster of CYP3A4*1/*22 and
CYP3A5*3/*%3, had lower dose requirements to achieve the target
concentrations. The risk of a supra-therapeutic Co (>15 ng/mL) was significantly
higher for poor metabolizers (45.3%) than for extensive metabolizers (0%) at day
5-7 after transplantation.

5. Extensive metabolizers patients related to the cluster of CYP3A4*1/*1 and
CYP3A5*1/*%3, had higher dose requirements to achieve the target
concentrations. A 29.7% of extensive metabolizers patients had a risk of infra-
therapeutic Co (<5 ng/mL) levels at day 5-7 after transplantation.

6. Anew refined PPK model was developed using the combination of the cluster of
CYP3A5*3 and CYP3A4*22 polymorphisms, age and hematocrit to describe
Tacrolimus pharmacokinetics. Three different Tac subpopulation CLs according
to the new combined CYP3A genotype cluster (poor, intermediate and extensive
metabolizers) were identified.

7. The CYP3A extensive metabolizers patients may require about 2-fold higher
doses compared to poor metabolizers. Moreover, intermediate metabolizers
may require about 1.5-fold higher doses compared to poor metabolizers.
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